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A B S T R A C T

Hydrothermal carbonization (HTC) was used to treat olive oil mill wastewater (OOMW) by using water in the
absence of any additional reagent. The reaction time and the water-sludge (W/S) ratio were varied, over a broad
set of values, to study their effect on the hydrochar products.
As reaction time and water-sludge ratio increased, the hydrochar yield decreased from 36% to 7%. In ad-

dition, HTC upgraded both carbon and energy contents to very high values, 76% and 36MJ/kg respectively.
Hence, the hydrochars products are good candidates for energy generation. Moreover, the hydrochars products
were amorphous and had a hydrophobic oleophilic structure. Their quality and energy yield increased with the
decrease in water-sludge ratio while reaction time slightly affected the hydrochar properties. Operating the
process at the lowest water-sludge ratio and short reaction time leads to hydrochars with the finest character-
istics but at the expense of higher cost due to evaporation rate.

1. Introduction

Olive oil mill wastewater (OOMW) is a pollutant product generated
by the olive oil industry. Out of the total olive oil mill output, OOMW
accounts for up to 50% of its volume, while the olive oil accounts for
20% and the remaining 30% is a solid residue [1]. According to a recent
study [2], 2.85 million tons of olive oil is generated per year worldwide.
Hence, it can be estimated that around 8 million tons of olive mill
wastewater is generated annually.

Many studies describe OOMW as a significant pollutant to surface
and groundwater resources in the Mediterranean basin. This is mainly
due to its high toxic phenolic content, colored organic substances, and
high organic matter concentration [3–5]. Moreover, OOMW has a
strong phytotoxic smell due to its antimicrobial activity [1,4]. Conse-
quently, it takes a long time to degrade when disposed of in nature.

The Biological Oxygen Demand (BOD) of the OOMW can reach
values as high as 70,000 ppm (70,000mg/l), and the Chemical Oxygen
Demand (COD) can get to around 200,000 ppm (200,000mg/l) [3].
Therefore, one cubic meter of OOMW is considered as equivalent to
100–200 cubic meters of domestic sewage, an extremely high figure for
waste treatment [1].

In most Mediterranean countries, due to the absence of a

comprehensive waste plan, water is added to OOMW for dilution, and
then disposed of in sewage systems or in nature (lakes, rivers, etc.),
which causes severe problems for the local ecosystems [6].

OOMW treatment is challenging since its composition is highly
dependable on the cultivation environment, harvesting time and oil
extraction technology [1]. Thus, its complete composition varies based
on location and time, but it is always characterized by high moisture
and toxic phenolic-acidic contents [3,4].

There are several ways to treat OOMW, such as filtration through
membranes [7], as fertilizer [8], in recovery processes of antioxidants
and enzymes [9], by Fenton agent [10], or by adding bacteria to en-
hance its degradation [11]. However, each of these techniques has its
own disadvantages with respect to toxicity [8], low recovery [8–10],
and high capital cost [7,8]. On the other hand, the dried wastewater has
a calorific value similar to wood or brown coal. Hence, it can be used in
gasification, combustion, and torrefaction but at a high capital and
environmental cost since these thermal treatment alternatives have
higher operating temperature and yield additional toxic side-products
[12,13].

Hydrothermal carbonization (HTC) is a process that uses water at a
relatively low temperature, between 180℃ and 250℃. HTC can be
applied to degrade OOMW and produce a solid product, or hydrochar.
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HTC reduces the oxygen and hydrogen contents in the organic waste,
mainly due to dehydration and decarboxylation reactions taking place
at high temperatures in aqueous medium [14]. The produced hydrochar
is a bituminous coal-like material that is stable, non-toxic [14,15], and
can be used as an energy source, for soil amelioration, and as a sorbent
in water treatment processes [15]. HTC has a relatively low cost due to
the low temperature/energy requirements and the absence of any in-
tensive drying before or during the process [15].

