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Abstract

With the increasing focus on renewable materials and sustainability issues, the development of non-conventional materials
from natural resources and possessing complexing properties is currently an area of extensive research due to their poten-
tial applications in biosorption processes for pollutant removal. Among them, the hemp plant (Cannabis sativa), an annual
high yielding industrial crop grown for its fibres and seeds, is one of the most promising materials for biosorption of metal
ions from diluted waste streams. In this review, an extensive list of hemp-based biosorbent literature has been compiled
and discussed. After a brief description of hemp and its properties and applications, the review gives a general overview of
liquid—solid biosorption processes for metal sequestration from aqueous solutions onto hemp-based materials.
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Introduction

This article is an abridged version of the chapter published
by Morin-Crini et al. (2018) in the series Environmental
Chemistry for a Sustainable World.

Many wastewaters contain significant levels of organic
and mineral contaminants which are toxic or otherwise
undesirable because they create, in particular, odour, bad
taste and colour. Amongst the numerous techniques of
contaminant removal, liquid—solid adsorption is the pro-
cedure of choice as it can be used to efficiently remove dif-
ferent types of contaminants (Manes 1998; Cooney 1999;
Liu and Liptak 2000; Dabrowski 2001; Yang 2003; Crini
and Badot 2008). Furthermore, adsorption can produce
high-quality water while also being a process that is both
technologically simple and economically feasible. So,
adsorption processes from aqueous solutions are important
techniques in water purification, wastewater decontamina-
tion, and many other areas such as recovery and separation
applications (Sharma and Sanghi 2012).

Carbons are one of the oldest and most widely used
adsorbents in industry (Manes 1998). Indeed, due to their
great capacity to adsorb contaminants, commercial acti-
vated carbon is the most effective adsorbents, and if the
adsorption system is properly designed, they give a good-
quality output, with concentrations under the legal limits
for discharge waters. This capacity is mainly due to their
structural characteristics and their porous texture which
gives them a large surface area, and their chemical nature
which can be easily modified by chemical treatment in
order to improve their properties. The processes that use
these usual adsorbents are often carried out in a batch
mode, by adding activated carbon to a vessel contain-
ing the contaminated solution, or by feeding the solution
continuously through a packed bed of carbon. Adsorption

Fig. 1 Hemp field (a) and dioe-
cious male plant (b)

processes using activated carbon are also interesting
because of convenience, easy operation, and their sim-
plicity of design (Manes 1998; Radovic et al. 2000). How-
ever, although these commercial materials are preferred
conventional adsorbents for contaminant removal, their
widespread industrial use is restricted due to high cost
(Crini 2005; Kyzas and Kostoglou 2014). As such, alterna-
tive non-conventional adsorbents including products and
by-products of biological and agricultural origin, and from
forest industries were proposed, studied and employed as
inexpensive and efficient adsorbents—in this case called
biosorbents due to their natural origin and property to
bind and concentrate metal ions from aqueous solutions
(McKay 1996; Volesky 2004; Blackburn 2004; Crini 2006;
Oliveira and Franca 2008; Crini and Badot 2010; Rezié
2013; Michalak et al. 2013; Vijayaraghavan and Balasu-
bramanian 2015; Sharma 2015; Muya et al. 2016; Okeni-
cova et al. 2016; Khalaf 2016; Zhao et al. 2016).

Indeed, the past three decades have shown an explosion in
the development of new materials proposed as biosorbents
for metal removal in biosorption-oriented processes using
various contacting systems. These include living organisms
(e.g. algae, bacteria, fungi and yeasts) and dead biomass
(e.g. bark, sawdust, peat, natural fibres such as cotton and
flax, plants and other organic substances such as biopoly-
mers or polysaccharides). Polysaccharides include starch,
cellulose, alginate and chitin and their derived products such
as chitosan and cyclodextrins. These materials are interest-
ing due to the fact that they are abundant in nature, available
in large quantities, inexpensive, and may have potential as
biosorbent materials due to their physicochemical charac-
teristics and particular structure (Volesky 2004; Blackburn
2004, Crini 2005, 2006). Abundant data can be found in the
literature summarized in Morin-Crini et al. (2018). Actually,
numerous works are being conducted on the use of hemp-
based materials as biosorbents. Hemp is a fast growing,




annual herbaceous (Fig. 1) and multi-purpose plant. In par-
ticular, its bast fibres are natural, cheap, strong, stiff and
lightweight, and have been identified not only as attractive
reinforcements for composites (thermoplastic polymers)
and material for wool insulation but also as useful chelating
materials.

To the best of our literature review, this review is the
first published review on the potential use of hemp-based
materials in water and wastewater treatment. After a brief
description of hemp and its properties and applications, the
review gives a general overview of liquid—solid biosorption
processes for metal sequestration from aqueous solutions
onto hemp-based materials. For this, an extensive list of
hemp-based biosorbent literature has been compiled and
discussed.

Hemp, an interesting raw material

Hemp is a dicotyledonous plant from the order of Rosales,
from the family of Cannabaceae, genus Cannabis (Bouloc
2013). Hemp—also called industrial hemp—refers to the
non-psychoactive varieties of Cannabis sativa L. Hemp is
an annual high yielding industrial crop grown for its fibres
and seeds. This plant is being mainly cultivated in Europe,
Canada and China (the largest supplier in the world). France
is the top European producer of hemp with an area of culti-
vation around 12,000 ha. Other important producing coun-
tries are Romania, Italy, Poland and Hungary (Amaducci
2005; Bouloc 2013; Salentijn et al. 2015).

Hemp is an interesting raw material for its very low-cost,
abundance, renewable character, particular chemical com-
position of its fibres including moisture content, macromo-
lecular network with numerous hydroxyl groups capable
of forming intra- and intermolecular bonds, and specific
physical (low density), mechanical, thermal, acoustic and
aseptic properties (Paduraru and Tofan 2008; Bouloc 2013;
Amaducci et al. 2015). Hemp fibres are also classified as
eco-friendly material and good candidates as a (partial) sub-
stitute for synthetic fibres such as glass, carbon or metallic
fibres.

