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Preface to ”Natural Polymers and Biopolymers III”

A Blooming Interest for Natural Polymers and Biopolymers

The past 20 years have seen a booming number of articles and reviews describing the use

of bio-resources as a starting point for original polymer chemistry. Indeed, the use of renewable

resources could help the chemical industry to answer to some of the current challenges of our society:

development facing global warming and limited fossil resources. Hence, the latest developments

have not only created a library of polymeric materials exhibiting a wide range of properties to fulfill

the requirements of various industrial applications, but have also improved our knowledge and

understanding of the structure and reactivity of complex biomasses. Additionally, these biopolymers

can address unmet needs and obtain new properties that cannot be achieved with petrobased

chemicals. They could also help to avoid the use of harmful substances, thus contributing to restoring

the chemical industry’s sustainability.

This Special Issue on ”Natural Polymers and Biopolymers” is prompted by the increasing

attention that the field of “green polymers” is receiving. It presents cutting-edge research works

focusing on the use of bio-resources for polymeric materials and shows how natural polymers and

biopolymers, with their interesting and original properties, are destined to replace and outperform

oil-based polymers. This themed issue can be considered as a collection of highlights within the field

of Natural Polymers and Biobased Polymers which clearly demonstrate the increased interest in this

field. We hope that this will inspire researchers to further develop this area and thus contribute to

future more sustainable societies.

Sylvain Caillol

Editor
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Editorial

A Blooming Season for Natural Polymers and Biopolymers

Sylvain Caillol

ICGM, University of Montpellier, CNRS, ENSCM, 34000 Montpellier, France; sylvain.caillol@enscm.fr

The year 2023 is particularly remarkable because we are celebrating the 25th an-
niversary of the 12 principles of Green Chemistry described in the groundbreaking book
Green Chemistry: Theory and Practice co-authored by Paul Anastas and John C. Warner and
published in 1998. The use of renewable resources is one of the most important of these
principles. This approach is in particular very important for polymers which find very
varied industrial applications. Hence, the past 25 years have seen a booming number
of articles and reviews describing the use of bio-resources as a starting point for original
polymer chemistry. Indeed, the use of renewable resources could help the chemical industry
to answer to some of the current challenges of our society, including development facing
global warming and limited fossil resources. Hence, the latest developments not only have
created a library of polymeric materials exhibiting a wide range of properties to fulfill the
requirements of various industrial applications, but also have improved our knowledge
and understanding of the structure and reactivity of the complex biomass. Additionally,
these biopolymers could allow addressing unmet needs and obtaining new properties that
cannot be achieved with petroleum-based chemicals. They could also help avoiding the use
of harmful substances, thus contributing to restoring the chemical industry’s sustainability.

This Special Issue on "Natural Polymers and Biopolymers" is prompted by the in-
creasing attention that the field of “green polymers” is receiving. It presents cutting-edge
research works focusing on the use of bio-resources for polymeric materials and shows
how natural polymers and biopolymers, with their interesting and original properties, are
destined to replace and outperform oil-based polymers.

The first article is a perspective paper dedicated to the evaluation of production of
sustainable production of polyhydroxyalkanoates (PHAs), which remain promising candi-
dates for commodity bioplastic production [1]. This article focused on defining obstacles
and solutions to overcome cost performance metrics that are not sufficiently competitive
with current commodity thermoplastics. To that end, this review described various process
innovations that build on fed-batch and semi-continuous modes of operation as well as
methods that lead to high-cell-density cultivations. Finally, future directions for efficient
PHA production and relevant structural variations are discussed.

The second paper is a perspective paper on the synthesis and applications of a
graphene quantum dots–nanocellulose Composite. Graphene quantum dots (GQDs) are
zero-dimensional carbon-based materials, while nanocellulose is a nanomaterial that can
be derived from naturally occurring cellulose polymers or renewable biomass resources [2].
The unique geometrical, biocompatible, and biodegradable properties of both these re-
markable nanomaterials have caught the attention of the scientific community in terms of
fundamental research aimed at advancing technology. This study reviewed the preparation,
marriage chemistry, and applications of GQDs–nanocellulose composites and unlocks
windows of research opportunities for GQDs–nanocellulose composites.

The purpose of third paper, a review on locust bean gum, a vegetable hydrocolloid,
was to report the structural characteristics of locust bean gum, its biosynthetic origin and
its chemical isolation, and its applications and derivatives either by functionalization or
cross-linking [3].

Molecules 2023, 28, 3207. https://doi.org/10.3390/molecules28073207 https://www.mdpi.com/journal/molecules1
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The fourth paper considered new bio-based printable materials [4]. In this work,
bio-based poly(trimethylene terephthalate) (PTT) blends were combined with pyrolyzed
miscanthus biocarbon to create sustainable and novel filaments for extrusion 3D printing.

The aim of the fifth paper was to carefully investigate the stability of acetal-containing
monomers, mainly focusing on reaction conditions during melt polycondensation [5]. Hence,
it allows shedding new light on the underlying mechanism governing the observed behavior,
thus aiding the development of solvent-free experiments, and later, material design.

Furfuryl alcohol is a promising bio-based furan derivative. The objective of the sixth
paper was to study the control of ring opening polymerization of furfuryl alcohol according
to different parameters in order to open the way to various applications [6].

Adhesion onto polypropylene (PP) and poly(ethylene terephthalate) (PET) is a chal-
lenge. The seventh paper successfully addressed this challenge with new emulsion poly-
mers based on vegetable oil monomers [7]. In this study, the best-performing latex ad-
hesives containing up to 45 wt. % of high-oleic soybean-oil-based monomer fragments
demonstrated promising efficiency in the testing of PET to PP and coated-to-uncoated
paperboard substrate pairs, resulting in substrate failure during the adhesive testing.

The eighth paper interestingly compared the effect of native starch and sugarcane
bagasse fibers for the preparation of biocomposites with natural reinforcements [8]. It
demonstrated that although the environmental benefit of the prepared biocomposites is
similar, the overall performance of the bagasse-fiber-reinforced polylactide (PLA) compos-
ites is better than that offered by the PLA/starch composites.

The ninth paper focused on the chiral resolving ability of the commercially available
amylose (3,5-dimethylphenylcarbamate)-based chiral stationary phase (CSP) toward four
chiral probes representative of four kinds of stereogenicity [9]. This study confirmed
that the use of the amylose-based CSP in HPLC is an effective strategy for obtaining the
resolution of chiral compounds containing any kind of stereogenic element

The indiscriminate use of plastic in food packaging contributes significantly to envi-
ronmental pollution, promoting the search for more eco-friendly alternatives for the food
industry. The tenth paper studied five formulations of biodegradable cassava starch/gelatin
films [10]. In the outcome of this study, an optimal formulation was obtained to develop
cassava starch/gelatin-based films in a 53/47 ratio, plasticized with glycerol using the
casting method that would meet the expectations of the model polyethylene film for
food-packaging applications

Biopolymers, especially polysaccharides (e.g., gum arabic), are widely applied as drug
carriers in drug delivery systems due to their advantages. Curcumin, with high antioxidant
ability but limited solubility and bioavailability in the body, can be encapsulated in gum
arabic to improve its solubility and bioavailability. The eleventh paper studied the released
of curcumin in various conditions [11].

The aim of the twelfth paper was to experimentally and numerically optimize the
process of the sulfation of ethanol lignin birch wood with a mixture of sulfamic acid
and urea in a 1,4-dioxane medium and to characterize the structure and thermochemical
properties of the sulfated ethanol lignin [12]. Using experimental and computational
methods, the optimal conditions for the process of birch ethanol lignin sulfation with a
sulfamic acid–urea mixture to provide a high yield of sulfated product (more than 96 wt. %)
with a sulfur content of 8.1 wt. % were established.

Despite a number of studies addressing the issues of low deformation and the poor
impact resistance of PLA blends without sacrificing stiffness and strength, it is still not clear
how the phase structure and phase interaction in multicomponent blends contribute to the
impact modification of ternary blends. The objective of the thirteenth article was to report
on the effect of adding an intermediate elastomer phase and the blend composition on the
morphology development of fully bio-based PLA-Polyamide (PA) blends prepared by melt
blending [13].

Starch is a macroconstituent of many foods and 40% of starch is used in nonfood
industries as an additive in cement, paper, gypsum, adhesives, bioplastics, composites, etc.
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In particleboards, they are used as a substitute for binders such as urea-formaldehyde,
phenol–formaldehyde, and other petroleum derivatives. The aim of the fourteenth article
was to study the manufacturability of particleboards made from giant reed with gypsum
plaster and starch following a method based on the wood industry dry process but with
variations so that it can be produced in the particleboard industry [14].

Taken together, the articles in this issue reveal not only the growing attention paid
to the use of renewable resources and the substitution of petroleum-based substances,
following the trends in society, but also all the interest and promises of this chemistry for
the improvement of current materials and the design of new sustainable materials.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Petroleum-derived plastics dominate currently used plastic materials. These plastics are
derived from finite fossil carbon sources and were not designed for recycling or biodegradation. With
the ever-increasing quantities of plastic wastes entering landfills and polluting our environment, there
is an urgent need for fundamental change. One component to that change is developing cost-effective
plastics derived from readily renewable resources that offer chemical or biological recycling and can
be designed to have properties that not only allow the replacement of current plastics but also offer
new application opportunities. Polyhydroxyalkanoates (PHAs) remain a promising candidate for
commodity bioplastic production, despite the many decades of efforts by academicians and industrial
scientists that have not yet achieved that goal. This article focuses on defining obstacles and solutions
to overcome cost-performance metrics that are not sufficiently competitive with current commodity
thermoplastics. To that end, this review describes various process innovations that build on fed-batch
and semi-continuous modes of operation as well as methods that lead to high cell density cultivations.
Also, we discuss work to move from costly to lower cost substrates such as lignocellulose-derived
hydrolysates, metabolic engineering of organisms that provide higher substrate conversion rates, the
potential of halophiles to provide low-cost platforms in non-sterile environments for PHA formation,
and work that uses mixed culture strategies to overcome obstacles of using waste substrates. We also
describe historical problems and potential solutions to downstream processing for PHA isolation
that, along with feedstock costs, have been an Achilles heel towards the realization of cost-efficient
processes. Finally, future directions for efficient PHA production and relevant structural variations
are discussed.

Keywords: Polyhydroxyalkanoate; PHA; production; high cell density cultivations; productivity;
downstream processing

1. Introduction

Polyhydroxyalkanoates (PHAs) are a class of biopolymers produced as intracellular
energy/carbon storage materials that also possess versatile material properties. PHA
was first discovered in Bacillus megaterium as granular inclusion bodies by the French
scientist Lemoigne. Later these granular bodies were extracted and identified as poly
(3-hydroxybutyrate) (PHB) [1]. PHAs remain of high interest as potential substitutes to
conventional plastics in numerous fields of application due to their widespread applica-
bility in various fields such as food packaging, agriculture, tissue-engineering scaffolds,
bioresorbable implants and for drug delivery [2]. To date, various PHAs and their copoly-
mers have been isolated from different bacterial species. More than 150 constituent repeat
units have been reported to have been incorporated as PHA units along chains [3,4].
The monomer composition of PHAs can be altered so that the polymers have tailored
physicochemical and mechanical properties [5].

Molecules 2021, 26, 3463. https://doi.org/10.3390/molecules26113463 https://www.mdpi.com/journal/molecules5
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PHAs are classified by the chain length of 3-hydroxyalkanoate (3HA) repeat units.
PHAs with short chain-length repeat units (scl-PHA) contain primarily 4 and 5 carbon
atoms in repeat units (e.g., 3-hydroxybutyrate [3HB] and valerate units [3HV]). In contrast,
PHAs that consist of medium-chain-length PHA (mcl-PHA) have repeat units with chain
lengths of 6-14 carbon atoms (e.g., poly [3-hydroxynonanoate]) [6]. The structure of the scl-
and mcl-PHA are presented in Figure 1.

Figure 1. Polyhydroxyalkanoates with short chain-length repeat units (Scl-PHA) monomers
include 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV). Mcl-PHA monomers include
3-hydroxyhexanoate (3HHx), 3-hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD), and 3-
hydroxydodecanoate (3-HDD). PHA granules accumulate within the cytoplasm of the bacteria cell.

Principal microbial producers of mcl-PHAs include Pseudomonas sp. Characteristic
features of mcl-PHAs are that they are soft, ductile materials due to their low glass tran-
sition temperatures and crystallinities [7,8]. P(4-hydroxybutyrate) (P4HB), that has an
extended methylene group between carbonyl and oxygen moieties, is just one example of a
comonomer in 3HB copolymers that has shown promising material properties. Increas-
ing the content of 4HB units in poly(3HB-co-4HB) tends to increase copolymer ductility
while decreasing its melting point and % crystallinity. Comprehensive reviews have been
published that elaborate on the effects of PHA composition on its physico-mechanical
properties and it is not our intent herein to recapitulate this information [2,9–11].

A major bottleneck in the commercialization of PHAs is the high cost of production
where metrics such as carbon conversion yield (g/g), titer or volumetric yield (g/L) and
productivity (g/L/h) are critically important [12]. In addition to production metrics, low
cost downstream processing methodologies and PHA manufacturing that meets cost-
performance requirements have remained challenging. This has inspired researchers to
work towards increasing PHA fermentation and downstream processing efficiency to
reduce the overall cost [13–16].

To date, more than 300 bacterial species were identified that produce PHA under
aerobic/anaerobic conditions and extremophiles such as halophiles that provide genetic
diversity and diverse production conditions [17,18].

PHA is accumulated in the form of granules (size range from 0.2–0.5 μm) in the
cytoplasm of bacteria. Based on PHA production capability, bacteria are classified as to:
(1) whether PHA predominantly accumulates during the stationary phase under nutrient
(e.g., nitrogen, phosphorous, oxygen and magnesium) limiting conditions or (2) PHA
is formed during the growth phase without nutrient limitation [2]. Pseudomonas putida,
Pseudomonas oleovorans and Ralstonia eutropha require nutrient limiting conditions for PHA
production whereas recombinant Escherichia coli and Alcaligenes latus do not [19].

PHA synthesis occurs by the consecutive action of a β-ketoacyl-CoA thiolase (PhaA),
acetoacetyl-CoA reductase (PhaB), and P(3HB) polymerase (PhaC) (Figure 2).
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Figure 2. Metabolic routes for PHA biosynthesis.

The phaCAB operon encodes these enzymes and the upstream promoter of phaC
transcribes the complete operon. The biosynthetic pathway involved in biosynthesis of
mcl-PHA is displayed in Route B (Figure 2). Indeed, significant efforts have been made
to engineer these enzymes with enhanced activity and vary their substrate specificity.
Detailed discussions of metabolic and protein engineering of PHA biosynthetic enzymes
are reviewed elsewhere [20].

For production, achieving high PHA cell contents during high cell-density cultivations
(HCDC) is a key objective that leads to high product titers. HCDC was first established
using yeasts that fabricate bioethanol and single-cell proteins [21]. Later, HCDC was
explored for production in high titers of antibiotics and PHA using mesophilic strains [6,22].
HCDC processes are favored over low-density processes due to their advantages such as
reduction of culture volume and residual liquids, reduced cost of production and lower
capital investment [23,24]. Continuous and fed-batch cultivations are crucial operation
modes used to attain HCDC of bacteria for PHA production. While cell dry weight (CDW)
above 50 g/L are considered as high for production of recombinant proteins [21,25], cell
densities and residual biomass above 100 g/L and 30–40 g/L, respectively, are considered
as HCDC for PHA production [15,26–30].

Figure 3 illustrates the potential sustainable production of PHAs. This figure en-
compasses much of what will be discussed in this review. To meet sustainability metrics
measured by life-cycle analysis, it is critical that carbon sources are derived from non-
food sources such as lignocellulose; conversions of feedstocks to products occurs with
high carbon conversion efficiencies; downstream processing is achieved with minimal
process steps, inputs of chemicals (i.e., enzymes), and energy utilization; and, after use,
the products are disposed of in bioactive environments such as composts or are degraded
chemically or enzymatically to building blocks that can be re-used.

In this review article, we summarize HCDC methods for the biosynthesis of scl- and
mcl-PHA and associated strategies that lead to increased productivity. We will also discuss
approaches such as nutrient limitation, genetic and metabolic engineering, use of mixed
culture and renewable carbon sources for enhancement of PHA production efficiency.
Recent developments on cost- effective downstream processing are also discussed herein.
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Figure 3. Using renewable, low-cost carbon sources such as energy crops or waste streams in combi-
nation with optimized fermentation strategies supports high yielding PHA production processes.
The PHA polymers are processed and manufactured into consumer plastics that will biodegrade
when disposed. The cycle begins again when biodegradation products of PHA plastics are consumed
during photosynthesis or are recovered in waste streams from composting facilities.

2. Modes of Operations for Production of Polyhydroxyalkanoates (PHAs) in High Cell
Density Cultivations

The productivity of PHAs is dependent on many factors such as the bacterial strain,
carbon/nitrogen ratio, pH, temperature, cultivation time, and presence of micro and macro
nutrients [31]. For optimization of PHA yield, different fermentation strategies such as
batch, fed-batch and continuous processes have been used. Figure 4 provides a diagram of
the overall PHA production pathway with options of alternative processes. Fermentation
processes can be separated into two categories: continuous or discontinuous processes.
The upper half of the figure illustrates discontinuous processes: batch fermentations,
repeated fed-batch and fed-batch coupled with cell recycling. The bottom half of the
figure illustrates continuous processes: single-stage chemostat, two-stage chemostat and a
multi-stage bioreactor cascade. Unlike batch fermentations, continuous processes maintain
static fermentation parameters. The use of multi-reactor fermentation strategies, especially
multi-stage cultivation systems, are recommended to obtain high yields of PHA. R1–R5:
Five continuous stirred tank reactors. F1, F3, F5, F7 and F9: Feed streams for supply of
nutritional medium to the bioreactors R1, R2, R3, R4 and R5, respectively. F2, F4, F6 and F8:
Continuous transfer of fermentation broth to the subsequent reactors. F10: Outlet stream
containing final product. Microbial cell growth occurs in R1, whereas PHA accumulation
takes place in R2–R5.

Figure 4. Process regimes for PHA fermentative synthesis.
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2.1. Batch Cultivations

In batch cultivations, the carbon/nitrogen sources are added to the system at time
zero of the cultivation. That is, during batch cultivations, additional nutrients are not
added during the course of the fermentation [32]. Generally, batch fermentation processes
result in low PHA yields which is partly attributed to PHA degradation that occurs
at the later during cultivations [18]. Singh et al., investigated P3HB production from
industrial sugar waste using Bacillus subtilis NG220. Cultivations resulted in 10.22 g/L of
biomass that contained 51.8% PHA [33]. Rai et al., investigated the batch production of
P(3-hydroxyoctanoate) from Pseudomonas mendocina using sodium octanoate. This resulted
in very low biomass yield of 0.8 g/L with 31% of homopolymer production using sodium
octanoate as sole carbon source [34].

2.2. Fed-Batch Fermentations

The fed-batch fermentation method was originally developed in the early 1900s by
yeast producers such as cultivation of Saccharomyces cerevisiae [35]. Later, this concept
was applied for production of antibiotics, amino acids, microbial cells, enzymes, growth
hormones, vitamins, organic acids and PHA [36]. Fed-batch processes are extensively used
for industrial fermentations due to its distinct advantages over other modes of operation of
a bioreactor. In a fed-batch process, cells are grown under continuous feeding of carbon
sources and essential nutrients at a certain rate until the desired cell density is attained.
The feed solution containing carbon sources and essential nutrients maintains a specific
growth rate that reduces by-product formation.

There are two types of fed-batch cultivations: product formation that is either growth-
associated or that occurs under non-growth-associated conditions. PHA production is
usually carried out in two phases, first, the growth phase is conducted such that cells reach
the desired biomass. Polymer production occurs in the second phase in which all essential
nutrients required for production are fed to the bioreactor [37]. In most cases, the second
phase is conducted where an essential nutrient, such as phosphorus, nitrogen, oxygen and
sulfur, is at a limiting concentration such that metabolic pathways supporting growth are
suppressed and the cells respond by focusing their efforts on PHA accumulation to store
carbon and energy. Fed-batch cultivations must have suitable strategies to supply carbon
sources and other nutrients. Under circumstances where a carbon source for PHA becomes
limiting, the rate of PHA degradation via a PHA depolymerase increases.

The use of fed-batch cultivations has proved valuable to achieve PHA production
under HCDC conditions [29,38,39]. Cultivations of Cupriavidus necator under fed-batch
HCDC has been a target of interest by numerous research groups and the results of this
work are displayed in Table 1.

Mcl-PHAs have also been produced by HCDCs and Table 1 summarizes the results of
published work. The pH stat and DO (dissolved oxygen) stat involves maintaining the pH
and DO at certain levels during the fermentation process. Lee et al., reported a strategy
for achieving HCDCs using P. putida as the microbial catalyst and oleic acid as the carbon
source [15]. Oleic acid feeding was controlled by a pH-stat during the growth phase and a
DO-stat in the polymer production phase. This results in a total biomass, %-PHA in the
CDW and overall productivity were 141 g/L, 51% and 1.9 g/L/h, respectively [15].

A two-stage fed-batch HCDC of P. putida KT2440 using glucose and nonanoic acid
was reported by Davis et al. Cells were grown on glucose in biomass accumulation phase,
and nonanoic acid was fed in the PHA production phase. Using this two-stage feeding
strategy, P. putida KT2440 accumulated a total biomass, %-PHA CDW content and overall
productivity of 102 g/L, 32% and 0.98 g/L/h, respectively [26]. The authors claimed that,
this two-stage feeding strategy resulted in the highest ever reported value of biomass for a
P. putida strain.

While cell concentration increases during a fed-batch fermentation, one can impose
a slowly decaying specific growth to attain high cell densities while preventing other
perturbations that could result from rapid decreases in the specific growth rate. Maclean
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et al., reported a decaying exponential feeding of nonanoic acid during a P. putida KT2440
cultivation to form an mcl-PHA. A linear and quadratic decaying exponential feeding rate
were used to control biomass accumulation and, subsequently, to control the oxygen uptake
rate of the cells. The latter strategy resulted in in a total biomass, CDW, % PHA content and
overall productivity of 109 g/L, 63% (i.e., 69 g/L PHA) and 2.3 g/L/h, respectively [27].
The larger final biomass concentration and mcl-PHA content is explained by the directly
correlation between the highest rates of cell formation and oxygen uptake.

PHA-producing organisms (e.g., R. eutropha) can use acetic, propionic and butyric
acids as primary substrates for both biomass accumulation and PHA formation. Propi-
onate/propionic acid introduced in culture media serves as a precursor for the formation
of 3HV units in P(3HB-co-3HV). The incorporation of 3HV units increases the ductility
while decreasing the copolymer melting point relative to P3HB. Huschner et al., reported
fed-batch cultivations of R. eutropha that functioned to decrease the toxicity of organic acid
substrates. The rate of organic acid feeding was pO2-dependent. This approach resulted in
highly reproducible cultivations that reached a total biomass, %-P(3HB-co-5.6 mol%3HV)
content and overall productivity of 112 g/L, 83% and >2 g/L/h, respectively [28].

Yamane et al., reported a fed-batch cultivation of A. latus where sucrose, inorganic
elements and an ammonia solution were fed into a bioreactor by the pH-stat method.
This work highlighted the importance of carbon and nitrogen feed concentrations in
obtaining high PHA productivity. Consumption rates were used to inform when to supply
carbon/nutrient sources that enabled nutrient concentrations to be maintained at nearly
constant levels throughout cultivations. The feeding solutions were supplied based on
their consumption rates, thereby maintaining the nutrient concentrations at nearly constant
levels during the fermentation. This approach resulted in a total biomass, PHA content in
the CDW and overall productivity of 143 g/L, 50% and 3.97 g/L/h, respectively [40].

PHB production by C. necator DSM 545 from glucose by a two-phase fed batch cultiva-
tion was reported by Mozumder et al. The first phase was dedicated to biomass production
after which, in the second phase, a specific PHB production rate and nutrient-limiting con-
ditions induced PHB formation. Process optimization led to a total biomass, PHB content
in the CDW and overall productivity of 164 g/L, 76.2% and 2.03 g/L/h, respectively [41].

Burkholderia sacchari was identified as an efficient micro-organism for P3HB production.
Sucrose from sugarcane was the primary carbon source while γ-butyrolactone (GBL) was
used as a co-substrate for the formation of 4HB units. P3HB formed in the absence of GBL
reached a PHB concentration and overall productivity of 36.5 g/L and 1.29 g/L/h, respec-
tively [42]. However, addition of GBL results in P(3HB-co-1.6 mol%4HB) at a concentration
and volumetric productivity of 54 g/L and 1.87 g/L/h, respectively [42].

Haas et al., reported the use of a membrane bioreactor and HCDC for P3HB formation.
PHB was formed by continuously feeding of a synthetic medium with 50 g/L glucose to
C. necator. This strategy resulted in a total biomass, P3HB content in the CDW and overall
productivity of 148 g/L, 76% and 3.10 g/L/h, respectively [43]. The bacterium rapidly
consumed fed sugar resulting in low contents in the final medium.

Cell recycle has been successfully implemented in fed-batch and continuous cultures
resulting in HCDC and efficient PHA formation [44,45]. Ienczak et al., demonstrated that
by coupling repeated fed-batch cultivations with cell recycle, HCDC of C. necator DSM 545
was achieved from glucose and fructose (90 g/L) [45]. Culture media depleted of nutrients
was removed from the bioreactor without loss of cells during recirculation. The results
showed that total biomass, P3HB yield, P3HB CDW content and overall productivity
reached 61.6 g/L, 42.4 g/L, 68.8% and 1 g/L/h, respectively [45]. It was noteworthy that,
by this cultivation strategy, carbon source concentration about 7-fold below that used in
other studies was effectively converted to product. This is particularly meaningful for
waste feedstocks that contain low sugar concentrations. Schmidt et al., used C. necator DSM
545 for P(3HB-co-3HV) by external cell recycling under a production phase where nitrogen
limitation was imposed. The glucose concentration fed to the culture medium simulated
that often found in agro-industrial wastes (90 g/L). To induce 3HV formation, propionic
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acid was used as a co-substrate. The results showed that the total biomass, PHB content in
the CDW and overall productivity reached 80 g/L, 73% and 1.24 g/L/h, respectively [46].

Rodríguez-Contreras et al., substituted glucose for glycerol during the production
of P3HB by C. necator and B. sacchari. The maximum biomass, P3HB CDW content and
productivity for these strains were 68.6 g/L, 64.6%, 0.76 g/L/h and 43.8 g/L, 10.2%,
0.08 g/L/h, respectively [47]. The isolated bacterium Zobellella denitrificans MW1 that
possess a high capability to accumulate PHA from glucose, was assessed in a pilot scale
reactor (42 L) for P3HB formation from glycerol. Using fed-batch cultivation, the optimized
feeding strategy of glycerol and sodium chloride results in 81.2 g/L total biomass, 67%
PHA content and 1.09 g/L/h productivity [48].

Chanprateep et al., reported the formation of P(3HB-co-4HB) during fed-batch HCDC
of C. necator A-04. Fructose served as the carbon sources for biomass accumulation while
1,4 butanediol functioned as a 4HB precursor. The authors varied the molar ratios of
fructose to 1,4-butanediol and, consequently, altered the composition and productivity of
P(3HB-co-4HB) formation. The culture in which P(3HB-co-38% mol 4HB) was produced
reached a total biomass, PHA CDW content and overall productivity of 112 g/L, 65% and
0.76 g/L/h [49].

Le Meur et al., reported increased scl-PHA productivity by recombinant E. coli. Glyc-
erol served as the carbon source for biomass accumulation while 4HB functioned as a
precursor for 4HB units. Pulse, linear and exponential feeding strategies were evaluated,
the exponential feeding of glycerol and butyric acid was found to be highly reproducible
and results in biomass, PHA CDW and overall productivity were 43.2 g/L, 33% and
0.207 g/L/h [50].

Stanley et al., reported pH-based and pulse feeding strategies to improve PHA yields
during Halomonas venusta cultivations. Usually, the fermentation broth pH moves toward
lower values during microbial growth due to the production of organic acids. In contrast,
the medium pH increases under carbon source limiting conditions due to the production of
ammonium ions during protein catabolism. Consequently, the feed pump was altered such
that, in the event that the pH increased above a set value (7.05 in the current study), this
cues the automated feeding of the carbon source. Using this pH-based strategy, the authors
reported a total biomass and PHA CDW content of 66.4 g/L and 39%, respectively [51].
Also, they found that, when the maximum utilization of glucose was reached, a single
pulse (100 g/L in this study) was used to increase the available glucose in the bioreactor.
The single pulse feeding approach resulted in an accumulated biomass and %-PHA content
of 37.9 g/L and 88%, respectively [51]. The increase in PHA content in pulse feeding could
be due to increased glucose flux towards PHA synthesis. B. sacchari IPT 189 was cultivated
for P(3HB-co-3HV) production using sucrose and propionic acid and a two-stage bioreactor
process [52]. During the first stage, a balanced culture medium was used for growth up to
sucrose exhaustion. The second stage constituted feeding sucrose/propionic acid solution
to the bioreactor. The sucrose/propionic acid ratio was varied while the feed flow rate was
kept constant. The results showed that, by increasing the ratio of sucrose to propionic acid
to 30:1, the %-PHA [P(3HB-co-10 mol%3HV)] cell content and productivity reached 60%
and 1.04 g/L/h, respectively [52].

In pursuit of HCDC for P(3HB-co-3HV) production by Aeromonas hydrophila 4AK4,
Chen et al., employed the cofeeding of glucose/lauric acid in a two-stage fermentation.
Lauric acid pulsed feeding results in 20 g/L residual carbon source concentration and a
total biomass, %-PHA CDW content and productivity of 50 g/L, 50% and 0.54 g/L/h,
respectively [53].

Blunt et al., reported an oxygen-limited fed-batch cultivation process for enhanced
productivity of mcl-PHAs using P. putida LS46. They used octanoic acid as the carbon
source and a bench-scale (7 L) bioreactor. The resulting total biomass, %-PHA CDW content
and productivity reached 29 g/L, 61% and 0.66 g/L/h, respectively [54]. The relatively
low biomass accumulation may be due to the toxicity of octanoic acid to P. putida LS46
cells. Gao et al., conducted a fed-batch cultivation of P. putida KT2440 mcl-PHA production

11



Molecules 2021, 26, 3463

with a co-feed mixture of decanoic and acetic acids [55]. Acetic acid functioned to prevent
decanoic acid crystallization. To identify co-feed ratios that would result in higher mcl-PHA
yields, different ratios of decanoic acid/acetic acid/glucose was used. With the optimized
ratio (5:1:4), the total biomass, %-PHA CDW content and overall productivity reached
75 g/L, 74% and 1.16 g/L/h, respectively [55].

Sun et al., reported the formation of mcl-PHA by P. putida KT2440 by co-feeding
glucose and nonanoic acid during a carbon-limited fed-batch cultivation. Exponential
and, thereafter, linear feeding of 1:1 (w/w) nonanoic acid: glucose resulted in a total
biomass, %-PHA CDW content and overall productivity of 71 g/L, 56% and 1.44 g/L/h,
respectively [56]. Cerrone et al., reported the HCDC of P. putida CA-3 by a two-stage
fermentation of co-substrates decanoic and butyric acid [57]. To enhance the mcl-PHA
volumetric productivity, the cells were initially grown on butyric acid (biomass growth
phase) and, subsequently, during the PHA production stage, the carbon source used
was a mixture of butyric and decanoic acid (20:80 v/v ratio). This strategy resulted in a
total biomass, %-PHA CDW content and overall productivity reached 71.3 g/L, 65% and
1.63 g/L/h respectively [57].

Sun et al., reported the HCDC of P. putida KT2440 for mcl PHA formation from
nonanoic acid. An exponential growth rate (μ = 0.15 h−1) under nonanoic acid-limited
conditions resulted a total biomass, %-PHA CDW content and overall productivity of
70 g/L, 75% and 1.11 g/L/h, respectively [58]. However, by increasing the exponential feed
rate to μ = 0.25 h−1, the overall productivity increased (1.44 g/L/h), however, the biomass
(56 g/L) and mcl-PHA content (67%) decreased due to the higher oxygen demand [58].
Diniz et al., studied different feeding strategies such as pulse feed followed by constant feed,
and exponential feed to produce mcl-PHA using P. putida IPT 046 [59]. The exponential
feeding strategy results in total biomass of 40 g/L with 21% mcl-PHA content. However,
under phosphate limitation, biomass accumulation, the CDW content of mcl-PHA and
overall productivity reached 50 g/L, 63% and 0.8 g/L/h, respectively [59].

Cultivation of P. oleovorans ATCC 29347 was conducted under pH-stat fed-batch
conditions using octanoic acid as the feedstock. The resulting total biomass, %-PHA in the
CDW and overall productivity were 63 g/L, 62% and 1 g/L/h [60]. Kim et al., reported
P. putida BM01 cultivation by a two-stage fed-batch process. These workers co-fed glucose
and octanoate during both biomass growth and PHA production. This strategy resulted in a
total biomass, %-PHA in the CDW and overall productivity of 55 g/L, 66% and 0.90 g/L/h,
respectively [61].

With the objective of improving the distribution of both carbon and energy, Andin
et al., coupled P. putida KT2440 growth and mcl-PHA production from fatty acids [62].
Experimental data validated a model that describes the energy flux distribution and carbon
utilization in P. putida KT2440 during the simultaneous processes of growth and PHA
formation. This approach explored the possibility of shifting available carbon and energy
to PHA formation during the production phase. The resulting fed-batch culture had
a total biomass, %-PHA in the CDW and overall productivity of 125.6 g/L, 54.4% and
1.01 g/L/h, respectively [62]. Thus, one can couple PHA formation and growth when
substrate catabolism occurs via β-oxidation.

Dey and Rangarajan reported a HCDC of C. necator (MTCC 1472) on sucrose for
P3HB formation by a fed batch fermentation [63]. Under nitrogen limited fed-batch
cultivation, the concentration during feeding of sucrose was varied from 100–200 g/L. The
total biomass, %-P3HB in the CDW and overall productivity reached 38 g/L, 62% and
0.58 g/L/h, respectively, at a dilution rate of 0.046 h−1 and by feeding a 200 g/L sucrose
solution [63]. The authors claimed their approach provided an economically attractive
route to PHB production.

To maximize the P3HB accumulation rate of Azohydromonas lata DSM 1123, Penloglou
et al., adopted an intensified fed-batch process based on a model. The models were
validated to determine optimal feeding and operating conditions that optimize P3HB pro-
ductivity. By a continuous feeding strategy under non-limiting nitrogen conditions, a maxi-
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mum PHB CDW content of 94% overall productivity of 4.2 g/L/h, was reported [64]. How-
ever, the authors did not provide the value of the total biomass concentration accumulation.

Table 1. PHA production by high cell-density cultivation (HCDC) fed-batch operations.

Microorganisms Stages of
Fermentation

PHA Type Carbon Source
Biomass

(g/L)
PHA

Content(%)

Overall
Productivity

(g/L/h)

Carbon
Conversion
Efficiency
(Yp/s) g/g

Reference

P. putida
KT2440ATCC

47054

One stage

PHO/PHD Oleic acid 141 51 1.91 NA [15]

PHN Glucose/
nonanoic acid 102 32 0.97 0.56 [26]

PHN Nonanoic acid 109 63 2.3 NA [27]

PHD Decanoic acid/
glucose 75 74 1.16 0.86 [55]

PHN Glucose/
nonanoic acid 71 56 1.44 0.66 [56]

PHN Glucose/
nonanoic acid 56 67 1.44 0.60 [58]

Two stage mcl-PHA

Oleic
acid/linoleic
acid/palmitic

acid/stearic acid

125 54.4 1.01 0.70 [62]

R. eutropha H16 Two stage P(3HB-co-
3HV)

Acetic acid/
propionic

acid/butyric acid
112 83 2 NA [28]

Alcaligenes latus
DSM 1122 One stage PHB Sucrose 143 50 3.97 NA [40]

Cupriavidus
necator DSM 545

Two stage PHB Glucose 164 76.2 2.03 NA [41]

One stage

PHB Glucose 148 76 3.1 0.33 [43]

PHB Glucose/
Fructose 61.6 68.8 1.0 NA [45]

P(3HB-co-
3HV)

Glucose/
propionic acid 80 73 1.24 NA [46]

PHB Glycerol 68.56 64.55 0.76 0.34 [47]

Burkholderia
sacchari DSM

17165
One stage

P(3HB-co-
4HB)

Saccharose/γ-
butyrolactone 77 72.6 1.87 0.275 [42]

PHB Glycerol 43.79 10.22 0.08 0.41 [47]

Zobellella
denitrificans MW1 NA PHB Glycerol 82.2 67 1.09 NA [48]

C. necator A-04 One stage P(3HB
-co-4HB)

Fructose/1,4
butanediol 112 65 0.76 NA [49]

Halomonas
venusta KT832796 One stage PHB Glucose 38 88 0.25 0.22 [51]

Burkholderia
sacchari IPT 189 One stage P(3HB-co-

3HV)
Sucrose/

propionic acid NA 60 1.04 0.25 [52]

Aeromonas
hydrophila 4AK4 One stage P(3HB-co-

3HHx)
Glucose/

lauric acid 50 50 0.54 NA [53]

P. putida LS46 One stage PHO Octanoic acid 29 61 0.66 0.62 [54]

P. putida CA-3 Two stage PHD
Butyric

acid/decanoic
acid

71.3 65 1.63 0.55 [57]

P. putida IPT046 One stage mcl-PHA Glucose/fructose 50 63 0.80 0.19 [59]

P. oleovorans
ATCC 29347 One stage PHO Octanoic acid 63 62 1 NA [60]

P. putida BM01 Two stage PHO Octanoic
acid/glucose 55 65 0.90 0.40 [61]

Cupriavidus
necator MTCC

1472
One stage PHB Sucrose 37.56 61.82 0.58 0.20 [63]

Azohydromonas
lata DSM 1123 One stage PHB Sucrose - 94 4.2 0.15 [64]

Yp/s: PHB yield to substrate (g PHB produced per g substrate consumed); %-PHA: Final intracellular PHA content (g/g) of DCW; NA: Data
not available, PHB: Polyhydroxybutyrate, P(3HB-co-3HV): Poly (3-hydroxybutyrate-co-3-hydroxyvalerate), PHO: Polyhydroxyoctanoate, PHD:
Polyhydroxydecanoate, PHN: Polyhydroxynonanoate, P(3HB-co-4HB): Poly (3-hydroxybutyrate-co-4-hydroxybutyrate), P(3HB-co-3HHx):
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), P(3HB -co-4HB): Poly (3-hydroxybutyrate-co-4-hydroxybutyrate)
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2.3. Continuous Culture

By this technique, the rate of microbial growth is constant under steady-state condi-
tions. A continuous cultivation process that runs at high specific growth rates can provide
high productivities. Furthermore, continuous cultivations are desirable since they sub-
stantially decrease the frequency of bioreactor shutdown and cleaning operations. Also,
continuous cultivation processes circumvent wash-out even at high dilution rates. This can
lead to high productivity and concentrations of the product. To minimize the disruption of
normal microbial cellular behavior, continuous or semi-continuous processes can be imple-
mented in place of batch process. Continuous cultivation processes are characterized by the
continuous addition at a constant flow rate of fresh media to the bioreactor which provides
the cells with fresh nutrients. To keep the bioreactor working volume constant, products
and effluents are continuously removed. Representative outcomes of PHA production
under continuous HCDC conditions are displayed in Table 2.

Jung et al., reported a continuous two-stage process by which P. oleovorans converts
n-octane to mcl-PHA. Two stage fermentations offer the opportunity to focus on biomass
accumulation in the first bioreactor and PHA accumulation in a second bioreactor. In
the first (D1) and second (D2) bioreactors, the dilution rate were 0.21 h−1 and 0.16 h−1,
respectively. These conditions resulted in a total biomass, %-mcl-PHA content in the CDW
and overall productivity of 18 g/L, 63% and 1.06 g/L/h, respectively [65].

Atlic et al., reported a continuous cultivation of C. necator for P3HB production from
glucose [66]. The multistage reaction system consisted of five bioreactors in series. The first
bioreactor functioned for biomass accumulation; thereafter, the fermentation broth was
continuously fed into subsequent reactors for P3HB production under nitrogen limiting
conditions. The dilution rate (0.139 h−1) for the cascade experiment was substantially
higher when compared to the corresponding 2-stage process (0.075 h−1) since the authors
assumed that the five-reactor series would have a relatively higher product throughput.
Upon reaching steady state conditions, the total biomass, %-P3HB CDW content and overall
productivity reached 81 g/L, 77% and 1.85 g/L/h, respectively [66]. This work highlights
how, by adopting a continuous process using a series of bioreactors, high product titers
and productivity can be achieved.

As above, Horvat et al., reported a continuous cultivation of C. necator for P3HB
production from glucose [67]. The multistage reaction system consisted of five bioreactors in
series. For the first bioreactor in the cascade, modelling was based on maintaining a nutrient
balanced system with continuous biomass production. The second bioreactor adopted a
model for process control using two substrates. Control of the next three bioreactors aimed
to achieve high P3HB formation under nitrogen limitation with continuous glucose feeding.
They reached a total biomass, %-P3HB in the CDW and overall productivity of 80 g/L, 77%
and 2.14 g/L/h, respectively [67]. Du et al., adopted a continuous two-stage cultivation
where the first and second bioreactors were optimized for biomass and P3HB accumulation,
respectively [68]. P3HB formation in the second bioreactor was under nitrogen limiting
conditions. After optimization of the dilution rates (0.075 h−1) and carbon source (50 g/L
in first stage and 500 g/L in second stage), they reported a total biomass, %-P3HB content
in the CDW and an overall productivity of 50 g/L, 73% and 1.23 g/L/h, respectively [68].

To study the kinetics of P3HB synthesis, Du et al., performed a continuous cultivation
of R. eutropha containing two bioreactors in series [69]. In the first bioreactor, R. eutropha cells
were cultivated under limiting glucose (feeding solution concentration 50 g/L) conditions.
In the second bioreactor, P3HB accumulation occurs with excess carbon source (feeding
solution concentration 500 g/L) and limiting nitrogen conditions. The specific P3HB
production rate was dependent on the C/N molar ratio such that, the C/N ratio of 30 in
PHB production phase gave optimal results: biomass accumulation reached 32.6 g/L and
%-PHB content in dried cells was 75% [69]. Khanna and Srivastava explored the formation
of P3HB formation by Wautersia eutropha NRRL B-14690 under continuous cultivation
conditions [70]. P3HB formation was induced by imposing nutrient limiting conditions.
Minimal P3HB formed during the exponential growth phase. P3HB formation in the
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second stage was increased by low dilution rates. Under these conditions the authors
reported a total biomass, %-P3HB in the CDW and overall productivity of 49 g/L, 51% and
0.42 g/L/h, respectively [70].

Egli et al., used chemostat culture conditions to investigate PHA formation by P. putida
GPo1. This work revealed that, when both carbon and nitrogen simultaneously limit
growth, PHA formation can occur. Under these conditions, studies were conducted to
determine how the C/N ratio, substrate type and the cell growth rate affected product
formation. A correlation was found between increased P. putida GPo1 PHA formation and
prolonged carbon and nitrogen limiting cultivation conditions [71]. Similarly, Zinn et al.,
reported on a cultivation of R. eutropha DSM 428 under both nitrogen and carbon limiting
conditions. The carbon sources used were butyric and/or valeric acid while ammonium
served as the source of nitrogen. This strategy results in a cellular PHA content of 40% [72].
Unfortunately, the authors did not provide sufficient information to calculate the cell
concentration and productivity.

Yu et al., reported the continuous production by R. eutropha of P(3HB-co-3HV) using
glucose and sodium propionate as co-substrates. Increased molar fractions of HV units in
the final product resulted by increasing the relative concentration of sodium propionate in
the feed. This resulted in a total biomass, P(3HB-co-60 mol%3HV) CDW content and an
overall productivity of 8 g/L, 30% and 0.045 g/L/h, respectively [73]. While increase in
the sodium propionate concentration correlated with higher copolymer 3HV content, 3HV
can inhibit R. eutropha growth decreasing both the biomass and P(3HB-co-3HV) formation.
A continuous cultivation of P. putida KT2442 for biosynthesis of mcl-PHA was studied
by Huijberts and Eggink. Using oxygen limited continuous HCDC, the total biomass,
mcl-PHA cell content and overall productivity reached 30 g/L, 23% and 0.69 g/L/h,
respectively [74].

Halomonas sp. TD01 is highly tolerant to both high salt and pH conditions. This is
advantageous since, such an environment is intolerant to other potential strains that pose
contamination risks. Consequently, the rigors of processes normally used to maintain
sterile conditions can be relaxed such that continuous and open fermentation processes
can be used without concerns of contamination. In one example, an unsterile two-stage
continuous cultivation for P3HB production by halophilic bacteria Halomonas TD01 was
reported by Tan et al. [75]. Halomonas TD01 cells were cultivated on glucose in the first
bioreactor for 2 weeks and, thereafter, the cells were transferred into the second bioreactor
under nitrogen limiting conditions. While the continuous transfer of cultures from the
first to the second bioreactor diluted the cells, the %-P3HB in the CDW remained at
between 65–70% [75]. At 24 h, the first fermenter had a biomass of 40 g/L that contained
60% P3HB. These values were maintained during the entire cell growth period. In the
second stage, the total biomass, %-mcl-PHA in the CDW and overall productivity reached
20 g/L, 65% and 0.26 g/L/h, respectively [75]. The low cell biomass in reactor 2 is a
consequence of culture dilution while maintaining high P3HB content results from nitrogen
limitation. These results highlight that Halomonas TD01 is an attractive cell bio-factory
for P3HB accumulation since the culture conditions are highly amenable for commercial
processes. However, further development of the organisms and process is needed to reach
commercially viable PHA yields and productivities.

Another approach to conduct semi-continuous fermentation is by cyclic fed-batch
fermentations (CFBF) at high cell densities. CFBF is performed by partially removing cul-
ture broth with subsequent refilling of fresh medium to the bioreactor [76]. This approach
circumvents an accumulation of toxic concentrations of by-products and corresponding
increased culture volumes that occur during fed-batch fermentations [77]. As a result,
CFBF has proved useful in reducing the impact of media chemical changes enabling ther-
mophiles to reach high final biomass and product concentrations. Ibrahim and Steinbuchel
reported the application of CFBF in a stirred tank reactor for HCD cultivation of the PHB
accumulating thermophile Chelatococcus sp. Strain MW10. The aim was to develop energy-
saving PHB production processes. Using this strategy, total biomass reached 115 g/L but
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the %-PHB in the CDW was relatively low (12%) [78]. Nevertheless, CFBF is attractive
for thermophilic strains for the reasons described above as well as the relatively simple
fermenter set up and ability to monitor by the withdrawal/refilling process.

Karasavvas and Chatzidoukas, reported the modelling and dynamic optimization two
continuous cascade bioreactors to optimize P3HB formation from sucrose by Azohydromonas
lata. For the system at steady state they reported a total biomass and %-PHB CDW content
of 20.52 g/L and 83.4%, respectively [79].

Table 2. PHA production by HCDC continuous mode operations without cell recycle.

Carbon Source Microorganisms Stages of
Fermentation

Biomass
(g/L)

%PHA
Overall

Productivity
(g/L/h)

Carbon
Conversion

Efficiency (Yp/s)
g/g

Reference

n-Octane P. oleovorans
ATCC 29347 Two stage 18 63 1.06 NA [65]

Glucose

C. necator DSM
545 Five stage 81 77 1.85 NA [66]

C. necator DSM
545 Multi stage 80 NA 2.14 0.47 [67]

R. eutropha
WSH3 Two stage 50 73 1.23 0.36 [68]

R. eutropha
WSH3 (lab
collection)

Two stage 32.6 75 NA 0.043 [69]

Halomonas
TD01 One stage 20 65 0.26 0.242 [75]

Chelatococcus sp.
Strain MW10

semi-continuous/cyclic
fed-batch 115 12 NA 0.09 [78]

Fructose
Wautersia

eutropha NRRL
B-14690

Two stage 49 51 0.42 NA [70]

Butyric acid and
valeric acid

R. eutropha DSM
428 One stage NA 40 NA NA [72]

Glucose/
sodium

propionate

R. eutropha
(ATCC 17699,
CCRC 13039)

One stage 7.96 30 0.045 NA [73]

Oleic acid P. putida KT2442 Two stage 30 23 0.69 0.15 [74]

Sucrose Azohydromonas
lata Two stage 20.52 83.43 NA NA [79]

Yp/s: PHB yield to substrate (g PHB produced per g substrate consumed); %-PHA: Final intracellular PHA content (g/g) of DCW; NA:
Data not available.

3. Effect of Nutrient Limitations on Yield of PHA

Nutrient limitation is a key strategy for PHA production processes. Different nutrients
have different effects on cell metabolism, growth, and PHA production. PHA production
under nutrient limitations is generally conducted by a two-stage fed batch cultivation in
which PHA accumulation occurs primarily during the nutrient-depleted stage [15,59,61].
Nutrient limiting conditions is imposed by continuous feeding of essential nutrients while
reducing the concentration of the growth limiting nutrient (i.e., nitrogen) to reach a desired
C/N ratio [60,80,81]. Increased PHA cell contents under conditions that are nutrient
limiting is a direct result of imposing constraints such that, available carbon sources are
not used for biomass accumulation but, instead, for PHA synthesis [82]. For example,
the rate of scl-PHA synthesis by R. eutropha is significantly increased under nitrogen
and phosphorus limitations [83]. The effect of nutrient limitations on PHA synthesis is
summarized in Table 3.

Sun et al., (2007) reported simultaneous growth and accumulation of mcl-PHA using
P. putida KT2440 where the rate of non-PHA biomass accumulation is below that of PHA
biosynthesis [58]. Hence, PHA synthesis is not strictly associated with cell growth. Lee
et al., reported mcl-PHA fed-batch production using P. putida KT2440 under phosphorous
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limitations that led to impressive mcl-PHA production. To increase PHA cell content, the
initial phosphorus concentration in the feed was varied during fed-bath cultivations. By
reducing the initial concentration of KH2PO4 from 7.5 to 4 g/L, the total concentration
of total biomass and mcl-PHA cell content reached 141 g/L and 51.4% (i.e., mcl-PHA
yield of 72.6 g/L), respectively, with an overall productivity of 1.91 g/L/h [15]. When
the initial phosphate concentration was further reduced, the PHA content of the CDW
remained unchanged but the overall productivity and concentration of PHA was reduced.
These workers also provided a useful roadmap as to how the feeding strategy can be used
to reach HCDC and productivity values. Furthermore, the time at which the nutrient
limitation was applied significantly affected biomass accumulation, PHA cell concentration
and productivity. The initial phosphorus concentration mainly affected the conversion
efficiency of acetate to PHA. Ryu et al., reported A. eutrophus fed-batch cultivations under
phosphorus limitation for P3HB production [29]. The dissolved oxygen (DO) concentration
was used to control both the glucose feeding rate as well as to monitor its concentration.
Variation in the glucose concentration was between 0-20 g/L. In addition, the influence
of the initial phosphate concentration on P3HB formation was evaluated. At 5.5 g/L
initial phosphorus concentration, the total biomass, mcl-PHA cell content and overall
productivity reached 281 g/L, 82% and 3.14 g/L/h, respectively [29]. These results also
stand out as highly impressive and provide valuable information on how high PHA yields
can be attained.

Shang et al., investigated the effect of the glucose feeding rate on the formation of
P3HB by R. eutropha under phosphate limiting and fed-batch cultivation conditions. By
sustaining the glucose concentration in the medium at 2.5 g/L, P3HB formation and
cell growth were restricted by the carbon source shortage. However, by sustaining the
concentration of glucose in the culture at 9 g/L, the total biomass, %-P3HB in the CDW and
overall productivity reached an impressive 208 g/L, 67% and 3.1 g/L/h, respectively [39].
However, further increase of the glucose concentration in culture media to 16 g/L resulted
in significant decreases in P3HB productivity.

Tu et al., evaluated the effect of phosphorus limitation on accumulation of PHA from
thermally hydrolyzed sludge. Decrease in the phosphorus concentration from 127.6 to
1.35 mg/L resulted in an increase in PHA cell contents from 23 to 51% [84].

Wen et al., evaluated how nitrogen and phosphorus limitation effected PHA formation
from acetate. The microbes in this study were from activated sludge. Ratios of C:P and C:N
were varied to investigate the effect of nitrogen and phosphorus limitation, respectively.
The maximum %-PHA in the CDW reached 59% at the C:N 125 and 37% under phosphorus
limitation experiments [85]. However, the authors did not provide information on how
nutrient limitations affected the total biomass accumulated and overall productivity.

Portugal-Nunes et al., investigated the effect of nitrogen availability on PHB accumula-
tion in two recombinant strains of S. cerevisiae using xylose as the carbon source. However,
nitrogen deficiency did not enhance PHB accumulation in S. cerevisiae. Instead, the highest
PHB contents (2.7-fold increase) were obtained under excess of nitrogen [86].

Grousseau et al., reported cultivation of C. necator on a butyric acid/propionic acid
co-feed during fed batch fermentation conditions. They discussed how the distribution of
3HB and 3HV monomers was influenced by the ratio of propionic and butyric acids in the
feed. Decreasing 3HB with sustained 3HV formation occurred under phosphorus limited
conditions. In fact, under these conditions the PHA formed consisted of nearly 100% 3HV
units [87]. By feeding phosphorus, which sustained cell growth, and using propionic acid
as the carbon source, the maximum 3HV content in the P(3HB-co-3HV) copolymer was
33% [87]. This was explained by the fact that, by imposing a phosphorus limitation, the
decarboxylation of propionic acid decreased thereby maximizing 3HV production. By
cofeeding butyric and propionic acid (1:2 molar ratio), the total biomass, %-P3HB in the
CDW and overall productivity reached 65.9 g/L, 88% and 0.65 g/L/h, respectively [87].
Furthermore, by moving from a feedstock that consists of only propionic acid to one with a
butyric acid co-substrate, metabolism of propionic acid to 3HV occurs at higher efficiency.
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Da Cruz Pradella et al., reported the HCDC of B. sacchari 189 on sucrose in an airlift
bioreactor. In a two-phase fed-batch fermentation experiment, nitrogen limitation induced
P3HB biosynthesis. In phase one, a limited sucrose feeding regime resulted in 60 g/L
biomass and a low (13%) %-P3HB content in the CDW [88]. However, in phase two, P3HB
accumulation was induced by nitrogen limitation leading to a total biomass, %-P3HB CDW
content and overall productivity of 150 g/L, 42% and 1.7 g/L/h, respectively [88].

Grousseau et al., conducted cultivations of C. necator DSM 545 on butyric acid to de-
termine how maintaining continued cell growth would influence P3HB formation kinetics.
These authors showed that NADPH formation via the Entner-Doudoroff pathway was
enabled by anabolic demand. The result was a high carbon conversion efficiency where 0.89
mol-carbon in P3HB resulted from one-mole of carbon in the feedstock [89]. Indeed, this
is an extraordinarily high carbon utilization efficiency. The total biomass, %-P3HB in the
CDW and the overall productivity reached 46.7 g/L, 82% and 0.57 g/L/h, respectively [89].

Kim et al., reported the fed batch cultivation of Methylobacterium organophilum for
P3HB production under potassium limitation. The methanol concentration was maintained
at 2–3 g/L to avoid cell growth inhibition. P3HB accumulation accelerated when the
concentration of potassium in the culture broth was reduced to less than 25 mg/L. The
total biomass, %-P3HB CDW content and overall productivity reached 250 g/L, 52%
and 1.86 g/L/h, respectively [90]. In other words, the fermentation produced 130 g/L
P3HB [90].

R. eutropha ATCC 17699 was cultivated using fructose in stage one, and fructose/γ-
butyrolactone during stage two under nitrogen limitation. Since γ-butyrolactone is me-
tabolized into 4HB, the resulting product was P(3HB-co-4HB) [91]. To improve copolymer
yields, cultivations were performed by fed-batch with DO-stat control for controlled feed-
ing. Using the DO-stat strategy and at a 1.5:1 molar ratio of fructose to γ-butyrolactone, the
total biomass, %-P(3HB-co-1.64 mol%4HB) in the CDW and overall productivity reached
48.5 g/L, 50.2% and 0.55 g/L/h, respectively [91].

Table 3. Accumulation of PHA produced by different strains under nitrogen/phosphorus/oxygen limitation conditions.

Microorganisms PHA Type
Limiting
Nutrients Carbon Source

Biomass
(g/L)

%-
PHA

Overall
Productivity

(g/L/h)

Carbon
Conversion
Efficiency
(Yp/s) g/g

Reference

P. putida KT 2440
ATCC 47054 mcl-PHA

Phosphorus
(4 g/L)

Oleic acid

141 51.4 1.91

NA [15]
Phosphorus

(22 g/L) 173 18.7 1.13

Alcaligenes
eutrophus NCIMB

11599
PHB Phosphorus

(5.5 g/L) Glucose 281 82 3.14 0.38 [29]

R. eutropha NCIMB
11599 PHB Phosphate Glucose 208 67 3.1 NA [39]

Activated sludge PHB/PHV
Phosphorus

Acetate
NA 37 NA

NA [85]
Nitrogen NA 59 NA

C. necator DSM 545 P(3HB-co-
3HV) Phosphorus Propionic

acid/butyric acid 65.9 88 0.65 0.51 [87]

Burkholderia
sacchari IPT 189 PHB Nitrogen/oxygen Sucrose 150 42 1.7 0.22 [88]

C. necator DSM545 PHB Phosphate Butyric acid 46.7 82 0.57 0.62 [89]

Methylobacterium
organophilum NCIB

11278
PHB Potassium Methanol 250 52 1.86 0.19 [90]

Ralstonia eutropha
ATCC 17699

P(3HB-co-
4HB) Nitrogen Fructose +

γ-butyrolactone 48.5 50.2 0.55 NA [91]

Yp/s: PHB yield to substrate (g PHB produced per g substrate consumed); %-PHA: Final intracellular PHA content (g/g) of DCW; NA: Data
not available, PHB: Polyhydroxybutyrate, PHV: Polyhydroxyvalerate, P(3HB-co-3HV): Poly (3-hydroxybutyrate-co-3-hydroxyvalerate),
P(3HB-co-4HB): Poly (3-hydroxy-butyrate-co-4-hydroxybutyrate).
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4. PHA Production Using Genetically Modified Organisms

Non-PHA producing organisms can be genetically modified to biosynthesize PHAs
(Figure 5). Furthermore, genetic modification of PHA and non-PHA producing strains
provides a route to recombinant strains with improved kinetics for PHA production, a
wider ability for substrate utilization (e.g., utilization of lignocellulose components), and
changes in selectivity enabling the production of PHAs with unique structures. In addition,
genetic engineering of strains has been used to improve substrate utilization from, for
example, treated lignocellulose materials. In some cases, recombinant strain construction
of, for example, C. necator and E. coli and are considered as strong candidate for commercial
PHA production [92,93].

Figure 5. Genetic engineering strategies to improve bacterial strains for PHA production. PHA
producing strains can be improved to convert various carbon substrates into PHAs via gene insertion
or deletion. PHA synthase genes from PHA producing strains are often inserted in non-PHA
producing strains. Using different strains of bacteria facilitates PHA production under conditions
that are not suitable for naturally producing PHA strains.

Recent strain engineering studies have focused on manipulating the metabolic flux
by, for example, gene deletion or reducing gene expression for competing pathways that
would redirect carbon away from PHA monomer formation [94]. Furthermore, genetic
modification of production strains has been used to inhibit β-oxidation so that the PHA
composition will more closely resemble that of the carbon source-fed [95]. A wide range of
wild-type strains such as A. hydrophila 4AK4 [96], M. extorquens [97], and Pseudomonas [98,99]
have been modified for enhanced copolymer yield, modification of PHA structure and
incorporation of scl-and mcl-PHA monomers, respectively.

E. coli has proved to be a valuable organism for genetic modification to attain highly
productive PHA producing strains. Investigation of optimization of P3HB formation
by E. coli has used tunable promotors to modulate expression levels of phaA, phaB and
phaC [95]. Another powerful tool is the ability to construct ribosomal binding site (RBS)
libraries where the copy number of plasmids can be systematically varied [100]. Omission
of enzymes such as the PHA depolymerase is valuable as the PHA production organism
has no mechanism to carry out PHA hydrolysis, the reverse of PHA synthesis [101,102].
Table 4 provides representative examples of PHA production by recombinant E. coli and
C. necator using HCDC methodologies.

E. coli possesses a rich genetic background and multiple available tools making it an
ideal host for PHA biosynthesis [12]. The design and generation of recombinant E. coli
strains has enabled the synthesis of a variety of PHAs. Furthermore, one can construct E.
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coli strains such that they can utilize a diverse set of feedstocks including carbon source mix-
tures derived from treatment of lignocellulose [103,104]. E. coli is capable of accumulating
high contents of PHAs (80% to 90% of CDW) which enables large-scale PHA production.
Also, Ren et al., claim there are economically viable method that can be applied to recover
PHA from E. coli [105]. Due to the high accumulation of PHA, E. coli cells become fragile
which enables efficient and easier product recovery [106]. Furthermore, produced PHA is
not subjected to degradation during cultivations since it is normally constructed without
an intracellular depolymerase enzyme [107].

Difficulties were encountered in identifying wild-type PHA producing strains that
can use 4HB as the sole carbon source. To solve this problem, Le Meur et al., expressed a
4-HB-CoA transferase from Clostridium kluyveri orfZ in E. coli. In addition, the recombinant
strain harbored the PhaC gene from A. eutrophus. By this approach, the developed strain
gained the capability of producing P(4HB) during cultivations containing 4HB as the sole
carbon source. That is, using glycerol for cell growth, 4HB for polymer formation, with
exponential feeding to control the growth rate, and HCDC fed-batch operating conditions,
P4HB formation reached a total biomass, %-P(4HB) in the CDW and overall productivity
of 43.2 g/L, 33% and 0.21 g/L/h, respectively [50].

Ahn et al., expressed the A. latus genes PhaA, PhaB, and PhaC encoding in an E.
coli strain. Interestingly, P3HB formation by this recombinant strain was more efficient
than the corresponding recombinant E. coli strain was constructed using PhaA, PhaB,
and PhaC from R. eutropha. The recombinant E. coli harboring the genes from A. latus
was cultivated using a pH-state fed-batch culture and a 280 g/L sucrose-equivalent feed
solution from concentrated whey. Whey is the liquid remaining after milk is curdled
and strained. It is also a byproduct of cheese or casein manufacturing. The results are
impressive as the total biomass, %-PHB in the CDW, overall productivity and carbon
conversion efficiency reached 194 g/L, 87% (169 g/L P3HB), 4.6 g/L/h, and 0.45 g/g of
P3HB per g of lactose [92]. These results are impressive and, if PHA copolymers could also
be formed under similar conditions, this work provides guidance toward development of
a commercially viable process.

The recombinant R. eutropha strain that expresses the Rhodococcus aetherivorans I24 PHA
synthase gene and the hydratase gene (phaJ) from P. aeruginosa produced PHA containing
HHx units [93]. The level of HHx in P(HB-co-HHx) was found to be a function of the
acetoacetyl-CoA reductase activity. Cultivation of the recombinant R. eutropha strain on
palm oil, under HCDC conditions, and by inducing nitrogen limiting conditions during
PHA formation resulted in a total biomass, %-P(3HB-co-19 mol%3HHx) in the CDW and
overall productivity of 139 g/L, 74% and 1.06 g/L/h, respectively.

Construction of the expression plasmids, pJRDTrcphaCABRe and pTrcphaCABRe
was performed using the low and high copy number plasmid pJRDTrc1 and pTrc99a,
respectively. Individually, these plasmids were expressed into E. coli XL1-Blue. The
productivity of P3HB and biomass reached 2.8 g/L/h and 180 g/L, respectively, using
glucose as the carbon source. The P3HB produced reached molecular weight values in the
millions (3.5 × 106 to 5.0 × 106) and dispersity values remained low (~1.5) [108]. These
ultrahigh molecular weight P3HB materials, like ultrahigh molecular weight polyethylene,
provide advantaged mechanical properties.

The E. coli strain K24KL was constructed by deactivating the D-lactate synthesizing
enzymes (ldhA) to produce P3HB from glycerol. This strain proved successful in increasing
ethanol and P3HB production with a corresponding decrease in acetate formation. Analysis
of the cofactor’s NADPH/NADP+ and NADH/NAD+ showed that E. coli K24KL possesses
a higher ratio of the former (NADPH/NADP+). This led the authors to conclude that,
the Idha mutation creates an intracellular environment with higher reducing capacity. By
adopting fed-batch cultivation conditions, strain K24KL reached a total biomass, %-PHB
in the CDW and overall productivity of 42.9 g/L, 63% and 0.45 g/L/h, respectively [109].
Insights from this work provide strategies for enhanced PHA formation from glycerol.
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For improved plasmid stability, the kanamycin resistant gene was introduced into
E. coli strain K1060. Cultivation of this strain was performed by a fed-batch operation in
which the medium consisted of the agro-industrial by-products milk whey and corn-steep
liquor. The total biomass, %-PHB in the CDW and overall productivity reached 70.1 g/L,
73% and 2.13 g/L/h, respectively [110].

Agus et al., expressed the W. eutropha PHA synthase (PhaC) in E. coli XL1-Blue cells.
These workers than performed studies to assess how expression of PhaC effected P3HB
production and molecular weight. IPTG (isopropyl-β-D-thiogalactopyranoside) functions
as an inducer that controls the plasmid copies of PhaC. In other words, the concentration of
IPTG in cultures provides a mechanism to control plasmid expression that results in PhaC
formation. At 0.5 mM of IPTG that induces low PhaC expression, the recombinant E. coli
strain reached a total biomass, %-PHB in the CDW and molecular weight of 178 g/L, 72%
(128 g/L PHB), and 3 million g/mol, respectively [111]. In other words, the authors were
successful in synthesizing PHB of ultra-high molecular weight.

The recombinant E. coli strain XL1-Blue which contained the A. eutrophus PHA syn-
thase genes as well as the E. coli ftsZ gene that, in previous work, was found to increase
P3HB formation efficiency by quelling filamentation, was used for P3HB formation. Cul-
tivations were performed by fed-batch HCDC using glucose as the carbon source and
thiamine for growth limitation. The total biomass, %-PHB in the CDW and overall produc-
tivity reached 156 g/L, 72% and 2.4 g/L/h, respectively [112].

The recombinant E. coli strain GCSC 6576 which contained the R. eutropha PHA synthe-
sis genes as well as the E. coli ftsZ gene was studied to convert whey concentrate derived
lactose to P3HB [113]. It consists of a 5% solution of lactose in water, with some miner-
als and lactalbumin (whey protein) [114]. Under fed-batch conditions, pH-stat control,
and 210 g/L lactose equivalents from a concentrated whey solution, the total biomass,
%-PHB in the CDW and overall productivity reached 87 g/L, 80% and 1.4 g/L/h, respec-
tively [113]. These results highlight the potential to design of recombinant microorganisms
for the efficient conversion of concentrated whey solution to PHB.

Subsequently, Riedel et al., reported that cultivation of R. eutropha on low quality
waste animal fats results in 45 g/L of biomass with 60% of PHA and a productivity
of 0.4 g/L/h [115]. Sato et al., reported that recombinant C. necator H16 is capable of
synthesizing high levels of P(3HB-co-19 mol%3HHx) using palm kernel oil and butyrate as
carbon sources. Moreover, the authors showed that butyrate increased the 3-HHx fraction
in phaA-deactivated mutant strains of KNK005 (AS). This strategy results in high biomass
(171 g/L), HHx copolymer content in cells (81%) and, corresponding, high PHA titers
(139 g/L) [116].

Povolo et al., developed a C. necator recombinant strain capable of using inexpensive
carbon sources such as lactose and hydrolyzed whey directly from whey permeate with
an enhanced PHA production capability. A contributing factor to increasing PHA produc-
tivity was eliminating the metabolic pathway for polymer degradation. The recombinant
C. necator utilized hydrolyzed whey permeate (composed of glucose and galactose) as the
sole carbon source such that the cells contain 30% PHB [117]. However, the authors did not
mention the total biomass concentration, PHB yield and overall productivity.

