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Abstract: In this research work, an ecofriendly approach was adopted for the treatment of two
abundant liquid and solid agricultural wastes generated by olive mill industry: olive mill wastewater
(OMWW) and raw olive pomace (ROP). It consists, firstly of the impregnation of ROP by OMWW and
the conversion of the resulting impregnated sample (IROP) into hydrochars and biochars through
hydrothermal carbonization (HTC) and slow pyrolysis methods, respectively. The impact of the
treatment temperature on the physico-chemical properties of the derived chars was assessed by
various analytical techniques. The hydrochars production yields were found to be higher than
the biochars ones and associated to the lower temperature used. However, the generated biochars
possess higher carbon percentage and lower volatile matter contents. In addition, the increase of
the hydrothermal and pyrolysis carbonization temperatures shows an increase of macro-elements
contents and a significant decrease of the O/C ratios which led to an enhancement of the high
heating value for both hydrochars and biochars. The FTIR and Boehm titration analysis highlighted
a significant alteration of the biochars surface chemistry compared to hydrochars evidenced by
the lower amount of functional groups. The collected data emphasize on the efficient potential
application of hydrochars and biochars for agricultural and environmental applications, respectively.
Furthermore, it was noted that both chars have high energetic potentials and could be used for
co-firing with coal in industrial boilers.

Keywords: hydrothermal carbonization; pyrolysis; olive mill wastewater; olive pomace; structural
characterization

1. Introduction

During the last century, the agri-food industry played a very important role in the
development of agriculture related sectors [1]. Indeed, the processing industry for exten-
sively consumed agricultural products such as cereals, vegetables, fruits, animal-source
products, and oils occupies an important place in worldwide economies and especially
in developing countries [2]. The majority of these industries generate various wastes that
have to be seriously taken into consideration in order to avoid any negative effects on the
environment and human health [3].

Consequently, the sustainable management of agri-food industry wastes presents very
interesting valorization potentials in agricultural, environmental and energetic sectors [4,5].
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Various studies investigated these wastes for targeted molecules extraction [6-9], bio-
polymers synthesis [10,11], fabrication of electrodes for energy storage systems such as bat-
teries and supercapacitors [12,13] or highly porous media for air or water treatment [14-16].
Among the diverse valorization techniques of these agricultural wastes, the slow pyrolysis
and hydrothermal carbonization received great attention for the synthesis of value-added
and carbon rich materials, named biochars and hydrochars, respectively. These generated
byproducts have interesting characteristics that allow them to be valorized in numerous
application fields [17-20].

Slow pyrolysis, as a classical carbonization method, was widely employed for the
conversion of organic wastes into materials with very high carbon and low volatile matter
contents [21]. Along with the solid biochar, these feedstocks transformation at inert atmo-
sphere produced two other carbonization by-products, i.e., syngas and bio-oil, that are
known for their interesting energetic properties [22]. A significant attention is attributed to
the biochar upgrading into more interesting carbon material with very specific characteris-
tics through targeted physical, chemical and/or thermal activation depending on the final
desired application [18,23]. Few drawbacks were noted when opting for this technique
concerning mainly: (i) the relatively high energy consumption related to the high pyroly-
sis temperatures (350 °C-750 °C), (ii) the pre-drying step for feedstocks containing high
moisture percentage and (iii) the relatively low final solid yield at high temperatures [24].
Hydrothermal carbonization, on the other hand, has recently emerged as a very promising
and non-polluting method for the conversion of organic resources into early-carbon materi-
als with specifically tuned characteristics [17]. The carbonization process is performed in a
liquid medium, transformed into a subcritical fluid under the effect of temperature (150-350
°C) and autogenetic pressure, thus reducing significantly the energetic consumption [25].
It has been also reported that hydrothermal carbonization reduces the content in minerals
in the solid residues, which could be considered as an interesting method for impurities
removal [26].

In the Mediterranean region, olive oil production industry generally generates signifi-
cant amounts of both ROP and OMWW [27]. The sustainable management of these wastes
has become an urgent issue due to their proved negative effects on the environment [28].
The slow pyrolysis and hydrothermal carbonization applications for these olive mill wastes
conversion into carbonaceous materials has been carried out at lab scale under various
experimental conditions [26,29]. However, to the best of our knowledge, there were no
research works that focused on the comparison between the physico-chemical properties of
the generated biochars and hydrochars from the IROP.

Therefore, the main aim of this study is to synthetize and deeply characterize the gen-
erated hydrochars and biochars under different experimental conditions of hydrothermal
carbonization and slow pyrolysis of the impregnated olive pomace with OMWW. The focus
was mainly on the comparison of their physico-chemical characteristics with the aim of
evaluating their potential applicability in different fields.

2. Materials and Methods
2.1. Raw Feedstock Collection and Preparation

Raw olive pomace (ROP) was collected from a local three phase milling plant in the
region of Touta, Northeast of Tunisia. Afterwards, this light brown lignocellulosic solid
waste was dried in ambient air then stocked in airtight bags then exposed periodically
to ambient air in order to avoid any possible chemical/biological modification. Olive
mill wastewater (OMWW) was provided from the same olive oil plant. It was stored
in cans at low temperature (<4 °C). Both ROP and OMWW were used in the following
experiments without any performed treatments or purifications. The ROP was impregnated
with OMWW in batch reactor according to the protocol detailed by Bargaoui et al. [30].
Briefly, 40 g of ROP were stirred in 200 mL of OMWW by using a mechanical stirrer for 4 h
at a stirring speed of 300 rpm. The resulting solid was afterwards dried at 60 °C overnight
and named Impregnated Raw Olive Pomace (IROP).
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2.2. Carbonization Process

The carbonization was performed using two approaches, namely, hydrothermal car-
bonization and slow pyrolysis.