Cannabis sativa L. is the source of two types of natu-
ral fibres: bast fibres (fibrous form) and woody core fibres,
called hurds or shives (granular form). Its cultivation also
provides seeds for oil production. Hemp stem consists of
approximately 20-40% of bast fibres and 60-80% of hurds
(Stevulova et al. 2014). The outside of the stem is covered
with bark (called epidermis). Inside the stems are bast fibres
and the woody core. The separation of the bast fibre is car-
ried out through defiberization or decortication (breaking the
woody core of the stems into short pieces and separation of
bast fibre from the hurds) using specialized machineries. The
hemp fibres are situated in the bast of the hemp plant. The

by-product of the hemp stem obtained after the industrial
defiberization process is called chenevotte (constituted from
the xylem tissue of the stem, i.e. the shives).

Technical (multi-cellular) fibres, composed of elementary
fibre bundles obtained by primary processing of stalks, are
characterized with heterogeneous chemical composition and
fairly complicated structure. The main constituents are cel-
lulose, hemicellulose and lignin, while minor components
such as pectin and waxes are regarded as surface impurities
(Placet et al. 2017). As member of the bast fibre family,
hemp contains over 75% of cellulose and less than 10-12%
of lignin (compared with 60% and 30%, respectively, for
wood). The bast fibres contain higher amounts of cellulose
than the hurds.

Their structure is complex. Indeed, hemp fibres are very
heterogeneous and can be considered themselves as a com-
posite material comprising three different parts (Le Tro&dec
et al. 2011). From the outer to the inner part, fibres consist
of a middle lamella, a primary, a secondary and a tertiary
cell wall, build up around an opening, the lumen. The bast
fibres are joined together by the middle lamella, mainly
composed of pectin (macromolecules of galacturonic acid)
encrusted with lignin that hold fibres together into a bundle.
Next to the middle lamella, the primary cell wall consists
of disorganized arrangements of cellulose fibrils embedded
in an organic matrix of hemicelluloses, lignin and proteins.
The secondary cell wall consists of three layers of cellulose
fibrils with different axial orientations that are bound by
hemicelluloses. Each fibre bundle consists of single (elemen-
tary) fibres. There are two types of fibres with approximately
the same diameter: (1) the useful primary fibres (5-55 mm
long) and (2) the short secondary fibres (2 mm long). How-
ever, the cell walls of the bast fibres are 5-10 times thicker
than those of woody fibres. In contrast to the high quality of
bast fibres, the hurds is the least valuable part of the plant,
chemically close to wood (Stevulova et al. 2014). Figure 2
shows microscopic observations of fresh transverse hemp
stem sections at two different magnifications showing lignin
component (Placet et al. 2014).

In plant fibres, water can be held in the form of bound
water and free water. Free water can be found as liquid, liq-
uid—vapour mixture or vapour within the fibre lumen. Bound
water interacts with the hydrophilic polymers of the fibre
wall. It is absorbed into the cell wall by hydrogen bonds
on the accessible polar hydroxyl groups, generally termed
biosorption sites. The constitutive hydrophilic polymers are
classically classed into three types: (1) cellulose, (2) hemi-
celluloses and pectins and (3) lignins.

Cellulose is made of linear chains of glucose aggregated
into microfibrils, including highly crystalline parts sur-
rounding amorphous components (also called paracrystal-
line cellulose). Even though cellulose has a high hydroxyl
group-to-carbon element (OH/C) ratio, most of them are



Fig.2 Hemp (Cannabis sativa)
stem cross sections—Micro-
scopic observations of fresh
transverse sections at two
different magnifications after
cytochemical staining using
the Wiesner reagent (phloro-
glucinom-HCl) that gives a
purple-red colouration to lignin
(X xylem, pf primary fibres,

sf secondary fibres, ¢ collen-
chyma, e epidermis)

inaccessible to water molecules, due to the crystalline
organization, and water molecules can gain access only into
amorphous cellulose. Hemicelluloses and pectins are pre-
dominantly amorphous polysaccharides with high (OH/C)
ratio and highly accessible to water molecules. Lignin is
third main type of hydrophilic polymeric constituent. It is
an amorphous crosslinked polymer, composed of phenolic
units, that occurs in plant fibres with more or less amounts,
and which has relatively low OH/C ratio when compared to
polysaccharides. So the water adsorption capacity in fibre
wall is mainly determined by the amount and accessibility
of hydroxyl groups.

The physical and chemical states of water in plant fibres
depend on the surrounding environment. In ambient air,
plant fibres are constantly exchanging moisture with atmos-
phere. Water molecules can be found in the form of bound
water in the cell wall and water vapour within the fibre
lumen. When fibres are exposed to liquid water (i.e. sub-
merged in or in direct contact with liquid water), or when
freshly cut, in addition to the bound water that is saturating
the cell wall, liquid water can also fill the lumen by capillary
suction. Water absorption in the cell wall is the result of a
combination of complex mass transfer mechanisms as in all

the open porous materials. It includes water vapour diffusion
within the lumen and in the air surrounding the outer surface
of the fibre, adsorption on the hydroxyl groups of hydro-
philic polymers and diffusion of bound water in the wall.

When bast tissues or technical fibres are submerged
in water, a separation of fibres is generally observed (see
Fig. 3) due to the leaching and also to the degradation of the
gummy substances (pectins mainly) surrounding the techni-
cal and individual fibres due to the action of enzymes pro-
duced by micro-organisms. This is the mechanism observed
during water retting, one of the process employed to facili-
tate the separation of the fibres from the stem (Di Candilo
et al. 2009).

