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ARTICLE INFO ABSTRACT

Keywords: The effects of operating conditions (temperature, residence time, and water contents) of hydrothermal carbon-

HydrOChé}rS ) ization (HTC) of spent mushroom compost (SMC) waste on the hydrochars (HCs) and liquid effluent charac-

Eegrada“"" mechanism teristics were experimentally revised and ranked in increasing order: residence time < dilution factor <
nergy

temperature. HTC upgraded the energy capabilities by doubling their heating values and increasing their fixed
carbon contents four times. HTC also enhanced the soil amendment characteristics of SMC feedstock in terms of
increasing the adsorption polar heads concentration, enriching its calcium and heavy metals contents after a
thorough inorganic contents evaluation, doubling the surface area and increasing the pore size by a factor of five.
When compared against biocoal from torrefaction in another study, HCs contained less toxic oxygenated com-
pounds and had an 11% higher HHV at lower temperature (i.e. lower energy cost). On the other hand, HCs
showed higher surface area (25 m2/g at 250 °C in HTC compared to 16 m?/g at 550 °C in pyrolysis), close
adsorption characteristic, and comparable energy capabilities (22.72 MJ/kg at 700 °Cs in pyrolysis compared to
20.7 MJ/kg at 250 °C in HTC) to pyrolysis at significantly lower temperature. GCMS along with UV were used to
verify the reviewed degradation mechanism and evaluate the effect of process parameters on this mechanism and
on the composition and toxicity of the HTC liquid effluent. They showed that acetic and formic acids, ethanol,
phenol, and acetaldehyde were the major compounds that had resulted from the degradation of cellulose,
hemicellulose, and lignin. Their concentrations increased with temperature and residence time, but was
dependent on temperature in the case of increasing the dilution factor. Nevertheless, HTC degradation enhanced
the total acids-phenols concentration in the liquid effluent by 700%.

Total acid-phenol
Soil amendment

1. Introduction animals, such as pigs, beef, rabbits, etc. [5]; and can easily replace crude

feeds such as grain and bran. However, it needs to be stabilized and

The global mushroom market was around 12.74 million tons in 2018
and is projected to reach 20.84 million tons by 2026 [1]. On average, 5
kg of compost are needed to produce 1 kg of mushroom [2,3]. Hence,
63.7 million tons of spent mushroom compost (SMC) waste were
generated in 2018, and this number is expected to reach around 104
million tons by 2026. In general, SMC is a mixture of poultry litter,
straw, gypsum, peat, lime and some additives [2,4]. However, its
composition differs due to variations in substrate ingredients, substrate
preparation method, and type of cultivated mushrooms [4].

Due to its high straw contents along with vitamins and essential
amino acids, SMC is used as a cheap and nutritional feedstock for
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neutralized by fermentation prior to its usage as feedbuff, which incur
significant costs [6]. This is due to its high organic matters that can reach
as high as 64 wt% while the rest is inorganic matter (between 8 wt% and
20 wt%) which is highly affluent with calcium, phosphorus and sulfur
[2,4]. SMC can also be fermented along with specific additives, such as
urea, sesame residue, chicken manure, and other microorganism, to
produce soil fertilizers [7]. It can also serve as adsorbing material for
heavy metal in wastewaters [8]. Furthermore, SMC is rich in nutrients
that provide basis for long-term propagation of methane-producing
bacteria, and hence making it a good candidate for methane produc-
tion in anaerobic digestion (AD) [9,10].
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SMC residue is cheaper and more effective than artificial fertilizers
for poor soils [11-13]. It is highly rich in organic matter and nutrients,
specifically phosphorus. In addition, it is characterized by its slow nu-
trients release and its relatively porous medium that can enhance the
structure of the soil that is amended to [14]. However, excessive use of
SMC as soil fertilizer, to get rid of its massive amount, can lead to
nutrient losing (i.e. total direct dissolution of nutrients in the soil) that
leads to excess enrichment of soil in phosphorous, aluminum, sodium,
etc. and causes water and soil pollution [12,15,16]. Furthermore, SMC
leachate contains a significant amount of inorganic salts and dissolved
organic carbon that can migrate to the soil surface and block it [17]. The
characteristics of this leachate are problematic for both soil amendment
and landfilling disposal strategies.