2.2.1. Hydrothermal Carbonization

Hydrochars were prepared as follows: deionized water was added to IROP at a ratio of
9:1 (g of deionized water: g of solid feedstock). The mixture was then inserted in a 100 mL
high pressure autoclave (Top Industrie, Vaux-le-Pénil, France), and the effect of temperature
was monitored at 180, 200 and 220 °C using a programmable oven (Memmert, Schwabach,
Germany). The heating rate and residence time were fixed for all the experiments to
10 °C/min and 24 h, respectively. Afterwards, the related mixtures were vacuum filtered
using 0.45 pm Whatmann® filter paper (VWR, Leuven, Belgium) in order to separate the
carbonaceous solid from the liquid phase. The resulting hydrochar was dried overnight at
60 °C and then stocked in glass vials for subsequent use.

2.2.2. Slow Pyrolysis Carbonization

The biochar production was performed as follows: 3 g of IROP were placed in an
alumina crucible and introduced in tubular furnace reactor. Then, argon flow was supplied
continuously at room temperature during 30 min in order to remove residual oxygen. Next,
the temperature was increased to the setting values (i.e., 400, 500 and 600 °C) with a heating
rate of 5 °C/min under argon at a flow rate of 6 N L/h. The sample was maintained during
1 h at the desired temperature and then cooled naturally under argon flow.

The produced hydrochars and biochars were then stocked in glass vials for further
use. Samples were thereby named as follows: T-IROP where T stands for the process
temperature (°C). All experiments were performed in triplicates, and standard deviation of
the results was set to +3%.

2.3. Chars Characterization
2.3.1. Solid Yield Determination

The solid yields (Yyc; %) for both carbonization processes were determined according
to the following formula:
Yrc(%) = mpc/mrs x 100 e9)

where mypc (g) is the recovered dry solid mass after carbonization, and mifg is the initial
feedstock mass (g).

2.3.2. Physico-Chemical Characterization of the Produced Hydrochars and Biochars
Proximate, Ultimate and Mineral Composition Analysis

Proximate analysis was performed for all biomass derived chars in order to determine
their contents in volatile matter, fixed carbon and ash. The thermogravimetric analysis
(TGA) was conducted according to the experimental protocol enunciated in our previous
work [29]. The determination of macro elements was achieved using two different tech-
niques. The content in C, H, N and S for hydrochars and biochars was assessed using a
Flash 2000 CHNS-O elemental analyzer (Thermo Scientific, Cambridge, UK). The content
in oxygen was deduced by difference as follows:

O(db.%) = 100 — (Ash (db.%) + C (db.%) + H (db.%) + N (db.%) + S (db.%)) (2)

The amount of minerals was investigated with two different methods for the two
types of chars. Hydrochars mineral content was determined according to the Thomson
and Leege method which was detailed in our previous paper [26,31]. As for biochars, the
content in elements including K*, Na*, Mg?* and Ca?* was determined through X-ray
fluorescence. Generally, 200 mg of biochar mixed with 100 mg of boric acid (used as a
binder) and then pressed to form a pellet which was analyzed using spectrophotometry by
a PHILIPS PW2540 (Amsterdam, Netherlands) apparatus with a rhodium target X-ray tube.
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The content in C and O previously determined by the elemental analyzer were used for the
calibration of the XRF specters and the determination of the given minerals’ concentrations.

Structure and Morphology

X-ray diffraction (XRD) analysis was used on both types of chars to determine their
crystalline structure. The study was performed using a Panalytical X'Pert powder diffrac-
tometer (Malvern, UK) equipped with a copper anode. The resulting diffractograms were
analyzed using X'Pert Highscore software, and the crystalline peaks were identified by
means of the international center for diffraction data (ICDD) database. The morphology of
hydrochars and biochars was determined through Scanning electronic microscopy (SEM)
analysis using a XL30 electron microscope (Philips, Eindhoven, The Netherlands).

Surface Chemistry

The bulk quantitative characterization of the produced chars was performed with
three methods. Firstly, pH at zero-point-charge (pHzpc) was determined to estimate the
dominating surface charge. Then, acidic and basic groups quantification was done using
the Boehm titration method. Both methodologies were described thoroughly in the litera-
ture [29,32]. The surface chemistry was also assessed using the Fourier transform infrared
spectroscopy (FTIR). Acquisition of the FTIR spectra was performed with an Equinox 55
Brucker spectrometer (Ettlingen, Germany). For each sample, an exact biochar/hydrochar
mass to KBr ratio of 1/200 was ground in a mortar and pressed into 1 cm diameter disk
with 3.5 tons pressure. The disk-like sample was then analyzed at a spectral resolution of
4 cm~!, measured between 4000 cm~! and 400 cm L.

