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Abstract. In this study, we assessed the transformation of raw olive pomace into carbon-rich material
using olive mill wastewater (OMWW) as the liquid medium for the hydrothermal carbonization (HTC)
process. The findings were compared accordingly with the use of distilled water (DW), which is the
conventional practice. The use of OMWW as a liquid matrix enhanced the hydrochar yield, but volatile
matter, fixed carbon content, and O/C and H/C ratios followed a decreasing trend. Furthermore, for
an HTC temperature of 220 °C, the use of OMWW considerably increased the high heating value of the
hydrochars from approximately 24.2 MJ/kg to 31.6 MJ/kg. According to the van Krevelen diagram of
feedstock and derived hydrochars, dehydration was the predominant carbonization reaction for both
liquid sources. Morphological characterization of both sets of hydrochars indicated the generation
of specific carbon nuclei when using DW while OMWW led to the creation of hydrochar with a less
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homogeneous surface. Structural analysis revealed the heterogeneous aspect of the hydrochar surface
with an abundance of crystallized metal-based inorganic salts.

Keywords. Raw olive pomace, Olive mill wastewater, Hydrothermal carbonization, High heating value,
Solid characterization, Liquid characterization.

1. Introduction

Over the past few decades, lignocellulosic biomasses
have been valorized as precursor materials for energy
(heat production), environmental technology (pol-
lutant removal), and agronomic (nutrient recovery)
applications [1,2]. The selection of a suitable conver-
sion method for these biomasses depends strongly
on the properties of the raw feedstock, the avail-
able pretreatment techniques, and logistics and tar-
geted objectives. For instance, biological conversion
is very sensitive to feedstock composition since the
activity of microorganisms can be inhibited by toxic
substances [3]. In addition, these processes require
long residence times, resulting in higher volumes
and operating costs [4]. On the contrary, the resi-
dence time of thermochemical processes varies from
minutes to hours and does not rely on microorgan-
isms [5]. This constitutes a significant advantage for
the treatment of heterogeneous raw materials (e.g.,
organic wastes, sewage sludge, etc.).

Among thermochemical processes, slow pyrolysis
has the advantage of producing three fractions: liq-
uid (bio-oil) and gaseous (syngas) residues, which
can be upgraded to biofuels, and a solid residue
(biochar), which can be used in various applications
such as soil amendment [6]. However, this solid frac-
tion does not exceed 35%, limiting the economic vi-
ability of biochar production [7]. In addition, this
process can be energy-intensive when the feedstock
biomass has a high moisture content (greater than
70%). This property is common to industrial organic
wastes of interest such as agrifood, paper, and wood-
crafts. Therefore, a drying step is required [8].

As a consequence, hydrothermal carbonization
(HTC) is a promising alternative to the pyrolysis pro-
cess as it (i) avoids the costly drying step, (ii) re-
duces energy consumption due to the lower tem-
perature range (180–350 °C) used, and (iii) gener-
ates in pressurized water higher yields of carbon-
rich solid residue, namely, hydrochars (up to 60%
on dry basis (db, %)). These carbonaceous materi-
als are biologically and chemically more stable with

a high carbon sequestration potential over decades
compared to carbon products generated by slow
pyrolysis [9]. Additionally, HTC usually leads to the
formation of carbonaceous materials with significant
mineral content, interesting concentrations of sur-
face functional groups, and attractive morphologi-
cal aspects [10]. In fact, hydrochars produced from
lignocellulosic materials are characterized by a sig-
nificant concentration of surface functional groups,
which could be exploited either for pollutant uptake
by different media or as initial feedstock for the pro-
duction of high-rank carbonaceous materials. There-
fore, and owing to such interesting properties, the
use of hydrochars in multiple applications has been
considered in other studies. These applications in-
clude supercapacitors; synthesis of Li-, S-, and/or
Na-ion batteries [11]; CO2 and H2 gas storage [12];
soil amendment [13]; and wastewater treatment [9].

Olive oil by-products (raw olive pomace (ROP)
and olive mill wastewater (OMWW)) are generated
in significant amounts after the milling process. In
particular, the Mediterranean region contributes to
the annual generation of about 12.2 Mt solid ROP
and 30 Mm3 OMWW [14]. In various countries, these
wastes are usually discharged into natural water bod-
ies, causing severe damage and threat to the ecosys-
tem as well as being a source of social malaise [15,16].
The sustainable management of these wastes has
emerged as an urgent challenge for the purpose of
not only protecting the environment but also exploit-
ing the energetic, environmental, and agronomic po-
tential of these organic wastes [17–21].

The HTC of ROP wastes has been tested at the
laboratory scale under various experimental condi-
tions [22–25]. The main aims of these investigations
were to (i) understand the synthesis of valuable syn-
gas, (ii) test the pretreatment of biomasses leading
to carbon materials with high energetic properties,
and (iii) explore the generation of interesting surface
characteristics for application as adsorbents in liq-
uid or gaseous media. All these studies have used dis-
tilled water (DW) as the moisture source during the
HTC process. In the current paper, in a novel applica-

C. R. Chimie, 2020, 23, n 11-12, 635-652



Ahmed Amine Azzaz et al. 637

tion, OMWW is used as the liquid source for the ROP
wastes. This new approach takes advantage of the
huge amount of organic matter as well as minerals
present in OMWW for a possible enhancement of
the physico-chemical properties of the derived hy-
drochars. Therefore, the main objective of this work
is to investigate OMWW as a liquid medium for the
carbonization of ROP and to analyze its effect on hy-
drochar properties. This study includes an in-depth
physico-chemical characterization comprising vari-
ous complementary analyses. Such an understand-
ing of the material properties is crucial to their ulti-
mate application in agriculture in the form of fertiliz-
ers as well as efficient adsorbents of organic and min-
eral pollutants.

2. Materials and methods

2.1. Raw feedstock: ROP and OMWW

In this study, the ROP and OMWW were collected
from a three-phase olive mill located in the city of
Touta in North East Tunisia. The ROP was placed in
airtight bags and aired periodically at ambient tem-
perature. The liquid waste was kept in glass bottles
during the experimental campaigns and was stored
at 4 °C.