Bioethanol production via hydrolysis with acids and bases [18],
biogas production [19], enzyme recovery [13], bioremediation [20,21],
and energy feedstock [22,23] are other techniques used for SMC waste
disposal. It should be noted that SMC low heating values and high ni-
trogen contents increases NOx emissions and hinder its application in
incineration as a disposal method [13,24]. Compared with dry com-
bustion for instance, McCahey et al. [25] have found that SMC appli-
cation in a fixed grate was not successful due to the high moisture and
high oxygen of SMC waste that highly affected the ignition temperature
and the required air supply. In addition, they have found that SMC
combustion in a fluidized bed was indeed possible but at the expenses of
high cost pre-drying step achieved by pre-heating the fluidizing air and
adding an auxiliary fuel [25]. This additional drying cost increased the
total cost of combustion to 10 £/ton compared with the one of landfilling
at 5 £/ton [25]. Moreover, the high nitrogen, sulfur, and inorganic
contents (which reached 30 wt% on a dry basis) in combustion mode
imposed a very high NOx, SOx, HCl, and KCl toxic gaseous emissions
[25].

Biochar is a carbon-rich pyrolysis product that contributes to soil
aggregation and has the ability to increase the water holding capacity
and the organic contents of the soil [26]. It can also prevent the leaching
of nitrogen, phosphate and organics when added as a compost to the soil,
and hence regulate and solve the leachate main problems [27-30]. In a
recent study by Lou et al. [12], they compared the nutrients conserva-
tion between raw SMC and biochar made from SMC pyrolysis at various
temperatures (550 °C-600 °C, 650 °C-700 °C, and 750 °C-800 °C).
Accordingly, they have found that the surface area was 16m?%/g at a
pyrolysis temperature of 550 °C and it drastically increased (around
1800% at a temperature of 800 °C) along with the pore volume while the
pore size decreased, with the increase in pyrolysis temperature. Hence,
the produced biochar decreased the release of nitrogen, phosphorus, and
COD loss (i.e. leaching) into the soil. However, due to the high moisture
content of SMC, a pretreatment evaporation step was required prior to
pyrolysis, which would add significant energy cost to the process and
decrease its efficiency. Furthermore, the produced biochars were still
high in phosphorus and sulfur for any possible soil application. In
another study conducted by Ma et al. [31], SMC were pyrolyzed at
400 °C, 500 °C, 600 °C, and 700 °C for 2 h each in a nitrogen atmo-
sphere. They have found that the surface area at 500 °C was around 13
m?/g, and the heating values of the biochar increased around 30% with
the increase in temperature.

On the other hand, SMC can be torrefied to produce biocoal, which is
a good energy source alternative. In a recent study by Sygula et al. [24],
SMC was torrefied for 20 min, 40 min, and 60 min at various tempera-
tures (i.e. 200 °C, 220 °C, 240 °C, 260 °C, 280 °C, and 300 °C) to produce
biocoal with higher energy content. They have found that the mass yield
decreased with temperature and time but remained above 85% on a dry
basis (db). In addition, at their optimum operating condition of 280 °C
and 60 min, biocoal reached its highest HHV of 17.9 MJ/kg. Due to a
high biocoal mass yield, the process was able to achieve 120% of energy
yield. However, this high mass yield meant that most of the organic
matter were retained in the produced biocoal in a less complex structure,
such as enols and ketones derivatives, which can be problematic if
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biocoal is applied as a soil amendment.

Hydrothermal carbonization (HTC) is a treatment technique that
uses water at high temperature (i.e. 180 °C-275 °C) and pressure (up to
around 50 bars) to degrade the organic waste and mainly produce a solid
product, called hydrochar (HC). HC is richer in inorganic materials [32]
and less toxic than the original feedstock [33]. It can be used as a clean
energy source [34-36], for soil amendment [33], and as a sorbent in
water treatment processes [37]. In addition, the liquid effluent of HTC is
rich in phenols that have good potentials in food, cosmetics, and phar-
maceutical applications [35,38]. Due to its low mass fraction (i.e. less
than 10 wt%), the gas product is generally disposed of in nature despite
its affluence in carbon dioxide (CO>) [35,39].