Its versatility is also another important advantage, being
useable in the form of fibres, felts, powders (by-products,
fragments, shives) and oils, due to the fact that the entire
plant (seeds and plant stem) is recoverable. Indeed, all
parts of the hemp plant can be used for myriad applications
(Ranalli 1999; Liberalato 2003; Ranalli and Venturi 2004;
Bouloc 2013; Amaducci et al. 2015). Figure 4 depicts a
flow chart of multi-purpose hemp applications in domestic
and industrial sectors. Hemp fibres and stalks are thus used
for numerous applications such as in textiles (e.g. clothes,

Fig. 3 Electron microscopy images of the fibre surface a before and b after washing by water
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Fig.4 Examples of multi-purpose hemp applications in domestic and industrial sectors

sport clothing, jeans, ropes, shoes, bags) and pulp and paper
industries (e.g. paper products, cardboard, packaging, fil-
ters), construction applications, biocomposites, agrochem-
istry, mulch and animal bedding. Textiles made from hemp
are easy to produce, durable, versatile and biodegradable.
Fibres are also more resistant to weather and ultraviolet rays
than cotton and silk and can be mixed with other materials
to create clothing hybrids.

Oils are used for applications in cosmetics and body care
products (e.g. soaps, shampoos, lotions, creams, perfumes),
pharmacy (e.g. to reduce acne breakouts and to improve skin
conditions, interesting in dermatitis and eczema treatments),
food-processing (e.g. health foods, nutraceutical products,
protein isolates, beverages, animal food as feed for birds and
fishes), agrochemistry, fuel (a by-product of its cultivation),
paint, varnish, detergent, ink and lubricants. In cosmetol-
ogy, hemp-based oils are interesting as additive due to their
high concentration of fatty acids. In food chemistry, hemp is
nutritious thanks to high levels of proteins, essential amino
acids (rich in lanolin and linolenic acids), and other valuable
elements (fibre, iron, potassium, zinc, etc.). In China, hemp
is widely used as a component for food and medicine.

Hemp can also be processed into different forms of felt,
with various densities, used for example in automotive and
construction applications (insulation materials) or as rein-
forcement in composite materials (plastic composites, bio-
composites). Hemp provides all sorts of good building mate-
rials. They are durable, lightweight, affordable to produce,
and waterproof, fireproof and rodent proof. These materials
are also ideal for resisting damage caused by earthquakes,

floods or other natural disasters. Furthermore, the woody
core part (shives) and short and entangled fibres obtained as
by-product of hemp processing can be used in lower-grade
products such as insulation products, fibreboard and erosion
control mats, while the fibrous core can be blended with lime
to make strong, lightweight concrete (Ranalli and Venturi
2004; Shahzad 2012; Keijsers et al. 2013; Kostic et al. 2014).

Other innovative applications such as nanotechnology (e.g.
nanomaterials with similar properties as graphene, superca-
pacitors and nanosheets), hemp plastic for 3D printing, bio-
composites for airplanes, solar panels, bacteria-fighting fabric,
bioactive metabolites such as cannabinoids, terpenoids and
flavonoids, bio-pesticides, in cleaning up air and soil contami-
nation, and biofuel production (with no sulphur emissions)
open new challenges (Citterio et al. 2003; Rehman et al. 2013).
Indeed, one of the most interesting uses for hemp is in cleaning
up soil contamination through phytoremediation process (Cit-
terio et al. 2003). Hemp could be grown on soils contaminated
with metals or radioactive elements. Hemp plants were shown
to be effective in cleaning the soil around the site of Russia’s
Chernobyl nuclear disaster (Vandenhove and Van Hees 2003).
Recently, they were considered for use near Fukushima. Hemp
is also receiving more and more attention in water and waste-
water treatment.



A novel application of hemp-based materials
for the sequestration of metals

Liquid/solid adsorption is one of the most frequently used
techniques for the decontamination of aqueous media
worldwide (Berefield et al. 1982; McKay and Al Duri
1989; Volesky 1990; McKay 1996; Wase and Forster 1997;
Cooney 1999; Ho et al. 2002; Crini and Badot 2010).
Adsorption is a physical-chemical method of separation
in which substances present in a liquid become bound to
the surface of a solid material (Treybal 1987; Tien 1994;
Volesky 1990, 2004; McKay 1996; Yang 2003). It is a pro-
cess of partition of the molecule to be eliminated, called
the adsorbate, between the aqueous solution and the solid,
named the adsorbent or biosorbent/sorbent, depending on
the type of material used.

The technique most frequently used to study adsorption
(biosorption/sorption) phenomena, not only in research
laboratories but also in the industrial sector, is the static
approach or batch process. This approach involves mixing
a known volume of water with known concentrations of
adsorbate to be processed with a given quantity of adsor-
bent, in previously established conditions of stirring rate,
stirring duration, concentration, pH, ionic strength and
temperature. The mixture is stirred for a given contact
time and then separated by a physical step involving cen-
trifugation, sedimentation or filtration. By determining the
concentrations in the supernatant and in the initial solu-
tion, it is possible to calculate the efficiency of the solid
material, i.e. its performance in terms of pollutant elimina-
tion (Crini and Badot 2010).

Recently, the development of hemp-based materials as
biosorbents is an expanding field in the area of pollut-
ant removal. This is an interesting challenge because the

Fig.5 Pictures of the hemp-
based materials used as
biosorbents: a sawdust, b hurds
(shives), c fibres and d felt

majority of commercial polymers are derived from petro-
leum-based raw materials using processing chemistry that
is not always safe or environmental friendly. Today, there
is growing interest in developing natural low-cost alterna-
tives to synthetic polymers. Hemp could be a promising
alternative. Commercial hemp-based products are usually
offered as powders (by-products), fibres or felts (Fig. 5).

To characterize hemp-based materials, numerous tech-
niques such as Fourier transform infrared spectrophotom-
etry, energy-dispersive X-ray spectroscopy, X-ray photoelec-
tron spectroscopy, solid-state nuclear magnetic spectroscopy
(NMR), differential scanning calorimetry, thermogravimet-
ric analysis, contact angle measurement and scanning elec-
tron microscopy can be used. For example, NMR is a power-
ful tool for hemp characterization. In Fig. 6, the solid-state
13C-NMR spectra show the peaks of disordered cellulose in
the range 50 and 110 ppm. These broad signals are attrib-
utable to the glucopyranose unit of the cellulose structure
of the raw fibres. The spectrum of felt containing 10% of
polypropylene (used as a matrix to reinforce fibres; typical
applications on these composites include automotive interior
substrates, furniture and other consumer products) clearly
shows three additional peaks between 20 and 50 ppm due
to polypropylene.