2.2. HTC experiments

The HTC experiments were performed in the pres-
ence of DW and OMWW as liquid sources. In these
experiments, a solid–liquid mixture was prepared at
a 1:9 ratio, corresponding to 1 g of ROP and 9 mL of
the moisture source (DW or OMWW) and was placed
in a 100 mL bomb calorimeter (Top Industrie, Vaux-
le-Pénil, France). In accordance with typical experi-
mental conditions, the calorimeter vessel was sealed
hermetically, heated at a 10 °C/min rate using a pro-
grammable stove (Memmert, Schwabach, Germany),
and kept for an isotherm period of 24 h at the three
designated experimental temperatures of 180, 200,
and 220 °C. The experimental conditions were cho-
sen according to an optimization study presented in
our previous papers, where HTC was performed in
autogenous inner pressure atmosphere [9,10]. The
hydrochars produced were accordingly named as fol-
lows: T-ROP and T-ROP + OMWW when using DW
and OMWW as the moisture source, respectively,

where T is the process temperature (°C). After car-
bonization, the by-product was filtered using a vac-
uum pump through 0.45 µm Whatman® filter pa-
per (VWR, Leuven, Belgium). The recovered solid
fraction was dried overnight at 105 °C and then
weighed and stored in a glass flask for later charac-
terization. The liquid fractions were also recovered.
They were filtered twice using 0.2 µm polypropy-
lene syringe filters (VWR, Leuven, Belgium) and then
stored in 10 mL glass vials at 4 °C. All experiments
were performed in triplicate. Statistical analyses were
conducted using R v3.6.1 [26]. An analysis of vari-
ance (ANOVA) of each testable parameter was carried
out to establish differences between treatments, and
then Tukey multiple comparisons (post hoc) were
made using multcomp::glht.

2.3. Hydrochar characterization

2.3.1. Solid yield determination

To determine the solid yield (YHC, %), two meth-
ods were applied according to the liquid source used.
In the case where DW was used as the carbonization
medium, the final solid yield was calculated as fol-
lows:

YHC(%) = mHC/mFS ×100. (1)

On the other hand, the use of OMWW implies the
addition of further organic matter to the carboniza-
tion medium, which should be taken into account ac-
cording to (2):

YHC(%) = mHC/(mFS +mS,OMWW)×100, (2)

where mHC (g) is the dry solid mass recovered af-
ter carbonization, mF S is the initial feedstock mass
(g), and mS,OMWW is the solid fraction present in the
OMWW estimated as 7.9% (db, %) according to the
TAPPI/ANSI T 412 om-16 method [27]. The resulting
solid fraction is the subject of later solid-phase chem-
ical characterizations.

2.3.2. Proximate and ultimate analysis

Proximate analysis was performed to determine
fixed carbon, volatile matter, and ash contents of the
hydrochars. The thermogravimetric analysis (TGA)
procedure that was applied was described in our pre-
vious studies [10]. A Flash 2000 CHNS-O Elemen-
tal Analyzer (Thermo Fisher Scientific, Cambridge,
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UK) was used to determine the elemental com-
position. Furthermore, the mineral composition of
ROP, OMWW, and the derived hydrochars was deter-
mined using multiple extraction methods. The total
nitrogen contents were determined according to the
modified Kjeldahl method (ISO 1995). Soluble con-
tents of K+, Na+, Mg2+, Ca2+, N-NH4

+, and soluble
phosphorus were assessed according to the analyti-
cal method described by Thomson and Leege [28].

2.3.3. Morphological and structural properties

A high-resolution scanning electron microscopy
(SEM) analysis was performed using a Philips XL30
microscope coupled with an energy-dispersive X-ray
spectroscope (EDS; Oxford Instruments, Oxfordshire,
UK) to determine the atomic composition of the hy-
drochars. Powder X-Ray diffraction (XRD) was em-
ployed to identify the crystalline phases in the pre-
pared hydrochars. It was carried out by a PANa-
lytical X’Pert powder diffractometer (Malvern, UK)
equipped with a copper anode. Phase identification
was conducted using the database from the Inter-
national Center for Diffraction data (Crystallography
Open Database; Graulis et al. [29]) on the PANalytical
HighScore software.

2.3.4. Bulk and surface chemistry

The bulk quantitative characterization of the hy-
drochars produced was performed by two meth-
ods. First, pH at zero-point charge (pHZPC) was
determined to gain an overall idea of the dom-
inating surface charge. Then, acidic groups were
quantified using the Boehm titration method. Both
methodologies are described thoroughly in the liter-
ature [30]. Second, the surface chemistry was ana-
lyzed using a spectroscopic method (Fourier trans-
form infrared (FTIR)). The FTIR spectra were ac-
quired by an Equinox 55 Bruker spectrometer (Et-
tlinger, Germany). For each sample, an exact biochar-
to-KBr mass ratio of 1/200 was ground in a mortar
and pressed into a 1 cm diameter disk at a pressure
of 3.5 tons. The disk-like sample was then analyzed at
a spectral resolution of 4 cm−1, which was measured
between 4000 and 400 cm−1.

2.3.5. Energy contents

The energy contents of the raw feedstock and the
derived hydrochars were assessed by determining

the higher heating value (HHV) and the lower heat-
ing value (HHV). The HHV (MJ/kg) is defined as the
amount of energy released by the complete combus-
tion of a fuel unit, where the water vapor is assumed
to be condensed and the heat recovered. The HHV
(MJ/kg) is related to the energy released during the
combustion of a solid without taking into account
the energy of water condensation [10]. Analyses were
performed using an IKA C 200 bomb calorimeter
(Staufen, Germany) according to DIN 51900 in the
isoperibolic reaction mode. The LHV was calculated
on the basis of the values of the HHV and the percent-
ages of moisture and hydrogen (at dry base).

2.4. Liquid characterization

The quality of the final liquid medium after HTC
was assessed by determining the chemical oxygen
demand (COD, g O2/L). The dichromate titrimetric
method was used according to the protocol given by
Moore et al. [31].

The organic composition of the process water af-
ter HTC was determined by gas chromatography cou-
pled with mass spectrometry (GC–MS). The equip-
ment used consists of a GC-2010 gas chromato-
graph coupled with a GC-QP2010 mass spectrom-
eter (Shimadzu, Tokyo, Japan). After filtration on
0.2 µm regenerated cellulose syringe filters, samples
were diluted 10 times in ultra-pure water (resistivity
18.0µΩ·cm). As internal standard, 50µL of 10µg/mL
phenoxyacetic acid aqueous solution was added to
30 µL of the diluted solution; then, the samples were
freeze-dried. Afterward, they were chemically deriva-
tized and immediately analyzed by GC–MS as stated
by Jeguirim et al. [17]. The peak assignment was car-
ried out using an internal compounds’ library as well
as by the mass spectral library NIST 17.