The 2009/28/WE (23 April 2009) [40] indicates the possibility of
considering SMC as biomass, and in consequence, the energy produced
from SMC as energy from a renewable source. However, due to the high
moisture, SMC is considered as fuel with low calorific value and its
application in thermochemical valorization techniques is challenging.

When applied on wet feedstock, HTC provides higher thermal effi-
ciency, significantly lower organic contents, lower activation energy,
and lower pollutant emissions when compared to the other thermal
treatment techniques [41-44]. Several recent studies showed that it was
possible to reach around 50% energy savings by using HTC over py-
rolysis and torrefaction to treat wet biomass (i.e. >50 wt% moisture
content) [39,41-43]. As aresult, HTC is an ideal treatment candidate for
SMC that has a high moisture content of more than 60 wt%, where water
acts as a core factor in the degradation reactions. Higher operating
temperatures (i.e. 220 °C-275 °C) are preferred in HTC since low tem-
perature range is generally and leads to hydrochar with low carbon
content and low heating values [45-47]. In addition, short residence
time (i.e. <3 h) is more economical for the HTC process at the expenses
of possibly having incomplete degradation and low carbonization level
[34,38,48,49]. Hence, operating HTC at both short and long residence
time is needed to provide a full assessment of this treatment technique
with respect to the used feedstock.

In this research, HTC experiments were carried out at various com-
binations of two different temperatures (225 °C and 250 °C), two resi-
dence times (2 h and 4 h) and four dilution factors (i.e. distilled water/
dry SMC of 5, 12, 16 and 30). Several novel key points are presented in
this work and can be highlighted as follow. First, it is the first time in
literature that such a full and detailed characterization for the solid and
liquid products is carried out at each combination of operating condi-
tions. An important aim of this was to rank the operating conditions in
terms of their effects on the products. Second, the upgraded energy ca-
pabilities of HTC were compared against torrefaction using the findings
of Sygula et al. [24] and against pyrolysis using the research of Ma et al.
[31]. Third, the adsorption and soil application characteristics of the
produced hydrochars were assessed with respect to biochars produced
from pyrolysis in the studies of Lou et al. [12] and Ma et al. [31], which
to our knowledge, these comparisons were never conducted before for
this type of waste. Comparison between the treatment techniques was
possible since SMC ultimate and proximate analysis along with HHV in
this work were close to the ones found in the work of Sygula et al. [24]
and Ma et al. [31]. Lou et al. [12] did not present any of these analysis in
their work but their final findings were already close to the ones of Ma
et al. [31]. Forth, the degradation mechanism of hemicellulose, cellu-
lose, proteins, and lignin, though it is well known in literature, was
reviewed in this work and originally applied on SMC. Then, GCMS
qualitative and quantitative along with UV analyses were presented to
verify this mechanism and evaluate the effect of the studied process
parameters on both decomposition and liquid phase constituents and
toxicity, prior to proposing several disposal techniques for this HTC
toxic effluent.
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2. Materials and methods
2.1. Materials and chemicals

Raw SMC were provided from a local processing factory in Ireland.
They were preserved in a fridge at 4 °C, and their moisture content was
checked on a weekly basis for consistency. Prior to each experiment,
SMCs were fully dried and a specific amount of distilled water was added
to the feedstock according to the applied dilution factor. Pure ethyl
acetate, acetone and hexane (according to each method, described later)
were used for extraction prior to GC-MS liquid phase analysis. Folin-
Ciocalteu reagent 0.2 N (Sigma-Aldrich) was also used as a colour in-
dicator for the total phenol-acid quantification with pure powder Gallic
acid (Sigma-Aldrich) as internal standard.