P. putida is a well-known producer of mcl-PHAs [118]. As discussed above, PHA pro-
duction can be improved by deleting PHA depolymerase activity from the corresponding
strain. Cai et al., constructed a recombinant P. putida KTMQ01 which accumulated 86%
mcl-PHA of its CDW [119]. Le Meur et al., constructed a recombinant P. putida KT2440
strain to which the xylulokinase (XylB) and xylose isomerase (XylA) E. coli genes were
inserted. The XylA and XylB genes help utilize the cost-effective substrate xylose, the
main building block of the hemicellulose xylan, for mcl-PHA production. The resulting
engineered P. putida KT2440 sequentially uptakes inexpensive carbon sources such as
xylose and fatty acids (octanoic acid) for the cost-effective production of mcl-PHA. The
cells reached 20% accumulation of mcl-PHA and authors did not determine final CDW and
volumetric productivity [120].
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Kahar et al., constructed a recombinant R. eutropha strain for high yield P(3HB-co-
3HHx) production. R. eutropha PHA-negative mutant was built that harbored the phaC
gene from Aeromonas caviae. Cultivations performed on soybean oil (20 g/L) by a fed batch
process resulted in a 3HB copolymer consisting of 5 mol% 3HHx [121]. The total biomass,
%-PHA in the CDW and overall productivity that reached 133 g/L, 72.5% and 1.0 g/L/h,
respectively [121].

Aeromonas hydrophila 4AK4 produces P(3HB-co-3HHx) that contains 15 mol% HHx
from dodecanoate [122]. To determine the factors that influence the incorporation of 3HHx
in the copolymer, a recombinant Aeromonas hydrophila strain that expresses the genes phaJ,
phaC and phaP from Aeromonas punctate were introduced individually or in combination.
The authors discovered that expression of phaC alone enhanced the content of 3HHx in the
copolymer from 14 to 22 mol% [122]. Co-expression of phaC with phaP and phaJ further
increased the content of 3HHx in the copolymer to 34 mol%. The recombinant strain
with phaP or phaC alone gave copolymer production in shake flask cultivations (48 h) that
reached 4.4 g/L total biomass and 64% PHA in the CDW [122]. The authors concluded
that by increasing the PHA synthase activity, higher contents of the 3HHx comonomer was
incorporated whereas, by co-expressing phaJ with phaP or phaC, PHA production increased.
Unfortunately, the authors did not assess whether high PHA production would be achieved
in a fermenter using a HCDC protocol.

Towards the development of a strain that converts the unrelated carbon sources glu-
cose and gluconates to P(3HB-co-3HHx), Qiu et al., built recombinant strains of Pseudomonas
putida GPp104 and Aeromonas hydrophila 4AK4. This capability could eliminate the need
for fatty acid substrates that can lead to foaming. The recombinant A. hydrophila 4AK4
expresses a cytosolic thioesterase-I, encoded by a truncated Tes A gene, to convert acyl-ACP
into free fatty acids. Cultivation of the recombinant A. hydrophila 4AK4 strain on gluconate
produced P(3HB-co-3HHx) containing 14 mol% HHx units [123]. Further genetic manip-
ulations by overexpression of the P(3HB-co-3HHx) synthesis gene phaPCJ enlarged the
copolymer content of 3HHx units to 19%. Moreover, these authors revealed that, recombi-
nant P. putida GPp104, which harbors the A. hydrophila phaC gene that encodes the formation
of 3HB/3HHx copolymers, phaB from Wautersia eutropha that encodes acetoacetyl-CoA
reductase, and the P. putida phaG gene that encodes 3-hydroxyacyl-ACP-CoA transferase,
resulted in PHA cell contents of 19% (w/w) with 5 mol% 3HHx units from glucose, a carbon
source that is not related to HHx [123]. These results provide a roadmap to strategies that
incorporate 3HHx units into PHA copolymers from unrelated carbon sources.

Ouyang et al., built a recombinant A. hydrophila 4AK4 strain that encoded the phbA
and phbB from R. eutropha and Vitreoscilla, respectively. Cultivations of recombinant A.
hydrophila 4AK4 were performed by a fed-batch process on the co-substrates dodecanoate
and gluconate (1:1). Using dodecanoate only, the total biomass, %-P(3HB-co-12 mol%3HHx)
content in the CDW and overall productivity reached 54 g/L, 52.7%, and 0.791 g/L/h,
respectively [124]. In contrast, the wild-type strain produces total biomass, %-P(3HB-co-
14.4 mol%3HHx) content and overall productivity of 40.4 g/L, 54.6% and 0.525 g/L/h,
respectively [124].

The origin of sludge palm oil (SPO) is the palm oil milling industry. It is a solid that
is generally considered difficult to use as a carbon source in cultivations. Budde et al.,
built a recombinant C. necator strain that encoded the phaC gene from R. aetherivorans I24
and phaJ gene from P. aeruginosa [125]. This engineered strain efficiently utilizes plant
oils for P(HB-co-HHx) production. It was evaluated for its ability to utilize palm oil
for P(3HB-co-3HHx) production [126]. To increase PHA productivity on SPO, fed-batch
fermentations were conducted. The combination of the selected recombinant strain and
cultivation conditions resulted in a total biomass, %-P(3HB-co-22 mol%3HHx) in the CDW
and overall productivity of 88.3 g/L, 57% and 1.1 g/L/h, respectively [126].

A recombinant E. coli strain was built by encoding the phaA, phaB and phaC genes from
R. eutropha PHA. This strain provided substantial benefits relative to the corresponding
wild-type strain for PHA formation. Further improvements were realized by expressing
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the phaC gene from A. latus [127]. In 2002, Choi et al., used this strain for P(3HB-co-
3HV) formation adopting a fed-batch feeding strategy and using glucose for biomass
accumulation and the co-substrates propionic and oleic acids for PHA formation. They
reported a total biomass, %-P(3HB-co-5.7 mol% 3HV) in the CDW and overall productivity
of 42.2 g/L, 70% and 1.37 g/L/h, respectively [128].

Chen et al., constructed the recombinant E. coli strain by encoding the orfZ gene that
expresses the Clostridium kluyveri 4HB-CoA transferase. The resulting strain, Halomonas
bluephagenesis TD40, was evaluated for P(3HB-co-4HB) formation [129]. The use of this
salt-tolerant strain allowed cultivations to be performed without taking precautions to
maintain sterile conditions. HCDC of cultivations of Halomonas bluephagenesis TD40 were
performed under fed-batch operating conditions, in 1 and 7 L fermenters for 48 h using
glucose and γ-butyrolactone as carbon sources. The total biomass and %-PHA reached
70 g/L, and 63% of a P(3HB) copolymer containing 12 mol% 4HB [129]. Subsequently, this
process was transferred to a 1000-L pilot scale fermenter which, by 48 h had a total biomass,
%-PHA content and overall productivity of 83 g/L, 61% of the CDW that contained a P3HB
copolymer with 16 mol-% 4HB and 1.04 g/L/h, respectively [129]. We conclude that H.
bluephagenesis TD40 has excellent potential after further development to provide a platform
for P(3HB-co-4HB) commercial production under open non-sterile conditions.

Poblete-Castro et al., constructed a recombinant P. putida KT2440 strain for PHA
production on glucose by deletion of gcd (glucose dehydrogenase) and gad (gluconate dehy-
drogenase). The logic behind these deletions was to prevent gluconate and 2-ketogluconate
formation. Fed-batch cultures were conducted under varying conditions and were used to
assess mcl-PHA formation directly from glucose [130]. The first phase of biomass growth
utilized exponential feeding with carbon limitation, whereas, for mcl-PHA formation in
the second phase, substrate-pulse feeding, constant feeding and DO-stat feeding strategies
were evaluated under nitrogen limiting conditions. The DO-stat feeding strategy gave
the highest mcl-PHA formation such that the total biomass, %-mcl-PHA in the CDW and
overall productivity reached 62 g/L, 67% and 0.83 g/L/h, respectively [130].

Yang et al., engineered E. coli strains to for PHAs containing aromatic repeat units
from glucose, an unrelated carbon source [131]. For this purpose, the authors constructed
a recombinant E. coli capable of producing D-phenyl lactate (PhLA). This involved the
overexpression of isocaprenoyl-CoA:2-hydroxyisocaproate CoA-transferase as well as an
engineered phaC from Clostridium difficile. The resulting recombinant E. coli was cultivated
by a fed-batch process, using the co-substrates 3HB and glucose, such that the total biomass,
%-P(38.1 mol% PhLA-co-61.9 mol% 3HB) in the CDW and overall productivity reached
25.27 g/L, 55% and 0.145 g/L/h, respectively [131]. Furthermore, the authors showed that
other aromatic repeat units such as D-3-hydroxy-3-phenylpropionate and D-mandelate
could be metabolized from glucose and incorporated into PHAs. This work highlights the
ability to engineer PHA-producing strains that produce aromatic polyesters from unrelated
renewable resources.

‘PHAomics’ highlights that a diverse range of PHAs, including those with block
structures, can be formed by microbial PHA producers resulting in an expanded library of
PHAs with unique properties [132]. The development of recombinant strains that enable
the production of different types of random copolymer, homopolymers, block copolymers,
and PHAs decorated with functional entities are displayed in Table 5.

Engineered P. putida, P. entomophila, P. mendocina, P. oleovorans, H. bluephagenesis
and E. coli, have been reported to produce homopolymers [133–136], scl-PHA random
copolymer [137], scl- and mcl-PHA random copolymers [138–141], mcl-PHA random
copolymers [133,134,142–144], block copolymers [100,107,133,134,141,145–150], functional
PHAs [151–154], and PHA monomers [155,156].

Pichia pastoris has proved highly useful for the high-level expression of heterologous
proteins [157]. Furthermore, P. pastoris has proved amenable to genetic manipulation. Also,
this organism naturally synthesizes mcl-PHAs [158]. Vijayasankaran et al., reported that by
the introduction of R. eutropha PHA biosynthesis genes, the recombinant P. pastoris strain
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showed an enhanced ability to accumulate P3HB [159]. This provides the opportunity to
co-express the formation of PHAs and high-value proteins, an approach that can improve
PHA economics.

A recombinant E. coli strain was built by encoding a phaC that can convert lactic acid-
CoA to PHA repeat units. Furthermore, the strain was developed for the in vivo formation
of lactic acid [160–167]. The resulting strain formed P(3HB-co-LA) with 4 to 47 mol% LA
units. Changing the copolymer composition was accomplished by regulating the anaerobic
culture conditions. The resulting P(3HB-co-LA) films were found to be comparatively
pliable, flexible, and semi-transparent compared to both rigid homopolymers.

Table 4. PHA production by recombinant starins under HCDC conditions.

Microorganisms PHA Type Carbon Source
Biomass

(g/L)
%-PHA

Overall
Productivity

(g/L/h)

Carbon
Conversion
Efficiency
(Yp/s) g/g

Reference

Recombinant E.
coli

P4HB Glycerol/acetate/4-
hydroxy-butyrate 43.2 33 0.207 NA [50]

PHB Lactose 194 87 4.6 0.45 [92]

PHB Glycerol 42.9 63 0.45 NA [109]

PHB Glucose/
thiamine 156 72 2.4 NA [112]

PHB Lactose 87 80 1.4 0.11 [113]

P(3HB-co-3HV)
Glucose/

oleic acid/
propionic acid

42.2 70 1.37 0.5 [128]

Recombinant R.
eutropha

P(3HB-co-3HHx) Palm oil 139 74 1.06 0.52 [93]

P(3HB-co-3HHx) Waste animal fat 45 60 0.4 0.40 [117]

P(3HB-co-3HHx) Soybean oil 133 72.5 1 0.74 [121]

E. coli strain
K1060 PHB Corn steep

liquor/milk whey 70.1 73 2.13 NA [110]

Escherichia coli
XL1-Blue PHB Glucose 178 72 NA NA [111]

Recombinant C.
necator H16 P(3HB-co-3HHx) Palm kernel

oil/butyrate 171 78 - NA [116]

Recombinant
Aeromonas

hydrophila 4AK4

P(3HB-co-3HHx) Dodecanoate 54 52.7 0.791 NA

[124]P(3HB-co-3HHx) Dodecanoate:
sodium gluconate 38.4 52 0.475 NA

Recombinant C.
necator P(3HB-co-3HHx) Sludge palm oil 88.3 57 1.1 0.7 [126]

Recombinant
Halomonas

Bluephagenesis
TD01

P(3HB-co-4HB) Glucose,
γ-butyro-lactone 83 60.62 1.04 0.27 [129]

Recombinant
P. putida KT2440 PHD Glucose 62 67 0.83 NA [130]

Recombinant E.
coli

XL1-Blue
P (PhLA-co-3HB) Glucose 25.27 55 0.145 NA [131]

Yp/s: PHB yield to substrate (g PHB produced per g substrate consumed); %-PHA: Final intracellular PHA content (g/g) of DCW; NA: Data
not available, P4HB: Poly(4-hydroxybutyrate), PHB: Polyhydroxybutyrate, P(3HB-co-3HV):Poly(3-hydroxybutyrate-co-3-hydroxyvalerate),
P (PhLA-co-3HB): Poly(Phenyllactate-co-3-hydroxybutyrate), P(3HB-co-3HHx): Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), P(3HB-
co-4HB): Poly(3-hydroxybutyrate-co-4-hydroxybutyrate).
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Table 5. Production of different types of PHA polymers by recombinant strains.

Microorganisms Polymer Type PHAs Composition Carbon Source Reference

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly(lactate-co-3-
hydroxybutyrate) Xylan [17]

Recombinant
Pseudomonas putida Block copolymer Poly(3-hydroxybutyrate-b-

poly4-hydroxybutyrate)
sodium butyrate/γ-

butyrolactone [100]

Recombinant
Escherichia coli Block copolymer poly(3-hydroxybutyrate)-b-

poly(3-hydroxypropionate) Glycerol [107]

Recombinant P.
entomophila LAC23 Homopolymer

Poly(3-hydroxyheptanoate)
Poly(3-hydroxyoctanoate)
Poly(3-hydroxynonanoate)
Poly(3-hydroxydecanoate)

Poly(3-hydroxyundecanoate)
Poly(3-hydroxytetradecanoate)
Poly(3-hydroxytridecanoate)

Sodium heptanoate/
sodium octanoate/

sodium
nonanoate/decanoic

acid/undecanoic
acid/dodecanoic
acid/tridecanoic

acid/tetradecanoic acid

[133]

Recombinant P.
entomophila LAC23

Random copolymer

P(3hydroxyoctanoate-co-
3hydroxydodecanoate)

Sodium
octanoate/dodecanoic

acid [133]
P(3hydroxyoctanoate-co-
3hydroxytetradecanoate)

Sodium octanate/
tetradecanoic acid

P. entomophila LAC32 Diblock copolymer P(3-hydroxyoctanoate)-b-P(3-
hydroxydodecanaote)

Sodium
octanoate/dodecanoic

acid
[133]

Recombinant
Pseudomonas

entomophila LAC23
Homopolymer Poly(3-hydroxy-9-decenoate) 9-decenol [134]

Recombinant
Pseudomonas

entomophila LAC23
Block copolymer P(3-hydroxydodecanoate-b-3-

hydroxy-9-decenoate)
dodecanoic

acid/9-decenol [134]

Recombinant
Pseudomonas putida Homopolymer

Poly(3-hydroxyhexanoate)
Poly(3-hydroxyheptanoat)

Poly(3-hydroxyoctanoate-co-2
mol% 3-hydroxyhexanoate)

Poly(3-hydroxyvalerate)
Poly(3-hydroxybutyrate)
Poly(4-hydroxybutyrate)

Hexanoate/
Heptanoate/

Octanoate/Valerate/γ-
butyrolactone

[135]

Recombinant
Pseudomonas putida Homopolymer

Poly(3-hydroxydecanoate)
Poly(3-hydroxydecanoate-co-84
mol%3-hydroxydodecanoate)

Decanoic
acid/Dodecanoic acid [136]

Recombinant E. coli Random copolymer P(3-hydroxybutyrate-co-3-
hydroxypropionate) Glucose [137]

Recombinant
Pseudomonas putida Random copolymer

Poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate-co-3-

hydroxyoctanoate)

Sodium heptanoate/
Oleic acid [138]

P. entomophila LAC32 Random copolymer

P(3-hydroxybutyrate-co-3-
hydroxydecanaote) Glucose/

decanoic
acid/dodecanoic acid

[139]

P(3-hydroxybutyrate-co-3-
hydroxydodecanaote)

Pseudomonas putida
KT2442 Random copolymer Poly (3-hydroxybutyrate-co-3-

hydroxyhexanaote)
Sodium butyrate/
Sodium hexanoate [140]

Pseudomonas putida
KT2442 Random copolymer Poly (3-hydroxybutyrate-co-mcl

3HA)
scl-fatty acid/mcl-fatty

acid [141]

25



Molecules 2021, 26, 3463

Table 5. Cont.

Microorganisms Polymer Type PHAs Composition Carbon Source Reference

P. mendocina NK-01 Random copolymer

P(3-hydroxyoctanoate-co-3-
hydroxydecanoate-co-3-
hydroxydodecanoate),

P(3-hydroxyhexanaote-co-3-
hydroxyoctanaote-co-3-
hydroxydecanaote-co-3-

hydroxydodecanoic
acid)

sodium
octanoate/Sodium

decanoate/dodecanoic
acid

[142]

Recombinant
Pseudomonas

entomophila LAC23
Random copolymer P (3-hydroxydodecanoate-co-3-

hydroxy-9-decenoate)
dodecanoic

acid/9-decenol [144]

Recombinant
Pseudomonas putida

Block copolymer
Poly(hydroxybutyrate-b-

polyhydroxyvalerate-hexanoate-
heptanaote

Butyrate/hexanaote

[144]

Random copolymer Poly(3-hydroxybutyrate-co-
valerate-hexanoate-heptanaote) Butyrate/hexanaote

Ralstonia eutropha
NCIMB 11599 Triblock copolymer

Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate-b-poly(3-

hydroxybutyrate)-b-
Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)

Glucose/Pentanoic
acid [145]

R. eutropha NCIMB
11599 Block copolymer

Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)-b-poly(3-

hydroxybutyrate)

Glucose/Pentanoic
acid [146]

Recombinant
Pseudomonas putida

KT2442
Diblock copolymer Poly(3-hydroxybutyrate

-b-poly-3-hydroxyhexanoate)

Sodium
butyrate/sodium

hexanoate
[147]

Burkholderia sacchari
DSM 17165 Block copolymer Poly(3-hydroxybutyrate-b-3-

hydroxyvalerate) Xylose/levulinic acid [148]

Mixed culture
containing

Azohydromonas lata
DSM 1122 and

Burkholderiasacchari
DSM 17165

Random copolymer
and block copolymer

Poly(3-hydroxybutyric-co-3-
hydroxyvalerate-co-4-

hydroxyvalerate)
P(3-hydroxybutyrate-b-3-

hydroxyvalerate)

Glucose/levulinic acid [150]

Pseudomonas putida
Gpo1

Functional polymer
(cationic PHA)

Poly[(β-hydroxy-octanoate)-co-
(β-hydroxy-11-(bis(2-

hydroxyethyl)-amino)-10-
hydroxyundecanoate)]

Sodium octanoate [151]

Recombinant
Escherichia coli and
Pseudomonas putida

Functional polymer 3-hydroxydecanoic acid Fructose [152]

Recombinant
Escherichia coli

Polylactic acid random
copolymer

P(lactic
acid-co-3-hydroxybutyrate-co-3-

hydroxypropionate)
Glucose/glycerol [161]

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly(glycolate-co-lactate-co-3-
hydroxybutyrate) Glucose [162]

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly(glycolate-co-lactate-co-3-
hydroxybutyrate-co-4-

hydroxybutyrate)
Glucose [163]

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly (lactate-co-3-
hydroxybutyrate) Xylose/acetate [164]
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Table 5. Cont.

Microorganisms Polymer Type PHAs Composition Carbon Source Reference

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly(lactate-co-3-
hydroxybutyrate)

Xylose-based
hydrolysate [165]

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly(D-lactate-co-glycolate-co-4-
hydroxybutyrate) Glucose/xylose [166]

Recombinant
Escherichia coli

Polylactic acid random
copolymer

Poly(lactate-co-3-
hydroxybutyrate) Glucose [167]

Yp/s: PHB yield to substrate (g PHB produced per g substrate consumed); %-PHA: Final intracellular PHA content (g/g) of DCW; NA: Data
not available.

5. Enhancement of PHA Yield by β-Oxidation Inhibition

The mcl-PHAs usually occur as copolymers because the substrates used for biosyn-
thesis are subjected to β-oxidation, resulting in the production of a mixture of repeat units
that differ in chain length. In other words, even when the substrate is one structure, the
resultant mcl-PHA is heterogeneous due to β-oxidation. To avoid β-oxidation of fatty acids,
two methodologies have been developed; the first is to suppress or remove β-oxidation
genes. Alternatively, inhibitors can be used to suppress enzymes catalyzing β-oxidation.
Genetically modified organisms were found to be effective in obtaining a dominant repeat
unit structure [168]. Jiang et al., also reported that cofeeding acrylic acid is a useful strategy
to increase the direct incorporation of a selected substrate. In one example, a fed-batch
cultivation of P. putida KT2440 on a substrate mixture consisting of glucose: nonanoic acid:
acrylic acid (1: 1.25: 0.05, mass ratio) resulted in a total biomass, %-PHA of CDW content
and productivity of 71.4 g/L, 75.5% (89 mol% 3HN) and 1.8 g/L/h, respectively [169]. In
the absence of acrylic acid, the content of 3HN was reduced to 65 mol%. Also, β-oxidation-
deleted mutants of P. putida or P. entomophila were effective in preparing mcl-PHAs that
closely approached being homopolymers of a selected repeat unit [134,170].

Gao et al., deleted the β-oxidation gene of P. putida KT2440 towards synthesizing mcl-
PHAs that closely approximated a homopolymer composition. In one example, cultivation
of the β-oxidation deleted recombinant P. putida KT2440, using decanoic acid as the mcl-
PHA producing substrate along with co-substrates glucose and acetic acid (2:8 g/g), the
total biomass, %-PHA in the CDW and overall productivity reached 18 g/L, 59% and
0.32 g/L/h, respectively [171]. Remarkably, the mcl-PHA formed consisted of only 3HD
units. In contrast, the wild strain cultivated under identical conditions, resulted in a
total biomass, %-PHA content in the CDW and overall productivity of 39 g/L, 67% and
0.84 g/L/h, respectively [171]. Hence, the PHA yield was higher for the wild-type strain.
However, the comonomer composition was 3HD: 3HO: 3HHx units in a molar ratio of
74:14:12.

Zhao et al., reported the construction of a recombinant P. mendocina by deletion of
multiple genes associated with the β-oxidation pathway. The objective was to prepare mcl-
PHA in higher yields that consisted of predominantly 3HD and 3HDD repeat units. Relative
to the wild type strain, the recombinant P. mendocina had about a 5-fold increase in mcl-
PHAs produced from sodium octanoate and sodium decanoate [142]. Using dodecanoic
acid as the feedstock the mcl-PHA yield increased by 10-fold. The resulting mcl-PHAs
have nearly uniform repeat unit structures that showed higher melting point transitions,
mechanical and crystallization properties [142]. This approach demonstrated the potential
of developing recombinant P. mendocina strains that both provide increased mcl-PHA
production but also uniform compositions.

Oliveira et al., investigated mcl-PHA formation by wild-type and recombinant β-
oxidation deleted strains of P. putida KT2440. Cultivations were conducted by a fed-batch
operational mode using sugarcane biorefinery-derived hydrolyzed sucrose and decanoic
acid as carbon sources. Using linear phase feeding strategy, P. putida KT2440 reached
a total biomass, %-PHA content in the CDW and overall productivity of 53.4 g/L, 33%
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and 0.4 g/L/h, respectively [172]. The composition of the mcl-PHA formed consisted of
C10:C8:C6 repeat units in a molar ratio of 84:14:2. However, using the same cultivation
conditions, the β-oxidation deleted P. putida strain reached a total biomass, %-PHA of CDW
and overall productivity of 24.6 g/L, 42% and 0.25 g/L/h, respectively with C10:C8:C6
mol% composition of 95:5:0 [172]. Hence, while the β-oxidation knockout mutant had
lower productivity, it provided a means to produce an mcl-PHA that closely approaches a
3HD homopolymer.

A β-oxidation pathway modified mutant of R. eutropha was explored for P(3HB-co-3-
HHx) production from soybean oil [173]. Deletion of fadB1 (enoyl-CoA hydratase/3HA-
CoA dehydrogenase) in recombinant R. eutropha strains with other genes encoding (R)-
enoyl-CoA hydratases, a 6–21% increase in 3-HHx content in the copolymer was ob-
served [173]. This was attributed to an increased availability of mcl-2-enoyl-CoAs by
partial impairment of β-oxidation. This work provides a useful strategy to increase the
4HHx content in copolyesters synthesized from fatty acids.

6. PHA Production Using Mixed Cultures

Mixed microbial consortia (MMC) provide advantageous routes for PHA production
as cultivations are conducted in open systems, circumventing the need to maintain sterility,
which can reduce operating costs [174–179] (Figure 6). As will be further elaborated
below, agro-industrial and municipal waste streams offer low-cost substrates and sources
of PHA producing microbes. Volatile fatty acids (VFAs) are a valuable PHA substrate
produced by acidogenic fermentation during anaerobic digestion. Afterwards, activated
(microbe containing) waste sludge generally undergoes a series of feast/famine feed cycles
(visualized within the dashed border of Figure 6) to maximize the population of PHA-
producing microbes. Other conditions, such as pH, cultivation time, and temperature are
modified to further maximize PHA production. Lastly, the maximum PHA-producing
MMC is utilized in subsequent PHA fermentation processes.

Figure 6. The use of mixed microbial consortia (MMC) for PHA production.

Harnessing MMCs for PHA production requires a first step, often carried out in
sequential batch cultivations where selection and enrichment occur resulting in a microbial
consortium with a high capacity for PHA formation. This normally required the application
of transient conditions. Then, cultivation conditions are applied that further maximizes
PHA formation [180,181].

MMC technology often utilizes volatile fatty acids, VFAs (i.e., acetic, propionic, butyric,
and valeric acids), as substrates for PHA production [182–184]. These substrates are
available via anaerobic digestion processes of wet wastes such as that from biomass
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fractions, foods, wastewater sludge, fats, animal waste, and more. VFA are advantageous
over glucose and other carbohydrate feed sources since they are highly oxidized providing
relatively higher equivalent carbon and energy [185]. The relative composition of VFA
will determine the PHA composition as, for example, high propionic acid contents will
be metabolized to 3HV units whereas even-carbon chain length VFAs will likely form
P3HB [186,187].

The diversity of microorganisms in MMCs provides multiple PHA production path-
ways. A batch reactor that is acetate-fed run with a biomass residence time of one day,
and 12 h cycles of feast-famine (F-F) conditions, gave an MMC enriched in PHA produc-
ers [180]. Subsequently, fed-batch cultivation experiment using the MMC mixed culture
under growth limiting conditions resulted in high PHA storage cell accumulation (89% of
the CDW) and high P(3HB) production rates (~1.2 g/g/h) [180]. The dominant microor-
ganism in the cultivation was a Gammaproteobacterium that proved to have low similarity to
known bacteria.

Jiang et al., used lactate as well as lactate/acetate mixtures to obtain PHB produc-
ing MMC’s and investigated the use of lactate and a mixture of lactate and acetate for
enrichment of PHB producing mixed cultures [188]. Operational conditions that previ-
ously resulted in a performing strain for PHB production from acetate was adopted for
this work [189]. The enrichments from acetate and lactate used microbes from activated
sludge. As above, the dominant microorganism from the enrichment on lactate was a
Gammaproteobacterium that reached in 6 h PHB contents in its CDW of 90% [189]. When
an acetate/lactate mixture was used during the enrichment, the dominant microorgan-
isms were the bacteria Thauera selenatis and Plasticicumulans acidivorans that reached PHB
contents in the CDW of 84% in 8 h [189]. Previous work with strains Thauera selenatis and
Plasticicumulans acidivorans showed that they were capable of high PHB accumulation.

Cui et al., performed enrichments to obtain PHA forming MMCs using starch, glucose
and acetate as substrates. Aerobic extended-time dynamic feeding intervals were used.
The organisms were exposed to long-term aerobic dynamic feeding periods. Following
350 enrichment cycle intervals under F-F regimes, the MMCs enriched by feeding starch,
glucose and acetate accumulated 27%, 61% and 65% PHA in their CDWs, respectively [190].
Sequencing studies revealed that, in addition to PHA forming bacteria, microbes that are
non-PHA producing also survived. Using acetate for enrichment, the dominant PHA
forming genera were Stappia and Pseudomonas. In contrast, enrichments conducted us-
ing glucose resulted in the PHA forming genera Vibrio, Piscicoccus and Oceanicella. For
enrichments on starch, the sole PHA forming Genus was Vibrio.

Palmeiro-Sánchez et al., explored how imposing recurrent sodium chloride concentra-
tions (NaOH, 0.8 g Na+/L) would influence the resulting MMC cultures ability to produce
PHA. Enrichments were on a mixture of C2-C5 aliphatic VFAs where the major constituents
were acetic and propionic acids (54 and 27 mol%, respectively) [191]. PHA production
by the MMC reached 53% of the CDW and the corresponding copolymer composition
was P(3HB-co-27 mol%3HV) [191]. A comparative study where the NaOH was not im-
posed during enrichments resulted in a relatively lower ability of the resulting MMC to
produce PHA.

Cavaillé et al., (2016) developed an MMC that consisted of PHA forming microbes
from activated sludge. Cultivations were performed under non-sterile conditions using
acetic acid as the carbon sources under phosphorous limitation. A stable continuous
process for PHA formation was reached where the CDW of effluent cells reached 74% [192].

Thermophilic and thermotolerant strains can be used to develop MMC’s for PHA
formation to reduce essential heating and cooling operations that are energy intense
processes [193]. For such cultivations, adequate oxygen must be accessible to microbes
at working temperatures. Benefits of working with thermotolerant MMC enrichments
include faster diffusion, higher solubility of substrates, higher PHA production rates and a
lower risk of culture contamination [194].
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Toward reducing the costs of PHA formation, MCCs were carried out using low
cost agro-industrial wastes that include paper mill effluents, cannery effluents, municipal
sludge, saponified sunflower oil, fermented sugar cane molasses, industrial and domestic
wastewaters and oil mill effluents [195]. Johnson et al., studied MMCs with high storage
capacity for PHA production. Acetate was fed for 24 h in the batch reactor to accumulate
biomass with F-F cycles of 12 h. This strategy results in accumulation of 89% PHA in the
CDW in 7.6 h with an overall PHA productivity of 1.2 g/g/h [196].

Lorini et al., reported on application of sequencing batch reactors for cultivation of
mixed culture with uncoupled carbon and nitrogen feeding. The different organic load
rates studied (4.25 to 12.72 g COD/L·d) results in PHA productivity of 0.1 g PHA/L/h
at optimum conditions [197]. Silva et al., explored how nitrogen feeding would influence
PHA formation by MMCs. A mixture of C2 and C3 VFAs were used as carbon sources at
an organic load of 8.5 g COD/L·d with concurrent feeding of (NH4)2SO4. This strategy
resulted in the accumulation of PHA with up to 20 ± 1% w/w HV) [198]. Liu et al., reported
mcl-PHA formation by Pseudomonas-Saccharomyces, using xylose as carbon source, results
in 152.3 mg/L PHA [199]. The presence of S. cerevisiae in the consortium improved the
sedimentation of cell mass.

7. Industrial/Agro-Industrial Waste for Production of scl-and mcl-PHA

Despite the promising properties of PHAs, they remain uncompetitive with conven-
tional plastics due to both high cost and performance shortfalls. Significant improvements
in performance can be realized by polymer formulation during processing [200–202], but
this is beyond the scope of this review. The cost of carbon substrates constitutes ~50% of
the total manufacturing cost [203]. Therefore, a major research effort is underway focused
on reducing the production cost by utilizing low or no-cost waste materials as carbon
sources [20,204,205].

The yield and monomer composition during PHA formation varies depending on
the type of microbial strain and carbon sources. The use of commercial sugars in PHA
production by bacterial fermentation leads to high-cost processes. Therefore, to achieve
cost effective PHA production, in addition to reducing energy utilization and efficient
downstream processes, it is also critical to move to low-no cost feedstocks such as cellulose,
lignocelluloses, hemicelluloses and sugars derived therefrom. The sustainable sources of
feedstock for PHA production are depicted in Figure 7.

Figure 7. Sustainable sources and conversion of feedstocks for PHA production. Provided within the
dashed area is a simplified representation of the conversion of waste oils (lipids) to PHAs. The waste
lipid is hydrolyzed to yield substrates for fermentation: fatty acids and glycerol. The substrates are
purified prior to use in fermentations. Recovered waste biomass can be recycled as a carbon source
for future fermentations.
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In addition to the above, large waste quantities are generated from numerous sources
such as agriculture (including lignocellulosic materials), food, industrial and municipalities.
An opportunity exists to create value from these zero cost feedstocks that would otherwise
be landfilled. Wastes may be enriched in valuable carbon sources for PHA production
such as carbohydrates of various complexity and fatty acids. Pretreatments that may
involve biochemical, chemical or physical processes can significantly enhance the contents
of wastes to more readily metabolizable substrates. The representative literature on HCDC
using renewable feedstock are presented in Table 6.

7.1. Lignocellulosic Feedstock

A great opportunity exists to exploit the estimated 200 billion tons global produc-
tion of lignocellulosic feedstocks [206,207]. It is well known that efficient utilization of
lignocellulosic feedstocks comes with numerous challenges since these materials were
designed by nature to be difficult to access by microbes to enable their long lifetime as
plant structural materials.

Furthermore, phenolic compounds generated by lignin can inhibit PHA producing
microbial growth and metabolic processes [208]. Fortunately, due to the numerous products
envisioned by conversions of highly abundant lignocellulose by integrated biorefinery
processes, there have been continuous improvements in pretreatment processes that use,
for example, physicochemical, alkaline and enzyme-mediated reactions to achieve high
sugar yields for production of biofuels and other valuable products [209]. For example,
xylose is highly abundant in hemicellulose that can be liberated by efficient enzymatic or
chemical processes for use as primary feedstocks for scl-PHA formation by P. cepacia ATCC
17759 [210].

About 25% w/w of wheat straw (WSH) consists of hemicellulose that are rich (80 dry wt)
in pentoses [211]. Cesario et al., reported fed batch cultivations of B. sacchari DSM 17165 for
PHA production from wheat straw hydrolysate that provides primarily arabinose, xylose
and glucose [211]. B. sacchari was shown to efficiently metabolize these sugars. To promote
polymer accumulation, KH2PO4 limitation was imposed by reducing its initial concentra-
tion to 3 g/L. Fed-batch B. sacchari cultivations did not exhibit catabolite repression that
can occur when fed wheat straw hydrolysate sugars and reached a total biomass, %-PHB
in the CDW and an overall productivity of 146 g/L, 72% and 1.6 g/L/h, respectively [211].

Cesario et al., adopted a fed-batch feeding strategy for the formation of P(3HB-co-
4HB) by B. sacchari [212]. These authors used as carbon source a xylose-rich hydrolysate of
lignocellulose and, γ-butyrolactone served as a 4HB unit precursor. This strategy results in a
total biomass, %-P(3HB-co-6 mol%4HB) in the CDW and an overall productivity of 88 g/L,
27% P(3HB-co-6 mol%4HB) and 0.5 g/L/h, respectively [212]. These authors claimed
that this is the first demonstration where B. sacchari, a strain that produces PHA from
xylose-rich lignocellulosic hydrolysates, formed P(3HB-co-4HB) by using as co-substrate
γ-butyrolactone. Thus, to effectively produce PHA from hemicellulose, the corresponding
microbes must have the metabolic machinery to utilized hemicellulose derived pentoses
and hexoses. The composition of wheat straw hydrolysate is 35.5% of glucose, 24.7% of
xylose, 3.3% of arabinose, 16.4% of lignin, 8.8% of ash and 1.7% of raw proteins [213].

A promising feedstock from lignocellulose or derived sugars is levulinic acid (4-
oxovaleric acid) as it can be produced with increasing efficiency from lignocellulose and
various waste materials [214]. Levulinic acid has 5-carbons and, as such, is a good precursor
for formation of 3HV units in PHAs. While it can serve as a primary substrate for cell
growth of some PHA producing organisms, it may also cause inhibitory effects such that
its concentrations in cultivations need to be kept below 2 g/L [215,216].

Xu et al., used a media consisting of wheat hydrolysate. By fed-batch cultivation of W.
eutropha they reached a total biomass, %-PHB in the CDW and an overall productivity of
175 g/L, 93% PHB (i.e., 162.8 g/L) and 0.88 g/L/h, respectively [217].

Sathiyanarayanan et al., explored the sponge-associated endosymbiont B. subtilis
MSBN17 for PHB accumulation from pulp industry waste (PIW) as the major substrate
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and tamarind kernel flour as a co-substrate. PIW was provided to cultures at 12, 28 and
40 h time intervals. Under optimized conditions, the total biomass, %-PHB in the CDW
and the overall productivity of B. subtilis MSBN17 was 24.2 g/L, 51.6% and 0.26 g/L/h,
respectively [218].

Dietrich et al., reported a HCDC of Paraburkholderia sacchari IPT 101 LMG 19450 for
PHB production from hard wood hydrolysate as the sole carbon source. These authors
compared a synthetic hydrolysate that consisted of equivalent substrates (acetate, xylose,
glucose) with a wood hydrolysate. PHB formation was performed during 52 h HCDCs [219].
Interestingly, the PHB concentration (22 g/L) was relatively lower using the synthetic
hydrolysate medium. This can be explained by the presence of additional nutrients in wood
hydrolysate and the corresponding specific growth rates that were higher on the wood
hydrolysate (0.36 vs. 0.33 h−1). The cultivation on wood hydrolysate, the total biomass,
%-PHB in the CDW and an overall productivity were 59.5 g/L, 58% and 0.72 g/L/h,
respectively [219]. In comparison, the synthetic hydrolysate resulted in %-PHB in the
CDW and an overall productivity of 55% and 0.46 g/L/h, respectively [219]. This report
on the conversion of hard wood hydrolysate is promising but, as in the above work by
Sathiyanarayanan et al. on PIW, further process and potentially cell engineering will be
needed to achieve industrially relevant product titers and productivity.

7.2. Waste Glycerol

Crude glycerol from biodiesel production that, annually, is about 150 million gallons,
generates 50 million kg of crude glycerol [220]. Problems encountered with the use of
crude glycerol are co-generated impurities (i.e., fatty acids, salts, methanol) that lower its
value. With continuous improvements in triglyceride production by oleaginous yeasts from
lignocellulosic sugars, it is anticipated that triglyceride production from non-food sources
will be available in increasing amounts as will crude glycerol [221]. This has spurred
research to utilize crude glycerol as a carbon source for the biotechnological production
citric acid, 2,3-butane diol, PHB, 1,3-propane diol and more [222–224].

Cavalheiro et al., investigated the conversion of crude glycerol to P3HB copolymers
with 4HB and 3HV repeat units [23]. As discussed above, incorporating γ-butyrolactone as
a co-feedstock will lead to the formation of 4HB units, whereas the co-substrate propionic
acid can be metabolized to both 3HV and 4HB units. Incorporation of 4HB monomers was
promoted by γ-butyrolactone. After optimizing dissolved oxygen in cultivation media,
using crude glycerol and γ-butyrolactone as cosubstrates in cultivations of C. necator DSM
545 resulted in a total biomass, %-PHA in the CDW and overall productivity of 30.2 g/L,
36.1% P(3HB-17.6 mol%4HB) and 0.17 g/L/h, respectively [23]. In contrast, by using crude
glycerol, γ-butyrolactone and propionic acid as co-feedstocks, the total biomass, %-PHA in
the CDW and overall productivity reached 45.25 g/L, 36.9% of P(3HB-43.6 mol%4HB-6
mol%3HV) and 0.25 g/L/h, respectively [23]. Production of PHA from crude glycerol
helps reduce production costs with concomitant glycerol valorization. Using the same
production strain, Cavalheiro et al., studied PHB production from crude glycerol during
fed-batch cultivations of C. necator DSM 545. They reported a total biomass, %-PHB in the
CDW and an overall productivity of 68.8 g/L, 50% and 1.1 g/L/h, respectively [225].

Mozumder et al., reported a three-stage control strategy that was claimed to be
organic substrate-independent for automated substrate feeding in a two-phase fed-batch
culture [41]. This sensitive and robust feeding strategy was applied to C. necator DSM 545
cultivations for conversion of crude glycerol to PHB at experimentally determined optimal
substrate concentrations. To reach maximal cell biomass, the feeding strategy combined
exponential feeding and alkali-addition monitoring. Subsequently, the substrate feeding
rate was kept constant while nitrogen feeding was stopped, resulting in PHB accumulation.
This resulted in a total biomass, %-PHB in the CDW and overall productivity of 104.7 g/L
and 62.7% and 1.36 g/L/h [41]. This work is certainly a promising example where high
PHB titers (66 g/L) were achieved using crude glycerol as the sole carbon source.

32



Molecules 2021, 26, 3463

Salakkam and Webb investigated whether biodiesel production by-products rapeseed
meal and crude glycerol could function synergistically for PHB production by C. necator
DSM 4058. Rapeseed meal processing provides a media component rich in free amino
nitrogen. Adopting a fed-batch cultivation strategy for the co-substrates crude glycerol
and processed rapeseed meal, without further nutrient supplements, resulted in a total
biomass, %-P3HB in the CDW and overall productivity of 28.9 g/L, 85.8% and 0.21 g/L/h,
respectively [226].

A strategy to improve PHA production economics is to use or develop production
strains that also generate high value coproducts. Kumar et al., used glycerol as a carbon
source for cultivations of Paracoccus sp. LL1 that produced carotenoids along with PHA.
An enhancement of total biomass was achieved through cell retention, resulting in 24.2 g/L
biomass that consisted of 39.3% PHA and 7.14 mg/L carotenoids [227]. Volova et al.,
reported a fed-batch cultivation of C. eutrophus B-10646 for PHB production from glycerol of
different purification degrees (99.5%, 99.7% and 82.1% purity) in 30 L and 150 L fermenters.
When glycerol of purity 99.3% was used in a 30 L fermenter, the maximum total biomass
concentration and PHB content in the CDW was 69.3 g/L and 72.4%, respectively [228]. A
further increase in glycerol purity to 99.7% resulted in similar results at 30 L. Interestingly,
the use of crude glycerol of purity 82.1% did not significantly decrease total biomass
concentration (69.3 g/L) or PHB content in the CDW (78.1%). When PHB biosynthesis by
C. eutrophus B-10646 on glycerol of purity 99.7% was scaled-up from 30 L runs to 150 L,
the total biomass, %-PHB of the CDW and overall productivity reached 110 g/L, 78% and
1.83 g/L/h, respectively [228]. Given the promising results at 30 L with crude glycerol, it
would be interesting to see if similar improvements in PHB production efficiency from
crude glycerol would be obtained using the same process conditions at 150 L. Zhu et al.,
reported on cultivation of B. cepacia ATCC 17759 for biosynthesis of PHB using crude
glycerol. The fermentation process, when scaled to 200 L, gave 23.6 g/L biomass of which
31% was P3HB [229].

Kachrimanidou et al., reported cultivations of C. necator DSM 7237 operated in fed
batch mode that utilized sunflower meal and crude glycerol as co-substrates for P3HB
formation. When levulinic acid and sunflower meal hydrolysate were used as co-substrates,
the product form was P(3HB-co-3HV) [230]. Sunflower meal served as a source of both
inorganic phosphorus and free amino nitrogen that were critical components to achieve
substantial PHA formation and cell growth. Cultivations conducted in fed-batch mode
resulted in a total biomass, %-PHB of the CDW and overall productivity of 37 g/L, 72.9%
and 0.28 g/L/h, respectively [230]. Continuous feeding of levulinic acid results in a total
biomass, %-PHB of the CDW and overall productivity of 35.2 g/L, 66.4% P(3HB-co-22.5
mol%3HV) content and 0.24 g/L/h [230]. This further reinforces the role of levulinic acid
as a precursor substrate for 3HV formation and incorporation in PHAs.

7.3. Sugar-Cane Molasses as Carbon Source

Molasses is a sugar-rich byproduct from sugar beet and sugarcane refining into
sugar [231]. It has been extensively studied as a substrate for industrial-scale fermentation
processes due to its abundance and low price. Molasses contains predominantly 50%
sucrose with lower quantities of glucose and fructose, about 4% protein, trace elements
calcium, magnesium, potassium, and iron and vitamins H or B7 [232]. Jiang et al., used
sugarcane molasses as substrates for PHA formation by P. fluorescens A2a5. In a 5 L
bioreactor, the total biomass, %-P3HB in the CDW and overall productivity reached 32 g/L,
68.75% and 0.23 g/L/h, respectively [233].

Kulpreecha et al., reported the use of urea and sugarcane molasses as nitrogen and
carbon sources, respectively, for cultivations of B. megaterium BA-019. Cultivations were
conducted in fed-batch mode under pH-stat feeding control. Under conditions where the
molasses feeding solution was 400 g/L and the C/N molar ratio was 10:1, the total biomass,
%-PHB in the CDW and overall productivity reached 72.6 g/L, 42% and 1.27 g/L/h,
respectively [38]. In a later study, Kanjanachumpol et al., used the same production
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organism and substrates but changed the following process variables: C/N ratio was
increased to 12.5/1 and an intermittent feeding strategy was implemented [234]. As a
result, the total biomass, %-PHB in the CDW and overall productivity reached 90.7 g/L,
45.8% and 1.73 g/L/h, respectively [234].

Sugarcane vinasse is the final by-product of biomass distillation from ethanol pro-
duction using substrates such as sugar crops (beet and sugarcane). It consists of primarily
acid-insoluble nitrogen [235], and is rich in melanoidins and phenolics [236]. Dalsasso
et al., reported the fed-batch cultivation of C. necator for PHB production using sugarcane
vinasse and molasses as mixed substrates. Addition of vinasse to the molasses cultivation
medium resulted in an increase from 0.19 to 0.36 h −1 in the maximum specific growth
rate [237]. This was attributed to the presence of organics in vinasse that were rapidly
consumed. Molasses was added at two-time intervals and the cultivation gave 20.9 g/L
biomass of which 56% of the CDW is PHB [237]. The nitrogen content in both molasses
and vinasse (around 1.8 g/L) caused an uncharacteristic rise during the P3HB formation
stage in the biomass concentration.

7.4. Green Grass as Carbon Source

Recently, researchers investigated the potential of transforming green grass into sub-
strates for the formation of mcl-PHA production. Davis et al., reported on mcl-PHA
formation from perennial ryegrass biomass. The pretreatment of grass biomass results
in highly digestible (~75%) substrate rich in C5 and C6 sugars for mcl-PHA formation.
While the authors provided information on the fact that P. putida W619 and P. fluorescens
555 utilized the pretreated perennial ryegrass substrate forming 25-34% mcl-PHA of the
CDW, they did not report the total biomass and overall productivity [238].

7.5. Starch as Carbon Source

Many researchers have explored starch as low-cost carbon source in industrial fer-
mentation processes. While starch is not a waste source as it can be directly used by
humans in foods; the high productivity of corn by US farmers has created excess starch
that is available for fermentation to produce chemicals. As the demands grow for starch
in fermentation to produce chemicals or the population increases, it will be necessary to
avoid further consumption of starch that is needed to feed the population. That said, some
bacterial strains do not produce α-amylase; hence this enzyme needs to be added externally
to hydrolyze starch. Haas et al., reported fed-batch HCDC of R. eutropha NCIMB 11599
using saccharified (converted to sugars) waste potato starch as the carbon source. They
reported a total biomass, %-PHB in the CDW and overall productivity of 179 g/L, 52.5%
and 1.47 g/L/h, respectively [239]. While residual maltose accumulated in the bioreactor,
it did not cause a noticeable inhibition of cell growth or metabolic processes leading to PHB.
Chen et al., explored extruded starch for production of PHA using extremely halophilic
Archaeon H. mediterranei. Starch was extruded with yeast extract at a weight ratio of
1/1.7 to attain a favorable carbon-to-nitrogen ratio in cultivations. Fermentation were
operated in fed-batch mode using pH-stat control. The resulting total biomass, %-PHA in
the CDW and overall productivity reached 39.4 g/L, 50.8% P(3HB-co-10.4 mol%3HV) and
0.29 g/L/h [240].

7.6. Whey, Wheat, and Rice Bran as Carbon Sources

Under the section of PHA production using genetically modified organisms (Section 3),
we presented work on whey utilization by recombinant E. coli [92,241]. Park et al., used
the recombinant E. coli strain CGSC 4401 that harbors biosynthetic PHA biosynthetic
genes of A. latus [242]. In contrast to the above work by Ahn et al. [92], they conducted
studies at low lactose feed rates and did not use concentrated oxygen for oxygen supply
to cultures. By maintaining lactose concentrations (<2 g/L), low cell growth and PHA
contents resulted (12 g/L and 9%, respectively) [237]. However, at 20 g/L lactose, the total
biomass concentration, %-PHB in the CDW, and overall productivity reached 51 g/L, 70%,
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and 1.35 g/L/h, respectively [242]. This fermentation, when scaled to 300 L, resulted in a
total biomass, %-PHB in the CDW and overall productivity of 30 g/L, 67% and 1 g/L/h,
respectively [242].

Wheat bran, that contains substantial quantities of hemicellulose and cellulose, is a
rich source of proteins, carbohydrates, and other minerals. Annamalai and Sivakumar used
R. eutropha NCIMB 11599 as the P3HB production strain and wheat bran hydrolysate as the
source of carbon and other nutrients. This work resulted in a total biomass, %-PHB in the
CDW and overall productivity of 24.5 g/L, 62.5%, and 0.255 g/L/h, respectively [243]. An
important observation by these workers is that wheat bran hydrolysate did not cause any
apparent toxicity to the PHB production strain.

Huang et al., reported the production of PHA by H. mediterranei using as carbon
sources corn starch and rice bran that was first extruded to enhance the ease by which
cells can utilize these substrates [244]. This strain functions in hyper-saline conditions that
virtually circumvents contamination problems. Furthermore, PHA downstream processing
is simplified as the haloarchaea is readily lysed in distilled water giving PHA pellets that
can be recovered by centrifugation at low speeds. Rice bran and starch, extruded in a 1:8
(g/g) ratio, was used as the fermentations source of carbon nutrient. The authors employed
a pH-stat control strategy to maintain pH at 6.9 to 7.1 in a 5 L fermenter. Cultivations were
operated in repeated fed-batch mode and the pH was maintained between 6.9–7.1 using a
pH-stat. They reported a total biomass and %-PHB in the CDW of 140 g/L and 55.6% [244].
The development of processes for PHA formation by halophiles such as H. mediterranei and
increasing rice bran and starch access by cells using extrusion are notable achievements by
the authors.

7.7. Waste Vegetable Oils and Plant Oils as Carbon Sources

Triglycerides are important substrates for PHA production as they have a high density
of carbon by weight, are directly metabolized to acetate (an excellent PHA substrate), are
used to form 3HHx units in copolymers and can form mcl-PHAs. However, triglyceride
derived fatty acids produced from edible oils is not economically feasible. Also, the
widespread use of edible oils as fermentation feedstocks, oleochemicals and biodiesel
production can lead to a food crisis [245]. Waste frying oil has been reported as a useful
substrate by many bacterial strains for PHA formation. In cases where triglycerides are
used directly, their rate of hydrolysis to fatty acids and glycerol may limit cell growth
and product formation. Approaches to mediate these drawbacks are: (i) conversion of
triglycerides to fatty acids or their methyl esters prior to cultivations, (ii) amending media
with lipases and (iii) emulsification of triglycerides with non-toxic surfactant to increase
their availability [246].

Tufail et al., investigated the utility of waste frying oil as a substrate for PHA formation.
Cultivations were conducted in shake flasks containing 2% waste frying oil. Oil droplets
were formed by sonication and subsequent shaking. The maximum PHA formed from
waste frying oil (53.2% PHA and total biomass 23.7 g/L) was by P. aeruginosa (KF270353),
cultured for 72 h at 100 rpm [247].

Obruca et al., investigated PHA formation by C. necator H16 using waste frying
rapeseed oil as the carbon source. Cultivations operated in fed-batch mode resulted in a
total biomass, %-PHA in the CDW and overall productivity of 138 g/L, 76% (i.e., 105 g/L
PHB) and 1.46 g/L/h, respectively [248]. Furthermore, the substrate conversion efficiency
reached 0.83 g PHB per g oil. This is an extraordinary result showing the value that waste
rapeseed oil can provide in the cultivation of prepared PHAs. By addition to cultivations
of 1% v/v propanol, biomass and PHA formation was increased. Also, the PHA formed
contained 8 mol% 3HV units in the copolymer structure [248].

Cruz et al., focused on processes that will lead to efficient conversions by C. necator
DSM 428 of waste cooking oil (WCO) to PHA. Operational strategies to increase cultivation
efficiencies included exponential substrate feeding and use of DO-stat for process control.
Utilizing exponential feeding, the total biomass, %-PHB content in the CDW and overall
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productivity reached 21.3 g/L, 84% and 0.1875 g/L/h, respectively [249]. A substantial im-
provement in the productivity of PHB formation (to 0.525 g/L/h) resulted from controlling
pH with ammonium hydroxide as well as using a DO-stat for process regulation [249].

Ruiz et al., used P. putida KT2440 as the PHA production strain and fatty acids derived
from WCO as the carbon source. The implemented feed strategy delayed the stationary
phase to enhance biomass and PHA formation. Use of intermittent feeding and conditions
that led to HCDC, P. putida KT2440 reached a total biomass, %-mcl-PHA content in the
CDW and overall productivity of 159.4 g/L, 36.4% (i.e., 57 g/L mcl-PHA) and 1.93 g/L/h,
respectively [250]. This bioprocess provides a strong foundation that, with further process
optimization, could lead to a commercially viable process for conversion of WCO to PHA.

Ruiz et al., using P. chlororaphis 555 as the production strain, developed a HCDC
bioreactor-based process to convert WCOs from restaurants to mcl-PHA. The composition
of the WCO is palmitic acid (7.9%), stearic acid (42.3%), oleic acid (42.3%), linoleic acid
(32.2%), and others (0.7%) [251]. In batch bioreactor experiments, when 60 g/L of WCO
was supplied during a 30 h fermentation, the total biomass, %-mcl-PHA content in the
CDW and overall productivity reached 45.5 g/L, 19.8%, and 0.30 g/L/h [251]. The authors
then implemented a pulse feeding strategy controlled by the DO-stat. That is, increase in
the DO above 20% prompted substrate feeding. They also implemented nutrient limitation
(phosphorous) during PHA formation. The resulting cultivation in which 140 g WCO/L
was supplied over 48 h resulted in a total biomass, %-PHA content, and overall produc-
tivity of 73 g/L, 19%-P(20 mol%3HDD-37 mol%3HD-36 mol%3HO-7 mol%3HHx) and
0.29 g/L/h, respectively [251].

Thuoc et al., reported the use of glycerol and waste fish oil as substrates for PHA
formation. The PHA-forming bacterium Salinivibrio sp. M318 was isolated from fermenting
shrimp paste. By operating cultivations in fed batch mode, the total biomass, %-PHB and
overall volumetric productivity reached 69.1 g/L, 51.5% and 0.46 g/L/h, respectively [252].
The isolation and development of PHA-forming microbes that can use waste materials
from aquaculture is important given the large volume of these waste materials.

Da Cruz Pradella et al., explored pulsed feeding of soybean oil to attain high yield
and productivity of PHB in C. necator DSM 545. By using pulsed feeding strategy, the
total biomass, %-PHB and overall volumetric productivity reached 83 g/L, 80% and
2.5 g/L/h, respectively [253]. Shang et al., reported mass production of mcl-PHA from
corn oil hydrolysate in Pseudomonas putida KT2442. By using fed-batch cultivation, the
total biomass, %-PHB and overall volumetric productivity reached 103 g/L, 27.1% and
0.61 g/L/h, respectively [254].

7.8. Wastewater for PHA Production

Wastewater is a potential source of carbon and other nutrients for PHA production.
Ryu et al., focused on swine wastes water augmented with yeast extract, inorganic salts
and glucose as substrates for A. vinelandii UWD cultivations. Supplementing batch cultures
of swine wastewater with 30 g/L glucose, resulted in about a six-fold increase in both cell
growth and PHA formation [255]. These increases varied based on the extent of swine
wastewater dilution. At 50% dilution, the total biomass reached 9.4 g/L that contained
58%-PHA [255]. This work is an example of where, to achieve suitable production of PHA
from a waste source, supplementation with another carbon source is required.

Yan et al., assessed the potential use of activated sludge as a source of carbon and
nutrients for PHA formation. Substrates were obtained from full-scale wastewater plants
that include those from cheese, starch, municipal and pulp/paper manufacturing facilities.
These wastewaters were used as sources of PHA producing microbes for shake flask exper-
iments. VFAs from wastewaters were believed to function as carbon substrates. Activated
sludge from pulp and paper mills gave maximal PHA formation (43% of suspended solid
dry weight) [256].
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Table 6. Production of scl- and mcl-PHA using renewable resources.

Microorganisms PHA Type Carbon Source
Biomass

(g/L)
%-PHA

Overall
Productivity

(g/L/h)

Carbon
Conversion
Efficiency
(Yp/s) g/g

Reference

Cupriavidus necator
DSM 545

P(3HB-co-
4HB)

Waste glycerol/γ-
butyrolactone 30.19 36.1 0.17 0.06

[23]P(3HB-4HB-
3HV)

Waste glycerol/γ-
butyrolactone/propionic

acid
45.25 36.9 0.25 0.08

Bacillus megaterium
BA-019 PHB Sugarcane molasses 72.6 42.1 1.27 NA [38]

C. necator DSM 545 PHB Waste glycerol 104.7 62.7 1.36 NA [41]

Zobellella
denitrificans MW1 PHB Crude glycerol 81 66.9 1.09 0.25 [48]

Burkholderia
sacchari DSM 17165 PHB Wheat straw

hydrolysate 146 72 1.6 0.22 [211]

Burkholderia
sacchari DSM 17165

P(3HB-co-
4HB)

Wheat straw
hydrolysate/-
butyrolactone

88 27 0.5 NA [212]

Wautersia eutropha
NCIMB 11599 PHB Wheat hydrolysate 175.05 93 0.89 0.47 [217]

Paraburkholderia
sacchari IPT 101

LMG 19450
PHB Hardwood

hydrolysate 59.5 58 0.72 0.15 [219]

Cupriavidus necator
DSM 4058 PHB

Crude
glycerol/rapeseed

meal
28.86 85.75 0.21 0.32 [226]

Paracoccus sp. LL1 P(3HB-co-
3HV) Crude glycerol 24.2 39.3 NA 0.136 [227]

Cupriavidus
eutrophus B-10646

PHB

Glycerol (99.3% purity)
(30 L fermenter) 69.3 72.4 NA NA

[228]

Glycerol (99.7% purity)
(30 L fermenter) 69.4 73.3 NA NA

(Glycerol 82.1% purity)
(30 L fermenter) 69.3 78.1 NA NA

Glycerol (99.7% purity)
(150 L fermenter) 110 78 1.83 NA

Burkholderia cepacia
ATCC 17759 PHB Crude glycerol 23.6 31 NA NA [229]

C. necator DSM
7237

PHB

Crude glycerol
and

sunflower meal
hydrolysate

37 72.9 0.28 0.32

[230]

P(3HB-co-
3HV)

Sunflower meal
hydrolysate and

levulinic
acid

35.2 66.4 0.24 0.28

P. fluorescens A2a5 PHB Cane liquor medium 32 68.75 0.23 NA [233]

Bacillus
megaterium

BA-019
PHB Sugarcane molasses 90.71 45.85 1.73 NA [234]
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Table 6. Cont.

Microorganisms PHA Type Carbon Source
Biomass

(g/L)
%-PHA

Overall
Productivity

(g/L/h)

Carbon
Conversion
Efficiency
(Yp/s) g/g

Reference

Cupriavidus necator PHB Sugarcane vinnase and
molasses 20.89 56 NA NA [237]

R. eutropha NCIMB
11599 PHB Waste potato starch 179 52.51 1.47 0.22 [239]

R. eutropha NCIMB
11599 PHB Wheat bran

hydrolysate 24.5 62.5 0.25 0.32 [243]

Haloferax
mediterranei
ATCC 33500

P(3HB-co-
3HV)

Extruded rice
bran/extruded

cornstarch/yeast
extract

140 55.6 3.2 NA [244]

H. mediterranei
ATCC 33500

P(3HB-co-
3HV)

Enzymatic extruded
starch 39.4 50.8 0.29 NA [244]

P. aeruginosa
STN-10

P(3HB-co-
3HV) Waste frying oil 44.71 53 0.33 NA [247]

Cupriavidus necator
H16

P(3HB-co-
3HV)

Waste rapeseed
oil/propanol 138 76 1.46 0.83 [248]

Cupriavidus necator
DSM 428

PHB

Used cooking oil
(Exponential profile) 21.3 84 0.1875 0.65

[249]Used cooking oil (DO
stat strategy) 27.2 77 0.525 0.52

Pseudomonas
putida

KT2440ATCC
47054

PHD/PHO Hydrolyzed waste
cooking oil 159.3 36.4 1.93 0.76 [250]

P. chlororaphis 555 PHD/PHDD/
PHO/PHHx Waste cooking oil 73 19 0.29 0.11 [251]

Salinivibrio sp.
M318 PHB Waste fish oil and

glycerol 61.1 51.5 0.46 0.32 [252]

C. necator DSM
545 PHB Soybean oil 83 80 2.5 0.83 [253]

P. putida KT2442 PHO/PHD Corn oil hydrolysate 103 27.1 0.61 NA [254]

Yp/s: PHB yield to substrate (g PHB produced per g substrate consumed); %-PHA: Final intracellular PHA content (g/g) of DCW; NA:
Data not available, PHB: Polyhydroxybutyrate, P(3HB-co-4HB): Poly(3-hydroxybutyrate-co-4-hydroxybutyrate), P(3HB-co-3HV): Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate), P(3HB-4HB-3HV): Poly(3-hydroxybutyrate-4-hydroxybutyrate-3-hydroxyvalerate), PHO: Poly-
hydroxyoctanaote, PHD: Polyhydroxydecanoate.

8. Global PHA Producer Companies at Pilot and Industrial Scale

Pilot- and industrial-scale PHA manufacturers along with product trade names, PHA
type, raw material, production capacity and estimated prices are listed in Table 7. At
present, numerous companies are pursuing the manufacture of PHB and its copolymers at
pilot and industrial scales. Some PHA-producing companies are focused on PHA commer-
cialization for high-value biomedical applications. These include Terra Verdae Bioworks
(Edmonton, AB, Canada), Tepha Inc. (Lexington, MA, USA), and PolyFerm Canada
(Kingston, ON, Canada). Their products range from heart valves, scaffolds, biodegradable
sutures, and materials for controlled delivery. These product sectors are smaller in volume
but have high profit margins. Further discussion of these companies and their activities is
given below.
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Danimer Scientific (previously MHG), USA, produces PHA under tradename of
Nodax™ ( Bainbridge, GA, USA). They entered the PHA space in 2007 by purchasing
intellectual property from Procter and Gamble Co (Cincinnati, OH, USA). Danimer pro-
duced a copolymer consisting of 3HB units and (R)-3-hydroxyalkanoate comonomer units
with mcl-PHA repeat units [257]. Nodax™ PHA is 100% renewable and is produced from
readily available feedstock. The company claims that custom formulation of Nodax™ PHA
can provide application-specific tailored plastic resins [258].

PHB industrial (Brazil), produced and marketed biodegradable plastic, PHB and
P(3HB-co-3HV) under the trade name of Biocycle®. The production of these polymers was
inaugurated in September 2000 by PHB Industrial (Sao Paulo, Brazil) [259]. The industry
operated on a pilot scale until 2015 as well as exporting products to Japan. However, the
industrial plant is now defunct.

The mission of Bio-on, founded in 2007, was to be integrated with the agri-food
industries that they believed would provide the technologies needed to produce PHAs. Un-
fortunately, Bio-on announced bankruptcy in 20 December 2019 [260]. Bio-on then founded
LUX-ON whose focus was to develop PHA manufacturing using carbon dioxide as the
feedstock. Their technology also harvests renewable solar energy to power bioproduction
process. Bio-on bioplastic currently uses feedstocks that include, sugar cane molasses,
sugar cane, food wastes, WCO, glycerol and carbohydrates [261].

TianAn Biopolymers (Ningbo, China), Ecomann Biotechnology (Shenzhen, China),
and Tianjin GreenBio Materials (Tianjin, China), and were said to possess a cumulative
capacity of 15,000 tonnes/year to produce the PHA materials discussed below [262,263].

TianAn Biopolymers (Ningbo, China) is the world’s largest producer (10,000 tons/year)
of P(3HB-co-3HV), marketed as ENMAT™. They produce the copolymer by fermentation
of C. necator on D-glucose and propionic acid. They claim that P(3HB-co-3HV) serves
as the primary component in materials for injection molding, thermoforming, blown
films and extrusions. They also supply PHB (ENMAT Y3000 and Y3000P) along with
P(3HB-co-3HV)/PLA blends (ENMAT F9000P) [262].

Tianjin GreenBio Material Co. is the first company in China to produce 10,000 tonnes
of PHA per year. They developed the pellets (SoGreen 2013) for blown film processing
that are fully biodegradable. They also developed PHA foam pellets that can be made into
fully-biodegradable foams for the food service industry as well as appliance packaging.
The PHA they produce consists of P(3HB-co-4HB) copolymer [263].

In 2007, Biomer Biotechnology Co. (Germany) manufactured at both the pilot and
research scales 10 tons/year in under the name Biomer™ Biopolyester [264]. To the best of
our knowledge, the current status of this company is unclear.

Kaneka Corporation (Japan) manufactures P(3HB-co-3HHx), under the tradename
Kaneka PHBH® and AONILEX®, the reported production capacity in 2007 was 100 tons/year.
It is produced by a microorganism fermentation process, in which plant oils and its fatty
acids are used as the primary raw material. As of 2019, Kaneka Corporation was producing
5000 tons per year [265].

Yield10 was launched by Metabolix, Inc. in 2015 and is traded on the Nasdaq. Yield10
Bioscience produces PHB and its copolymers under the trade name of Mirel™ [266]. Com-
mercialization of Mirel™ resulted when Archer Daniels Midland Company and Metabolix
entered into the joint venture called Telles.

Tepha’s TephaFLEX® PHA consists of 4HB units (i.e., P4HB). After purification, P4HB
is processed into medical products that include films, sutures and textile products [267].
The hydrolysis of P4HB leads to 4HB that is a normal constituent of the mammalian body.
Tepha’s TephELAST is more elastic than TephaFLEX and is also being applied to develop
medical devices. These polymers are produced at both pilot and research scales.

Mitsubishi Gas Chemical (Japan) produces P(3HB) under the trade name Biogreen® at
both research and pilot scales [268].

Polyferm Canada produces mcl-PHA under the tradename of VersaMer™ from natu-
rally selected organisms and feedstocks such as vegetable oils and sugars [269]. They are
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currently developing applications for medical devices, sealants, adhesives, plastic additives
and more.

Metabolix, a Massachusetts-based company, completed the sale (US$10 million) of
its intellectual property concerning polyhydroxyalkanoate (PHA) biopolymers, to an af-
filiate firm CJ CheilJedang Corp (Seoul, South Korea). The sale includes production and
application patents as well as microbes used in Metabolix’s production processes [270].

Newlight Technologies, using a microorganism isolated from the Pacific Ocean, de-
veloped a proprietary biocatalyst for PHA production from carbon dioxide and methane.
Newlight takes methane from a dairy farm in California that it mixes with air to form a
polymer they trademarked as AirCarbon [271,272]. Information on the production capacity
and composition of PHA produced by Newlight technologies is currently not available.
However, as a validation of the potential of Newlight technologies, Newlight signed a deal
in 2015 with Vinmar International, a petrochemical distributor [273]. Vinmar agreed to
purchase over the next 20 years 450 million tons of AirCarbon PHA. Furthermore, once
Newlight constructs its production facility (23 million tons/year), Vinmar has committed
to purchase 100% of the AirCarbon PHA produced at this site.

Table 7. Pilot and industrial-scale PHA manufacturers currently active worldwide.