Hemp-based materials as biosorbents

Hemp-based biosorbents have been proposed for applica-
tions in water treatment, in particular for metal ion removal
from aqueous synthetic solutions. The interaction between
hemp and metal ions has been intensively investigated by
Péaduraru and co-workers using batch and fixed-bed column
studies (Tofan and Paduraru 1999, 2000, 2004; Tofan et al.
2001a, b, 2009, 2010a, b, c, 2013, 2015, 2016a, b; Paduraru
and Tofan 2002, 2008). These authors studied the capacity
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Fig.6 Comparison of the '>C NMR spectra of two felts containing hemp fibres without (in red) and with (in blue) the presence of an additive

(10% of polypropylene)

and mechanism of hemp fibres in removing different metals
(i.e. Cd, Co, Cr, Cu, Pb, Ag and Zn) from aqueous monome-
tallic solutions. Before use raw hemp fibres, wastes from the
textile industry were purified by boiling for 4 h in a solution
containing soap and soda ash, followed by washing several
times with water, and drying in an oven at 45 °C. Their
investigations clearly indicated, for the first time, that hemp
fibres had a high capacity for metals adsorption and were
very useful for the treatment of wastewaters. Between 7.5
and 13.5 mg of metal can be eliminated per gram of fibre,
depending on the type of metal. For example, the monolayer
adsorption capacity for Cu(II) Cr(IIT), Cd(IT) and Ag(I) was
9.0735, 4.0006, 2.5909 and 1.2253 mg/g, respectively. In all
the experimental conditions tested, the order of affinity was
the same: Cu> Cr>Cd> Ag (Paduraru and Tofan 2002).
The results also reported that hemp waste materials were
efficient in removing Co (II), Pb(Il) and Zn(II) from diluted
and concentrated aqueous solutions. In another work, the
authors evaluated the thermodynamic feasibility of Pb(II)
biosorption process on hemp by calculating thermodynamic
parameters such as Gibbs free energy change (AG), enthalpy
change (AH) and entropy change (AS). Evaluation of these
parameters gives an insight into the possible mechanisms
of adsorption. At all studied temperatures (between 277 and
333°K), the AG values were negative, showing the feasi-
bility and spontaneous nature of Pb biosorption on fibres
(Tofan et al. 2010b). AG was estimated from the equilibrium

adsorption data under the assumption that the adsorption of
a pollutant was reversible and that an equilibrium condition
was established in the batch system. The positive values of
AH indicated that Pb biosorption was an endothermic pro-
cess, favoured by temperature increase. The positive value
of AS suggested an increased randomness at the interface
of hemp-solution and high affinity of the hemp fibres for Pb
ions. Kinetics were also rapid and could be described by a
pseudo-first-order model. The Langmuir model was found
to be the most appropriate to describe the adsorption pro-
cess in all the case of metals studied. For Co removal, the
authors showed that the biosorption capacity of the fibres
used in column (15.44 mg/g) performed better than that of
the batch system (13.58 mg/g) (Tofan et al. 2013). They
explained this result by the fact that the gradient concentra-
tion decreased with time in batch experiments, while it con-
tinuously increased in the interface of the biosorption zone
in the column. The Langmuir model better described the
Co(II) adsorption process on hemp fibres in comparison with
the Freundlich model. This finding complied with the results
of fixed-bed studies which emphasized that the optimal solu-
tion for describing the behaviour of the investigated hemp
bed column was provided by the Thomas model. The authors
explained their results by the fact that the main mechanism
was chemisorption of the metal ion via the formation of
electrostatic interactions, complexation and ion exchange.
Indeed, strong bonding of metal ions by carboxylic (present



in hemicelluloses, pectin and lignin), phenolic (lignin and
extractives), carbonyl (lignin) and hydroxyl (polysaccha-
rides) groups was responsible for the adsorption through
chemisorption. From their numerous results, Padduraru’s
research group concluded that hemp and its derivatives may
be a useful and promising biosorbent in water and wastewa-
ter treatment.

Kosti¢’s group also published a series of papers on the
ability of hemp to act as an effective biosorbent for the
removal of metals from aqueous solutions (Pejic¢ et al. 2009,
2011; Kosti€ et al. 2010, 2014; Vukcevié et al. 2014a). Their
results clearly demonstrated that hemp in fibre form had
a high affinity for Cd, Zn and Pb, in accordance with the
results published by Paduraru’s group. In order to obtain
better adsorption capacities, these authors also proposed to
modify fibres by simple and inexpensive alkaline and oxi-
dative treatments, causing gradual removal of either hemi-
celluloses or lignin and altering fibre structure. Observed
increase in adsorption properties was ascribed not only to
the decrease in lignin or hemicelluloses content, but also to
the increased fibre fibrillation, surface peeling and roughness
increase, which affects fibre-specific surface area. Besides
changes in fibre surface and structure, applied chemical
treatments affect the amount and accessibility of functional
groups incorporated in the fibre structure. Both chemical
treatments used remove the accompanying components from
the fibre surfaces, leading to the liberation of the functional
groups, and increasing their amount. Since functional groups
act as active sites for adsorption, chemical modification effi-
ciently improve the adsorption properties of this biosorbent.

Similar materials and results were published by Kyzas’s
group for the removal of Ni from diluted and concentrated
solutions (Kyzas et al. 2015). They noted that adsorption
capacities between 160 and 206 mg of Ni per gram of mate-
rial were achieved. The differences in the degree of perfor-
mance were mainly attributed to the hemp form used (fibres
or shives). After chemical modification (by sodium hydrox-
ide or citric acid), the respective capacities were improved
to 237 and 242 mg/g, respectively. A characterization study
(Fourier transform infrared spectrophotometry, X-ray dif-
fraction, scanning electron microscopy, energy-dispersive
X-ray spectroscopy, crystallinity and cellulose content)
demonstrated the surface morphology of the modified hemp
along with some possible biosorption interactions between
them and Ni. At least ten sequential reuse cycles revealed the
reuse potential of the modified hemp-based materials. The
authors concluded that hemp fibres were a promising mate-
rial for the removal of Ni from single ion solution mainly
through chemical interactions.