3. Results and discussion

3.1. Carbonization yield

The effect of temperature and variation in the car-
bonization medium on the final hydrochar yield is
presented in Figure 1. The carbonization of ROP
in water and in OMWW at increasing temperatures
led to a progressive decrease in the final yields of
hydrochars. In fact, the hydrochar percentage de-
creased from 54.90% to 37.50% and from 41.87%
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Figure 1. Final solid yields of the hydrochars
derived from ROP in the presence of distilled
water and OMWW as carbonization media at
different temperatures (reported error is stan-
dard deviation).

to 31.37% when the carbonization temperature in-
creased from 180 to 220 °C for ROP + DW and ROP
+ OMWW, respectively. This loss of solid mass with
increasing temperature is attributed to the degrada-
tion of the lignocellulosic matrix of both materials
as the temperature increases. Moreover, higher tem-
peratures induce major modifications in the mois-
ture state inside the reactor, favoring the conversion
of the biomass [32]. It is also seen that the type of
liquid matrix significantly affects the hydrochar pro-
duction yields. Here, at carbonization temperatures
between 180 and 220 °C, the degradation rate of ROP
in the solid fraction decreased from 17.5% to 10.5%
when using DW and OMWW as moisture sources,
respectively. Similar findings were reported by Li et
al. [33] when studying the impact of liquid wastes
on the HTC of different municipal wastes. In fact, re-
ported results suggest that the carbonization of yard
waste in the presence of landfill leachate containing
significant contents of organic matter as the mois-
ture source enhanced the dewaterability of solids as
a function of time and decreased the recovery of the
final solid fraction.

3.2. Proximate, ultimate, and elemental analyses

3.2.1. Proximate and ultimate analyses

Proximate analysis was performed for ROP and
the produced hydrochars in the presence of DW and
OMWW, respectively. The results depicted in Figure 2

Figure 2. Proximate analysis for ROP, OMWW’s
solid fraction, and derived hydrochars in the
presence of distilled water and OMWW as car-
bonization media at different temperatures (re-
ported error is standard deviation).

show that ROP is characterized by a high content of
volatile matter (66%) with relatively low percentages
of fixed carbon and ash of 20% and 14%, respectively.
On the other hand, OMWW contains volatile mat-
ter, fixed carbon, and ash of approximately 84%, 6%
and 10%, respectively [10]. When using DW, the pro-
duced hydrochars exhibit a decrease in volatile mat-
ter content from 64% to 49% for 180-ROP and 220-
ROP, respectively. On the other hand, a significant in-
crease in the fixed carbon content is observed, rang-
ing from 28% to 41% for the same samples. This ob-
servation is attributed to the effect of temperature
increase on the recombination and the polymeriza-
tion of the light volatile matter into more condensed
carbon content. Similar findings were reported by
Missaoui et al. [22] when investigating the HTC of
olive pomace at different temperatures. In this case,
the volatile matter content decreased from 71.6% to
61.0% and the fixed carbon increased from 23.6% to
36.2% at treatment temperatures between 180 and
250 °C, respectively.

Conversely, the addition of OMWW as the mois-
ture source for the carbonization of ROP did not en-
hance the quality of the final hydrochars. In fact, de-
spite the increase in fixed carbon content of approxi-
mately 8%, the volatile matter contents remained rel-
atively high and varied between 68% and 62% at car-
bonization temperatures between 180 and 220 °C, re-
spectively (Figure 2). These results confirm that the
slight decrease in the hydrochar yields when OMWW
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is added instead of DW is due to the difference in
the volatile matter content (see Figure 1). The re-
sults suggest that the high content of volatile matter
in both ROP and OMWW led to a decrease in their
conversion rate into more stable carbon content. It
is worth mentioning that in both cases, when us-
ing either DW or OMWW, the ash contents decreased
with increasing temperature compared to that of the
solid feedstock (Figure 2). Indeed, compared to ROP,
these contents decreased by approximately 4% and
8% for an HTC temperature of 220 °C in the pres-
ence of DW and OMWW, respectively. Similar stud-
ies investigating the HTC of olive pomace suggested
that an increase in treatment temperature enhances
the ash content as minerals are more likely to be in-
corporated into the rearranged and more stable aro-
matic structure [22]. In our current study, it is pos-
sible that the degradation of the ROP as well as the
physico-chemical properties of OMWW resulted in
the production of highly scouring molecules, which
contributed to the degradation of the lignocellulosic
matrix and the release of minerals and organic con-
tents from the solid fraction.

To have a clearer idea about the significance of
the previous results, statistical tests were performed
on the reported parameters (Figure S1-b). Regarding
ash contents, there were generally no large or statis-
tically significant differences between the measured
samples. However, volatile matter—which was high-
est in the OMWW—showed a decreasing trend in val-
ues with increase in HTC temperature for both T-ROP
and T-ROP + OMWW samples (Table 1). As expected,
fixed carbon exhibited the exact opposite trends to
those of volatile matter. It was lowest in OMWW and
increased with treatment temperature (Figure S1-b).

Ultimate analysis was performed for ROP feed-
stock as well as the resulting hydrochars and the
solid fraction of OMWW. The results are shown in
Table 2. Initially, the ROP had percentages of car-
bon and oxygen of about 43% and 47%, respectively,
which are similar to the majority of lignocellulosic-
based feedstocks reported in the literature [34]. As for
the solid fraction of OMWW, carbon and oxygen con-
tents were 57% and 32%, respectively. When the car-
bonization temperature was increased for both mois-
ture sources, an increase in C and a decrease in O
percentages were observed. In fact, when using DW,
C% increased from 43% to 64% and O% decreased
from 47% to 27% for ROP and 220-ROP samples, re-

spectively. On the other hand, this modification was
further intensified when adding OMWW to the car-
bonization media as carbon and oxygen percentages
for 220-ROP + OMWW were 68% and 20%, respec-
tively. Nevertheless, the observed modifications in
the H and N contents of the raw and carbonized
materials were found to be low, with a maximum
variation of ±2.37% and ±1.02%, respectively. Such
behavior could be ascribed to two synergistic ef-
fects. (i) Owing to its high carbon (Table 2) content,
OMWW could have contributed to the impregnation
of a small fraction of volatile organic compounds into
the ROP. An increase in the carbonization tempera-
ture resulted in the condensation of the added car-
bon, which enhanced the final carbon content com-
pared to the use of DW. (ii) The high acidity of the
OMWW accelerated the defragmentation of cellulose
and hemicellulose, which resulted in a noticeable re-
duction in the oxygen percentage.