Company Trade Name PHA Type Raw Material
Production

Capacity (tons
per year)

Price per kg References

Danimer Scientific
(Bainbridge, GA,

USA)
Nodax™ PHBH NA 20 NA [257,258]

PHB Industrial
(Sao Paulo, Brazil) Biocycle® PHB,

P(3HB-co-3HV) Sugarcane 600 NA [259]

Bio-On, (Bologna,
Italy)

Minerv-
PHA™ PHA

Sugar beet and
sugar cane

molasses, other
waste-derived

feedstocks.

10,000 NA [261]

TianAn GreenBio
Materials Co.
Biopolymer,

(Ningbo, China)

ENMAT™,
SoGreen™

PHB,
P(3HB-co-4HB) Dextrose 10,000 NA [262]

GreenBio-DSM
(TEDA Tianjin,

China)

Ecoflex
blend Enmat®

P(3HB-co-4HB),
P(3HB-co-3HV) +

Ecoflex
blend Enmat®

NA 10,000 €3.26 [263]

Biomer
Biotechnology Co.

(Schwalbach,
Germany)

Biomer®

biopolyesters
PHB Glucose from

corn starch 50 €3.00–5.00 [264]

Kaneka
Corporation

(Minato-ku, Tokyo,
Japan)

PHBH™ P(3HB-co-HHx) Vegetable oil 5000 NA [265]

Yield10 Bioscience,
(formerly

Metabolix, Inc.),
(Woburn, MA,

USA)

Mirel™
PHB copolymers
(e.g., P(3HB-co-
HHx-co-HO)

Corn sugar 50,000 NA [266]

Tepha Inc
(Lexington, MA,

USA)

TephaFlex®

TephElast®

P4HB,
P3HB-co-

4HB
NA NA NA [267]

NA: Data not available.
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9. Downstream Processing of PHA

Downstream processing constitutes a critical step in PHA manufacturing with regards
to product purity, cost and environmental impact. There are two basic approaches to PHA
recovery after fermentation: (i) dissolving the biomass with acids, alkali, surfactants, and
enzymes leaving the granules for isolation or (ii) direct solvent extraction of PHAs from
the cells that produce it [195].

Methods for the release of PHA granules from cells that largely circumvent solvent
utilization, such as enzymatic digestion of non-PHA biomass, are of great interest. With
enzyme digestion and other methods that seek to remove biomass from granules, one
must consider the extent that outer granule components are removed. Indeed, it is well
known that specific proteins are localized on the PHB granule surface. Such proteins
include enzymes that function for PHA synthases, PHA depolymerization, polymer surface-
displayed proteins (e.g., phasins) and other proteins that regulate granule subcellular
localization [274]. In selecting or developing PHA isolation methods, one must balance
economic, safety, environmental impact, energy input, recovery yield, PHA purity and ease
of scale-up [275]. Other factors include the PHA producing strain, PHA composition and
effects on PHA molecular weight [276]. For example, the PHA composition will influence
its solubility in solvents (e.g., mcl-PHAs are highly soluble in numerous solvents including
acetone where PHB is not). Another important factor in PHA granule isolation is that
the methods used must cause minimal change in the polymers’ molecular weight. This
is due to that, if the molecular weight of the final melt-processed product falls below the
critical chain entanglement molecular weight, the product’s mechanical properties will be
compromised. Different downstream processing strategies for PHA isolation/purification
are depicted in Figure 8.

Figure 8. Key areas of PHA production to optimize to obtain high-yields of PHA. To compete with
petroleum-based plastics whilst remaining as environmentally friendly as possible, PHA production
requires constant innovation and optimization in four major areas. The cyclic arrows illustrate that
any modification to one of the four categories will affect the following stage of production. The
strategies presented herein have been proposed due to the published success regarding improved
PHA production yields or PHA properties.

9.1. Solvent Extraction

This is a common method used due to its ease of operation and simplicity. Solvents
rupture the cell increasing cell membrane permeability. Subsequently, solvent access to
PHA granules results in solubilization of the polymer. To isolate the polymer, it is precip-
itated using a non-solvent. Acetone is a preferred solvent for mcl-PHA extraction while
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chilled methanol or ethanol are preferred non-solvents. Solvent extraction is advantaged in
that it results in high-purity PHA with little or no change in PHA molecular weight [277].

9.1.1. Halogenated Solvents

Examples of halogenated solvents used for PHA extraction include 1,2-dichloroethane,
methylene chloride and chloroform [278]. Studies show that PHA recovery yields as well
as PHA purity are high using these solvents [279]. The most used solvent for extraction is
chloroform that, unfortunately, is toxic and increases process cost. PHAs from chloroform
extraction have low contents of endotoxin, which is a high priority for PHAs used in
medical applications. Several countries have banned the use of chlorinated solvents in
consumer products.

9.1.2. Non-Halogenated Solvents

Considering the problems encountered using chloroform or other halogenated sol-
vents, several commercial producers have published patents on chlorinated solvent al-
ternatives [280–286]. While non-halogenated solvents for polymer extraction may be less
harmful to personnel carrying out PHA purification, their sustainability requires careful
life-cycle analysis. Also, the inherent process requirements including solvent recycling
requires technoeconomic analysis.

Extraction of scl-PHA that, due to their structures (i.e., copolyesters) have low crys-
tallinity, may result in acetone, ethyl acetate, methyl-isobutyl ketone, and cyclohexanone.
Extraction of mcl-PHAs can be accomplished at room temperature using diethyl ether,
tetrahydrofuran and acetone [276].

As mentioned above, an important consideration during PHA isolation, especially where
the final application is as a medical product, is the extent that endotoxins (e.g., lipopolysac-
charides) are effectively removed. One approach that has shown promise is extraction
methods that are temperature-controlled as demonstrated by Ferrur et al., for the recovery
of P(3HO-co-3HHx) from P. putida GPo1 [287]. Solvents such as 2-propanol and n-hexane are
particularly useful, giving PHA purities >97% (w/w) and low endotoxin levels (i.e., 10–15
endotoxin units, EUs) per g PHO. Furthermore, redissolution of PHO at 45 ◦C in 2-propanol
and subsequent precipitation of PHO at 10 ◦C gave a high purity product (nearly 100%)
with correspondingly low endotoxicity (2 EU/g PHO) [287].

Koller et al., explored the potential of applying elevated temperatures and pressures
to enhance the ability of acetone to extract scl-PHAs. The results of this approach were
compared with solvent extraction at ambient temperature and pressure with chloroform.
Extraction of scl-PHA using acetone performs similarly to chloroform in terms of extraction
yield (96.8% by both methods) and scl-PHA purity (98.4 vs. 97.7%) [276]. However,
extraction using acetone is much more rapid than using chloroform (20 min vs.12 h).

Non-halogenated solvents including acetic acid, methanol, hexane, dimethyl for-
mamide, dimethyl sulfoxide and ethylene carbonate were assessed for PHB extraction from
C. necator cells [278]. Maximum PHB recovery yield and product purities (98.6 and 98%,
respectively) was achieved by using ethylene carbonate at 150 ◦C for 60 min [278]. Some
solvents function to extract lipids from cell debris [288].

9.1.3. Green Solvents

Green processes for PHA extraction will require low energy input, mild conditions,
avoid toxic chemicals, and deliver PHA products in high purity and extraction yield [289].
Advantaged solvents include dimethyl carbonate that is fully biodegradable and those
that can be produced from biomass and/or bioprocesses from readily renewable resources.
Examples of the latter include ethanol and esters of acetate and lactate.

Yabueng et al., explored the use of green solvents for PHB recovery from C. necator strain
A-04 [290]. Solvents studied included ethyl lactate, 1,3-dioxolane, 2-methyltetrahydrofuran
and 1,3-propanediol. The results obtained were compared with that by chloroform extrac-
tion. Water was mixed with 1,3-dioxolane to give a water-miscible system. Dried C. necator
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cells containing PHB were extracted at 80 ◦C for 6 h in 1,3-dioxolane. Subsequently, added
water resulted in the phase separation of P3HB and 1,3-dioxolane. This method resulted in
isolation of 97.9% ± 1.8% pure PHB with a 92.7% ± 1.4% recovery yield [290]. Analysis of
recovered PHB showed that its molecular weight was unaffected.

Characteristic features of ionic liquids are their low vapor pressures and their ability
to be tuned to dissolve a wide range of water-insoluble materials [291]. However, one must
take care that the produced PHA does not contain residual ionic liquids that may be toxic.
Furthermore, recyclability of the ionic liquid is required for economically viable processes.

Dubey et al., reported ionic liquid-based extraction of PHB from Halomonas hydrother-
malis [292]. The ionic liquid, 1-ethyl-3-methylimidazolium diethylphosphate (EMIM DEP),
due to its strong H-bond basicity (β = 1.07), easily dissolved Halomonas hydrothermalis
without water removal (i.e., wet biomass). EMIM DEP disrupts the cell membrane leading
to PHB solubilization. Subsequently, PHB was separated by precipitation using methanol
as the non-solvent. However, the recovery of PHB was low (60%) as was the percent purity
(86%) [292]. Other process concerns are the ability to sufficiently clean and recover EMIM
DEP for re-use as it is expensive.

9.2. Ultrasound-Assisted Extraction

To reduce PHA recovery cost, it is essential to reach high PHA recovery yields and
PHA purities in short time periods while minimizing solvent use [293]. Ultrasound irra-
diation increases the efficiency of mass transfer during extraction processes. Ishak et al.,
applied ultrasound irradiation to mcl-PHA containing cells that were suspended in a
good and marginal non-solvent mixture [293]. The term marginal non-solvent is meant
to describe a substance that, when alone, functions as a non-solvent. However, when that
solvent is mixed with a good solvent (i.e., when alone it dissolves the PHA) in a suitable
ratio, the PHA remains in solution [294]. By increasing the concentration of the marginal
solvent, the PHA will precipitate. These workers interrogated the effects of sonication
volumetric energy dissipation, solvent/marginal non-solvent ratio, and time on mcl-PHA
extraction efficiency. By choosing heptane as the marginal non-solvent, the application of
ultrasound resulted in improved PHA extraction yield. By optimizing process conditions,
ultrasound irradiation did not negatively affect mcl-PHA molecular weight and efficiently
removes endotoxins [277].

Ultrasound-assisted extraction processes were shown to provide higher extraction
yields relative to conventional processes. Furthermore, the application of ultrasound
during PHA extraction allows the reduction of solvent quantities, the use of safe solvents
and decreased process times [295].

9.3. Supercritical Fluid Extraction

Supercritical fluids (SCFs) are substances at a pressure and temperature that is above
its critical point. Under these conditions is any substance at a temperature and pressure
that is above its critical point, where separate gas and liquid phases are non-existent.
Advantageously, diffusion and solvation of SCFs have properties akin to a gas and liquid,
respectively. Similar to a gas, SCFs can diffuse through materials and as well as function as
liquids by dissolving polymers [279].

The most frequently used SCF is that of carbon dioxide (sCO2). Work has demon-
strated the ability of sCO2 to function in biomolecule purification and separation processes.
Further advantages of sCO2 is that it is non-toxic, non-flammable and inert chemically [296].
Also, sCO2 functions at moderate temperatures (31 ◦C) and pressures (74 bar). Removal
of sCO2 subsequent to its use is accomplished by vaporization at reduced pressure. This
technique causes cell disruption that allows isolation of PHA in purities that vary between
86 and 99% purity. Raza et al., claimed that, under optimized conditions, supercritical fluid
extraction is highly effective providing impurity-free PHAs for medical applications [297].
Supercritical CO2 provides a green solvent alternative that deserves further investigation
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to optimize process efficiency [298]. Primary disadvantages of this method include high
capital and maintenance costs.

Hampson and Ashby used sCO2 to isolate/purify mcl-PHAs produced by Pseudomonas
resinovorans. The process used consists of treating the dry cell biomass with sCO2 to extract
lipid impurities which accounted for 2–11% of the non-PHA biomass [299]. However, these
authors then turned to chloroform for isolation/purification of the mcl-PHA. The resulting
extraction yield was relatively low (42.4%) [299]. However, the introduction of an initial
sCO2 step did decrease the quantity of chlorinated solvent used in the second step.

Hejazi et al., also explored the potential use of sCO2 for separation of non-PHA
biomass from the product. They varied multiple process parameters that include tem-
perature, pressure, time and even use a co-solvent modifier. The optimized process was
conducted at 40 ◦C, 200 atm and 100 min using low quantities of methanol. PHB recovery
from R. eutropha cells reached 89% [300]. This percent recovery approaches that of other
methods described above while it has an improved environmental footprint.

9.4. Aqueous Two-Phase Extraction

Purification by an aqueous two-phase extraction (ATPE) involves the formation of
two coexisting immiscible phases when one polymer and an inorganic salt are mixed
beyond the critical concentration in water. Special features of ATPE is that it consists of
higher water content (up to 90% w/w) affording environmentally friendly conditions for
biopolymer separation. Moreover, the ATPE phase-forming components can be non-toxic
and compare well to the solvents used in conventional extraction processes. In addition,
ATPE reduces the number of purifications step and has high purification capabilities. ATPE
has been claimed to provide a readily scalable high-efficiency economic process for PHA
purification [13,301,302].

Leong et al., reported optimization of PHB extraction from R. eutropha. Using PEG
8000/sodium sulphate at pH 6 and 0.5 M NaCl resulted in a recovery yield of 65% [301].
To enhance the biopolymer recovery, cloud-point extraction (CPE) was used [302]. This
allowed reuse of the phase-forming component by using a thermo-responsive polymer
(i.e., ethylene oxide-propylene oxide, EOPO). EOPO consists of polyethylene oxide (PEO)
and polypropylene oxide (PPO) blocks that are most often synthesized to give PPO-PEO-
PPO triblocks or PEO-PEO deblocks. CPE of PHB from R. eutropha cells was performed
with 20% w/w EOPO (Mol. wt. 3900 g/mol), NaCl (10 mM) and a phase-separation
temperature of 60 ◦C. The recovery yield was 94.8% with a 1.42 purification factor [302].
The authors demonstrated the EOPO 3900 could be reused at least two times without
a significant effect on the recovery yield or the purification factor. Subsequently, Leong
et al., reinvestigated the conditions for isolation/purification of PHB from C. necator [303].
The process was modified such that the wt-% of EOPO 3900 and ammonium sulfate were
14 and 14, respectively, at pH 6. Under these conditions, extra centrifugation steps were
circumvented and the recovery yield and purification factor reached 72.2% and 1.61-fold,
respectively [303].

Subsequently, Leong et al., adopted an ATPE process [304]. As above, the removal
of non-PHA biomass for to isolate/purify a PHA focused on PHB from C. necator H16.
Optimized process conditions used were EOPO 3900 (5%), pH 6 and a fermentation
temperature of 30 ◦C. The authors reported a purification factor and recovery yield of
1.36-fold and 97.6%, respectively [304].

9.5. Enzymatic and Chemical Digestion Method

The objective of enzyme and chemical digestion processes is to conserve intact PHA
granules by dissolution of non-PHA cell mass (NPCM). Approaches have focused on
enzymatic and chemical (acid/alkali) processes. The principle of these approaches is to
disrupt microbial cell walls and thereby release PHAs from cells [305,306].

Early work explored removal of NPCM by treating cells with strong oxidizing agents
such as sodium hydroxide and sodium hypochlorite. Critical to this approach is careful
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control of oxidizing agent concentration, temperature and reaction time as extreme condi-
tions result in oxidation of both NPCM and PHAs (i.e., reduced molecular weight). Given
the lack of selectivity by strong oxidants, research focused on increasingly selective agents
such as acids, anionic surfactants and proteolytic enzymes.

Dong et al., studied combinations of surfactant and sodium hypochlorite for recovery
of PHA from Azotobacter chroococcum G-3 [307]. The biomass was first pretreated by freezing
which liberated the PHA granules that were isolated by centrifugation. Another approach
combined sodium hypochlorite and surfactant treatments. In one example, PHA-containing
cells were incubated for 15 min with sodium dodecyl sulfate 10 g/L (SDS). This treatment
solubilized the lipids and proteins. Subsequently, incubation of the NPCM with sodium
hypochlorite (30%, 3 min) eliminated peptidoglycans and other impurities. The combined
treatment with surfactant and sodium hypochlorite resulted in a PHA recovery and a final
purity of 86.6% and 98%, respectively [307].

Proteolytic enzymes catalyze hydrolytic reactions that target proteins. In 2006, Kapritchkoff
et al., used enzymes to lyse R. eutropha DSM545 and thereby purify PHB [308]. Preliminary
studies revealed that the most promising enzymes for this process are lysozyme, brome-
lain, and trypsin. The best result used bromelain (14.1 U/mL) at pH 9 and 50 ◦C which
gave PHB in 88.8% purity [308]. Subsequently, pancreatin was assessed for cell lysis and
removal of NPCM. This resulted in isolation of 90% pure PHB with a 3-fold reduction
in cost relative to bromelain and no loss in PHB molecular weight [308]. The selectivity
and mild conditions by which enzymes function provide important advantages relative to
other methods that makes it likely that enzymes will continue to be evaluated and process
improvements will be made [309]. It also may be that combinations of enzymes as well as
enzyme-surfactant systems may further boost the efficiency of PHA purification processes.

Alcalase and lysozyme are both effective in digesting cellular biomass. Yasotha et al.,
attempted to optimize mcl-PHAs recovery/purification by digesting denatured proteins
with alcalase (a protease), SDS to enhance solubilization of NPCM, EDTA (Ethylene-
diaminetetraacetic acid) for divalent metal complexation and lysozyme to catalyze the
decomposition of peptidoglycans in cell walls [310]. Analysis of experiments revealed that
alcalase contributed most (71% relative to other process factors) to NPCM breakdown and
mcl-PHA isolation/purification. Crossflow ultrafiltration effectively removed NPCM and
facilitated mcl-PHA granule recovery (90% efficiency) and in high purity (92.6%) [310].

Kachrimanidou et al., reported the isolation/purification of P(3HB-co-3HV) by an
enzyme process. They used solid-state fermentation of the Aspergillus oryzae to develop a
mixture of crude enzymes to catalyze C. necator lysis to liberate the PHA copolyesters. The
enzymatic process was conducted at 48 ◦C without pH control. The results of this work
are impressive as poly(3HB-co-3HV) recovery yield and purity reached 98% and 96.7%,
respectively [311].

To isolate/purify from C. necator cells amorphous PHB granules, Martino et al., used
alcalase (0.3 AU/g), EDTA (0.01 g/g), and SDS (0.3 g/g). P3HB granules were recovered
with purities >90% without crystallization [312]. In other words, amorphous PHB granules
formed during cultivation remained amorphous under the imposed recovery conditions.

Israni et al., harnessed the high lytic activity of Streptomyces albus Tia1 for isola-
tion/purification of PHA from PHA-producing cells [313]. In one approach, S. albus and
PHA-producing cells were co-inoculated. In the second approach, the lytic enzymes from
S. albus were introduced at the end of PHA cultivations for PHA recovery. Conditions
resulting in the maximum activity for cell lysis of PHA were the addition of a concentrated
S. albus culture filtrate (33.3 mL) from a 100 mL cultivation to B. megaterium (220 mg)
with incubation at 40 ◦C and pH 6. By co-inoculation of S. albus and PHA producing
B. megaterium, the PHA yield reached 0.55 g/g which was similar to treatment with sodium
hypochlorite for PHA recovery [313]. In contrast, comparison of the enzyme based with
co-inoculation showed that the former resulted in a 1.74-fold increase in PHA yield [313].
The authors attributed this difference to use by S. albus of released PHA as a carbon source.
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Although enzymatic digestion methods are selective, energy efficient and result
in good recovery, it is generally agreed that improvement in process economics is re-
quired [288].

9.6. New Biological Recovery Methods

Less traditional methods for PHA biological recovery include the use of insects and
animals. These methods eliminate the use of solvents and hazardous chemicals resulting
in ecofriendly processes. The bases for these approaches are that insects and animals will
utilize lyophilized bacterial biomass but not PHA. Murugan et al., reported that the larval
form of the mealworm beetle, Tenebrio molitor, can selectively consume NPCM of C. necator
without breaking down PHA granules that it excretes in its feces [314]. The resulting
feces containing PHA were purified using detergent, water and heat giving PHA granules
that are almost 100% pure. Furthermore, the molecular weight of the larva-processed
isolated PHA was identical to the same product isolated by chloroform extraction [314].
Nevertheless, there are questions about the scalability of such processes.

Kunasundari et al., reported P3HB isolation using laboratory rats [315]. C. necator
H16 cells where P3HB was 39% of its CDW was fed to rats. The test rats excreted pellets
of PHB with 82–97% purity in the form of feces [315]. The polymer so obtained was
further purified using detergent, water and heat. The result was highly purified P3HB
granules. Molecular weights of rat-processed P3HB was nearly identical to that isolated by
chloroform extraction [315].

10. Conclusions: Challenges and Future Perspectives

PHAs have a long history of study both by science/engineering academicians, in-
dustrial, and national laboratory researchers who have been working towards successful
commercialization of PHA-based materials. These bioplastics offer an appealing platform
of polymer compositions that can be integrated into biorefinery processes. It is this vision
that has resulted in a history of over 80 years of fundamental and applied studies as well
as multiple investments for scale-up and commercialization of PHA products.

The present report describes PHA biosynthesis strategies to obtain desired copoly-
mer compositions where process efficiency was emphasized. The design of microbial
fermentation processes depends on the production organism, feedstock selection as well
as the cultivation conditions. Implementation of metabolic engineering and evolutionary
approaches will lead to continual improvements in PHA production efficiency, copolymer
structural diversity and cost-performance metrics. Process development must carefully
consider the PHA production organism, consistent availability of feedstocks and metrics
such as energy input, carbon conversion efficiency, substrate cost, cell growth rate and
PHA production rate. While PHA titer and productivity are important measures of success,
many published works do not provide carbon utilization rates which is a critical deter-
minant of a successful outcome. Furthermore, techno-economic analysis and life-cycle
analysis are rarely included in published works.

The development of organisms that are metabolically engineered to better produce
PHAs from waste materials such as molasses, whey, spent cooking oils, and various
hydrolyzed lignocellulosic raw materials will likely play a critical role in the development
of robust and cost-effective processes. While much progress has been made, metabolic
engineering can avoid the use of feedstocks such as γ-butyrolactone, levulinic acid and fatty
acids to produce copolymers with 4HB, 3HV and 3HHx units. Metabolic engineering can
introduce metabolic routes to desired monomers from unrelated carbon sources. Halophilic
PHA producers have great potential as they allow PHA production to be conducted under
non-sterile conditions in media resembling seawater. Furthermore, placing these organisms
in DI results in cell lysis easing downstream processing. More attention should be paid
to increasing the metabolic potential of these strains to produce the desired copolymer
products at high titers and productivity.
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There is no question that a longstanding Achilles heel to PHA commercialization has
been the need for cost-efficient downstream processing methods. Effective methods will
likely not be generic to an organism or product but will be customized and optimized
for selected systems. Residual impurities in PHAs can result in melt-processed products
of reduced molecular weight and coloration. While enzymatic processes have shown
promise, their efficiency must be improved to increase PHA purity and reduce enzyme
costs. Routes to recycle enzymes used in removing non-PHA biomass are important as
a route to reduce costs. The use of impure enzyme cocktails generated by microbes is
interesting but challenging since the cocktail composition must be optimized and result in
consistent outcomes.

What is beyond the scope of this review is PHA physical–mechanical properties.
While its academically interesting to pursue PHAs with new compositions of matter, it
is crucial that application scientists focus on the many tools of material science which
includes developing optimal blend compositions and composites that improve mechanical
and rheological properties while retaining chemical and biological recycling.

Although there are likely many cynics who, based on the commercial history of PHAs
believe it foolish to consider further investments in PHA technologies, in the view of the
authors of this review biotechnological developments in concert with work by fermentation
engineers, materials scientists and breakthroughs in lignocellulose processing will lead
to a future where PHAs will provide sustainable commodity materials for a range of
applications.
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Abstract: Graphene quantum dots (GQDs) are zero-dimensional carbon-based materials, while
nanocellulose is a nanomaterial that can be derived from naturally occurring cellulose polymers or
renewable biomass resources. The unique geometrical, biocompatible and biodegradable properties
of both these remarkable nanomaterials have caught the attention of the scientific community in
terms of fundamental research aimed at advancing technology. This study reviews the preparation,
marriage chemistry and applications of GQDs–nanocellulose composites. The preparation of these
composites can be achieved via rapid and simple solution mixing containing known concentration
of nanomaterial with a pre-defined composition ratio in a neutral pH medium. They can also
be incorporated into other matrices or drop-casted onto substrates, depending on the intended
application. Additionally, combining GQDs and nanocellulose has proven to impart new hybrid
nanomaterials with excellent performance as well as surface functionality and, therefore, a plethora
of applications. Potential applications for GQDs–nanocellulose composites include sensing or,
for analytical purposes, injectable 3D printing materials, supercapacitors and light-emitting diodes.
This review unlocks windows of research opportunities for GQDs–nanocellulose composites and
pave the way for the synthesis and application of more innovative hybrid nanomaterials.

Keywords: graphene quantum dots; nanocellulose; composite

1. Introduction

Over the past few years, many researchers have developed an interest in investigating
carbon-based nanomaterials, such as graphene and graphene quantum dots (GQDs) [1–4].
Graphene is one layer of sp2-hybridised carbon atoms arranged in a honeycomb lattice [5],
whereas GQDs are chopped fragments of a few graphene sheets (<10 nm lateral dimension)
and <10 graphene layers which form final particles [6]. GQDs are used in various appli-
cations owing to their higher photostability, low cytotoxicity, strong photoluminescence,
dispersibility in water, fluorescence and excellent biocompatibility [7,8]. Furthermore, the
characteristics of GQDs vary according to morphology, size, doping concentration and
type [9]. Owing to these properties and the ability to fine-tune them, GQDs are investigated
for different applications in biomedicine [10], catalyst development [11], energy [12] and
sensing and photo electronics [6]. Different bottom-up and top-down strategies have been
used to produce GQDs, such as organic synthesis [13], hydrothermal [14], microwave
irradiation [15], chemical exfoliation [16] and electrochemical exfoliation [3,17].

Furthermore, many researchers have also conducted extensive carbohydrate polymer
research using cellulose-based nanomaterials. Cellulose is an abundantly available, natu-
rally occurring organic polymer that is composed of repeating units of β-glucopyranose
rings that are covalently linked to one another with a β 1-4 glycosidic bond [18,19]. Cellu-
lose nanowhiskers, or nanocellulose, are cellulose particles present in the form of crystals
or fibres [20]. These particles are few micrometres in length and have a diameter <100 nm.
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These fibres are lightweight, biodegradable and also have a higher water-binding capac-
ity [21]. Cellulosic nanomaterials display a larger specific surface area; therefore, they can
form many hydrogen bonds. This hydrogen bond-forming capability helps the material
develop a dense and strong network [22]. Many different kinds of nano-cellulosic materials
are described in the literature, such as cellulose nanocrystals (CNCs) [23], nanofibrillated
cellulose (NFCs) [24] and bacterial nanocellulose (BNCs) [25]. As nanocellulose can be
derived from different cellulosic sources, each displays varying properties and some are
derived from natural sources. For instance, the properties of the bacterial nanocelluloses
are based on different bacterial sources, whereas the properties of the cellulose nanocrys-
tals and nanofibrillated celluloses are based on sources such as tunicin or plants [26].
Nanocellulose has garnered significant research interest as a promising nanomaterial that
can revolutionise multiple fields, such as the pharmaceutical field [27], engineering [28],
electronics [29] and health and environmental protection [30].

GQD-nanocellulose is described as a hybrid material that contains nanocellulose and
GQDs, which synergistically improves the properties of every individual component, such
as their stability and mechanical strength [31]. The addition of GQDs to a nanocompos-
ite material can improve its final tensile strength, stiffness and the toughness of these
GQDs–nanocellulose structures, irrespective of their GQD oxidation type and nanocellu-
lose orientation [32]. These structures are designed to exhibit higher conductivity, cycle
stability and higher specific capacitance [32]. Therefore, GQDs–nanocellulose compos-
ites are designed for use in many applications, such as fluorescence films, bendable and
portable paper electronics, and hydrogels. The numerous -COOH and -OH functional
groups are present on the surfaces of GQDs result in the formation of hydrogen bonds at the
GQDs–nanocellulose interface. This can significantly affect the GQDs–nanocellulose super-
cells, nanocellulose lattice parameters and the morphological properties of nanocellulose,
such as the dihedral angle differences in the hydroxymethyl groups, axial tilt of molecular
chains and the flipping motion of terminal groups [33]. In addition, the composites made
from these renewable nanomaterials offer a greener approach than petroleum-derived com-
posites and exhibit great potential for various technological applications [34]. Moreover,
this nanomaterial combination has recently emerged as a new class of hybrid material due
to its exceptional features and notable synergistic effects [35].

In this review, the preparation, marriage chemistry and applications of GQDs–nanocellulose
composites are discussed. Although these composites have been investigated in recent
years, reviews that focus solely on GQDs–nanocellulose composites have not yet been
reported. This review also provides some insight into the development of the fluorescent
hydrogel functions of the composites.

1.1. Graphene Quantum Dots (GQDs)

GQDs hold sp2 hybridised carbon single-layer nanocrystals and they are highly
fluorescent, regardless of whether they are in an aqueous or solid state [36,37]. GQDs are a
distinct from the type of carbon in carbon nanodots (CNDs) and polymer dots (PDs). This
is because all carbon dots possess modified chemical groups, such as oxygen groups, on the
surface [38]. However, each of them is of a different size and possesses different properties
with which to perform their action. GQDs have an average lattice parameter of 0.24 nm,
which corresponds to 100 in plane graphene lattice parameters [39]. On the contrary,
CNDs are divided into carbon nanoparticles without a crystal lattice and have a spherical
shape [40], while the grafted and cross-linked polymer chains of linear non-conjugated
polymers form PDs [36].

GQDs are the simplest carbon dots with connected chemical groups on the surfaces or
edges [41]. The surfaces or edges of GQDs contain triple carbene at the zigzag edges and
oxygen groups at the graphene core. Additionally, the type of GQD edge plays a significant
role in determining the material’s optical, electronic and magnetic properties [36]. GQDs
are produced using either the top-down or bottom-up method. Both approaches use
different parameters to produce GQDs [36]. The top-down method involves direct cutting
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of graphite or graphene-based materials via acid exfoliation [16], sonochemistry [42],
solvothermal synthesis [43], electrochemistry [44–47], or chemical oxidation [48–50]. The
advantages of these methods are an abundance of inexpensive precursor (graphite), the
high graphitic nature and the formation of GQDs with high oxygen-containing functional
groups, which renders good solubility and functionality. However, the drawbacks of
these methods include harsh a reaction procedure, as well as the non-uniform size and
thickness of the final product [51]. Examples of the bottom-up method of GQD production
from molecular precursors include cyclodehydrogenation [52], pyrolysis [53] and solution
chemistry [13]. Despite the difficult synthesis processes, the bottom-up approaches provide
better control over the size and shape of the GQDs.

Graphene is widely used in many applications, such as electronics, solar cells and
Li-ion batteries [54], whereas GQDs have attracted tremendous interest in photolumines-
cence [55], cell-imaging [56] and drug delivery [57,58], among many things. GQDs have
a great advantage, as their properties can be adjusted by changing their band via doping
to produce amine-functionalised GQDs [59], nitrogen-doped GQDs (N-GQDs) [60] and
sulphur–nitrogen co-doped GQDs (S, N-GQDs) [61]. Furthermore, the photolumines-
cence colour of GQDs can also be changed from violet to yellow by setting the reactant
concentration and temperature during the hydrothermal method [54].

1.2. Nanocellulose

Nanocellulose, a sustainable and renewable nano-structured cellulose, has gained
tremendous attention for its potential use in many applications due to its excellent surface
chemistry, physical properties and remarkable biological properties [62,63]. Nanocellulose
was first prepared in 1947 using sulfuric acid and hydrochloric acid hydrolysis from
wood fibres and cotton fibres [64]. As illustrated in Figure 1, there are three types of
nanocellulose from different precursors, bacteria nanocellulose, cellulose nanocrystals
(CNCs) and cellulose nanofibrils (CNF) [65,66], which can be obtained from cellulose-
containing precursors such as plants or bacteria. Plant cellulose is situated within a plant’s
fibre walls, whereas bacteria produce exopolysaccharides to form microbial cellulose [67].
These bacterial isolates can normally be obtained from rotten vegetables and fruits. Similar
to plant-derived cellulose, some parameters or conditions, such as carbon source, nitrogen
source, temperature, pH and agitation, are measured to produce a high yield of bacterial
cellulose [68,69]. Bacterial nanocellulose is pure in nature and has a low cytotoxicity,
high pore distribution and high hydrophilicity due to the presence of OH groups on its
surface [70,71]. However, unlike bacterial cellulose, plant cellulose is impure due to the
presence of lignin, hemicellulose and pectin. Apart from that, plant cellulose is slightly
cytotoxic, less malleable and has small pore sizes due to less space between fibrils [72].

Figure 1. Formation of nanocellulose from cellulose-containing materials.
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Nanocellulose can be prepared via mechanical or chemical methods. The most com-
monly used mechanical methods include high intensity ultrasonication, high-pressure
homogenisation, micro-grinding and PFI milling [62]. However, these processes require
high-energy consumption [73,74]. Chemical methods of nanocellulose preparation, such
as acid hydrolysis, enzyme hydrolysis and (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl
(TEMPO) oxidation, have also been rigorously employed. Yet, the drawbacks of the
chemical methods are that they are time-consuming and yield low results [75]. Therefore,
chemical and mechanical methods have been combined to overcome these issues, as well
as reduce energy consumption. Acid hydrolysis is the most common type of this method
used to date. The hydrolysis method reduces the sizes of nanofibres from microns to
nanometres [76–79]. However, this method is not without drawbacks, such as the use of
high concentrations of acid, which leads to acid waste and considerably adverse effects on
the environment.

2. Preparation of Graphene Quantum Dots–Nanocellulose Composites

Over the past few years, GQDs–nanocellulose composites have been used in a variety
of applications that have since generated a lot of interest in their synthesis and composite
processing. Multiple studies have proven that GQDs–nanocellulose composites perform
better than both GQDs and nanocellulose on their own. Different preparation techniques
could impart different abilities to a composite as the preparation technique can affect
the particle size, as well as the mechanical properties [80]. However, the major issues
encountered when preparing nanocellulose composites include enhancing compatibility
with hydrophobic polymers, uniform dispersion within the matrix and large-scale produc-
tion [81]. Although melt-blending and in situ techniques can be employed during compos-
ite preparation, solution blending is the most common technique of GQDs–nanocellulose
composite preparation. However, specific conditions, such as maintaining the temperature
of the substrate, solution and solvent, are required during solution blending. Furthermore,
material concentration and pH also affect the efficacy of the final composite.

Solution blending facilitates molecular mixing, which ensures that a composite is solu-
ble in the appropriate solution. According to Ruiz-Palomero, Benítez-Martínez et al., GQDs–
nanocellulose hydrogel particles can be prepared by combining carboxylated nanocellulose
into sulphur–nitrogen co-doped GQDs (S, N-GQDs) [30]. Another study found that im-
mersing S, N-GQDs synthesized via a hydrothermal process after using thiourea as the
S and N source and citric acid as the source of carbon into the nanocellulose improved
the penetration of the excitation light in the hydrogel composite and maintained higher
fluorescence energy [82]. Carboxylated nanocellulose can be prepared using (2,2,6,6-
tetramethylpiperidine-1-oxyl) TEMPO-radical catalysed oxidation. TEMPO was found
to selectively oxidise the C6 primary alcohol moiety that is present on the surface of the
nanocellulose particles and formed carboxylated groups [83], as presented in Figure 2.

Figure 2. Oxidation of C6 hydroxyl group of cellulose in a TEMPO-system.

The regioselective conversion of the primary hydroxyl group to carboxylate weakens
the adhesion between nanocellulose fibrils, as it prevents the formation of interfibrillar
hydrogen bonds [84]. The TEMPO-mediated oxidation of the cellulose slurry starts to form
when the NaOCl solution is added at room temperature and the pH is maintained at 10.
The temperature is maintained at 25 ◦C, as the contents of carboxyl groups increases as
the temperature increases up to only 25 ◦C and subsequently decreases at 35 ◦C. As such,
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optimum temperature is critical to form complete reactions, as increases in temperature
decrease carboxyl group content, leading to de-polymerisation and losses in total yield.
Meanwhile, lower temperatures may cause incomplete reactions to occur, since unreacted
NaOCl forms and NaOH needs to be added to the solution to neutralise the generated
carboxylic acid groups and maintain a pH of 10. The amount of NaOH added is gradually
increased and remains constant after a certain time, once the limiting reactant, NaOCl, is
fully consumed [82]. This technique provides a more uniform dispersion of nanocellulose
in an aqueous phase. After conducting an inversion test on the composite hydrogels,
Ruiz-Palomero, Benítez-Martínez et al. found that the hydrogels could be reformed several
times as non-covalent interactions were involved [30].

The same researchers also reported a similar GQDs–nanocellulose hydrogel prepara-
tion procedure for sensing 2,4,5-trichlorophenol [31]. In short, the carboxylated nanocellu-
lose was mixed with an aqueous solvent that contained S, N-GQDs, where the nanocellulose
acted as a gelator. The sample was mixed using a vortex and sonication, then centrifuged
for 0.5 min at 1300 rpm and heated for 20 s in a vial. The transparent hydrogel was observed
following cooling to room temperature after the last centrifugation stage. An inversion test
was used to assess gel formation. Due to the interacting surface hydroxyl and carboxyl
groups, the carboxylated nanocellulose was found to be an effective gelator. This caused
a significant self-association that resulted in nano-fibre entanglement due to hydrogen
bonding. Therefore, nanocellulose is a suitable gel matrix for hosting GQDs. The study
also found that 10 wt% of carboxylated nanocellulose provided the most stable hydrogel
when mixed with the S, N-GQDs. This successful gel formation and stability confirmed the
compatibility and suitability of the nanocellulose in hosting the GQDs and that it was poten-
tially capable of detecting various analytes. This was due to its exceptional optical features
which were accentuated by the network formation combined with the photoluminescence
behaviour of the GQDs, which rendered them suitable for analytical purposes.

Apart from nanocellulose and GQDs concentration, the pH of the solvent containing
GQDs and the doping characteristics of the GQDs play a significant role in the successful
formation of a GQDs–nanocellulose hydrogel composite. The integrity of a composite
structure can be weak in some cases due to the pH of the media or material concentration.
For instance, Ruiz-Palomero, Soriano et al. [31] reported that only a solution of dialysed
GQDs that had a neutral pH could support gel formation. Moreover, pure undoped GQDs
produced weak gels, while N-doped GQDs did not form hydrogels even after purification.
However, the S-GQDs produced low photoluminescence albeit gels. Doping GQDs with
a combination of S and N heteroatoms (S, N-GQDs) produced the most stable gels with
strong fluorescence features. On the other hand, the concentration of GQDs needed to be
optimised as a very high concentration may de-stabilise the hydrogen bonding network via
additional π–π stacking interactions. The study revealed that an 8 mg mL−1 concentration
of S, N-GQDs and 10 wt% carboxylated nanocellulose produced the best and strongest
hydrogel with the highest photoluminescent features.

Tetsuka et al. [85] was one of the earliest attempts at producing a GQDs–nanocellulose
composite via solvent blending by producing a transparent clay film comprising of amino-
functionalised GQDs (af-GQDs) and cellulose nanofibrils (CNF) as a colour converting
material for blue light-emitting diode (LED) [85]. Treating the heavy oxidised graphene
sheets (OGSs) with a mild amino-hydrothermal method produced uniform-sized af-GQDs
with a tuneable photoluminescence. The amino groups were found to alter the electronic
structures and shift the HOMO levels to a higher energy with a maximal photoluminescence
at the long wavelength [85]. The af-GQDs–CNF composite was prepared by mixing the
CNF suspension with aqueous solution containing af-GQDs. A clay suspension was
prepared by using a high shear mixer to disperse clay in a solution containing 15 wt%
of the af-GQDs–CNF. The mixture was then degassed and centrifuged to remove any
flocculated clay impurities before it was poured on a glass mould. It was then heated at
60 ◦C overnight and detached from the glass mould to produce af-GQDs–CNF clay film.
Unlike Ruiz-Palomero, Soriano et al. [31], Tetsuka et al. [85] introduced the incorporation
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of clay in the composite matrix via electrostatic interactions between the clay and af-GQDs–
CNF to form a flexible and transparent film. The resultant film exhibited bright colourful
photoluminescence and is a promising future light emitting diode application.

Khabibullin et al. [86] produced injectable fluorescent hydrogels composed of GQDs
and cellulose nanocrystals (CNCs). Unlike Ruiz-Palomero, Soriano, et al. [31] and
Tetsuka et al. [85], who used the hydrothermal method, Khabibullin et al. [86] employed the
Hummers method to prepare the GQDs. The CNCs were functionalised with amino groups
before being subjected to the composite hydrogel preparation. The hydrogel was prepared
by dispersing the powdered GQDs in aqueous solution containing CNCs. The sample was
mixed via vortex, then left to rest. The time of hydrogel formation varied depending on the
concentration of GQDs and CNCs. The sample with 50 mg/mL of CNCs and 7 mg/mL of
GQDs yielded a strong hydrogel formation (gelation within 30 min), while the sample with
lower concentrations of CNCs and GQDs yielded a weak hydrogel formation (gelation
within four hours) and the sample with <20 mg/mL CNCs and <5 mg/mL GQDs yielded
no hydrogel formation. Similar to the neutral pH that facilitated hydrogel formation in
Ruiz-Palomero, Soriano, et al.’s [31] study, the pH used for the preparation of hydrogel
was maintained at seven. As the produced GQDs–CNCs composite possessed a shear
thinning behaviour, it was a suitable injectable material for 3D printing with additional
fluorescence features.

Alizadehgiashi et al. [8] also employed a solution mixing procedure for the preparation
of GQDs–nanocellulose composites. Similar to Tetsuka et al. [85], Alizadehgiashi et al. [8]
utilised amino-functionalised GQDs (af-GQDs) that had been prepared using the hydrother-
mal method, except that an aldehyde-modified CNCs was used for the composite hydrogel
formation instead. The composite hydrogel was prepared by mixing various concentrations
of aldehyde-functionalised CNCs (from 10 to 60 mg/mL) and af-GQDs (from 2.5 to 60
mg/mL) suspensions in various volumetric ratios, which may change the structure of
the composite from lamellar to nanofibrillar, as well as enabling the controlling of the
permeability of the hydrogel. A thick lamellar structure (large pores) was observed at a
lower CNC concentration ratio, while a nanofibrillar structure (small pores) was observed
at a high CNC concentration ratio (low af-GQDs content). The transition of the structure
can be attributed to the number of crosslinking points available (higher CNC content
imparts fewer crosslinking points), which, in turn, determines the thickness of the wall
and size of the pores. In terms of permeability, the hydrogel composite with lower CNC
content (lamellar structure) had higher permeability than the composite with higher CNC
content (nanofibrillar structure) due to the larger pore size [87].

On the other hand, Rosddi et al. [88] produced a GQDs–nanocellulose composite by
dissolving carboxylated GQDs in an aqueous solution containing cationically modified
CNCs. A thin film of the composite was then formed using the spin coating technique
and the composite showed potential in analytical applications. The same researchers
later reported the modification of surface plasmon resonance gold film with carboxylated
GQDs–CNCs to enhance the detection sensitivity of glucose [89]. Similar to Ruiz-Palomero,
Benítez-Martínez, et al. [30] and Ruiz-Palomero, Soriano, et al. [31], Mahmoud et al. [90]
prepared GQDs–nanocellulose using S, N-GQDs, except that the nanocellulose used was
not modified with the carboxyl group and no hydrogel formation was reported. The GQDs–
nanocellulose was prepared by mixing of equal concentrations of S, N-GQDs and nanocel-
lulose (3 mg/mL each). The composite was then sonicated and drop-casted onto glassy
carbon electrode (GCE) to fabricate a modified GCE sensor. More recently, Xiong et al. [91]
prepared a flexible GQDs–nanocellulose film via a combination of electrolysis and liquid
dispersion for sensor and supercapacitor applications.

The average particle size of GQDs–nanocellulose composites can be controlled by
altering the reaction conditions. The reactive chemical groups and its distinctive morphol-
ogy make nanocellulose a good biological template for GQDs–nanocellulose synthesis.
Solution mixing is the most common method of preparing nanocomposite films by far. This
method is suitable for obtaining good dispersion of nanocellulose with a polymer solution
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due to the good dispersion of these nanoparticles in water. Figure 3 presents a schematic
illustration of GQDs–nanocellulose hydrogel formation.

Figure 3. Preparation of GQDs–nanocellulose fluorescence hydrogel via solution mixing.

3. Marriage Chemistry of GQDs and Nanocellulose

As GQDs can significantly affect the properties of a composite, determining the GQD
content threshold of a nanocomposite depends on its specific application, as different
concentrations are required for different applications. The GQD, a functional derivative of
graphene, consists of many oxygen-containing functional groups, such as ether, hydroxyl,
carbonyl and carboxyl, on the edges and basal planes [92,93]. Despite the smaller size of
GQDs, their edge sites are more reactive than the carbon matrix [94]. Furthermore, the
presence of functional groups not only facilitates the easy blending of GQDs into a polymer
matrix [95,96] but also improves its electrical, mechanical and dielectric properties. The
equatorial direction of the glucopyranose ring present in the nanocellulose exhibited a
hydrophilic nature, as all three hydroxyl groups were placed at an equatorial position on
this ring, while the hydrogen atoms in the carbon and hydrogen bonds were located at the
axial positions of the rings, which is responsible for the hydrophobic nature of the axial
direction of the glucopyranose ring [86].

As illustrated in Figure 4, the attractive forces from the hydrogen bonds between
the hydroxyl groups on the surface of nanocellulose particles and the oxygen-rich car-
boxyl groups present on the GQD edges produce a strong and stable GQDs–nanocellulose
composite. Hydrophobic interactions are noted between the basal planes of GQDs and

67



Molecules 2021, 26, 6158

hydrophobic faces of the nanocellulose [86]. Although repulsive forces may occur between
the negatively charged sulphate half-ester groups present on the surface of the nanocellu-
lose surface and the carboxylic groups present on GQDs due to electrostatic interactions,
the hydrogen bonds and the hydrophobic forces can overcome the repulsive forces leading
to the crosslinking of the GQDs and the nanocellulose. The functional groups containing
the oxygen atom in GQDs and the aromatic sp2 domains can generate an interfacial bond-
ing in the GQDs and nanocellulose composites [31]. The network noted in nanocellulose
composites was seen to alter the structural region and form amorphous and crystalline
regions, thereby increasing the mechanical strength of the composites [97].

Figure 4. A schematic illustrating the interaction and formation of the hydrogen bonding between the carboxyl groups of
graphene quantum dots (GQDs) and the hydroxyl groups of nanocellulose.

Therefore, the addition of GQDs improves the tensile strength, toughness and stiffness
of nano-cellulosic composites due to the hydrogen bonds between the functional groups
of both GQDs and nanocellulose. The intralayer of the hydrogen bonds present in the
nanocellulose is constant, while the hydrogen bonding in the nanocellulose interlayers can
be significantly improved. Additionally, the interaction between GQDs and nanocellulose
induces a locally stable energy state at the interfacial plane of nanocellulose. The marriage
chemistry of GQDs-nanocellulose composites is summarised in Table 1.
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Table 1. A summary of marriage chemistry of GQDs–nanocellulose composites.

Composite Marriage Chemistry Ref.

Amino-functionalised GQDs +
aldehyde-modified CNCs

• Chemical crosslinking due to hydrogen bonding between amino
groups of the amino-functionalised GQDs and hydroxyl groups of
aldehyde-modified CNCs.

• Ionic interactions between negatively charged sulphate half-ester
groups of CNCs and protonated amines of GQDs.

• Hydrophobic interactions between basal planes of GQDs and
hydrophobic backbone of CNCs.

[8]

S, N-GQDs + carboxylated nanocellulose • Electrostatic interactions between superficial groups of GQDs and
oxygen-containing nanocellulose. [30]

S, N-GQD + carboxylated nanocellulose

• Hydrogen bonding interactions between carboxyl and hydroxyl
groups of nanocellulose and oxygen-containing groups of GQDs.

• Hydrogen bonding network de-stabilised with higher GQDs content
due π–π stacking-induced GQD aggregation.

[31]

GQDs + amino-modified CNCs

• Hydrophobic interactions between basal plane of GQDs and C–H
grouped located on axial positions of glucopyranose ring of CNCs.

• Hydrogen bonding interactions between amino or hydroxyl groups of
CNCs and oxygen-rich groups on GQD edges.

[86]

Carboxylated GQDs + cationically
modified CNCs

• Hydrogen bonding interactions between oxygen-containing groups of
GQDs and hydroxyl and oxygen atoms in CNCs. [88]

Carboxylated GQDs + cationically
modified CNCs

• Hydrogen bonding interaction between carboxylated GQDs, and
hydroxyl groups and oxygen atoms in CNCs [89]

S, N-GQDs + nanocellulose
• Hydrogen bonding formation between polar groups of S, N-GQDs

and nanocellulose.
• π–π stacking between GQDs

[90]

The concentration of GQDs and nanocellulose may affect the interactions within a
composite. For instance, a higher concentration of GQDs may induce the formation of π–π
stacking between GQDs, thus affecting the hydrogen bonding network of the nanocellu-
lose and hydrogel formation. Although such an interaction (π–π stacking) and graphitic
aggregation are accounted for and may be accentuated, the surface modification and func-
tionalisation of a nanomaterial also affect the inter-nanomaterial interactions. For example,
the carboxyl and hydroxyl groups of carboxylated nanocellulose interact with the oxygen-
containing groups of GQDs and these interactions may facilitate significant improvements
and provide a synergistic enhancement of the composite’s properties. Therefore, this
excellent combination of GQDs and nanocellulose appears to be an outstanding strategy
because it results in the improvement of the properties of each individual component, in-
cluding the mechanical strength of the composite or hydrogel, as well as the enhancement
of optical or fluorescent features [31,85]. GQDs–nanocellulose composites are promising
for sensing, printing materials and analytical applications by virtue of their unique opti-
cal, structural and mechanical properties. The synergistic manner and improvement of
the fluorescent properties of a composite can be indicative of the feasible interaction and
marriage chemistry between the superficial groups of GQDs and the oxygen-containing
groups of nanocellulose, thus reducing π–π stacking-induced GQD aggregation.

Although cellulose is usually described as a hydrophilic material due to the presence
of hydroxyl groups, it is noteworthy that the significant amphiphilicity of cellulose is
due to the hydrophobic effects of C–H grouped in the glucopyranose unit backbone of
the cellulose. This cellulose behaviour, as dictated by the hydrophobic effect, was con-
ceptualised by Lindman et al. [98] and subsequently prompted a unique and intriguing
debate among cellulose experts [99]. The hydrophobicity of cellulose is also corroborated
by Yamane et al. [100], based on the anisotropy of cellulose’s structure. Despite its hy-
drophilicity, cellulose has been found to interact strongly with non-polar (hydrophobic)
organic solvents, such as toluene, dichloromethane and hexane [100]. An investigation
of its structural anisotropy proposed that the hydrophobic behaviour of cellulose stems
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from the C–H bonds of the glucopyranose rings located on the axial position of the rings.
On the other hand, it is well known that graphene materials, including GQDs, have hy-
drophobic properties. Owing to the hydrophobicity of graphene and amphiphilicity of
cellulose, the marriage chemistry and interaction between these two materials can be
elucidated. Moreover, Alqus et al.’s [101] theoretical modelling and molecular dynamic
simulation investigated the interactions between cellulose and graphene. The study re-
ported stable complex formation of graphene-cellulose through a hydrophobic interface
which was primarily formed by CH–π interactions. Therefore, this further emphasises that
the amphiphilic nature of cellulose plays an important role in favoured interactions when
fabricating a GQD–cellulose composite.

4. Applications of GQDs–Nanocellulose Composite

Nanocellulose and GQDs have garnered a lot of research interest in different fields,
such as energy storage devices, electronics, photovoltaic devices and biosensors [102–104].
The various functional groups present on the surface of GQDs, such as -OH, -COOH and
-NH2, act as active coordination sites for the transition metal ions. Nanocellulose is biocom-
patible, environmentally friendly, flexible and thermally stable [105–107]. Nanocellulose
can improve mechanically flexible materials, as they are receptive to light, heat, chemicals
and magnetic fields which can connect stimulus responses and allow the composites to
work optimally [108]. These intriguing properties of GQDs–nanocellulose composites
have encouraged researchers to deeply explore and unlock their potential for use in a
multitude of applications, including sensors, light-emitting diodes, 3D printing materials
and supercapacitors, as summarised in Figure 5.

Figure 5. The applications of GQDs–nanocellulose composites.
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4.1. Sensors

As seen in Table 2, GQDs–nanocellulose composites can be used to produce sensors
with which to detect various analytes. Multiple types of sensors that were developed from
GQDs–nanocellulose, such as drug sensors, humidity sensors, laccase monitoring sensors,
glucose sensors and metal ion sensors, were investigated. The functional capabilities
of each sensor improved when GQDs were added into the nanocellulose matrix. These
sensors are materials or electronic devices that convert one form of energy to another [102].
The conditions required to develop the best sensor include stability and sensitivity, so that
they can detect trace quantities of molecules in various applications. Apart from that, the
sensors also need to provide accurate results with rapid performance [108].

Table 2. A summary of various GQDs–nanocellulose composite-based platforms used for sensing applications.

Sensor Prior to GQDs–Nanocellulose Composite Formation Post GQDs–Nanocellulose Composite Addition

Drug Electrochemical sensor with poor electro-catalytic
performance and low active surface area for drug detection.

Good conductivity, increased active surface area
and good reproducibility, repeatability and

stability for drug detection.

Metal ions Low detection limit and unable to measure many metal ions.
Large surface area and higher number of active

sites on the membrane increased the efficiency of
scavenging metal ions from samples.

Laccase
Based on catalytic activity which is dependent on

environmental parameters and the presence of inhibitors
and inducers.

Based on fluorescence response of hydrogels
containing GQDs acting as luminophore

towards laccase.

Humidity Less sensitive and produce less accurate result.
Sensitivity is expected to increase due to the

abundance of hydrophilic functional groups in
both GQDs and nanocellulose.

Glucose Low sensitivity and binding affinity. More sensitive and higher binding
affinity constant.

4.1.1. Modified Electrochemical Sensor for Drug Detection

An electrochemical sensor functions when gases react or generate electrical signals
according to a concentration of gas. These sensors consist of a counter electrode and
electrodes separated by an electrolyte layer [109]. The gas concentration is proportional to
the electrical signal that is generated. The mechanism of action of an electrochemical sensor
is that the gas which interacts with the sensor passes through the capillary opening and
diffuses through the hydrophobic barrier before it reaches the surface of the electrode [110].
This ensures a proper gas flow, that can react with the sensing electrode. An appropriate
amount of electrical signal is generated in this procedure, without causing any leakage [111].
The larger number of active sites, higher conductivity for charge transfer to the electrodes
and the stable mechanical strength of GQDs–nanocellulose composites help electrochemical
sensing, as the structure of the electrode facilitates high electrical conductivity and rapid
electron transfer at the surface of the electrodes. Electrochemical methods have garnered
considerable interest in recent times due to their high sensitivity, simplicity and rapid
analysis. Mahmoud et al. [90] recently used a S, N-GQDs–nanocellulose composite to
modify electrochemical sensors for drug analysis. The nanomaterial was drop-casted
onto the surface of a bare electrode and dried prior to analysis. It was revealed that the
modified electrode sensor provided good electro-catalytic performance for drug detection.
Furthermore, the active surface area increased two-fold, in comparison to the bare electrode.
The modified electrode also showed good reproducibility and repeatability with relative
standard deviations of less than 2.4% and 2.1%, respectively. The electrode maintained
its original performance of 95% within 28 days of storage, indicating good stability. This
can be explained by the intermolecular interactions of various functional groups, unique
structure and high active surface area due to the addition of S, N-GQDs and nanocellulose,
which enhanced the analytical performance of the electrode in a synergistic manner.
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An earlier study developed an electrochemical sensor using only GQDs and found
poor electrical conductivity. The performance of the sensor was improved by adding
heteroatoms to the core of the GQDs. The oxygen-rich functional groups of the GQDs could
improve the properties of the electrochemical sensor, wherein the sensors showed good
quantum confinement, edge effect and a larger surface area [90]. Furthermore, the addition
of nanocellulose particles to the composites improved the sensitivity of the electrochemical
sensors in detecting many analytes. The nanocellulose particles contained many OH
groups which were modified to ensure the selective binding of the analytes. The GQDs–
nanocellulose composites improved ionic conductivity as they increased ion transportation
by introducing many ion conduction pathways. The addition of heteroatoms, such as
nitrogen, sulphur, boron and phosphorous, to the composite helped form strong bonds due
to hydrogen bonding or π–π stacking. Therefore, GQDs–nanocellulose composites facilitate
the adsorption and electrochemical oxidation of drugs onto the surfaces of modified
electrodes due to the presence of π–π stacking or hydrogen bonds.

4.1.2. Hydrogel Sensor for Enzyme Detection

Combining GQDs and nanocellulose to develop fluorescent hydrogels has quickly
become a new strategy of detecting laccase enzymes over the last few years [30]. The
unique optical features provided by GQDs, as well as the three-dimensional framework
provided by nanocellulose, enable significant detection of laccase through fluorescent
quenching and ideal enzyme immobilisation, respectively. In short, the fluorescent in-
tensity decreased as the concentration of laccase enzymes increased. The hydrogels also
possessed remarkably better signal stability than non-nanocellulose framework platforms
due to the enzyme immobilisation behaviour imparted by the nanocellulose framework
platform. These hydrogels are described as a heterogeneous mixture of multiple phases.
The dispersed phase in the hydrogel is water, whereas the solid 3D network forms a solid
phase. The hydrogel consists of a 3D polymeric network which is filled with water and
displays a gel-like behaviour due to the hydrogen bonding between the nanofibrils in the
aqueous medium. Water retention occurs due to the formation of hydrogen bonds between
the hydrophilic groups in these composites. As such, hydration can cause the deformation
of the polymeric chains when compensating the stresses within this structure [112]. Fluo-
rescent hydrogels that have been developed using GQDs–nanocellulose composites are
reversible and can easily convert to form a fluid when heated or stirred at a higher shear
rate. This process can be repeated up to 10 times without issues owing to the presence of
non-covalent interactions between the molecules [30].

Hydrogel fluorescent sensors are cost-effective, simple and eco-friendly. They can
also detect and stabilise laccase molecules, as well as storing or recycling the enzymes.
It is also serves as a stabilising matrix for trapping enzyme molecules from the complex
matrix and reusing it after being stored. This helps protect the enzyme molecules from
extreme environmental conditions. Therefore, the enzyme molecules can be stored in a
nano-cellulosic hydrogel and recovered for use at a later stage [30]. Laccase detection was
attributed to the quenching of fluorescent molecules in the GQDs–nanocellulose hydrogels.
This was caused by the interactions between the laccase enzymes and the graphitic layers
which are stabilised by the nanocellulose. Another advantage of using a fluorescent GQDs–
nanocellulose hydrogel is that it follows a simple mechanism, as the enzymatic activity does
not have to be measured. Furthermore, it is eco-friendly and can be easily prepared using
biocompatible nanoparticles which are self-organised due to electrostatic interactions [113].

4.1.3. Hydrogel Sensor for Pesticide Detection

The use of GQDs–nanocellulose composites for developing a hydrogel sensor to
detect 2,4,5-trichlorophenol (TCP) has also been investigated [31]. An organic compound
belonging to the chlorophenols family, TCP is carcinogenic to humans [114]. As such, it is
commonly used in fungicides and herbicides or as an intermediate in the production of
other pesticides [115]. As TCP has been detected in soil, groundwater and drinking water,
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it poses a health and environmental risk. Therefore, it is imperative to detect and remove
these hazardous compounds from the environment. Consequently, the development of
a GQDs–nanocellulose hydrogel as sensing platform is as strategic endeavour that is
convenient, rapid and simple with a selective sensing ability for TCP determination. Such
fluorometric hydrogel sensor provided remarkable performance, including high sensitivity,
good repeatability and reproducibility, indicating the immense potential of composites
as sensing analytical tools. Although this hydrogel, in particular, is selective towards
TCP, its potential to detect various other types of pesticides should be further explored.
By virtue of its versatility, unique properties and further surface function modification,
GQDs–nanocellulose may serve as a promising sensing candidate for pesticide detection.

4.1.4. Hydrogel Sensor for Metal Ion Detection

In recent years, Alizadehgiashi et al. [8] produced a nano-colloidal heavy metal ion
scavenger hydrogel composed of GQDs and CNCs. This hydrogel possessed more ac-
tive surface sites as well as a larger surface area and metal ion sensing capacity. The
presence of carboxylic acid groups on the edges of the GQDs allowed them to serve
as metal ion scavengers, while nanocellulose or CNCs provided the hydrogel with im-
mobilisation capabilities that facilitate easy water separation. Therefore, the GQD and
CNC content determined the number of active sites and the pore size of the hydrogel
composite, respectively.

4.1.5. Humidity Sensor

Earlier studies describe two types of humidity sensors, capacitive and resistive [116,117].
Humidity sensors are used in the window defogger system of the automobile industry, in
respiratory equipment and for medicine processing in the medical field, as well as control-
ling greenhouse air and monitoring soil conditions in the agricultural field. Existing studies
have investigated the synergistic benefits of graphene oxide–nanocellulose composite films
and their application while designing flexible, cheap and renewable humidity sensors.

Kafy et al. [95] found that graphene oxide–CNCs composite films had higher sensi-
tivity than CNC films while developing a humidity sensor. In general, the inclusion of
the graphene oxide into the CNC matrix increased the number of hydrophilic functional
groups, such as carboxyl and hydroxyl. It was observed that the sensing capability of CNCs
was dependent on the hydrophilic functional groups that attracted water molecules and im-
proved the capacitance. Although the efficacy of using a GQDs–nanocellulose composite as
a humidity sensor has yet to be investigated, the presence of carboxyl and hydroxyl groups
in GQDs, both of which supported the chemical surface membrane of CNCs, may enable it
to outperform the GO–nanocellulose humidity sensor. Furthermore, GQDs–nanocellulose
composite films, which have a higher rigidity and mechanical strength, could be used for
long-lasting applications.

4.1.6. Surface Plasmon Resonance Sensor for Glucose Detection

Rosddi et al. [88] recently fabricated a thin GQDs–nanocellulose composite film using
a combination of carboxylated GQDs and cationically functionalised nanocellulose. The
same researchers later used GQDs–nanocellulose composites to modify a surface plasmon
resonance gold film sensor to enhance the detection sensitivity to glucose [89]. Their results
indicated that the thin GQDs–nanocellulose film had better sensitivity and glucose binding
affinity than an unmodified sensor, which can detect various concentrations of glucose
with the lowest detection of 5 nM.

4.2. Light Emitting Diode

One of the earliest studies on GQDs–nanocellulose composites showed its significant
potential when incorporated into a flexible film as a colour-converting material in light-
emitting diode (LED) [85]. The film was prepared by mixing amino-functionalised GQDs
and cellulose nanofibres into the clay matrix. The resultant film exhibited excellent physical

73



Molecules 2021, 26, 6158

stability, as well as bright photoluminescence, and emitted a white light when casted onto
a blue LED. Therefore, the incorporation of GQDs–nanocellulose into a composite film is
promising for the future of light emitting devices, such as bio-imaging, photovoltaics and
colour-converting material.

4.3. Three-Dimensional Printing Material

GQDs–nanocellulose has also been investigated for its potential as an injectable 3D
printing material [86] by controlling its gelling properties and shear-thinning behaviour.
The performance of the injectable material was investigated using a 3D printer. The
composite was able to form a pre-designed pattern and retain its thread-like shape. Further-
more, the extruded thread exhibited photoluminescent properties due to the fluorescence
characteristics of GQDs. The birefringent properties observed on the hydrogel thread
under polarised optical microscopy stemmed from the shear-induced alignment of CNCs
within the composite. In light of all these advantages, GQDs–nanocellulose is a useful
injectable material and intriguing candidate for a wide range of applications, including
tissue engineering, bio-imaging, drug delivery, biomedical and 3D printing.

4.4. Supercapacitor

Xiong et al. recently combined electrolysis and liquid dispersion to produce a com-
posite film comprising of cellulose nanofibres and GQDs for use as a supercapacitor [91].
The produced hybrid film had remarkable electrochemical storage performance and me-
chanical properties. It also exhibited a specific capacitance of 118 mF cm−2 even at an
ultrahigh scan rate of 1000 mV s−1 and a high capacitance retention of more than 93% after
5000 cycles at various current densities. Moreover, the supercapacitor constructed based on
the GQDs–nanocellulose presented high energy densities and power indicating exceptional
performance rate and cycle stability. Therefore, combining GQDs and nanocellulose not
only overcame the drawbacks of individual materials, such as low efficiency and poor
conductivity, but enhanced performance in a synergistic manner. This indicates that the
scientific community should further investigate the suitability of GQDs–nanocellulose for
fundamental studies as well as advanced applications.

5. Conclusions

Owing to unique characteristics, such as inherent luminescence, biocompatibility, high
surface area, high adsorption, good surface functionality, significant strides have been
made in the preparation and application of GQDs–nanocellulose over the past several
years. Studies have shown that the hybridisation of these novel materials not only im-
proves existing applications but also provides additional advantages, as well as further
improvement of desirable features, all of which are unattainable if GQDs and nanocel-
lulose are used individually. Therefore, this advantageous composite material warrants
remarkable applications. This review provided a brief overview of this evolving body
of research which will unlock windows of opportunities for future research and mul-
tifunctional applications. GQDs–nanocellulose can be produced via rapid and simple
solution blending or drop-casting onto a selected matrix depending on the targeted ap-
plication. Furthermore, nanomaterial concentration, composition ratio, pH of the media,
heteroatoms doping and surface functionalisation determine the properties, marriage
chemistry and final GQDs–nanocellulose composites. The remarkable and synergistic
properties of GQDs–nanocellulose certainly unlock their potential for use in a multitude of
applications, including sensors, light-emitting diodes, injectable shear-thinning materials
and supercapacitors. Although the development of GQDs–nanocellulose composites is
limited and still at its infancy, this hybrid material is anticipated to be commercially acces-
sible and more practical in the future. This review disclosed a range of opportunities to
apply nanomaterials derived from naturally occurring cellulose polymers or renewable
biomass resources and assisted in more innovative nanomaterial production methods and
developments in the future.
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Abstract: Locust bean gum (LBG), a vegetable galactomannan extracted from carob tree seeds, is
extensively used in the food industry as a thickening agent (E410). Its molecular conformation
in aqueous solutions determines its solubility and rheological performance. LBG is an interesting
polysaccharide also because of its synergistic behavior with other biopolymers (xanthan gum, car-
rageenan, etc.). In addition, this hydrocolloid is easily modified by derivatization or crosslinking.
These LBG-related products, besides their applications in the food industry, can be used as encapsula-
tion and drug delivery devices, packaging materials, batteries, and catalyst supports, among other
biopharmaceutical and industrial uses. As the new derivatized or crosslinked polymers based on
LBG are mainly biodegradable and non-toxic, the use of this polysaccharide (by itself or combined
with other biopolymers) will contribute to generating greener products, considering the origin of raw
materials used, the modification procedures selected and the final destination of the products.
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1. Introduction

Locust bean gum (LBG) is a high molecular weight non-ionic galactomannan polysac-
charide, extracted from the seeds of Ceratonia Siliqua (carob tree, or locust bean tree, mainly
found in the Mediterranean region). Although both structurally and chemically similar to
guar gum, it shows important differences. Soluble in water with the addition of heat, LBG
solutions do not form gels by themselves but enhance those produced by other types of
hydrocolloids such as xanthan and carrageenan.

Among the many constituents of the carob fruit, including sugars and bioactive
compounds [1–5], their polysaccharides are in both the carob fiber and the carob bean
gum [6,7]. Recently, potential health benefits of carob products have been reported because
the polyphenols in the fruit are powerful antioxidants [2,3], and the dietary fibers and
sugars prevent diabetes, heart diseases and gastrointestinal disturbances [6]. The carob
mucilage, also known as locust bean gum, was critically described at the end of the 19th
century, and its colloidal properties were well-studied many years ago [8].

As mentioned by Gioxary et al. in their recent review, the development of carob
tree cultivation can be useful for the environment thanks to the capacity of this species to
prevent soil degradation, besides its high CO2 absorption ratio and its potential usage not
only to produce animal feed but also for the human diet in the Mediterranean regions [1].