It is well known that five reactions govern HTC. These are hydro-
lysis, dehydration, decarboxylation, aromatization, and condensation
[14,15]. Degradation by hydrothermal carbonization is initiated by a
hydrolysis reaction. This reaction makes the initial raw material less
stable under hydrothermal conditions, which lowers the decomposition
temperature [15]. As a result, hemicellulose decomposes between
180℃ and 200℃, most of the lignin between 180℃ and 220℃, and
cellulose above 220℃ [15]. As the reaction time increases, more de-
gradation takes place. Moreover, water acts as a reactant, solvent, and
catalyst in the degradation process. Hence, increasing the water-sludge
ratio increases the degradation level of the organic material, and en-
hances diffusion to the liquid phase.

Lopez et al. [16] studied the effects of temperature and reaction
time on the furfural production from the hydrothermal carbonization
process of the olive stones. They presented a thorough qualification and
quantification of the generated liquid products. Volpe et al. [17] stu-
died the effect of temperature and solid to water ratio on the secondary
char formation of the olive trims and olive pulps. They have found that
the higher the solid to water ratio, the higher the degree of carboni-
zation, the hydrochar heating values (HHV), and the hydrochar yield.
High solid load and high temperature promoted secondary char for-
mation that has higher carbon contents, and thus higher energy values.

Benavente et al. [18] examined the effect of temperature and re-
action time on the hydrochar products from hydrothermal carboniza-
tion of OOMW. They have found that increasing reaction time and
temperature would decrease moisture contents and hydrochar yield and
increase the carbon contents. It would also lead to an increase in silica,
magnesium, phosphorous, iron, and chlorine percentages but a decline
in sulfur content. In addition, they compared the energy usage of HTC
with that of torrefaction and found a 50% energy savings when using
HTC.

Several researchers have investigated the temperature effect during
HTC and found the degree of carbonization to be proportional to tem-
perature. However, very little research has been conducted on the in-
fluence of reaction time and water-sludge ratio on the hydrochar pro-
duct and its properties. This study investigates the effect of water-
sludge ratio and reaction time and its influence on the hydrochar for-
mation. A full characterization of the liquid phase product from the
same feedstock under the same operating condition values has been
published elsewhere [5]. Thus, HTC experiments were carried out at
different reaction times while varying the water-sludge ratio.

Experiments were then followed by full characterization of the hydro-
chars produced under various operating conditions.

2. Materials and experimental design

2.1. Materials

Fresh olive oil mill wastewater was supplied by a local supplier. The
water content in the fresh raw materials was around 80%. It was dried
on an MSH-20D WiseStir heater equipped with a stirrer at 60℃ for
around 72 h until reaching a water contents of around 7%, below which
the OOMW started to oxidize.

2.2. HTC experimental procedure

The experiments were carried out in a 0.5 L, electrically heated,
high pressure Parr reactor. In each experiment, only water was added to
the dry sludge inside the reactor according to the specific water-sludge
ratio. Then, the reactor was closed and sealed. The reactor pressure (i.e.
50 bar) was not controlled during the experiments and was kept auto-
genic with the vapor pressure of water at a constant HTC experiment
temperature of 250℃. However, in all experiments, the pressure
reached around 50 bar at 250℃. The heating rate of the reactor was
around 8 ℃ per minute. Nevertheless, this slow heating rate was as-
sumed to not affect the reaction time since the time measurement began
when the reactor reached the HTC operating temperature in each ex-
periment. After completing each run, the reactor was immersed in a
cold bath to cool and stop the reaction. Then, the pressure valve was
opened to depressurize it and release all gases. The gas was not col-
lected since its analysis was out of scope. A vacuum pump along with a
DP 400 110 filter paper were used to separate the remaining solid-li-
quid mixture. The mass of both solid and liquid products was measured,
then each was stored in a well-sealed sample holder at 4℃ for further
analysis. All experiments were repeated three times and the overall
results were listed as summarized in Fig. 1.