Energy Content

In order to evaluate the energetic capacity of the produced biochars/hydrochars heir
high heating value (HHV) was quantified using an IKA C200 bomb calorimeter (Staufen,
Germany). The experiment was performed according to DIN 51900 [33] at isoperibolic
reaction mode and following the protocol detailed in our previous papers [26,29].

3. Results
3.1. Carbonization Yield and Proximate Analysis

The temperature effect on the final chars yields is presented in Figure 1. It can
be remarked that the final yield presents different tendencies between the two types of
carbonaceous materials. In fact, the final hydrochars yields ranged between 56% and 42%
for temperatures between 180 °C and 220 °C, respectively (Figure 1). These yields are in
agreement with the values reported in previous papers investigating the hydrothermal
carbonization of biomasses [34,35]. On the contrary, the biochars produced at temperatures
between 400 °C and 600 °C revealed a rather constant final solid yield varying between
36% and 38%, respectively. The increase in carbonization temperature generally lead to an
increase in heat transfer to the inner material which increases the conversion rate of organic
material into a more stable structure [36]. The carbonization of the non-impregnated
ROP previously performed by Azzaz et al. [26] and Marks et al. [27] using hydrothermal
carbonization and slow pyrolysis under similar experimental conditions showed final
yields between 55% and 38% for hydrochars and between 38% and 30% for biochars,
respectively. The difference in final yields is clearly in favor of the impregnated biomass
suggesting that the impregnation of OMWW increased the feedstocks’ content in organic
material which eventually will enhance their final solid mass.



Processes 2022, 10, 231

50f19

Percentage (%)

100

920

80

70

60

IROP

100
m Ash
M Volatile matter - 90
B Fixed carbon | g0
¢ Solid yields
- 70

(%2
o
Solid yields (%)

180-IROP 200-IROP 220-IROP 400-IROP 500-IROP 600-IROP
Experiment

Figure 1. Solid production yields and proximate analyses of hydrochars and biochars produced from
impregnated IROP under different temperatures and processes.

These results were further confirmed by proximate analysis, presented in Figure 1.
Initially, the impregnated olive pomace is characterized by volatile matter, fixed carbon
and ash contents of 62%, 23% and 11%, respectively. Similar observations were reported by
Jeguirim et al. [37], when investigating the impact of OMWW impregnation onto sawdust
at an OMWW /sawdust ratio of 5:1.

The IROP carbonization using two techniques led to similar tendencies in terms of
proximate composition but with different rates. The hydrothermal carbonization increased
significantly the content in fixed carbon from 23% for IROP to 45% for 220-IROP, respectively.
The opposite tendency was noticed for volatile matter which decreased from 62% to 46%
for the same samples. On the other hand, the fixed carbon content significantly increased
when performing slow pyrolysis reaching about 62% whereas the volatile matter decreased
to about 25% for 600-IROP.

The difference in fixed carbon and volatile matter contents between the hydrochars and
biochars could be attributed to the used operating conditions, namely, (i) the carbonization
media and (ii) the carbonization temperature. Indeed, the carbonization in presence of
water induces the physico-chemical transformation of the media into a sub-critical fluid
with significant presence of specified ionic entities [17]. The important moisture content
reduces significantly the final mass loss and therefore the release of volatile matter. At
extended reaction times, an important part of volatile matter ends up by being recombined
and repolymerized in the structure of the sample [38]. The increase in heat intake by
the material accelerates the degradation of the cellulose, hemicellulose, and then lignin
along with volatile matter [26]. In fact, the increase in carbonization temperature is usually
accompanied by the decrease in groups concentration such as methine (=CH-) and esters
(-CO-OR), presenting the main components of the IROP aromatic structure. It has been
reported that hydrothermal carbonization of raw olive pomace is generally governed by
either dehydration or decarboxylation reactions yielding to the liberation of volatiles in
the form of H,O, CO and CO; [39]. When performing the pyrolysis at higher temperature,
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the degradation of the lignocellulosic matrix intensifies towards the polymerization of
the carbon content into a more stable aromatic structure. According to Chen et al. [40],
the pyrolysis of various biomasses at temperatures varying between 300 °C and 600 °C is
characterized by an increasing liberation of carbonic gases and methane with the increase of
the temperature, suggesting the almost total degradation of their lignocellulosic structure.

The content in ash, as an indicator for minerals content in the feedstock and carbona-
ceous materials, slightly decreased from 11% to 5% for IROP and 180-IROP, respectively,
then increased gradually until reaching 9% and 10% for 220-IROP and 600-IROP, respec-
tively. The initial decrease of ash could be attributed to the elimination of some minerals at
low carbonization temperatures especially potassium [41]. In the case of hydrochars, when
increasing carbonization temperature, the volatile matter content reduced, and simultane-
ously, ash minerals content increased.

It is worth highlighting that unexpectedly for 600-IROP, the content in volatile matter
slightly increased and fixed carbon decreased (Figure 1). The reason explaining this
behavior is the thermal decomposition of oxygen-based functional groups (-COOH, -CO-
OOR, CO, etc.) with the release of CO, CO, and H,O species. The rest organic fragments
such as phenols, lignin can lead also to the release other species such as CHy, Hp [42]. A
similar outcome was reported by Jian et al. [43] when studying the production of biochars
from rice husk under different temperatures. They showed that the fixed carbon contents
increased from 39.7% to 47.4% for pyrolysis temperatures of 350 °C and 500 °C, respectively,
then decreased to reach 46.6% for a pyrolysis temperature of 800 °C.