LBG is mainly used as an additive (E410) in the food and beverage industry, most often
as a thickening, stabilizing and gelling agent, or emulsifier, the texture being an intangible
property of food of great importance [9]. This polysaccharide has found applications
in other sectors such as pharmaceuticals, cosmetics, textiles, paper, or the petroleum
industry [10–12]. In fact, various non-starch polysaccharides isolated from plants, including
LBG, show a considerable potential to prepare drug delivery systems to achieve tailored
and/or site-specific drug release [10]. In addition, natural gum-based hydrogels can be
used in tissue engineering, wound dressing, hygienic products, agriculture, and water
purification [11].
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In this review, after the description of the structural characteristics of locust bean
gum, its biosynthetic origin and its chemical isolation will be also accounted. Its chemical
composition originates a particular conformation in aqueous solutions, responsible for its
rheological properties, also presented here. Besides the applications of these solutions due
to their own viscosity, an essential aspect is their synergistic behavior when mixed with
other polysaccharides. The last section of this review deals with the derivatives of locust
bean gum, either by functionalization or cross-linking.

2. Structure, Processing and Properties

2.1. Composition

Locust bean gum (LBG), a polysaccharide of vegetal origin that belongs to the galac-
tomannan family [13], is composed of β-(1-4)-mannose backbones randomly branched by
α-(1-6)-galactose (Figure 1) [14]. The mannose:galactose ratios, usually determined by the
Blakeney method [15], are different for each type of galactomannan, depending on their
origin [16]. Thus, the ratios found are between 1 to 1 and 10 to 1 [14,17] for different gums:
fenugreek gum 1:1; guar gum 2:1; tara gum 3:1; LBG 4:1; cassia gum 5:1, etc. [18]. The first
elucidation of the fine structure of LBG was proposed by Baker et al. in 1975, using an
alkaline degradation method [19], but its discovery and analysis come from much earlier,
as explained by Dea et al. [14]. There are other characterization techniques available, such
as those involving hydrolysis, periodate oxidation [20], 13C NMR [21], methylation [22,23],
partial or enzymatic hydrolysis [17] and the development of sulfonyl derivates [24].

Figure 1. Carob fruit and locust bean gum.

LBG and other galactomannans can be obtained from the Leguminosae plant family.
The carob tree, a Mediterranean plant also known as Ceratonia siliqua, can be found in
Portugal, Spain, Italy, Cyprus, Greece, Morocco, and the rest of northern Africa, but it is also
grown in Asia, Australia and South America. A pod of the carob bean will be biologically
composed of a seed coat (≈30%), germ (≈25%) and endosperm (≈42%). The rest of the
mass will be moisture (≈8%) [25]. Chemically, a pod is a mixture of galactomannan (≈85%),
water (≈8%), protein (≈5%), ash, fibers and fat, each one around 1% [26].

2.2. Biosynthesis

The biosynthesis path takes place in the lumen of the Golgi apparatus. The product is
then transported to the surface cell by secretory vesicles and introduced into its wall ma-
trix [27]. The biosynthesis of galactomannan has been well described by Sharma et al. [28].
Briefly, it begins with the transformation of sucrose in uridine diphosphate (UDP)-glucose
and UDP-fructose by a synthase, and in glucose and fructose by an invertase. Fructose is
then phosphorylated and isomerized to produce mannose-6-phosphate. The phosphate
group is delocalized into position 1 by phosphomannomutase. This mannose-1-phosphate
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is then transformed into GDP-mannose using GDP-mannose pyrophosphorylase. UDP-
glucose, previously formed, is then converted into UDP-galactose by UDP-galactose 4-
epimerase. The synthesis of both substrates, GDP-mannose and UDP-galactose, is also an
enzymatic process. The mannan backbone is formed by using the GDP-mannose thanks
to the mannan synthase, and the branched galactosyl units on the backbone come from
UDP-galactose by the galactosyltransferase enzyme [29,30]. The M:G ratio can be modified
in vitro by changing the GDP-mannose concentration [31] along the synthesis process, or
by removing galactosyl units during hydrolysis thanks to α-galactosidase [32]. It is also
modified by the culture conditions and depends on the seed origin and the gum fabrication
process [14,33,34].

2.3. Extraction

The extraction of LBG can proceed following different methods. First, the removal
of the seeds from the pod must be performed mechanically. After that, to eliminate
the hull, diverse procedures are available, such as roasting [35], acid extraction [36,37],
water extraction [36], mechanical processes, or by swelling and freezing [12]. The en-
dosperm is then milled and pulverized under different conditions to remove the remaining
husk. The endosperm is a mixture of polysaccharides, proteins, and other impurities,
which necessitates a purification step, and this can be performed by precipitation coupled
with dialysis. After dissolving the powder in water, the addition of an alcohol such as
ethanol [38,39], methanol [40], or isopropanol [14]; a copper complex [41] or a barium-
complex [42] produces the precipitation of the galactomannan [28]. Azero et al. studied
different purification techniques and their impact on the physicochemical properties of the
formed gum, and they showed better inter- and intramolecular associations for LBG for
the one filtered over the centrifuged product [43]. Isopropanol decreases the content of
ashes and proteins and produces a more stable solution due to the elimination of enzymes
and impurities [33]. Dakia et al. compared two types of processes: the first one using
water, removing the different seed layers by letting the seed swell in boiling water, and the
germ removed after drying the seed; the second one by an acidic extraction. The seed is
macerated in H2SO4/H2O 60/40 (v/v) at 60 ◦C for 1 h. The carbonized hull is removed
by washing for 2 min with a metallic sieve. After drying the seeds, they are crushed to
release and remove the germ. Both procedures mill and sift the endosperm using the same
conditions [36]. Some physicochemical differences arise between the LBGs coming from the
two processes: acid extraction produces better thickening properties, while water extraction
is responsible for a higher solubility at high temperatures, for example.

2.4. Conformation

X-ray analysis shows that the LBG powder is mainly amorphous [21]. As shown
by Grimaud et al., ordered conformations similar to that of the LBG backbone (i.e., a
chain of α-(1-4)-mannose) favor the presence of crystalline structures and then an inter-
or intramolecular complexation, which creates hydrophobic regions preventing good
solubilization in water [44]. The galactose-branched units facilitate the solubilization
of the backbone, and this property increases with the degree of substitution [45]. The
conformation of the galactomannan depends on the inter- and intra-molecular interactions
and on their hydrophobic interactions [46], passing from elongated ribbon-like forms [12]
to aggregates, and, therefore, forming hydrophobic microdomains. These hydrophobic
microdomains also depend on the distribution of galactose, the mannose:galactose ratio,
and the solution temperature [47]. These characteristics also influence its critical association
concentration. Molecular modeling showed the influence of the galactose-branched chains
on the flexibility of the mannose backbone [48]. Then, a method to measure this flexibility
by using the persistent length was found, which produces, for a 1:1 M:G, an error of 3 Å [45].
Other techniques have facilitated the study of the fine structure of galactomannans, such as
X-ray scattering [49], one- or two-dimensional NMR [50], size exclusion chromatography
coupled with multi-angle static light scattering [51] and fluorescence spectroscopy [47].
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2.5. Physico-Chemical Properties

The galactomannan aqueous solubility depends on the temperature but it is also asso-
ciated with the M:G ratio. Thus, the higher the amount of branched galactose units present
in the polysaccharide, the higher its solubility at a low temperature [52,53]. In that sense, for
LBG, the solubility value originates from a thermodynamic equilibrium between the amor-
phous solid phase swollen by the solvent and the pure solvent phase [54]. Because LBG
does not possess ionizable functions, solubilization depends on the amount of hydrogen
bonds and the quality of the solvent [55]. As mentioned above, a pure mannose backbone
possesses a high level of intra- and intermolecular interactions via hydrogen bonding,
permitting the aggregation that leads to precipitation [44,56,57]. The galactose branched
units have two functions: solubilization and anti-aggregation of the polysaccharide. The
solubility temperature depends also on the distribution of galactosyl-branched units along
the backbone (Figure 2). A high-temperature solubility means compact galactosyl branched
units, so large smooth regions [58].

Figure 2. Entanglement of galactomannan polymers; the smooth regions form the insoluble part of
the gel while the hairy regions permit the solubility of the polysaccharide [12].

For dilute galactomannan solutions, the viscosity, as the solubility, will depend on
the molecular mass, the M:G ratio and the distribution of the galactosyl branched units,
as expressed by the Mark–Houwink equation [59]. A higher molar mass yields a higher
intrinsic viscosity, as occurs for a large number of galactosyl-branched units [14,60]. There-
fore, Morris et al. proposed an equation introducing the gyration radius related to the
distribution of galactosyl-branched units [61]. For a higher concentration, the polymer
interpenetration phenomenon increases the viscosity by creating a physical covering [62].
If this phenomenon is the only one taking place in the solution, the theoretical viscosity will
depend merely on the concentration and molar mass [63]. However, LBG solutions have a
higher viscosity than the theoretical ones, meaning that another phenomenon is also occur-
ring. This, as explained by Sittikijyothin et al., consists of the ‘hyperentanglements’ [64], an
intermolecular aggregation influenced by the M:G ratio and galactose distribution [65]. A
higher amount of smooth regions or a lower quantity of galactose branched units permits
the formation of these additional entanglements [56,66,67].

The dynamic viscosity of galactomannans and, more specifically, that of LBG, has been
well studied. As for many polysaccharides, this hydrocolloid shows a pseudoplastic behav-
ior in solution [64,68]. The galactomannan concentration and its microstructure are two
factors influencing the dynamic viscosity of the solutions; both of these characteristics are
directly related to the intra- and intermolecular associations and, consequently, depend on
the smooth locust bean gum region [66,69]. The ionic strength, temperature and pH have a
small influence on the viscosity [14,17]. Temperature and pH can break the polysaccharides,
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modifying the final viscosity due to the changes in the molecular mass of the polymer
chains. The solution temperature has an impact on its viscosity since a higher temperature
permits an efficient solubilization process and also promotes a higher solubility [70]. When
this solution is cooling down, the observed viscosity will be higher than that of the one that
was first dissolved at a lower temperature. This can be explained by a higher entanglement
probability when we have produced better solubilization of the hydrocolloid [60].

Galactomannans are mainly incorporated as a powder, solubilized in the desired
solution and used, due to their rheological properties, for food improvement purposes in
sauces [71], beverages [72], ice creams [73], low-fat [72] or bakery products [74]. Mixed
with other natural compounds, it is possible to produce edible films [75]. Carob bean
is used in food recipes that can benefit health [6], as antioxidants [76], because of its
polyphenols and flavonoids contents; anti-diabetic effect [77], also because of its LBG,
flavonoids and phenolic acids; anti-hyperlipidemia properties [78], conferred by the fibers
and gastrointestinal benefits [79], thanks to the locust bean gum. It can also be used for
pharmaceutical/medical purposes [80,81], in buccal [82], oral [83], gastric [84], colon [85],
ocular [86], or topical [87] drug delivery [88] formulations. Recently, with the necessity of
finding greener energy devices, LBG has been proposed as a component of bio-batteries [89],
as the binder of ZnSO4 and MnO2, in order to form a “quasi-solid-state” LBG electrolyte.
Its high specific capacity, rate performance and capacity retention, make LBG a viable
ingredient with a high potential for use as a binder for green batteries.

2.6. Synergistic Behaviors of LBG Mixtures

Locust bean gum shows synergistic behaviors with different polysaccharides, such
as xanthan gum, carrageenan and alginate, for example. As reported by Dionísio and
Grenha [90], and by Verma et al. [81], the rheological synergy can be of interest for pharma-
ceutical applications because of the non-toxicity of the products and the different entangle-
ment levels feasible.

The synergies between xanthan gum (XG) and galactomannans (GM) have been well
studied since they were discovered. Nevertheless, the molecular mechanisms of such syn-
ergies continue to be debated. Historically, the synergistic behavior was first explained by
poor or inexistent interactions because of gum incompatibility [91], volume exclusion [92],
or because of weak connections other than specific intermolecular interactions [93]. An-
other explanation of such synergy is the existence of cooperative interactions between
both polysaccharides [94]. The galactomannan branches are not regularly placed along
the backbone: some parts are more branched than other sections, which are considered
‘smooth’ regions [19]. Different authors tried to explain where these interactions take
place: between side chains of xanthan helices and smooth regions of the galactomannan
backbones [95], between the xanthan helix and those smooth regions [96], or between
the disordered xanthan and galactomannan structures [97]. Respectively, those possible
scenarios are called the “Tako model”, the “Unilever model” and the “Norwich model”, as
described by Takemasa and Nishinari (Figure 3) [98].

(a) 

Figure 3. Cont.
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(b) 

(c) 

Figure 3. Different models of Xanthan Gum—Galactomannan synergies [98]: (a) Unilever model [99],
(b) Norwich model [100], (c) Tako model [101] (G, galactomannan; X, xanthan gum).

This synergistic interaction is responsible for the modifications found in the rheological
properties of the solutions, such as the viscosity, depending on the XG:GM ratio [102], pH,
or the GM fine structure [103,104] and on the temperature [105]. Schreiber et al. showed,
by atomic force microscopy measurements, the synergies between XG and different types
of GM, and explained this phenomenon by the length and the flexibility of polysaccharide
chains. A separation of phase between XG and GM occurs after 2 days when both are
mixed at room temperature, and a change of the mechanical properties takes place after
two weeks. The addition of salt reduces the synergism by protecting the anion charge of
xanthan and by lowering the gelation strength [106]. These viscosity effects are useful in
the food industry [107] for the improvement of sauces formulations, for example [108,109].

Kurt and al. studied the interactions between these two polysaccharides and glycerol
in order to create a biodegradable edible film [110]. The optimization of the film formulation
shows a nonlinear behavior for the mechanical properties, meaning that LBG:XG:glycerol
mixtures possess some synergism. Films were successfully created and potentially used for
this purpose. By mixing LBG, XG and potato starch, Yu et al. improved the final product
made by 3D printing, as they observed differences by changing the proportions of LBG:XG.
They reported that XG improves the printing performance and gel fineness but shows more
printing deviations and low shape retention ability. LBG, on the other hand, produces
better mechanical properties and printing accuracy but a lower fluidity and a bad quality
of the final product [111].

The LBG:XG mixtures are also applicable for drug delivery, as Sharma et al. consid-
ered [112]. The modification of LBG:XG proportions in their experimental design allowed
them to prepare microparticles with more favorable delivery kinetics for celecoxib. The
encapsulation of tea polyphenols has been studied by Tian et al. [113]. The polymeric
beads were made by using a w/o emulsion and the tea polyphenol release was tested
in PBS solutions. A sustained release was obtained, and good stability of the LBG:XG
matrix was assessed without the use of synthetic emulsifiers, which is a useful innovation
in the field of new delivery materials. Bektas et al. showed also the feasibility of using
these mixtures in tissue engineering [114]. In that investigation, they added mastic gum
to prepare cryogels. The mechanical properties, the porosity and the cytocompatibility of
the matrices formed, make it useful as a bioactive agent delivery system or as scaffolds for
cartilages, for example.
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As mentioned above, the use of locust bean gum is viable as a binder in green batteries.
Yang et al. decided to study the effect of the LBG:XG mixture and reported its effectiveness
and low-cost production [115].

Carrageenan and galactomannans show, in general, synergistic effects also. Turquois et al.
showed the synergies between LBG and κ-carrageenan. They demonstrated the influence of
the polysaccharide solution concentrations, the κ-carrageenan:LBG ratio and the influence
of molecular weight [116]. Rheological tests of galactomannans/κ-carrageenan mixtures
have also been performed by Pinheiro et al. (Figure 4) [117]. They demonstrated the
effect of the M:G ratio and the polysaccharide microstructure on viscosity. Some previous
works with 13C NMR showed the interactions between κ-carrageenan and LBG, which are
influenced by the distribution of the galactose branched units on the backbone [118]. As
for the XG:GM mixtures, the smooth regions of LBG are responsible for the entanglement
between both polysaccharides. For a low total concentration, the gelation is produced
by a bi-continuous two-phase system [119], one being the LBG, the other constituted by
droplets or a secondary phase of κ-carrageenan. Potassium chloride also influences the
gelation process, producing it more easily [120]. Light scattering [121] and small angle
X-ray scattering [122] put in evidence the entanglements of carrageenan with itself and
explain the role played by locust bean gum on the interaction with the charged polymer.
Additionally, the extent of the double helix conformation of carrageenan, the M:G ratio and
the distribution of galactose units affect the synergism. This particular synergism is useful
for medical purposes such as wound healing and tissue-repairing devices [123]. As studied
by Mendes de Moraes et al., the mixture κ-carrageenan:LBG permits the transdermal
delivery of hydrophilic compounds [124]. The release of arbutin by this hydrogel is better
than that from a commercial cream, also permitting improved skin hydration and the
reduction in the melanin index while being non-toxic. The preparation of 3D printable food
is feasible by combining κ-carrageenan:LBG:XG, which has resulted as particularly useful
for dysphagic patients [125]. Adding alginate and through a w1/o/w2 double emulsion,
Wang et al. succeeded in creating sustained and controlled delivery devices [126]. The
formulation κC:LBG:chitosan:PVA, obtained by mixing all the components after dissolving
each one individually, was studied by Yong et al. to prepare intelligent packaging films [127].
The product was efficient for the immobilization of anthocyanins, allowing the film to be
pH and ammonia sensitive.

Figure 4. G’ elastic component of galactomannan/κ-carrageenan mixed gels (guar gum ( ); locust
bean gum (�); Gleditsia triacanthos galactomannan (♦) and Sophora japonica galactomannan ( )) [117].

Although polyvinyl alcohol (PVA) is a synthetic polymer, PVA:LBG is also a well-
studied combination [128]. Double-layer films made with LBG:PVA and agar:PVA to be
used as shrimp freshness indicators were studied by Yao et al. [129]. They integrated
red pitaya betacyanins in the LBG layer to provide a “sensitive layer” and TiO2 in the
agar section as the “protective layer”. The film was prepared by placing an LBG:PVA
solution onto the agar:PVA layer. A good light and water vapor barrier capacity have been
demonstrated, as the sensitive layer worked well when exposed to different atmospheres,
and TiO2 prevented the color changing, permitting a better color contrast when used
with shrimp. The combination of LBG:carboxymethyl chitosan has also been studied by
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Yu et al. in order to prepare films [130]. The incorporation of natural essential oil in
the structure permits a better elongation at break, a higher water resistance, and oxygen
barrier properties, consequently increasing the antioxidant and antibacterial activities and
improving its hydrophobicity but decreasing its water vapor barrier capacity and tensile
strength. Chitosan can also be incorporated into LBG as nanoparticles to produce another
type of biobased film [131]. The final product possesses a great resistance but it diminished
when a natural deep eutectic solvent plasticizer was added. The combination LBG:PVA has
been used with extracts of Loropetalum chinense var. rubrum petals to form another type of
smart packaging [132]. Yun et al. demonstrated the antioxidant and antimicrobial activity,
pH and ammonia sensitivity and its capability as a good freshness indicator. By adding
betacyanins into film production, smart packagings are also feasible [133].

Locust bean gum and alginate form an interpenetrated complex, useful for drug
delivery purposes because of their swelling behavior and drug release control [134–137].
The matrix is usually prepared by the ionotropic-gelation technique, using the coacervation
of alginate with a divalent cation as Ca2+, which yields edible beads from natural raw
materials. Aclofenac [135,137], capecitabine [134] and captopril [136] releases were analyzed
in these types of systems. The drug delivery study showed a controlled release resulting
from these matrices. This technique can also be employed for the encapsulation of tea
polyphenols [138]. The preparation of edible packaging is feasible simply by mixing LBG
with sodium alginate, integrating daphnetin [139] and using a CO2 atmosphere [140]. A
low bacteria development was observed and a tasteful product was obtained.

Another polysaccharide that can be found mixed with LBG is inulin. This carbohy-
drate is mainly used in drug delivery, but it is valid for food applications, as studied by
Góral et al. [141]. They found that the concentration of polysaccharides will decrease the
cryoscopic temperature, the melting time of coconut milk-based ice cream and its hardness.
A higher inulin ratio over LBG produced a higher overrun and tasteful ice cream. In the
food industry, it is possible to use carboxymethyl cellulose combined with LBG to stabilize
unfizzy doogh [142]. Numerous patents between locust bean gum, varied polysaccharides
and proteins have been published, mostly for developing sauces or other food recipes.
Table 1 summarizes the examples of the mixtures between LBG and other polymers col-
lected in this review.

Table 1. Examples of synergies between LBG and other biobased polymers, method of preparation of
the mixtures and their uses.

Biobased Polymer Coupled Preparation Method Use Reference

XG Mixture Food industry [107–109]
XG, Glycerol Mixture Edible film [110]

XG, potato starch Mixture 3D printing [111]
XG Emulsion w/o Drug delivery [112]
XG Emulsion w/o Encapsulation [113]

XG, mastic gum Freeze dried from Mix Tissue engineering [114]
XG Mixture Binder in green battery [115]

ι-, κ-Carrageenan, Gelatin Mixture Wound healing, Tissue repairing [123]
κ-Carrageenan Mixture Transdermal delivery [124]

κ-Carrageenan, XG Mixture Food 3D printing [125]
κ-Carrageenan, alginate Double emulsion w1/o/w2 Delivery device [126]
κ-C: Chitosan: PVA Mixture Film packaging [127]

PVA + agar: PVA Mixture and double layer Film packaging [129]

Carboxymethyl Chitosan Mixture Film packaging [130]

Chitosan Mixture Biobased films [131]

PVA Mixture Smart packaging [132,133]

Alginate Mixture + ionic gelation Drug delivery [134–137]
Alginate Mixture + ionic gelation Encapsulation [138]
Alginate Mixture Edible packaging [139,140]

Carboxymethyl Cellulose Mixture Food [142]
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It is also feasible to prepare aerogels based on LBG and graphene oxide for water
purification applications [143]. Their 3D structure has allowed the sorption of rhodamine-B
and successfully remove this dye over indigo carmine thanks to the dye charge.

3. LBG Derivatives

3.1. Modifications of Functional Groups

As specified by Barreto Santos et al. and by Yadav and Maiti, galactomannan polysac-
charides can easily be chemically derivatized by functions such as sulfation, carboxylation,
or acetylation, for example [13,144]. This derivatization usually employs hazardous chemi-
cals and solvents but produces non-toxic and biodegradable matrices.

Braz et al. decided to prepare different types of modified LBG (Figure 5) [145]. The
sulfation of LBG can be performed with SO3DMF as reported by Braz et al. [146]. The
resulting modified polysaccharide can be mixed with chitosan to form solid and compact
spherical beads as a promising antigen delivery material. The carboxylation of LBG is also
feasible, by using TEMPO and NaBr after an organic reaction. The last described is the
grafting of a quaternary ammonium salt thanks to GTMA and HCl. The different LBG
materials formed were complexed with a reverse-charged polysaccharide: for carboxylic
LBG and sulfated LBG, chitosan was used. Ammonium LBG was complexed with sulfated
LBG. The main purpose is to use these complexes for drug delivery applications; their
toxicological evaluation shows that the ammonium derivative presents severe cytotoxicity
but it reverted when complexed with sulfated LBG.

The carboxymethylation of LBG is possible by using monochloroacetic acid to generate
an efficient drug delivery matrix [147]. The synthesis permits a good degree of substitution
but with a decrease in the viscosity and the molar mass. As reported by Katy et al., the
CMLBG is “safe enough for internal use” and recommends the usage of CMLBG:PVA
interpenetrated network microbeads crosslinked with glutaraldehyde for controlled oral
drug delivery. A greener way to employ CMLBG is to combine it with alginate and use
Al3+ as a crosslinker [148]. The resulting IPN features depend on the gelation time, the
higher, the better the release behavior. Al3+ is also an ionic crosslinker for CMLBG and
CMC by single water-in-water emulsion gelation processes with applicability for drug
delivery [149]. Glipizide [148,150] and diclofenac [149] releases have been studied using
these networks.

LBG can also be derivatized with inorganic components, such as palladium to trans-
form it into a green catalyst [151]. The Pd insertion is made thanks to Pd(OAc)2 reacting
with LBG in water and through ultrasonic irradiation at 80 ◦C. The precipitate after cooling,
recovered by adding ethanol, is then filtrated and isolated. Following this procedure, the
Pd is inserted on the polysaccharide-reduced ends. Ben Romdhane et al. tried different
reactions using Pd@LBG as the catalyst and succeeded in recuperating a good yield and
regenerating the catalyst five times. Another example has been prepared by Tagad et al.:
an LBG derivatized by gold nanoparticles [152]. The HAuCl4 is introduced into a solution
of LBG and autoclaved at 120 ◦C and 15 psi. 4-nitrophenol to 4-aminophenol reductions
were efficiently catalyzed by Au@LBG. When doped with SnO2, it shows a fast response
and good ethanol-sensing behavior.

Singh et al. have successfully grafted polyacrylamide functions onto LBG by microwave-
initiated graft copolymerization techniques [153]. They proved its non-morbidity and
toxicity in different organs and a controlled release of budesonide in the colon. Jin et al.
grafted methyl acrylate and acrylic acid from LBG by Fenton reactions [154]. The grafting
affects the viscosity, contact angle, water solubility and mechanical properties. Adhesion
to polyester fiber makes it useful for textile applications. Another polymer family grafted
from crosslinked LBG by means of divinyl sulfate are polyethyleneimines [155]. Good
blood compatibility, an easily modifiable polysaccharide and a good, controlled release
behavior made it a promising drug carrier.

Finally, the network structure constituted by sodium acrylate:LBG:N,N’-methylenebisacryla
mide has been prepared by irradiation in order to create a superabsorbent polymer [156].
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Figure 5. Chemical modification of locust bean gum: LBG carboxylate, LBG sulfate, LBG trimethy-
lammonium [145].

3.2. Crosslinking Reactions

It has been reported that glutaraldehyde is a potential crosslinker for several polysac-
charides with chitosan [157]. Jana et al. showed the possibility to form LBG:CS matrices for
drug delivery. It suppressed the burst release allowing a sustained release [158]. In addition,
glutaraldehyde can crosslink a single LBG to produce drug delivery matrices [159].

Citric acid, used as an LBG crosslinker through solventless reactions with basic cata-
lysts, has been studied by Petitjean et al. [160]. Provided that a temperature above 170 ◦C
and a sufficient reaction time (>20 min) are used, the crosslinking process was produced
with a good yield, resulting in a remarkable swelling behavior and dye sorption capabili-
ties. By functionalization of these LBG networks with β-cyclodextrin, specific interactions
between some sorbates and LBG are enhanced [161]. Besides, by adding lignin to the
initial mixtures, the amounts of polyphenolic compounds sorbed were also significantly in-
creased [162]. Another crosslinking process has been reported by Hadinugroho et al. [163].
LBG was swollen before being UV-cured with citric acid and an acidic catalyst. Then,
the resulting product was washed with acetone and dried at ambient temperature. They
showed that, under acidic conditions, the protonation of the C6 hydroxyl group of mannose
and galactose was easier, and so they concluded that the crosslinking was taking place at
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this carbon site [163,164]. The disintegration of the tablets produced by these materials has
been also studied by this group [165].

4. Conclusions and Perspectives

Among the galactomannans, locust bean gum has a mannose-to-galactose ratio of
about 4:1 and a minimally branched structure and it needs heat to fully hydrate. Although
it does not gel on its own, LBG forms gels with other hydrocolloids. LBG is non-digestible
and may be classified as a soluble fiber. An efficient stabilizer in the food industry, its
water-binding and thickening properties promote also its uses to improve the gel properties
of some hydrocolloids.

In addition to those well-known applications in the food sector, the feasibility of
producing several types of ‘green’ matrices using LBG, either by itself or derivatized or
combined, has also been explored recently. Those materials, produced either by physical
entanglements or chemical crosslinking reactions, can be used in other fields, including
packaging, biopharmaceutical devices, batteries, catalysts, etc.

As for the hydrocolloid market, LBG prices were similar in 2020 to those of alginates,
pectin or agar (ca. 18 $/kg) [9]. Nevertheless, the excellent properties of LBG for some
applications in the food industry and its relatively low production volume (well below that
of guar gum, for instance) have produced a shortage in the market. Carob trees take over a
decade to become productive, so an increasing demand cannot be met simply by planting
more trees.

Other alternatives start being used as LBG replacements, and these gum hydrocolloids
are often employed in combinations. The question is whether those replacements are
satisfactory enough to meet the food and beverage industry needs, so a higher-priced LBG
can be used for more “selective” purposes in other fields. In this review, two interesting
characteristics of locust bean gum have been highlighted. On the one hand, its synergisms
with other biobased polymers are remarkable, widening its range of potential applications.
On the other hand, the possibilities of derivatizing its chains and/or creating crosslinking
bridges are also of great interest in order to explore other possibilities.
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Abstract: Three-dimensional (3D) printing manufactures intricate computer aided designs without
time and resource spent for mold creation. The rapid growth of this industry has led to its extensive
use in the automotive, biomedical, and electrical industries. In this work, biobased poly(trimethylene
terephthalate) (PTT) blends were combined with pyrolyzed biomass to create sustainable and novel
printing materials. The Miscanthus biocarbon (BC), generated from pyrolysis at 650 ◦C, was combined
with an optimized PTT blend at 5 and 10 wt % to generate filaments for extrusion 3D printing.
Samples were printed and analyzed according to their thermal, mechanical, and morphological
properties. Although there were no significant differences seen in the mechanical properties between
the two BC composites, the optimal quantity of BC was 5 wt % based upon dimensional stability, ease
of printing, and surface finish. These printable materials show great promise for implementation into
customizable, non-structural components in the electrical and automotive industries.

Keywords: biobased polymers; mechanical properties; thermal properties

1. Introduction

Three-dimensional (3D) printing, an additive manufacturing technique, is rapidly
gaining popularity due to reduced material requirements and tooling time, as compared
to alternative processing methods. Traditionally, computerized number control (CNC)
machining has been used to make complete parts through a subtractive process. However,
3D printing offers the ability to fabricate complex geometries in an additive layer-by-layer
fashion with limited to no post-print modifications [1]. Fused filament fabrication (FFF)
is a relatively low-cost method of 3D printing that has extensive applications in industry,
such as the biomedical [2] and aerospace [3,4] industries. FFF also functions well in rapid
prototyping [5] and personal home-based printing [1]. FFF works off of the basic process of
extruding a polymer-based filament through a heated nozzle to build parts layer-by-layer
in the z-direction [6]. This process allows for high customization as the part shape is
defined by a computer 3D model and is not limited by mold fabrication, as in the case of
injection molding [7].

There are many commercial polymers commonly used for FFF. They can often be cate-
gorized as engineering thermoplastics, bioplastics, or commodity plastics [8–10], such as
acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), or high- density polyethylene
(HDPE), respectively. Engineering thermoplastics show favor in many FFF applications
due to superior mechanical performances and increased thermal stability as compared to
commodity plastics [11]. Engineering thermoplastics can be further categorized as either
biobased or petroleum based. Biobased polymers, or bioplastics, are materials that are bio-
logically sourced, biodegradable, or a combination of both [12]. There has been a substantial
drive in the industry to develop 3D printing bioplastics and engineering bioplastics.
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The most commonly studied bioplastics for extrusion based 3D printing include
PLA [13], polycaprolactone [14], or blends of bioplastics [15]. However, many of these
bioplastics have comparatively low melting temperatures and limited mechanical perfor-
mances, as compared to engineering thermoplastics [16]. To counter these limitations,
engineering thermoplastics derived from organic sources are gaining popularity. One of
the best examples is poly(trimethylene terephthalate) (PTT), which is partially biobased,
due to one reactant being made from corn derivatives [6,17].

There is a global demand to generate products that conserve resources, recycle or
refurbish products, or transform wastes into value-added products [18,19]. In the polymer
industry, one of the methods to improve the sustainability of composite production is
to valorize biomass waste as natural fillers. Wastes from agricultural residues [20,21],
forestry residues [22], or food industries [17,23] can be diverted from landfills and instead
pyrolyzed to become a carbonaceous natural filler. Pyrolysis is the thermochemical con-
version of organic matter to biocarbon (BC), bio-oil, and syngas [17]. Characteristics of
BC are dependent on the pyrolysis temperature, residence time, heating rate, and envi-
ronmental conditions such as inert or oxygenated conditions [24]. The diversity of BC’s
surface characteristics, thermal, and mechanical properties have led to its use in polymer
applications in the automotive [17] and electronic industries [25]. Biocarbon can function
as a composite filler suspended in a continuous polymer phase. The implementation of BC
offers benefits such as reduced initial materials cost, increased thermal stability over other
natural fillers, limited to no odor during processing, and increased biocontent compared to
inorganic fillers [17,26,27].

The use of BC in composites is more commonly studied in injection molding practices
than in 3D printing processes. However, preliminary successes have suggested BC as a
potential filler in additive manufacturing applications. Idrees et al. [28] performed work
to incorporate BC with recycled poly(ethylene terephthalate) PET. Significant increases
in tensile properties were observed with the addition of BC. Biocarbon was successful in
creating printable parts and had effects on important parameters such as the glass transition
temperature (Tg) and the coefficient of linear thermal expansion (CLTE) [28]. A reduction
in CLTE was also seen with the addition of graphene into ABS, therefore increasing the
thermal stability of the polymer, which is beneficial for FFF [29]. Ertane et al. [30] worked
to implement BC into PLA to increase its potential applications. Interestingly, they found
that FFF processing increased the interaction between the PLA matrix and the BC.

This work focuses on the implementation of BC to increase the biocontent within
polymer filaments for FFF technologies. The use of a partially biobased engineering
thermoplastic in addition to the natural filler was intentionally selected to offer a potential
substitute for petroleum-based engineering thermoplastics with carbon black or other
inorganic fillers. It is important to highlight that this work is an intermediary work. This
work uses PTT derived blends containing a chain extender (CE) and impact modifier (IM)
that were optimized for 3D printing dimensionally stable, complete, and warpage-free
parts [6].

This work focuses on combining the aforementioned polymer blends with bioderived
Miscanthus BC. The strategy of BC has been investigated and proven to improve the thermal
stability and reduce CLTE of the polymer blends in injection molding type works. There
are additional benefits to using BC, such as its use as a colorant and reduced costs from
decreased quantities of expensive polymer required. Similar principles applied and the
content of BC was optimized for printing complete and warpage-free parts. The goal of
this work was to create novel printing materials that could be used in big-area-additive
manufacturing. This PTT blend with the addition of BC has potential for use as 3D printing
composite materials for non-structural automotive parts and electrical components.
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2. Results and Discussion

2.1. Characterization of Biocarbon

The surface characteristics and general morphological shapes of the BC were deter-
mined via Raman spectroscopic analysis (Figure 1). The Raman analysis compared the
graphitic content in the G band to the disordered content in the D band. The D and G
peaks of BC reached maximal values at 1350 and 1589 cm−1, respectively. These peaks
corresponded with similar peaks reported in the literature for other BC samples [25]. A
ratio of intensities from the D/G bands was 1.3. Graphene aerogels with a similar intensity
ratio have also found success in 3D printing [31]. This ratio suggests that there is more
disordered content than organized carbon. The difference in peaks is a result of in-plane
vibrations associated with sp2 carbon in graphite lattices and plane stretching [32].

 

Figure 1. Raman spectra of Miscanthus BC pyrolyzed at 650 ◦C and after 24 h of ball milling.

Based on the SEM analysis of the same Miscanthus BC studied by our lab [20], it was
determined that the ball milling caused the BC to have a more uniform shape and smaller
size distribution [20]. This Miscanthus BC with 24 h of ball milling was studied previously
and found to have an average particle size of 0.9 μm [20]. Since the size of the particle
determines the precision of the print [33], it was important to have small particles. The
smaller sized filler was also used to reduce potential clogging at the nozzle. The next
steps for this research would be to determine the correlation between graphitic structure
and intrinsic properties connecting Raman spectroscopy and surface morphology through
X-ray diffraction (XRD) analysis.

Miscanthus BC at 650 ◦C was chosen since lignocellulosic biomass derived BC offers a
higher modulus than other sources of BC due to a high stiffness of samples. The increased
stiffness is further associated with increased polymer performance [21]. Since the BC was
pyrolyzed at a lower temperature, the BC was able to maintain more surface functionalities
than samples pyrolyzed at higher temperatures [17]. These surface functionalities on the
BC interact with the functional polymers in the blend [34].

2.2. 3D Printed Composites

The 3D printed composites are referenced as blend content/BC content. The blend is
comprised of 90 wt % PTT, 10 wt % IM and 0.5 phr of CE. Further details can be found in
Table 2 below as well as the materials section.

The challenges and analyses found of 3D printing with the BC composites are outlined
in the sections below. A preliminary investigation on the mechanical properties were per-
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formed and reported with injection molded composites with 0, 2.5, 5, 7.5, and 10 wt % BC
(refer Table S1, in the Supplementary Materials). Minimal differences were seen in flexural
and tensile properties of the BC composites, therefore 5 and 10 wt % BC compositions were
chosen for further testing with 3D printing.

2.2.1. Challenges of Biocarbon in Printing

Printing composites with BC can be challenging; for example, various works have
reported the degradation of the printer nozzle due to the abrasiveness of BC [30]. Jamming
at high BC loadings and poor surface finishes have also been reported [30]. The challenges
with interlay adhesion and due to the addition of a filler were also examined and are dis-
cussed in Section 2.2.6 below. Figure 2A depicts the extrudate from the FFF printed nozzle
comparing the polymer blend to that of the composites. To further clarify, a schematic
was drawn to highlight that filaments containing BC tended to be less consistent and had
a rougher appearance. The slight swelling seen after the material exits the nozzle could
have been responsible for the rougher, poorer quality surface finishes on the higher BC
content FFF parts, as seen in Figure 2B. The 100/0 and 95/5 samples displayed smooth,
cleanly defined rasters; however, the 90/10 printed samples were very rough and contained
clumps of polymer and BC on the surface. This is represented in lower left section of the
image below (Figure 2B) for the polymer blend and composites containing 5 and 10 wt % of
BC. To examine the aforementioned parts on a microscopic level, SEM surface images were
captured at a 300 times magnification (Figure 2B). Voids, identified by the blue circle on
the Figure 2C, were most prominent on the surface of the 90/10 samples. Ertane et al. [30]
also observed an increase in surface voids with increased BC content. The changes in
surface finish of the BC composite materials likely relate to the rougher surface finish of
the Miscanthus fiber. This is more prominent at the 10 wt % fiber since more fibers are
present overall. The challenges and impacts of the natural filler surface and its correlation
to print quality and mechanical performance are summarized by Duigou et al. [35] from
combining literary works. Although challenges exist with the inclusion of BC into FFF
feedstocks, low additions of BC did not decrease the printability of the filament. From its
effects on printability and surface finish, 5 wt % biocarbon content is optimal as comparable
to 10 wt %.

2.2.2. Thermogravimetric Analysis (TGA)

TGA analysis is important for looking at the degradation characteristics of a material
and the thermal stability over a range of temperatures. The maximal degradation temper-
ature of PTT was about 350 ◦C [36,37]. There was no significant shifting in the maximal
degradation temperature peak, but there was an improvement in the thermal stability as
can be seen clearly in the TGA curves. The increase in thermal stability was noted from
the curve relating to the change in weight (%) as there were less losses over the higher
temperatures (Figure 3). The derivative curves highlight the presence of BC through the
elevated section at 500 ◦C. This again is associated with reduction in degradation at this
temperature. When BC is pyrolyzed at temperatures greater than that of the maximal poly-
mer degradation temperature, BC offers increased thermal stability to the composites [38].
The improvement in thermal stability was further confirmed in the CLTE analysis. This is
critical for higher temperature applications such as internal automotive components that
operate at higher temperatures.
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Figure 2. PTT/BC biocomposites in FFF: (A) the upper left section provides a comparison of an
extrudate with and without biocarbon to depict challenges with consistency, (B) the lower left section
compares FFF samples with different BC content for surface roughness, and (C) the right side of the
image examines SEM images of the FFF surface of FFF printed samples. See Table 2 for nomenclature.

 

Figure 3. Thermogravimetric analysis (TGA) curves (weight and derivative weight) of the PTT
blends and its biocomposites. See Table 2 for nomenclature.
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2.2.3. Thermomechanical Analysis (TMA)

CLTE and the Tg are important properties to investigate for success in FFF. CLTE is a
measure of the expansion of the material at elevated temperatures, which can be used to
approximate the swelling or shrinking that could occur during 3D printing processes. In a
study by Fitzharris et al. [39], CLTE was found to have a substantial impact on the success
of printing due to its contributions to warpage and reduced thermal stability. A direct
correlation was observed between CLTE and warpage, and many studies have shown that
fillers tend to decrease CLTE [21,27,39]. Therefore, it is important to note that the addition
of BC into PTT decreased the CLTE, as seen in Figure 4A. The lowest CLTE was seen in the
90/10 composite, at a value of 13% less than the 100/0 value. CLTE decreases with filler
addition due to their effect of hindering polymer chain movement [40]. Tg is also important
to FFF as it dictates what build platform (or bed) temperature range will be successful.
A bed temperature slightly above Tg has been found to be optimal in a study by Spoerk
et al. [41]. Insignificant changes in Tg were seen due to the influence of BC, as shown in
Figure 4B. The polymer blend and composites had a Tg over the range of 59–61 ◦C. This is
increased from neat PTT’s Tg of 45–55 ◦C [42], which indicated the additives and BC had
an effect on the neat PTT’s thermal properties. Printing of these composites was done with
bed temperatures ranging from 55 ◦C in the 100/0 to 80 ◦C in the 90/10. Bed temperatures
were kept similar to the Tg, however increasing BC content in the samples resulted in a
necessary increase in bed temperature to ensure good bed adhesion.

 

(A) 
(B) 

Figure 4. Thermomechanical analysis of the blend and composites: (A) coefficient of linear thermal expansion (CLTE) and
(B) glass transition temperature (Tg) where injection molded samples were used. See Table 2 for nomenclature.

2.2.4. Rheology

The three rheological properties of the PTT blend and its biocomposites were deter-
mined from rheological analysis including complex viscosity (Figure 5A), storage mod-
ulus (Figure 5B), and loss modulus (Figure 5C). The complex viscosity of the PTT blend
decreased as the angular frequency increased, which showing a typical shear thinning
behavior. The complex viscosity was found to decrease after incorporation of BC and
further decreased as the BC content increased from 5 to 10 wt %. Similar results were found
with engineering thermoplastic polyetheretherketone (PEEK) and carbon fibers [43]. This
observation suggests that the composites are more sensitive to high shearing action [6].
Nguyen et al. [44] describe the ideal zone for 3D printing composites; based on their
research, the challenges with printing the 90/10 composites were a result of too low of
a complex viscosity [44]. The shear thinning behavior of the material can be used to de-
termine the required pressure and force to extrude the molten polymer through the FFF
nozzle [45].
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(A) 

(B) 

(C) 

Figure 5. Rheological analysis of composites: (A) complex viscosity (η), (B) storage modulus (G′), and
(C) loss modulus (G′′) for injection molded samples of the PTT blend and Miscanthus BC composites.
See Table 2 for nomenclature.

105



Molecules 2021, 26, 4164

The storage modulus defines the potential energy stored in the materials and thus
describes its elastic response under deformation [46]. The PTT blend and its biocom-
posites were considered to be frequency dependent since the storage modulus and loss
modulus value increases with increasing frequency. This has also been found in other
composites [46].

2.2.5. FFF Mechanical Properties

The mechanical performances of the FFF printed samples are presented in Table 1.
As compared to the blend (100/0), the 95/5 and 90/10 composites both experienced a
loss in mechanical performance. There is not a significant difference in the mechanical
performance between the 5 wt % and 10 wt % BC. The reduction in mechanical performance
was attributed to poor layer adhesion and agglomeration of particles, as noted in SEM
images below (Figure 5). The printing parameters were optimized through systematic trials
to produce parts that were free of warpage and delamination. Poor layer adhesion was
exacerbated by limitations with the FFF printer used, such as the lack of an environmental
temperature control chamber. Furthermore, it was likely that the agglomeration of particles
at the nozzle of FFF printers, also discussed by Zhang et al. [47], resulted in poor flow of
the materials. Further works with large scale additive manufacturing technologies with
heated chambers will be investigated as it is anticipated that there would be improvements
in the mechanical performance of such parts. For the current work, it is recommended that
materials be used for non-structural components in FFF as there are some limitations with
the mechanical performances. An example of non-structural parts would be interior car
parts that are non-load bearing.

Table 1. Mechanical properties of FFF samples.

Sample
Composition

Tensile
Strength (MPa)

Tensile
Modulus (GPa)

Elongation at
Break (%)

Impact Strength
(J/m)

100/0 35.3 ± 2.41 1.77 ± 0.10 6.34 ± 0.79 61.26 ± 11.87

95/5 26.4 ± 3.70 1.31 ± 0.22 4.01 ± 0.78 34.05 ± 4.71

90/10 28.3 ± 1.09 1.49 ± 0.09 3.54 ± 0.53 32.25 ± 3.85

2.2.6. Scanning Electron Microscopy

Micrographs, taken via SEM, show that all the FFF samples experienced poor layer
adhesion, noted by the voids and gaps in the samples (Figure 6). There were substantially
more noticeable voids in the 10 wt % BC samples, as noted by the blue circles on Figure 5C.
Similar voids have been found when PLA and BC composites were 3D printed [30]. The
pullout voids were likely one aspect that led to the decreases in mechanical performance.
In work with other 3D printed composites, researchers have suggested that the extrudate is
only heated to a semi-molten state rather than completely molten state, which has reduced
the fusion of layers before cooling [48]. It is likely these same phenomena were seen in this
work due to the presence of BC and with limitations of the nozzle temperature.

Table 2. Nomenclature and composition of composites.

Composition of Samples Blend * Content (wt %) Biocarbon Content (wt %)

100/0 100 -
95/5 95 5
90/10 90 10

* Blend: 90 wt % PTT, 10 wt % IM, and 0.5 phr CE.
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(A) (B) (C) 

Figure 6. SEM images of the impact fracture surface for FFF samples for the (A) optimal polymer blend, (B) optimal blend
with 5 wt % biocarbon, and (C) optimal blend with 10 wt % biocarbon. See Table 2 for nomenclature for optimal blend.

One of the goals of this project was to determine which composite offered superior
performance. Superior performance was determined via comparisons of the surface finish,
mechanical performance, CLTE data, and the SEM morphological analysis of the layers for
both the 5 and 10 wt %. The ideal content of BC would be suggested at 5 wt % since this
content maintains a smooth surface finish and offers comparable mechanical performance
and CLTE to 10 wt % BC. Printing samples with 5 wt % BC are superior at maintaining
dimensional accuracy. With higher BC content than 10 wt %, samples had extremely poor
printability with this FFF printer configuration.

3. Materials and Methods

3.1. Materials

Sorona® PTT is a biobased engineering thermoplastic and was sourced from DuPont
(Wilmington, DE, USA). It has a 37% biobased content that comes from corn-derived
1,3-propanediol [31]. The chain extender (CE) used was poly(styrene-acrylic-co-glycidyl
methacrylate), known as Joncryl 4368, and was purchased from BASF (Ludwigshafen, Ger-
many). An impact modifier (IM), poly(ethylene-n-butylene-acrylate-co-glycidyl methacry-
late) trademarked Elvaloy PTW, was also incorporated. PTT, the CE and the IM composed
the matrix of the composites. The biocarbon was provided by Competitive Green Tech-
nologies (Leamington, ON, Canada). The BC, made from Miscanthus, was pyrolyzed at
650 ◦C and then ball milled for 24 h. This BC was then dried in an oven at 100 ◦C until the
moisture was less than 0.2% before compounding. A Sartorius infrared moisture analyzer
(Gottingen, Germany) was used to confirm the moisture content.

3.2. Characterization of Biocarbon
Raman Spectroscopic Analysis

To determine the relative concentrations of disordered carbon versus ordered carbon,
Raman spectroscopic analysis was performed. A Thermo Fisher Scientific DXRTM 2 Raman
microscope (Waltham, MA, USA) was used at a magnification of 10 times. A 532 nm laser
at 5 mW power was operated through a 50 μm pinhole to collect data over the range of
50–3000 cm−1. For peak deconvolution, four peaks were used in combination with the
Gaussian–Lorentzian area mode as this is common practice in the literature [49].
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3.3. Processing Methods
3.3.1. Reactive Extrusion

Pellets of PTT were dried at 80 ◦C for 24 h (moisture content <0.2%) and were mixed by
hand with the CE, IM, and dried BC. This was then fed into a Liestritz-Micro-27 co-rotating
twin screw extruder (Nuremberg, Germany) and pellets and filaments were collected.
Materials were processed at 240 ◦C with a 100 rpm screw speed and a 7 kg/h feed rate.
The processing conditions were established from previous work [6].

3.3.2. Injection Molding

Pellets with a moisture content of <0.2% were fed into an Arburg AllRounder 77 Ton
(Loßburg, Germany) coinjection molding machine. Processing settings were a 240 ◦C barrel
temperature, 80 ◦C mold temperature, and a 20 s hold time. Samples were created for
thermomechanical and rheological analyses.

3.3.3. 3D Printing

Samples were 3D printed using FFF technology on a Lulzbot Taz 6 (Fargo, ND, USA)
printer system. The 3D models were generated using SolidWorks (Dassault Systems,
Vélizy-Villacoublay, France) and the printer was run using the Cura Lulzbot Edition (2.6.69)
software (Ultimaker, Geldermalsen, The Netherlands). A 0.5 mm diameter brass nozzle
and a borosilicate glass/polythyleneimine bed were used. The implemented printing
parameters were 65 ◦C bed temperature, 280 ◦C nozzle temperature, 0.3 mm layer height,
and 35 mm/s print speed.

3.4. Nomenclature and Composition

The matrix used for the composites in this study was a blend of PTT, CE, and IM. The
blend composition used was the optimal composition found in work done on printing PTT
by Diederichs et al. [6]. This optimal blend was 90 wt %, 10 wt %, and 0.5 phr of the PTT,
IM, and CE, respectfully. The blend was then combined with Miscanthus BC at varying
weight percentages. The nomenclature and compositions of the composites can be found
in Table 2.

The amount of BC incorporated into the blends was based on previous research. In
another work with an engineering thermoplastic polyester, PET, authors had success in
printing samples with BC loadings from 0.5 to 5% [28]. Incremental increases in BC were
performed to determine a maximal print content at 10 wt % for the printer configuration
used in this work. Further details are described below.

3.5. Characterization
3.5.1. Mechanical Testing

Flexural and tensile properties were tested on an Instron Universal Testing Machine
model 3382 (Norwood, MA, USA). The crosshead speed for the tensile test was 5 mm/min,
while the crosshead speed for the flexural test was 14 mm/min that is analogous to ASTM
D368 (type IV) and ASTM D790, respectively. Izod notched impact testing was performed
on a Zwick/Roell HIT25P impact tester (Ulm, Germany) in accordance to ASTM D256.

3.5.2. Differential Scanning Calorimetry

A heat–cool–heat analysis was performed on a TA Instruments DSC Q200 (New
Castle, DE, USA) with a nitrogen flow rate of 50 mL/min from 0 to 250 ◦C at a rate of
10 ◦C/min. From this, the heat of fusion, melting temperature, and degree of crystallinity
were analyzed. Equation (1) was used to calculate the degree of crystallinity 1:

Degree o f Crystalinity =
ΔHm

Wf , PTT × ΔHo
m

(1)
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where ΔHm is the heat of fusion of the sample, Wf is the weight fraction of PTT in the com-
posite, and ΔHo

m is the heat of fusion for 100% crystalline PTT, which is 30 kJ/mol [50]. The
0.9, 0.81, and 0.855 were the Wf values for the neat polymer blend, 10 wt % BC, and 5 wt %
BC, respectfully. The DSC section is included in the Supplementary Information.

3.5.3. Thermogravimetric Analysis

A TGA Q500 (TA Instruments, New Castle, DE, USA) was used to analyze the degra-
dation temperature of the composites. The samples were heated to 500 ◦C at a rate of
10 ◦C/min in a nitrogen environment.

3.5.4. Thermomechanical Analysis

A TMA Q400 (TA Instruments, New Castle, DE, USA) was used to analyze the glass
transition temperature (Tg) and coefficient of linear thermal expansion (CLTE) of the
injection molded samples in the flow direction. The thermal history was removed from
the samples by heating to 70 ◦C and cooled prior to recording data. The samples were
then heated from −60 to 170 ◦C at a rate of 5 ◦C/min. A force of 0.05 N was applied to
the sample. The CLTE was recorded before Tg in the range of −30–40 ◦C. The formula for
calculating the CLTE can be found in Equation (2) below:

CLTE =
ΔL
Lo

ΔT
(2)

where ΔL is the change of sample length, Lo is the original length of the sample, and ΔT is
the change in temperature.

A DMA Q800 (TA Instruments, New Castle, DE, USA) was used to analyze the heat
deflection temperatures (HDTs) of the composites. The samples were heated from 0 to
180 ◦C and the reported temperature is when the samples reached a deflection of 250 μm,
in accordance with ASTM D648.

3.5.5. Rheology

A Modular Compact Rheometer 302 manufactured by Anton Paar (Graz, Austria) was
used to analyze the viscoelastic properties of the composites. Complex viscosity (η), storage
modulus (G′), and loss modulus (G′′) were tested at 250 ◦C using a frequency sweep test
from 0.1 to 100 rad/s. Rheological properties determine how the materials behaves under
a given force. It has been suggested in the literature that rheological studies of 3D printing
materials can lead to successful printing and identification of printable materials [51].

3.5.6. SEM of Composites

A Phenom-world ProX SEM (Eindhoven, The Netherlands) was used to image the
fractured Izod impact surfaces and the FFF surface finish of the samples. This was also
used to analyze the surface of the BC. The SEM images were taken at 10 kV and variable
magnifications. Prior to imaging, samples were gold-coated for 10 s with a Cressington
Sputter Coater 108 (Watford, England) auto vacuum sputter chamber.

4. Conclusions

To increase the use of FFF in industries such as the automotive and electrical, there is
demand for thermally stable, sustainable printing materials. Such materials could be used
in customizable jig and fixtures for product assembly and non-structural components or
electrical housings. This work is a short communication on the adaption of PTT blends from
previous work and their combination of Miscanthus BC for extrusion-based 3D printing.
The PTT blend when combined with 5 wt % BC was tougher than that of 10 wt % BC
and was able to maintain better dimensional accuracy during the print, therefore leaving
a more visually appealing print. Further benefits of this new combination of materials
were the reduction in CLTE and increased glass transition temperature over that of the
PTT blend. This is more favorable for higher temperature applications, especially for use
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in big area additive manufacturing equipment where the thermal exposure to materials
is greater. The combination of materials and printing parameters resulted in successful
production of complete and warpage free samples in small scale extrusion 3D printing. The
samples could be further studied for their potential in commercialized filament. The goal of
increasing biocontent in engineering thermoplastics was achieved. In due time, materials
like these PTT biocomposites will lead the way in sustainable product development in
industries like the automotive, aerospace, and electronics industries.

Supplementary Materials: The following are available online, Table S1: Mechanical properties of
injection moulded composites.
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Acronyms

ABS Acrylonitrile butadiene styrene
BC Biocarbon
CE Chain extender
CLTE Coefficient of linear thermal expansion
CNC Computer numbered control
DSC
DMA

Differential scanning calorimetry
Dynamic mechanical analysis

FFF Fused filament fabrication
HDT Heat deflection temperature
IM Impact modifier
PEEK Polyetheretherketone
PET Poly(ethylene terephthalate)
PLA Poly(lactic acid)
PTT Poly(trimethylene terephthalate)
SEM Scanning electron microscopy
TGA Thermogravimetric analysis
XRD X-ray diffraction
3D Three-dimensional
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Abstract: The degradation of acetal derivatives of the diethylester of galactarate (GalX) was in-
vestigated by electron paramagnetic resonance (EPR) spectroscopy in the context of solvent-free,
high-temperature reactions like polycondensations. It was demonstrated that less substituted cyclic
acetals are prone to undergo radical degradation at higher temperatures as a result of hydrogen
abstraction. The EPR observations were supported by the synthesis of GalX based polyamides via
ester-amide exchange-type polycondensations in solvent-free conditions at high temperatures in
the presence and in the absence of radical inhibitors. The radical degradation can be offset by the
addition of a radical inhibitor. The radical is probably formed on the methylene unit between the
oxygen atoms and subsequently undergoes a rearrangement.

Keywords: polycondensation; polymerization; EPR spectroscopy; GalX; polyamide; radical decom-
position; sugar derived monomers

1. Introduction

Acetal moieties constitute a recurring motif in chemical synthesis whether in the
context of organic synthesis as labile protective groups [1]. or, more recently, in polymer
synthesis [2,3]. A wide variety of acetal protective groups have been used to protect
carbohydrate-based polyols prior to their polymerization, resulting in functional bio-
based polymers with tunable properties [4]. For example, the incorporation of biacetilized
mannarates, glucarates or galactarates into polymers elevates their glass transition region,
suppresses crystallization of polymeric domains and lowers melting temperatures [5,6].
These properties can be translated to material properties and result in transparent polymers,
which sustain their shapes at higher temperatures and simultaneously are easier to process
due to their lower melting points. Furthermore, the protective groups can be selectively
removed [7] leading to OH− functionalized polymers, which are widely used in coatings,
dynamic networks or high added-value materials for biomedical applications, etc.

The incorporation of acetal motifs into polyesters is well-documented; however, until
recently, attempts to incorporate them into polyamides have been rather scarce. Polyamides
(PAs) are a wide-spread type of polymers with renowned performance and chemical
resistance. Typical polycondensation reactions to obtain PAs utilize the diacid (Figure 1
with R=H) form of the molecule.
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Figure 1. (a) The general structure of the investigated acetals (GalXH and GalXMe) and adipate motif (Ad); (b) the polymer
obtained by reacting diethyl esters of GalXH and GalXMe with 1,6–hexamethylenediamine.

Upon reaction with diamines, polyamides are formed via intermediate salt formation.
During the reaction, high temperatures (above 200 ◦C) are applied, releasing water and
driving the equilibrium to the right. All these conditions (acid, water and heat) are incom-
patible with acetal chemistry. More precisely, substituted cyclic acetals (Figure 1a) can easily
undergo acidic hydrolysis because stabilized tertiary carbocations are formed as interme-
diates [8]. This aspect has always been troubling for polyamide synthesis from GalX and
consequently the majority of reported syntheses have been conducted in solution [9–11]
through active ester methods utilizing, e.g., toxic pentachlorophenyl esters [3,12] and sig-
nificant amounts of solvents, which are incompatible with the sustainable character of the
monomers and could never find wide-spread application. In contrast, solvent-free polymer
synthesis methods have received growing attention because of increasing environmental
awareness and a greater focus on green chemistry principles [13], as well as economic
aspects, e.g., the elimination of solvents and product isolation steps. Recent developments
showed that in-melt polycondensation of cyclic acetal-bearing diacid monomers is possible
if certain conditions are met [6]. Less substituted dioxolane-bearing molecules such as
GalXH have been favored, due to their higher stabilities in acidic conditions. On the
other hand, more substituted acetal rings (e.g., i-propylidene acetals like GalXMe) have
been considered less stable and therefore neglected in polymer solvent-free methods using
diacid monomers. However, we recently observed reversed stabilities under non-acidic
conditions [5,13].

A recently published series of articles exhaustively describes the synthesis of polyamides
from the diethyl esters (instead of the diacids) of sugar-derived cyclic acetal monomers
(Figure 1a R=Et) in the melt [5,14]. Polymers with broader dispersities (branching) or even
crosslinked networks were obtained with the less-substituted acetal monomer (GalXH)
while better defined polymers were obtained with the more-substituted monomer (GalXMe).
A similar polymerization method, but in solution, has been reported by Ogata et al. for diethyl
adipate (Figure 1a Ad) and non-protected diethyl galactarate (Figure 1a Gal) [9–11,15]. They
observed that polyhydroxy diethyl esters are activated towards diamines by the presence
of oxygen atoms in the α and/or β position (see Figure 1a). The published findings were
never translated to solvent-free methods and were never widely explored for the whole class
of similar sugar-derived molecules. In addition, a similar dispersity trend has also been
reported for polyester synthesis in the melt, which is less thermally demanding, using GalXH
and GalXMe monomers, where broadening of the dispersity with GalXH was also observed
and was attributed to transesterification [16]. This similarity suggests that the observed trend
could be valid for all solvent-free polycondensations involving GalXH.

The aim of the present study is to carefully investigate the stability of acetal-containing
monomers, mainly focusing on reaction conditions during melt polycondensation. The
thermal stability of the GalX monomers has been elucidated using electron paramagnetic
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resonance (EPR) and supported by polymerization experiments in the melt (Figure 1b),
which has shed new light on the underlying mechanism governing the observed behavior,
thus aiding the development of solvent-free experiments, and later, material design.

2. Results and Discussion

2.1. Radical Degradation Study of the Acetal Fragments

Since the lower stability of less-substituted acetal rings in neutral reaction conditions
cannot be explained by an ionic mechanism via intermediate carbocation formation [8], it
was hypothesized that it proceeds via a radical pathway. To verify the proposed radical
branching/cross-linking mechanism, EPR investigations were conducted. No paramagnetic
species were detected when neat GalXH or GalXMe samples were heated and EPR spectra
were subsequently recorded at room temperature or at 100 K. This meant either radical
intermediates were not present, or they were highly reactive and could not be observed
within the timeframe of the EPR measurements. Consequently, N-tert-butyl-α-phenyl
nitrone (PBN) was added to the heating experiments as a spin trap. Spin traps react
with radical intermediates, forming longer-living radical adducts that can be detected
by EPR [17]. The EPR spectra of the adducts are characterized by the isotropic g-value
(giso), isotropic hyperfine couplings of the nitroxide nitrogen (AN iso), the α-proton (AHα iso),
and in some cases also other protons, which are dependent on the spin-trapped radical.
The mixtures were only heated to 140 ◦C because the concerted thermal decomposition
of PBN at this temperature is still relatively slow [18]. A clear room temperature EPR
signal was observed for the heated GalXH/PBN mixture that was subsequently dissolved
in toluene, while, under the same conditions, no signals were observed for the heated
GalXMe/PBN mixture or PBN alone (Figure 2). The observed signal is a triplet of doublets
with giso = 2.0058, AN iso = 1.46 mT, and AHα iso = 0.24 mT which are consistent with a
carbon-centered radical trapped by PBN [17].

 
Figure 2. cw X-band (~9.7 GHz) solution EPR spectra of GalXH and GalXMe samples that had been
heated in the presence of PBN and subsequently dissolved in toluene measured at room temperature
using 10 mW microwave power, 0.1 mT modulation amplitude and 100 kHz modulation frequency.
Simulation of the GalXH spectrum is shown in red, as well as the chemical structure of a possible
spin-trapped adduct.

Since the only difference between GalXH and GalXMe are the methyl groups at the
2-position of the 1,3-dioxlane moiety, it is likely that the unpaired electron is centered
at this position in the GalXH radical. We hypothesize that a radical is generated by
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hydrogen atom abstraction. The corresponding PBN-trapped dioxolanyl radical adduct is
depicted in Figure 2. Furthermore, it should be noted that cyclic acetal radicals can undergo
rearrangements, such as β-scission [19] giving aldehyde moieties. In our previous research
on GalXH [8] aldehyde moieties were observed, which further supports the assignment of
the dioxolanyl radical.

From the radical degradation studies, it appears that the i-propylidene acetals are
resistant to thermal degradation via the radical mechanism, since they do not possess
hydrogen atoms in the 2-position of the 1,3-dioxlane moiety for abstraction. Consequently,
GalXMe can be freely used in the solvent-free high-temperature polymerization conditions,
at least if acids are not present in a significant amount since they degrade i-propylidene
acetals via a cationic mechanism [8]. The utilization of methylene acetals should be
avoided. It is worth mentioning that multiple studies in the past used this type of acetal for
polymerization, but the reports only include solution polymerization [3,20]. This choice
could be motivated by the observed degradation and could be avoided if another acetal
was chosen.

2.2. Polymerization

The relevance of the findings to the field were verified by conducting the melt poly-
merization of the diethyl esters of the two presented acetals (GalXH and GalXMe) with
1,6-hexamethylene diamine (HMDA), resulting in polyamides (Figure 1b). Such reactions
require temperatures above 200 ◦C, mechanical stirring, and the removal of by-products
(alcohol). During the reactions two parameters were investigated: the concentration of
a radical inhibitor (Irganox 1330—a sterically hindered phenolic antioxidant) and the
structure of the acetal. If radical degradation mechanisms were interfering with the poly-
merization, narrower dispersities of the final polymers would be expected in the presence
of the inhibitor than in the absence of the inhibitor. Therefore, the polymerization reac-
tions were evaluated based on the dispersity of the product. The theoretical value of the
dispersity for polycondensates is 2 [21], however, in practice the value might vary due
to limitations of the theory [22]. as well as side reactions [8]. Typically, if cyclization of
polymeric chains is observed, or in the case of limited conversions (< 100%), the dispersity
drops below 2. High dispersity typically means that side reactions occur that lead to
increased functionality and consequently to branching or cross-linking at high conversions.

The reactions were performed using GalXH (PA1 and PA2 in Table 1) or GalXMe (PA3

and PA4 in Table 1), and diethyl esters with (PA2 and PA4 in Table 1) or without (PA1 and
PA3 in Table 1) the radical inhibitor. The molecular weight distribution of GalXH polymers
strongly depended on the presence of the inhibitor and, even in that case, an increase with
respect to the generally accepted value was observed. The molecular weight of GalXMe
polymers was not affected by the addition of the inhibitor, where a dispersity value close
to 2 was observed in both entries.

Table 1. The list of prepared polymers and their properties.

Polymer

Diethyl Acetal
Type

Diamine
Type

Inhibitor b

(wt%)

Polymer
Code

GPC c NMR d

Mn
(kg·mol−1)

Ð Mn,NMR
(g·mol−1)

DP (−) pGalX (%)

GalXH HMDA a 0 PA1 23.7 4.53 8300 26 96.3

GalXH HMDA a 5 PA2 16.3 2.93 6900 22 95.6

GalXMe HMDA a 0 PA3 15.0 1.83 8200 22 95.7

GalXMe HMDA a 5 PA4 14.0 1.88 7000 19 95.0
a 1,6-hexamethylenediamine, b wt% relative to both monomers, c GPC with RI detection in 1,1,1,3,3,3-hexafluoro-2-propanol/0.019%.
NaTFA calibrated with poly (methyl methacrylate) standards. d The molecular mass Mn,NMR, degree of polymerization (DP) and extent of
the polymerization (p) were calculated based on the NMR resonances of reacted GalX 1,2,4,5 at 3.27–4.39 ppm and end group resonances of
1,2,3,4 (marked with * in Figure 3) at 4.66–4.65 ppm.
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Figure 3. 1H NMR spectra of PA1, PA2, PA3 and PA4. The resonances of end groups are marked
with a star “*” and resonances of Irganox 1330 with a letter “i”.

NMR analysis revealed that, structurally, the polymers with and without the inhibitor
are similar (Figure 3.). Furthermore, numerical analysis of the products according to the
Carothers theory provided data about the molecular weight, degree of polymerization,
and the extent of polymerization. The molecular weight of the polymers, though lower
than obtained by GPC, follows the same trend. PA1 has a higher degree of polymerization
than the other polymers. The extent of polymerization is 95.0–96.3% with the highest value
achieved for PA1. This experiment showed that in the case of GalXMe the addition of an
inhibitor is not necessary because it only introduces impurities without any significant
improvement in dispersity. For GalXH, on the other hand, the addition of the inhibitor is
necessary since it improves the polymer dispersity by the reduction in radical side reactions.

The polyamides PA1–4 were further analyzed via DSC and TGA. The DSC curves
confirm that in the case of GalXMe (PA3,4 in Figure 4a) the addition of the inhibitor does
not cause any distinguishable changes in the polymer. The Tg’s of PA3 and PA4 are 79.3 ◦C
and 79.2 ◦C, respectively, and the curves do not show any additional thermal events which
might point towards side reactions with an inhibitor. In contrast the GalXH polyamides
(PA1,2 in Figure 4a) show the opposite. The thermal profile of the polyamide obtained with
the addition of the inhibitor (PA2) shows multiple thermal events which are hypothesized
to originate from the reactions between the inhibitor and acetal fragmentation. Upon the
addition of the inhibitor the Tg drops slightly from 71.3 ◦C to 70.1 ◦C which is in line with
the fact that PA1 has higher molar mass in comparison to PA2.