3.2.2. NPK analysis

One of the most important methods for the char-
acterization of hydrochars is the determination of
their content in macroelements for eventual appli-
cation in agriculture. As shown in Table 3, ROP is
characterized by a total nitrogen, soluble phospho-
rus, and potassium (NPK) content of approximately
13.2 g/kg. When the HTC is performed at increas-
ing treatment temperatures in the presence of DW,
different tendencies in mineral concentrations were
found. For instance, the potassium and sodium con-
tents decreased from 6100 to 950 mg/kg and from 580
to 136 mg/kg for ROP and 220-ROP, respectively. Sim-
ilarly, hydrochar contents of phosphorus and mag-
nesium reduced considerably from 118 to 9 mg/kg
and from 175 to 119 mg/kg for the same samples, re-
spectively. However, an opposite trend was detected
for the calcium content as it apparently increased
from 560 to 860 mg/kg for ROP and 220-ROP, respec-
tively. On the other hand, the hydrochars produced
with OMWW as the carbonization medium showed
the same global tendency in terms of mineral com-
position. Here, the global NPK soluble content de-
creased from 13.16 to 6.77 g/kg for ROP and 220-ROP
+ OMWW, respectively.

In contrast, a significant increase in the potassium
contents was observed from 6100 mg/kg for ROP to
8000 and 9000 mg/kg when carbonization was car-
ried out in the presence of OMWW at 180 and 200 °C,
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Table 1. ANOVA table for study parameters with degrees of freedom (DF), sum of squares, residuals, F -
test value, and significance

Parameter DF Sum sq. Resid. DF Resid. sum sq. F Sig.

Solid yield 5 1040 12 17 143.4 ***

Ash 7 113 16 71 3.6 *

Volatile matter 7 2086 16 42 111.2 ***

Fixed carbon 7 2235 16 130 39.2 ***

Phenolic 7 217088 16 76361 6.5 ***

Carboxylic 7 232293 16 39230 13.5 ***

Lactonic 7 681354 16 6403 243.2 ***

pHZPC 7 13.7 16 0.8 40.7 ***

Significance codes are as follows: p < 0.0001, “***”; p < 0.05, “*”.

Table 2. Ultimate analysis (wt.%) of the ROP,
OMWW’s solid fraction, and derived hy-
drochars in the presence of distilled water and
OMWW as carbonization media at different
temperatures

Samples C
(%)

O
(%)

H
(%)

N
(%)

S
(%)

ROP 42.80 46.51 5.65 2.01 0.23

OMWW* 56.75 31.74 7.90 2.72 0.22

180-ROP 56.13 34.91 5.91 0.99 0.12

200-ROP 62.58 28.00 5.89 1.37 0.13

220-ROP 64.37 26.76 5.47 1.27 0.14

180-ROP + OMWW 62.73 25.19 8.02 1.88 0.18

200-ROP + OMWW 64.98 23.86 7.26 1.63 0.16

220-ROP + OMWW 67.90 20.24 7.64 1.86 0.07

*Analysis performed on the solid fraction of OMWW.

respectively (Table 3). The highest mineral content
was found for the sample 200-ROP + OMWW with
an estimated total of 11.851 g/kg. Although all the
recovered hydrochars had a lower mineral content
compared to the solid fraction of OMWW (total min-
eral content of 70.5 g/kg), they are still characterized
by larger carbon contents and lower volatile matter.
These properties could be beneficial in both ener-
getic and agricultural applications [10].

When studying the fate of minerals in the solid
fraction after HTC, controversial explanations and
findings are encountered in the literature. The HTC
of biomass is characterized by a very complex pro-

cess that involves both synergistic and antagonistic
reactions, which depends mainly on the process tem-
perature as well as the pH of the medium. Although
the first parameter is permanently controllable, the
solution acidity is contingent on the highly variable
physico-chemical properties of the feedstock. There-
fore, the impact of tuning these two parameters on
the final mineral composition is relatively unpre-
dictable. For instance, Chen et al. [35] reported an in-
crease in nitrogen and phosphorus and a decrease
in potassium solid concentrations with increase in
carbonization temperature when the liquid pH varies
between 3.52 and 4.83. The increase in solids in acidic
media was ascribed to a possible deposition of solu-
ble minerals on the hydrochar during the recombi-
nation reaction. Similarly, Smith et al. [36] reported
an increase in the mineral composition of hydrochars
produced from willow wood at two different temper-
atures. When the HTC is increased from 200 to 250 °C,
they demonstrated an enhancement in magnesium,
phosphorus, and calcium concentrations of approx-
imately 11%, 31%, and 15%, respectively, while the
potassium content decreased by about 46%. Con-
versely, Huang et al. [37] reported that the increase in
the HTC temperature significantly reduced the pres-
ence of minerals in the final hydrochars produced
from the cocarbonization of pine sawdust and plastic
polymer granules. In fact, significant leaching of cal-
cium, magnesium, potassium, and sodium in the liq-
uid fraction was noted at the rates of 98.59%, 97.66%,
92.32%, and 87.43%, respectively, following the con-
version of raw sawdust to hydrochar at 260 °C. The
authors suggested that an increase in the carboniza-
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Table 3. Elemental composition (wt.%) of ROP and hydrochars produced from HTC in the presence of
distilled water and OMWW at different temperatures

Samples K
(mg/kg)

Na
(mg/kg)

Ca
(mg/kg)

Mg
(mg/kg)

P
(mg/kg)

NTotal

(mg/kg)
Sum of minerals

(mg/kg)

ROP 6100.00 580.00 560.00 175.00 118.00 6950.00 14483.00

OMWW* 44000.00 3700.00 1421.00 1744.00 2034.00 17600.00 70499.00

180-ROP 1350.00 148.00 606.00 116.00 81.30 7330.00 19901.30

200-ROP 1650.00 156.00 438.00 103.00 52.20 7930.00 10329.20

220-ROP 950.00 136.00 860.00 119.00 9.21 9260.00 11334.21

180-ROP + OMWW 8000.00 620.00 283.00 347.00 110.00 1370.00 10730.00

200-ROP + OMWW 9000.00 840.00 293.00 448.00 50.80 1220.00 11851.80

220-ROP + OMWW 1450.00 148.00 22.10 11.40 31.40 5290.00 6952.90

*Solid fraction of OMWW.

tion temperature led to an acceleration in the auto-
ionization of the water molecule toward an abun-
dance of hydronium (H3O+) concentration in the
media. It was presumed that H3O+ ions catalyzed the
solubilization of the salts embedded in the lignocel-
lulosic materials and their recovery in the liquid frac-
tion.