2.3. Analytical methods

The hydrochar yield (HY), energy densification ratio (EDR), and
energy yield (EY) were calculated as follow:

= ×HY Dry Solid Product
Dry Sludge

(%) 100
(1)

= ×EDR HHV
HHV

(%) 100HCdb

Rdb (2)

= ×EY HY EDR(%) (3)

HHVHCdb and HHVRdb are the higher heating values (on a dry basis)

Fig. 1. Weight percentage variation with operating conditions and between phases.
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of hydrochar and raw material, respectively.
A Scanning Electron Microscope (SEM MIRA 3 LMU Tescan, Czech

Republic) along with the software for image analysis of the micrographs
(Tescan Software, Czech Republic) were used to determine the structure
of the solid samples and evaluate the ash and mineral compositions, as
shown in Table 1. Each EDX analysis was repeated three times but did
not show much discrepancy. Perkin Elmer 2400 series elemental ana-
lyzer was used to evaluate carbon, nitrogen, hydrogen, and sulfur
percentages. Oxygen percentage was calculated by subtracting the
carbon, hydrogen, nitrogen, and ash percentages from the total per-
centage. The results are shown in Table 1. O/C and H/C ratios were
calculated and plotted in Van Krevelen diagram for the solid fuel pro-
duction, as shown in Fig. 3.

The moisture content was determined from the total loss of samples

placed in an oven at 105℃ according to European standards EN 14774-
3:2009. The ash content and the volatile matter were obtained ac-
cording to European standards EN 14775:2009 and EN 15148:2009
respectively. The fixed carbon content was calculated by subtracting
the moisture content, volatile matter, and ash content from the initial
sample weight.

A Bruker X-Ray Diffraction (XRD) instrument was used to check for
any crystal structure inside the solid samples. The composition of the
volatile matter content of the hydrochars was evaluated using a
NETZ5CH F1 LIBRA R Thermogravimetric Analyzer (TGA) equipped
with a BRUKER OPTIK GmbH Tensor 27 Fourier-transform infrared
spectroscopy (FTIR). TGA temperature was set to go from 25℃ to 900℃
under nitrogen flow, and a best fit of each peak is shown in Fig. 4 using
the FTIR library and other sources [19,20].

Brunauer–Emmett–Teller analysis (BET) was applied after calcina-
tion of the hydrochar at 450℃ for 6 h. The samples were degassed
under vacuum pressure at 220℃ for 24 h. The BET surface area was
measured using QuantaChrome AS1Win™ - Autosorb 1 based with
Micrometrics Gemini VII instrument on the isotherm of liquid nitrogen
at 77.3 K. The BET surface area was calculated from the adsorption
branches in the relative pressure range of 0.05-0.30. The average pore
size and the pore volume were calculated using BJH method.

Water contact angle measurements were carried out using the ses-
sile drop technique (SDT) by a CAM 200 optical tensiometer (KSV
Instruments) equipped with 30 fps camera (Imaging Source) operating
at a frame interval of 0.16ms. Liquid droplets with a typical volume of
10 μL were dispensed onto sample surface using a precision micropip-
ette. Samples were affixed to glass slides using double-sided adhesive
tape. Static contact angles were calculated using CAM 2008 software,
when the droplet initially stabilised on the surface, typically within two
seconds after dispensing. Furthermore, each sample was dried in the

Table 1
Ultimate analysis, and ash and minerals contents (on a dry basis).

Sample name C % H % N % O % S % Mg % Al % P % Ca % K % Cl %

OOMW 2H - W/S=1.5 70.37 9.91 2.05 12.74 less than 0.1% 0.48 0.19 1.12 2.17 0.75 0.22
OOMW 2H - W/S=2.5 72.24 9.97 1.81 11.06 less than 0.1% 0.25 0.04 1.03 1.41 1.65 0.54
OOMW 2H - W/S=3.5 72.45 10.61 1.62 9.39 less than 0.1% 1.21 0.04 1.76 1.98 0.76 0.18
OOMW 2H - W/S=5 73.35 10.7 1.59 9.27 less than 0.1% 0.77 0.03 1.76 2.15 0.32 0.06
OOMW 2H - W/S=7 74.53 10.57 1.4 8.61 less than 0.1% 0.49 0.01 1.41 2.81 0.15 0.02
OOMW 2H - W/S=9 76.33 10.36 1.56 8.26 less than 0.1% 0.18 0.07 1.47 1.71 0.05 0.01
OOMW 4H - W/S=1.5 71.38 10.04 1.91 12.34 less than 0.1% 0.18 0.34 1.48 1.36 0.73 0.24
OOMW 4H - W/S=2.5 72.54 9.93 1.82 11.13 less than 0.1% 0.28 0.28 0.4 2.7 0.74 0.18
OOMW 4H - W/S=3.5 74.05 10.56 1.78 9.03 less than 0.1% 0.27 0.11 1.55 1.89 0.71 0.05
OOMW 8H - W/S=3.5 75.8 9.91 1.8 7.87 less than 0.1% 0.57 0.55 1.42 1.51 0.5 0.07
OOMW 8H - W/S=9 76.9 9.85 1.84 7.1 less than 0.1% 0.27 0.35 1.78 1.67 0.22 0.02
Raw material 52.18 8.09 0.67 33.37 0.82 0.18 0.39 0.37 0.56 2.99 0.38

Fig. 2. Hydrochar yield, energy densification ratio, and energy yield.