The TGA analysis (Figure 4b) does not show any influence of the inhibitor on the
degradation profiles of the polymers. They all start to degrade above 260 ◦C in an inert
atmosphere and show 5% weight loss above 300 ◦C. All curves show that even with a
rigorous drying step there is still insignificant weight loss observed at 100 ◦C, which is in
line with our previous findings regarding water sorption of GalX polyamides [14].
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Figure 4. Thermal profiles of PA1, PA2, PA3 and PA4 (a) DSC curves and (b) TGA profiles.

3. Experimental Section

3.1. Materials and Methods
3.1.1. Materials

Diethyl 2,3:4,5-di-O-isopropylidene-galactarate > 99% (GalXMe) and diethyl 2,3:4,5-
di-O-methylene-galactarate > 99% (GalXH) were supplied by Royal Cosun (Roosendaal,
the Netherlands). 1,6-hexamethylene diamine (HMDA) 98%, Irganox 1330 and NaTFA
were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands)and used as supplied.
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and DMSO-d6 were purchased from Acros Or-
ganics (The Hague, the Netherlands)and used as supplied. N-tert-butyl-α-phenyl nitrone
(PBN) was purchased from TCI Europe N. V. (Zwijndrecht, Belgium).

3.1.2. Methods

Molecular weight of the polyamides was determined via gel permeation chromatogra-
phy (GPC) supplied by Polymer Standards Service GmbH (PSS, Mainz, Germany). The
polymers were dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) with 0.019% NaTFA
salt. The sample for GPC measurement was prepared by dissolving 5.0 mg of the polymer
in 1.5 mL of the solvent. The solutions were filtered over a 0.2 μm PTFE syringe filter before
injection. The GPC apparatus was calibrated with poly(methyl methacrylate) standards.
Two PFG combination medium microcolumns with 7 μm particle size (4.6 × 250 mm,
separation range 100–1.000.000 Da) and a precolumn PFG combination medium with
7 μm particle size (4.6 × 30 mm) with refractive index detector (RI) were used in order to
determine molecular weight and dispersities.

1H NMR spectra were recorded in DMSO-d6 on a Bruker Avance III HD Nanobay
300 MHz NMR spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany).

Differential scanning calorimetry (DSC). DSC was performed on a TA Instruments
Discovery DSC 250 (TA Instruments, New Castle, United States) equipped with a refrig-
erated cooling system (RCS). The samples were measured in Tzero pans with perforated
Tzero hermetic lids to allow a nitrogen atmosphere around the sample. DSC thermograms
were recorded with a heating rate of 10 ◦C min−1. Only experimental data obtained from
the second heating step are reported.

Thermal stabilities of the prepared polyamides were determined using thermogravi-
metric analysis (TGA) (TA Instruments Q500, TA Instruments, New Castle, DE, United
States). Approximately 10 mg of the material was heated at 10 ◦C/min from 25 ◦C to 700 ◦C
in a nitrogen atmosphere.

Electron paramagnetic resonance (EPR).
EPR sample preparation.
Neat GalXH or GalXMe (~50 mg) were loaded inside 4 mm quartz EPR tubes. The

samples were heated at 200 ◦C under a nitrogen atmosphere. After 15 min the samples
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were rapidly cooled in liquid nitrogen and were transferred directly to the spectrometer.
Mixtures of the spin-trap N-tert-Butyl-α-phenyl nitrone (30 mg, 0.17 mmol) with and
without GalXH (45 mg, 0.15 mmol) or GalXMe (52 mg, 0.15 mmol) were heated at 140 ◦C
under a nitrogen atmosphere. After 15 min the mixtures were cooled to room temperature
and then each was dissolved in 300 μL of toluene. Aliquots of each solution were transferred
to 2 mm capillaries for EPR measurements.

EPR
Room temperature EPR measurements were carried out using a Bruker E580 Elexys

spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany). The EPR spectra were
recorded at X-band microwave frequency (~9.7 GHz) in continuous-wave (CW) mode
with microwave power of 10 mW, 0.1 mT modulation amplitude and 100 kHz modu-
lation frequency. Cryogenic temperature EPR measurements were carried out using a
Bruker ESP300E spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) at X-band
microwave frequency (~9.45 GHz). The EPR spectra were simulated with Matlab2018b
(Mathworks, Natick, MA, United States) using the EasySpin-6.0 module, [23].

3.1.3. Synthesis of Polymers

A typical procedure adapted from Wroblewska et al. [5] is given below.
Synthesis of poly(hexamethylene-2,3:4,5-di-O-iso-propylidene-galactaramid) with

5 wt% inhibitor.
To a 100 mL three-necked round bottom flask (equipped with a vacuum-tight mechani-

cal stirrer, a Vigreux column and a distillation condenser) diethyl 2,3:4,5-di-O-isopropylidene-
galactarate (6.9276 g, 20 mmol), 1,6-hexamethylene diamine (2.3716 g, 20.4 mmol, slight
excess taking into account the 98% purity of the starting product), and Irganox 1330 as an
inhibitor (0.4626 g, 5 wt%) were added and slowly heated under nitrogen to 200–220 ◦C.
After all ethanol had been fully distilled off (+/− 1.5 h), vacuum was applied for 3 h. The
crude product was obtained as a yellowish material.

1H NMR (300 MHz, DMSO-d6) δ (ppm): 6.68 (2H, -NH-, s), 4.55 (2H, -CH-O-, m),
4.36 (2H, -CH-O-, m), 4.28 (4H, -CH2-NH-, t), 1.58 (4H, -CH2-CH2, HMDA, m), 1.40 (6H,
CH3, GalX, s), 1.30 (6H, -CH3, GalX, s). 1.26 (4H, -CH2-CH2-, HMDA, m).

4. Conclusions

Sugar-based cyclic acetal monomers are interesting monomers for solvent-free melt
polycondensation reactions. They are abundant and easily obtained from waste streams,
however the structure of the monomer should be carefully matched to the polymeriza-
tion conditions. It was confirmed by EPR measurements that methylene acetals have
the tendency to form radicals via thermally induced abstraction of hydrogen atoms and
therefore participate in undesired side reactions. The degradation can be potentially offset
using radical inhibitors, which allows control over polymerization of methylene acetals,
but is redundant during the polymerization of i-propylidene acetals since they are not
subject to radical degradation. Although these findings are based only on polyamide
synthesis, which requires more demanding temperatures, they are applicable to other
(melt) polycondensation reactions in general.
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Abstract: The chemistry of biomass-derived furans is particularly sensitive to ring openings. These
side reactions occur during furfuryl alcohol polymerization. In this work, the furan ring-opening
was controlled by changing polymerization conditions, such as varying the type of acidic initiator or
the water content. The degree of open structures (DOS) was determined by quantifying the formed
carbonyl species by means of quantitative 19F NMR and potentiometric titration. The progress of
polymerization and ring opening were monitored by DSC and FT-IR spectroscopy. The presence
of additional water is more determining on ring opening than the nature of the acidic initiator.
Qualitative structural assessment by means of 13C NMR and FT-IR shows that, depending on the
employed conditions, poly(furfuryl alcohol) samples can be classified in two groups. Indeed, either
more ester or more ketone side groups are formed as a result of side ring opening reactions. The
absence of additional water during FA polymerization preferentially leads to opened structures in
the PFA bearing more ester moieties.

Keywords: biobased poly(furfuryl alcohol); ring-opening; degree of open structures

1. Introduction

In recent years, research on biobased alternatives to fossil-based polymers has been
developed as part of a general concern for sustainability [1]. Some, such as poly(lactic acid),
can be obtained from starch [2]. However, arable lands are necessary in order to produce
said starch, thus competing with food crops. Extensive studies have been conducted to
substitute petroleum-based chemicals while avoiding such competition. Lignocellulosic
biomass is an interesting resource since it can be obtained through agricultural wastes.
It is constituted of lignin, cellulose, and hemi-cellulose [3] that can be processed into
phenols, hexoses, and pentoses before being further converted into platform molecules [4].
Lignin may yield phenolic precursors that can partly substitute petroleum-based phenol
for the preparation of phenol-formaldehyde resins [5,6]. The hexoses can be converted into
hydroxymethylfurfural, a platform chemical that can be oxidized into 2,5-furandicarboxylic
acid. This latter can be polymerized into poly(ethylene 2,5-furandicarboxylate), a serious
candidate as a replacement for poly(ethylene terephthalate) [7]. Finally, pentoses can be
dehydrated into furfural, another key platform molecule [8,9]. Furfural is most widely
used for the production of furfuryl alcohol (FA) by catalytic hydrogenation [4]. FA can
also be directly produced from xylose using one-pot systems [10]. The former can be
polymerized into poly(furfuryl alcohol) (PFA) through acid catalyzed polycondensation
(Scheme 1). This complex polymerization has been extensively studied [11–19]. From these
studies, two main steps were identified in the polymerization. The first one consists in
oligomer formation by FA polycondensation and the second is a branching via Diels–Alder
cycloaddition, leading to a high crosslinking density. The tightness of the networks induces
the strong brittle behavior of the material. This can limit its uses as a thermoset resin for
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structural applications when resilience and/or toughness are demanded. As a consequence,
PFA is rarely used on its own and is mostly used in composites with reinforcement, such as
flax fibers [20] or carbon fibers [21]. Currently, PFA is mostly used to bind sand particles
together into foundry molds [22].

Scheme 1. Chain of biobased PFA’s creation and highlight of the open structures.

The ring opening reaction of furfuryl alcohol yields levulinic acid (LA) or its related
esters. The conversion of FA through this pathway has recently been a subject of interest
since LA is an interesting platform molecule [23–26]. However, few studies have focused
on the ring-opening reactions within PFA. Falco et al. [27] studied the effect of the furan
ring opening on the structure and properties of PFA. Indeed, the furan ring can cleave
into carbonyl containing moieties within the polymer [18,19,28]. They showed that the
polymerization of FA with protic polar solvents (water, isopropanol) leads to more open
structures, which have been associated to a lower cross-link density and lower glass
transition temperature than the neat system.

Since carbonyl containing species such as ketones are formed during the furan ring
opening, it is interesting to quantitively follow the amount of carbonyls in the reacting
system. Several techniques have been developed to quantify the ketones in a product, such
as the Faix method [29] modified by Black [30] via potentiometric titration and quantitative
19F NMR [31]. These methods have been recently adapted to carbonyls formed within
PFA in a study by Delliere et al. They investigated how the degree of opened structures
progresses with the course of polymerization of FA [32] and proposed a new quantification
metric for these opened structures, namely the ’degree of open structures (DOS)’. It is
defined as the moles of opened structures from furan opening per moles of furan in the
sample. It is assumed that each open structure corresponds to two ketones which were
quantified using carbonyl quantification as formerly explained. Following the example
depicted in Scheme 1, there is theoretically 14 furfuryl units but two of them have been
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opened into carbonyl containing species and two merged through a Diels Alder reaction.
The resulting DOS of 0.14 was calculated as follows:

DOS =
2 open structures
14 f ur f uryl units

= 0.14 (1)

The DOS will thus range from 0 to 1 assuming that one furfuryl unit will give a
maximum of two ketonic species.

To our knowledge, no studies were devoted to the effects of the polymerization
reaction conditions on the ring opening reaction within PFA.

Accordingly, in this work, the conditions of the furan ring opening during polymeriza-
tion were studied.

First, the role of the acidic initiator on the furan ring opening was studied by compar-
ing Brönsted initiators, such as citric acid, oxalic acid, and acetic acid, with Lewis initiators,
such as boron trifluoride, iodine, alumina, or montmorillonite K10 (MMT-K10). Most have
already been used in the past [33–35]. A Brönsted superacid, such as trifluoromethane-
sulfonic acid, as well as initiators combining the two acidities such as cation exchanged
montmorillonite with alkyl-ammonium, were also employed. Indeed, cation exchanged
montmorillonite (Org-MMT) displays a dual acidity which, as highlighted by Zavaglia
et al. [34], leads to an acceleration of the FA polymerization rate. Therefore, the dual acidity
of Org-MMT might arguably affect the ring opening occurring during polymerization. The
effect of additional water on the ring opening was investigated as well.

In a final part, the nature of the carbonyl groups was investigated using PFAs from
the aforementioned experiments as well as PFAs from syntheses using isopropanol as a
solvent. They were then compared by displaying the DOSTitri as a function of the C=O area
of the corresponding FTIR spectra.

2. Results and Discussion

The main purpose of this work was to study the furan ring opening, focusing on certain
aspects, such as the effects of the acidic initiator, the presence or absence of additional
water, and its ratio on the ring opening.

2.1. Screening of the Different Initiators

As stated previously, different initiators were investigated. For the Brönsted type,
citric acid and oxalic acid were chosen as they have already been used for preparing PFA,
as well as acetic acid for its industrial accessibility [35].

A Brönsted superacid, namely trifluoromethanesulfonic acid (TfOH), was also investigated.
As for the Lewis type, boron trifluoride in methanol solution was chosen for being in

liquid state. Alumina, iodine, and MMT-K10 have been used in the past [11,33,36].
Montmorillonite (MMT) belongs to the family of smectites clays which are considered

as selective, safe, efficient, and eco-friendly initiators. It is a layered aluminosilicate in
which the silica and alumina form a sheet like structure. The hydrophilic nature of the
clays is explained by the presence of alkali charge compensating counterions within the
interlayer spaces. These counterions can be exchanged with organic or metallic cations.
MMT exhibits both Brönsted and Lewis acid sites. The Brönsted acidity is mainly due to
dissociation of the intercalated water molecules coordinated to cations. The Lewis acid
sites are located on alumina sheets. Accordingly, MMT is of great interest in the case of FA
polymerization. Indeed, its dual acidic character could catalyze both condensation and
addition during the FA polymerization [34].

Therefore, Sodium MMT (MMT-K10) and an organically modified MMT obtained by
exchanging the counterions with octadecyl ammonium cations (Org-MMT) were used in
this study to separately study the effect of the Lewis acid site with MMT-K10 and the effect
of the dual acidity with Org-MMT.

The results of the investigations on the role of the initiator are shown in Figure 1
for the titration results and Figure S1 for the NMR results. All results are indexed in
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the Supplementary Materials Table S1. The DOS varies significantly but there is no clear
demarcation between the different types of acidity.

Figure 1. Comparison of the degree of open structures obtained from titration method synthesized
with different initiators in function of the conversion degree.

The results plotted in Figure 1 suggest that the nature of acidic initiator (i.e., Lewis
vs. Brönsted) does not particularly affect the DOS. Indeed, at a similar reaction progress,
Lewis and Brönsted acids do not notably stand out from one another, and neither do the
combined acidities.

The results from the 19F NMR method are available in Figure S1. A point worth
noting is the undeniable difference between the titration and NMR results. They follow the
same trend. However, the DOSTitri is always superior to the DOSNMR. As explained in a
previous work [32], this gap may be explained by the difference in size, and therefore steric
hindrance, of the derivatization agents used in both cases to react with the ketones. The
potentiometric titration uses hydroxylamine, unlike the NMR titration which uses much
larger hydrazines, such as 4-(trifluoromethyl)phenylhydrazine. The differences in the DOS
of these two techniques demonstrate the interest in using both of them, giving in the end
an overall range of the DOS.

These investigations showed that the DOS progressively increases with the conversion
degree. However, the type of acidity does not particularly influence the DOS.

Another aspect worthy of examination was the role of added water on the DOS.

2.2. The Role of Additional Water

In order to determine whether the presence of additional water and its ratio affect the
DOS, two approaches were implemented.

2.2.1. DOS Comparison with and without Additional Water

First, the effect of additional water was studied by conducting several syntheses in
which an array of initiators was tested with and without additional water in a same amount
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in the system, i.e., the initial water amount, which will come in addition to the water
generated during the polycondensation. The FA/water ratio was fixed to 50/50 w/w. The
results of the first approach are indexed in Table S2. For each initiator, the water analogue
has a higher DOS.

The results plotted in Figure 2 suggest that the presence of water does influence the
DOS by increasing it. The 19F NMR method in Figure S2 presents the same trend. Indeed,
at a similar conversion degree, the DOS is higher when the reaction was performed in the
presence of additional water.

Figure 2. Comparison of the degree of open structures obtained by titration method and synthe-
sized with different initiators with and without additional water (50/50 w/w) as function of the
conversion degree.

As stated, the results of this investigation show that the added water plays a role in
the furan ring opening in agreement with both Falco et al. and Delliere et al. [27,32]. In
addition to this seminal investigation, it is clearly highlighted here that the increase in DOS
is not related to the acidic initiator. In other words, all the different FA/initiator systems
show a DOS increase with additional water.

2.2.2. The Role of the Additional Water Ratio

Secondly, several polymerizations were conducted by selecting only one initiator,
namely maleic anhydride (MA), and changing the FA/additional water ratio, ranging from
neat (100/0) to 40/60.

The results of the FA/additional water ratio investigations are indicated in Table S3.
Figure 3 exhibits the DOSTitri as a function of the conversion degree for PFAs synthetized
with more or less additional water. The 19F NMR results are depicted in Figure S3.
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Figure 3. Comparison of the degree of open structures obtained with titration method and synthesized
with different FA/Additional water ratios within function of the conversion degree.

Figure 3 and Figure S3 highlight that the DOS is continuously increasing with the
conversion degree, independently of the FA/water ratio. The neat PFA shows the lowest
DOS overall from the beginning to the near end of the polymerization, i.e., α ≈ 0.9. Regard-
ing the water ratios, systems with less water (40/60 and 10/90) have slightly higher DOS
than the 50/50 and 70/30 ratios at α < 0.80. Nonetheless, at higher conversion degrees, i.e.,
α ≈ 0.9, the gap shrinks around a DOS of 0.15. This is most likely due to the insolubility
of PFA in water. Indeed, FA and water are miscible, whereas above α ≈ 0.20 a demixion
occurs, as depicted in Figure 3. Thus, small, open, and water-soluble oligomers might not
be taken into account in the DOS at low conversion degrees.

Then, when the polymerization progresses, they would be integrated in the PFA phase,
leading to a final DOS of 0.15.

Consequently, these investigations allowed to determine that adding water plays a
role in the opening of the furan ring, but the ratio of added water does not impact the DOS
that is reached at the end of polymerization.

2.2.3. Carbonyl Groups in PFA

A variety of PFAs were synthetized using the aforementioned catalysts with and
without additional water. Secondly, syntheses using isopropanol (50/50 to FA) were
performed. The DOSTitri was measured as well as the FTIR C=O area, which is obtained by
normalizing the FTIR spectra followed by an integration between 1840 and 1650 cm−1. In a
study of C=O content in lignins, Faix et al. used this concept of FTIR C=O area to quickly
determine the C=O content of lignins [29]. They obtained excellent linear correlation
between the C=O content and the FTIR C=O area (R2 > 0.98). The goal of this study was to
check if determining the DOS of PFAs can be somehow correlated with the FTIR C=O area.

The FTIR spectra of neat PFA and 50/50 water PFA catalyzed by 2%w MA at conver-
sion degrees α ≈ 0.5 and α ≈ 0.8 are shown in Figure 4A. Both samples exhibit a C=O band
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at 1710 cm−1. This band has been attributed to ketonic moieties. However, the neat PFA
exhibits a shoulder around 1780 cm−1, which has been attributed to ester moieties [19,27].
Figure 4B presents the 13C NMR of the same samples. The peaks corresponding to ketones
appear between 195 and 210 ppm and, as shown in Figure 4B, the sample PFA 50/50 ex-
hibits more peaks in this region compared to the neat PFA. On the other hand, the resonance
attributed to esters are located between 160 and 178 ppm. The neat PFA shows more peaks
attributed to esters compared to PFA 50/50. In PFA 50/50, where α ≈ 0.8, the 174 ppm
peak is attributed to the ester band from the levulinic acid. Indeed, low levels of acid can
be detected in such PFAs [32].

Figure 4. (A) Normalized FTIR spectra of PFA 50/50 water and neat PFA neat at α ≈ 0.5 and α ≈ 0.8.
(B) 13C NMR spectra of PFA 50/50 water and neat PFA at α ≈ 0.5 and α ≈ 0.8 with an accumulation
of 6000 scans.

Figure 5 shows the DOSTitri as function of the FTIR C=O area for all the investigated
PFAs. A separation between PFAs prepared with additional water, the ones prepared
in neat conditions, and the ones prepared with additional IPA is portrayed in Figure 5.
It is worth mentioning that both ketones and aldehydes functions are quantified by the
oximation method, but this is not the case for the ester function. However, it is rather
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difficult to discriminate the ketones/aldehydes from the ester functions when integrating
the more or less broad carbonyl peak in FTIR. Accordingly, if only ketones or aldehydes are
present in the systems, the C=O content should increase linearly with the FTIR C=O area.
However, if other functional groups such as esters are taken into account in the C=O area,
the DOS vs. the C=O area will not be linear.

Figure 5. Degree of open structures obtained with titration method against FTIR C=O area for PFA
synthetized in neat, aqueous and 50/50 IPA systems. PFA have been synthetized with aforementioned
catalysts.

Moreover, in their work, Wewerka et al. used alumina as a catalyst and identified
lactones in the system [11]. In Figure 5, the data point of alumina catalyzed PFA (0.094;
30.4) is indeed in the ester bearing group.

Regarding the PFAs prepared with 50/50 IPA, they also belong to the ester bearing
groups in Figure 5 as observed by Falco et al. [27]. Yet, they have a higher DOS than the
neat PFA. This suggests an opening of furan rings through the formation of compounds,
such as levulinates or lactones, thus increasing both the DOS and FTIR C=O area.

Finally, the 13C NMR spectra of PFA 50/50 in Figure 4B exhibits a significant number
of carbonyl peaks from 194 to 210 ppm. Most of them are centered around 208 ppm, which
matches with 1,4-diketones. Similar peaks can be found in the neat PFA. However, at
α ≈ 0.80, new peaks rise in the 194–205 ppm area, in PFA 50/50 only. This confirms the
existence of types of carbonyl containing species other than 1,4-diketones in this system.

These results suggest that additional water either prevents the formation of esters
during FA polymerization or hydrolyses them or both.

3. Materials and Methods

3.1. Materials

Furfuryl alcohol (FA) (96%), 4-(trifluoromethyl)phenylhydrazine (96%), Hydroxy-
lamine hydrochloride (99%), Maleic anhydride (99%), Citric acid (99.5%), Oxalic acid
(99%), Acetic acid (99.5%), Isopropanol (98%)1,4-Bis(trifluoromethyl)benzene (98%), Tri-
ethanolamine (99%), trifluoromethanesulfonic acid (98%), Boron trifluoride-methanol so-
lution (14%), and MMT K10 (Montmorillonite K10) were supplied by Sigma-Aldrich.
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Organically modified montmorillonite (Org-MMT), obtained by the exchange of MMT
counterions with octadecyl ammonium cations, was supplied from Nordmann, Rassmann
GmbH (Nanomer I30E). DMSO-d6 (99.80%) was supplied Euristop. Chromium(III) acety-
lacetonate (97%) was supplied by Alfa aesar. Iodine resublimed was supplied by Carlo
Erba. Aluminoxid 90 neutral was supplied by Carl Roth. Ethanol (96 v%) was supplied
by VWR. Water was distilled using SI Analytics distillation unit purchased from Thermo
Fischer Scientific, France (conductivity ~1 μS/cm). All chemicals were used as received.

3.2. Methods
3.2.1. Poly(furfuryl alcohol)’s Synthesis

Each synthesis was carried out in the following way: For syntheses without additional
water, 25 g of FA were first added in a 100 mL round bottom flask. The appropriate amount
of catalyst (Table 1) was then added under vigorous stirring. After complete solubilization
of the catalyst, the mixture was then heated at 80 ◦C under reflux using a refrigerating tube
and under vigorous stirring for an hour, samples were taken regularly and inspected via IR
spectrometry.

Table 1. FA’s polymerization conditions.

Initiator
Quantity of Initiator

(Based on FA)
FA/Additional Water Ratio

Citric acid 2 mol% 100/0
Boron trifluoride in MeOH (14%) 0.07 mol% 100/0

Oxalic acid 2 mol% 100/0
Acetic acid 2 mol% 100/0
MMT K10 2 wt% 100/0; 50/50
Org-MMT 2 wt% 100/0; 50/50
Alumina 10 mol% 100/0

Iodine 1 mol% 100/0; 50/50
Trifluoroacetic acid 0.1 mol% 50/50
Maleic anhydride 2 mol% 100/0; 70/30; 50/50; 40/60; 10/90

After one hour, the refrigerating tube was taken off and the mixture was raised to
110 ◦C in order to remove the remaining water. The reaction was stopped when the mixture
became a dark brown resinous rubber, still elastic, not hard. For syntheses with additional
water, the appropriate amount of water (Table 1) was first added in a round bottom flask.
The process is then identical to the one previously described. Depending on the initiator,
the time of reaction varied. However, it never exceeded eight hours.

3.2.2. Liquid State Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on a Bruker AVANCE III (400 MHz for 19F, 125.77 MHz
for 13C) using d6-DMSO. 19F NMR spectra were carried out using a standard fluorine
90◦ pulse program, a relaxation delay of 3 s, and 256 scans acquired between −35 and
−85 ppm. The processing of spectra was conducted with MestReNova software, and
baseline (Breinstein polynomial order 3) and phase correction were applied. Finally, the
spectra were referenced to internal standard at −62.15 ppm. The 13C NMR spectra were
recorded with a 2 s relaxation delay and 6000 scans between −27.4 and 266.3 ppm. A high
number of scans was used to ensure good signal/noise ratio in the carbonyl area.

3.2.3. Differential Scanning Calorimetry (DSC)

The DSC measurements were performed on a DSC1 from Mettler Toledo equipped
with a FRS5 sensor (with 56 thermocouples Au-Au/Pd). The temperature and enthalpy
calibrations were performed using indium and zinc standards and the data were ana-
lyzed with STARe software. The samples weighted from 5 mg to 10 mg. Volatilization
of the polycondensation byproduct occurs during the curing of the different mixtures,
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which is why the samples were placed into 30 μL high-pressure gold-plated crucibles.
According to previous work, the conversion degree (α) was calculated using the following
Equation (2) [34,37,38]:

α =
QMax − Qresidual

QMax
(2)

Here, QMax is the total heat released during the polymerization. Qresidual corresponds
to the heat generated when completing the polymerization of oligomers.

3.2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR (ATR) measurements were recorded on a Thermo scientific Nicolet iS20
spectrometer from 400 to 4000 cm−1 with 64 scans and a resolution of 4.0 cm−1. A spectrum
of air was used as background. The acquired spectra were analyzed with the OMNIC
9 software. First, a baseline was applied to the spectra. Then, they were normalized by
using the C-O band at 1000 cm−1 as a reference band (absorbance = 1). The normalization
is required to avoid variations caused by the refraction indexes. Indeed, it is the most
intense band within both PFA and furfuryl alcohol [16,39]. The FTIR C=O area was set to
(1650–1840 cm−1), according to literature [40].

3.2.5. Carbonyl Quantification Methods and DOS Determination

In order to determine the DOS of the PFA resins, two carbonyl quantification methods
adapted to furanic macromolecular systems were used as developed by Delliere et al. [32].

The first method, based on the work of Faix et al., uses the oximation and was con-
ducted as follows [29,30]: About 100 mg of PFA were accurately weighted in a vial, followed
by the addition of 2 mL of DMSO. The vials were then heated for 5 min at 80 ◦C in order to
quickly dissolve the PFA. This step was followed by the addition of 2 mL of a 0.44 M hydrox-
ylamine hydrochloride-EtOH solution (80 v%) and 2 mL of a 0.52 M triethanolamine-EtOH
solution (96 v%). Moreover, blanks were performed, and the samples were triplicated. The
last step consisted in heating the samples for 24 h at 80 ◦C in order to reach total oximation.
The samples were then allowed to cool-down before titration with a 0.1 N HCl solution.

Consequently, the carbonyl content was calculated using the following equation:

CO content (mmol/g) =
(V0 − V)

mPFA
∗ [HCl] (3)

where V0 is the endpoint of the blank, V is the endpoint of the sample, and mPFA stands for
the mass of PFA in the sample.

The other method employed for carbonyl quantification was NMR based on the work
of Constant et al. [31]. Quantifications were conducted as follows:

About 100 mg of PFA, 140 mg of 4-(trifluoromethyl)phenylhydrazine (CF3FNHNH2)
and 20 mg of 1,4-bis(trifluoromethyl)benzene were accurately weighted in a 1.5 mL vial.
Thereafter, 400 μL of d6-DMSO were added and the vial was shaken for 10 min before
5 s of centrifugation. Then, the content of the vials was transferred into NMR tubes and
underwent heating for 24 h at 40 ◦C. Finally, 100 μL of a relaxing agent solution were
added and homogenized just before analysis (28 mg/mL of chromium(III) acetylacetonate
in d6-DMSO). The carbonyl content can be calculated through the following equation using
the integrated areas from the acquired spectra:

CO content (mmol/g) =

[
Ac −

(
AH◦ ∗mH

mH◦

)]
∗ mIS

AIS ∗ 0.5 ∗ mPFA ∗ MIS
∗ 103 (4)

where Ac stands for the hydrazones’ areas. mIS, MIS and AIS correspond respectively
to the mass, molecular mass, and the integrated area of the standard. Since an impurity
appears to be present in the commercial CF3FNHNH2 its amount was determined in every
batch. This results in a correction factor where AH◦ is the integrated area of the impurity
in the reference and mH◦ is the mass of hydrazine within it. mH is the mass of hydrazine
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within the sample. Finally, the area of the standard was multiplied by 0.5 as it bears two
CF3 groups.

At last, as described in a previous work, PFA resins can be characterized by their
degree of open structures [32]. Indeed, as described in earlier publications, carbonyls in
PFAs emerge from the opening of a furan ring into 1,4-dicarbonyls [18,19]. Thus, the DOS
can be defined as follows:

Degree of open structures (DOS) =
1
2

.
NC=O

Nf uranic
(5)

where NC=O is the moles of carbonyls and Nf uranic the moles of furan units, i.e., furan-
CH2–. This can be converted into Equation (6) for the carbonyl content to appear in the
equation.

DOS =
1
2
·1000· CO content· M( f ur f uryl unit) (6)

The DOS obtained from the NMR method will be called DOSNMR while the one
resulting from oximation will be DOSTitri.

4. Conclusions & Prospects

In the present study, the conditions impacting the furan ring opening occurring during
FA polymerization were investigated. Accordingly, the degree of open structures (DOS)
was used as an indicator. Different acidic catalysts, spanning from Brönsted to Lewis acids,
were employed to initiate FA polymerization. However, the results point towards the fact
that no specific type of acidity particularly promotes or reduces the DOS.

Then, the influence of the additional water content was examined and different initial
FA/water ratios ranging from 100/0 to 10/90 were employed. When FA polymerization is
not too advanced (i.e., α < 0.8), the DOS is quite influenced by the water ratio. Logically, a
higher water content will lead to a higher DOS. However, for α > 0.8, the DOS values are
merging for all the FA/water ratio to an ultimate value of about 0.15. Only the neat FA (i.e.,
polymerized without any additional water) has a much lower DOS (i.e., 0.09).

Finally, insights on the nature of the carbonyls contained in the open structure of
PFAs were given. The existence of esters in these open structured resins was highlighted,
especially when FA polymerization was conducted without additional water. On the other
hand, FA polymerization conducted with additional water rather highlighted the formation
of ketonic groups in their opened structures and much fewer esters were identified.

To conclude, even a relatively low water content in FA (i.e., 30%) will enable to promote
furan ring opening independently of the initiator employed. The absence of additional
water on the other hand limits, but does not prevent, the formation of open structures that
contain esters functions.

This investigation sheds new light on how side-reactions during FA polymerization
can influence the final polymeric structure. The fact that FA polymerization is conducted
under acidic catalysis in the presence of water (coming either from the condensation or
added from the formulation) irrevocably leads to open structures containing ester and
ketonic species. It might be interesting to investigate which already cross-linked PFA resins
would be sensitive to ring opening occurring after complete polymerization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules27103212/s1, Figure S1: Comparison of the degree of open structures obtained
from 19F NMR method synthesized with different initiators in function of the conversion degree.
Table S1: Index of the results of the different initiators used without water. Figure S2: Comparison of
the degree of open structures obtained 19F NMR method and synthesized with different initiators
with and without additional water (50% w/w) in function of the conversion degree. Table S2: Index
of the results of the different initiators used without water. Figure S3: Comparison of the degree
of open structures obtained with 19F NMR method and synthesized with different FA/Additional
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water ratios with in function of the conversion degree. Table S3: Index of the results of the different
FA/additional water ratios used with maleic anhydride.
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Abstract: To investigate the utility of acrylic monomers from various plant oils in adhesives man-
ufacturing, 25–45 wt. % of high oleic soybean oil-based monomer (HOSBM) was copolymerized
in a miniemulsion with commercially applied butyl acrylate (BA), methyl methacrylate (MMA), or
styrene (St). The compositions of the resulting ternary latex copolymers were varied in terms of
both “soft” (HOSBM, BA) and “rigid” (MMA or St) macromolecular fragments, while total monomer
conversion and molecular weight of copolymers were determined after synthesis. For most latexes,
results indicated the presence of lower and higher molecular weight fractions, which is beneficial
for the material adhesive performance. To correlate surface properties and adhesive performance
of HOSBM-based copolymer latexes, contact angle hysteresis (using water as a contact liquid) for
each latex-substrate pair was first determined. The data showed that plant oil-based latexes exhibit
a clear ability to spread and adhere once applied on the surface of materials differing by polarities,
such as semicrystalline polyethylene terephthalate (PET), polypropylene (PP), bleached paperboard
(uncoated), and tops coated with a clay mineral paperboard. The effectiveness of plant oil-based
ternary latexes as adhesives was demonstrated on PET to PP and coated to uncoated paperboard
substrates. As a result, the latexes with high biobased content developed in this study provide
promising adhesive performance, causing substrate failure instead of cohesive/adhesive break in
many experiments.

Keywords: plant oils; plant oil-based acrylic monomers; miniemulsion polymerization; biobased
latexes; waterborne contact adhesive

1. Introduction

It has become evident that the synthesis of sustainable polymers (based on natu-
ral resources) has developed into a booming research area that targets the replacing of
petroleum-based counterparts in manufacturing with a broad range of polymeric mate-
rials. Renewable raw materials, such as cellulose, lignin, vegetable oils, starches, mono-
and di-saccharides have attracted growing attention from both industrial and academic
researchers in biobased polymeric material design [1,2]. Among others, plant/vegetable
oils have become a prospective natural feedstock for synthesizing various biobased poly-
mers and polymeric materials [3]. Chemically, they are mixtures of triglycerides, glycerol
esters and various fatty acids. Depending on the oil composition, chain length, unsatu-
ration degree, and types of fatty acids, moieties differ, essentially thus determining the
physico-chemical properties of plant oils, as well as the synthesis possibilities and the
prospects of particular oils. In fact, their chemical diversity is exciting, as well as offering
various synthetic opportunities. Most chemical reactions of plant oil triglycerides proceed
by reactions of the ester group, while some other synthetic pathways include reactions of
allyl fragments [4]. When various other synthetic methods were applied, oxy-polymerized
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oils, polyesters [5], polyurethanes [6], polyamides, acrylates, and epoxy resins based on
plant oil triglycerides [7] were successfully synthesized.

In the field of adhesives, polymeric materials from biobased renewable resources
are increasingly being considered [8,9]. While using biopolymers, such as natural rubber,
proteins, and polysaccharides (cellulose and starch, in particular) has been historically
introduced, research interests in synthesizing polymeric adhesives, based on new renew-
able monomers, from various natural resources have recently grown, due to expansion in
the sustainable products market. However, popular renewable feedstocks, like proteins,
tend to increase the hydrophilicity of adhesives, due to the many polar groups in their
structure, which creates a barrier to their incorporation in adhesive formulations. The
use of plant-based polymeric materials can bring advantages to adhesives that were not
previously possible [10]. Incorporated in adhesives formulation, structural elements from
plant oils can increase adhesive hydrophobicity and, thus, water resistance [11–13]. Aside
from hydrophobicity, polymer fragments derived from vegetable/plant oils can bring
other advantages, such as plasticizing effects, compatibility between reagents, cross-linking
sites, [14,15], etc. While the market for biobased adhesives is still limited, their advantages
can be leveraged in different areas [16,17]. Moreover, using plant oil-based adhesives can
improve the curing process, and strengthen adhesive bonds, while improving material sus-
tainability by simplification of the recycling process, due to their inherent biodegradability,
which saves efforts and costs, in terms of health and safety regulations.

Sustainability, however, is often not the only sufficient decision-making factor for
commercializing biobased products. Modern chemical technologies should also enhance
the performance compared to petroleum-based materials, especially if additional costs are
required for new material implementation.

Synthesized in our group, plant oil-based monomers (POBMs) can be applied directly
in the production of biobased polymeric materials that utilize acrylic monomers in free
radical polymerization mechanisms, including emulsion/miniemulsion processes to yield
latex polymers [18,19]. POBMs undergo free radical polymerization and, at the same
time, retain reactive sites for post-polymerization cross-linking to generate materials with
advanced properties and long-term performance. Depending on the applied oil(s), the
chemical composition properties of POBM-based polymers can be tuned, based on the
unsaturation amount of the fatty acid side chains [20–22]. The high functionality of POBM
molecules facilitates control of the resulting polymer molecular weight and may enhance
adhesion to a variety of substrates. Feasibility of synthesizing up to 70 wt. % plant oil-
based cross-linkable latex binary copolymers has been demonstrated by our groups [20,21].
Such cross-linking may improve the mechanical properties and bonding strength of the
resulting adhesives.

It is important to note that, despite the fact that plant oils are considered as a promising
sustainable feedstock in biobased adhesive manufacturing, direct comparison of such
adhesives with materials based on POBMs is not possible without an additional feasibility
study which we report on in this publication.

This study focuses on synthesizing and characterizing novel plant oil-based ternary
latex copolymers and evaluating their feasibility as adhesives on various substrates. For this
purpose, a range of copolymers with high POBM content (25–45 wt. %) were synthesized
using miniemulsion polymerization. To investigate the potential of POBMs as petroleum-
based counterparts’ replacement in adhesives manufacturing, a high oleic soybean oil-
based monomer (HOSBM) was chosen for copolymerization with the following substances,
common in commercial latex adhesives: butyl acrylate (BA), methyl methacrylate (MMA),
and styrene (St). We varied copolymer composition [including plant oil-based content and
ratio between “soft” (POBMs, BA) and “rigid” (MMA or St) macromolecular fragments,
based on merit] of the latex copolymers, while total monomer conversion, and particle
size, as well as thermal characteristics of latexes, were considered as synthetic criteria and
monitored after completion of polymerization.
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Furthermore, the adhesive properties of the synthesized ternary latexes were evaluated
using various substrate materials. As a result, newly developed POBM-based polymeric
materials provide equivalent and, in some cases, better adhesive performance, causing
substrate failure in many experiments. The utility of POBM-based ternary latexes as
adhesives was clearly demonstrated on all substrates.

2. Results and Discussion

2.1. Synthesis and Characterization of Plant Oil-Based Terpolymers

For the synthesis of ternary latex copolymers, the concentration of plant oil-based
fragments of HOSBM in monomer feed was varied (up to 45 wt. %) in copolymerization
with MMA/St, while the content of the other (soft) counterpart, n-butyl acrylate, was held
at 10 wt. %.

Miniemulsion copolymerization was completed within 10 h, during which essentially
all monomers were polymerized (total monomer conversion of 90–95%) to yield thermal
stable latexes at 30 wt. % solid content (Table 1).

Table 1. Solid content, conversion, and composition of terpolymer latexes.

Latex Formulations (wt. % in Monomer Feed) Solid, % Conv., %
Copolymers Composition, wt. %

Calculated 1H NMR

HOSBM-BA-MMA
25–10–65 30.3 94.2 0.18–0.05–0.77 0.19–0.06–0.75
35–10–55 30.0 92.5 0.27–0.05–0.68 0.27–0.09–0.64
45–10–45 30.4 90.5 0.36–0.05–0.59 0.39–0.08–0.53

HOSBM-BA-St
25–10–65 30.7 94.5 0.2–0.11–0.69 0.24–0.09–0.67
35–10–55 30.9 93.0 0.28–0.11–0.61 0.26–0.11–0.63
45–10–45 30.4 93.0 0.35–0.11–0.54 0.42–0.1–0.48

The polymer composition is a significant parameter determining the properties of the
terpolymer and, ultimately, its practical applications. The Alfrey–Goldfinger equations
were used to estimate the compositions of the biobased terpolymers [23,24]. The resulting
copolymers’ compositions were determined by 1H NMR spectroscopy, which is routinely
used for the characterization of multicomponent polymers. The technique works best when
the individual monomers exhibit well-defined signals unique to the specific monomer so
that the accuracy of the signal integration is reliable. However, some uncertainty may
arise when signals for individual monomers overlap. According to data in the literature
for individual monomers 1H NMR spectra integrals, the molar fraction of BA/MMA/St,
can be evaluated from 1H NMR-based integrated areas for the signals designated on the
spectrum for -O-CH2- of BA (at 4.1–3.8 ppm, 2H), for -O-CH3 of MMA (at 3.75–3.3 ppm,
3H), and for “aromatic hydrogens“ of St (spectral area for 6.2–7.5 ppm, 5H) [25].

The 1H NMR spectrum of purified terpolymer HOSBM-BA-MMA (Figure 1) indicates
the incorporation of all three monomer fragments through the appearance of characteristic
signals for the protons of -CH=CH- (HOSBM), -O-CH3 (MMA), and -O-CH2- (BA) groups
at 5.37 (peak a), 4.15 (peak b), and 3.7 ppm (peak c), respectively. However, calculations
of the composition for HOSBM-BA-MMA terpolymer are complicated, since the -O-CH2-
signals of BA at 4.15 ppm overlap with HOSBM signals -O-CH2-CH2- at 4.2 ppm, as well
as the -O-CH3 signals of MMA at 3.75 ppm overlap with HOSBM signals -CH2-CH2-NH-
at 3.6 ppm (Figure S1). To overcome this challenge, the 1H NMR spectrum of HOSBM
homopolymer was used for calculations.

137



Molecules 2022, 27, 5170

47.4

4.2

a

δ

29.0

4.12.0

cba

2.0

cb

18.2

3.5
2.0

cba

Figure 1. 1H NMR spectra of terpolymers HOSBM-BA-MMA.

The resulting molar composition of terpolymers, based on integrals of characteristic
peaks (Ia, Ib, Ic) (Figure 1), was calculated using Equation (1). The amount of BA/MMA
was calculated by subtracting the integral value of the signals at HOSBM homopolymer
spectrum at ~4.15 and 3.7 ppm (2.2 and 2.3, respectively) from the determined value. The
1H NMR spectrum for HOSBM homopolymer is presented in the supporting information
(Figure S2). The conversion calculations from mole fraction to weight fractions have been
performed for all compositions presented in the Table 1. Terpolymers HOSBM-BA-MMA
were obtained with high conversion (>90%), and their compositions based on 1H NMR
measurements were very similar to the theoretical one (Table 1).
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It
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2
+

Ic
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The 1H NMR spectrum of purified terpolymer HOSBM-BA-St (Figure 2) indicated the
incorporation of St units through the appearance of characteristic signals for the aromatic
hydrogens at 6.2–7.5 ppm (peak c). The characteristic signals for the protons of -CH=CH-
group (HOSBM) appeared at 5.37 ppm (peak a). Since the -CH2-CH3 signals of BA at
0.96 ppm (peak b) overlapped with HOSBM signals -CH2-CH3 at 0.9 ppm the 1H NMR
spectrum of the HOSBM homopolymer was used to calculate the composition for HOSBM-
BA-St terpolymers. The molar composition of terpolymers was determined via 1H NMR
spectra based on integrals of these characteristic peaks (Ia, Ib, Ic) using Equation (3). The
weight fractions were calculated from the mole fraction and presented in Table 1. The
amount of BA was calculated by subtracting the integral value of the signals at HOSBM
homopolymer spectrum at ~0.9 (3.2) from the determined value.
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Figure 2. 1H NMR spectra of terpolymers HOSBM-BA-St.

Overall, obtained data on biobased content in the resulting latexes confirmed that
the vast majority of plant oil-based ingredients were incorporated into the copolymer
macromolecules during miniemulsion polymerization, and the composition of copolymers
determined using NMR data coincided well with the composition calculated by the Alfrey–
Goldfinger equations.

The mean particle size distribution of the latex polymer particles was determined
using dynamic light scattering. Figure 3 shows that the volume-average particle size for all
terpolymer latexes ranged between 43 and 82 nm, while particle size distribution increased
with increasing HOSBM content in monomer feed (PDI = 0.08–0.52).

 

Figure 3. Latex particle size distribution of the biobased terpolymers HOSBM-BA-St (A) and HOSBM-
BA-MMA (B).

Polymer molecular weight and dispersity are important parameters impacting adhe-
sive performance. It is not uncommon that these parameters may have a complex influence
on different properties. For example, good shear adhesion requires high molecular weight
polymers with high entanglement molecular weight. The segment molecular weight be-
tween the crosslink points can be a factor if the formation of the crosslinked adhesive
network is induced. On the other hand, to ensure good tackiness, macromolecules with
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lower molecular weight (and Tg) are required. Thus, polymers with bimodal (lower and
higher fractions simultaneously) molecular weight distribution may facilitate enhanced
values of both shear adhesion and tackiness of the adhesive [26].

In this work, obtained latexes were characterized by gel permeation chromatography
(GPC) to evaluate their molecular weight and dispersity. Figure 4 shows the logarithmic
dependence of number average molecular weight on the concentration of HOSBM (ln
[HOSBM]) in monomer feed.

Figure 4. A log-log dependence of number average molecular weight (Mn) and HOSBM-BA-St
(1)/HOSBM-BA-MMA (2) weight concentration.

As expected, the molecular weight of the final latex polymers decreased as the fraction
of POBMs in the initial monomer mixture (degree of unsaturation) increased. This is
explained by the degradative chain transfer effect on HOSBM (allylic termination) provided
by allylic hydrogen atoms in the HOSBM molecules, which was reported in our previous
studies [19,20]. This observation was in agreement with the previously described more
extensive chain transfer effect, caused by a higher unsaturation degree of the monomer
feed. Interestingly, bimodal molecular weight distribution has been observed for latexes
synthesized in the copolymerization of HOSBM and BA with MMA, while GPC analysis
of material synthesized in copolymerization with St yields a single peak, although with
broader dispersity (Figure S3). We explain this difference by various termination modes for
macroradicals during chain copolymerization. The pathways of termination of MMA and
St polymerizations are the most extensively studied [27]. The disproportionation (yielding
two shorter macromolecules)/coupling ratio in MMA polymerization was 85/15, while for
St polymerization the contribution of the coupling mode could be varied from nearly 60%
up to 100%. According to the literature data [27], the GPC analysis of the MMA polymers
revealed a bimodal trace which is divided into two components (low and high molecular
weight) and confirms the mixed pathway of termination. For both compositions, though,
the measurements clearly showed the presence of lower and higher molecular weight
fractions, which is clearly beneficial for their adhesive performance.

To evaluate the effect of HOSBM content on the thermal properties of plant oil-based
latex adhesives, latex samples underwent differential scanning calorimetry (DSC) measure-
ments. As illustrated in Figure 5, the DSC diagrams show a dependence of glass transition
temperature (Tg) for synthesized latexes on different HOSBM content. The plasticizing
effect of POBM fragments has been previously reported by our group [20,21]. The obtained
results confirmed that Tg decreased when HOSBM content increased, making the resulting
materials much softer if compared to polystyrene and polymethyl methacrylate (both
having glass transition temperature in a range of 100–110 ◦C). A variation of oil-based
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monomer content changed the Tg (and, thus, the thermal properties) of the resulting latex
polymers for all synthesized compositions. An increasing fraction of HOSBM in copolymers
made the macromolecules more flexible, as indicated by decreasing Tg.

 

Figure 5. DSC diagrams for terpolymers HOSBM-BA-MMA (A) and HOSBM-BA-St (B) (heating rate:
10 ◦C min−1).

2.2. Correlation between Wettability and Adhesive Performance Plant Oil-Based Terpolymers

Good wettability of material surfaces is an important factor for enabling bonding for-
mation between adhesive and substrate. It is critical that the applied adhesive formulation
wets and spreads over the surface to achieve close contact between two materials to ensure
physical interactions and the developing intermolecular forces.

The substrate surface properties, including surface energy and roughness, have an
essential impact on the resulting bonding quality. Another surface characteristic that
can be translated into adhesive performance is contact angle hysteresis (CAH). CAH is
determined as a difference between advancing contact angle, θA of the liquid that spreads
over a surface, and receding contact angle, θR of a liquid that retreats from a wet surface.
Surface roughness, chemical heterogeneity, and surface reorganization upon close contact
with a liquid during the measurement are considered to be the most influential factors for
CAH values [28,29].

Hence, the next step in this study was to investigate how latex copolymer composition
(including POBM content) impacts wettability (ability to maintain contact with substrate
surface) of various material surfaces by latexes and if the latter correlates with the plant
oil-based latexes adhesive performance. A range of substrates representing semicrystalline
polyethylene terephthalate film (PET), polypropylene sheet (PP), bleached paperboard
(uncoated), and a top coated with a clay mineral bleached paperboard were sourced for
this purpose. Prior to studying the wettability of each material substrate by the synthesized
latexes, surface energy for each substrate material was determined using the Zisman
method [30,31]. According to this model, the surface free energy splits between dispersive
and polar energy components, which can be calculated from the contact angles between
the materials’ surface and probe liquids of different (known) interfacial properties (for
example, water and diiodomethane).

As shown in Table 2, the surface energy of PP was below 35 mN/m, while the polar en-
ergy component was very low, which meant that PP was the most non-polar material in the
range. Uncoated paperboard, with its polar functional groups of cellulose/hemicellulose,
possesses slightly higher surface energy. Among chosen materials, the highest surface
energy of PET can be attributed to the polar ester groups. However, the polar energy
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component of the PET surface was still lower than for the top coated with hydrophilic clay
mineral paperboard substrate.

Table 2. Surface free energy parameters of the used materials.

Substrate Water θ, ◦ CH2I2 θ, ◦
Surface Energy, mN/m

λS
d λS

p λS

PET 73.4 ± 1.7 37.4 ± 1.3 40.9 ± 0.6 5.6 ± 0.7 46.5 ± 1.3
PP 93.1 ± 4.0 53.5 ± 2.9 32.3 ± 1.6 1.2 ± 0.8 33.5 ± 2.5

Paperboard coated 66 ± 3.4 58 ± 3.6 30 ± 2.1 12.8 ± 2.1 42.8 ± 4.2
Paperboard uncoated 83 ± 6.3 51 ± 2.6 33.9 ± 1.5 3.6 ± 2.1 37.5 ± 3.6

Water θ—water contact angle; CH2I2 θ—diiodomethane contact angle; λS
d—dispersive component of the surface

energy; λS
p—polar component of the surface energy; λS—surface free energy.

Table 3 presents experimentally determined surface free energy for each HOSBM-
based latex synthesized in this work. The obtained values (ranging between 27 and
30 mN/m) do not depend significantly on copolymer composition (including biobased
content), revealing that latexes possess rather low surface energy, which can be explained
by the presence of remaining surfactant molecules at the liquid–air interface. Taking into
account the experimental precision, no difference between latexes with various POBM
content was observed.

Table 3. Contact angle hysteresis of HOSBM-based latexes on PP and PET.

Sample (Monomer Feed) Surface Tension,
mN/m

PP PET

θA, Deg θR, Deg θA–θR θA, Deg θR, Deg θA–θR

HOSBM-
BA-MMA

25–10–65 27.4 56 ± 1.4 25 ± 2.0 31 60 ± 1.2 29 ± 1.2 31
45–10–45 27.7 61 ± 1.0 32 ± 1.8 29 60 ± 1.9 25 ± 1.7 35

HOSBM-
BA-ST

25–10–65 28.9 65 ± 3.0 43 ± 3.2 22 62 ± 0.7 34 ± 0.6 28
45–10–45 30.0 60 ± 2.5 34 ± 1.4 26 59 ± 1.0 31 ± 0.9 28

θA—advancing contact angle; θR—receding contact angle; θA–θR—contact angle hysteresis.

To correlate surface properties and adhesive performance of HOSBM-based copolymer
latexes and ensure latex spreading ability and adherence over the substrate materials differ-
ing by polarity, contact angle hysteresis for each latex-substrate pair was next determined
using water as a contact liquid.

Tables 3 and 4 collect contact angle hysteresis values for latexes with 25 and 45 wt. %
of HOSBM on PP, PET, and coated/uncoated paperboard substrates. Even though the
surface free energy of substrate materials differed in a range of 34–47 mN/m (with a polar
energy component differing by one order of magnitude), no significant difference appeared
for the experimentally determined values of hysteresis with increasing plant oil-based
content in the copolymer. Nevertheless, essentially higher values for both advancing
and receding contact angles were observed for coated/uncoated paperboard, compared
to PP and PET substrates, which may indicate different adherence of latexes to both
paperboard substrates and might be explained by more expressed chemical heterogeneity
of the substrate surface [32].

Overall, wettability measurements indicated that the synthesized ternary copolymers
latexes exhibited an ability to spread and adhere once applied to all chosen substrates, and,
thus, could be considered further for adhesive performance evaluation. Therefore, the
adhesive performance of latexes was studied next using the T-peel test.

Since PET, PP, and paperboard are widely used in food packaging, the textile industry
in manufacturing carpets, woven materials, etc., as well as other consumer goods, T-peel
strength testing can be applied for assessing the adhesive joints in laminated or packaging
materials [33]. Having this in mind, the synthesized HOSBM-based copolymers were tested
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on PET to PP and coated to uncoated paperboard substrate pairs to demonstrate the latexes’
feasibility in multisubstrate bonding applications.

Table 4. Contact angle hysteresis of HOSBM-based latexes on coated/uncoated paperboard.

Sample (Monomer Feed)
Coated Uncoated

θA, Deg θR, Deg θA–θR θA, Deg θR, Deg θA–θR

HOSBM-BA-
MMA

25–10–65 81 ± 1.9 49 ± 0.9 32 79 ± 1.3 49 ± 0.5 30
45–10–45 80 ± 1.5 47 ± 1.0 33 82 ± 2.5 47 ± 0.5 35

HOSBM-BA-
ST

25–10–65 80 ± 1.1 55 ± 1.5 25 83 ± 4.6 55 ± 3.1 28
45–10–45 80 ± 0.8 49 ± 2.0 31 89 ± 1.6 59 ± 1.7 30

θA—advancing contact angle; θR—receding contact angle; θA–θR—contact angle hysteresis.

Typically, adhesion force is determined by wettability and the resulting physicochem-
ical interactions between adhesive and substrate, including strong covalent bonding as
well as weaker physical (van der Waals or hydrogen) interactions [24]. Considering the
chemical structure of plant oil-based monomers, it can be assumed that the presence of
oil-derived unsaturated fatty acid fragments in latexes may provide cross-linking sites,
thus strengthening adhesion forces. Figure 6A shows two selected plots for HOSBM-BA-St
latexes with different biobased content tested by T-peel test on paperboard (coated to un-
coated) substrates. As seen qualitatively, cohesive failure was observed for latex with lower
HOSBM content (Figure 6B), while the presence of 45 wt. % biobased content in the material
resulting in higher peel strength and substrate failure during the testing (Figure 6C). In the
case of cohesive failure, the peel plot stayed at a plateau during testing, and both substrates
contained adhesive residues after the experiment ended. The peeling plot looked more
complex for the latexes with higher biobased content. The load initially rose to a maximum
point, then dropped to a lower value, corresponding to the noticeable delamination of the
substrate (Figure 6C).

Figure 6. Peel strength of HOSBM-BA-St 25–10–65 wt. % and 45–10–45 wt. % latexes copolymers
on paperboard (coated to uncoated) substrates (A) and substrate samples after peel strength testing
((B,C) [substrate failure]).

Peel strength of HOSBM-BA-MMA latexes with various biobased contents were tested
on PET-PP substrate pairs (Figure 7). The obtained results showed that the presence of
HOSBM fragments in the latex terpolymers (up to 45 wt. % in monomer feed) improved
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adhesion and increased the peel strength. Similar to the testing on paperboard, using
latexes with lower biobased content resulted in cohesive failure, and substrate failure was
observed once a higher concentration of biobased fragments was incorporated into latex
copolymers. We attributed an increase in peel strength to the stronger chemical bonding
formation at the terpolymer-substrate interface. As a result, substrate failure occurred due
to the strong adhesion of the terpolymers with higher biobased content to the substrate,
which was more substantial than the structural cohesion force of the latex (Figure S4).
Therefore, it can be concluded that increasing the concentration of HOSBM fragments in
the latex terpolymers led to differences in adhesive joint failure mode during peel strength
testing (which was cohesive failure for a lower amount of HOSBM vs. substrate failure
when the amount of HOSBM in the terpolymer went up).

 

Figure 7. Peel strength of HOSBM-BA-MMA 25–10–65 wt. % and 45–10–45 wt. % latexes copolymers
on PET-PP substrates (A) and substrates samples after T-peel strength testing ((B,C) [substrate failure]).

The obtained results indicated that the adherence level of latexes overall correlated
with wettability, thus contact angle hysteresis measurements reflected POBM-based ternary
copolymers behavior on substrates with various chemical heterogeneities.

In summary, the performance of the synthesized latexes with up to 45 wt.% of high
oleic soybean oil-based monomer showed their utility on multiple substrates, resulting in
substrates’ failure in adhesive peel strength testing.

3. Materials and Methods

3.1. Materials

High oleic soybean oil (Perdue Agribusiness LLC, Salisbury, MD, US), sodium dodecyl
sulfate (SDS, VWR; Solon, OH, US), and sodium chloride (VWR; Solon, OH, US) were
used as received. Methyl methacrylate (MMA, Alfa-Aesar; Ward Hill, MA, USA), butyl
acrylate (BA, TCI America, Portland, OR, USA), styrene (St, Sigma-Aldrich, St. Louis,
MO, US), and acrylic acid (AA, Alfa-Aesar; Ward Hill, MA, USA) were distilled under
vacuum to remove the inhibitor and stored in a refrigerator. Azobisisobutyronitrile (AIBN;
Sigma-Aldrich, St. Louis, MO, USA) was purified with recrystallization from methanol. All
other solvents used were reagent grade or better and used as received. Deionized water
was used throughout the study (Millipore water, MilliQ, 18 MΩ).
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3.2. Latex Preparation

The high oleic soybean oil-based latexes were synthesized in mini-emulsion copoly-
merization of respective acrylic monomers from plant oils with BA, St, and MMA. For this
purpose, the oil phase (25.5 g) was prepared by mixing HOSBM (25–45 wt. %, 6.4–11.5 g),
BA (10 wt. %, 2.55 g) with MMA or St at different ratios (40–55 wt. %, 11.45–16.55 g) in the
presence of 1.5 wt. % (0.4 g) oil-soluble initiator per oil phase.

The aqueous phase was formed by dissolving the emulsifier (SDS, 5 wt. % per oil
phase, 1.3 g) in Millipore water with added small amounts of NaCl (0.02 mol/L, 0.05 g).
The oil phase was added dropwise to the aqueous phase and mixed for 45 min to form a
pre-emulsion. The pre-emulsions were sonicated with three pulses for 60 sec each using
Q-Sonica (500 W digital sonicator, 1

2 in. tip, 20 kHz, Newtown, CN, USA) and placed in an
ice bath to maintain the temperature at 25 ◦C. The resulting miniemulsions were purged
with nitrogen for 10 min and polymerized at 70 ◦C for 10 h. The latex solid content was
kept at 30 wt. %.

3.3. Plant Oil-Based Latex Characterization

Total monomer conversion was determined by multiple precipitations of latex copoly-
mers in methanol to remove residual unreacted monomers. The purified copolymers were
dried in an oven until a constant weight was achieved.

The latex solid content was measured gravimetrically by drying the samples in an
oven at an elevated temperature for 45 min.

The latex copolymers composition was analyzed using 1H NMR spectroscopy (JEOL
ECA 400 MHz NMR Spectrometer, Akishima, Japan) using CDCl3 as a solvent.

The molecular weight of the latex copolymers was determined using gel permeation
chromatography (GPC) (Waters Corporation Modular Chromatograph, which consists of a
Waters’ 1515 HPLC pump, a Waters’ 2410 refractive index detector, and two 10 μm PL-gel
mixed-B columns) at 40 ◦C using tetrahydrofuran as a carrier solvent.

Particle size distribution of the plant oil-based latex particles was measured using
dynamic light scattering, Malvern Zetasizer Nano-ZS90 with a fixed scattering angle 90◦,
and a 633-nm wavelength laser. Samples were prepared by diluting one drop of latex in
approximately 7 mL of water.

The glass transition temperature of POBM-based latex copolymers was determined by
differential scanning calorimetry (DSC) (TA Instruments Q1000 calorimeter, New Castle,
DE, USA) at heat/cool/heat mode (−50 ◦C/150 ◦C) with dry nitrogen purging through the
sample at 50 mL/min flow rate. Latex sample’s heating/cooling rate was 10–20 ◦C/min.

3.4. Measurement of the Surface Free Energy, Surface Tension, Dynamic Contact Angles, and
Contact Angle Hysteresis

The surface free energy of substrates, the surface tension of latexes, dynamic contact
angles, and contact angle hysteresis of the latex coatings from plant oil-based adhesives
were characterized using KRÜSS contact angle instruments DSA100 with an external tilting
device PA3220.

Surface free energy, as well as the disperse and polar fractions of substrates, were
determined according to the Zisman method. Water and diiodomethane were used as the
standard test liquids. The surface free energy of substrates was measured at room tempera-
ture without pretreatment. For each sample, three to five contact angle measurements with
water and diiodomethane were made at different locations.

The pendant drop method was used to determine the surface tension of synthesized
latex terpolymers. In this method a latex drop of 4 μL volume was suspended from the
syringe needle and allowed to stabilize for 5–10 min prior to surface tension measurement.
Surface tension was calculated from the shadow image of a pendant drop using drop shape
analysis. All measurements were conducted at room temperature.

Dynamic contact angles were measured as a drop moved across a tilted surface.
Initially, the drop of the plant oil-based latex was deposited on a level substrate sur-
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face, then the table was slowly tilted and the inclination angle increased. For com-
parative measurements between different samples, the suitable measuring conditions
(tilting speed = 60◦/min, tilting position = 30◦, and drop volume = 18–23 μL) were kept.
Contact angle hysteresis was defined as the difference between the advancing (θA) and
receding (θR) contact angles.

3.5. Adhesive Performance Testing

Peel strength of the POBM-based latexes was measured according to the ASTM
D1876−08 method using MTS’s Insight Electromechanical 5 kN Extended Length Testing
System with load cell 5 kN at a test speed of 304.8 mm/min.

3.5.1. Peel Strength of PET-PP Substrates

The range of the synthesized latexes was applied on PET primary backing and
polypropylene secondary backing. The test samples had a rectangular shape (length:
229 mm, width: 25 mm). The test panels were dried for 24 h at room temperature under
a 4.5 kg weight press, then held at elevated temperature for 24 h, and cooled at standard
conditions for 3 h.

The unbonded ends of the test specimen were clamped bent in the test grips of the
tension testing machine. The load at a constant head speed of 304.8 mm/min was applied.
The autographic recording of load versus distance peeled was made during the T-peel test.
The peel resistance over at least a 127-mm length of the bond line after the initial peak was
determined. The measurement of peel strength was repeated five times, and the average
value was recorded.

3.5.2. Peel Strength of Paperboard Substrates

A range of synthesized latexes was applied on paperboard substrate (bleached paper-
board with a clay mineral coated top surface, 12 pt). The test samples had a rectangular
shape (length: 152 mm, width: 25 mm). The tested panels were held at elevated temperature
for 24 h and cooled at standard conditions for 3 h.

The unbonded ends of the test specimen were clamped bent in the test grips of the
tension testing machine. The load at a constant head speed of 304.8 mm/min was applied.
The peel resistance over at least a 100-mm length of the bond line after the initial peak
was determined. The measurement of peel strength was repeated 5 times, and the average
value was recorded.

4. Conclusions

Plant oil-based acrylic latex ternary copolymers with a range of performance capa-
bilities and controlled Tg were developed and exhibited adhesive capabilities on various
substrates. Adhesive performance of the latexes could be tailored by using different plant
oil-based monomers in copolymerization, which might provide features required for spe-
cific applications. In this study, the best-performing latex adhesives containing up to 45 wt.
% of high-oleic soybean oil-based monomer fragments demonstrated promising efficiency
in the testing of PET to PP and coated to uncoated paperboard substrate pairs, resulting in
substrate failure during the adhesive testing.

Since the incorporation of a higher amount of hydrophobic POBM in latex copoly-
mers brings some limitations to the synthetic process, in the future, process parameters
(solid content, surfactant amount, monomers feeding) need to be adjusted accordingly for
different formulations.

5. Patents

Biobased Acrylic Monomers US 10,315,985 B2, 11 June 2019.
Biobased Acrylic Monomers and Polymers Thereof US 10,584,094 B2, 10 March 2020.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27165170/s1, Figure S1: Chemical structure of plant
oil-based terpolymer HOSBM-BA-MMA with indicated integral proton shifts, Figure S2: 1H NMR
spectrum of poly(HOSBM), Figure S3: Gel permeation chromatography (GPC) analysis diagram
of terpolymers HOSBM-BA-MMA (A) and HOSBM-BA-St (B), Figure S4: T-peel adhesion strength
testing on paperboard (A) and PP-PET (B) substrates after applying plant oil-based terpolymers.
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Abstract: Biocomposites were prepared from poly(lactic acid) and two natural reinforcements, a
native starch and sugarcane bagasse fibers. The strength of interfacial adhesion was estimated by
model calculations, and local deformation processes were followed by acoustic emission testing. The
results showed that the two additives influence properties differently. The strength of interfacial
adhesion and thus the extent of reinforcement are similar because of similarities in chemical structure,
the large number of OH groups in both reinforcements. Relatively strong interfacial adhesion devel-
ops between the components, which renders coupling inefficient. Dissimilar particle characteristics
influence local deformation processes considerably. The smaller particle size of starch results in larger
debonding stress and thus larger composite strength. The fracture of the bagasse fibers leads to
larger energy consumption and to increased impact resistance. Although the environmental benefit
of the prepared biocomposites is similar, the overall performance of the bagasse fiber reinforced PLA
composites is better than that offered by the PLA/starch composites.

Keywords: biopolymers; biocomposites; reinforcements; adhesion; micro-mechanics; acoustic emission

1. Introduction

The interest in bioplastics has increased enormously in recent years [1,2]. They are used
in a wide range of applications including packaging [3,4], agriculture [5,6], and various
consumer goods [7], but also as technical parts in the automotive or machine industry [8–11].
The increasing use of biopolymers is adequately justified by the huge amount of plastic
waste accumulating each year, but also by other environmental concerns like microplastic
pollution [12,13]. Biopolymers have several advantages including the use of renewable
resources, compostability, advantageous carbon footprint, etc. On the other hand, these
materials also possess some drawbacks, like somewhat inferior properties compared to
commodity polymers, frequent complications during their conversion, sensitivity to water
during processing [3], and higher price.

Presently, the biopolymer produced and used in the largest quantity is poly(lactic acid)
(PLA). Its stiffness and strength compete even with those of engineering plastics, but its
physical ageing is fast because of its low glass transition temperature [14] and its impact
resistance is also rather small [15]. Accordingly, PLA is frequently modified in various
ways including plasticization [16–18], blending [19–23], and the addition of reinforce-
ments [24–31] to further improve stiffness and strength. In order to maintain the inherent
advantages of biopolymers of small carbon footprint, natural origin, and compostability,
they are often combined with bio-based additives [32–40] such as reinforcements from
natural resources. Wood flour [24,25,28] and various natural fibers [26,30,31] are used the
most frequently, but microcrystalline [29] or regenerated cellulose and lignin [19] are also
added to PLA to modify its properties.
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Starch is also a biopolymer produced by plants for energy storage and it is available
in large quantities [41]. Because of its large molecular weight and polarity, starch cannot
be processed by the usual conversion technologies of plastics [42]. Additionally, heat
and water sensitivity further complicate the use of starch for the modification of PLA.
Accordingly, it is usually plasticized with water, glycerol, or other polar compounds capable
of forming hydrogen bonds with starch [43–45]. However, thermoplastic starch (TPS) has
rather poor mechanical properties like small stiffness, strength, and deformability, but
the disadvantages like heat and water sensitivity, and larger viscosity, remain practically
the same. On the other hand, native starch is a stiff material which can form strong
hydrogen bonds with PLA thus reinforcing it in a similar way to inorganic fillers like
calcium carbonate, talc, or kaolin. Only a few papers have been published on PLA/starch
composites, but most of them deal with the treatment or the modification of starch in order
to improve its adhesion to PLA [46–48]. In spite of their goal, unfortunately these works do
not provide a detailed analysis of the interactions between the components and on local
processes taking place during deformation. According to the best of our knowledge, no
one has yet pointed out the differences or similarities between natural fibers and native
starch as additives for PLA.