Another observation that must be highlighted is
the abrupt decrease in the contents of some min-
erals when the carbonization temperature increases
from 200 to 220 °C for both media. As an example, in
the case where OMWW is the moisture source, potas-
sium, sodium, and calcium decreased by about 84%,
82%, and 92%, respectively. These minerals are gen-
erally incorporated into the biomass as part of their
lignocellulosic matrix. According to the TGA results
(Supplementary material, Figure S2), the degradation
of cellulose and hemicellulose most likely started in
the temperature range between 200 and 230 °C. The
degradation of polymers led to the widening of ma-
trix pores and then the liberation of the minerals
from solid to liquid and gaseous phases.

3.3. Energy contents

Calorific measurements are considered as an im-
portant method for investigating the quality of
the hydrochars produced. According to the results
presented in Table 4, the ROP’s HHV and LHV are
14.73 and 13.39 MJ/kg, respectively, which are sim-
ilar to those of common biomasses such as euca-
lyptus wood (16.26 MJ/kg; Elaieb et al. [38]) and

chestnut shell (15.49 MJ/kg; Özçimen and Ersoy-
Meriçboyu [39]). The HHV of the OMWW solid
fraction is 26.55 MJ/kg. Increases in the process
temperature of the ROP HTC in the presence of ei-
ther DW or OMWW significantly increased its HHV
and LHV. Indeed, the highest HHV and LHV values
are shown for an HTC temperature of 220 °C (LHV
29.88 and HHV 31.62 MJ/kg) when DW and OMWW,
respectively, are used as the moisture media. Thus,
the use of OMWW instead of DW permits the produc-
tion of hydrochar with an improved HHV (about 6%
higher). The increase in calorific capacity is generally
attributed to the significant increase in the O/C ratio
for both liquid media [9]. Nevertheless, it has been
reported that the increase in moisture acidity en-
hanced the final HHV of hydrochars. In fact, cellulose
and hemicellulose are generally characterized by low
calorific capacities (17.28 MJ/kg and 16.81 MJ/kg, re-
spectively; Zhao et al. [40]). These were transformed
into more stable components with lower oxygen
contents when hydrothermally carbonized at low pH
values [41]. The condensation and the repolymeriza-
tion of the generated by-products lead to the forma-
tion of bitumen-like and humic-acid-like materials,
which end up readhering to the highly calorific lignin
matrix (25.51 MJ/kg; [40]). This hardly occurs at a
carbonization temperature of 220 °C.

According to the literature, various possible
mechanisms could be involved during the HTC
of biomasses into hydrochars such as deamination,
dehydrogenation, demethylation, deoxygenation,
dehydration and/or decarboxylation [42,43]. To pre-
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Table 4. Calorific quantities for ROP and derived hydrochars in the presence of distilled water and
OMWW as carbonization media produced at different temperatures

Samples ROP OMWW* 180-ROP 200-ROP 220-ROP 180-ROP +
OMWW

200-ROP +
OMWW

220-ROP +
OMWW

HHV (MJ/kg) 14.73 26.55 22.80 24.06 24.21 27.74 29.58 31.62

LHV (MJ/kg) 13.39 24.76 21.43 22.70 22.94 25.91 27.92 29.88

*Solid fraction of OMWW.

dict the possible mechanism, a van Krevelen diagram
depicting the O/C versus H/C atomic ratios is pre-
sented in Figure 3. The atomic ratios corresponding
to ROP suggest that long-chain polysaccharides such
as cellulose and hemicellulose are its major compo-
nents [44,45], which is further confirmed by its simi-
larity to a pure cellulose composition (Figure 3). The
increase in the carbonization temperature of ROP
from 180 to 220 °C in the presence of water caused
a decrease in both O/C and H/C ratios from 0.45 to
0.30 and from 1.26 to 1.02, respectively (Figure 3).
A similar tendency was observed when OMWW was
used as the moisture source since O/C and H/C ratios
decreased from 0.28 to 0.22 and from 1.52 to 1.35 for
the same carbonization temperatures, respectively.
Moreover, it could be remarked that in the presence
of OMWW, hydrochars exhibited higher H/C and
lower O/C ratios compared to those produced using
DW. It is possible that the addition of OMWW en-
hanced the organic charge as well as the acidity of
the media by increasing the proton concentrations in
the solution and subsequently on the surface of the
carbonaceous materials, which explains the differ-
ence in H/C ratios. According to the evolution of H/C
and O/C atomic ratios, it could be suggested that
dehydration is the dominating mechanism for the
HTC of ROP in the presence of DW or OMWW. This
indicates the cleavage of surface functional groups
of ROP in acid-catalyzed media, yielding water as the
main carbonization by-product [46].

3.4. Morphological and structural properties of
hydrochars

3.4.1. Morphological properties

The morphological structure of ROP after HTC
with different liquid media was assessed using SEM
imaging coupled with EDS analysis. Initially, ROP

presented a rough and kinky surface with no sig-
nificant porosity (Figure 4). After HTC, the result-
ing solids showed significantly different structural
characteristics. In fact, in the presence of DW, the
ROP-derived hydrochars were sphere-like carbon
structures of different diameters. According to SEM
images, the sphere diameter varies between 0.49 and
1.69 µm for 180-ROP; 57% of these particles have
a diameter between 0.67 and 0.84 µm (Figure 4). It
has been reported that these structures possess an
internal solid and porous morphology [50], where
their size depends mainly on the carbonization tem-
perature and time [51]. The formation mechanism
of these spheres could be attributed to the degrada-
tion of hexose and pentose present in the lignocel-
lulosic material at increasing temperatures through
a dehydration reaction. The degradation of these
two monosaccharides leads to the formation of 5-
hydroxymethylfurfural (5-HMF) and furfural, respec-
tively. Studies suggest that for an extended reaction
time where high temperatures are maintained, these
organic compounds are polymerized and highly aro-
matized, which eventually allows the carbon to con-
dense in the form of microspheres [49,52]. When the
carbonization temperature is increased, the spher-
ical structures become less obvious on the surface
of the hydrochar at 200 °C with a relatively lower
diameter varying between 0.14µm and 1.11µm until
disappearing at 220 °C. It is worth noting that the
hydrochar produced at 220 °C presented a similar
apparent characteristic compared to the ROP with
a very heterogeneous surface and without a porous
structure.