Fig. 3. van-Krevelen diagram of native OMW, HTC-products, and other mate-
rials [17,24].
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oven at 55℃ for 24 h, then the calorific values were determined using
an IKA®C200 bomb calorimeter as illustrated in Fig. 7.

3. Results and discussion

3.1. Mass balance

Fig. 1 shows the percentages of the products from each experiment
under various water-sludge ratios and different reaction times. The
temperature was kept constant at 250℃ in all experiments to help vi-
sualize the effect of reaction time and water-sludge ratio at the highest
carbonization level possible. The gas percentage was calculated as a
difference.

Water promotes decarboxylation and consequently increasing water
contents increased CO2 production via carboxyl and carbonyl group
degradation [14,15]. This is also reported in similar studies where more
than 85% of the produced gas is CO2 [16,18]. As a result, when water-
sludge ratio increased, the generated gas improved to reach a maximum
weight percentage of 25% at a ratio of 9 and a reaction time of 8 h.

Water, moreover, acts as a catalyst, reactant, and solvent facilitating
hydrolysis, ionic condensation, and cleavage reactions [14,15]. Con-
sequently, as water-sludge ratio increased, the process reactions in-
tensified and reached equilibrium faster, promoting more degradation
of the organic waste and enhancing diffusion towards the liquid phase.
This is confirmed by the fact that the solid phase (hydrochar) decreased
from 15% at a water-sludge ratio of 1.5 and a reaction time of 2 h to
0.9% at a water-sludge ratio of 9 and a reaction time of 8 h.The liquid
phase percentage also slightly increased with the increase in water-
sludge ratio but decreased with the increase in reaction time due to the
higher evaporation rate.

As mentioned earlier, hydrolysis is the first main reaction in the
decomposition process. Hence, at low water-sludge ratio, the effect of
reaction time was negligible since the quantity of water was not enough
to completely degrade the biomass by hydrolysis. However, as the
water-sludge ratio increased to 3.5, the effect of reaction time became
clearer, as most of the biomass was hydrolyzed, and changes in the
percentages of the products from one reaction time value to another
became more apparent.

Fig. 4. TGA-FTIR results.

Fig. 5. Proximate analysis.
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On the other hand, the carbohydrates content in the raw materials
was very low at around 8% [1,21]. In Fig. 2, the maximum hydrochar
yield was less than 40% and decreased with the increase in reaction
time and water-sludge ratio resulting from degradation and diffusion of
organic materials in the solid phase towards the liquid phase.

3.2. Ultimate analysis

As shown in Table 1, the carbon percentage in the produced hy-
drochars was high (around 73%) and slightly varied with the change in
water-sludge ratio and reaction time. Compared to the raw material, the

carbon contents increased by a factor of 1.5. Hence, HTC process played
a key role in increasing the carbon percentage independently of the
reaction time and water-sludge ratio.

Furthermore, the oxygen content decreased with the increase in
reaction time and water-sludge ratio due to the rising degradation level
of the organic compounds. This is in agreement with the decrease in the
volatile matter contents as explained in the following section.
Compared to the raw material, with increasing reaction time and water-
sludge ratio, oxygen percentage fell sharply from 35% to 12.74% which
was a clear evidence of both degradation (mainly by hydrolysis and
decarboxylation of lignocellulose) and diffusion of the degraded

Fig. 6. SEM results a) 2 h - W/S= 1.5, b) 2 h - W/S=2.5, c) 2 h - W/S=3.5, d) 2 h - W/S= 5, e) 2 h - W/S=7, f) 2 h – W/S=9, g) 4 h – W/S=1.5, h) 4 h – W/
S=2.5, i) 4 h – W/S=3.5, j) 8 h – W/S=3.5, k) 8 h – W/S=9.
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compounds to the liquid phase. Nevertheless, hydrogen and nitrogen
percentages remained constant, as seen in other studies [18,22,23].