Balintova et al. (2014) studied the removal of Cu onto
raw hemp shives and treated hemp by NaOH. This treat-
ment permitted to remove either hemicelluloses or lignin.
However, no significant differences were obtained. The

adsorption capacities for raw and treated hemp were 3.91 and
4.45 mg/g, respectively (conditions: dosage=1 g/100 mL;
initial Cu concentration =50 mg/L, initial pH=4, and con-
tact time =24 h). These performances were compared with
those of commercial sorbents, and similar adsorption capaci-
ties were obtained. The authors concluded that hemp was a
useful non-conventional biosorbent for copper removal from
acidic environment.

New hemp fibres derivatives in environmental, pharma-
ceutical and biomedical fields to reduce metal pollution and
to prevent bacteria growth were proposed by Cassano et al.
(2013). The materials were prepared via esterification of
hemp with 2-benzyl-4-chlorophenol (a germicide agent) that
was covalently coupled to cellulose backbone of fibres by
a heterogeneous process. Carboxylated materials were also
synthetized. FT-IR spectroscopy was used to obtain quali-
tative information on hemp fibres after derivatization. The
materials were also characterized using differential scan-
ning calorimetry. The new materials possessed an excellent
in vitro antibacterial activity in inhibiting Staphylococcus
aureus and Pseudomonas aeruginosa growth and also exhib-
ited interesting adsorption capacities towards Cd present
in aqueous solutions. However, the performances for Cd
removal were dependent on pH solution. In addition, their
results showed that carboxylated fibres had a higher chelat-
ing capacity than the esters derivatives.

All these studies demonstrated that hemp could be a
viable biosorbent for environmental applications. However,
these previously published works focused on the removal of
only one or two metals at a time using hemp in fibre form.
Recently, Crini’s group proposed the use of a hemp-based
material in felt form to treat polymetallic aqueous solutions,
containing a mixture of six metals, namely Cd, Co, Cu, Mn,
Ni and Zn (Bugnet et al. 2017a, b; Loiacono et al. 2017a, b,
¢, 2018). These six metals were studied due to their com-
mon presence in discharge waters from the metal industry.
Adsorption experiments showed that this non-conventional
biosorbent exhibited interesting adsorption capacities. In
10 min, 1 g of material was able to remove 7.4 mg of metals
[total =2.14 (Cu)+1.69 (Cd)+ 1.3 (Zn)+0.93 (Ni)+0.84
(Co)+0.5 (Mn)] at a concentration of 25 mg/L for each
metal present in 100 mL of solution. The results were also
almost independent of pH between 4 and 6. The following
order was obtained: Cu>> Cd>Zn> Ni~Co> Mn, while in
single solution, the order was Cd > Cu>Zn>Co~Ni>Mn.
Figure 7 shows material before and after batch, indicating
the colouring of the felt after metal removal. This was the
first report on the removal of metals from polycontaminated
aqueous solutions by hemp-based material in felt form (Loi-
acono et al. 2017a). In another work, in order to amelio-
rate its adsorption properties towards the same six cationic
metal species, the authors proposed to modify chemically
the raw felt (Loiacono et al. 2017b). The felt was treated



Fig.7 Hemp felt before (left)
and after adsorption (right) in a
solution containing a mixture of
six metals

with a mixture of maltodextrin, an oligosaccharide obtained
from starch hydrolysis, and 1,2,3,4 butanetetracarboxylic
acid (BTCA) used as cross-linking agent. This chemical
treatment provided ion-exchange properties to the material
by introducing carboxylic groups on hemp fibres. Potentio-
metric titration data revealed that the quantity of carboxylic
groups was increased from 0+ 0.09 meq/g for raw hemp to
0.67 +0.03 meq/g for modified hemp. A weight increase of
35% of modified felt confirmed that a cross-linking reaction
occurred by esterification between BTCA carboxylic groups
and maltodextrin hydroxyl groups on the one hand, and cel-
lulose hydroxyl group of hemp fibres on the other hand. The
modified material was also characterized using solid-state
nuclear magnetic spectroscopy technique, scanning electron
microscopy and energy-dispersive X-ray spectroscopy. For
the total metal load, the adsorption capacity of modified
hemp was determined to be twofold higher than that of non-
modified felt in all conditions studied. The carboxylic groups
present in BTCA were responsible for metal ion binding
through chemisorption mechanism (e.g. complexation, elec-
trostatic interactions, ion exchange) and their presence in
modified material positively influenced its performance.
Nevertheless, in the multi-component system studied, strong
competition prevails among metallic species for the binding
sites. For modified hemp, the following order was obtained:
Cu>Cd>Zn>Mn> Ni~Co, while in single solution, the
order was Cd > Cu~Zn~Mn > Ni~ Co. Interesting results
were also obtained for real effluents containing the same
six metals (Loiacono et al. 2017a). Crini’s group concluded
that raw and modified hemp-based materials in felt form
can be utilized as an interesting tool for the purification of
metal-containing wastewater because of their outstanding
adsorption capacities and ease of use (Loiacono et al. 2018).

Composite materials

Zou et al. (2012) proposed a hemp-zeolite composite mate-
rial obtained by a simple procedure for the removal of

aqueous aromatic organic pollutants (benzene, toluene and
chlorobenzene). This new biosorbent, prepared via in situ
crystallization of zeolite L nanocrystals on hemp fibres,
exhibited a high removal degree (above 80%). The order
obtained was: chlorobenzene > benzene > toluene. The com-
posite also presented high flux of 19.9, 19.3 and 20.9 kg/
m?h for chlorobenzene, benzene and toluene, respectively.
The results showed that the removal of the composite was
much higher in respect to only hemp fibres (48%). The better
performance of the composite was explained by an improved
absorption ability of the zeolite-hemp material coupled with
higher dynamic separation efficiency. In addition, this new
material possessed high mechanical and chemical stabilities
before and after water purification, demonstrated by X-ray
diffraction and scanning electron microscopy experiments.
The authors concluded that both materials (zeolite L and
hemp) used for preparation of the composite were envi-
ronmentally friendly and made the adsorbents particularly
appropriate for water purification.