In accordance with the considerations presented above, the goal of this work was to
prepare PLA/native starch composites and compare their properties to those modified with
a natural reinforcement, sugarcane bagasse fiber. All components are derived from natural
resources thus they are biodegradable with advantageous environmental impact. The
similarity of their chemical structure also justifies comparison. The majority of publications
on PLA/natural fiber composites claim weak interactions between the components, thus
an attempt was made to modify them by the addition of a functionalized, maleated PLA
polymer. Since both the natural fibers and starch are expected to increase stiffness and
strength, the attention is focused mainly on the mechanical properties of the composites, i.e.,
stiffness, strength, and impact resistance, and efforts were made to explore the mechanism
of the deformation and failure of the composites. Some comments on the relevance of the
results for practice are also mentioned in the final section of the paper.

2. Results

The following sections summarize the results of the work and include some discussion
of the results as well. The chemical and physical structures of the two modifying com-
ponents are compared in the first section and then their effect on composite properties is
shown in the next. The quantitative analysis of the extent of reinforcement is presented in
the subsequent section, followed by the discussion of local deformation processes, as well
as the consequence of the results for the possible practical application of the composites.

2.1. Structure of the Reinforcements

The chemical and physical structure of the reinforcement used strongly influence its
effect on the matrix polymer and on the properties of the resulting composite [49]. The
chemical structure of the two reinforcements used in this study shows strong similarities,
but some differences as well. Both polymers are polysaccharides consisting of glucose units.
The coupling of these units is different, cellulose contains β-glucosides [50], while starch
consists of α units [41]. Cellulose molecules are linear, while starch chains are helical. The
chain structure of the two polymers is shown in Scheme 1. Starch consists of linear amylose
and branched amylopectin chains (only this latter is shown in the scheme). In spite of the
differences mentioned, both polymers contain a large number of hydroxyl groups capable
of forming relatively strong hydrogen bonds with PLA.
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Scheme 1. Chemical structure of the materials used in the study: (a) cellulose; (b) amylopectin (the
structure of amylose is the same but without branching); (c) PLA; (d) MAPLA.

The phase structure of the two reinforcements also shows some similarities, both are
semicrystalline materials containing an ordered, crystalline phase. Both the strong self-
interactions and crystallinity result in large stiffness. However, while starch is a relatively
pure material, cellulose fibers contain other components as well, mainly hemicellulose,
lignin, and waxes [50,51]. The oriented chains located in cellulose crystals result in in-
creased stiffness and strength in the direction of the orientation and smaller strength
perpendicularly to it [52]. Such orientation does not exist in starch particles.

Particle morphology is crucial for such materials used as reinforcements in polymer
composites. Size, shape, and the extent of anisotropy, i.e., aspect ratio, are extremely
important in the determination of deformation processes and final properties [53,54]. The
size distribution of the two materials determined by laser light scattering is compared in
Figure 1. The average size of starch particles is around 20 μm, while bagasse fibers are
much larger, the most frequent size being around 900–1000 μm. However, since sugarcane
bagasse fibers have an anisotropic shape, their size was also determined by microscopy.
According to these measurements, the average length of the fibers is 2850 μm, their diameter
720 μm and thus their aspect ratio is around 5.1. Moreover, we must call attention to the
fact here that the fibers change their size during processing, considerable attrition takes
place and thus the final length of the fibers in PLA composites processed by extrusion
and injection molding was 730 μm, their diameter 170 μm, and aspect ratio decreased to
3.0 [26]. Although considerable similarities can be found in the chemical structure of the
two reinforcements, their physical structure, composition, and particle morphology differ
considerably; it remains to be seen which factor determines the extent of reinforcement and
composite properties.
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Figure 1. Particle size distribution of the additives as determined by laser light scattering.

2.2. Composite Properties

Since fiber-reinforced materials are mostly used in structural applications, the attention
is focused mainly on their mechanical properties. The stiffness of the composites containing
various amounts of the two reinforcements is shown in Figure 2. Both reinforcements
increase stiffness, but to considerably different extents, bagasse fibers have a much stronger
reinforcing effect than starch. The stiffness of natural fibers was shown to cover a wide
range from several 10 to several 100 GPa [50,55]; the direct measurement of the stiffness of
the fibers used in this study resulted in the value of 25 GPa [51] that is in line with their
reinforcing effect. Unfortunately, the direct determination of the stiffness of starch particles
is very difficult, if not impossible, and we found only a single paper reporting the modulus
value for starch, which was derived indirectly from the study of epoxy resin/starch and
polycaprolactone/starch blends [56]. The value given was 2.7 GPa that cannot be correct
since the addition of starch clearly increases the stiffness of neat PLA having a modulus of
3.3 GPa.

Figure 2. Composition dependence of the stiffness of PLA composites reinforced with starch or
bagasse fibers. Effect of coupling. Symbols: ( , ) sugarcane bagasse fibers, ( ,, ) starch; empty
symbols without MAPLA, full symbols with MAPLA.

We may assume that the inherent stiffness of starch is smaller than that of the sugarcane
bagasse fibers, but the anisotropic particle geometry and the orientation of the fibers must
also contribute to the larger stiffness of their composites. Using MAPLA as coupling agent
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in the composites does not improve or deteriorate stiffness that is not very surprising, since
stiffness is not very sensitive to changes in interfacial adhesion [25,57].

The deformability of the composites (not shown) decreases marginally with an in-
creasing amount of the additives independently of their type or coupling. The strength of
the composites containing the two reinforcements is presented in Figure 3 as a function
of additive content. The results are quite surprising, starch having a stronger reinforcing
effect than the bagasse fibers, at least at smaller additive loadings. The orientation of the
anisotropic fibers should lead to stronger composites similarly to stiffness. Obviously,
other factors, most probably local deformation processes, play a significant role in the
determination of composite strength. The much larger size of the fibers, even after attrition,
facilitates debonding and leads to smaller strength. Although starch particles of around
20 μm size may also debond, but at a larger stress than the fibers having a size of one order
of magnitude larger.

Figure 3. Effect of composition and coupling on the tensile strength of PLA composites. Symbols:
( , ) sugarcane bagasse fibers, ( ,, ) starch; empty symbols without MAPLA, full symbols
with MAPLA.

Another surprising result is that the MAPLA coupling agent practically does not
affect the tensile strength of the composites either, although properties measured at larger
deformations depend on interfacial adhesion quite strongly [57]. In spite of numerous
claims published in the literature that the interaction between natural fibers and PLA is
weak [28,29,31], we have proved earlier that relatively strong interactions develop in such
composites [26,58]. Considering the similarities in the chemical structure of starch and
bagasse fibers (large number of OH groups), the lack of any coupling effect is not surprising
in the case of starch either. However, the relative influence of particle size and interfacial
interactions must be considered in the further evaluation of the results.

Impact resistance is another mechanical property that is important for most structural
materials; generally large strength and impact resistance is required from such materials
used in practice [59,60]. The impact strength of the composites prepared in this study
is presented in Figure 4. The effect of the two reinforcements differs considerably from
each other. The addition of bagasse fibers doubles the impact strength of PLA, while the
addition of starch decreases it slightly. The opposite effects must be caused by the different
failure mechanism of the composites containing the two kinds of additives. The effect of
coupling is very slight again. This small effect must be related to the interaction of the
components and to the local deformation processes taking place during failure. The main
factors determining composite properties are particle characteristics and to some extent
interfacial adhesion.

153



Molecules 2022, 27, 6423

Figure 4. Dependence of the notched Charpy impact resistance of PLA composites containing natural
reinforcements. Symbols: ( , ) sugarcane bagasse fibers, ( ,, ) starch; empty symbols without
MAPLA, full symbols with MAPLA.

2.3. Reinforcement

The reinforcing effect of additives is difficult to assess based on the primary results
of stiffness and especially strength values even though it is almost invariably done so.
Reinforcement depends on several factors including the spatial arrangements of the fibers,
their size, shape, and orientation as well as on interfacial interactions. Mathematical models
give a quantitative estimation of the reinforcing effect of the most various second compo-
nents. Such a model was developed earlier, which describes the composition dependence
of tensile strength [61]. The model can be expressed as (Equation (1))

σT = σT0 λn 1 − ϕ f

1 + 2.5 ]ϕ f
exp

(
B ϕ f

)
(1)

where σT shows the true tensile strength of the composite; σT0 is the same for the matrix,
ϕf shows the volume fraction of the second component, and B is the load-bearing capacity
of the reinforcement. The latter depends on interfacial adhesion. True tensile strength
(σT = σλ, where λ = L/L0, is the relative elongation) expresses the change in the cross-section
of the specimen during deformation and λn takes into account strain hardening (n can
be determined from matrix properties and characterizes the strain hardening tendency.
Reduced tensile strength can be expressed by the rearrangement of Equation (1)

σTred =
σT
λn

1 + 2.5 ϕ f

1 − ϕ f
= σT0 exp

(
B ϕ f

)
(2)

The natural logarithm of tensile strength can be plotted against composition and the
plot should result a straight line. The slope of the line expresses the reinforcing effect of
the additives quantitatively. The tensile strength of the composites is plotted in the way
indicated by Equation (2) in Figure 5. We obtain straight lines as expected verifying the
validity of the approach and showing the lack of considerable structural effects.

The analysis indicates that the load-bearing capacity of the two reinforcements is
similar in spite of the different primary values shown in Figure 3. The parameters deter-
mined by the fitting of the model to the experimental values are compiled in Table 1. The
comparison of the data listed in the table shows the very slight overall effect of coupling
as well. The similar reinforcing effect of the two additives might be surprising first but
can be reasonably explained by the smaller size of starch particles increasing the value
of parameter B and the orientation of bagasse fibers, which compensates for the negative
effect of large size.
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Figure 5. Reinforcing effect of the natural additives used in PLA composites. Tensile strength plotted
in the linear representation of Equation (2). Effect of coupling. Symbols: ( , ) sugarcane bagasse
fibers, ( ,, ) starch; empty symbols without MAPLA, full symbols with MAPLA.

Table 1. Parameter (B) characterizing the load-bearing capacity of the reinforcements studied (see
Equations (1) and (2)).

Reinforcement Coupling σT0 (MPa) Parameter B R2 a

Starch
– 58.2 3.11 ± 0.16 0.9896

+ 59.2 2.84 ± 0.12 0.9910

Bagasse
– 55.0 3.07 ± 0.04 0.9992

+ 55.1 3.14 ± 0.03 0.9994
a determination coefficient indicating the goodness of the fit.

The strength of interfacial adhesion is difficult to predict from the model because of
the different size and shape of the particles, but it can be estimated by the reversible work
of adhesion. This latter can be calculated from the surface tension of the components. The
matrix of the composites was the same, and the surface tension of the two reinforcements
is quite similar, 35 mJ/m2 was measured for starch, while 38 mJ/m2 for bagasse fibers
by inverse gas chromatography leading to similar work of adhesions (99.4 mJ/m2 and
100.2 mJ/m2 respectively), i.e., strength of interfacial adhesion.

2.4. Deformation and Failure

The results presented above indicate that considerable differences exist in the proper-
ties of the composites prepared with the two kinds of reinforcements. Stiffness and impact
resistance was larger for the PLA/bagasse fiber composites that is a slight contradiction in
itself since larger stiffness is usually accompanied by smaller impact strength [62], while
the strength of the PLA/starch composites exceeded that of the other set of materials. Since
the strength of interfacial adhesion is similar, the main reason for the differences must lay
in the particle characteristics of the additives and the local deformation processes initiated
by them.

Composites are heterogeneous materials containing components with dissimilar elastic
properties. External load results in the development of local stress maxima, which initiate
local deformation processes. These processes like the separation of the interface between the
matrix and the reinforcement (debonding), and the fracture of the particles can be followed
by various techniques including volume strain measurements, or by acoustic emission tests.
The results of the latter measurements are presented in Figure 6 for two composites, one
containing starch (Figure 6a) and the other prepared with bagasse fibers (Figure 6b). The
small circles in the figure indicate individual acoustic events, while the two continuous
lines show the stress vs. strain curve for reference (left axis), as well as the cumulative
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number of signal vs. deformation trace (right axis). This latter shows the total number of
signals detected up to a certain deformation and its shape offers information about the
process itself. Debonding is often accompanied by a saturation-like correlation [59], but
the shape in itself does not allow the unambiguous identification of the dominating local
deformation process [63].

Figure 6. Results of the acoustic emission testing of PLA composites containing starch or bagasse
fibers. Additive content: 20 vol%. Symbols: ( ) individual acoustic events, full lines: stress vs.
deformation (left axis, red) and cumulative number of signal vs. deformation (right axis, navy)
correlations: (a) starch, (b) sugarcane bagasse fiber.

The comparison of the two plots presented in Figure 6a,b reveals a number of simi-
larities, but also differences. The amplitude, i.e., strength, of the signals indicated by the
height of the points on the vertical axis is approximately the same, although signals with
higher energy seem to be located in larger numbers at the first part of the measurement in
the starch composite (Figure 6a). Both plots show that signals start to appear after a certain,
critical deformation, which is larger for the starch composite than for the one containing
bagasse. If debonding is the main local deformation process, this difference can be clearly
explained by the smaller size of the starch particles, since debonding stress is inversely
proportional to particle size [64]. The signals in Figure 6a seem to form only one group
but their high amplitude and the shape of the cumulative number of signals trace indicate
the occurrence of a second process besides debonding which may be the fracture of starch
particles, although one would not expect this to happen and it needs further proof.

The plotting of the cumulative number of signal traces allows the determination of
characteristic stresses which can be assigned to the local processes taking place during the
deformation of the specimen. The determination of these values from the plots is shown in
Figure 6. Characteristic stresses determined for the processes detected, σAE1 and σAE2, are
plotted against composition in Figure 7. Only one characteristic stress could be determined
for the starch composites with any reliability. The first process in bagasse fiber composites
is initiated at smaller stress and is unambiguously assigned to debonding. The larger stress
obtained for starch is consistent with the explanation given above, i.e., debonding needs
larger stress for smaller particles. In the case of the fiber-reinforced polymer the second
process is mostly related to the fracture of the fibers [52,57,59].

Fracture is difficult to imagine for starch particles, but it is not impossible. The stress
belonging to fiber fracture is much larger and can be clearly separated from the first process
for the bagasse composites. The existence of a second, competitive process cannot be
identified definitely for starch-filled composites but SEM micrographs may provide further
evidence about the processes occurring during failure.

SEM micrographs recorded on the fracture surface of specimens broken during tensile
tests are presented in Figure 8 for samples containing starch or bagasse fibers with or

156



Molecules 2022, 27, 6423

without coupling. Considerable debonding can be observed in Figure 8a in the composite
containing starch without coupling, while less debonding and the fracture of some particles
are observed in Figure 8b in the presence of the coupling agent (MAPLA). One could
draw the conclusion from these results that coupling is very efficient that would contradict
all earlier conclusions. However, we must call the attention here to the fact that SEM
micrographs cover only a very small area of the fractured surface of the specimen. Some
micrographs prepared showed less debonding than in Figure 8a and even some broken
particles in the absence of the coupling agent, and, on the other hand, larger number of
debonded particles in its presence. Nevertheless, the micrographs verify the occurrence of
two processes in these composites and identify them as debonding and particle fracture.
Very similar micrographs were also recorded on composites containing the bagasse fibers,
as shown by Figure 8c,d; the two processes, debonding and fiber fracture, can be clearly
identified also in these micrographs.

Figure 7. Composition dependence of characteristic stresses derived from acoustic emission testing.
Symbols: ( , ) sugarcane bagasse fibers, σAE1 ( ,, ) starch, σAE, ( , ) bagasse, σAE2; empty
symbols without MAPLA, full symbols with MAPLA.

Figure 8. SEM micrographs recorded on the fractured surfaces of specimens broken during tensile
testing: (a) starch, 20 wt%; (b) starch, 20 wt%, MAPLA; (c) sugarcane bagasse fiber, 20 wt%; and
(d) bagasse fiber, 20 wt%, MAPLA.
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3. Discussion

The results presented in the previous sections clearly show that the main factors
determining composite properties are particle characteristics and the inherent properties
of the additives. Bagasse fibers increase stiffness to a larger extent than starch because of
the larger stiffness of the fibers and their anisotropic particle characteristics. Strength is
strongly influenced by local processes taking place during deformation. The smaller particle
size of starch results in larger debonding stress (see also Figure 7, σAE1) and thus larger
composite strength compared to composites containing bagasse fibers. The presumably
larger inherent strength of the fibers leads to considerably larger impact resistance for
the PLA/bagasse fiber composites. Because of the similar interfacial interactions of the
two reinforcements, interfacial adhesion is also very similar for the two (see Figure 5 and
Table 1) and coupling has a very slight influence on properties. The limited efficiency
of coupling can be explained also by the small number of functional groups and smaller
molecular weight of the modified polymer as well as the small number of entanglements in
PLA. The results are consistent and help to identify the main factors determining composite
properties, but also the advantages and drawbacks of the two reinforcements.

One of the main requirements towards composites used as structural materials is
large stiffness and impact resistance. The requirement is quite difficult to satisfy because
they are inversely proportional in most structural materials, i.e., larger stiffness is usually
accompanied by smaller impact strength. The two quantities are plotted against each other
in Figure 9. The general tendency is indeed valid for the PLA/starch composites, but shows
the opposite direction for the polymer reinforced with the bagasse fibers. The reason for the
discrepancy is the relatively large inherent strength of the bagasse fibers and the fact that
considerable fiber fracture takes place during the deformation and failure of its composites;
in fact, fiber fracture might be the dominating local deformation process over debonding
and it consumes considerable energy during failure. We must call attention here, though,
that the absolute value of fracture resistance is not very large in any of the composites,
and that much larger fracture strengths are required in certain applications. Nevertheless,
bagasse fibers offer a reasonable overall performance over starch.

Figure 9. Correlation of the stiffness and impact strength of PLA composites reinforced with starch
and sugarcane bagasse fibers. Opposing effects as a result of different local processes. Symbols: ( , )
sugarcane bagasse fibers, ( ,, ) starch; empty symbols without MAPLA, full symbols with MAPLA.

4. Materials and Methods

4.1. Materials

The matrix, poly(lactic acid) (Ingeo 4032D, Mn = 88,500 g/mol and Mw/Mn = 1.8) was
provided by NatureWorks LLC (Minnetonka, MN, USA). The extrusion grade polymer
(<2% D isomer) has a density of 1.24 g/cm3, and its MFR is 3.9 g/10 min (190 ◦C and
2.16 kg). The production method of the maleic anhydride grafted PLA (MAPLA) coupling
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agent was described earlier in detail [25]. The Ingeo 3251D grade PLA (NatureWorks
LLC, Minnetonka, MN, USA; MFR: 35 g/10 min at 190 ◦C and 2.16 kg load) was used for
the grafting reaction. The reactive extrusion was carried out in a Brabender LabStation
(Brabender GmbH, Duisburg, Germany) single screw extruder with the temperature profile
of 175–180–185–190 ◦C. The screw speed was set to 12 rpm. 2 wt% maleic anhydride and
2 wt% Luperox 101 peroxide were added to the reaction mixture. MAPLA was characterized
by NMR (Varian NMR System, Agilent Technologies, Inc., Santa Clara, CA, USA), however,
it was not purified; it was applied as produced in the reactive extrusion process.

The bagasse fibers used as reinforcement were obtained from a sugar mill in Sidoarjo,
Indonesia. The chemical composition of the fibers was determined by the van Soest
method. The detailed description of the method can be found in the paper of van Soest [65].
According to the method, hemicellulose content is determined after treatment with an
acidic detergent solution, the amount of cellulose by treating the fibers with sulfuric acid of
72 wt% concentration and lignin by burning the sample in an oven. The fibers contained
47% cellulose, 35% hemicellulose, 15% lignin, and 3% ash. The fibers were dried and
sieved before extrusion. Fiber characteristics were determined by digital optical microscopy
(Keyence VHX 5000, Keyence Co., Osaka, Japan). The native starch was derived from corn
and was purchased from Hungrana Kft., Hungary. The amount of the additives in the
polymer changed from 0 to 30 wt% in 5 wt% steps. The coupling agent (MAPLA) was
added to the matrix polymer in 0.1:1 ratio calculated for the weight of starch or sugarcane
bagasse fibers.

4.2. Sample Preparation

The modifying components were dried in a Memmert UF450 type oven (Memmert
GmbH, Schwabach, Germany) before extrusion (bagasse fibers for 4 h, and starch for 24 h at
105 ◦C) to eliminate their residual moisture content. PLA and MAPLA were dried together
in a vacuum oven at 100 ◦C and 150 mbar pressure. A Brabender DSK 42/7 (Brabender
GmbH, Duisburg, Germany) twin-screw compounder was employed for the appropriate
homogenization of the components at the set temperatures of 170–180–185–190 ◦C and the
rate of homogenization of 40 rpm. The granules were injection molded into tensile bars
according to the ISO 527 1A standard using a Demag IntElect 50/330-100 electric injection
molding machine. The temperature profile of the barrel was the same as in extrusion, while
injection pressure (800–1200 bar) depended on the amount of the reinforcement added.
The value of the most important processing parameters were: injection speed: 50 mm/s;
holding pressure: 650–800 bar; holding time: 15 s; cooling time: 45 s. The temperature
of the mold was set to 20 ◦C. The specimens were kept under ambient conditions (23 ◦C,
50% RH) until further testing.

4.3. Characterization

An Instron 5566 universal testing machine (Instron, Norwood, MA, USA) was used
for the characterization of tensile properties with a gauge length of 115 mm and 5 mm/min
crosshead speed. An acoustic emission (AE) equipment was used simultaneously with
tensile testing to detect local deformation processes. The specific equipment used was a
Sensophone AED 404 apparatus manufactured by Geréb és Társa Ltd. (Budapest, Hun-
gary). A single piezoelectric sensor (150 kHz resonance frequency) was attached to the
center of the specimen. The threshold level of detection was set to 25 dB. A Ceast Resil
5.5 impact tester (Ceast spa, Pianezza, Italy) was used for the determination of Charpy
impact strength (ISO 179 standard at 23 ◦C with 2 mm notch depth) of the specimens.
Fracture surfaces were studied by scanning electron microscopy (Jeol JSM 6380 LA, Jeol
Ltd., Tokyo, Japan). Micrographs were recorded on surfaces created during tensile and
fracture testing, respectively. Accelerating voltage (5 and 15 kV) and distance to the sample
changed according to magnification and the quality of the image. Detectors were used both
for secondary and back-scattered electrons. Surfaces were sputtered with gold before the
recording of micrographs from the composites. The particle size and size distribution of the

159



Molecules 2022, 27, 6423

modifying components were determined by laser light scattering using a Horiba LA 950 A2
(Horiba, Kyoto, Japan) analyzer. The size, size distribution, and aspect ratio of the bagasse
fibers were also determined after processing by digital optical microscopy (Keyence VHX
5000, Keyence Co., Osaka, Japan). The polymer was dissolved in tetrahydrofuran (Molar
Chemicals Kft., Hungary) to extract the fibers from the composites.

5. Conclusions

The comparison of the properties of PLA composites reinforced with native starch and
sugarcane bagasse fibers shows that the two additives influence properties differently. The
analysis of their chemical and physical structure indicates that the former is quite similar,
while considerable differences exist in the latter. Particle characteristics differ even more
and are shown to influence properties considerably. The strength of interfacial adhesion,
and thus the extent of reinforcement, are similar because of the similarities in the chemical
structure of the reinforcements. Relatively strong interfacial adhesion develops between
the components which renders coupling inefficient. Dissimilar particle characteristics, on
the other hand, influence local deformation processes considerably. The smaller particle
size of starch results in larger debonding stress and thus larger composite strength. Besides
debonding, considerable fiber or particle fracture also takes place during the failure of
the composites. The larger inherent strength of the bagasse fibers leads to larger energy
consumption during fracture and increased impact resistance. Although the environmental
benefit of the prepared biocomposites is very similar, the overall performance of the bagasse
fibers reinforced PLA composites is better than that offered by the PLA/starch composites.
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Abstract: The chiral resolving ability of the commercially available amylose (3,5-dimethylphenylcarbamate)-
based chiral stationary phase (CSP) toward four chiral probes representative of four kinds of stereogenicity
(central, axial, helical, and planar) was investigated. Besides chirality, the evident structural feature of
selectands is an extremely limited conformational freedom. The chiral rigid analytes were analyzed by using
pure short alcohols as mobile phases at different column temperatures. The enantioselectivity was found to
be suitable for all compounds investigated. This evidence confirms that the use of the amylose-based CSP
in HPLC is an effective strategy for obtaining the resolution of chiral compounds containing any kind of
stereogenic element. In addition, the experimental retention and enantioselectivity behavior, as well as the
established enantiomer elution order of the investigated chiral analytes, may be used as key information to
track essential details on the enantiorecognition mechanism of the amylose-based chiral stationary phase.

Keywords: planar stereogenicity; axial stereogenicity; trypticene; helicene; HPLC enantioseparation;
amylose (3,5-dimethylphenylcarbamate); Chiralpak AD-3

1. Introduction

The polysaccharide-based chiral stationary phases (CSPs) are now routinely used in
ultra-high-performance liquid chromatography (UHPLC) [1–3], high-performance liquid
chromatography (HPLC) [4], as well as supercritical fluid chromatography (SFC) [5] enan-
tiomeric separations. Their application allows the resolution of a broad range of chiral
compounds from nano to preparative scale under multimodal elution conditions.

Despite their success, at present, there is no reliable way to predict whether or not
an enantioselective separation will be achieved on a given polysaccharide-based CSP. Al-
though in silico molecular models capable of mimicking the behavior of the polysaccharide
selectors have been developed and, in some circumstances, successfully applied to actual
enantioseparations [6], the research of enantioselective conditions is still carried out through
the evaluation of literature data or the screening of commercially available columns. The
importance of predictive tools in the enantioselective HPLC analysis of chiral compounds
has attracted interest from many researchers and stimulated the study of the interactions in-
volved in the enantiorecognition process promoted by polysaccharide derivatives through
NMR, IR, HPLC, and computational techniques [7–11].

One strategy for the development of new pieces of knowledge on the mechanistic
aspect of the enantioseparation process is the design of tailored chiral probes that display a
chromatographic behavior traceable to specific structural elements [12–20]. This approach
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allows the construction of reliable structure–enantioselectivity relationships and, indirectly,
the identification of the key portions of the selector involved in the enantioseparation.

In this context, this work reports on the enantioseparation of a small set of chi-
ral compounds (compounds 1–4, Figure 1) on the commercially available amylose (3,5-
dimethylphenylcarbamate) (ADMPC)-based Chiralpak AD-3 CSP. The amylose derivative
is considered to be one of the most effective selectors for achieving chiral resolution, and
it is used in the preparation of commercially available chiral packing materials [4,10]. As
shown in Figure 1, for each kind of stereogenicity (central, axial, helical, and planar), a
representative chiral analyte was chosen.

Figure 1. Chemical structures and stereochemical descriptors of enantiomers of chiral compounds
1–4 representative of the four stereogenic elements: 1 central stereogenicity, 2 axial stereogenicity, 3

helical stereogenicity, 4 planar stereogenicity.

The triptycene 1 has a paddle-wheel-shaped structure consisting of three benzene
rings fused to a bicyclo [2.2.2]octatriene bridgehead system. The unique three-dimensional
rigid structure of 1 and the ample possibilities for the installment of reactive positions
are attractive points for this class of molecules in order to either modify/tune the π-
scaffold and introduce reactive handles for further manipulation and integration into
nanostructures. Compared to other C2-symmetrical chiral synthons, such as trans-1,2-
disubstituted cycloalkanes and 1,1,2,2-tetrasubstituted ethane-based scaffolds, triptycenes
exhibit outstanding features that are attractive for the development of new functional
molecular design, including a robust chiral backbone and extremely limited conformational
structure. Recent advances in the synthesis of chiral triptycenes and in their introduction
as molecular scaffolds for the assembly of functional supramolecular materials have been
recently reviewed [21].

Compound 2 is prepared by oxidation of the enantiomers of the corresponding phos-
phane, the 4-phenyl-4,5- dihydro-3H-dinaphtho [2,1-c;10,20-e]phosphepine (Binepine),
which is a versatile monodentate ligand of transition metals, Rh in particular, employed
as a mediator in a wide variety of successful homogeneous stereoselective reactions. The
2,7-dihydrophosphepine oxide 2 does not display any catalytic activity. It can be prepared
by oxidation of the enantiomers of Binepine and employed as an intermediate for the
synthesis of 3,5-dialkyl-Binepines [22].
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The diaza [6]helicene (compound 3) is characterized by an extensively conjugated,
inherently chiral structure capable of fluorescence and phosphorescence emission and
endowed with interesting optical properties [23]; besides, the presence of the nitrogen
atoms allows functionalization, quaternarization, or complexation with metal ions [24],
thus opening the way to the preparation of active materials for chiral sensing and optoelec-
tronics [25–27].

The planar chiral diphosphane oxide with a p-cyclophane scaffold (compound 4) is
the key compound in the resolution process of phanephos, a very popular C2-symmetric
diphosphane, employed as a ligand of Ru(II)- and Rh(I) in asymmetric hydrogenation of
stereogenic C=O [28] and C=C double bonds [29].

Although compounds 1–4 are profoundly different from a structural point of view,
they share a specific characteristic, namely that of being rigid and bulky molecules with
extremely limited conformational freedom because their structure is fixed by a ring system
(compounds 1, 2, and 4) or formed by an extended aromatic system with non-coplanar
extremities (compound 3). One challenge in selector–selectand docking is the treatment of
molecular flexibility and changes in the conformational states. Any change in the selectand
conformation can lead to a large difference in the resulting docked poses. Thus, the use
of rigid chiral molecules such as 1–4 is expected to be an intriguing strategy to facilitate
enantiorecognition process investigations by docking studies.

To support this hitherto untapped application and to verify the versatility of the
Chiralpak AD-3 CSP, this work aimed to investigate the chromatographic behavior of
1–4 on the amylose-type CSP by (i) using different polar organic eluents, (ii) changing
the column temperature, and (iii) determining the elution order of enantiomers in all
conditions investigated.

2. Results and Discussion

2.1. HPLC Enantioseparation under Polar Organic Mode

Before discussing the chromatographic results on the enantioseparation of 1–4, it is
useful to remember the stereogenic elements of such unusual chiral molecules. The chirality
of triptycene 1 is due to the NH2 substituents at the 2,6-positions that make two bridgehead
carbon atoms as stereogenic centers. The 2,7-dihydrophosphepine 2 is characterized by a
1,1′-binaphthalene scaffold and, consequently, displays an atropoisomeric framework as the
stereogenic element. The third chiral compound studied in this work is an inherently chiral
diaza [6]helicene (compound 3) with a nonplanar screw-shaped structure formed from
fused benzene and pyridine rings. The last term of the series is a planar chiral diphosphane
oxide with a p-cyclophane scaffold (compound 4). According to the CIP rules concerning
the attribution of the configurational descriptors, (SP) and (RP), to stereogenic planar
molecules, (i) the stereogenic plane of 4 is indifferently one of the two planes containing
the aromatic ring, two phosphorous atoms, and two methylene groups; (ii) the first priority
atom located out of the plan (indicated as P in Figure 1) is indifferently one of the two
equivalent methylene carbons of the cyclophane bridge; (iii) from the pilot atom P, starting
from the atom directly connected to it (indicated as a in Figure 1), the sequence of atoms is
that along with the b and c atoms, which have the highest CIP priority; (iv) the sequence is
clockwise for the (RP)-enantiomer and counterclockwise for the (SP)-enantiomer.

Compounds 1–4 are, in all cases, enantiomerically stable at room temperature and
thus resolvable.

Figure 2 and Table S1 of Supplementary Materials resume the retention (k) and enan-
tioseparation (α) factors obtained by: (i) setting the column temperature at 25 ◦C, (ii) using
the 100 mm × 4.6 mm Chiralpak AD-3 column packed with 3-μm ADMPC-based particles,
and (iii) selecting neat methanol, ethanol, 1-propanol, and 2-propanol as mobile phases.
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Figure 2. Effect of mobile phase on the retention (k1 and k2) and enantioseparation (α) factors of
1–4. Chromatographic conditions: column, Chiralpak AD-3 (100 mm × 4.6 mm, 3 μm); flow rate,
1 mL/min; temperature, 25 ◦C; detection, UV and CD at 241 nm. 2-PrOH: 2-propanol; 1-PrOH:
1-propanol, EtOH: ethanol; MeOH: methanol.

The most marked dependence of enantioselectivity from mobile phase composition
was recorded for compound 2. As the less retained enantiomer elutes at close retention
times, this variability is attributed essentially to the different retention of the more re-
tained enantiomer. The maximum value of the enantioseparation factor was recorded in
2-propanol (α = 4.94) and the minimum in 1-propanol (α = 1.58). In both elution modes,
the enantiomer (Ra)-2 was eluted before (Sa)-2. Passing to methanol and ethanol, the enan-
tiomer elution reversed, and the enantioselectivity became almost double. As visible in
Figure 3, the evaluation of the sign of the ellipticity recorded during chromatography leads
to a solid interpretation of the elution order of enantiomers.

The (Sa)-2 enantiomer was eluted as the first species from the Chiralpak AD-3 column
and showed a positive circular dichroism (CD) peak at 241 nm. The offline CD signal
assumed the same positive sign at the wavelength of 241 nm (see the CD spectrum depicted
in Figure 3). Passing from ethanol to 2-propanol, the sign of the online CD peaks reversed,
and the (Ra)-2 enantiomer became the less retained species.
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Figure 3. Typical chromatograms illustrating the differences in enantiomer elution order of 2 using
pure ethanol and 2-propanol as mobile phases. Chromatographic conditions: column, Chiralpak
AD-3 (100 mm × 4.6 mm, 3 μm); flow rate, 1 mL/min; temperature, 25 ◦C; detection, CD at 241 nm.
2-PrOH: 2-propanol; 1-PrOH: 1-propanol, EtOH: ethanol; MeOH: methanol. Inset: CD spectra of
enantiomers of 2.

The extreme variability of enantioselectivity and the inversion of enantiomer elution
order can be attributed to the ability of the molecules of alcohol used in the mobile phase
to alter the conformation of the polymeric ADMPC selector as well as the size and shape of
the chiral periodical helical grooves occurring along the polymeric backbone [10,29,30]. The
incorporation of molecules of alcohol within the nano-sized chiral cavities in the ADMPC
structure leads to a fine modulation of their steric environment. Thus, depending on the
type of molecules incorporated, the wetted chiral cavities can differently select the portions
of the enantiomers of chiral analyte 2 that can interact with the carbamate sites of selector
through hydrogen bond and dipole-dipole interactions [12,29,30].

Contrary to what was observed in the case of compound 2, the enantiomeric separation
of 3 was weakly influenced by the nature of alcoholic eluent. Notably, the retention factor
of the more retained enantiomer was unusually low in the polar organic conditions used
and ranged from 1.57 (with 1-propanol) to 2.43 (with ethanol).

For compound 4, the enantioselectivity increased in parallel to the chain-lengthening
from methanol to 1-propanol. A further increase in the enantioseparation factor was
recorded using 2-propanol. Under these eluent conditions, the enantioseparation factor
values changed from 1.45 to 2.2. As in the case of 3, the retention of both enantiomers was
very weak, and the retention factor values were lower than 1, irrespective of the nature of
the mobile phase employed. The poor retentive properties of the selector can be attributed
to the strong competitive interactions established by alcohol molecules with the active sites
of the Chiralpak AD-3 CSP. This evidence leads to the hypothesis that P=O groups of 4 are
involved in hydrogen bonds with the carbamate groups of the amylose derivative [10], and
this type of interaction is the driving force of the enantiorecognition process.

To conclude this section, let us look at the chromatographic data obtained for compound 1.
Both the retention factor values for the first and second eluted enantiomers dramati-

cally and progressively increased using the following series of solvents: methanol < ethanol
< 1-propanol < 2-propanol. Using 2-propanol, the enantioseparation factor of the second
eluted (R,R)-enantiomer reached the remarkable value of 47.11. For the same enantiomer,
the value collapsed to 0.97 with methanol. Despite this trend, the highest enantioselec-
tivity was observed in ethanol (α = 1.58), while using 2-propanol, the enantioseparation
factor was only 1.44. A possible explanation for interpreting the remarkable retention of
1 employing 2-propanol as a mobile phase is the involvement of the NH2 group in one
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or more strong and poorly selective hydrogen bonds with the carbamate moieties of the
(ADMPC)-based CSP.

2.2. Thermodynamic Aspects of Enantioseparation

The thermodynamic parameters associated with the enantioseparation of compounds
1–4 on the Chiralpak AD-3 CSP were determined by correlating the enantioseparations
factors recorded between 25 and 45 ◦C and the column temperature. According to the
following Equation:

ln α = −ΔΔH◦/RT + ΔΔS◦/R (1)

the differences between the two enantiomers in enthalpy (ΔΔH◦) and entropy (ΔΔS◦) of
adsorption onto stationary phase were calculated from the slope and intercept, respectively,
of ln α vs. 1/T plots (van’t Hoff plots).

Table 1 shows the enantioseparation factors recorded at 25 ◦C and the thermodynamic
parameters obtained by van’t Hoff analysis.

Table 1. Absolute configuration (AC) of the first eluted enantiomer, enantioseparation factors at
25 ◦C, and thermodynamic data of 1–4. Chromatographic conditions: column, Chiralpak AD-3
(100 mm × 4.6 mm, 3 μm); flow rate, 1 mL/min; temperature, 25 ◦C; detection, CD at 241 nm.
2-PrOH: 2-propanol; 1-PrOH: 1-propanol, EtOH: ethanol; MeOH: methanol. NA: not applicable.

Entry Compound
Mobile
Phase

AC First Eluted/CD
Sign at 241 nm

α

(25 ◦C)
ΔΔH◦

(kcal/mol)
ΔΔS◦
(e.u.)

TISO

(◦C)

1 1 MeOH (R,R)/(−) 1.23 −0.62 −1.65 100
2 EtOH (R,R)/(−) 2.00 −1.40 −3.32 148
3 1-PrOH (R,R)/(−) 1.81 −1.06 −2.38 172
4 2-PrOH (R,R)/(−) 1.47 0.33 1.89 −97
5 2 MeOH (Sa)/(+) 1.84 −2.72 −7.90 71
6 EtOH (Sa)/(+) 3.54 −2.45 −5.72 156
7 1-PrOH (Ra)/(−) 1.58 1.38 5.53 −24
8 2-PrOH (Ra)/(−) 4.94 3.98 16.52 −32
9 3 MeOH (P)/(−) 1.53 −0.52 −0.90 304
10 EtOH (P)/(−) 1.69 −0.55 −0.80 412
11 1-PrOH (P)/(−) 1.46 −0.22 0.02 NA
12 2-PrOH (P)/(−) 1.50 −2.62 −7.97 56
13 4 MeOH (RP)/(+) 1.55 −0.13 0.43 NA
14 EtOH (RP)/(+) 1.75 0.84 3.92 −60
15 1-PrOH (RP)/(+) 2.16 0.12 1.95 −209
16 2-PrOH (RP)/(+) 2.22 6.51 23.42 5

It follows from Equation (1) that, for the chiral separations in which both the terms ΔΔH◦
and ΔΔS◦ were characterized by equal signs (positive or negative), it was possible to calcu-
late the isoenantioselective temperature, namely the temperature at which enthalpy-entropy
compensation occurs (|TISOΔΔS◦| = | ΔΔH◦|) and the enantiomers coelute (α = 1).

An inspection of the TISO values shown in Table 1 reveals that when the column
temperatures were higher than the computed TISO (entries 4, 7, 8, 14, 15, 16), ΔΔH◦ and
ΔΔS◦ assumed positive signs, and the enantioseparation process occurred within the
entropy-controlled domain (|TΔΔS◦| > | ΔΔH◦|). Accordingly, the separation factors
recorded at 45 ◦C were higher than those recorded at 25 ◦C. As an example, the separation
factor of 2 in the presence of 2-propanol changed from 4.94 to 6.82 as a result of increased
temperature. Vice versa, when the column temperatures were lower than the TISO values,
the enantiodiscrimination was enthalpy-driven (|TΔΔS◦| < | ΔΔH◦|), and the separation
factors lowered as temperature increased. In no case, by increasing the temperature in
the range of values explored, a change in enantiomer elution order was observed. As
representative examples of enantioseparations occurring within entropy and enthalpy
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domains, Figure 4 shows the van’t Hoff plots obtained by variable-temperature analysis of
1 and 2.

Figure 4. Plots of ln k vs. 1/T ×103 and ln α vs. 1/T ×103 for 1 and 2. Chromatographic conditions:
column, Chiralpak AD-3 (100 mm × 4.6 mm, 3 μm); flow rate, 1 mL/min; temperature, 25 ◦C;
detection, CD at 241 nm. 2-PrOH: 2-propanol; 1-PrOH: 1-propanol, EtOH: ethanol; MeOH: methanol.

It is interesting to note that by changing the eluent conditions from pure methanol
and ethanol (entries 5 and 6 of Table 1 and Figure 4) to 1-propanol and 2-propanol (entries
7 and 8 of Table 1 and Figure 4), TISO of 2 becomes lower than room temperature and the
elution order of the enantiomers reverses. This once again proves that the temperature
of isoelution is a critical parameter to be considered for controlling enantioseparation.
Finally, although the enantioseparation of 1 was entropy-controlled with 2-propanol and
enthalpy-driven in the other elution conditions, the enantiomer elution order was the same
with the (R,R)-eluted before than (S,S)-enantiomer.

3. Materials and Methods

3.1. Reagents and Chemicals

HPLC-grade solvents were obtained from Aldrich (Milan, Italy) and filtered (0.22 μm filter)
before use. HPLC analyses were carried out on a Chiralpak AD-3 (100 mm × 4.6 mm, 3 μm)
column (Chiral Technologies Europe, Illkirch-Graffenstaden, France).

Compounds 1-4 were synthesized according to previously reported procedures [31–35].

3.2. Instruments

HPLC apparatus consisted of a Perkin-Elmer (Norwalk, CT, USA) 200 LC pump
equipped with a Rheodyne (Cotati, CA, USA) injector, a 50-μL sample loop, an HPLC
Perkin- Elmer oven, and a Jasco (Jasco, Tokyo, Japan) Model CD 2095Plus UV/CD de-

171



Molecules 2022, 27, 8527

tector. The signal was acquired and processed by Clarity software (DataApex, Prague,
Czech Republic).

The CD spectra of the enantiomers of 2 were recorded at 25 ◦C by using a Jasco Model
J-700 spectropolarimeter. The optical path was 1 mm. The spectra are averagely computed
over four instrumental scans, and the intensities are presented in terms of ellipticity values
(mdeg).

The absolute configuration of the enantiomers was determined in previous works [30–33].

3.3. HPLC Operating Conditions

Fresh standard solutions of chiral samples were prepared by dissolving the analytes
in ethanol solution (concentration about 0.5 mg mL−1). The injection volume was 10–30 μL.
Solvents and samples were filtered through 0.22-μm filters. The flow rate was set at 1.0 mL
min−1. The hold-up time was estimated by using 1,3,5-tri-tert-butylbenzene as a marker
and pure ethanol as a mobile phase.

4. Conclusions

The ADMPC-based Chiralpak AD-3 CSP has been tested in HPLC enantioseparation
of four chiral compounds, each of which represents a kind of stereogenicity. The outcomes
of the enantioselective HPLC analysis carried out in polar organic conditions indicate that
Chiralpak AD-3 CSP can discriminate the enantiomers of all compounds investigated,
regardless of their rigid stereogenic element, but its performance is significantly influenced
by column temperature and nature of the polar organic mobile phase, which impact the
conformation of the polymeric ADMPC selector and the size and shape of its chiral cavities.
In particular, in the case of compound 2, an inversion of the enantiomer elution order
occurred, passing from methanol and ethanol to 1-propanol and 2-propanol. Thus, besides
proposing an effective approach to the HPLC isolation of enantiopure forms of 1–4, this
work adds new information on the resolving capability of the amylose-based Chiralpak
AD-3 CSP and highlights the importance of considering mobile phase composition and
temperature as key parameters to effectively establish the chiral recognition mechanism
of this versatile chromatographic packing material. Finally, tuning molecular rigidity can
be an effective strategy for controlling and studying the interactions of the chiral analytes
with the active sites of the polysaccharide-based CSPs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238527/s1, Table S1: Effect of mobile phase on the
retention of the first eluted enantiomer (k1) and enantioseparation (α) factors of 1–4.
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Abstract: The indiscriminate use of plastic in food packaging contributes significantly to environ-
mental pollution, promoting the search for more eco-friendly alternatives for the food industry. This
work studied five formulations (T1–T5) of biodegradable cassava starch/gelatin films. The results
showed the presence of the starch/gelatin functional groups by FT-IR spectroscopy. Differential
scanning calorimetry (DSC) showed a thermal reinforcement after increasing the amount of gelatin in
the formulations, which increased the crystallization temperature (Tc) from 190 ◦C for the starch-only
film (T1) to 206 ◦C for the film with 50/50 starch/gelatin (T3). It also exhibited a homogeneous
surface morphology, as evidenced by scanning electron microscopy (SEM). However, an excess of
gelatin showed low compatibility with starch in the 25/75 starch/gelatin film (T4), evidenced by the
low Tc definition and very rough and fractured surface morphology. Increasing gelatin ratio also
significantly increased the strain (from 2.9 ± 0.5% for T1 to 285.1 ± 10.0% for T5) while decreasing
the tensile strength (from 14.6 ± 0.5 MPa for T1 to 1.5 ± 0.3 MPa for T5). Water vapor permeability
(WVP) increased, and water solubility (WS) also decreased with gelatin mass rising in the composites.
On the other hand, opacity did not vary significantly due to the films’ cassava starch and gelatin ratio.
Finally, optimizing the mechanical and water barrier properties resulted in a mass ratio of 53/47 cas-
sava starch/gelatin as the most appropriate for their application in food packaging, indicating their
usefulness in the food-packaging industry.

Keywords: composites; food packaging; films; gelatin; starch

1. Introduction

The food industry is one of the most significant users of single-use plastic from
petroleum, contributing to solid waste [1]. This plastic can even degrade into finer particles
(micro- and nano-plastics) that can enter the food chain and affect different trophic levels,
including humans [2]. By 2050, it is projected that more than 33 million tons of plastic
will end up accumulating in various ecosystems, especially in the ocean [3]. Therefore,
searching for more environmentally friendly alternatives is imperative to avoid using these
polymers [4]. In this sense, several investigations have been carried out into the produc-
tion of films containing biodegradable components from extracts of Pseudomonas oleovorans
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bacteria [5], chicken feathers [6], soy protein [7], chicken breast protein [8], sunflower pro-
tein [9], spinach flour [10], corn starch–chitosan blends [11], among others. However, many
biodegradable films have disadvantages in mechanical properties and high production
costs. Therefore, a viable option is to produce cassava starch films due to their low price,
availability, and oxygen-barrier properties [12,13].

Cassava or tapioca (Manihot esculenta Crantz) is a low-cost tuber native to Thailand,
and is used for starch production. Starch is a polymer composed mainly of amylose and
amylopectin. Both components consist of chains of D-glucose residues with bonds α-(1,4)
that are interconnected through α-(1,6)-glycosidic bonds forming branches in polymers [14].
In addition, amylose is responsible for the isotropic, odorless, tasteless, colorless, non-
toxic, and biodegradable film-forming characteristics [15,16]. However, the mechanical
properties of cassava starch films are insufficient for food packaging due to their brittle
and weak behavior when subjected to tensile stress. In addition, films produced from
polysaccharides are susceptible to moisture [17]. The above have promoted the synthesis of
films, including plasticizing additives such as sorbitol, glycerol, and polyethylene glycol,
to improve flexibility [18].

Gelatin is a polymer obtained from collagen and is used to manufacture bioplastics.
Its miscibility with water allows for the production of different matrices in the food-
packaging industry [19,20]. There are two types of gelatins, depending on the preparation
methodology. Gelatin A is obtained by acid extraction, and gelatin B is obtained by alkaline
extraction [21]. The primary sources of gelatin are pig skins, pig bones, and cows’ skin [22].
Gelatin’s triple-helix protein structure and amino acid composition provide physical barrier
capacity and protection against ultraviolet light, protecting foods from physical damage
and oxidation caused by reactive oxygen species (ROS) [23–25].

The amino acid content in gelatin (mainly proline, hydroxyproline, and glycine)
makes chicken gelatin a potential component for developing new materials applicable to
the food industry. Chicken gelatin contains considerably higher gel strength in Bloom value
(355 ± 1.48 g) than bovine gelatin (229 ± 0.71 g). However, there are few studies related to
films incorporating cassava starch with gelatin in an optimized formulation to maximize
the composite’s properties [26,27].

Veiga-Santos et al. found that the addition of gelatin did not significantly affect the
mechanical properties of tapioca starch sheets plasticized with sucrose [27]. However,
the addition of gelatin increased the water vapor permeability of the glycerol-plasticized
cassava starch film [26]. There are no studies where optimized films from chicken gelatin
and cassava starch ratio are formulated. Despite the reported applications of cassava starch
bioplastics with chicken-based gelatin, there is a need to optimize the cassava starch–gelatin
mixtures to maximize the packaging properties of the films obtained. In this study, five
(T1–T5) formulations of cassava starch and chicken-waste gelatin-based films were devel-
oped and characterized in a simplex-lattice mixture design, optimized to determine the
starch/gelatin mixture with desirable functional properties in food packaging. Therefore,
this study aimed to obtain bioplastic films from mixtures of cassava starch and chicken
gelatin, characterize them, and find an optimal blend of the components to generate a
bioplastic film whose properties are helpful in food packaging.

2. Results and Discussion

2.1. FT-IR Spectroscopy Analysis of the Cassava Starch/Gelatin Films

Figure 1 shows the FT-IR characterization of the cassava starch/gelatin films. All
samples showed higher intensity bands in the amide region for the films with high gelatin
content (3287 a 3308 cm−1) due to the -OH groups from starch, gelatin, and water-adsorbed
molecules [28].
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Figure 1. FTIR spectra of cassava starch/gelatin films. T1 gelatin/cassava starch 0/100; T2
gelatin/cassava starch 25/75; T3 gelatin/cassava starch 50/50; T4 gelatin/cassava starch 75/25;
T5, gelatin/cassava starch 100/0.

The characteristic bands of cassava starch are present in T1. The symmetrical stress
band corresponding to the -C-H group is observed around 2928–2930 cm−1. Additionally,
stress bands associated with amide groups are overlapped by -OH stress bands. Bands at
3308 cm−1 and 2930 cm−1 for O-H and -C-H stretching vibrations are observed. At lower
vibration frequencies, the bands associated with in-plane bending vibration for the CH2
group and bending of the C-OH group are also observed between 1413 and 1337 cm−1.
Finally, the band corresponding to the stretching of the antisymmetric bridge of the C-O-C
group rose at 1149 cm−1 [29].

Strong hydrogen bonds between starch and gelatin might generate smooth and ho-
mogeneous films, especially in the T3 formulation (50/50 starch/gelatin), as discussed in
the morphological section. On the other hand, shifting at higher vibrational frequencies
is observed for T2–T4 (starch/gelatin) films, especially for the strain band at 3295 cm−1

associated with the -OH group. In addition, asymmetric stretching bands of the amide I
group were observed between 1637–1652 cm−1, increasing intensity with higher gelatin
content [30]. Additionally, due to the presence of amino groups from the gelatin, the band
at 3200 cm−1 is shifted. Additionally, gelatin’s -C=O group (1743–1746 cm−1) increased,
and the CH-O-CH2 groups (1009–1033 cm−1) decreased as the gelatin concentration within
the polymeric matrix increased (formulations T2–T4). The shifting of the -OH band and
the increase in the amide I band is probably due to hydrogen bonding of the C=O and
N-H groups with the -OH group, which demonstrates strong bonding between starch
and gelatin components. The exact position of the amide I band is determined by the
most stable backbone conformation and hydrogen-bonding pattern associated with the
stretching vibrations of the C=O (70–85%) and C-N (10–20%) group [31]. On the other hand,
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formulation T5 showed the main band at 1742 cm−1, corresponding to the C=O group of
amides-I. Likewise, the band located at 1544 cm−1 is attributed to amides-II rising from
the stretching vibrations of the N-H groups and the stretching vibrations of the C-N group.
Finally, the bands located at 3287 and 2928 cm−1 correspond to the stretching vibrations of
the N-H group for an amide-I and the symmetric tensions of the aliphatic carbons CH2,
respectively [32].

2.2. Thermal Analysis of Cassava Starch/Gelatin Films

Thermogravimetric analysis (TGA) aims to evaluate the degradation of any material
with increasing temperature. Figure 2 shows the degradation profiles of the different films.
The cassava starch/chicken gelatin films (T1, T2, T4, and T5) presented three stages of
degradation, while T3 presented four stages of degradation. The first stage of degradation
corresponds to weight loss between 25 and 150 ◦C, attributed to the loss of absorbed
bound water in the films and low-molecular-weight materials [33]. Additionally, this
degradation step is attributed to the reaction between the carbonyl groups of starch and
the amino groups of gelatins [34]. This behavior indicates that thermoplastic processing is
not recommendable for starch and gelatin films due to side reactions.

 
Figure 2. Thermogravimetric analysis for T1, (A) gelatin/cassava starch 0/100; T2, (B) gelatin/
cassava starch 25/75; T3, (C) gelatin/cassava starch 50/50; T4, (D) gelatin/cassava starch 75/25; T5,
(E) gelatin/cassava starch 100/0; (F) All the samples.

The second stage occurs between 150 and 270 ◦C, corresponding to the decomposition
of organic materials of low molecular weight attributed to cassava starch [33,35]. In
this sense, it is highlighted that the gelatin-containing films exhibited lower values in
this degradation stage compared to T1 (decreasing from 317 to 311 ◦C), which did not
contain gelatin. According to Figure 2, it is likely that crosslinking was generated during
the first heating stage through intramolecular reactions as the temperature increased.
Therefore, films containing a higher amount of gelatin facilitated the formation of a higher
degree of crosslinking, as observed in the DTGA in Figure 2 (undefined degradations) [34].
Likewise, a continuous thermal degradation was observed for the films containing a
higher concentration of starch (T2 and T3), reflected in the decrease in the degradation
temperatures compared to T1 [34]. Finally, the third stage of degradation occurs between
270 and 600 ◦C, attributed to the total decomposition of the material (polysaccharides,
protein, and glycerol volatilization), including some contained gases (CO2, CO, H2O) and
carbon compounds present in the material [11]. On the other hand, formulation T3 shows a
small shoulder of the fourth degradation stage centered at 388 ◦C. This may correspond to
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the elimination of hydrogen functional groups, degradation, and depolymerization of the
starch–gelatin interactions between the polymer chains, which can be formed due to the
higher gelatin amount present in the film that at higher temperatures causes crosslinking
and strong interactions with starch, requiring more energy for bond-breaking [36].

The low-resolution degradations observed in the DTGA of samples T4 and T5 are due
to crosslinking reactions between carbonyl and amino groups, degrading at low speed and
high temperatures. Consequently, the processing of these sheets has limitations related
to possible uncontrolled responses at high temperatures [34,37]. On the other hand, the
thermal analysis of the films containing a higher amount of gelatin shows that they are
susceptible when the temperature exceeds 100 ◦C, as indicated by the thermogravimetric
derivative analysis (DTGA, blue line, Figure 2).

Differential scanning calorimetry (DSC) studies the phase transitions of the material
as the temperature increases [38]. DSC analysis of cassava starch/chicken gelatin films
(Figure 3) exhibited two endothermic peaks associated with the melting of starch crystalline
regions during retrogradation [39]. The two endothermic peaks are attributed to each
film’s two melting temperatures (Tm). For T1, the Tm was observed at 190 ◦C. However,
the Tm increased to 208 ◦C and 206 ◦C for T2 and T3. The increase in the Tm might be
due to the above-discussed crosslinking reactions between the C=O and N-H functional
groups from starch and gelatin, reducing the mobility of the polymer chains and generating
thermostable films [40].

Figure 3. DSC thermogram of films: T1, (A) gelatin/cassava starch 0:100; T2, (B) gelatin/cassava
starch 25/75; T3, (C) gelatin/cassava starch 50/50; T4, (D) gelatin/cassava starch 75:25; T5,
(E) gelatin/cassava starch 100/0.

On the other hand, higher amounts of gelatin introduce a higher degree of flexibility,
which affects the observation of the well-defined endothermic melting peak of the mate-
rial [41]. For T4, the two peaks are poorly defined due to the higher amount of gelatin
(75%) compared to starch (25%) in the formulation. These observations are consistent
with previous studies using chicken gelatin as a polymeric matrix [40,42]. Additionally,
formulation T5 shows a decrease in structural stability, because its melting peaks (157
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and 198 ◦C) are at a lower temperature with an approximate difference of 8 ◦C compared
to formulations T2 and T3. Therefore, the collagen structure in chicken gelatin involves
breaking hydrogen bonds and helix coil transition between polypeptide chains adjacent to
collagen molecules in the denaturation process [43].

2.3. Scanning Electron Microscopy (SEM) of Cassava Starch/Gelatin Films

Figure 4 shows the scanning electron micrographs for the cassava starch/gelatin
films. A homogeneous, continuous, and smooth surface appearance (characteristic of
polysaccharide films such as starch) was observed for T1 (starch film) due to the excellent
molecular packing. For the T5 gelatin film, a rough, heterogeneous, and discontinuous
appearance is observed, because low (<4 wt.%)- or high (>16 wt.%)-protein films present an
inadequate film formation. A low concentration of proteins generates lower macromolecule
interactions, while high-globular-protein concentration reduces the water activity, creating
films with greater elongations and tear resistance [44].

 
Figure 4. Morphological analysis of slides by scanning electron microscopy (SEM): T1, (A) gelatin/
cassava starch 0:100; T2, (B) gelatin/cassava starch 25/75; T3, (C) gelatin/cassava starch 50/50; T4,
(D) gelatin/cassava starch 75/25; T5, (E) gelatin/cassava starch 100/0.

In formulations T2–T4, rough surfaces with pores could be observed. The presence
of starch reduced the heterogeneous and irregular appearance of the gelatin film (T5).
However, with the introduction of gelatin, a roughness and heterogeneous surface are
observed because of the spherical protein presence that intercalates between the polysac-
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charide chains, forming a rounded appearance. When the gelatin content increases, more
intense molecular interaction between starch and gelatin occurs, decreasing the rounded
appearance with a heterogeneous aspect.

Formulation T3 (50/50 starch/gelatin) showed the slightest rough appearance, demon-
strating good compatibility with this formulation. However, there were differences in the
appearance of the starch/gelatin films. Apparent differences are likely due to hydrogen
bonds between the components [11,37]. These differences in the microstructure can be
associated with the different organization of the polymeric chains during composite for-
mation [40]. Similarly, the roughness of cassava starch/bovine gelatin type B films was
observed when the gelatin concentration was increased [45].

2.4. The Tensile Strength of the Cassava Starch/Gelatin Films

Table 1 shows the values of Young’s modulus, tensile strength, and deformation
percentage of the cassava starch/gelatin films. Significant differences (p < 0.05) in the
characterization of the mechanical properties between the samples are evident. These
results indicate that the sample’s flexibility significantly increased with the increase in
the amount of gelatin, decreasing, in turn, the stiffness of the material, as observed in the
Young’s modulus values. The stiffness of the films, shown in Table 1, significantly reduced
with increasing gelatin (p < 0.05) between T2, T3, and T4 formulations. Young’s modulus
for the films ranged from 2.2 ± 1.1 MPa for T4 to 440.4 ± 46.1 MPa for T2, a behavior
previously observed [40,46], attributed to the formation of new hydrogen bonds between
the functional groups of cassava starch and gelatin, which in turn decrease the number of
hydrogen bonds between starch chains. During film drying, the formation of intra- and
inter-molecular hydrogen bonds and chemical crosslinking is facilitated by the supply of
thermal energy, and increases with temperature. As the polymeric network encounters
a higher amount of starch, the stiffness of the films also significantly increases [17,45].
Despite that, a higher proportion of starch needs a more elevated amount of glycerol in
the formulation, which increases the film’s flexibility. The addition of gelatin in the matrix
promotes the formation of new hydrogen, increasing the material’s ductility.

Table 1. Mechanical properties of cassava starch/gelatin films: T1 (gelatin/cassava starch 0/100; T2
gelatin/cassava starch 25/75; T3 gelatin/cassava starch 50/50; T4 gelatin/cassava starch 75/25; T5
gelatin/cassava starch 100/0.

Formulation Young’s Modulus (MPa) * Tensile Strength (MPa) * Deformation (%) *

T1 1116.0 a ± 57.6 14.6 a ± 0.5 2.9 a ± 0.5
T2 440.4 b ± 46.1 6.2 b ± 0.1 4.6 a ± 0.3
T3 246.5 c ± 21.9 3.7 c ± 0.3 9.0 a ± 0.8
T4 2.2 d ± 1.1 1.4 d ± 0.2 157.8 b ± 16.2
T5 0.4 d ± 0.0 1.5 d ± 0.3 285.1 c ± 10.0

* Different letters in the same column indicate significant differences (p < 0.05).

On the other hand, tensile strength decreased significantly (p < 0.05) as gelatin con-
centration increased, from 6.2 ± 0.1 MPa for T2 (cassava starch/gelatin 75/25 wt.%) to
1.4 ± 0.2 MPa for T4 (cassava starch/gelatin 25/75 wt.%). These results agree with the
significantly increased (p < 0.05) flexibility, from 4.6 ± 0.3% for T2 to 157.8 ± 16.2% for T4.
From these observations, it is evident that the increase in the amount of gelatin in the com-
posite films significantly decreases the stiffness of the composite. The presence of gelatin
proteins with globular characteristics distorts the homogeneous molecular arrangement of
the starch chains [40].

2.5. Water Vapor Permeability (WVP) of the Cassava Starch/Gelatin Films

The water vapor permeability (WVP) values of cassava starch/gelatin films are de-
scribed in Table 2. Statistically, there were significant differences (p < 0.05) between the
treatments evaluated. The treatment without cassava starch, containing only gelatin (T5),
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presented the lowest value, while the treatment with 100% cassava starch (T1) showed
the highest value. It can be inferred that the variation in gelatin/starch concentration in
the films affects water vapor permeability. The increase in cassava starch concentration
significantly (p < 0.05) increased WVP values. A higher proportion of starch increases the
active binding points with water molecules, favoring water vapor transport through the
films. In addition, the higher the ratio of starch, the higher the proportion of plasticizer,
which attracts more water molecules due to its polar character and its contribution to the
formation of hydrogen bonds. These results are consistent with recent studies reporting an
increase in WVP values with increasing cassava starch proportion in films obtained from
chicken gelatin and cassava starch [40], and fish gelatin-based films, where the increase in
the proportion of rice flour increased the WVP values [21]. On the other hand, treatments
T2, T3, and T4, which had starch/gelatin ratios of 75/25, 50/50, and 25/75, respectively,
were significantly different. This behavior could be related to the interactions formed
between gelatin and starch that occupy both polymers’ active sites, affecting the passage of
water vapor through the crosslinked network.

Table 2. Water vapor permeability, water solubility, and opacity properties of cassava starch/
gelatin films.

Formulation WVP (g mm/ kPa h m2) * Water Solubility (%) * Opacity (%) *

T1 0.437 a ± 0.11 4.20 a ± 2.12 21.20 a ± 0.62
T2 0.395 b ± 0.03 5.15 a ± 1.29 22.11 a ± 0.82
T3 0.409 b ± 0.04 3.67 a ± 1.31 21.21 a ± 0.92
T4 0.408 b ± 0.04 21.26 b ± 0.97 22.5 a ± 0.84
T5 0.365 c ± 0.03 13.45 c ± 1.61 22.37 a ± 0.98

* Different letters in the same column indicate significant differences (p < 0.05).

Food packaging has different functions to prevent or reduce the moisture gain of
the packaged food inside, so low WVP values are expected. Table 2 shows that the WVP
of the films ranged from 0.365 to 0.437 g mm kPa−1 h−1 m−2. These values are simi-
lar to those reported for films made with cassava starch and gelatin between 0.16 and
0.318 g mm kPa−1 h−1 m−2 [47] and lower than those written by other authors in chicken
gelatin films with cassava starch of 1.9 to 5.8 g mm kPa−1 h−1 m−2 [40], and bovine gelatin
and cassava starch films of 2.7 a 6.4 g mm kPa−1 h−1 m−2 [48]. However, conventional mate-
rials with a low water vapor barrier include polyamide 0.027 to 0.03 g mm kPa−1 h−1 m−2

and low-density polyethylene 0.003 to 0.0035 g mm kPa−1 h−1 m−2. The film’s values
obtained in this study are higher, indicating a high water vapor permeability.

2.6. Water Solubility of the Cassava Starch/Gelatin Films

The water solubility values of the cassava starch/gelatin films are shown in Table 2. A
significant effect of the cassava starch-gelatin ratio on the water solubility of the films was
evident (p < 0.05). An increasing trend in solubility was observed with increasing gelatin
concentration in the films. The treatment without gelatin (T1) presented a significantly low
value, while 100% gelatin film (T5) showed a significant increase. However, treatment T4
(75/25 gelatin/cassava starch) showed the highest solubility value, indicating that the rise
in gelatin concentration increases the interactions with water, possibly due to an increase
in the formation of hydrogen bridges that favor the bonding between the bioplastic and
the water molecules. Likewise, the plasticizer increases with increased starch proportion,
incrementing interactions with water given its polar character. However, these interactions
are higher when gelatin increases in the formulation, which is associated with the creation
of new hydrogen bonds.

The water solubility results of the cassava starch/gelatin films ranged from 3.67 to
5.15% for treatments T1 to T3, similar to those reported in a study of cassava starch and fish
gelatin-based films [49]. Treatments T4 and T5 showed values between 13.45 and 21.26%,
like those found in sheets made with corn starch and gelatin [47] and in films made with
corn starch, gelatin, and glycerol or sorbitol [50]. The behavior of the water solubility of
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the cassava starch/gelatin films may be related to the fact that the increase in the amount
of gelatin in the mixture increases the gelation and compaction rates of the polymeric
matrix, which decreases the solubility, as evidenced in the T3 treatment. Treatments T1
to T3 with starch/gelatin proportions 100/0, 75/25, and 50/50 differed significantly from
T4 with 25/75. This difference may be because the hydroxyl group (O-H) and the amide
group (-C=O-N-H) of gelatin enable the formation of strong hydrogen bonds with the
O-H groups of starch [45]. According to Zhang et al. [51], the hydrogen bonds reduce the
ability of gelatin to interact with water molecules, decreasing solubility. However, when the
proportion of gelatin is unbalanced concerning the proportion of starch, solubility increases,
probably because the excess polymer promotes solubility since it has the possibility of
forming more bonds with water through available non-cross-linked polar groups.

2.7. Opacity of the Cassava Starch/Gelatin Films

The opacity values of the cassava starch/gelatin films are shown in Table 2. The
variation in starch/gelatin concentration did not significantly (p > 0.05) affect the opacity
values of the cassava starch/gelatin films. This indicates that the interactions between the
main suspension components, cassava starch and gelatin, within the polymer matrix did
not significantly affect the penetration of light through the films. The opacity values for the
five treatments were between 21.20 and 22.50%. There have been previous reports with
similar values for potato starch and gelatin films [52], corn starch and gelatin [53], and
cassava starch and gelatin [47].

Sensory characteristics play a fundamental role in the selection of packaging materials.
Opacity is a property that, in addition to impacting appearance, influences the shelf life of
the packaged product. For some packaged foods, films with good opacity provide high
lightfastness and therefore help to improve the shelf life of photosensitive foods. However,
high levels of opacity are not always required. According to the opacity values found, the
films were slightly opaque due to aromatic amino acids in the gelatin acting as a barrier for
light [21] and the crystallinity of the starch molecules [52].

2.8. Optimization of the Cassava Starch/Gelatin Films

The mechanical property values of a conventional low-density polyethylene film [54]
were used as a target to optimize the properties of the cassava/gelatin starch films in this
study. Considering the application in food packaging, low water vapor permeability and
water solubility values are required since the film will directly contact food. Consequently,
WVP and water solubility (WS) values were minimized. Table 3 shows the maximum and
minimum values used in optimizing each response variable (y). For each variable, a goal
was established.