3.2. Ultimate and Elemental Analysis

The content in CHNS of the produced hydrochars and biochars were gathered in
Table 1. The impregnated olive pomace shows a content in carbon and oxygen of ~ 45%
and 44%, respectively. Such composition is roughly similar to the one found for abundant
lignocellulosic materials such as rice husk [43], date palm seeds [44] or acacia wastes [45].
In comparison to non-impregnated olive pomace [26], the ROP impregnation by OMWW
has led to a slight increase in C% and H% by 2.0% and 0.2%, respectively, and a decrease in
O% by 2.5%. It has been reported that the addition of organic matter to the feedstock could
enhance subsequently the final content in carbon [46].

Table 1. Ultimate analysis (db.%) of the IROP and its derived hydrochars and biochars at different
carbonization temperatures.

C (%) H (%) O (%) N (%) S (%)

IROP 44.76 5.83 44.04 1.97 0.18
180-IROP 57.34 5.80 34.94 0.70 0.10
200-IROP 61.73 5.89 28.68 0.99 0.16
220-IROP 66.15 6.11 23.75 1.45 0.09
400-IROP 9247 2.12 1.84 0.94 0.08
500-IROP 90.90 1.08 247 0.75 0.12
600-IROP 90.33 0.6 3.18 0.40 0.13

The impact of hydrothermal carbonization on the ultimate composition of chars
could be observed initially in the carbon content which increased from 45% to 66% for
a carbonization temperature of 220 °C compared to the initial material (Table 1). On the
contrary, for the same samples and temperature, the oxygen percentage decreased from
44% to 23% while hydrogen content remained globally constant. This behavior could be
attributed to the effect of carbonization temperature on the degradation of cellulosic and
hemicellulosic matrixes [47]. In fact, the in-depth heating of the organic biomasses generally
leads to the defragmentation of the long chains of biopolymers into lower rank saccharides,
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acids and alcohols and their migration towards the liquid phase, which explains the
decrease in oxygen percentage in the hydrochars [48].

Similar behavior was noticed after the slow pyrolysis process where the biochars
presented high contents of carbon (varying between 90 and 92%, (Table 1)). On the other
hand, the content of hydrogen and oxygen noticeably dropped reaching values of 0.6% and
3.2%, respectively, for 600-IROP. Such outcome was expected as the increase of energetic
uptake resulted in an acceleration in the feedstock’s degradation process into a more stable
carbonaceous material. It has been reported that the complete degradation of cellulose and
hemicellulose structure occurs at 250 °C and 320 °C, respectively, with the liberation of
volatile organic compounds (VOC) as well as CO and CO, gases [29,49]. For carbonization
temperatures exceeding 350 °C, the degradation of lignin takes place with a higher release
of VOC, which explains the decrease of (i) volatile matter content (Figure 1) and (ii) the
decrease in hydrogen and oxygen contents [50,51].

To be more conclusive on the degradation mechanism path, a Van Krevelen diagram
was elaborated on the basis of the ultimate analysis results. The O/C (degree of polarity) vs.
H/C (degree of aromaticity) atomic ratios of raw, impregnated olive pomace and produced
chars presented a rather uniform evolution tendency (Figure 2). The raw materials, i.e., raw
and impregnated olive pomace, presented atomic ratios that are similar to widely used
lignocellulosic feedstocks [17,52]. The impregnation of the ROP with the OMWW led
to a slight decrease in O/C and H/C ratios compared to raw ROP, which confirms the
successful transfer of organic matter from OMWW onto the feedstock. After increasing
the carbonization temperature during HTC from 180 °C to 220 °C, the increase in carbon
content led to a decrease in both O/C and H/C ratios from 0.45 to 0.26 and from 1.21 to 1.11,
respectively. According to these ratios progress, the carbonization reaction could be driven
mainly by a dehydration mechanism (Figure 2). It implies that the biomass transformation
into a high-carbon-content material is associated with the liberation of protons from its
surface and the generation of water and acidic entities into the carbonization media [26,53].

1.8

Feedstocks

1.4 -
Hydrochars

1.2 4 M ROP A IROP
¢ 180-IROP ¢ 200-IROP
1.0 4 220-IROP 400-IROP

.0
Lo
& J
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E 08 1
® Decarboxylation
L 06 A
T

L Biochars Dehydration

0.2 [

‘ Demethylation
0.0 T T . .
0.0 0.2 0.4 0.6 0.8 1.0

0/C atomicratio

Figure 2. Van Krevelen diagram for IROP and its derived hydrochars and biochars produced at
different temperatures.

Likewise, for the generated biochars, compared to the IROP, the atomic H/C and
O/C ratios significantly decreased reaching values of only 0.02 and 0.08 for 600-IROP,
respectively (Figure 2). These values suggest that IROP-derived biochars could be classified
as higher-rank coals to anthracites materials characterized by important carbon and low
impurities content with significant energetic added-value [17,54,55]. It can be remarked
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nonetheless that the O/C ratio slightly decreased with increasing pyrolysis temperature.
The OMWW is characterized by a significant content in organic compounds such as phenols
and alcohols but most importantly organic acids such as D-Quinic, citric, succinic and
methylmaleic acid [29,48]. The impregnation of such acidic entities onto ROP could lead to
a dehydration process that results in an increase in carbon content but also in the release
of water molecules [56]. However, when increasing the carbonization temperature, it
seems that heat intake along with the presence of such molecules of high reactivity with
organic biopolymers could result to the enhancement of VOC release [57]. Consequently,
the impregnation of acid might result in a slight decrease in carbon content with an increase
oxygen percentage and therefore a slight enhancement of its hydrophilicity.