On the other hand, the carbonization of ROP at in-
creasing temperatures in the presence of OMWW re-
sulted in a very different hydrochar morphology. At
180 °C, the hydrochar produced was characterized
by deformed sphere-like particles. It appears that the
addition of OMWW, which is more acidic than DW
(pH = 4.86), affected the proper formation of the car-
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Figure 3. Van Krevelen diagram for ROP and derived hydrochar produced at various temperatures in the
presence of distilled water and OMWW versus carbonaceous materials present in the literature [47–49]
(reported error is standard deviation).

bon spheres as compared to the use of DW. Similar
results were described by Liang et al. [53] when per-
forming the HTC of starch at different pH values of
process water. They found that the carbonization of
starch at a pH of 1 reduced significantly the growth of
the carbon nanospheres compared to a solution pH
varying between 3 and 7.

According to the LaMer model related to the
nucleation-growth mechanism, the development of
these particles is achieved when soluble polymers
derived from the degradation of the cellulose and
hemicellulose reach a certain saturation point and
start segregating from the liquid medium [54]. The
diffusion of these species through the solid is mainly
ensured by the oxygen functional groups present on
the surface, leading to the growth of carbon nuclei
with a hydrophilic shell and a hydrophobic core [9].
However, the presence of strong acids at significant
concentrations in the process water could change the
dominating surface charge and composition and in-
hibit the diffusion of some oxygen functional groups
through the solid either by complexation or elec-
tronic repulsion, thereby stopping the growth of car-
bon nuclei (180-ROP + OMWW; Figure 4) [52]. This
could also explain the aspect of ROP and ROP +
OMWW produced at 200 and 220 °C, as an increase
in carbonization temperature has been known to
increase the production of organic acids that hin-
ders the diffusion of soluble free entities such as hy-
droxyl and carbonyl groups inside the hydrochar ma-
trix [53].

The modification of the moisture source and the
process temperature has an impact on the mineral
composition of the hydrochars as well. Initially, EDS
cartography related to ROP show a uniform partition
of carbon and oxygen (Figure S3-a). For both mois-
ture sources, EDS cartography suggest an increase in
the carbon partition with increasing carbonization
temperature (Figure S3). Moreover, a large variety of
minerals are detected in the form of a homogeneous
partition for the case of sodium, magnesium, potas-
sium, and phosphorus, while some other elements
such as silica, sulfur, and calcium exhibit a certain ag-
glomerative property. When the carbonization tem-
perature is increased and when the moisture source
is modified, the carbon contents increase while oxy-
gen constantly decreases due to the condensation of
organic matter driven by dehydration mechanisms
(Figure S3). Furthermore, mineral content appears to
be highly affected by the increase in carbonization
temperature as the general tendency suggests a sig-
nificant decrease until the disappearance of certain
minerals at an HTC process temperature of 220 °C.
Such behavior is attributed to the combined impact
of increasing temperature and solution acidity, which
contributes to the release of minerals from the solid
fraction [55]. These observations are in agreement
with the elementary and proximate analyses.

3.4.2. Structural properties

In the presence of DW or OMWW, the impact
of the HTC process on the structural properties of
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Figure 4. SEM images of (a) ROP and derived hydrochars using (b–d) distilled water and (e–g) OMWW
as carbonization media produced at 180, 200, and 220 °C, respectively, and the spherical particle size
distribution for (h) 180-ROP and (i) 200-ROP.

the hydrochars produced was examined using the
XRD technique. First, ROP showed a diffractogram
typical of a lignocellulosic material with an amor-
phous cellulose I broad peak at 22.6° (2θ) [30] as
well as the existence of some minerals in crys-
talline form such as SiO2, CaC2O4, CaCO3, and KCl.
After increasing the carbonization temperature up
to 200 °C, no major modifications in the organic
skeleton were noted. This suggests that the cellu-
losic structure was preserved (Figure 5). Moreover,
peaks related to calcite (CaCO3; at 32.35°, 36.40°, and
38.38° (2θ)) disappeared, while others correspond-
ing to calcium phosphate (Ca3[PO4]2) emerged. This
could be attributed to a rearrangement reaction as

calcium oxalate is usually found in lignocellulosic
materials as monohydrates and dihydrates in a rare
form [56]. It is presumed that H2O molecules co-
ordinate the crystalline structure between oxalate
and calcium ions [57]. Therefore, the attenuation
of calcium oxalate peaks along with other calcium-
based crystals could be related to the dehydration
reaction driving the carbonization process of ROP.
When the carbonization temperature is further in-
creased to 220 °C, the peak at 22.6° (2θ) disappears,
which suggests that the degradation of the cellulose
in ROP takes place between 200 and 220 °C, con-
firming the reported TGA findings (Figure S2). Sim-
ilar observations were made by Zhang et al. [58]
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Figure 5. XRD diffractograms for the ROP and
its derivative hydrochars in the presence of
(a) distilled water and (b) OMWW as moisture
sources at different hydrothermal carboniza-
tion temperatures.

when studying the HTC of corncob residues at differ-
ent temperatures. They suggested that the cellulosic
structure of the feedstock reached its integrity limit
at 230 °C.

On the other hand, the use of OMWW as a car-
bonization medium accelerates the degradation pro-
cess of the cellulose even at relatively low tempera-
tures (Figure 5). The OMWW has a structure similar
to that of the ROP with the exception of the charac-
teristic cellulose I peak, where a slight shift is seen
from 22.6° to 19.6° (2θ), respectively. Despite the fact
that this peak is attributed to the same amorphous
structure as that which is present for ROP, the OMWW
peak slightly precedes the ROP peak, which suggests
a possible alteration in the hemicellulose structure
related to the milling process. When the HTC is car-
ried out at 180 and 200 °C, a small decay is noted at

Figure 6. FTIR spectra for ROP and derived hy-
drochars when using (a) distilled water and (b)
OMWW as carbonization media produced at
different temperatures.

19.6° (2θ) related to the cellulosic fraction of OMWW.
Moreover, when OMWW is used instead of DW, it can
be clearly seen that the amorphous cellulose struc-
ture of ROP hydrochars becomes less relevant. Ow-
ing to its high acidity, the OMWW seems to acceler-
ate the decomposition of cellulose into more amor-
phous forms.

3.5. Surface chemistry of hydrochars

To assess the impact of modifying the carbonization
media on the surface chemistry of ROP and its de-
rived hydrochars produced at different temperatures,
a set of three characterization techniques were em-
ployed: FTIR, Boehm titration, and surface pHZPC.