Activated carbons from hemp

Amongst all the commercial adsorbents materials pro-
posed, activated carbon is the most popular adsorbent
for the removal of pollutants from the wastewater (Ram-
akrishna and Viraraghavan 1997). The world demand of
activated carbon is steadily increasing due to its high per-
formance in many purification and separation processes.
The most commonly used raw precursors are wood, coal,
coconut shells and some commercial polymers. However,
the use of carbons based on relatively expensive starting
materials is unjustified for most pollution control applica-
tions. This had led many researchers to search for more
economic carbon-based adsorbents from non-conventional
resources. Indeed, certain waste products from various
industrial by-products (wastes generated during lactic acid
fermentation from garbage, waste carbon slurries, etc.),
city wastes (PET bottles, waste tires, waste newspaper,



etc.), and agricultural operations (bagasse, date pits, corn
cob, etc.), including lignocellulosic and wood by-products
(pinewood, sawdust, lignin, sugarcane, etc.), represent
potentially economical alternative material to prepare acti-
vated carbon. These waste materials have little or no eco-
nomic value and often present a disposal problem. There-
fore, there is a need to valorize these low-cost by-products.
So, their conversion into activated carbon would add its
economic value, help reduce the cost of waste disposal,
and most importantly provide a potentially inexpensive
alternative to the existing commercial activated carbons
as reported by Oliveira and Franca (2008).

Although hemp has many practical applications, its trans-
formation generates a high proportion of waste. Develop-
ment of recycling processes of such biomass waste is gen-
erating great interest, and the production of activated carbon
could be an appropriate solution. There are several reports
on the production of activated carbon from hemp-based
materials (Rosas et al. 2009; Vukdcevié et al. 2012, 2014b,

2015; Yang et al. 2011, 2012; Sun et al. 2013; Wang et al.
2015; Lupul et al. 2015a, b).

An important work on this topic was done by Vukcevié
and co-workers (Vukcevi€ et al. 2012, 2014b, 2015). They
proposed activated carbon from waste short hemp fibres as
adsorbent for metal ions and pesticides removal. Activated
carbon with high specific surface area (up to 2192 m%g) and
microporous structure were prepared by carbonization of
waste hemp fibres and activation with KOH. Figure 8 depicts
the synthesis procedure used, while Fig. 9 shows hemp fibres
before and after carbonization. These non-conventional car-
bons exhibited high adsorption properties towards metals
such as Pb and 15 pesticides including atrazine, simazine,
malathion and linuron. Their results showed that the adsorp-
tion capacities of an activated carbon depend on the history
of its preparation and treatment conditions such as pyroly-
sis temperature and activation time. The best efficiency was
achieved with samples with the highest specific surface
area and the amount of surface oxygen groups. Many other

Short hemp CARBONIZATION Carbonized ACTIVATION Activated
fibers - 700°C or 1000°C hemp fibers - 700°C or 900°C carbons
- N, flow: 150 - KOH activating agent
cm?/min - N, flow: 150 cm*/min

- heating rate: 5°C/min

- heating rate: 5°C/min
- heat soak time: 30 min
- washing: water

Fig.8 Scheme of activated carbons production from hemp-based wastes. (Adapted from Vukéevic et al. 2015)

Fig.9 Short hemp fibres before
(left) and after (right) carboni-
zation. (Adapted from Vukéevié
et al. 2015)




factors can also affect the adsorption capacity in the same
adsorption conditions such as surface chemistry (heteroatom
content), surface charge and pore structure (Vukcevic et al.
2015). In general, specific surface area and pore size dis-
tribution are dominant factors of influence in the case of
physical adsorption of nonpolar organic molecules, while
adsorption of inorganic and polar organic compounds is also
influenced by surface chemistry of carbon adsorbent. On
the base of obtained results, Vukcéevié¢ and co-workers con-
cluded that application of hemp wastes as new solid-phase
extraction adsorbent was a procedure of choice for analysis
of pesticides in water samples with recoveries comparable or
even better than those obtained with commercial cartridges.
Similar interesting results were published by Lupul et al.
(2015a, b). These authors proposed adsorption of atrazine
on hemp stem-based activated carbon with different surface
chemistry using potassium hydroxide as activating agent.
The presence of oxygen and nitrogen functionalities on
the carbon surface was found to be undesirable for atra-
zine adsorption. The superior adsorbent was obtained by
heat treatment of activated carbon in an inert atmosphere at
700 °C, resulting in a very high adsorption capacity due to
its enhanced hydrophobicity. Adsorption capacities were in
the range 169-227 mg/g depending on the chemical treat-
ment (Lupul et al. 2015a). The adsorption of atrazine on
the studied carbons mainly involves z—x dispersive interac-
tions between the atrazine x electron ring and the z electron
of graphene layers of carbon. The Langmuir—Freundlich
and Langmuir models gave a better fit for equilibrium iso-
therms compared with the Freundlich model. Modelling also
showed that the atrazine adsorption process was controlled
by an intraparticle diffusion mechanism into small micropo-
res with a significant contribution from film diffusion.
Rosas et al. (2009) proposed hemp-based activated carbon
fibres by chemical activation with phosphoric acid at dif-
ferent carbonization temperatures and impregnation rates.
Surface properties of the fibres were significantly influenced
by the activation temperature and the impregnation ratio.
An increase in either of these parameters produced a high
development of the porous structure of the fibres. Activated
carbon fibres with apparent surface area of 1350 m?/g and
mesopore volume of 1.25 cm?®/g were obtained at 550 °C
with an impregnation ratio of 3. The fibres presented a high
oxidation resistance due to the presence of phosphorus
compounds on the carbon surface. The oxidation resistance
results suggested that C-O-PO; and mainly C-PO; and C-P
groups act as a physical barrier, blocking the active carbon
sites for the oxidation reaction. The authors concluded that
the use of hemp residues to produce activated carbon was
very feasible and presented the advantage of the potential
revalorization of a residual material. Williams and Reed
(2003, 2004), studying the preparation of activated car-
bon fibres by physical activation with steam and chemical

activation with ZnCl, of hemp fibres, previously published
a similar conclusion.