The elemental composition of the IROP and produced hydrochars and biochars is
presented in Table 2.

Table 2. Elemental composition (db.%) and HHV (M] /kg) of IROP hydrochars and biochars produced
at different temperatures.

Potassium Sodium Calcium Magnesium  Phosphorus Sum of Minerals HHV
(g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (MJ/kg)

IROP 5.40 0.52 0.87 0.14 0.17 7.11 18.48
180-IROP 0.75 0.07 0.82 0.05 0.01 1.71 19.40
200-IROP 0.80 0.11 091 0.06 0.01 1.89 22.55
220-IROP 1.15 0.13 0.99 0.12 0.01 242 28.75
400-IROP 2.74 0.32 1.10 0.25 0.12 4.53 25.74
500-IROP 3.08 0.50 1.21 0.31 0.14 524 27.19
600-IROP 3.10 0.39 1.39 0.30 0.16 5.34 29.78

After hydrothermal carbonization, the content in minerals globally decreased for all
samples. For instance, the content in potassium, magnesium and phosphorus decreased by
about 86%, 66% and 92% after a carbonization at 180 °C, respectively (Table 2). However,
the increase in carbonization temperature seems to constantly enhance their concentra-
tions in hydrochars. In fact, the sum of minerals increased by 42% when increasing the
treatment temperature from 180 °C to 220 °C, respectively. This behavior is attributed to
the simultaneous effect of increasing carbonization temperature and reaction time. While
an increase in inner heat tends to stimulate the leaching of minerals in the liquid fraction,
extended reaction times increase the contact time between the liquid media charged with
minerals and organic and the hydrochar. The HTC was widely used as a method for
pretreatment of precursors before the thermal activation in order to produce high-quality
carbonaceous materials with low impurities [58]. This step usually aims to induce some
specific modifications on the surface characteristics but also to catalyze the release of im-
purities from the char. The cumulative effect of pressure, water vapor and heat diffusion
could generate antagonist reactions, leading to the degradation of the lignocellulosic and
lipids contents into soluble molecules then their recombination and repolymerization onto
a hydrophilic hydrochar surface [26]. The reintegration of these organic compounds could
be accompanied eventually with the “re-adsorption” of the released minerals. Similar
outcome was reported by Volpe et al. [59] when studying the hydrothermal carbonization
of Opuntia ficus-indica at different temperatures. The authors suggested that the increase in
carbonization degree enhances a possible interaction between the minerals and the released
gases during the process which weakens their depletion from the organic structure.

Compared to hydrochars, the pyrolysis of IROP led to biochars with significantly
high contents in minerals. In fact, the sums of minerals contents were 4.53 and 5.34 g/kg
for treatment temperatures varying between 400 °C and 600 °C, respectively (Table 2).
These increases are related to the effect of temperature on the chemical and structural
properties of the final material. The increase in the treatment temperature led to a reduction
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of volatile matter and the stabilization of the aromatic structure into a higher carbon-content
biochar. The decrease in volatile matter allowed the immobilization of minerals either by
diffusion in the pores (Van der Waals or hydrogen bonds) or anchored inside the structure
by electrostatic bonds in the form of crystals [50]. Similar results were reported by Zhao
et al. [60] when studying the effect of pyrolysis temperature variation on final biochars
mineral properties. The authors suggested an increase in mineral content of potassium
(+96%), calcium (+96%), magnesium (+97%) and phosphorus (+95%) for wheat straw
pyrolysis performed between 350 and 650 °C.

3.3. Energetic Properties

The energetic properties of the biochars and hydrochars are presented in Table 2. It
can be seen that the calorific potential of the impregnated olive pomace (18.48 MJ/kg) was
higher than various used feedstocks such as rice husk (17.23 MJ /kg; Vieira et al. [61]) and
microalgae (11.10 MJ /kg; Teh et al. [62]).

The hydrothermal carbonization led to an enhancement of the calorific properties of
the resulting hydrochars. Indeed, the corresponding HHV values vary between 19.40 and
28.75 M] / kg for experiments performed at 180 °C and 220 °C, respectively. Similar trend
was remarked for the produced biochars were the HHV values reach 25.74 and 29.78 MJ / kg
for pyrolysis temperatures ranging between 400 °C and 600 °C, respectively. The addition
of OMWW to the raw feedstock enhanced considerably the recorded heating values. For
instance, by comparing the current results to our previous study where the HTC of ROP
was performed in water, the HHV increased by only 19% for a carbonization temperature
of 220 °C [26]. The increase of the carbonization temperature through a dry process,
i.e., slow pyrolysis, promoted the liberation of volatile matter with low calorific value such
as cellulose, hemicellulose and phenols [63]. The decrease in oxygen and hydrogen content
led to the acceleration of a cross-linking reaction with the lignin aromatic structure, yielding
a more stable carbonaceous biochar characterized by interesting calorific potential.