Metals content was deficient and slightly varied with the change in
reaction time and water-sludge ratio. Chlorine decreased mainly due to
dichlorination and diffusion of the hydrochars to the liquid phase
[18,22], and sulfur reached insignificant levels due to diffusion to the
liquid phase.

From the elemental analysis results, H/C and O/C atomic ratios
were calculated and plotted in Fig. 3. H/C ratio slightly varied whereas
O/C ratio was reduced by a factor of 2 with the increase in reaction
time and water-sludge ratio. Hence, decarboxylation reaction rate was
higher than dehydration as reported in previous works [18,22,23], but
both lead to the production of more aromatic compounds, which is also
reflected in previous works [5,18] and in the SEM results. The location
of the OOMW raw material in the Van-Krevelen diagram in Fig. 3 is
clear evidence of their biomass properties. However, the position of the
unsaturated hydrochars in the same diagram shows their unique char-
acteristics with high H/C and very low O/C atomic ratios. Conse-
quently, this leads to very high heating values and high carbon per-
centage compared to other materials (i.e. wood, coal, cellulose, etc.)
along with low volatile and moisture contents. This observation con-
firms the ultimate analysis, proximate analysis, and calorific value
measurements.

3.3. Proximate analysis

The cell walls of lignocellulosic biomass, such as olive oil mill waste,
are rich in hydroxyl groups so moisture can be absorbed to them [18].
Hence, with the rise of reaction time and temperature, these hydroxyl
groups degrade, mainly by hydrolysis followed by dehydration, si-
multaneously with the hydrolysis of hemicellulose and cellulose to
monosaccharides. Therefore, as in Fig. 5, the moisture that can be ab-
sorbed by the hydrochars decreased with the increase in reaction time.
On the other hand, as the water-sludge ratio increased, more water was
added to the system, and hence more moisture was retained in the
produced hydrochars.

The contact angle measurements averaged 50°, which confirms the
hydrophilic characteristic of the hydrochar. Accordingly, the TGA-FTIR
results, in Fig. 4, explain the hydrophilic nature of the hydrochar
showing different polar groups inside their pores since carboxylic acids,
ranging from hexanoic to decanoic acids, along with their derivatives,
and numerous ketones such as decan-one and its derivatives existed in
the hydrochars. Furthermore, oleic acid, which is a major derivative of
olive oil, was abundant in the hydrochars, and made the BET analysis
impossible without prior calcination. The average BET surface area was
found to be 18.16m2/g and the average pore size 325 Å (32.5 nm).
Therefore, this small surface area and pore size also confirms the hy-
drophilic and oleophilic nature of the hydrochars, since small pores

retain more water and small oily surface areas retain more oil on the
surface. As a result, moisture content in Fig. 5 is abundant; and it will be
difficult to use the hydrochar in the adsorption processes, but it could
be a good candidate for energy generation.

As reaction time increases, the level of biomass degradation by
hydrolysis, decarboxylation, and dehydration increases. Consequently,
from Fig. 5, hydrochar volatile matter decreased and fixed carbon in-
creased. On the other hand, biomass degradation and diffusion to the
liquid phase increases with increasing water-sludge ratio which de-
creased the hydrochar volatile matter and fixed carbon. Ash content
was not affected by the change in reaction time but slightly decreased
with the increase in water-sludge ratio showing the minor effect of
diffusion on the inorganic materials.

In Fig. 5, at the lowest operating condition (i.e. 2H - W/S= 1.5), the
volatile matter in the hydrochar was much higher (i.e. 62%) than in the
raw material (i.e. 19%). This sharp increase between the raw material
and the hydrochar at the lowest operating conditions is mainly due to
HTC reaction where degradation started to take place, and the organic
volatile materials began to form.

3.4. Scanning electron microscopy analysis

Fig. 6 illustrates the SEM results for various experimental condi-
tions.