Yang and co-workers also prepared activated carbon
fibres using hemp bast and a simple method consisting in a
phosphoric acid activation at different temperatures (Yang
et al. 2011, 2012; Wang et al. 2015). These carbons were
then used as sorbents for dye removal. The textural proper-
ties of the activated carbon fibres were found to be strongly
dependent on the activation temperature. Activated carbon
fibres exhibited narrow pore size distributions with maxima
in the micropore and small mesopore regions. BET surface
area, total pore volume, micropore volume and mesopore
volume increased with the increase in activation tempera-
ture up to 450 °C and then decreased with further heating,
and a sample with maximum surface area of 1142 m?/g and
total pore volume of 0.67 cm?/g was obtained. Phosphoric
acid facilitated the conservation of porous structure in the
precursor fibres, led to the creation of tremendous poros-
ity, and resulted in various phosphore-containing func-
tional structures on the surface and in the bulk phase of the
resultant samples. The adsorption of Acid Blue 9 as guest
compound on the sample could be favourably described by
Langmuir isotherm (g,,,, =28.75 mg/g), and the adsorption
kinetics was found to be well fitted by the intraparticle dif-
fusion model. Yang et al. (2011) concluded that hemp bast
was a suitable low-cost by-product for use in the production
of activated carbon for dye removal, thus contributing for
the implementation of sustainable development in both the
hemp production and environmental protection. In another
recent work, the same authors presented a new route for
high-value-added utilization of hemicellulose extracted from
hemp stem to prepare well-shaped carbon spheres (Wang
et al. 2015). Activated carbon with high large surface area
up to 2192 m?/g was prepared by an improved low-temper-
ature hydrothermal carbonization method and KOH acti-
vation. A pre-carbonization strategy before activation was
also employed to keep activated carbon in perfectly spherical
morphology even at a high KOH/carbon ratio 5/1. The char-
acterization of activated carbon demonstrated that the sur-
face area, micropore volume, mesopore volume and surface
oxygen content all increase with increasing KOH/carbon
ratio. Activated carbon exhibited excellent electrochemical
performance due to abundant micropores and plentiful oxy-
gen functionalities and showed good adsorption capacities
of CO, and CH, at ambient pressure and 0 °C. The authors
concluded that activated carbon converted from inexpensive
hemp stem could be potential materials for CO, and CH,
storage (Wang et al. 2015).

Sun et al. (2013) prepared mesoporous activated carbon
using hemp stem as precursors by air-phosphoric acid acti-
vation method. The crystallite size of carbon was small,
and its pores were larger. The phosphoric acid solution
concentration had a signification effect on pore structure



Table 1 Adsorption capacities (g,,,, in mg/g) for various pollutants using hemp-based biosorbents

Metal Type of biosorbent Technique Biosorbent dosage pH Contact time g, Reference(s)
Ag((D) Raw fibres Batch 5 1.2253 Tofan and Paduraru (2000)
and Piduraru and Tofan
(2002)
Ag(D) Sulphydryl fibres Batch 0.25 g/25 mL 5.1 24 h 10.75 Tofan and Paduraru (2004)
AI(IIT) Raw felt Batch 0.25 g/100 mL 5 1h 6.38 Bugnet et al. (2017b)
AI(ID) Carboxylated felt Batch 0.25 g/100 mL 5 lh 10.15 Loiacono et al. (2017b)
Cd(II) Raw fibres 2.5909 Tofan and Paduraru (2000)
and Paduraru and Tofan
(2002)
Cddn Sulphydryl fibres Batch 0.25 g/25 mL 575 24h 14.05 Tofan and Paduraru (2004)
and Tofan et al. (2009)
Cd(II) Fibres treated with NaOH Batch 0.5 g/200 mL 5.5 2h 0.078* Pejic et al. (2009)
Cddr) Fibres treated with NaClO,  Batch 0.5 g/200 mL 55 2h 0.039? Peji¢ et al. (2011)
Cdd1) Raw felt Batch 0.25 g/100 mL 5 1h 27.47 Loiacono et al. (2017a) and
Bugnet et al. (2017b)
Cd(II) Carboxylated felt Batch 0.25 g/100 mL 5 1h 129.87 Loiacono et al. (2017b)
Co(II) Raw fibres Batch 0.25 g/50 mL 45-5 6h 13.58 Tofan et al. (2013)
Co(II) Raw fibres Column 4.5-5 15.44 Tofan et al. 2013
Co(II) Raw felt Batch 0.25 g/100 mL 5 lh 7.99 Loiacono et al. (2017a) and
Bugnet et al. (2017b)
Co(ID) Carboxylated felt Batch 0.25 g/100 mL 5 1h 37.88 Loiacono et al. (2017b)
Cr(III) Raw fibres Batch 4.006 Tofan and Paduraru (2000)
and Paduraru and Tofan
(2002)
Cr(III) Fibres impregnated with Batch 8.632 Tofan et al. (2001b)
Alizarine S
Cr(III) Fibres impregnated with Column 6.163 Tofan et al. (2015)
Alizarine S
Cr(III) Raw felt Batch 0.25 g/100 mL 5 lh 6.53 Loiacono et al. (2017a) and
Bugnet et al. (2017b)
Cr(IIT) Carboxylated felt Batch 0.25 g/100 mL 5 1h 15.54 Loiacono et al. (2017b)
Cu(Il) Raw fibres Batch 9.0735 Pédduraru and Tofan (2002)
Cu(Il) Bleached fibres impregnated Batch 8.0378 Tofan and Paduraru (1999)
with a-benzoinoxime and Tofan et al. (2001a)
Cu(II) Fibres impregnated with Batch 13.8072 Tofan and Paduraru (1999)
a-benzoinoxime and Tofan et al. (2001a)
Cu(Il) Shives Batch 1 g/100 mL 4 24 h 3.91 Balintova et al. (2014)
Cu(Il) Treated shives with NaOH  Batch 1 g/100 mL 4 24 h 4.45 Balintova et al. (2014)
Cu(II) Raw felt Batch 0.25 g/100 mL 5 1h 14.64 Loiacono et al. (2017a) and
Bugnet et al. (2017b)
Cu(II) Carboxylated felt Batch 0.25 g/100 mL 5 lh 63.32 Loiacono et al. (2017b)
Fe(II) Raw felt Batch 0.25 g/100 mL 5 lh 7.87 Loiacono et al. (2017a)
Fe(II) Carboxylated felt Batch 0.25 g/100 mL 5 lh 23.93 Loiacono et al. (2017b)
Mn(II) Raw felt Batch 0.25 g/100 mL 5 lh 4.55 Loiacono et al. (2017a) and
Bugnet et al. (2017a, b)
Mn(II) Carboxylated felt Batch 0.25 g/100 mL 5 1h 44.25 Loiacono et al. (2017b)
Ni(II) Treated hemp fibres Batch 0.1 g/100 mL 5 24 h 242 Kyzas et al. (2015)
Ni(II) Treated hemp shives Batch 0.1 g/100 mL 5 24 h 237 Kyzas et al. (2015)
Ni(II) Hemp fibres Batch 0.1 g/100 mL 5 24 h 206 Kyzas et al. (2015)
Ni(II) Hemp shives Batch 0.1 g/100 mL 5 24 h 160 Kyzas et al. (2015)
Ni(II) Raw felt Batch 0.25 g/100 mL 5 lh 7.85 Loiacono et al. (2017a) and
Bugnet et al. (2017a, b)
Ni(II) Carboxylated felt Batch 0.25 g/100 mL 5 1h 40.98 Loiacono et al. (2017b)