3.4. Morphological Properties

Microscopic imagery for the raw and carbonized materials are presented in the
Figure 3. The impregnated olive pomace presents a rough and heterogeneous surface
with small cavities related to the lignocellulosic matrix endings and similar to the majority
of biomass structures [26,64]. By applying different carbonization techniques, the recov-
ered materials show very dissimilar aspects (Figure 3). Indeed, the surface of hydrochars
exhibits interconnected sphere-like particles with different diameters. The formation of
these structures is attributed to the degradation mechanism of cellulosic structure into
small chained polymers such as hydroxymethylfurfural (5-HMF) and furfural through
dehydration reaction [26,65]. For extended carbonization time, these short aldehydes were
repolymerized on the surface of the carbon material leading to spherical carbon condensates
with hydrophilic outer shell (high content in oxygen groups) and a hydrophobic porous
core [66]. According to the images, the hydrochars spheres produced at 180 °C seem to be
incompletely developed compared to the one observed for 220-IROP. At a carbonization
temperature of 200 °C and 220 °C, these spherical particles became easily identified with a
significant and homogeneous concentration, by presenting chain-like aggregations. Unlike
the observations found in literature related to the carbonization of xylose, where the result-
ing spheres are isolated and with fairly monotonous diameters [67], carbonization of both
IROP led to the formation of interconnected and relatively voluminous spheres (>0.3 um)
related to the fructose-based carbons.
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Figure 3. Scanning electron microscope images of (a) impregnated raw olive pomace and the
produced (b—f) hydrochars and (g—i) biochars under different carbonization conditions.

The slow pyrolysis seems to bring more intense modifications on the materials, lead-
ing to formation of biochars with rough and more sharp-edged particles compared to
hydrochars (Figure 3g—i). Moreover, the chars show a more developed porosity compared
to hydrochar. This suggests a possible in-depth heat transfer towards the core of the mate-
rials with increasing carbonization temperature. The early degradation of cellulose and
hemicellulose at a temperature range between 200 °C and 230 °C in the form of volatile
matter increased the concentration of carbon content and therefore enhanced the aromatic
porous skeleton of lignin matrix [68].

To apprehend the main structural differences between hydrochars and biochars pro-
duced from IROP, XRD analysis was conducted, and results were gathered in Figure 4. The
main differences were spotted in the diffraction angles between 10° and 50° (26). The IROP
presented a typical diffractogram to the majority of biomasses, characterized by amorphous
cellulose I double peaks at 14.8° and 22.5° (26) [64]. After HTC, the resulting materials
produced at 180 and 200 °C presented almost similar aspects. In fact, the peaks related to
cellulose I kept the same position, but they increased in intensity and developed a more
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defined form. This behavior indicates the beginning of a possible degradation reaction of
cellulose I into a more stable carbon form. When increasing the treatment temperature
(220 °C), the cellulose peaks disappeared into a broad peak at 22.6° (26) which indicates
its transformation into a disordered-like carbon [69]. On the other hand, raw and HTC
produced materials presented a significant content in minerals, namely, SiO,, CaCOj3 and
Fe;Os3. The presence of these impurities is associated with the natural composition of the
biomass as well as the stocking conditions of the used impregnated feedstock [29].

A
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Figure 4. X-ray diffractograms for IROP and the resulting (a) hydrochars and (b) biochars produced
at 180, 200, 220 °C and 400, 500 and 600 °C, respectively (*: Cellulose I, A: Amorphous cellulose,
¢: SiO,, X: CaCO3, o: Fe,03).

It can be remarked nonetheless that the content in minerals significantly decreased at
higher HTC temperature (Figure 4a). The majority of peaks attributed to calcium carbonate
and quartz disappeared at 220 °C alongside the significant transformations in the aromatic
lignocellulosic structure. The increase in carbonization temperature and the effect of water
ionization into more stable radicals enhanced the degradation of the material and thereby
the production of multiple acidic forms further promoting the cleavage of the surface of
the material [69]. It has been reported that such outcome driven by a dehydration reaction
leads generally to a decrease in oxygenic surface groups and eventually the leaching of min-
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erals [70,71]. However, it is also possible that the decrease in peaks intensity is correlated
to the amorphization of the crystalline forms due to the increase in HTC temperature.

The slow pyrolysis exhibited a very different structure with an enhanced crystallinity
of the minerals (Figure 4b). In fact, the peaks related to calcium carbonate and quartz
were significantly present in diffraction angles varying between 30° and 50° (20). It is
possible that the increase in pyrolysis temperature has enhanced the fixation of minerals
with a more arranged form into stable carbon structure [72]. Similar findings were reported
by Igalavithana et al. [73] when producing biochars from food waste for CO, adsorption
from gaseous phase. XRD analysis emphasized the increase in mineral crystallization
when increasing pyrolysis temperature, especially for calcite, whewellite and halite (NaCl).
Moreover, the pyrolysis seems to promote the modification of the aromatic structure of
the biomass into a more carbon-content material. In fact, a shift in the Cellulose I peaks
was noted from 22.4° to a broad pic varying between 20° and 30° (26) describing the (002)
spacing between the formed carbon interlayers [74].

3.5. Surface Chemical Properties

Infrared spectroscopy was performed on hydrochars and biochars produced from
IROP and results were gathered in Figure 5. The recovered spectra show the presence of
five main peak areas, namely -OH, C=0, C=C, -CH,/CHj3, C-O and aromatic -CH, which
exhibit a significant profile change with the applied conditions.