The FTIR spectra of the feedstocks and their re-
spective hydrochars produced at different tempera-
tures are presented in Figure 6. The results suggest
that the initial biomass and derived hydrochars pos-
sess a rather heterogeneous surface with multiple
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Figure 7. Acidic functional groups and surface
pHZPC of the ROP and the hydrochars produced
from the HTC at different temperatures in the
presence of distilled water and OMWW (re-
ported error is standard deviation).

acidic and basic functional groups. For both cases,
when DW or OMWW is used as the carbonization
medium, common functional groups could be found:
hydroxyl (–OH; 3600–3200 cm−1), aliphatic (C–H;
3000–2700 cm−1), carbonyl and acetyl esters (C=O
and C–O stretching vibrations, respectively; 1650–
1600 and 1180–980 cm−1), methyl and methylene
aromatic groups (–CH2/–CH3; 1465–1320 cm−1), cel-
lulose carbonyl (C–O–C symmetric stretching; 1160–
1110 cm−1), and out-of-plane aromatic groups (C–
H; 896–809 cm−1). After carbonization, various differ-
ences were observed.

After DW was employed, peaks corresponding to
hydroxyl groups decreased in intensity with increase
in carbonization temperature. It has been reported
that this decrease indicates the tendency of the HTC
toward dehydration [49]. An increase in the peak
shift from −19 to −33 cm−1 was detected when the
carbonization temperature was increased between
180 and 220 °C, related to a vibration of the C=O
hemicellulosic aromatic structure. Similar behav-
ior was noted for aromatic C=C functional groups,
where the related peak shifted by −16 to −18 cm−1

for the same treatment temperatures. This could be
attributed to stretching in the aromatic skeleton of
the lignin matrix [59]. Some deformations could also
be ascribed to –CH2/CH3 and carbonyl C–O aromatic
groups as they shifted by +4 and +11 cm−1 for ROP
and 220-ROP, respectively.

In the case where OMWW was used as the mois-

ture source, similar tendencies were observed as the
peak intensity of the O–H hydroxyl group decreased
significantly until almost disappearing for the 220-
ROP + OMWW sample (Figure 6). However, careful
inspection of the peaks revealed a stabilization of the
location of C=O, C=C, and –CH2/–CH3 functional
groups. This result is in agreement with the out-
come of the nucleation reaction as in the presence
of OMWW, the ROP depolymerized structure fails to
form any carbon nuclei (Figure 6b). In fact, the for-
mation of carbon spheres is linked to a phenomenon
of dehydration of specific polymers, namely, hemi-
cellulose and polysaccharides, as this reaction im-
plies a reduction in O/C and H/C ratios [49]. The dif-
fusion of carbonization by-products with increasing
temperature rate induces the rearrangement of con-
densed carbon in the form of benzene rings, which
form stable groups with oxygen in the nucleus (e.g.,
ether, quinone, and pyrone). Moreover, the shell is
composed of reactive oxygen hydrophilic function-
alities (e.g., hydroxyl, carbonyl, carboxylic, and ester;
Li et al. [52]).

To further understand the modification kinetics of
the surface functional groups, Boehm titration and
pHZPC techniques were carried out for the raw and
carbonized solids. The results are shown in Figure 7.
ROP had significant contents of acidic functional
groups; a large content of phenolic and carboxylic
groups and a low content of lactonic groups were
present. When the HTC of ROP was conducted in the
presence of DW, a slight increase in the concentra-
tion of phenols was detected from 594 to 661µmol/g
for ROP and 180-ROP, respectively. Moreover, car-
boxylic functional group contents decreased from
394 to 313 µmol/g for the same samples, respec-
tively (Figure 7). When the carbonization tempera-
ture was increased, opposite trends were observed
as concentrations of phenolic groups decreased by
approximately 30% and carboxylic functionalities in-
creased by 67% for the carbonization reaction be-
tween 180 and 220 °C, respectively (Figure 7). On
the other hand, the content of lactonic groups in-
creased by more than sixfold when the raw material
was carbonized to 220 °C, which is attributed to the
effect of degradation of cellulose on the formation of
highly acidic functional groups. When OMWW was
added to the carbonization media, similar outcomes
were noted in terms of increase in the carboxylic
group concentrations and a decrease in the pheno-
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lic groups. However, the content of lactonic groups
increased remarkably from 190 to 556µmol/g.

From a statistical point of view, lactonic func-
tional groups were practically absent in the feed-
stocks, but increases in HTC temperature had the
strong effect of increasing these groups together with
a very significant increase in 220-ROP − OMWW (Ta-
ble 1; Figure S1-c). Carboxylic group density also ap-
peared to be increased with temperature, whereas
the highest densities were found not only in the
220 °C hydrochars but also in OMWW. Among phe-
nolic groups, there appeared to be a trend toward de-
creased densities with increase in carbonization tem-
perature (Table 1; Figure S1-c).

Such behavior could explain the tendency of the
solid pHZPC (Figure 7) where it constantly reduced
with increasing carbonization temperature. The ROP
had the highest value, which was statistically dif-
ferent from all other materials. The OMWW and
hydrochars all had lower and similar pHZPC val-
ues, whereas this decreased with temperature (Fig-
ure S1-d). In fact, it decreased from 5.84 to 3.98
for ROP and 220-ROP, respectively. When OMWW
was added, solid pHZPC varied from 5.84 to 3.32 for
these samples, respectively. Therefore, it could be
suggested that the enhancement of surface acidity
was driven by both the effect of the acidic mois-
ture source and the generation of highly proto-
nated entities that contributed to the modification
of the surface charge by adsorption, diffusion, or
ion-exchange reaction between the solid and liq-
uid fractions. In fact, a possible elimination of hy-
droxyl groups could be behind the relative stability of
the final liquid pH, whereas it changed from 4.53 to
4.77 for 180-ROP + OMWW and 220-ROP + OMWW,
respectively.

3.6. Liquid characterization

The characterization of the liquid fraction at the end
of the HTC could be considered as an important
parameter for understanding the ROP’s degradation
mechanism. This information is valuable when con-
sidering the possible application of ROP in agricul-
ture. Although the reuse of the final process water
in the irrigation of plants is economically very ad-
vantageous, it could pose some undesirable physico-
chemical hazards, leading to the irreversible alter-
ation of soils and crops.