Table 1 (continued)

Metal Type of biosorbent Technique Biosorbent dosage pH Contact time ¢, Reference(s)
Pb(1D) Fibres treated with NaOH Batch 0.5 /200 mL 5.5 2h 0.078* Pejic et al. (2009)
Pb(1D) Fibres treated with NaClO,  Batch 0.5 /200 mL 5.5 2h 0.037% Peji¢ et al. (2011)
Pb(1D) Raw fibres Batch 0.25 g/50 mL 5 24 h 25.05 Tofan et al. (2010b, ¢)
Pb(ID) Sulphydryl fibres Batch 0.25 g/25 mL 303 24h 23 Tofan and Paduraru (2004)
Pb(ID) Carbonized fibres SPE 0.2 g/50 mL 2h 15.89-24.18 Vukdcevic et al. (2014b)
Zn(II) Fibres treated with NaOH Batch 0.5 /200 mL 5.5 2h 0.078* Pejic et al. (2009)
Zn(II) Fibres treated with NaClO,  Batch 0.5 g/200 mL 5.5 2h 0.038* Pejic et al. (2011)
Zn(II) Raw fibres Batch 0.25 g/50 mL 5 24 h 21.047 Pédduraru and Tofan (2008)
Zn(II) Raw fibres Batch 0.5 g/200 mL 5.5 2h 8.3 Vukéevic et al. (2014a)
Zn(II) Raw felt Batch 0.25 g/100 mL 5 1h 10.59 Loiacono et al. (2017a) and
Bugnet et al. (2017b)

Zn(ID) Carboxylated felt Batch 0.25 g/100 mL 5 1h 68.5 Loiacono et al. (2017b)
CO, Carbonized fibres 5.62% Wang et al. (2015)
Atrazine Carbonized fibres treated Batch 50 mg/100 mL 1h 263 Lupul et al. (2015a)

with N,
Atrazine Carbonized fibres Batch 50 mg/100 mL lh 227 Lupul et al. (2015a)
Atrazine Carbonized fibres treated Batch 50 mg/100 mL 1h 179 Lupul et al. (2015a)

with HNO,
Atrazine Carbonized fibres treated Batch 50 mg/100 mL 1h 169 Lupul et al. (2015a)

with NH;
Atrazine Carbonized fibres Batch 0.2 g/50 mL 3h 14.5-15.5 Vukcevié et al. (2015)
Nicosulfuron Carbonized fibres Batch 0.2 g/50 mL 3h 11.6-19.5 Vukcevié et al. (2015)
Dimethoate = Carbonized fibres Batch 0.2 g/50 mL 3h 11.8-14.7 Vukdevié et al. (2015)
*In pmol/g

and adsorption property of activated carbon. The mesopore
activated carbon attained at phosphoric acid solution con-
centration of 50% exhibited a maximum BET specific sur-
face area of 1351 m?/g, total pore volume of 1.21 cm?/g,
mesopore pore volume of 0.90 cm?/g and a mesopore frac-
tion of 74.4%. The resulting carbon had smaller crystal size,
developed pore structure, wider pore size distribution.

Conclusion

The past decade has seen an intense interest in hemp-based
biosorbents for metal ion removal from aqueous synthetic
solutions. Many biosorbents in raw, modified or carbon
forms could be used for this purpose. Outstanding removal
capacities for metals were reported. Table 1 presents a sum-
mary of some of the highest adsorption capacities reported.
(The g, values are expressed in mg of pollutant per g of
biosorbent.) Which material is better? There is no direct
answer to this question because the biosorption capac-
ity depends on the residual concentration of the pollutant
in the solution. The uptake by two materials must be then
compared only at the same equilibrium concentration. In
addition, the comparison of performance also depends on

several other parameters related to the solution and analyti-
cal method used. Thus, a direct comparison of data obtained
using different materials is not possible since experimental
conditions are not systematically the same. However, the
authors believe that hemp can compete with conventional
adsorbents for wastewater treatment. Although interest-
ing works at the stage of laboratory-scale study has been
done, future research needs to look into some of the follow-
ing: (1) it is necessary to continue to search for and select
the most promising types of hemp-based material; (2) the
experimental conditions should be chosen to simulate real
wastewater containing metals; (3) much work is necessary
to demonstrate the possibilities on an industrial scale using
real wastewaters and discharge waters.
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