The impregnated raw olive pomace presented a typical profile of lignocellulosic
materials, characterized by a large hydroxyl band between 3800 and 3200 cm !, aliphatic
stretch bands between 2920 and 2870 cm !, vibrations related to hemicellulose structure at
1720 cm~! and finally the polar C-O stretch related to vibrations of cellulose and lignin
located at about 1100 cm ™1 [29,75].

After hydrothermal carbonization, the peaks corresponding to -OH groups decreased
in intensity when increasing the temperature at the exception of the hydrochar produced at
200 °C. According to Sevilla and Fuertes [76], this behavior could be linked to a possible
dehydration reaction. The slight increase in the intensity of hydroxyl band for 200-IROP
might be caused by the recombination of saccharides and polyphenols on the surface of
the hydrochar. In fact, the degradation of holocellulose into small-chained biopolymers is
not complete at this temperature, and the recombination of the degradation by-products
on the surface of hydrochars is possible which is in concordance with the SEM images
(see Figure 3). Furthermore, an increase in the peak wavenumber of the C=0 band from
—21 ecm~! to —56 cm ™! was detected when increasing carbonization temperature between
180 °C and 220 °C (Figure 5a). A similar behavior was noticed for the aromatic C=C bonds
where the related peak shifted by —19 cm ™! to —47 cm ™! for the same HTC temperatures
(Figure 5a). This could be attributed to a stretch in the aromatic skeletal of the lignin
matrix [26]. Some deformations could be also remarked as -CH, /CHj3 and carbonyl C-O
aromatic bends shifted by +12 cm~! and +25 cm ™! for IROP and 220-IROP, respectively.

On the other hand, for the pyrolyzed samples, the broad hydroxyl peak between
3800 cm~! and 3200 cm ! has disappeared even at relatively low pyrolysis temperatures
(Figure 5b). Similar observation is valid for the C=0 ester groups, where corresponding
peak found for the feedstock at 1720 cm ™! disappeared at 400 °C. Moreover, the carbonyl
(-C-O) peak detected at 1100 cm~! decreased in intensity until disappearing at a pyrolysis
temperature of 600 °C. This could be attributed to the slow degradation of cellulose and
hemicellulose. On the other hand, the peaks corresponding to aromatic groups, notably
the aliphatic =C-H at 2870 cm !, C-H carbohydrates and lignin deformation group at
1650 cm~! and aromatic band at 876 cm ™! remained unchanged even at higher pyrolysis
temperature. According to Zhang et al. [77], in case of an initial abundance of functionalities,
this behavior could be attributed to the pyrolysis mechanism for the condensation of carbon
in the solid fraction and the release of oxygen in the form of CO, gas [42,78], suggesting
the maintenance of the aromatic skeleton of the lignin structure at pyrolysis temperatures
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Figure 5. Fourier transform infrared spectroscopy for IROP and the resulting (a) hydrochars and

(b) biochars produced at 180, 200, 220 °C and 400, 500 and 600 °C, respectively.
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To have a conclusive idea about the nature and the quantity of the chars’ surface
functional groups, the functional groups via Boehm titration and pH;,c were assessed, and
results were gathered in Table 3.

Table 3. Acidic and basic functional groups concentrations (imol/g), final solution pH and surface
pH at zero-point charge (pHzpc) of the impregnated raw olive pomace and the produced hydrochars
and biochars from the HTC and slow pyrolysis at 180, 200, and 220 and at 400, 500, and 600 °C,
respectively (—: unmeasurable property; U.D.: undetected measurement).

Functional Groups (umol/g) Final H
Sample Carboxylic Lactonic Phenolic Basic Total Solution pH PHipe

IROP 611.62 35.47 638.48 1347.85 2633.42 - 5.24
180-IROP 360.89 9.44 493.62 U.D. 863.95 3.96 4.16
200-IROP 457.48 74.68 555.96 Uu.D. 1088.12 4.13 3.84
220-IROP 523.05 294 438.01 U.D. 1255.06 4.08 3.28
400-IROP 65.22 24.22 71.94 76.10 237.48 - 8.47
500-IROP 26.84 8.45 99.41 134.74 269.44 - 9.15
600-IROP 12.45 U.D. 126.18 158.15 296.78 - 9.51

The heterogeneous aspect of the impregnated pomace could be noticed by the presence
of both acidic (total quantity = 1285.57 pmol/g) and basic groups (1347.85 pmol/g). These
results are in agreement with those reported by previous studies handling lignocellulosic
materials [32,79]. These values were highly affected by the type of thermal conversion as
well as the increase in treatment temperature (Table 3). Indeed, in the case of hydrothermal
carbonization, a significant decrease in acidic functional was noted even at low tempera-
tures. For instance, compared to the IROP, the content in carboxylic, lactonic and phenolic
functions decreased by about 41%, 73% and 23%, respectively, when performing HTC at
180 °C (Table 3). This tendency is related to the degradation mechanism of the biomass
leading to the dissociation of acids under the effect of temperature and the elimination of
volatile matter. However, the total acidic groups content increased by 45% when rising the
temperature from 180 to 220 °C. It has been reported by Saha et al. (2019) [79] that the HTC
of wood at temperatures varying between 180 and 260 °C led to an enhancement in lac-
tonic and carboxylic groups content. The hydrolysis mechanism favored the simultaneous
degradation mechanism of different matrices of the biomass towards the recombination of
these acids at higher severity conditions. On the other hand, the basic functional groups
were not detected for all hydrochars. Despite their confirmed presence using FTIR analysis
technique, the detection of basic groups was limited by the Boehm method. This could be
due to the possible saturation of the titration solution with the soluble acidic groups of the
hydrochar which compromised the analysis procedure.