Figure 8. Chemical oxygen demand of the final
liquid fraction (bio-oil) after the HTC of ROP
in the presence of distilled water and OMWW
at different temperatures (analysis performed
in duplicate: n = 2; reported error is standard
deviation).

The quality of the final process water has been
assessed by studying the evolution of COD. The
corresponding results are shown in Figure 8. When
the carbonization of ROP in DW is carried out, a re-
lease of organic molecules is observed with increas-
ing temperature since COD contents are 14.25, 17.85,
and 17.55 g O2/L for treatment temperatures of 180,
200, and 220 °C, respectively (Figure 8). This confirms
our previous suggestion regarding the migration of
soluble organic compounds such as fatty acids and
phenols from the solid phase to the liquid fraction at
increasing carbonization temperatures. These values
are noticeably higher in the presence of OMWW since
they reach 54.60, 64.05, and 64.20 g O2/L for the same
temperatures, respectively. Nevertheless, these COD
concentrations are approximately 53% to 62% of the
original OMWW content (103 g O2/L). It is possible
therefore that a significant fraction of the OMWW or-
ganic content has been incorporated into the ROP
lignocellulosic matrix. This content is involved in the
degradation mechanism during the HTC of the ROP.
A similar outcome was noted by Li et al. [33] when
studying municipal waste HTC in the presence land-
fill leachate.

To obtain proper information about the degra-
dation mechanism of the feedstock in the presence
of different moisture sources, a GC–MS analysis of
final liquids was carried out following the method
presented in Section 2.4. According to Table S4,
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Figure 9. (a) GC–MS profile of 200-ROP (in pink) and 200-ROP + OMWW (in black) and (b) the relative
Venn diagram representing the number of common and exclusive organic compounds for 200-ROP, 200-
OMWW, and 200-ROP + OMWW [60].

a large variety of chemical species are detected
such as phenolic and heteroaromatic compounds
in addition to a major quantity of carboxylic acids
and monosaccharides. The only types of compounds
characterized in the literature after the HTC of ROP
are generally furfural and 5-HMF obtained by lignin
and cellulose degradation, respectively, and some
phenolic compounds such as vanillin, 4-hydroxy-
3-methoxyphenylacetone (guaiacylacetone), 2,6-
dimethoxyphenol (syringol), syringaldehyde, gua-
iacol, acetosyringone, phenol, 1-(4-hydroxy-3-
methoxyphenyl)-ethanone (acetovanillone), creosol,
and 1-(2,4,6-trihydroxyphenyl)-2-pentanone [61,62].
In this paper, a comparison is performed for liquid
fractions from HTC experiments at 200 °C. Here, the
use of OMWW instead of DW for the HTC of ROP
leads to a significantly different GC–MS profile as
presented in Figure 9a. Moreover, as we compare
these results with the 200-OMWW profile (data pub-
lished previously [10]), we can note that among the
74 detected compounds, 30 are present in all three
modalities and thus emerge from both OMWW and
ROP after HTC (Figure 9b). Moreover, 29 compounds
are present in 200-ROP and 200-ROP + OMWW sam-
ples and are specific to ROP. The five compounds
found in 200-OMWW and 200-ROP + OMWW arise
from OMWW, while 10 compounds arise from ROP.
However, for these last compounds, we distinguish

seven molecules, which are observed only when
ROP HTC is conducted in the presence of OMWW.
The remaining three are lost or transformed in the
presence of OMWW.

The sum of relative areas for the 29 molecules
detected only in 200-ROP and 200-ROP + OMWW
is presented in Figure 10. Accordingly, higher con-
tents are obtained in the different chemical classes,
in particular for cyclic carboxylic acid and hete-
rocyclic compounds. Such results suggest that a
better HTC of ROP can be predicted in the pres-
ence of OMWW rather than DW. Similar outcomes
are obtained at the other temperatures of 180
and 220 °C.

Moreover, seven molecules are detected only
when HTC of ROP is performed in the presence
of OMWW and, notably, the putative compound
salidroside, which is a glucosylated form of tyrosol.
It is well known that tyrosol is a major component of
olive oil [63] and is abundant in OMWW-derived hy-
drochars [64]. We detected tyrosol in all T-ROP sam-
ples and in very higher proportions in raw OMWW,
T-OMWW, and T-ROP + OMWW [10]. On the other
hand, glucose is only identified in raw OMWW, sug-
gesting that glucose is degraded via the HTC pro-
cess. Therefore, the existence of salidroside can be
explained in terms of the coupling between glucose
and tyrosol when olive stones and raw OMWW are
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Figure 10. Sum of normalized areas of the different chemical compound classes detected after HTC of
ROP in the presence of distilled water and OMWW at 200 °C.

copresent. A similar explanation can be applied for
the formation of monoacetin (glycerol monoacetate)
since glycerol is much more abundant in OMWW
than in ROP.

4. Conclusions

This research has investigated the possible conver-
sion of hazardous OMWW to an environmental-
friendly substitute for water in the HTC of ROP
into carbon-rich materials. The utilization of OMWW
considerably enhanced some mineral contents, es-
pecially potassium and magnesium. Moreover, the
carbonization of ROP in the presence of OMWW in-
stead of DW at 220 °C enhanced the HHV by approx-
imately 31%. This could be related to the significant
increase in C contents and the decrease in O% owing
to the acidic nature of the liquid waste. Furthermore,
the coapplication of ROP and OMWW enhanced the
quality of the final liquid fraction with a significant
decrease in the COD value of approximately 53% to
62%. This feature, however, caused significant mod-
ifications of some chemical and morphological as-
pects of the hydrochars. In fact, the use of OMWW
instead of DW led to decreases in ash and fixed car-
bon percentages of 4% and 10%. An increase of 14%
in volatile matter contents was noted for 220-ROP

and 220-ROP + OMWW, respectively. Moreover, the
use of DW as the carbonization medium ensured the
formation of spherical carbon structures with mean
diameters varying between 1.09 and 0.62µm for 180-
ROP and 200-ROP, respectively. However, their for-
mation is not favored in the presence of OMWW due
to its low pH value. This work demonstrates a circular
and environmental-friendly approach to waste man-
agement, which may open the door to several possi-
ble applications of the solid fractions obtained. Hy-
drochars produced with DW could be applied as ad-
equate feedstock for the manufacture of high-value-
added carbon materials for energy storage applica-
tions or as adsorbents in liquid and gaseous media.
On the other hand, OMWW-derived hydrochars have
properties that make them not only apt for energy
generation but also an appropriate source of fixed
carbon content for agricultural applications.
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