All the images in Fig. 6 were taken at the microscale level. Ac-
cording to the Appendix, XRD results showed an amorphous structure
(Graphite) of the hydrochar in all samples. In Figs. 6a, 6b, 6c, 6 g, and
6 h, at low ratios, the amorphous structure was clear displaying layers
of carbon and organic materials, and the pores were absent. In Figs. 6d,
e, f, i, j, and k, as more water was added to the apparatus, degradation
and dissolution of the organic compounds increased, specifically due to
hydrolysis, decarboxylation and aromatization reactions. In addition,
adding water to the reaction promoted the ion mechanism pathway
along with polymerization and aromatization reactions [14,15]. As a
result, the absolute carbon loss per unit mass of feedstock to the liquid
phase rose and microspheres in the form of fibers and aromatic chains
started to appear and form pores.

On the other hand, as reaction time increased, the degradation ef-
fect enhanced and fibers started to form at a lower water-sludge ratio.
From SEM images, fibers started to appear at a water-sludge ratio of 5
with 2 h reaction time (Fig. 6d) while the amorphous structure was still
evident at a water-sludge ratio of 3.5 (Fig. 6c). However, as the reaction
time increased to 4 h and 8 h, fibers started to appear at a ratio of 3.5
(Figs. 6i and j). As a result, operating HTC at the lowest operating
condition values would better conserve the amorphous structure and
carbon contents of the produced hydrochars.

3.5. Energy contents

According to Fig. 7, the hydrochar energy values slightly changed
from one sample to another, with an average value of 35MJ/kg,
leading to a small change in the energy densification ratio that was
around 184% (on average). This behavior is directly related to the high
carbon contents, that averaged 73% and slightly increased between the
samples.

Compared to pure carbon, (32.8MJ/kg) [24] and to Benavente et al.
findings (33.21MJ/kg) [18], the calorific values of the hydrochars were
slightly higher (35MJ/kg on average), due to the retention of oil inside
the hydrochar pores and onto their surface as shown in the FTIR and
BET analysis.

HTC process approximately doubled the energy content of the solid
residue from 10MJ/kg to around 36MJ/kg, even at a short reaction
time and a low water-sludge ratio. Moreover, the decrease in energy
yield with the increase in operating condition values, in Fig. 1, was
proportional to the decrease in hydrochar yield. Consequently, it would

Fig. 7. Higher heating values.
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be preferable to evaporate water from the raw materials prior to HTC
and to operate the process at the lowest water-sludge ratio possible,
with low reaction time, and at the highest temperature.

4. Conclusion

The main aim of this work was to treat olive oil mill wastewater by
hydrothermal carbonization before disposal in the absence of any ad-
ditional reagents, and to transform the waste into a profitable bioenergy
feedstock hydrochar. Amorphous structure and low moisture contents
of the hydrochars were obtained at the lowest water-sludge ratio while
carbon percentage and calorific values were significantly high and
slightly affected by the change in operating condition values. Moreover,
hydrochar quality and energy yield increased with the decrease in the

water-sludge ratio while reaction time slightly affected the hydrochar
properties at low ratios. Hence, it would be better to evaporate the
water from the raw materials prior to HTC treatment and to operate the
process at the lowest water-sludge ratio possible, with low reaction
time, and at the highest temperature to obtain hydrochars with best
characteristics. In that case, an economic analysis should be included
due to the high evaporation cost.
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Appendix A. XRD analysis

The signals in Fig. A1 refer to a highly amorphous material structure. This is explained by the excessive presence of carbon in the solid product,
which prohibits any crystalline structure [25]. In addition, according to literature [26,27], HTC destroys any crystal structure in the raw material due
to the degradation of cellulose that starts at a temperature of 220℃, which is less than the operating temperature of 250℃. Fig. A1 shows the
behavior of a solid sample at a water-sludge ratio of 3.5 and a reaction time of 8 h, similar to all the other samples. The small peak between 16° and
24° relates to graphite structure. Graphite is the most stable crystalline allotrope of carbon. Its characteristic peak is at 26.5°, but it was shifted to the
left due to the oxygen functionalities coming from the polar groups that were retained in the hydrochars. This is similarly shown in the FTIR and
ultimate analysis results. In addition, this is in accordance with the amorphous layers at low operating conditions and filament structures at higher
operating conditions, as identified in the SEM analysis.
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