Concerning the generated biochars, it appears that the pyrolysis process induces an
important decrease in the total functional groups’ contents. For instance, compared to
the IROP, a decrease of about 91% was observed for 400-IROP. According to the results
presented in Table 3, the total contents of acidic and basic groups were significantly low
compared to the raw feedstock and the hydrochars which could be explained by the
effect of heat uptake and the scouring under high temperature treatment. Moreover, with
the increase of the pyrolysis temperature, the total content of acidic functional groups
diminished whereas the content of basic functional groups increased. The reasons behind
this behavior will be explained in the following paragraph.

These findings were further confirmed when performing pH ZPC analysis (Table 3).
The impregnation of ROP by olive mill wastewater increased the surface acidity of the
biomass, with a decrease in the pHp. from 5.84 to 5.24 for ROP and IROP, respectively [26].
This outcome was predictable since the OMWW contains significant concentrations of
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organic acids [29,48]. After HTC, the pHp. values decreased significantly by increasing
the temperature, i.e., 4.16 to 3.28 for 180-IROP and 220-IROP, respectively (Table 3). The
increase in HTC temperature was proven to yield higher concentrations of soluble acids
in the liquid media during the degradation of the holocellulose matrix. The increasing
severity conditions, i.e., rise in heat intake, leads to higher water vapor pressure causing a
scouring of the biomass surface, the depolymerization of the cellulose into soluble acids
and eventually their recombination on the surface of the hydrochars [29]. This mechanism
is further confirmed by the pH of recovered water after carbonization, i.e., 4.08 for 220-IROP
which decreased compared to that of deionized water (pH = 6.5) (Table 3). It was reported
in our previous work that acids such as dicarboxylic, monosaccharide and other small
organic acids that contributed to the decrease of pH values were proven to be beneficial in
the case of agricultural applications as a liquid soil amendment [26].

For the biochars, it appears that the pyrolysis of IROP under inert atmosphere led to
a significant increase in the surface pH (Table 3). In fact, the pH,p increased from 8.47
to 9.51 when increasing pyrolysis temperature from 400 to 600 °C, respectively. Based on
the previously performed analysis, slow pyrolysis enhances the alkalinity of the biochars
surface according to the following two simultaneous chemical pathways: (i) the heat uptake
on the lignocellulosic material leads not only the alteration of the aromatic structure towards
the fixation of carbon but also the elimination of volatile matter, notably polyphenols
and volatile organic acids. Consequently, oxygen-based groups concentrations decrease
significantly with increasing carbonization temperature, thus yielding a surface with less
acidic groups; (ii) the rearrangement of the aromatic structure into more fixed carbon
content and even towards graphite-structure goes along with the immobilization of alkaline
and alkaline earth metals (Ca%*, Mg2+, K*, Na*, etc.) in crystalline forms [42,72,80]. The
presence of these ions, even at low concentrations, leads to more alkaline biochar surface. It
is important to underline that the type of the functional groups (acidic or basic) significantly
impacts the effectiveness of solid materials in removing both organic and mineral pollutants
from aqueous solutions [18].

4. Conclusions

In this research work, hydrochars and biochars from raw olive pomace impregnated
with olive mill wastewaters were synthesized under different experimental conditions and
then characterized in depth. Results showed that the final products presented significantly
different physico-chemical properties that are intimately related to the used treatment
process. Indeed, hydrothermal carbonization led to hydrochars with higher volatile matter
and low carbon contents compared to biochars. Moreover, nutrients contents (such as
magnesium, potassium and sodium) were significantly high for biochars due to the immo-
bilization phenomenon at high treatment temperatures. Moreover, the carbonization in
presence of water promoted the depolymerization of the biomass, through the dehydration
mechanism, into large number of long/short chained acids and saccharides. The extended
HTC time caused a repolymerization of these organic compounds on the surface of the hy-
drochar in a specific fashion in the form of sphere-like carbons. These structures were rather
absent in the case of biochars, where the surface is roughly heterogeneous characterized by
the presence of pores in the form of slits. The pyrolysis of IROP under inert atmosphere
at relatively high temperatures (up to 600 °C) led to an important elimination of oxygen
which resulted in a net decrease of O/C and H/C ratios as well as a significant reduction
of surface functional groups concentrations with an alkaline-dominated surface. On the
other hand, moderate hydrothermal carbonization gives hydrochars with acidic pH,p. due
to the high contents of carboxylic, phenolic and lactonic groups. These results indicated
that the produced hydrochars could be used in agriculture as a biofertilizer and also for the
removal of cationic pollutants (i.e., ammonium) from aqueous solutions. These generated
biochars could be effective in removing anionic contaminants such orthophosphates. To
give a new life to these produced hydrochars and biochars for sustainable agriculture and
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environment preservation, further experimental work at laboratory (static and dynamic
conditions) and field scales has to be undertaken.
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