Table 3. Optimization conditions.

Response Variable Minimum Maximum Goal

WVP (g mm/ kPa h m2) 0.365 0.437 Minimum
WS (%) 3.67 21.26 Minimum
Young’s modulus (MPa) 0.4 1116 200
Tensile strength (MPa) 1.5 14.68 8
Deformation (%) 2.9 285.1 100

The optimized predictions for each response variable are shown in Figure 5. The
optimization shows a prediction percentage that is considered acceptable (91.44%). The
predicted values for the variables WVP, WS, Young’s modulus, tensile strength, and de-
formation were 0.4 g mm/kPa h m2, 8.98%, 203.7 MPa, 3.4 MPa, and 28.4%, respectively,
with predictability between 0.64 < d < 0.96. The above is obtained in films with a cassava
starch/gelatin proportion of 53/47.

183



Molecules 2022, 27, 2264

Figure 5. Simultaneous optimization of the variables in the cassava starch/gelatin films.

3. Materials and Methods

3.1. Materials

Cassava starch (Manihot esculenta Crantz) was purchased from Tecnas S.A. (Cali,
Colombia). Sodium hydroxide and glacial acetic acid were purchased from Merck (Burling-
ton, MA, USA). Extraction of gelatin from chickens (from chicken feet supplied by a local
farmer) was reported elsewhere [39]. Food-grade glycerol was purchased from Merck
(Burlington, MA, USA). All chemicals were analytical, and no further purification was
performed unless otherwise indicated.

3.2. Methods
3.2.1. Preparation of the Sample of Chicken Gelatin

Chicken gelatin was prepared according to the methodology previously reported [39],
with slight modifications. The chicken feet were washed, disinfected, and immersed in
400 mL of a 0.25 M NaOH solution for six hours. Subsequently, the sample was transferred
to a 4% (v/v) glacial acetic acid solution for three hours. Then, a heat treatment was
conducted at 80 ◦C for eight hours in a ratio of 60 g of chicken feet in 40 mL of water.

184



Molecules 2022, 27, 2264

Finally, it was filtered, and the resulting solid was dehydrated in an oven at 55 ◦C until the
material was obtained.

3.2.2. Preparation of Cassava Starch/Gelatin Films

Composite films’ preparation followed Podshivalov’s methodology [55]. The cassava
starch suspension was initially heated at 85 ◦C with constant stirring for one hour. Later,
the cassava starch was mixed with 25% w/w glycerol (concerning the weight of cassava
starch) to room temperature for 10 min. Subsequently, the suspension was heated to 80 ◦C
for 15 min, cooled to 60 ◦C, and then we slowly added the gelatin. Finally, the rest of the
suspension was sonicated at 60 ◦C for 50 min using an ultrasonic bath (Branson, Madrid,
Spain). All the blends and the simplex-lattice design are reported in Table 4.

Table 4. Simplex-lattice experimental design for the formation of the cassava starch/gelatin
composite films.

Sample Gelatin (wt.%) Cassava Starch (wt.%)

T1 0 100
T2 25 75
T3 50 50
T4 75 25
T5 100 0

The suspensions in plastic molds were environmentally cured for 24 h and placed for
another 24 h in an oven at 40 ± 0.2 ◦C. After that, the solid film of cassava starch/gelatin
was pilled off. The samples were placed in an airtight glass container at 50% relative
humidity (RH) until the test time. The samples were cut for mechanical testing according
to ASTM D6287, ASTM D618, and ASTM D882. All the thicknesses were measured in a
digital micrometer. Film thicknesses ranged from 1.16 to 1.33 mm (±0.17).

3.2.3. Film Characterization
Thermal Analysis

Thermal gravimetric analysis was run on a TA Instruments TGA Q50 V20.13 Build
39 (TA instrument, New Castle, DE, USA) between 30 and 700 ± 2 ◦C using film samples
(5~10 mg) under nitrogen at a flow rate of 60 mL/min of and a heating rate of 10 ◦C/min.
The fusion (Tm) temperatures were determined using a DSC2A-00181 system (TA Instru-
ments) with a heating/cooling rate of 5 ◦C/min from −25 ◦C to 250 ◦C and cooling again to
−25 ◦C using the differential scanning calorimetry (DSC) technique. TGA and DSC results
were analyzed using the TA Instruments’ Universal Analysis software.

Functional Group Characterization of the Films

The functional group of the films was studied using FTIR spectroscopy on an IR
Affinity-1 spectrometer (Shimadzu, Kyoto, Japan). The spectra were obtained using a
4 cm−1 resolution and 32 scans in the range of 500 to 4000 cm−1. A diamond tip and ATR
(attenuated total reflectance) mode were used for the test.

Morphology Analysis

The surface morphologies were scanned with an electron microscope (JSM-6490LA,
JEOL) at 20 kV acceleration voltage, using a copper coating with the mode of secondary
backscattered electrons. A gold layer was used for electron conduction on the samples.

Mechanical Properties

A universal SHIMADZU EZ-LZ test machine (Shimadzu, Tokyo, Japan) was used
for the tensile test, following the ASTM D882 standard. A 500 N load cell was used. The
samples were tested with a gap of 100 mm between jaws at a speed of 50 mm/min. At least
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10 samples per formulation were used. The length and width of the tested samples were
100 mm and 20 mm, respectively.

Water Vapor Permeability

Water vapor permeability (WVP) determination followed the ASTM-E96. The diameter
of the tested samples was 80 mm. The samples were glued to the mouth of a permeation
cell containing silica gel. The permeation cells were stored inside the desiccator with
73 ± 2% RH at 25 ◦C. The slope of the permeation cell mass change as a function of time
was obtained by linear regression. WVP (g mm/kPa h m2) was calculated as follows in
Equation (1):

WVP =

[
WVTR
PR × H

]
× l (1)

where WVTR is the water vapor transmission rate obtained from the ratio between the
water gained as a function of time (g/h) and the permeation area of the sample (m2). P is
the saturation vapor pressure of water (kPa); RH is the relative humidity in the desiccator,
and l is the average sample thickness (m).

Solubility in Water

Solubility in water (WS) was determined by following the method described by
Cheng et al. [56]. Dried films (105 ◦C for 24 h) of 2 cm × 2 cm were weighted (Wi). Then
they were hydrated with 50 mL of distilled water at room temperature for 24 h with random
agitation. Finally, samples were filtered and dried at 105 ◦C to obtain their final dry weight
(Wf ). WS (%) was calculated as follows in Equation (2):

WS =
Wi − W f

Wi
× 100 (2)

Opacity

The opacity test was developed using a colorimeter (Konica Minolta, Japan). Data
were processed by Spectra Magic NX software. Film samples with 2 cm × 10 cm were
placed under aperture for opacity measurement, determined by using black (Pb) and white
patron (Pw) as references. Opacity (Op) was calculated as the ratio between the opacity
(Pb) and opacity (Pw). Both Pb and Pw were determined in five films with black and white
standards (%) using Equation (3).

Op(%) =
Pb
Pw

× 100 (3)

3.2.4. Experimental Design and Optimization

A simplex-lattice design was used with two components and four lattices (m). The
design points are given by m + 1. The five design points correspond to:

xi = 0, 1/m, 2/m . . . m/m, where i is the number of components, leaving the following
mixtures:

(x1, x2): (0, 1); (0.25, 0.75); (0.5, 0.5); (0.75, 0.25); (1, 0).
The mixtures are shown in Table 4.
The optimization was performed by setting the mechanical properties of a commercial

polyethylene film as a target and minimizing the values of the WVP, and WS found in the
blends. The desirability function (D: global; d: individual) that converts the functions to a
scale between 0 and 1 was used, combining them using the geometric mean and optimizing
the general metric means.

The experimental design and the optimization were performed using Minitab (2019)
software.
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Statistical Analysis

We used an analysis of variance (ANOVA) to establish statistical differences between
treatments. Fisher’s test was used as a post-ANOVA analysis to compare the means between
treatments. ANOVA and post-ANOVA were obtained using Minitab (2019) software.

4. Conclusions

Cassava starch/gelatin composite films were obtained, with good mechanical proper-
ties comparable with reported values of commercial polyethylene films. The analysis of
the FT-IR spectra for the composites showed the presence of hydroxyl and amide groups
characteristic of starch and gelatin and with shifts of their bands at various ratios due to
hydrogen bonds. Thermogravimetric analysis of the films showed that with a high amount
of gelatin (T4 and T5), degradation profiles were poorly defined, characteristic of films
with high flexibility. In the DSC analysis, it was evidenced that the endothermic peak Tc
increased due to the presence of gelatin. Still, for T4 and T5, there was a notable decrease
in its value, probably due to molecular disorder between the chains and greater flexibility.

Additionally, the morphological analysis of T2 and T3 showed minor roughness,
discontinuity, and heterogeneity, and a decrease in the flexibility of gelatin compared to the
heterogeneous appearance of the gelatin film (T5). The results of material stiffness through
Young’s modulus suggest that the flexibility of the films increased with the increase in
the amount of gelatin, decreasing, in turn, the stiffness of the material (from 2.9 ± 0.5 to
285.1 ± 10.0 MPa for formulations T1 and T5, respectively). On the other hand, the water
solubility results of the cassava starch/gelatin films were between 3.67 and 21.26% for
treatments T1 and T5, respectively, similar to those found for cassava starch- or cornstarch-
based films with gelatin.

With all these characterization results for the composites, an optimal formulation
was obtained to develop cassava starch/gelatin-based films in a 53/47 ratio, plasticized
with glycerol using the casting method, that would meet the expectations of the model
polyethylene film for food-packaging applications. Young’s modulus, tensile strength,
deformation, thermal, WVP, and water solubility variables were affected by the cassava
starch and gelatin mixtures evaluated in the treatments. Based on the predicted values
for each response in the optimization, it can be inferred that these films could be used as
food-packaging material, as their mechanical properties are close to those of low-density
polyethylene. Future studies could incorporate other additives to improve moisture stability
properties such as WVP.
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Abstract: Biopolymers, especially polysaccharides (e.g., gum Arabic), are widely applied as drug
carriers in drug delivery systems due to their advantages. Curcumin, with high antioxidant ability
but limited solubility and bioavailability in the body, can be encapsulated in gum Arabic to improve
its solubility and bioavailability. When curcumin is encapsulated in gum Arabic, it is essential
to understand how it works in various conditions. As a result, in Simulated Intestinal Fluid and
Simulated Gastric Fluid conditions, we investigated the potential of gum Arabic as the drug carrier of
curcumin. This study was conducted by varying the gum Arabic concentrations, i.e., 5, 10, 15, 20, 30,
and 40%, to encapsulate 0.1 mg/mL of curcumin. Under both conditions, the greater the gum Arabic
concentration, the greater the encapsulation efficiency and antioxidant activity of curcumin, but the
worse the gum Arabic loading capacity. To achieve excellent encapsulation efficiency, loading capacity,
and antioxidant activity, the data advises that 10% is the best feasible gum Arabic concentration.
Regarding the antioxidant activity of curcumin, the findings imply that a high concentration of gum
Arabic was effective, and the Simulated Intestinal Fluid brought an excellent surrounding compared
to the Simulated Gastric Fluid solution. Moreover, the gum Arabic releases curcumin faster in the
Simulated Gastric Fluid condition.

Keywords: gum Arabic; curcumin; drug delivery system; Simulated Intestinal Fluid; Simulated
Gastric Fluid; encapsulation efficiency; loading capacity; antioxidant activity; release rate

1. Introduction

Polymers are giant molecules with a high molecular weight (macromolecules) created
by the covalent bonding of several smaller molecules or repeating units, called monomers.
A natural polymer, found in plants, microorganisms, and animals, is one form of polymer
based on its source of origin [1]. Natural polymers have several advantages over synthetic
polymers, including homogeneous shapes and sizes, biodegradability, biocompatibility,
non-toxicity, low cost, ease of modification, and accessibility [1–4]. Biopolymer is a natural
polymer created directly by living organisms’ cells. It comprises bio-based monomer units
covalently bound together to form bigger bio-based polymer molecules [5]. Polynucleotides
(made of nucleotide monomers, e.g., DNA and RNA), polypeptides (composed of amino
acid monomers, e.g., collagen), and polysaccharides (containing carbohydrate structures,
e.g., starch, cellulose, and gum Arabic) are the three types of biopolymers [6]. Due to their
biocompatibility, processability, and other benefits, natural polymers and biopolymers,
mainly polysaccharides, are commonly used as drug carriers in drug delivery systems
(DDS) [7]. By stabilizing the drug, localizing the drug’s action, and managing the release
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drug’s rate, time, and location, DDS is claimed to provide better therapeutic effects of the
encapsulated drug at specific disease sites with low toxicological effects [8,9].

Gum Arabic (GA) in Figure 1 [10], also known as acacia gum, is the hardened sap of
the Leguminosae family of Acacia senegal and Acacia seyal trees. It is a complex mixture of
glycoproteins and polysaccharides, branched heteropolysaccharides that are either neutral
or slightly acidic, light-orange or pale white, and water-soluble [11,12]. The GA structure’s
mainframe comprises 1,3-linked β-D-galactopyranosyl units. At the same time, the side
chains are made up of two to five 1,3-linked β-D-galactopyranosyl units that connect to
the main chain via 1,6-linkages. Another study discovered that simple sugars such as
D-galactose, L-arabinose, L-rhamnose, and D-glucuronic acid are also constituents of this
heteropolysaccharide [13]. Because of biocompatibility, tastelessness, non-toxicity, and
high-water solubility, GA is widely used as a drug carrier in DDS [14]. GA can also prevent
aggregation as a drug carrier by forming a thick protective film around the encapsulated
drug’s core material and acting as an emulsifier. Several studies have shown that using
GA to encapsulate drugs or active compounds with antioxidant properties can improve
the drug’s stability, encapsulation efficiency, and antioxidant capacity [15–19]. The ability
of a mixture to scavenge free radicals by intervening in one of the three main steps of the
oxidative process mediated by free radicals (i.e., initiation, propagation, and termination)
is referred to as antioxidants [20,21].

Figure 1. The structure of gum Arabic.

Curcumin is the curcuminoid active compound found in turmeric (Curcuma longa
L.) It has numerous health benefits, one of which is an antioxidant [22,23]. Curcumin’s
unique reactive groups, which include two phenolic hydroxyl groups and an enol from a
β-diketone moiety, are known to have potent free radical scavenging activity [24,25]. Due
to their ability to directly react with free radicals and transform them into more stable or
non-radical products, phenolic compounds with more than one hydroxyl group (–OH) are
effective primary antioxidants [26,27]. Curcumin, poorly soluble in water (7.8 μg/mL), has
low bioavailability in the body and a fast metabolism and excretion rate from the body’s
system [28–30]. Curcumin is rapidly degraded in alkaline conditions (pH > 7) but degrades
slowly in acidic conditions, implying that its decomposition is pH-dependent [31]. As a
result, finding a suitable DDS is critical to overcoming the problem of delivering curcumin
into the body for therapeutic use.

Several studies have shown that liposomes as DDS can overcome curcumin’s weak-
nesses, allowing curcumin to be well encapsulated and its effectiveness in the body to
improve [32–36]. Other materials of DDS, as depicted in Figure 2, such as dendrimers, mi-
celles, and microemulsions, emulsions and nanoemulsions, solid lipid nanoparticles (SLNs),
nanoparticles (NPs) including polymeric nanoparticles, magnetic nanoparticles, biopoly-
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mer nanoparticles, microgels, and hydrogel beads, have also been used to increase the
solubility and bioavailability of curcumin so that it can be delivered into the body [36,37].

Figure 2. Representation of curcumin delivery systems.

As mentioned above, GA has been widely used as the primary drug carrier or addi-
tional stabilizing material to improve the ability of encapsulated drugs when delivered into
the body [14,16]. Therefore, this study aimed to investigate GA’s potential in encapsulating
curcumin under two different oral drug delivery pathways, namely SIF and SGF solutions.
Our new finding is that a 10% concentration of gum Arabic in both SIF and SGF solutions
is the optimum concentration to achieve the optimal encapsulation efficiency of curcumin
and the loading capacity of gum Arabic for curcumin.

2. Results and Discussion

Curcumin is a bioactive agent that is poorly soluble in water (7.8 μg/mL) [28], slightly
improved under physiological pH conditions (0.0004 mg/mL) [36], easily soluble in organic
solvents, including 96% ethanol (10 mg/mL) [38], and chemically unstable in gastric and
intestinal environmental conditions [28]. Its decomposition depends on pH. Curcumin’s
half-life at pH 3–6.5 is ~100–200 min, while at pH 7.2–8.0 it decreases significantly to only
1–9 min [37]. Research has shown that encapsulation using polymeric micelles, liposomes,
or surfactant micelles can increase curcumin solubility [29,39]. In this research we establish
that DDS using GA matrices, which are biopolymer, provide promising results in SIF and
SGF solutions.

2.1. Encapsulation Efficiency, Loading Capacity, Release Rate, and Antioxidant Activity in SIF and
SGF Solutions

Encapsulation efficiency (EE) is an important parameter to consider when evaluating
the success of a DDS. The percentage of an encapsulated material (e.g., active ingredients,
drugs, etc.) successfully entrapped into drug carriers following an encapsulation process for
protection, absorption, delivery in the body, and controlled release is defined as EE [40,41].
Therefore, we investigated the EE of curcumin encapsulated in GA and expressed it as
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a percentage. It represents the amount of the drug encapsulated. In this study, the EE
of curcumin was calculated indirectly by measuring the amount of the unencapsulated
curcumin (Ct) in the supernatant using UV-Vis spectrophotometer [42] and Equation (2).

The EE of curcumin increased as the concentration of GA (CGA) increased in both
SIF and SGF conditions, as shown in Figure 3. EE grew rapidly at low CGA up to 20%,
then relatively more slowly at higher CGA up to 40%. The data in Figure 3 also revealed
that the EE for each CGA (5–40%) in SIF (range 32.3–72.8%) was more significant than that
in SGF (range 10.47–49.97%). The higher the EE value obtained, the more curcumin was
successfully encapsulated in GA. Thus, the CGA to get the highest EE for better DDS was
40% for both SIF (EE = 72.8%) and SGF (EE = 49.97%) conditions.

Figure 3. Encapsulation efficiency (EE) of curcumin at various CGA in SIF and SGF solutions.

Loading capacity (LC) refers to a drug carrier’s ability to encapsulate a specific encap-
sulated material. The percentage of drugs incorporated within the drug carrier relative to
the total mass of the drug carrier is referred to as LC. The drug carrier’s structural, physical,
and chemical properties determine LC [41,43]. As shown in Equation (3), LC in this study
can be calculated by dividing the total concentration of successfully encapsulated curcumin
(C0–Ct) by the total concentration of GA (CGA). The higher the LC value of GA, the more
curcumin was successfully encapsulated. This indicates that the best potential of GA as a
drug carrier in DDS (composed of the drug carrier and the encapsulated material) can be
obtained at this CGA because curcumin can be maximally encapsulated [44,45].

As shown in Figure 4, the LC decreased as the CGA increased in SIF and SGF conditions
except for GA in SGF with a 5% to 10% concentration. The LC between these concentrations
increased by 4.86%, from 21.35% to 26.21%. The data in Figure 4 also revealed that the
LC for each CGA (5–40%) in SGF (range 26.21–12.74%) was greater than that in SIF (range
6.58–1.86%). The lowering of the loading capacity of GA is assumed because the carboxylic
group in GA has been wholly ionized to COO−. The formation of this charge creates
a repulsion force between the acid groups of GA, resulting in destabilization of the GA
structure and a decrease in LC [16]. The CGA for obtaining the highest LC value for DDS
was 5% for SIF (6.58%) and 10% for SGF (26.21%) conditions.
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Figure 4. Loading capacity (LC) of GA at various CGA in SIF and SGF solutions.

The rate of drug release (RR) from a DDS to the desired target tissues is a critical prop-
erty associated with a drug’s therapeutic activity in the body [46]. Hence, we investigated
the release rate of curcumin encapsulated in GA. A controlled rate of release of a DDS is a
delivery form in which the drug is released at a predetermined rate based on the desired
therapeutic concentration and the drug’s pharmacokinetic properties [47]. Because the
release rate has been determined, the medication delivered can have a long lifetime ranging
from days to months, with minimal side effects on the body.

The RR of curcumin encapsulated in GA varied as the CGA increased in SIF and SGF
conditions, as shown in Figure 5. The RR of curcumin encapsulated in GA dispersed in
SIF was higher than that of SGF at 5% and 15% of CGA, respectively. However, at other
CGA (10%, 20%, 30%, and 40%), the RR in SGF was higher than that in SIF. The observation
of the RR for 12 days revealed that under SIF conditions, curcumin encapsulated in GA
lasted the longest at 40% of CGA, while, under SGF conditions, curcumin encapsulated in
GA lasted the longest at 10% of CGA. In general, curcumin would be released faster in the
SGF compared to the SIF condition.

Figure 5. Release rate (RR) of curcumin encapsulated in GA at various CGA in SIF and SGF solutions.
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We estimate the mechanism of curcumin encapsulation in GA occurs due to non-
covalent interactions between the –COOH group of GA and the –OH group of curcumin to
form hydrogen bonds. The formation of hydrogen bonds affects both the encapsulation
of curcumin in GA and the release of curcumin from GA. This hydrogen bond formation
also explains why the EE and LC of GA to encapsulate curcumin are higher than that of
tocopherol [16]. Curcumin has additional OH groups compared to tocopherol, so more
hydrogen bonds are formed during the encapsulation process. Further studies are still
needed to confirm the hydrogen bonding formation such as using X-ray Diffraction (XRD),
Differential Scanning Calorimetry (DSC), or computational studies.

Antioxidant activity (IR) is defined as limiting or inhibiting the oxidation of nutrients
(particularly lipids and proteins) by preventing oxidative chain reactions from occurring.
We used the DPPH scavenging activity assay to assess the IR of curcumin encapsulated in
GA, as shown in Equation (4). If the scavenging activity of DPPH is high, the value of IR
will be increased. If the value of DPPH is higher, it means that the amount of antioxidant
compounds in the related drug (e.g., curcumin) is smaller [21,32,48]. The lower the number
of antioxidant compounds required to obtain a high value of IR, the better the compound’s
ability to defend against free radicals in its role as an antioxidant [49–51].

When the odd electron from the nitrogen atom in the radical form of DPPH accepts a
hydrogen atom from the antioxidant, it undergoes reduction. It forms the corresponding
hydrazine or non-radical form of DPPH [48,52]. Overall, the DPPH molecule is classified
as a stable free radical due to the delocalization of the spare electron across the molecule,
which prevents the molecule from dimerizing like most other free radicals. The presence of
electron delocalization results in a deep violet color, with absorption in ethanol solution at
around 515–517 nm. When the DPPH solution is mixed with an antioxidant compound
that donates a hydrogen atom, such as curcumin, it loses its deep violet color (becomes
colorless or pale yellow in color), as shown in Figure 6 [21,53,54].

Figure 6. Antioxidant reaction mechanism of radical form DPPH with curcumin.
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Equation (1) depicts the primary reaction in which the DPPH radical is Z•, whose
activity will be suppressed by AH as an antioxidant donor molecule, ZH is the reduced form
of DPPH (non-radical), and A• is the antioxidant donor molecule’s free radical form [21,55].

Z•+ AH = A•+ ZH (1)

In terms of the number of electrons taken up, the decolorization in the DPPH molecule
that reacts with antioxidants is stoichiometric. DPPH can respond with the entire sample,
even if the antioxidants are weak. Therefore, the DPPH free radical scavenging assay
method is widely used to assess a compound’s ability to act as a free radical scavenger or
hydrogen donor and its antioxidant activity (IR) [55,56].

In both SIF and SGF conditions, as shown in Figure 7, the IR increased as the CGA
increased. The IR in SIF (range 33.21–60.39%) was higher than in SGF (range 9.08–40.84%),
indicating that curcumin’s antioxidant activity was better in SIF than in SGF conditions.
This is due to the nature of curcumin, which degrades quickly in alkaline but slowly in
acidic conditions [31], resulting in a decrease in the amount of undegraded curcumin
as an antioxidant compound that will react with DPPH. This decrease in the curcumin
results in a high value of DPPH scavenging activity, which directly impacts the IR value
in SIF rather than SGF. Furthermore, curcumin in SIF appears in the enolate form of the
heptadienone chain (an electron donor), whereas curcumin in SGF appears in a protonated
form (a hydrogen donor). Because only hydrogen donors can react with DPPH, SIF has
a higher IR value than SGF [32,57]. The higher the IR value at a high CGA, the better
curcumin’s antioxidant performance against free radicals. It is also aided by GA, which has
antioxidant activity [17,19]. Therefore, the CGA for obtaining the highest antioxidant activity
of curcumin was 40% for both dispersions in SIF (60.39%) and SGF (40.84%) conditions.

Figure 7. Antioxidant activity (IR) at various CGA in SIF and SGF solutions.

2.2. Optimum Encapsulation Efficiency and Loading Capacity in SIF and SGF Solutions

The EE of the encapsulated material and the LC of the drug carrier are both parameters
that are closely related to the ability of a DDS to encapsulate a drug for delivery to specific
sites in the body. This study will compare the EE of curcumin, and the LC of GA dispersed
in SIF and SGF to determine the optimum value between these two parameters.

EE increased while LC decreased as CGA increased in SIF and SGF solutions as shown
in Figure 8. Furthermore, Equation (2) demonstrates that the EE value was directly propor-
tional to both the encapsulated curcumin concentration and the CGA, whereas Equation (3)
demonstrates that the LC value was directly proportional to the encapsulated curcumin
concentration and inversely proportional to the CGA. Therefore, EE is inversely propor-
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tional to LC, consistent with the results. The higher the CGA used, the easier it was for
curcumin to be encapsulated (higher value of EE), but it further reduced the space of GA to
encapsulate curcumin again (lower value of LC).

Figure 8. Encapsulation efficiency of curcumin vs. loading capacity of GA at various CGA in, (A) SIF
solution; (B) SGF solution.

The EE ranged from 32.25–72.82% for CGA dispersed in SIF, and the LC ranged from
6.58–1.86%. The EE of curcumin increased significantly at 5–15% of CGA, whereas the LC
of GA decreased significantly at 5% of CGA as shown in Figure 8A. The EE ranged from
10.47% to 49.97% for CGA dispersed in SGF, and the LC ranged from 21.35 to 12.74%. The
EE of curcumin increased significantly at 5–20% of CGA, whereas the LC of GA decreased
substantially at 20% of CGA as shown in Figure 8B. The data recommend that 10% is the
optimum CGA to obtain the optimum EE of curcumin and LC of GA of the encapsulation
process in SIF and SGF conditions.

2.3. Relationship of Encapsulation Efficiency and Antioxidant Activity of Curcumin in SIF and
SGF Solutions

These two parameters relate to the amount of curcumin encapsulated in GA (EE) and
the ability of curcumin to act as an antioxidant compound (IR) in different pH environments.

Both EE and IR increased as CGA increased in SIF and SGF conditions as shown in
Figure 9. According to Equation (2), the EE value was directly proportional to both the
encapsulated curcumin concentration and the CGA, whereas Equation (4) shows that the IR
value was directly proportional only to the antioxidant activity of DPPH radical that reacts
with GA-Curcumin to form non-radical DPPH and inversely proportional to the antioxidant
activity of only DPPH radicals. Therefore, the results in which EE is directly proportional
to IR align with the theoretical suggestion. The higher the CGA, the more curcumin was
successfully encapsulated in GA (higher value of EE) and the higher curcumin’s ability as
an antioxidant to ward off free radicals (higher value of IR).

The EE and IR progression values in both SIF (Figure 9A) and SGF (Figure 9B) showed
that SGF gave a higher increment than SIF. This suggests that regarding EE and IR, SGF
gave better environmental conditions for encapsulation of curcumin in GA. Furthermore,
the results indicate that the highest increase in EE and IR in SIF and SGF occurred between
5% and 20% of CGA.
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Figure 9. Encapsulation efficiency of curcumin vs. antioxidant activity at various CGA in, (A) SIF
solution; (B) SGF solution.

2.4. Relationship of Loading Capacity and Antioxidant Activity of Curcumin in SIF and SGF Solutions

These parameters relate to the ability of GA as a drug carrier for curcumin (LC) and
the power of GA to stabilize further and enhance curcumin’s ability as an antioxidant
compound (IR) in two different pH surroundings.

As the CGA increased in both SIF and SGF as shown in Figure 10, LC decreased while
IR increased, implying that LC was inversely proportional to IR. The results suggest that
a high amount of curcumin loading in GA was not adequate concerning the antioxidant
activity of curcumin.

In SIF (Figure 10A), the LC ranged from 6.58 to 1.86%, and the IR ranged from 33.21
to 60.39%. The LC of GA decreased significantly at 5% of CGA, whereas the IR increased
significantly at 5–20% of CGA. In SGF (Figure 10B), the LC ranged from 21.35 to 12.74%,
and the IR ranged from 9.08 to 40.84%. The LC of GA decreased significantly at 20% of
CGA, while the IR increased significantly at 5–20% of CGA. These outcomes propose that
the optimum CGA for obtaining the optimum LC of GA and IR of curcumin is around 10%
to 20% in SIF and SGF conditions. The SGF provided a better atmosphere than the SIF
solution regarding the antioxidant activity.

Figure 10. Loading capacity of GA vs. antioxidant activity at various CGA in, (A) SIF solution;
(B) SGF solution.

This study provides several parameters that feature the encapsulation of curcumin in
GA, namely EE, LC, and release of curcumin encapsulation in GA. To understand more
about the curcumin delivery system using GA, further study is necessary to analyze other
physicochemical characteristics of the dispersion, including the particles’ size, shape, and
surface charge. These parameters are crucial for a successful delivery system.
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3. Materials and Methods

3.1. Materials

The materials used were gum Arabic, curcumin, Na2HPO4·2H2O (0.05 M), NaH2PO4·2H2O
(0.05 M), HCl (37%), NaCl, NaOH, ethanol, DPPH solution (40 μg/mL), and demineralized
water.

3.2. Methods
3.2.1. Preparation of Simulated Intestinal Fluid (SIF)

A solution of 0.05 M was prepared from 7.5 g of Na2HPO4·2H2O in 500 mL of deminer-
alized water. Another solution of 0.05 M was also prepared from 3.9 g of NaH2PO4·2H2O
in 500 mL of demineralized water. A mixture of 9.5 mL of NaH2PO4·2H2O (0.05 M) and
40.5 mL of Na2HPO4·2H2O (0.05 M) was prepared and diluted into 100 mL. The pH was
adjusted to 7.4.

3.2.2. Preparation of Simulated Gastric Fluid (SGF)

In 800 mL of demineralized water, about 2 g of NaCl was dissolved. Drop by drop,
a total of 4.5 mL of 37% HCl solution was added into the NaCl solution, followed by
demineralized water until the volume reached 1 L. The pH of the solution was tuned to 1.2.

3.2.3. Curcumin Encapsulation in Gum Arabic (GA)

A series of GA dispersions with concentrations (CGA) of 5%, 10%, 15%, 20%, 30%,
and 40% (w/v) were prepared in 100 mL of chloroform/methanol (9/1, v/v). Curcumin,
at a concentration of up to 0.1 mg/mL per GA dispersion, was first dissolved in a small
amount (a few drops) of ethanol before being added to each GA dispersion, then stirred for
10 min. The ethanol facilitates the mixing of the curcumin with the GA dispersion. In a
test tube, 10 mL of GA-curcumin dispersion was streamed with nitrogen gas until a thin
layer remained at the bottom. After that, 10 mL of the SIF solution was added to the test
tube containing a thin layer, and the freeze-thawing process was continued in the test tube.
The freeze-thawing cycle adapted from Hudiyanti’s research [32,58–60] was carried out
by cooling it at 4 ◦C and heating it at 45 ◦C repeatedly until the thin layer was completely
dissolved. Then it was sonicated for 30 min at 27 ◦C. This procedure for repeated for each
GA concentration in both SIF and SGF solutions. Next, 1 mL of sonicated GA-curcumin
dispersion was dissolved in 5 mL of ethanol (w/v), then centrifuged at 3461× g for 40 min
until two layers were formed in the test tube. The watery top layer (supernatant) containing
unencapsulated curcumin was separated for analysis on LC and EE. The thick bottom layer
(GA residue) was stored at −18 ◦C until it was reused for analysis of IR and RR. The sink
condition was maintained at 30 ◦C for all compositions.

3.2.4. Curcumin Encapsulation Efficiency (EE) and GA Loading Capacity (LC)

The EE of curcumin and LC of GA were evaluated based on the concentration of unen-
capsulated curcumin in the supernatant. The unencapsulated curcumin in the supernatant,
which had previously been dissolved in ethanol before the centrifugation process, was
then analyzed using a UV-Vis spectrophotometer. The concentration of unencapsulated
curcumin (Ct) was analyzed at a wavelength of 426 nm. The EE of curcumin was calculated
with Equation (2), while the LC of GA was calculated with Equation (3) [16].

EE =

[
1 −

(
Ct

C0

)]
× 100% (2)

LC =

(
C0 − Ct

CGA

)
× 100% (3)
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3.2.5. Analysis on Curcumin Release Rate (RR)

The RR of curcumin was determined using the concentration of curcumin released
from GA during storage. The GA residue obtained from the previous encapsulation
procedure was dispersed in the buffer solution, i.e., SIF and SGF solutions (1/5, w/v), and
stored in an incubator at 4 ◦C. Curcumin release from GA into the buffer solution was
monitored for 12 days. Each dispersion was homogenized using an ultrasonic homogenizer
for 5 min, followed by centrifugation at 4500 rpm for 15 min. The dispersion was then
allowed to settle and form two layers. The absorbance of the supernatant separated from
the GA residue was measured at a wavelength of 426 nm. This procedure was repeated for
each GA dispersion.

3.2.6. Analysis of DPPH Free Radical Scavenging Assay (Antioxidant Activity, IR)

The Blois method [55] was used to perform the 1-Diphenyl-2-picrylhydrazyl (DPPH)
free radical scavenging assay, in which 1 mL of each GA-Curcumin dispersion was mixed
with 3 mL of DPPH (40 μg/mL) solution. The mixture was then incubated for 30 min at
room temperature without exposure to light. The absorbance of the mixture was measured
with a UV-Vis spectrophotometer at a maximum wavelength (λmax) of 515 nm. The DPPH
antioxidant activity (IR) was calculated using Equation (4) as follows:

IR =

(
A0 − A1

A0

)
× 100% (4)

where A0 is the absorbance of the DPPH solution without the addition of GA-Curcumin dis-
persion and A1 is the absorbance of the DPPH solution with the addition of GA-Curcumin
dispersion after 30 min of incubation [32].

Statistical Analysis

All data presented in this article were acquired in triplicate. The data were presented
as mean ± standard deviation (SD).

4. Conclusions

We have successfully encapsulated curcumin in gum Arabic dispersions in the SIF
and SGF solutions. The results give a satisfactory outcome regarding the potency of gum
Arabic for the encapsulation of curcumin in both environments. The higher the gum
Arabic concentration, the higher the encapsulation efficiency and antioxidant activity of
curcumin, but the lower the gum Arabic loading capacity. The data propose that 10% is the
best possible gum Arabic concentration to achieve the optimal encapsulation efficiency of
curcumin and the loading capacity of gum Arabic for curcumin. Regarding the antioxidant
activity of curcumin, the results indicate that an excessive concentration of gum Arabic was
effective, and the SIF delivered a superior milieu than the SGF solution. Moreover, the gum
Arabic would release curcumin more quickly in the SGF setting.
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Abstract: For the first time, the process of birch ethanol lignin sulfation with a sulfamic acid-urea
mixture in a 1,4-dioxane medium was optimized experimentally and numerically. The high yield of
the sulfated ethanol lignin (more than 96%) and containing 7.1 and 7.9 wt % of sulfur was produced
at process temperatures of 80 and 90 ◦C for 3 h. The sample with the highest sulfur content (8.1 wt %)
was obtained at a temperature of 100 ◦C for 2 h. The structure and molecular weight distribution of
the sulfated birch ethanol lignin was established by FTIR, 2D 1H and 13C NMR spectroscopy, and
gel permeation chromatography. The introduction of sulfate groups into the lignin structure was
confirmed by FTIR by the appearance of absorption bands characteristic of the vibrations of sulfate
group bonds. According to 2D NMR spectroscopy data, both the alcohol and phenolic hydroxyl
groups of the ethanol lignin were subjected to sulfation. The sulfated birch ethanol lignin with a
weight average molecular weight of 7.6 kDa and a polydispersity index of 1.81 was obtained under
the optimum process conditions. Differences in the structure of the phenylpropane units of birch
ethanol lignin (syringyl-type predominates) and abies ethanol lignin (guaiacyl-type predominates)
was manifested in the fact that the sulfation of the former proceeds more completely at moderate
temperatures than the latter. In contrast to sulfated abies ethanol lignin, the sulfated birch ethanol
lignin had a bimodal and wider molecular weight distribution, as well as less thermal stability. The
introduction of sulfate groups into ethanol lignin reduced its thermal stability.

Keywords: birch ethanol lignin; sulfamic acid; urea; sulfation process optimization; sulfated product
characterization; FTIR spectroscopy; 2D NMR spectroscopy; gel permeation chromatography; thermal
analysis

1. Introduction

Lignin is the most widespread aromatic polymer on the earth. The lignin content in the
dry mass of woody plants ranges within 15–40%, depending on the species [1,2]: 5–12% in
herbaceous plants, 25–35% in coniferous wood, and 15–30% in deciduous wood. Lignin has
an irregular 3D structure built from phenylpropane units (PPUs) with different numbers of
methoxyl groups in the aromatic ring: p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S). The PPUs are randomly cross-linked with simple ether C–O–C and C–C bonds [3]. In
addition, the propane chains of the lignin PPUs can contain different functional groups:
hydroxyl (–OH), carbonyl (C=O), carboxyl (–COOH), and double bonds (–CH=CH–).

The structure, chemical composition, and physicochemical properties of lignins vary
within fairly wide limits, depending on the lignocellulosic raw material and lignin isolation
method used [4]. The complex heterogeneous composition of lignins complicates the
development of efficient techniques for utilization to obtain valuable products [5].

Recently, there has been an increased interest in organosolv methods for extracting
cellulose from lignocellulosic biomass. The use of organic solvents makes the organosolv
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processes environmentally friendly and eliminates the contamination of lignin with sul-
fur [6]. Organosolv lignins have a higher content of hydroxyl and carbonyl groups [7] than
conventional technical lignins and are soluble in organic solvents, which facilitates the
chemical modification and processing of these lignins [8–10].

A promising direction in the valorization of lignin is its chemical modification to
obtain bioactive derivatives [11–13]. In particular, sulfated lignins are known for their
anticoagulant and antiplatelet activity and can be used in the treatment of thrombotic
disorders [11].

The available methods for obtaining the sulfated lignin derivatives are based on
the use of aggressive and environmentally hazardous sulfating reagents, e.g., sulfuric
anhydride and its complexes with toxic amines [13,14]. The method for the enzymatic
sulfation of organosolv and technical lignins was proposed in [15] and is based on the use
of p-nitrophenyl sulfate (p-NPS) as a sulfate donor and aryl sulfotransferase (AST) as a
catalyst. This method showed high selectivity for the phenolic hydroxyl groups, leaving
the aliphatic hydroxyl groups in the lignin side chain intact. The main drawback of this
method is the long sulfation time (96 h). We developed a new, simpler, environmentally
safe method for producing water-soluble abies ethanol lignin sulfates, which uses low-
toxic sulfamic acid mixed with urea as a sulfating agent [16]. The comparative 2D NMR
spectroscopy analysis of the structure of the initial and sulfated abies ethanol lignins was
used to establish the main structural units and moieties of lignin macromolecules.

It is known well that, in contrast to lignins of abies and other coniferous species, which
consist mainly of the guaiacyl structural units, in the hardwood (e.g., birch) lignin structure,
the syringyl units dominate [17,18]. Coniferous and hardwood lignins also contain different
amounts of condensed structural units; hardwood lignins are less condensed [4]. Birch is
widespread in Russia and other countries of the Northern Hemisphere, but its wood finds
only limited application in the pulp, paper, and building industries. However, the high
content of xylan in birch wood allows it to carry out the complex processing of its biomass
with the production of xylose, levulinic acid, and ethanol lignin [19]. Birch ethanol lignin
contains no sulfur and has a relatively low molecular weight and a fairly narrow molecular
weight distribution, which makes it a convenient substrate for the synthesis of bioactive
lignin sulfates.

The aim of this study was to experimentally and numerically optimize the process of
the sulfation of ethanol lignin birch wood with a mixture of sulfamic acid and urea in a
1,4-dioxane medium and to characterize the structure and thermochemical properties of
the sulfated ethanol lignin.

2. Results

2.1. Kinetic Study of the Process of Birch Ethanol Lignin Sulfation

The scheme of birch ethanol lignin sulfation with the low-toxic sulfamic acid–urea
mixture in the 1,4-dioxane medium is shown in Figure 1. The isolation of sulfated lignin
was isolated in the form of an ammonium salt.

Figure 1. Scheme of sulfation of ethanol lignin with the sulfamic acid–urea mixture in 1,4-dioxane
medium using β-aryl ethers (β-O-4′) lignin moieties as an example.
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The use of the low-toxic and non-corrosive mixture of sulfamic acid and urea for
the sulfation of abies ethanol lignin was previously proposed [16]. The yield of sulfated
ethanol lignin of abies wood and sulfur content can be regulated by varying the sulfation
process temperature, time, and the ratio of lignin to sulfating complex (sulfamic acid and
urea mixture).

A high yield of sulfated lignin and sulfur content can be obtained at different combina-
tions of the above-mentioned parameters of the sulfation process. Taking into account the
data obtained when optimizing the process of abies ethanol lignin sulfation with a mixture
of sulfamic acid and urea, the ratio of birch ethanol lignin to the sulfating complex was
chosen in this study to be 1:3 mol/mol.

The sulfation process temperature ranged from 70 to 110 ◦C and the process time from
0.5 to 3.0 h. The data on the effect of the birch ethanol lignin sulfation conditions on the
yield of sulfated lignin and sulfur content are given in Table 1.

Table 1. Effect of the conditions for ethanol lignin sulfation with the sulfamic acid–urea mixture in
1,4-dioxane on the yield of water-soluble sulfated lignin and sulfur content.

No.
L:SC,

mol/mol
Temperature, ◦C Time, min

Sulfur Content,
wt %

Yield, wt %

1 1:3 70 30 2.31 ± 0.02 *
2 1:3 70 45 3.79 ± 0.02 *
3 1:3 70 60 5.22 ± 0.03 94.35 ± 4.04
4 1:3 70 90 5.79 ± 0.03 94.95 ± 3.96
5 1:3 70 120 6.03 ± 0.03 95.56 ± 3.93
6 1:3 70 180 6.31 ± 0.04 95.14 ± 3.88
7 1:3 80 30 2.62 ± 0.02 *
8 1:3 80 45 4.03 ± 0.03 *
9 1:3 80 60 6.08 ± 0.04 93.90 ± 3.91
10 1:3 80 90 6.73 ± 0.03 94.99 ± 3.83
11 1:3 80 120 6.92 ± 0.05 95.53 ± 3.80
12 1:3 80 180 7.09 ± 0.03 96.06 ± 3.77
13 1:3 90 30 3.42 ± 0.02 *
14 1:3 90 45 5.84 ± 0.04 95.61 ± 3.96
15 1:3 90 60 6.93 ± 0.05 96.17 ± 3.80
16 1:3 90 90 7.52 ± 0.05 96.43 ± 3.71
17 1:3 90 120 7.59 ± 0.05 94.82 ± 3.69
18 1:3 90 180 7.92 ± 0.05 94.31 ± 3.65
19 1:3 100 30 4.18 ± 0.03 *
20 1:3 100 45 6.43 ± 0.04 93.50 ± 3.87
21 1:3 100 60 7.44 ± 0.05 93.08 ± 3.72
22 1:3 100 90 7.93 ± 0.05 92.48 ± 3.65
23 1:3 100 120 8.15 ± 0.05 91.74 ± 3.62
24 1:3 100 180 8.14 ± 0.05 91.14 ± 4.07
25 1:3 110 30 5.02 ± 0.03 92.31 ± 3.93
26 1:3 110 45 6.91 ± 0.04 91.74 ± 3.80
27 1:3 110 60 7.90 ± 0.05 90.66 ± 3.65
28 1:3 110 90 8.11 ± 0.05 89.93 ± 3.62
29 1:3 110 120 8.10 ± 0.05 88.73 ± 3.62
30 1:3 110 180 8.13 ± 0.05 85.71 ± 3.62

*—Sulfated lignin with a sulfur content of ≤ 4.20 wt % is water-insoluble.

The high yield of sulfated birch ethanol lignin and the high sulfur content can be
obtained at different combinations of the specified parameters of the sulfation process
(temperature and time).

The sulfated ethanol lignin samples with a high yield (91.1–96.4%) and a sulfur content
of 7.1–8.1 wt % were obtained at a process temperature of 90 ◦C and a time of 3 h or at a
temperature of 100 ◦C and a time of 1.5–2.0 h. A further increase in the sulfation time and
temperature did not significantly affect the sulfur content in the product but reduced the
sulfated lignin yield. This may be due to the intensification of secondary condensation
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and destruction reactions under more severe conditions, which leads to the formation of
products that are removed at the stage of sulfated lignin dialysis. It should be noted that
the products of sulfation of birch ethanol lignin contain somewhat more sulfur than the
products of sulfation of abies ethanol lignin under similar conditions [16]. This is possibly
related to the lower reactivity of coniferous lignins that contain more condensed structural
units than hardwood lignins [4].

The kinetics of the birch ethanol lignin sulfation with sulfamic acid–urea mixture in
1,4-dioxane medium was investigated in the temperature range of 70–100 ◦C (Figure 2).
The apparent rates of the birch ethanol lignin sulfation were calculated from the change
in the sulfur content in sulfated ethanol lignin. The calculation was made using the first-
order equation. The activation energy of the sulfation process was determined from the
temperature dependence of the rate constants in the Arrhenius coordinates (Figure 3).

Figure 2. Dynamics of the sulfur content in the process of birch ethanol lignin sulfation with sulfamic
acid–urea mixture at different temperatures.

Figure 3. Temperature dependence of the rate constants of the birch ethanol lignin sulfation process.

The calculated apparent rate constants and activation energies of the birch ethanol
lignin sulfation process are given in Table 2.
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Table 2. Apparent rate constants and activation energies of the process of birch ethanol lignin
sulfation with the sulfamic acid–urea mixture.

Temperature
Apparent Initial Rate Constant,

K × 10−4 (s−1)
Activation Energy, kJ/mol

70 1.41

10.7
80 1.80
90 2.05
100 2.78

The activation energies of the processes of sulfation of birch and abies ethanol lignins
with sulfamic acid–urea mixture in 1,4-dioxane medium are similar: 10.7 kJ/mol for birch
lignin (Table 2) and 8.4 kJ/mol for abies lignin [16]. It should be noted that, for the process
of starch sulfation in a deep eutectic solvent (the sulfamic acid–urea mixture), the activation
energy was 6.4 kJ/mol [20] and, for the sulfation of arabinogalactan with sulfamic acid in
DMSO it was 13.1 kJ/mol [21]. It is known that the low activation energy of the process may
indicate the presence of significant diffusion restrictions [22,23]. Taking this into account,
we can conclude that, under the chosen conditions, the processes of biopolymer sulfation
proceed under diffusion restrictions.

The solubility of the sulfated lignin in water increased with an increase in the content
of sulfate groups. The maximum sulfur content in the sulfated ethanol lignin was estimated
to be 10.6 wt %, taking into account the hypothetical structure of the Berkman spruce
lignin [4], in which one phenylpropane unit has 0.9 mol of free OH groups capable of
sulfating. In order to find the conditions that ensure the production of sulfated birch
ethanol lignin with maximum yield and sulfur content, a numerical optimization of the
sulfation process was carried out.

2.2. Numerical Optimization of the Process of Birch Ethanol Lignin Sulfation

As independent variables, we used two factors: process temperature X1 (70, 80, 90,
100, 110 ◦C) and time X2 (0.5, 0.75, 1.0, 1.5, 2.0, 3.0 h). The result of the sulfation process
was characterized by two output parameters: sulfur content Y1 (wt %) in the sulfated
ethanol lignin and sulfated ethanol lignin yield Y2 (wt %). The fixed parameter was the
ratio L:SC = 1:3. A combined multilevel experiment plan (Users Design) was used in the
calculations. The designations of the variables are listed in Table 3.

Table 3. Designations of independent variables (factors) and output parameters (experimental results).

Factors and Parameters Designations in the Equations

Temperature, ◦C X1
Time, h X2

Sulfur content, % Y1
Product yield, % Y2

The experimental results given in Table 1 were used in the mathematical processing
and optimization of the birch ethanol lignin sulfation process.

The dependences of the output parameters on the variable process factors were ap-
proximated by second-order regression equations. The results of the variance analysis are
given in Table 4.
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Table 4. Results of the variance analysis.

Variance Source

Output Parameters

Sulfur Content Y1 Yield Y2

Statistical Characteristics

Variance Relation F Significance Level P Variance Relation F Significance Level P

X1 78.74 0.0000 200.98 0.0000
X2 24.87 0.0001 10.88 0.0042
X1

2 9.84 0.0060 59.66 0.0000
X1X2 0.00 0.9757 36.11 0.0000
X2

2 21.54 0.0002 0.26 0.6184
R2

adj 86.1 92.8

The variance analysis showed that, within the limits of the experimental conditions
used, the greatest contribution to the total variance of the output parameter was made by
both factors: the temperature and time of the birch ethanol lignin sulfation process. This
is indicated by the high variance ratios (F) for the main effects, which are called also the
influence efficiencies. The data in the columns of Table 4 (P) are interpreted similarly. The
influence of the variance source on the output parameter is considered to be statistically
significant if its significance level is lower than a specified critical value (in our case, 0.05).

The dependence of the sulfur content Y1 in the sulfated birch ethanol lignin on the
process variables is approximated by the regression equation

Y1 = −12.7119 + 0.3212 × X1 + 3.27557 × X2 − 0.00149576 × X1
2+

+0.000225435 × X1 × X2 − 0.693718 × X2
2 (1)

The predictive properties of Equation (1) are illustrated in Figure 4, in which the
experimental values of the output parameter Y1 are compared with its values calculated
using Equation (1). The straight line corresponds to the calculated Y1 values, and the dots
correspond to the observed values. The proximity of the experimental points to the straight
line confirms the good predictive properties of Equation (1).

Figure 4. Output parameter Y1 observed in the experiment (dots) and predicted by mathematical
model (1) (solid line).

The approximation quality is characterized also by the determination coefficient R2
adj.

In the case under consideration, the value is R2
adj = 86.1%, which indicates acceptable

approximation quality. This confirms the adequacy of Equation (1) for the experiment and
makes it possible to use this equation as a mathematical model of the process under study.

Using the mathematical model, the dependence of the output parameter Y1 on the
variables X1 and X2 was plotted in the form of a response surface (Figure 5).
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Figure 5. Response surface illustrating the dependence of sulfur content (wt %) in sulfated birch
ethanol lignin on the process temperature (X1) and time (X2).

According to the calculation using mathematical model (1), the maximum predicted
sulfur content (8.4 wt %) was obtained at the point corresponding to a process temperature
of 107 ◦C and a process time of 2.3 h.

According to the results of the variance analysis within the limits of the chosen
experimental conditions, the sulfation temperature contributes significantly to the total
variance of the output parameter Y2 (sulfated lignin yield, wt %). This is indicated by the
high variance relation (F) corresponding to this factor and the small P criterion.

The dependence of Y2 on the variable process factors is approximated by the regression
equation

Y2 = 36.8673 + 1.29494 × X1 + 7.57733 × X2 − 0.00715242 × X1
2−

−0.0850839 × X1 × X2 − 0.14729 × X2
2 (2)

The determination coefficient is fairly high, R2
adj = 92.8%, which evidences the good

approximation quality. The latter is also confirmed by the good agreement between the
output parameters calculated using Equation (2) and those obtained in the experimental
measurements. This confirms the adequacy of Equation (2) for the experiment and its use
as a mathematical model of the process under study (Figure 6).

Figure 6. Comparison of the values of output parameter Y2 observed in the experiment and those
predicted by Equation (2).

Figure 7 shows the graphical representation of the dependence of the sulfated birch
ethanol lignin yield on the variable factors X1 and X2.
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Figure 7. Response surface of the dependence of the sulfated birch ethanol lignin yield on the variable
temperature (X1) and time factors (X2).

According to the above-described model, the optimum conditions for the sulfation
of birch ethanol lignin that ensure the maximum yield of sulfated birch ethanol lignin
(96.1 wt %) correspond to a process temperature of 78 ◦C and a time of 2.9 h.

2.3. Characterization of the Sulfated Birch Ethanol Lignin

The substitution of hydroxyl groups for sulfate groups during the sulfation of the
birch ethanol lignin with the sulfamic acid–urea mixture was confirmed by FTIR and
NMR spectroscopy.

The FTIR spectrum of birch ethanol lignin (Figure 8) contains absorption bands char-
acteristic of hardwood lignins (GS) [24]. The band at 1123 cm−1 corresponds to planar
bending vibrations of the C–H syringyl aromatic rings, and the C–O stretching vibrations in
secondary alcohols are dominant in the spectrum. The pronounced band with a maximum
at 1327 cm−1 belongs to the skeletal vibrations of the syringyl ring with the C–O stretching
vibrations. In addition, the spectrum includes medium-intensity absorption bands around
1271 and 1034 cm−1, characteristic of the vibrations of the guaiacyl units of lignin [4].

Figure 8. FTIR spectra of birch ethanol lignin (1) and sulfated ethanol lignin ammonium salt (2).

In contrast to the spectrum of the initial ethanol lignin, the FTIR spectrum of the
ammonium salts of the ethanol lignin sulfates contained a new absorption band at 798 cm−1

(Figure 8), which corresponds to the stretching vibrations of the C–O–S bond of the sulfate
group and a broad absorption band with the maximum at 1218 cm−1 corresponding to the
asymmetric stretching vibrations υas(O=S=O).

The FTIR spectra of birch and abies ethanol lignin sulfates [16] obtained in a similar
way are almost identical, except for the presence in the spectrum of the sulfated birch
ethanol lignin of the adsorption band at 1331 cm−1 characteristic of the syringyl structures.
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The 2D HSQC NMR spectra of the initial and sulfated birch ethanol lignins are shown
in Figures 9 and 10, respectively. The main 1H–13C peaks in the HSQC spectra identified
using the literature data [25–27] are given in Table 5, together with the chemical shifts of
some low-intensity peaks (not shown in Figures 9 and 10). The main structural units and
fragments of the initial and sulfated birch ethanol lignins are presented in Figure 11.

Figure 9. HSQCed spectrum of ethanol lignin: aliphatic oxygenated region 1 and aromatic region 2.
The assignment of signals is given in Table 5, and the main identified structural units and fragments
are shown in Figure 11.
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Figure 10. HSQCed spectrum of sulfated ethanol lignin: aliphatic oxygenated region 1 and aromatic
region 2. The assignment of signals is given in Table 5, and the main identified structural units and
fragments are shown in Figure 11.
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Table 5. Assignment of the 1H–13C peaks in the HSQC spectra of the initial and sulfated birch ethanol lignins.

Designation
δC/δH, ppm

(Initial Lignin)
δC/δH, ppm

(Sulfated Lignin)
Assignment

OMe 56.3/3.74 56.3/3.76 C-H in the methoxy groups (OMe)

Aγ and A′
γ 60.0/3.42−3.74 -

Cγ-Hγ in the β-aryl ether (β-O-4′) substructures (A) and
α-ethoxylated (CαOEt) β-aryl ether (β-O-4′)

substructures (A′)

Aγs and A′
γs - 64.6/3.51 and 3.83

Cγ-Hγ in the γ-sulfated (γ-OSO3NH4) β-aryl ether
(β-O-4′) substructures (As) and γ-sulfated (γ-OSO3NH4)

α-ethoxylated (CαOEt) β-aryl ether (β-O-4′)
substructures (A′s)

Aβ(G) and A′
β(G) 84.1/4.30 and 83.4/4.39 -

Cβ-Hβ in the β-aryl ether (β-O-4′) substructures bonded
to the G units (A) and α-ethoxylated (CαOEt) β-aryl ether

(β-O-4′) substructures bonded to the G units (A′)

Aβ(S) and A′
β(S) 86.5/4.12 and 84.8/4.27 -

Cβ-Hβ in the β-aryl ether (β-O-4′) substructures bonded
to the S units (A) and α-ethoxylated (CαOEt) β-aryl ether

(β-O-4′) substructures boded to the S units (A′)

Aβ(G)s and A′
β(G)s - 80.7/4.50 and 80.0/4.64

Cβ-Hβ in the γ-sulfated (γ-OSO3NH4) β-aryl ether
(β-O-4′) substructures bonded to the G units (As) and
γ-sulfated (γ-OSO3NH4) α-ethoxylated (CαOEt) β-aryl
ether (β-O-4′) substructures bonded to the G units (A′s)

Aβ(S)s and A′
β(S)s - 82.1/4.35 and 82.1/4.50

Cβ-Hβ in the γ-sulfated (γ-OSO3NH4) β-aryl ether
(β-O-4′) substructures boded to the S units (As) and

γ-sulfated (γ-OSO3NH4) α-ethoxylated (CαOEt) β-aryl
ether (β-O-4′) substructures boded to the S units (A′s)

Aα 72.5/4.88 - Cα-Hα in the β-aryl ether (β-O-4′) substructures (A)

A′
αOEt 64.4/3.33 64.7/3.36 C-H of the methylene groups in the α-ethoxylated (CαOEt)

β-aryl ether (β-O-4′) substructures (A′)

A′
α 81.2/4.56 81.1/4.53 Cα-Hα in the α-ethoxylated (CαOEt) β-aryl ether (β-O-4′)

substructures (A′)
Bβ 54.1/3.06 55.1/3.06 Cβ-Hβ in the pinoresinol (β–β′) substructures (B)
Bγ 71.6/3.80 and 4.18 - Cγ-Hγ in the pinoresinol (β–β′) substructures (B)
Bα 85.6/4.68 85.9/4.68 Cα-Hα in the pinoresinol (β–β′) substructures (B)
Cβ 53.7/3.48 - Cβ-Hβ in the phenylcoumaran (β–5′) moieties (C)

Cβs - 51.1/3.65 Cβ-Hβ in the γ-sulfated (γ-OSO3NH4) phenyl coumaran
(β–5′) moieties (Cs)

Cγ 63.4/3.74 - Cγ-Hγ in the phenyl coumaran (β–5′) substructures (C)

Cγs - 67.5/3.94 Cγ-Hγ in the γ-sulfated (γ-OSO3NH4) phenylcoumaran
(β–5′) substructures (Cs)

Cα 87.6/5.45 87.5/5.55 Cα-Hα in the phenylcoumaran (β–5′) substructures (Cα)
Iγ 60.4/4.03 59.9/4.03 Cγ-Hγ in the cinnamyl alcohol end groups (I)

Iγs - 64.6/4.15 Cγ-Hγ in the γ-sulfated (γ-OSO3NH4) cinnamyl alcohol
end groups (Is)

J2,6(S) 107.0/7.08 106.4/7.00 C2,6-H2,6 in the cinnamyl aldehyde end groups (J)
S2,6eth 104.5/6.70 104.8/6.62 C2,6-H2,6 in the 4-etherified syringyl units (Seth)

S2,6 106.2/6.51 - C2,6-H2,6 in the 4-non-etherified syringyl units (S)
S′2,6 107.1/7.35 106.7/7.30 C2,6-H2,6 in the oxidized (Cα=O) syringyl units (S′)
S”2,6 107.2/7.23 106.5/7.20 C2,6-H2,6 in the oxidized (CαOOH) syringyl units (S”)

pCA3,5 115.8/6.79 115.5/6.79 C3,5-H3,5 in the p-coumarates (pCA)

pCA3,5s - 120.8/7.32 C3,5-H3,5 in the 4-sulfated (4-OSO3NH4)
p-coumarates (pCAs)

G2 110.6/6.94 111.9/7.00 C2-H2 in the 4-etherified guaiacyl units (Geth)
G5 115.7/6.97 - C5-H5 in the 4-non-etherified guaiacyl units (G)
G5s - 120.8/7.38 C5-H5 in the 4-sulfated (4-OSO3NH4) guaiacyl units (Gs)

G5eth 115.7/6.76 115.4/6.76 C5-H5 in the 4-etherified guaiacyl units (Geth)
G6 119.4/6.79 119.5/6.76 C6-H6 in the 4-etherified guaiacyl units (Geth)
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Figure 11. Main structural units and moieties of the initial and sulfated ethanol lignins: (A) β-aryl
ethers, (As) α,γ-sulfated (α,γ-COSO3NH4) β-aryl ethers, (A′) α-ethoxylated (α-COEt) β-aryl ethers,
(A′s) γ-sulfated (γ-COSO3NH4) α-ethoxylated (α-COEt) β-aryl ethers, (B) pinoresinols, (C) phenyl-
coumarans, (Cs) γ-sulfated (γ-COSO3NH4) phenylcoumarans, (I) cinnamyl alcohol end groups,
(Is) γ-sulfated (γ-COSO3NH4) cinnamyl alcohol end groups, (J) cinnamyl aldehyde end groups,
(pCA) p-coumarates, (pCAs) 4-sulfated (4-COSO3NH4) p-coumarates, (S) syringyl units, (Seth)
4-etherified (4-COEth) syringyl units, (S′) oxidized (α-C=O) syringyl units, (S”) oxidized (α-COOH)
syringyl units, (G) guaiacyl units, (Geth) 4-etherified (4-COEth) guaiacyl units, and (Gs) 4-sulfated
(4-COSO3NH4) guaiacyl units.

The HSQC spectra of the initial and sulfated ethanol lignin samples were compared in the
regions of the chemical shifts of atoms from the lignin side chains (δC/δH 50–90/2.9–5.7 ppm)
and aromatic rings (δC/δH 100–150/5.5–8.0 ppm).

Considering the region of the 1H–13C side chain signals in the HSQC spectrum of the
birch ethanol lignin (Figure 9), we can see that it contains the intense correlation peaks of
β-aryl ethers (A), pinoresinol (B), and phenylcoumaran fragments (C) (see Figure 11). A part
of β-aryl ethers is ethoxylated in the α-position, judging by the fact that the spectra contain
signals of the methylene group in the α-ethoxylated β-O-4′ bonds (δC/δH 64.4/3.33) and the
α-position of the α-acylated β-O-4′ bonds (δC/δH 81.2/4.56). This assumption is confirmed
by the presence of a correlation signal of the methyl group at δC/δH 14.3/1.00 ppm.

In the spectrum of the sulfated ethanol lignin (Figure 10), the group of peaks assigned
to the phenylcoumaran fragments (C) is characterized by a change in the position of the
correlation signals Cγ-Hγ and Cβ-Hβ (Figure 10), which is related to the effect of sulfation
of OH groups in the γ position (Cγ-Hγ: a shift of ΔδC ~ 4 ppm toward weak fields; Cβ-Hβ:
a shift of ΔδC ~ 3 ppm toward strong fields).

A similar change in the peak positions along the carbon atom axis in the sulfated
ethanol lignin spectrum is observed for β-aryl ethers β-O-4′ (A) and α-ethoxylated β-aryl
ethers (A′). The Cγ-Hγ correlation signals of the sulfated lignin are shifted relative to the
initial lignin signals toward weak fields by ~5 ppm and the Cβ-Hβ signals toward strong
fields by ~4 ppm. Such shifts of the signals in the spectra are most likely due to the sulfation
of OH groups of β-aryl ethers of the lignin macromolecule in the γ position. In addition,
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free OH groups in the α position of β-aryl ethers (A) are probably subjected to the sulfation,
since the Cα-Hα peak at δC/δH 72.5/4.88 ppm is missing in the sulfated lignin spectrum.

The shift of signals in the aliphatic region of the spectrum of the sulfated lignin
sample as compared with the spectrum of the initial lignin was also found for the Cγ–Hγ

correlations of the cinnamyl alcohol end groups (I). This is also indicative of the sulfation
of OH groups bonded with carbon atoms Cγ of this lignin fragment.

Despite the presence of the fairly intense Cα-Hα, Cβ-Hβ, and Cγ-Hγ signals of
pinoresinol (β–β′) fragments (B) in the spectrum of the initial ethanol lignin, the intensity of
these signals in the spectrum of the sulfated sample drops dramatically. The peaks assigned
to the Cγ-Hγ correlations (δC/δH 71.6/3.80 and 4.18 ppm) disappear almost completely.

It is important to note the appearance of a peak at δC/δH 53.6/5.00 ppm assigned to
the CH3 or CH groups in the aliphatic region of the sulfated ethanol lignin spectrum. We
failed to establish an unambiguous correspondence of this peak to any structural fragment.

The 1H–13C aromatic region in the HSQC spectrum of the birch ethanol lignin (Figure 9)
contains characteristic correlation peaks of the syringyl (S) and guaiacyl (G) units, p-coumarates
(pCA), and cinnamyl aldehyde end groups (J). The syringyl units are of several types. In
particular, using the assignments made in [28–30], we found S units with a substituent
in the 4-position (δC/δH 104.5/6.70), S units with a free hydroxyl group in the 4-position
(δC/δH 106.2/6.51), S units with a carbonyl group in the α-position (δC/δH 107.1/7.35),
and S units with a carboxyl group in the α position (δC/δH 107.2/7.23).

In addition, there are high-intensity signals at δC/δH = 129.1/7.73 and 131.9/7.67 ppm
corresponding to the CH or CH3 groups. Some researchers believe that the signals located
at these chemical shifts can be attributed to both Cα,β−Hα,β in stilbenes [31] and C2,6-H2,6
in p-benzoates [32].

In the aromatic region of the sulfated lignin spectrum containing the main part of the
peaks of the syringyl (S2,6eth, S′2,6, S”2,6) and guaiacyl units (G2, G5, G6), p-coumarates
(pCA3,5), and cinnamyl aldehyde end groups (J2,6) (see Table 6), the signal of the C2,6-H2,6
syringyl units with a free hydroxyl group in the 4-position disappears almost completely.
This is apparently due to the replacement of this hydroxyl group by the sulfate one. In
addition, in this region of the spectrum, a new peak at δC/δH = 120.8/7.38 and 7.32 ppm
appears, which is most likely a signal of the C5-H5 guaiacyl (Gs) and C3,5-H3,5 p-coumarate
(pCAs) structural units with sulfate groups attached to the 4-position. These changes in
the chemical shifts of adjacent positions 3 and 5 of the aromatic ring caused by esterifi-
cation correspond to the expected change of the substituent in phenol [33]. The possible
substitution of the sulfate group of the phenolic hydroxyls for the guaiacyl (G) units in
the 4-position is evidenced also by the almost complete disappearance of the peak at
δC/δH = 115.7/6.97 ppm characteristic of the C5-H5 guaiacyl units (G5) with unsubstituted
hydroxyl in the 4-position [34].

Table 6. Average molecular weights Mn and Mw and polydispersity of the initial and sulfated birch
ethanol lignin samples.

Sample Mn (Da) Mw (Da) PD

Birch ethanol lignin 902 1828 2.02
Sulfated birch ethanol lignin 4199 7599 1.81

Based on the data obtained, it can be concluded that sulfation affects the acceptable
aliphatic hydroxyl groups of lignin at the γ-positions of β-aryl ethers, α-ethoxylated β-aryl
ethers, phenylcoumaran substructures, and cinnamyl alcohol end groups, as well as the
unsubstituted hydroxyl groups in the α-position of β-aryl ethers. In addition, free phenolic
hydroxyl groups in the 4-position of syringyl and guaiacyl units and p-coumarates can be
subjected to sulfation.

The comparison of the 2D NMR spectroscopy data on birch and abies ethanol lignin
sulfates [16] revealed higher structural diversity of the sulfated birch ethanol lignin. A

217



Molecules 2022, 27, 6356

significant difference between the HSQC spectra of birch ethanol lignin and abies ethanol
lignin in the area of correlations of the aromatic fragments is the presence of several types
of syringyl units in the former. However, both samples are built from the phenylpropane
structural units linked by simple ether (β-O-4′) and C–C (β–β′, β–5′) bonds, while the
sulfate groups are localized mainly in the γ and α positions of the side chains and, probably,
in the 4-position of aromatic rings.

Data on the molecular weight distribution of the initial and sulfated birch ethanol
lignin were obtained by the GPC method. The molecular weight distribution curves
for the initial and sulfated birch ethanol lignin samples are shown in Figure 12. The
average molecular weights and polydispersity of the initial and sulfated ethanol lignins are
indicated in Table 6.

Figure 12. Molecular weight distribution curves for (1) the birch ethanol lignin and (2) sulfated
ethanol lignin samples.

The birch ethanol lignin obtained in [35] had a low molecular weight (Mw = 1800 Da)
and a monomodal distribution (PD = 2.02), which evidences higher homogeneity of the
sample as compared to Alcell birch lignin (Mw = 3470 and PD = 4.1) [17].

As a result of birch ethanol lignin sulfation, the weight average molecular weight Mw
of the samples increased from ~1800 to ~7600 Da. Such a significant growth is related to an
increase in the weight of lignin macromolecules due to the introduction of sulfate groups
and the removal of the low molecular weight fraction of the sulfated lignin along with
inorganic impurities at the dialysis stage. A feature distinguishing sulfated birch ethanol
lignin from abies ethanol lignin sulfated under similar conditions [16] is the bimodal
molecular weight distribution (Figure 12). The molecular weight distribution curve of birch
ethanol lignin has two pronounced peaks with molecular weights of ~5000 and ~12,000 Da.
These peaks can be attributed to the heterogeneity of the initial ethanol lignin molecules,
which enter into the sulfation reaction in different ways. The low molecular weight lignin
fraction is possibly less sulfated than the high molecular weight fraction, which is reflected
in the separation of the peaks in the molecular weight distribution curve. Sulfated birch
ethanol lignin has a higher polydispersity and a higher average molecular weight than
sulfated abies ethanol lignin (Mw~5300 Da, PD = 1.63) [16].

2.4. Thermochemical Properties of the Birch Ethanol Lignin

The thermochemical properties of the birch ethanol lignin were studied using the non-
isothermal TG/DTG analysis in an argon medium in the temperature range of 30–900 ◦C.
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The thermal decomposition of the ethanol lignin occurred over a wide temperature
range, since its structure contains various functional groups with different thermal stabilities
(Figure 13).

Figure 13. (1) TG and (2) DTG curves for the birch ethanol lignin sample.

The sample weight loss at temperatures of 30–180 ◦C was found to be less than
1%. This is explained by the loss of moisture and adsorbed gases. The main thermal
decomposition of the ethanol lignin started after 200 ◦C and practically ended at 600 ◦C.
The solid residue yield gradually decreased with an increase in temperature to 700 ◦C
and then remained constant invariable. At a pyrolysis temperature of 900 ◦C, the solid
residue yield was 34.6 wt %, which is somewhat less than in the case of pyrolysis of the
abies ethanol lignin under similar conditions (36.2 wt %) [36]. As is known [37], coniferous
lignins consist mainly of the guaiacyl structures, while in hardwood lignins, the syringyl
structures dominate. The high yield of the carbon residue during the thermal decomposition
of abies ethanol lignin is probably due to the tendency of the guaiacyl propane units to
condensation reactions [38].

The DTG curve has a broad peak corresponding to the main thermal decomposition of
ethanol lignin and an implicit peak. The maximum rate of thermal degradation of the birch
ethanol lignin (4.1%/min) was reached at 372 ◦C. In the temperature range of 350–400 ◦C,
the main lignin structural moieties (guaiacyl and syringyl) underwent cracking with the
formation of phenol-type compounds of different molecular weights, the yield of which
increased with temperature [39].

At this temperature range, the pyrolysis products represent a complex mixture of
organic compounds containing the aromatic, hydroxyl, and alkyl groups and reflecting the
composition and structural features of the initial lignin [40]. During the thermal decompo-
sition of the lignin, the competing depolymerization reactions with the formation of lower
molecular weight aromatic products and cross-linking reactions of aromatic compounds
and their carbonization occurred [40]. In the temperature range of 450–600 ◦C, the birch
ethanol lignin weight loss rate significantly decreased and the thermal decomposition was
mainly completed at 600 ◦C. In this case, some of the aromatic rings in the lignin probably
decomposed and condensed into carbon products [41].

The sulfation of the birch ethanol lignin noticeably changed the nature of its thermal
transformation (Figure 14).
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Figure 14. TG (a) and DTG (b) curves of the birch ethanol lignin (1) and sulfated birch ethanol lignin
(2) samples.

According to the data presented in Figure 14a, the sulfation of the birch ethanol lignin
reduced its thermal stability. At temperature 300 ◦C, the sulfated ethanol lignin lost 26.4%
of its initial weight, while the initial lignin lost only 15.7%. This tendency continued until
the completion of the pyrolysis process.

The sulfation of the birch ethanol lignin also changed its thermal transformation profile
(Figure 14b). In the temperature range of 100–150 ◦C, the sulfated ethanol lignin weight
loss rate was much higher than in the case of initial ethanol lignin. As was shown in [42],
in this temperature range, the aliphatic hydroxyl groups, carbonyl groups, and C–C bonds
in the lignin side chains are broken.

In the temperature range of 200–350 ◦C, an intense narrow peak appeared in the DTG
curve of the sulfated birch ethanol lignin, with a maximum weight loss rate of 6.7%/min at
317 ◦C, which is attributed to the thermal decomposition of sulfate groups [43].

Thus, the TG/DTG study showed that the syringyl structure of hardwood (birch)
ethanol lignin was thermally less stable than the guaiacyl structure dominating in softwood
(abies) ethanol lignin. Additionally, the introduction of sulfate groups into the structure of
birch ethanol lignin reduced its thermal stability.

3. Materials and Methods

3.1. Materials

The silver birch (Betula pendula Roth) wood harvested in the vicinity of Krasnoyarsk
city was used as a feedstock for the isolation of ethanol lignin. The contents of the
main birch wood components (% of the absolutely dry wood weight) were 47.3 cellu-
lose, 28.5 hemicelluloses, 19.0 lignin, 4.9 extractives, and 0.3 ash.

3.2. Ethanol Lignin Isolation

The ethanol lignin was separated from birch wood by extraction with an ethanol–water
(60:40) mixture in a Rexo Engineering autoclave reactor (Rexo Engineering Co., Ltd., Seoul,
Korea) with a capacity of 3000 mL at a temperature of 185 ◦C under a working pressure
of 0.75 MPa for 3 h and subsequent precipitation with cold water using the technique
described in [35].

3.3. Ethanol Lignin Sulfation

The obtained ethanol lignin was sulfated with sulfamic acid in 1,4-dioxane in the
presence of urea using the procedure described in [16,44].

The sulfation of ethanol lignin was carried out in a three-neck flask (150 mL) equipped
with a reflux condenser, a thermometer, and a mechanical stirrer at temperatures 70–100 ◦C.
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The ethanol lignin (1.25 g) was added to a mixture of sulfamic acid and urea (mol. ratio 1:1)
in 15 mL of 1,4-dioxane. The mixture was intensively stirred for 30–180 min and cooled
to room temperature. The solvent was decanted, and the remaining solid product was
dissolved in a small amount of water and neutralized with aqueous ammonia to pH 8. To
remove the excess reactants, the product was dialyzed against water in a plastic bag of
MF-503-46 MFPI brand (USA) with a pore size of 3.5 kDa for 8–10 h. After dialysis, the
aqueous solution of sulfated lignin was evaporated with the use of a rotary evaporator to
obtain a solid residue—sulfated lignin in the form of an ammonium salt.

The sulfation process of the birch ethanol lignin with sulfamic acid was numerically
optimized using the Statgraphics Centurion XVI software, DOE (Design of Experiment)
block by the method described in [16].

The estimated sulfated ethanol lignin weight was calculated on the basis of the sulfur
content [21] as

mcalc =
32 × m

32 − 0.97 × S
(3)

The sulfated product Yield (%) was determined as

Yield (%) =
mactual
mcalc

× 100% (4)

where mcalc is the calculated sulfated ethanol lignin weight (g), m is the weight of the initial
ethanol lignin sample (g), mactual is the sulfated ethanol lignin weight (g), and S is the sulfur
content in the sulfated ethanol lignin (%).

3.4. Elemental Analysis

The elemental analysis of the sulfated ethanol lignin was carried out using a Thermo-
Quest FlashEA-1112 analyzer (Milan, Italy).

3.5. FTIR Analysis

The FTIR spectra of the initial and sulfated ethanol lignin were recorded using a
Shimadzu IRTracer-100 Fourier transform IR spectrophotometer (Tokyo, Japan) in the
wavelength range of 400–4000 cm−1. The spectral data were processed using the OPUS
software (version 5.0). The solid samples for the analysis were tablets in a KBr matrix (2 mg
of the sample/1000 mg of KBr).

3.6. NMR Analysis

The 2D NMR spectra were recorded at 25 ◦C in 5-mm ampoules using a Bruker Avance
III 600 NMR spectrometer (Billerica, MA, USA) at working frequencies of 600 (1H) and
150 MHz (13C). Approximately 80 mg of lignin was dissolved in 0.6 mL of deuterated
dimethyl sulfoxide, and then the spectra were recorded in the heteronuclear single quan-
tum correlation (HSQC) experiments with editing (HSQCed) using the Bruker standard
sequence library. The solvent signal was used as an internal standard (δC 40.1 and δH 2.5).

3.7. Gel Permeation Chromatography

The number average molecular weight Mn, weight average molecular weight Mw, and
polydispersity index of the initial and sulfated ethanol lignin samples were determined
by gel permeation chromatography (GPC) using an Agilent 1260 Infinity II Multi-Detector
GPC/SEC System with triple detection: refractometer (RI), viscometer (VS), and light
scattering (LS). The water-soluble samples were separated on two combined PL Aquagel-
OH Mixed-M columns using 0.1 M NaNO3 as the mobile phase. The tetrahydrofuran (THF)-
soluble samples were separated on a PLgel 10 μm MIXED-E column with the THF mobile
phase stabilized with 250 ppm of butylhydroxytoluene. The columns were calibrated using
the polyethylene glycol and polystyrene polydisperse standards (Agilent, Santa Clara, CA,
USA), respectively. The eluent flow rate was 1 mL/min, and the injected sample volume
was 100 μL. Before the analysis, the ethanol lignin and sulfated ethanol lignin samples were
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dissolved in THF and water (5 mg/mL), respectively; after that, they were filtered through
a 0.45-μm Millipore PTFE membrane filter. The data were collected and processed using
the Agilent GPC/SEC MDS software.

3.8. Thermogravimetric Analysis

The thermogravimetry analysis was carried out using a Netzsch STA 449 F1 Jupiter
instrument (Waldkraiburg, Germany). The thermal degradation of the lignin samples was
studied in argon in the temperature range from 298 to 1173 K. The samples were heated in
the dynamic mode at a heating rate of 10 ◦C/min in corundum crucibles. The measured
data were processed using the Netzsch Proteus Thermal Analysis.5.1.0 software package
supplied with the instrument.

3.9. Kinetic Calculations

The kinetics of the process of birch ethanol lignin sulfation was studied in the tem-
perature range of 70–100 ◦C. The apparent initial rates and rate constants of the sulfation
reaction were calculated from the change in the sulfur content in the sulfated ethanol lignin.
The calculation was carried out according to the first-order equation:

V = k × S =
dS
dt

(5)

where V is the rate of the sulfation reaction, wt %/s; k is the rate constant of the sulfation
reaction, 1/s; dS is the change in the sulfur content in birch ethanol lignin sulfate, wt %;
and dt is the change in time, s. The activation energy was found by the tangent of the slope
of the dependence of ln k on 11/T.

4. Conclusions

As a result of the accomplished study, the main regularities of the process of birch
ethanol lignin sulfation with a sulfamic acid–urea mixture in a 1,4-dioxane medium at
temperatures of 70–110 ◦C were established and the sulfating products were characterized
using chemical and physical analysis methods.

It was found that similar to the sulfation of abies ethanol lignin under the same
conditions [16], the process was complicated by diffusion restrictions due to the increased
viscosity of the reaction medium. In the case of excess sulfating agent, the main factors
affecting the yield of the sulfated product and sulfur content were the temperature and
the duration of the process. Using experimental and computational methods, the optimal
conditions for the process of birch ethanol lignin sulfation with a sulfamic acid–urea
mixture to provide a high yield of sulfated product (more than 96 wt %) with a sulfur
content of 8.1 wt % were established. As in the case of abies ethanol lignin, the sulfation
increased the molecular weight of the birch ethanol lignin from 1800 Da to 7600 Da and
decreased the polydispersity from 2.02 to 1.81. Moreover, aliphatic hydroxyl groups were
more easily sulfated.

Some differences in the sulfation of ethanol lignins of birch and abies were established
due to the presence of phenylpropane units of different compositions within these lignins.
The sulfation of birch ethanol lignin in which syringyl structures predominate proceeds
more completely at moderate temperatures than the abies ethanol lignin with guaiacyl
structure. Additionally, in contrast to sulfated abies ethanol lignin, the sulfated birch
ethanol lignin had a bimodal and wider molecular weight distribution, as well as less
thermal stability.

The sulfated birch ethanol lignin has prospects for use in the production of new
sorbents, biocomposites, and nanomaterials, as well as in the development of new antico-
agulant and antiviral drugs [12,13,45].
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Abstract: Fully biobased polylactide (PLA)/polyamide-11 (PA11) blends were prepared by melt
mixing with an elastomer intermediate phase to address the low elasticity and brittleness of PLA
blends. The incorporation of a biobased elastomer made of poly(butylene adipate-co-terephthalate)
(PBAT) and polyethylene oxide (PEO) copolymers was found to change the rigid interface between
PLA and PA11 into a much more elastic/deformable one as well as promote interfacial compatibility.
The interfacial tension of the polymer pairs and spreading coefficients revealed a high tendency
of PEO to spread at the PLA/PA11 interface, resulting in a complete wetting regime (interfacial
tension of 0.56 mN/m). A fully percolated rubbery phase (PEO) layer at the PLA/PA11 interface
with enhanced interfacial interactions and PLA chain mobility contributed to a better distribution of
the stress around the dispersed phase, leading to shear yielding of the matrix. The results also show
that both the morphological modification and improved compatibility upon PEO addition (up to
20 wt %) contributed to the improved elongation at break (up to 104%) and impact strength (up to
292%) of the ternary PLA/PA11/PEO blends to obtain a super-tough multiphase system.

Keywords: biobased blends; poly(lactic acid); polyamide-11; morphology; interfacial tension; impact
strength

1. Introduction

Poly(lactic acid) (PLA), as an aliphatic biobased polyester made from fermented plant
starch, has attracted significant attention in the industry and academia as an alternative ma-
terial to petroleum-based plastics to develop sustainable polymeric materials [1,2]. PLA is
one of the most produced and consumed biobased, biodegradable and biocompatible plas-
tics because of its high tensile strength (59 MPa) and tensile modulus (1280 MPa) combined
with good biocompatibility, transparency, compostability and processability [3,4]. Despite
these performances and the wide availability of different grades, PLA has low heat distor-
tion temperature (HDT) (55 ◦C), inherent brittleness (less than 10% elongation at break)
and poor impact strength (Notch Izod impact strength of 26 J/m), limiting its practical
applications in biomedical, packaging and automotive industries [3,5]. To overcome these
limitations, several studies reported on different options to improve the heat resistance and
impact strength of PLA. The most common methods are based on copolymerization [6],
plasticization [7] and physical blending [8]. For the latter, PLA has been melt blended with
other bioplastics, such as polyhydroxyalkanoate (PHA) [9], poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) [10], poly(butylene adipate-co-terephthalate) (PBAT) [11] and
poly(butylene succinate) (PBS) [12], which are seen as practical and economical approaches
to overcome the PLA shortcomings.

On the other hand, polyamide-11 (PA11), as a bioplastic produced from castor oil, has
good HDT, impact strength and elongation-at-break, chemical resistance, and excellent
dimensional stability, exhibiting a similar glass transition temperature (Tg ≈ 45 ◦C) and
melting point (Tm ≈ 190 ◦C) to PLA [13,14]. However, the superior mechanical performance
of PA11 is attributed to intermolecular hydrogen bonding in the crystalline and amorphous
state [7].
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Few studies have been carried out on PLA/PA11 blends as fully biobased materials for
applications such as medical implants and devices, food packaging, agricultural films, etc.
Feng and Ye [15] observed a partial miscibility between PLA and PA11 due to hydrogen
bonding between the amino (NH) groups of PA11 and the carbonyl (CO) groups of PLA. De-
spite interfacial interactions between PLA and PA11, Heshmati and Favis [7] reported very
low elongation at break (6%) and impact strength (11 J/m) of a binary PLA/PA11 (50/50)
blend in line with similar studies highlighting the necessity to perform compatibilization
for PLA-based blends [16,17].

In general, compatibilization studies focused on the development of binary polymer
systems (PLA = matrix), while the presence of an intermediate phase in ternary blends
is more effective to provide good interfacial interactions between the phases to gener-
ate super-tough PLA-based systems [18]. For example, Mehrabi et al. [19] developed
highly tough PLA-based ternary systems by the inclusion of a core–shell impact modi-
fier based on polybutadiene-g-poly(styrene-co-acrylonitrile) (PB-g-SAN) and poly(methyl
methacrylate) (PMMA). The improved dispersion state of PB-g-SAN terpolymer and its
interfacial interactions with PLA as a result of the partial miscibility of PMMA with PLA
and terpolymer (PMMA miscibility with SAN) was shown to increase the impact strength
and elongation at break of PLA/PB-g-SAN/PMMA (45/30/25) from 25.6 J/m and 6%
to 500 J/m and 80%, respectively, upon the addition of 25% PMMA. Following this con-
cept, Zhang et al. [20] optimized the blend composition of multiphase systems based on
PLA/ethylenemethyl acrylate-glycidyl methacrylate (EMA-GMA)/poly(ether-b-amide)
(PEBA) (70/20/10) where PEBA encapsulated the EMA-GMA, exhibiting a core–shell
structure leading to an impact strength of 410 J/m with an elongation at break of 72.7%.
However, the majority of studies on ternary immiscible polymer blends deal with core–shell
morphologies, while multiphase systems with co-continuous and tri-continuous phase
morphology also have the potential to modify the mechanical properties, i.e., the impact
and tensile properties of PLA blends [21]. Controlling the morphologies and interfacial
properties (complex interaction between all the components) can lead to appropriate stress
transfer between the components by the creation of intermediate phases to generate supe-
rior properties in multicomponent systems [19,22]. Li and Shimizu [23] reported on PLA
impact modification by blending with acrylonitrile–butadiene–styrene copolymer (ABS)
with the help of 5% styrene/acrylonitrile/glycidyl methacrylate copolymer (SAN-GMA) as
a reactive compatibilizer. The epoxide groups of SAN-GMA can react either with –COOH or
–OH on the PLA end groups to form an intermediate layer, decreasing the ABS domain size
with a narrow size distribution improving the mixing state (uniformity). Thus, PLA/ABS
(50/50) compatibilized with 5 wt % SAN-GMA could undergo stretching up to 23.5%
before breaking and showed higher impact strength (162.8 kJ/m2) compared with the neat
PLA/ABS (70/30) blend (48.3 kJ/m2). Generally, based on the equilibrium of interfacial
forces in multicomponent immiscible systems and the values of the spreading coefficient,
complete wetting or partial wetting may occur, leading to the generation of core–shell, tri-
continuous structures (complete wetting) or multiple stacked morphologies where none of
the phases completely spread at the interface of the other two (partial wetting) [24]. Accord-
ing to Zolali and Favis [22], the development of a tri-continuous morphology contributed
to a noticeable improvement in the impact strength of ternary PLA-based blends. Possible
interactions between the polyether blocks of PEBA with PLA and its amide affinity toward
PA11 decreased the interfacial tension of ternary PLA/PA11/PEBA blends, and a positive
spreading coefficient (λPLA/PEBA/PA = +0.3) suggested the complete assembling of the PEBA
elastomer at the PLA/PA11 interface. The substitution of a rigid PLA/PA11 interface with
a thick (350 nm) deformable interface of PEBA led to the development of a tri-continuous
structure of interconnected phases, increasing the impact strength by about 8 times (from
17.3 to 142.4 J/m) in the ternary PLA/PA11/PEBA (45/45/10) system [22]. In another work,
Ravati et al. [25] observed a tri-continuous morphology for a PLA/PBAT/PBS (33/33/33)
blend with a positive spreading coefficient (λPLA/PBAT/PBS = 0.3 ± 0.2 mN/m), indicat-
ing that the PBAT phase completely wet the interface between PLA and PBS by locating

226



Molecules 2022, 27, 6819

between both phases, leading to high impact strength (271 J/m) and elongation at break
(567.9%) due to enhanced shear yielding and plastic deformation of the PLA matrix.

Despite a number of studies addressing the issues of low deformation and the poor
impact resistance of PLA blends without sacrificing stiffness and strength, it is still not
clear how the phase structure and phase interaction in multicomponent blends contribute
to the impact modification of ternary blends. The objective of this article is to report on
the effect of adding an intermediate elastomer phase and the blend composition on the
morphology development of fully biobased PLA/PA11 blends prepared by melt blending.
In particular, polyethylene oxide (PEO) and PBAT are used to modify the blends. For this
purpose, a theoretical prediction of interfacial adhesion between the components of ternary
systems and spreading coefficients are evaluated to assess their potential to locate at the
interface and generate a partial or complete wetting morphology, forming a core–shell or
tri-continuous structure. Based on the blend structures produced, their effect on the tensile
and impact properties is reported.

2. Results and Discussion

2.1. Theoretical Prediction of Interfacial Tension

The morphology of multiphase systems thermodynamically depends on the interfacial
tension between polymer pairs [26]. Torza and Mason [27] were the first to use the concept
of a spreading coefficient to predict the phase morphology and wetting phenomenon of
ternary blends through the calculation of spreading coefficients. The spreading coefficient
model is a commonly used theoretical model to evaluate the tendency of a component
to segregate the other two components and to predict the morphology of immiscible
ternary blends [27]. This method is based on the interfacial tensions (γij) between each
pair of components, which can be calculated via contact angle measurement because of
the simplicity and facility of measuring the parameters. The spreading theory first was
developed by Harkins in the 1920s to predict the spreading coefficients and wetting regime
of ternary polymer systems by the following equation [27,28]:

λijk = γik − γij − γjk (1)

where λ is the spreading coefficient and γ represents the interfacial tensions between the
polymer pairs indicated by sub-indices. Here, the spreading coefficient (λijk) predicts the
tendency of component (j) to segregate the other phases and be located at the interface
between components (i) and (k) [28]. For a ternary blend, three spreading coefficients are
required to predict the morphology. A positive value of λijk implies a tendency of one
phase (j) to separate two other phases (i) and (k) and form a core–shell or tri-continuous
structure (k encapsulated by j) corresponding to a complete wetting morphology (two-
phase contact only). On the other hand, negative values of spreading coefficients imply
a three-phase contact, as none of the phases are located fully between the other two, and
only one-phase droplets are located at the interface of the other two polymers, implying
partial wetting [25,29]. A schematic representation of both wetting scenarios is presented in
Figure 1 to better understand the difference between complete wetting and partial wetting
regimes in a ternary blend with the corresponding coefficients [24].

The well-known harmonic mean equation can be used to determine the interfacial
tension (γ) between different components (i, j and k) as follows [26]:

γij = γi + γj −
4γd

i γd
j

γd
i + γd

j
−

4γ
p
i γ

p
j

γ
p
i + γ

p
j

(2)

where γi and γj represent the surface tensions of component (i) and (j), respectively,
while γp and γd are, respectively, the polar and dispersive components of surface ten-
sion (γl = γd

l + γ
p
l ) calculated from the contact angle (Equations (1) and (2)) [26]. Based on

data obtained from the sessile drop method, the surface tension of PLA, PA11, PEO and

227



Molecules 2022, 27, 6819

PBAT, as well as the interfacial tension values and the spreading coefficients, are reported
in Table 1.

Figure 1. Schematic representation of the blend structure associated with complete and partial
wetting morphologies in ternary polymer blends.

Table 1. Surface tension and interfacial tension values at 25 ◦C calculated from contact angle and
spreading coefficients (all values are in mN/m).

Polymer γ γd γp Interfacial Tension Spreading Coefficient (λ)

PLA 39.7 ± 0.3 26.3 ± 0.2 13.4 ± 0.1 γPLA/PA11 = 3.65 ± 0.7 λijk = −2.71 λjih = −3.16

PA11 42.0 ± 0.4 35.4 ± 0.2 6.6 ± 0.2 γPLA/PBAT = 2.87 ± 0.6 λjik = −4.59 λijh = −4.14

PEO 33.7 ± 0.2 25.1 ± 0.1 8.6 ± 0.1 γPA11/PBAT = 2.38 ± 0.7 λikj = 0.56 λihj = −1.6

PBAT 53.1 ± 0.3 40.1 ± 0.2 13.0 ± 0.1
γPLA/PEO = 1.17 ± 0.5 Complete

wetting
Partial

wetting

γPA11/PEO = 2.10 ± 0.6 PLA (i), PA11 (j), PEO (k) and PBAT (h)

The interfacial tension results for the ternary PLA/PA11/PEO blend show an almost
equal affinity of PEO toward PLA to PA11 because of very low and similar interfacial
tensions between PEO and the other two polymers as of γPLA/PEO = 1.17 ± 0.5 mN/m
and γPA11/PEO = 2.10 ± 0.6 mN/m with respect to γPLA/PA11 = 3.65 ± 0.7 mN/m, while
PBAT showed slightly higher interfacial values with PLA and PA11 as γPLA/PBAT = 2.87 ±
0.6 mN/m and γPA11/PBAT = 2.38 ± 0.7 mN/m. The incorporation of PEO (plasticizer) is
expected to decrease the interfacial tension between PLA and PA11 in line with literature
results for which the interfacial tension of PLA/PA11, determined by the in situ Neuman
triangle method, decreased from 3.2 to 2.1 ± 0.3 mN/m upon PEO addition (10%) in
PLA/PEO/PA11 45/10/45 [13]. The miscibility of PEO with PLA and its increased chain
mobility due to the presence of PEO can further enhance the generation of PEO droplets
at the interface between PLA and PA11, which underlines the higher thermodynamic
driving force of PEO for interfacial wetting than that of PBAT in these ternary systems.
In other words, the positive spreading coefficient of λPA11/PEO/PLA (0.56 mN/m) indicates
the possibility of a high concentration of intermediate phase assembling at the interface
and small sizes of the dispersed phases preventing droplet coalescence, which correlates
with a higher tendency of PEO to be located between PLA and PA11, thus stabilizing the
morphology. This is in agreement with the complete wetting morphology of PEO predicted
by the positive spreading coefficients of PLA/PEO/PA11 leading to a continuous layer of
elastomer between PLA and PA11 compared to scattered PBAT droplets as a consequence
of all three spreading coefficients in PLA/PBAT/PA11 being negative (see Table 1). From
Table 1, a negative spreading coefficient (λPLA/PBAT/PA11 = −1.6 mN/m) predicts a partial
wetting morphology for PLA/PBAT/PA11 ternary blend in agreement with Fu et al. [24] for
the prediction of a partial wetting morphology (all spreading coefficients being negative),
as the PBAT phase has similar affinity with both PLA and PA11. In agreement with
our observation, Zolali and Favis [30] also reported negative spreading coefficients for
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PLA/PBAT/PA11 blends; thus, all the phases met each other at a three-phase line of
contact (partial wetting regime) as a result of the high interfacial tension between each
polymer pairs.

2.2. Morphological Observation

The morphological behavior of multiphase systems is of great importance since the
overall macroscopic properties highly depend on the morphology development and in-
terface quality. SEM micrographs (Figure 2) present the morphological structure of the
binary PL70/PA30 and PL50/PA50 blends depending on the PA11 content. As shown
in Figure 2A,B, PL70/PA30 shows a two-phase morphology with a nodular structure
(sea-island) of PA11 as the minor phase with low affinity (gaps at the interface) dispersed
in the PLA matrix. A clear interfacial region between PLA and PA11 droplets indicates
poor interfacial bonding and incompatibility for this system, resulting in dispersion prob-
lems and a heterogenous structure in agreement with similar reports [7,31]. Increasing
the PA11 content from 30 to 50% contributed to an increase in the size of the dispersed
PA11 phase changing from a spherical-like domain in PL70/PA30 (Figure 2A,B) to a more
elongated structure in PL50/PA50 (Figure 2C,D). Comparing the phase morphology for
different blend compositions, large voids around the spherical PA11 nodules (Figure 2B)
and the pull-out of weekly embedded PA11 particles from the PLA matrix during frac-
ture leaving empty cavities (voids) indicate the immiscibility of the binary blend and
high interfacial tension between the polymers (high surface energy of the polymer pairs;
γPLA/PA11 = 3.65 ± 0.7 mN/m), which is a confirmation of their poor compatibility and is
in agreement with similar observations [7,31,32].

 
Figure 2. SEM micrographs of PL70/PA30 (A,B) and PL50/PA50 (C,D) blends (see Section 3.2
for definition).
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The incorporation of premade block copolymer elastomers, such as SAN-GMA, EMA-
GMA or PEBA, is commonly used to compatibilize PLA-based blends, to adjust interfacial
adhesion and stabilize the morphology of dispersed droplets against coalescence dur-
ing polymer blending as well as improve the macroscopic properties of the final blends,
such as impact strength and elasticity [19,20,22]. Here, SEM images (Figure 3) show that
the morphologies match the spreading coefficient predictions for PLA/PBAT/PA11 and
PLA/PEO/PA11 ternary blends. Figure 3 clearly shows differences in the morphology of
these multiphase blends depending on which elastomer (PEO or PBAT) was added (10 or
20 wt %). It is well known that the breakup and coalescence of dispersed droplets are
common phenomena in polymer blends processing, which can be minimized by decreasing
the diameter of the dispersed phase and/or lowering the interfacial tension upon the
addition of a third component (compatibilizer) if such copolymers can be located at the
interface and stabilize the morphology of multiphase systems. Figures 3 and 4 show a
more homogenous structure for ternary systems compared to binary ones (Figure 2). This
observation supports the thermodynamic predictions, as the positive value of λPA11/PEO/PLA
(0.56 mN/m) suggested that PEO should wet the interfacial region between PLA and
PA11 (complete wetting), resulting in improved interfacial adhesion and the elimination
of voids at the PLA/PA11 interface via morphology stabilization, thus preventing PA11
droplet coalescence. The adhesion between PLA and PA11 was improved by creating a
thick/soft interphase of PEO particles around PA11 droplets, promoting a more uniform
dispersion of spherical particles of the minor phase (Figure 3C,D). In agreement with this
observation, Heshmati et al. [13] observed higher PLA chain mobility and better interfacial
interaction with PA11, thus decreasing the dispersed phase size and limiting coalescence
upon the addition of PEO (5%) in a PLA/PA11 (70/30) blend. They claimed that a plasti-
cization/miscibility effect of PEO with PLA occurred by increasing the diffusion of PLA
chains toward the interface due to higher free volume improving the interfacial interactions
in these polymer blends [13].

Figure 3. SEM micrographs of PA20/(PBAT20) (A,B) and PA20/(PEO20) (C,D) ternary blends (see
Section 3.2 for definition).
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Figure 4. SEM micrographs of PA45/(PBAT10*) (A,C,E) and PA45(PEO10*) (B,D,F) ternary blends
(see Section 3.2 for definition).

Figure 4B,D show that increasing the PEO content from 10 to 20% enhanced the interfa-
cial interactions and wetting of PEO with PLA and PA11. Compared to binary PL50/PA50
(Figure 2C,D), it is more difficult to detect the homogeneously distributed PA11 phase,
while agglomerated PA11 domains are collapsed, and much more homogeneous dispersion
is observed, as the PA11 phase is strongly embedded into the PLA matrix (Figure 4D,F).
On the other hand, Figure 3A,B and Figure 4A,C present a clean and featureless fractured
surface with a slightly more pronounced pull-out of PBAT and PA11 particles as well as a
large number of cavities due to the stress concentration around the agglomerated phase
as a consequence of weak interfacial adhesion due to the poor wetting ability of PBAT,
especially for the PL50/PA50 system (Figure 4A,C). In a similar work, Zolali and Favis [30]
observed the negligible plastic deformation of the PLA phase upon PBAT addition due to
its low interfacial interactions with PLA and PA11. They also observed that PBAT poorly
wet the PLA/PA11 interface compared to EMA-GMA, which generated a finer distribution
of dispersed droplets with smaller sizes due to reactions between the epoxy groups of
EMA-GMA with either PLA or PA11 (reactive compatibilization). Similar findings support
the higher coalescence rate of PLA/PE/PBAT blends than that of PLA/PE/PHBV by about
5% [33], as PBAT addition was not able to prevent droplet coalescence and surround the
dispersed phase/located between the other two polymers due to its weak partial wetting
behavior in line with the interfacial energy and spreading coefficient measurements in Ta-
ble 1. It can be concluded that similar to the effect of solid particles in Pickering emulsions,
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PEO as soft copolymers can effectively promote the compatibility between PLA and PA11.
As the interface becomes better bonded with less interfacial gaps, the blends can better
transfer the applied stresses as described later in terms of mechanical properties [30].

2.3. Mechanical Properties
2.3.1. Tensile Properties

The mechanical properties (tensile strength, elongation at break and tensile modulus) of
the neat polymers (Table 2) as well as the binary PLA/PA11 and ternary PLA/PA11/elastomer
systems (Figures 5–7) are presented. As expected, Table 2 shows that PLA has a brittle
behavior with high rigidity from its high modulus (1590 MPa) and low elongation at break
(6.1%), while PA11 has lower rigidity (tensile modulus of 1024 MPa) and higher elongation
(194.7%). The low tensile strength of the binary PLA/PA11 systems for both mixing ratios
of 70/30 (56.4 MPa) and 50/50 (49.7 MPa) implies incompatibility and the presence of a
poor and rigid interface failing to effectively transfer the stresses between the components,
which is the weakest point leading to fracture [31]. The very low elongation (6.8%) of
PL70/PA30 indicates that the brittle behavior of PLA plays a dominant role in the tensile
properties of the blends (PLA is the predominant phase = matrix), while increasing the
PA11 content up to 50% slightly increased the elasticity of PL50/PA50 to 7.9%.

Table 2. Tensile properties of the neat polymers.

Sample Code
Tensile Strength

(MPa)
Tensile Modulus

(MPa)
Elongation at Break

(%)

PLA 64.5 (0.4) 1190 (25) 6.1 (2.5)

PA11 48.3 (0.3) 1024 (11) 194.7 (7.3)

PBAT 19.7 (0.5) 105 (7) 486.1 (11.5)

PEO 24.6 (0.3) 74 (5) 516.4 (9.1)

Figure 5. Tensile strength of the blends (see Section 3.2 for definition).
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Figure 6. Elongation at break of the blends (see Section 3.2 for definition).

Figure 7. Tensile modulus of the blends (see Section 3.2 for definition).

According to the literature and in agreement with our tensile results for the ternary
systems, it is often observed that the localization of an elastomer copolymer at the inter-
face can convert glassy polymer blends into a much more deformable/ductile material
having a distinct phase structure and mechanical properties [22,34]. Based on the results
of the interfacial analysis (Table 1) and phase morphology (Figures 2–4), ternary blends
based on PEO have a finer morphology, leading to superior tensile properties compared
to the blends containing PBAT (Figure 5). For the same blend composition, the higher
tensile strength of the PA25/(PEO10) blend (49.6 MPa) compared to that of PA25/(PBAT10)
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with 46.8 MPa may be related to the possibility of dipole–dipole interactions between the
ester groups of PLA and the ether groups of PEO as well as hydrogen bonding between
the amide groups of PA11 and the ether oxygens of PEO, inducing better compatibility
between PLA and PA11 and leading to the higher tensile strength of the corresponding
sample [35,36]. According to the spreading coefficient predictions and SEM images, PEO is
able to spread at the interface in PL50/PA50, providing a soft and deformable interfacial
area or surrounding PA11 droplets in PL70/PA30, forming a core–shell structure (PA11
encapsulated by PEO) in the PLA matrix. This action promotes uniform particles distribu-
tion and consequently a better mixing state, leading to improved stress transfer between
PLA and PA11 under tension (delayed fracture process). The ternary blends containing
PEO yield higher deformation than PBAT due to the better interactions between PLA and
PA11 and increased PLA chain mobility, as PEO addition resulted in a significant increase
(104%) in elongation at break of PA40/(PEO20*) compared to that of PA40/(PBAT20*)
with an elongation at break of 42.8% and PL50/PA50 with 7.9% (Figure 6). It has been
reported that increasing the PLA chain mobility through the plasticization effect of PEO
may lead to better interfacial adhesion and a more homogenous phase structure generating
smooth stress transfer between PLA and PA11 as well as a homogenous structure with
less particles coalescence and smaller size in PLA/PA11 blends. Heshmati and Favis [7]
also observed substantial elongation at break increases for a PL50/PA50 blend from 6% to
100% after the addition of 10% PEO copolymer, which was attributed to its plasticization
effect and the presence of a more elastic content (elongation at break of PEO = 516.4%,
see Table 2) inducing higher deformation/elasticity, which was previously reported in
similar works [37]. The decreasing trend of tensile moduli can be ascribed to the weaker
intermolecular interactions of PLA upon PEO addition and improved rearrangement be-
tween polymer chains under external force to induce flexibility to PLA [38]. Figure 7 shows
a decrease in the tensile modulus of the ternary blends upon addition of the elastomer
phase with low inherent modulus (PEO = 73.6 MPa and PBAT = 105 MPa, see Table 2) and
their very low glass transition temperatures (PEO = −67 ◦C [39] and PBAT = −30 ◦C [30]),
which is typically reported for rubber-toughened plastic blends. For example, increasing
the PEO content from 10 to 20 wt % showed a decreasing trend of tensile modulus for
PL70/PA30 from 1167 to 1017 MPa and 946 MPa for the ternary systems attributed to
the substitution of the rigid components (PLA and PA11) with a soft rubbery component
(PEO) of low rigidity. In similar reports, Nofar et al. [40] observed important drops in
the tensile modulus of PLA from 1800 to 1200–1250 MPa upon the addition of 25% PBAT
or poly(butylene succinate-co-butylene adipate) (PBSA) (minor dispersed phases) due to
the very low modulus of these elastomers, which is in line with the findings of Wu and
Zhang [41] reporting significant decreases in PLA tensile modulus from 1.8 to 1.1 GPa upon
the addition of 10% acrylonitrile–butadiene–styrene (ABS).

2.3.2. Impact Properties

The impact strength as a function of blend composition is presented in Figure 8. The
concentration of elastomer (PEO and PBAT) was changed from 0 to 20 wt % in the ternary
blends to examine its effect on interfacial interaction and impact strength. As expected, PLA,
as a very brittle polymer, shows low impact strength (15.4 J/m). A partial miscibility of PLA
with polyamide is reported in the literature due to hydrogen bonding between the ester
groups of PLA and amine groups of polyamides. However, such interactions are not able
to induce enough compatibility and good deformation to improve the impact strength of
neat PLA/PA11 blends [15]. The blending of PLA and PA11, as very rigid polymers, results
in the formation of a rigid interface that cannot smoothly transfer interfacial stresses in
PLA/PA11 blends, resulting in easy crack initiation and propagation along these interfaces
and leading to the low impact strength of the 70/30 (22.5 J/m) and 50/50 (37.4 J/m)
blends. As expected, the notched Charpy impact strength follows the same trend as the
elongation at break upon elastomer (PEO or PBAT) addition. The presence of an elastomer
phase changes the rigid interface into a much more deformable area if the copolymer is
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localized at the PLA/PA11 interface, thereby increasing failure resistance through effective
load transfer, especially when PEO is used [21]. The notched Charpy impact strength
of PL70/PA30 and PL50/PA50 blends increases by 2.7 fold (from 22.5 to 84.5 J/m) and
about 3 fold (from 37.4 to 147 J/m), respectively, with the addition of PEO (20 wt %).
When PBAT is added to the PLA/PA11 blend, the ternary systems show slightly lower
impact strength improvement with values of 71.4 J/m and 119.3 J/m upon the addition of
PBAT (20 wt %) into PLA/PA11 systems at mixing ratios of 70/30 and 50/50, respectively.
The theoretical values of interfacial tension measurements (Table 1) and morphological
observations (Figures 2–4) support phase debonding and the low increase in impact strength
of the ternary blends modified with PBAT. In similar works, Zolali and Favis [30] reported
that the impact strength of PLA/PA11 (50/50) increased from 15 to about 50 J/m upon the
addition of 10% PBAT, triggering plastic deformation of the PLA and PA11 matrices, while
Kanzawa and Tokumitsu [42] claimed that adding 18% PBAT as an impact modifier only
increased the impact strength of PLA/polycarbonate (PC) (60/40) from 1.9 to 2.1 kJ/m2.
Our results underline the relations between the phase structure and impact properties for
the blends, which are directly influenced by the introduction of an elastomer. Here, the
PA40/(PEO20*) system shows an impact strength (147 J/m) over 10 times higher than that
of the virgin PLA (15.4 J/m), thus being considered as a super-tough material [43]. This
behavior is in line with similar findings reporting a high level of interfacial interactions
for PEO with PLA and PA11 leading to a homogenous phase morphology with fibrillated
structures and percolation of the stress field around the cavitated PEO contributing to
interfacial shear yielding of the matrix and the increased Izod impact strength of PLA/PA11
(50/50) from 17.3 to 58.3 J/m upon the addition of 20 wt % PEO [22].The presence of PEO
as a plasticizer promotes PLA chain mobility and plastic deformation of the PLA matrix,
thus increasing the Izod impact strength and elongation at break of binary blends by about
263% (from 11 ± 2 to 40 ± 8 J/m) and 15 fold (from 6 ± 1 to 100 ± 20 %), respectively [7].

Figure 8. Impact strength of the blends (see Section 3.2 for definition).
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More important increases in the impact strength of PLA/PA11/PEO systems can be
related to the presence of partially wet PEO droplets spreading at the interface between
PLA and PA11 phases modifying the stress state at the interface of the other two phases to
locally release the triaxial stresses and contributing to plastic deformation [22]. It is of high
importance to create internal rubber cavitation ahead of a crack and involve the matrix
in the plastic deformation to delocalize the triaxial stress, leading to more impact energy
dissipation, and to obtain rubber toughened plastic blends [18]. The PEO assembled at
the interface between PLA and PA11 contributes to internal rubber cavitation; hence, a
significant increase in the impact strength of the ternary blends is observed, while less
cavitation is expected to occur upon PBAT addition [22,30]. A suitable interfacial adhesion,
better wetting of the particles, finer droplets morphology and lower resistance to the
cavitation (low moduli of 50 MPa) of PEO localized at the PLA/PA11 interface provides
interfacial interactions to improve the shear yielding and postpone phase debonding or
interfacial void formation, leading to significant impact strength improvement.

3. Materials and Methods

3.1. Materials

Table 3 summarizes the grades, melting point (Tm), density at 25 ◦C, melt flow rate
(MFI) at 210 ◦C, and chemical structure of all the materials used in this study. In all cases,
the resins were used as received. Residual moisture was removed from the samples prior
to the experiments using oven drying at 70 ◦C for at least 8 h except for PEO, which was
dried at 40 ◦C.

Table 3. Main characteristics of the materials used.

Polymer Supplier Grade
Tm

(◦C)
Density
(g/cm3)

MFI
(g/10 min)

Chemical Structure

PLA Nature Works 2003D 175 1.24 6

 

PA11 Arkema Rilsan BMNO 178 1.03 11

PBAT TUHNE TH801T 116 1.21 4.5

PEO Dow Chemicals Polyox WSR-N10 65 1.13 2.5

3.2. Processing

Binary PLA/PA11 blends and ternary blends of PLA/PA11/elastomer (PEO or PBAT)
were prepared via melt mixing in a co-rotating twin-screw extruder Leistritz ZSE-27 with
an L/D ratio of 40 and 10 heating zones coupled to a circular die (2.7 mm in diameter).
All the samples were prepared with a screw speed of 100 rpm to give a total flow rate of
3 kg/h under a temperature profile of 175/175/180/180/190/190/200/200/200/200 ◦C
from the feed hopper to the die. The extrudates were quenched in a cold-water bath and
pelletized using a model 304 pelletizer (Conair, Stanford, CT, USA) and dried (60 ◦C for
12 h) to eliminate any residual water before molding. Injection molding was performed
using a PN60 (Nissei, Japan) injection molding machine with a temperature profile of
200–200–190–180 ◦C (nozzle, front, middle and rear). The mold had four cavities to directly
produce standard geometries (Type IV of ASTM D638) and impact test bars (dimensions
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12.7 × 63.5 × 3.2 mm3) for mechanical characterization. The injection pressure was adjusted
(45 to 65 MPa) depending on the compound viscosity, while the mold temperature was
fixed at 30 ◦C. Table 4 summarizes the samples prepared in this study and the ratio of each
component for binary and ternary blends.

Table 4. Coding and formulation of the samples produced.

Sample Code PLA (wt %) PA11 (wt %) PBAT (wt %) PEO (wt %)

PLA 100 - - -

PL70/PA30 70 30 - -

PL50/PA50 50 50 - -

PA25(PBAT10) 65 25 10 -

PA20/(PBAT20) 60 20 20 -

PA25/(PEO10) 65 25 - 10

PA20/(PEO20) 60 20 - 20

PA45/(PBAT10*) 45 45 10 -

PA40/(PBAT20*) 40 40 20 -

PA45/(PEO10*) 45 45 - 10

PA40/(PEO20*) 40 40 - 20

3.3. Characterization
3.3.1. Contact Angle Measurements

An optical contact angle analyzer (OCA 15 Plus, Future Digital Scientific Corp., West-
bury NC, USA) was used at room temperature to measure the contact angle of the materials
based on the sessile drop method. Water and ethylene glycol were used as liquids to obtain
the average values of five replicates for each sample. The surface tension values were
calculated using the following equations [26]:

(1 + cosθx)γx = 4

(
γx

dγd

γxd + γd +
γx

pγp

γx p + γp

)
(3)

(
1 + cosθy

)
γy = 4

(
γy

dγd

γyd + γd +
γy

pγp

γy p + γp

)
(4)

where γd and γp are the dispersion and polar components of surface tension, respectively
(γ = γd + γp). In addition, θx and θy are the contact angles of the polymer with water and
ethylene glycol, respectively.

3.3.2. Morphological Observation

An Inspect F50 scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA) was
used at 15 kV to take micrographs and observe the interfacial adhesion quality between
all the phases. The cryogenically fractured specimens in liquid nitrogen were coated with
gold/palladium to be observed at different magnifications.

3.3.3. Mechanical Testing

An Instron (Norwood, MA, USA) universal mechanical tester model 5565 was used to
perform tensile tests according to ASTM D638 using a 5 kN load cell at a rate of 10 mm/min
and room temperature. The average values of the tensile strength (σY), Young’s modulus
(E) and elongation at break (εb) were reported for five dog bone specimens (type IV) with
3 mm thickness for each formulation.
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The notched Charpy impact strength was measured on a Tinius Olsen (Horsham,
PA, USA) model 104 at room temperature according to ASTM D256 using 10 samples
(60 × 12.7 mm2) for each composition. Before testing, all the samples were automatically
V-notched on a Dynisco (Franklin, MA, USA) model ASN 120 m sample notcher 24 h
before testing.

4. Conclusions

This work underlined the importance of the presence of an intermediate elastomeric
phase to modify the interfacial area and interactions in multiphase systems and improve
their properties. In this particular study, the mechanical properties (elasticity and tough-
ness) of brittle PLA-PA11 systems were investigated by the addition of PBAT and PEO.

The results clearly indicated the importance of interfacial interaction and morphol-
ogy development to produce super-tough PLA-based materials. The morphological re-
sults for the ternary PLA/PA11/elastomer blend strongly correlate with the theoretical
prediction of interfacial values and spreading coefficients. A positive spreading coeffi-
cient of λPA11/PEO/PLA = 0.56 mN/m and a lower interfacial tension of polymer pairs in
PLA/PA11/PEO compared to PLA/PA11/PBAT suggested a complete wetting of the
interface by PEO compared to the partial wetting of PBAT droplets. PEO tended to com-
pletely wet the interface of PLA and PA11, thus generating a soft and deformable interfacial
area. It was found that PEO addition generated a more homogenous structure with few
voids/defects at the PLA/PA11 interface, while the addition of PBAT led to poorly dis-
tributed droplets which did not prevent pull-out of the dispersed particles and the presence
of a large number of interfacial voids due to the weak interfacial adhesion and poor wetting
ability of PBAT.

A brittle-to-ductile transition was achieved for fully biobased PLA/PA11 blend upon
the addition of PEO (20 wt %) between PLA and PA11 resulting in a smooth stress transfer
at the interface, thus improving shear yielding and more deformation/elasticity as well
as leading to improved energy absorption/dissipation before complete parts failure. The
addition of PEO (up to 20 wt %) to the PLA/PA11 (70/30) and (50/50) blends increased the
elongation at break of up to 45.6% and 104%, while the impact strength was improved by
2.7 fold (from 22.5 to 84.5 J/m) and 3 fold (from 37.4 to 147 J/m), respectively.

Finally, PEO was more effective than PBAT in modifying the interfacial interactions,
phase morphology and mechanical properties of the immiscible PLA/PA11 blend because
of its partial miscibility with PLA and better affinity toward PA11 as well as increased PLA
chain mobility, which further enhanced the interfacial interactions with PA11.
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Abstract: This paper analyzes the properties of composite particleboards made from a mix of giant
reed with gypsum plaster and starch as binders. Experimental boards were manufactured with
a 10:2 weight ratio of giant reed/gypsum plaster particles and different amounts of starch. Giant
reed particles used were ≤0.25 mm. The mix was pressed at a temperature of 110 ◦C with a pressure
of 2.6 MPa for 1, 2, and 3 h. The results showed that the boards manufactured with longer times in
the press and with 10 wt.% starch achieved the best physical and mechanical properties, obtaining
a modulus of rupture (MOR) of 17.5 N/mm2, a modulus of elasticity (MOE) of 3196 N/mm2, and
an internal bounding strength (IB) of 0.62 N/mm2. Thickness swelling (TS) at 24 h of the panels was
reduced from 36.16% to 28.37% when 10 wt.% starch was added. These results showed that giant
reed–gypsum–starch particleboards can be manufactured with physical and mechanical properties
that comply with European standards for use in building construction.

Keywords: Arundo donax L.; valorization; composite; panel; plant residues; waste

1. Introduction

The world is facing a shortage of wood as a row material. In the last 30 years, forest
area decreased from 32.5% to 30.8% of the total land, representing a net loss of 178 million
hectares [1], and it is forecasted that, by 2030, there will be a deficit of 300 million m3. The
use of wood is only expected to increase by 30% in the energy sector within this decade [2].
The scarcity of wood has a negative influence on the performance and the quality of the
commercial boards. In this present situation, the construction and furniture industries must
find a reliable substitute to traditional wood.

The most common wood board on the market is particleboard, which is obtained
by binding wood particles with an adhesive, usually urea–formaldehyde (UF). In the
construction sector, several types of particleboards include gypsum plaster as an inorganic
glue (gypsum plasterboard—GPB). These panels have the advantages of no formaldehyde
emission, combustion blocking off, and less loss of heat exchange [3]. However, they
also have low mechanical properties, resistance to withdrawal of screws, hardness, and
dimensional stability in response to changes in humidity.

In order to reduce the use of wood and replace it with other lignocellulosic materials in
GPB, several investigations have been focused on using agricultural residues: banana fiber
and rice straw [4], paper cellulose and abacá fiber [5,6], bagasse [7], jute and cabuya [8],
sisal [9], recycled cellulose [10], and bagasse with natural rubber [11]. However, in general,
these panels have low mechanical behavior and need to be reinforced with cement [12–16].

Currently, gypsum boards have a high market share since they are commonly used in
the finishing of interior walls and ceilings. GPB made from agricultural residues is more
environmentally friendly and could replace traditional gypsum boards. It is, however,
necessary to improve their quality by making them more resistant and durable.
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Giant reed (Arundo donax L.) is one of the largest types of grass growing in the Mediter-
ranean region; it is a wild plant that grows annually, reaching average heights of 4 m and
a mean thickness of 4 cm. It was used in building construction in many Mediterranean
countries; however, it is today in disuse and has been replaced by different types of wood.
Currently, reeds grow unchecked and at a great rate. When reeds colonize riverbanks,
the riverside vegetation is impoverished, and infrastructures that cross watercourses are
blocked, making drainage difficult. When the water level rises more than usual, this leads
to flooding that causes environmental, economic, and material damage. These problems
force the competent authorities to make significant economic investments in cleaning and
clearing this plant waste [17]. Some investigations focused on valorizing giant reed with
different adhesives such as cement [18], UF [19], citric acid [20], and starch [21].

Starch is a macroconstituent of many foods, being one of the most important plant
products [22]. With a production of approximately 60 million tons, 60% is used in food and
40% is used in nonfood industries [23] as an additive in cement, paper, gypsum, adhesives,
bioplastics, composites, etc. [24]. Due to their nature, starches have great potential as
substitutes for synthetic polymeric materials for environmental purposes. In particleboards,
they are used as a substitute for binders such as UF, phenol–formaldehyde (PF), and other
petroleum derivatives.

The aim of the present research was to study the manufacturability of particleboards
made from giant reed (Arundo donax L.) with gypsum plaster and starch following a method
based on the wood industry dry process but with variations (no pretreatments, different
parameters at the hot press, and adhesives) so that it can be produced in the particleboard
industry and, therefore, counteract the high dependence on wood imports using an easily
renewable resource such as giant reed. By controlling this reed, a more sustainable and
formaldehyde-free particleboard can be obtained, which would reduce pressure on forest
resources and create new job opportunities.

2. Materials and Methods

2.1. Materials

The materials used in the manufacturing of the particleboards were giant reed (Arundo
donax L.), calcium sulfate hemihydrate (gypsum plaster), and different amounts of potato
starch (Solanum Tuberosum L.).

Giant reed biomass was provided by the authorities in charge of clearing the banks of
the Segura river, in southeast Spain. Reeds were cleaned from impurities and left outside
for 12 months for air-drying (Figure 1). They were then cut and shredded in a blade
mill. In order to obtain the particles, a vibrating sieve was used, and only those which
passed through the 0.25 mm sieve were selected. Reed particles had a moisture content
approximately of 8 wt.% and an apparent density of 537 ± 38 kg/m3. Particles were kept in
ambient laboratory conditions with an average temperature of 20 ◦C and an approximate
ambient humidity of 65%.

Commercial gypsum plaster (CaSO4 · 1
2 H2O) without any additives with an apparent

density of 2330 ± 20 kg/m3 was mixed with the giant reed. Potato starch from the
food industry with a purity of 90% and a bulk density of 320 ± 15 kg/m3 was added
to the gypsum and giant reed. This starch is a mixture of amylose and amylopectin (both
polysaccharides), and it typically contains large oval granules and gels at a temperature of
58–65 ◦C.
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Figure 1. Giant reed left outside for 12 months for air drying.

2.2. Methods
2.2.1. Board Manufacture

The method followed was based on the wood industry dry process but with variations
(no pretreatments and different parameters at the hot press).

The experimental boards were manufactured with a 100:20 proportion by weight of
giant reed/gypsum, adding different amounts of starch (0, 5, and 10 wt.%). Figure 2 shows
the raw materials of a panel type 20:10.

 

Figure 2. Giant reed (left), gypsum (center), and starch (right) particles used for manufacturing the
experimental board type 20:10.
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First, particles of giant reed, starch, and gypsum were dry-mixed. Then, 10% water
was sprayed in relation to the weight of the giant reed particles in a laboratory glue blender
mixer with rotating blades and a volumetric capacity of 100 dm3 (model LGB100, IMAL
S.R.L, Modena, Italy).

Afterward, the mat was formed manually in a mold with dimensions of 400 × 600 mm
(Figure 3). Then, it was hot-pressed with the following processing parameters: 110 ◦C
pressing temperature, 2.6 MPa pressing pressure, and three different pressing times
(1, 2, and 3 h).

 

Figure 3. Mat formed manually to manufacture the particleboards.

Particleboards were single-layered with an approximately thickness of 7 mm. Charac-
teristics of the panels are shown in Table 1.

Table 1. Characteristics of the experimental panels.

Panel Type
Ratio Giant Reed/Gypsum

Plaster/H2O in Weight
Ratio Giant

Reed/Starch in Weight
Particle Size (mm) Time (h) Temperature (◦C)

20:0
100:20:10

100:0
<0.25 1, 2, and 3 11020:5 100:5

20:10 100:10

For each panel type and time, four replicates were made. Therefore, 36 particleboards
were manufactured in total.

2.2.2. Experimental Tests

The method followed was experimental. The tests were conducted in the Materials
Laboratory of the Higher Technical College of Orihuela at the Miguel Hernández University
of Elche.

In order to characterize the mechanical, physical, and thermal properties of each of
the boards being studied, samples (Figure 4) were cut to the appropriate dimensions to
carry out the tests [25] and to determine their values according to the European standards
established for wood particleboards [26]. Tests performed were as follows: density [27],
thickness swelling (TS) and water absorption (WA) after 2 and 24 h immersed in water [28],
internal bonding strength (IB) [29], modulus of elasticity (MOE) and modulus of rupture
(MOR) [30], and thermal conductivity [31].
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Figure 4. Samples of the experimental particleboards.

The moisture content of the material was measured with a laboratory moisture meter
(model UM2000, Imal S.R.L, Modena, Italy), the water immersion test was carried out
in a heated tank, and the mechanical tests and density were performed with a universal
testing machine (model IB700, Imal, S.R.L., Modena, Italy).

For the statistical analysis, SPSS v. 28.0 software (IBM, Chicago, IL, USA) was used.
Analysis of variance (ANOVA) was performed, and, for the mean values of the tests, the
standard deviation was obtained.

3. Results and Discussion

3.1. Physical Properties

Table 2 shows the mean results and the standard deviation of thickness, density,
TS, and WA after 2 and 24 h, as well as the thermal conductivity of each type of
particleboard manufactured.

Table 2. Physical properties of the experimental panels.

Panel Type Time (h)
Thickness

(mm)
Density
(kg/m3)

TS2h (%) TS24h (%) WA2h (%) WA24h (%)
T. Cond.
(W/mK)

20:0 1 7.70 (0.57) 925 (18) 29.16 (0.63) 47.60 (0.73) 75.75 (0.19) 84.19 (4.88) 0.072 (0.003)
2 7.72 (0.34) 984 (28) 30.64 (1.91) 44.05 (3.87) 66.79 (2.84) 76.71 (0.12) 0.068 (0.005)
3 7.11 (0.16) 994 (18) 31.32 (1.45) 39.66 (2.83) 63.66 (8.53) 75.11 (2.41) 0.064 (0.003)

20:5 1 7.36 (0.11) 929 (12) 37.06 (4.81) 44.47 (0.89) 74.14 (2.88) 85.53 (1.01) 0.063 (0.002)
2 7.18 (0.14) 974. (59) 29.40 (3.12) 40.99 (1.45) 57.50 (7.58) 71.21 (4.23) 0.061 (0.002)
3 6.89 (0.35) 1052 (11) 29.34 (0.00) 35.72 (3.93) 66.55 (0.35) 71.07 (5.28) 0.061 (0.001)

20:10 1 7.50 (0.55) 1024 (42) 25.72 (5.91) 36.16 (6.84) 48.96 (3.77) 58.85 (6.83) 0.066 (0.003)
2 7.27 (0.41) 1053 (60) 26.34 (8.17) 32.19 (8.04) 43.84 (9.07) 57.67 (9.31) 0.063 (0.002)
3 6.89 (0.14) 1095 (46) 23.19 (6.17) 28.37 (6.09) 41.47 (8.93) 52.25 (7.23) 0.061 (0.002)

Values in parentheses are the standard deviation.

Mean density of the boards ranged between 925 and 1095 kg/m3; therefore, they can
be considered as high-density particleboards. The panels with the highest density were the
20:10 type, which included 10% starch in their manufacture. Longer times in the hot press
resulted in more density.

Meanwhile, the 20:10 type had lower values of TS and WA than the remaining experi-
mental panels. Increasing time in the hot press also improved the TS and WA results. This
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was probably related to the increase in density, since there were fewer gaps between the
particles that could be filled with water.

Thermal conductivity seemingly decreased with the addition of starch and longer
pressing times, but this could not be concluded. Panels manufactured with more than
5% starch for 2 h had the lowest conductivity values. Given the standard deviation of the
results, it is possible that pressing the panels for more than 2 h would not have improved
the results when starch was added.

3.2. Mechanical Properties

MOR values of the experimental panels can be seen in Figure 5. Increasing time in
the hot press improved the results in types 20:0 and 20:5. In type 20:10, the standard
deviation overlapped between 2 and 3 h of pressing time; therefore, this statement cannot
be confirmed. The addition of starch resulted in better MOR results in all types, reaching
a maximum in type 20:10 3 h with a mean value of 17.5 N/mm2.

Figure 5. MOR values of the experimental panels.

The MOE results showed in Figure 6 followed a similar trend to MOR values but more
pronounced. Increasing the pressing time and the starch proportion resulted in higher
MOE values. Type 20:10 3 h reached 3196 N/mm2 of MOE.

Figure 6. MOE values of the experimental panels.
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From the results of IB in Figure 7, it can be concluded that increasing the proportion of
starch resulted in better mechanical behavior in the three categories: MOR, MOE, and IB.
Type 20:10 3 h had the highest IB value with 0.65 N/mm2. The standard deviation in types
20:0 and 20:5 of the results prevent concluding that increasing the pressing time between
2 and 3 h improved the results.

Figure 7. IB values of the experimental panels.

3.3. Statistical Analysis

Statistical analysis of Table 3 indicates that all the properties had dependency relation-
ships (p-value < 0.05) with the panel type and the pressing time except for IB, which was
only influenced by the panel type.

Table 3. ANOVA of the results of the tests.

Factor Properties Sum of Squares d.f. Half Quadratic F p-Value

Panel Type

Density (kg/m3) 84,534.65 2 33,660.139 12.248 0.000
TS 24 h (%) 1551.53 2 524.107 17.039 0.000

WA 24 h (%) 1213.56 2 2254.850 44.949 0.000
T. Cond. (W/mK) 0.001 2 0.001 11.57 0.000
MOR (N/mm2) 15.08 2 175.442 14.294 0.000
MOE (N/mm2) 754,422.53 2 6,978,605.131 23.840 0.000

IB (N/mm2) 0.03 2 0.491 82.366 0.000

Pressing Time

Density (kg/m3) 115,661.14 2 29,069.446 9.781 0.000
TS 24 h (%) 7.93 2 249.800 5.647 0.007

WA 24 h (%) 38.76 2 417.170 2.984 0.042
T. Cond. (W/mK) 0.001 2 0.001 5.580 0.007
MOR (N/mm2) 13.36 2 166.638 13.118 0.000
MOE (N/mm2) 130,082.85 2 3,131,162.189 6.518 0.000

IB (N/mm2) 0.083 2 0.042 1.490 0.237

d.f.: degrees of freedom. F: Fisher–Snedecor distribution.

3.4. Discussion of the Results

The European standards [32] establish a minimum requirement for particleboards
according to their thickness. Panels from 6 to 13 mm with an MOR value of 10.5 N/mm2

and an IB value of 0.28 N/mm2 can be considered as particleboards for general use in
a dry environment (grade P1). Particleboards that can be used in the manufacture of
furniture (grade P2) have to reach an MOR of 11.0 N/mm2, an MOE of 1800 N/mm2, and
an IB of 0.40 N/mm2. For nonstructural boards in a humid environment, the minimum
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requirements are 15.0 N/mm2 for MOR, 2050 N/mm2 for MOE, 0.45 N/mm2 for IB, and
17% for TS at 24 h.

In the present study, boards manufactured with less than 10% starch did not reach
the minimum mechanical values to be commercialized. Table 4 shows a comparison of
type 20:10 results regarding European standards. Increasing the pressing time improved
the performance of the particleboards. Type 20:10 with 1 h of pressing time could be
classified as P1, whereas board types 20:10 with 2 and 3 h of pressing time reached the
P2 grade. None of them could be classified as P3 since they did not meet the required TS
value at 24 h. Further research is needed to take into account the density of the panels, the
peak time, the amount of added starch, and the addition of hydrophobic substances in the
manufacturing process.

Table 4. Comparison of the properties of the experimental panels with 10% starch and the European
standards [32].

Panel Type
MOR

(N/mm2)
MOE

(N/mm2)
IB

(N/mm2)
WA 24 h (%)

20:10—1 h 10.82 1573 0.39 58.85
20:10—2 h 15.40 2324 0.52 57.67
20:10—3 h 17.49 3196 0.62 52.25

Grade P1 [32] 10.50 - 0.28 -
Grade P2 [32] 11.00 1800 0.40 -
Grade P3 [32] 15.00 2050 0.45 17.00

The selection of a particle size of less than 0.25 mm for the manufacturing of the boards
was based on our previous experience and the existing literature, since smaller particle
sizes resulted in better properties [33].

The process followed in the research was slightly different since GPBs are not usually
pressed or heated. Particleboards that follow a dry process usually require a pretreatment
that consists of drying the material until it reaches a maximum of 4% moisture content. In
the present study, there was no need for pretreatments, and the material could be used
with a 8% moisture content.

Kim et al. [34] manufactured GPBs with Eucalyptus sp. and Pinus massoniata with citric
acid (CA) with a targeted density of 1200 kg/m3 and dimensions of 300 × 300 × 10 mm.
They reduced the moisture content of the GPB mats to about 2–3% in a dryer at 45 ◦C
before pressing at room temperature the particleboards. Kim [35] used the same process
for manufacturing particleboards with rice husk particles of 2 mm in different ratios (0%,
10%, 20%, 30%, and 40%). MOR and MOE values of the particleboards improved with
the addition of rice husk with a peak content of 30% and then declined. IB reached its
maximum with 20% and had a lower value with 40%. These two studies obtained similar
results and are in line with commercial GPB, as shown in Table 5. The experimental boards
of the present study achieved better mechanical results with the difference of applying heat
in the pressing (110 ◦C) and only adding 20% gypsum.

Table 5. Comparison with other particleboards made from gypsum and other lignocellulosic materials.

Material
Ratio Material/

Gypsum/H2O in Weight
Other

Additions
Press.
(MPa)

Time (h)
MOR

(N/mm2)
MOE

(N/mm2)
IB

(N/mm2)
WA 24 h

(%)

This study
(type 20:10—2 h) 100:20:10 10% Starch 2.6 2 10.82 1573 0.39 58.85

Eucalyptus sp. [34] 30:100:40 0.05% CA 3 2 6.80 2700 0.24 29.50
Pinus

massoniata [34] 30:100:40 0.05% CA 3 2 5.50 2100 0.43 28.00

Rice husk [35] 40:100:40 0.05% CA 3 2 6.70- 3800 0.34 17.00

Commercial
GPB [34] - - - - 9.20 4500 0.30 28.00
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This lower gypsum content is not enough for the binding of the particles. If the method
used was cold pressing, the particles would have disaggregated. Therefore, since type
20:0 resulted in stable particleboards, some self-binding could have happened in the hot
press within the giant reed in the absence of starch. The elucidation of this process is very
complex with multiple theories such as the glass transition of cellulose, hemicellulose,
and lignin [36], the starches, gluten, sorbitol, and sugars contained in the lignocellulosic
material [37], and the presence of furfural [38,39].

In comparison with binderless particleboards, some authors indicated that a high
temperature of at least 180 ◦C and high pressures of 3.5 MPa are needed in order to
manufacture the boards [37]. Others concluded that, by extending the time in the hot press,
better results can be achieved [40]. In the present investigation, the temperatures of the
press (110 ◦C) and the pressure (2.1 MPa) were lower; therefore, this method consumes
less energy and is more environment friendly. Good MOR and MOE values were obtained
with a pressing time of 2 and 3 h. It may be possible for the mechanical behavior to be
improved with longer pressing times; however, the energy required in the manufacture
of the particleboards would increase, which is counterproductive, and the panels already
reached the P2 grade values within 2 h.

4. Conclusions

It is feasible to manufacture particleboards made from giant reed, gypsum plaster, and
starch that have good mechanical properties according to the European standards.

Through the addition of starch and increasing the pressing time of the experimental
panels, better mechanical and physical properties were obtained. With 10% starch and
a pressing time of 2 or 3 h, the panels reached the P2 classification for furniture production.

Using giant reed waste in manufacturing particleboards would be beneficial in
terms of the environment and energy efficiency since less energy is required than the
conventional process.
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