2.2. HTC experimental procedure

Experiments were carried out in triplicates in an 8 dm®, electrically
heated, glass lined, high-pressure PARR reactor. A fixed 500 g of SMC
were placed in the reactor and water was added to them according to the
dilution factor of 5, 12, 16, and 30. The reactor is then closed and sealed
without nitrogen purge. The reactor pressure was not controlled in the
experiments and was kept autogenic with water vapor pressure at set
point temperature; however, it ranged between 12 and 17 bars
depending on the filled volume of the reactor and the applied temper-
ature. The heating rate was fixed to 3 °C/min and the retention time was
taken when the reactor reached the set point operating temperature. The
maximum operating temperature of the reactor, which was 250 °C,
limited the highest operating temperature of this study. After
completing each experiment, the reactor was immersed in a cold bath to
cool down the apparatus and stop the reaction (quenched cooling), after
which the pressure valve was opened to release any gases. A vacuum
pump along with a DP 400110 filter paper were used to separate the
remaining solid-liquid mixture. The mass of both solid and liquid
products was measured, and samples were stored at 4 °C before further
analysis.

2.3. Analytical methods

According to European standards EN 14774-3:2009, the moisture
content was calculated from the total weight loss of samples placed in an
oven at 105 °C. The ash content and the volatile matter were obtained
according 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.

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

_ Dry Solid Product weight

HY = 1 1
(%) Dry Sludge weight x 100 M
HHV
EDR (%) = ———2% % 100 )
HHYV gap
HY x EDR
EY (%) = 00 3

HHVycgp and HHVRggp, are the higher heating values (on a dry basis)
of HC and SMC raw materials (R) (on a dry basis), respectively. HCs were
dried in the oven at 55 °C for 24 h. Then, the HHV were determined
using an IKA®C200 bomb calorimeter.

A Variocube CHNS elemental analyzer was used for the ultimate
analysis of HCs. Oxygen was determined by difference. A scanning
electron microscope (SEM MIRA 3 LMU Tescan, Czech Republic) and the
software for image analysis of the micrographs (Tescan Software, Czech
Republic) were used to determine the surface morphology of the solid
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samples and evaluate the ash and mineral compositions. Readings from
energy dispersive X-ray analyzer (EDX) were taken ten times in various
fragments of the sample surface and the average was calculated and
presented in Table 1. Crystal structures of each sample were analyzed by
a Bruker X-Ray Diffraction (XRD) instrument. The composition of the
volatile matter of the HCs was evaluated using an Agilent Carry 630
Fourier-transform infrared spectroscopy (FTIR). The FTIR library and
other literature sources [50] were used for peak identification.

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

2.4. Polar compounds characterization in the liquid phase

A liquid-liquid extraction method for the acids-phenols from the
liquid effluents was applied prior to their determination by GC-MS. 8
cm® of each liquid sample were acidified with hydrochloric acid to reach
a pH of 2. The solution was left for 1 h at room temperature. It was then
centrifuged at 6000 rpm for 20 min. After centrifugation, the superna-
tant was extracted with 8 cm® of ethyl acetate at room temperature for
24 h at 600 rpm and then filtered using a pipette supported with a filter.

GC-MS analysis was performed using a 5975C GC MSD gas chro-
matograph mass spectrometry from Agilent Technologies equipped with
an Agilent HP-5MS capillary column (30 m x 0.25 mm x 0.25 pm). The
column temperature was initially held at 45 °C for 3 min, then ramped to
230 °C at 3 °C/min rate with 10 min hold time; from 230 °C to 280 °C at
a rate of 20 °C/min then with a final hold time of 3 min. Helium was
used as the carrier gas and the column head pressure was maintained at
12 psi (83 kPa). The injector and detector temperatures were maintained
at 250 °C and 300 °C, respectively, and the injection volume was 1 mm?>
in splitless mode. The interface temperature was held at 250 °C. Mass
spectra were scanned from 30 m/z to 500 m/z at a rate of 1.5 scans/s
with an electron impact ionization energy of 70 eV, and each peak was
analyzed using the MS library. The weight percentage of the main
compounds in the liquid phase was calculated semi-quantitatively using
Avalon area integration method.

A second method was used to quantify the total phenols-acids in the
samples. Folin-Ciocalteu reagent reacts with phenolic and non-phenolic
reducing substances to form chromogens that can be detected spectro-
photometrically [51,52]. Gallic acid was taken as internal standard since
any Interaction with it was found to be equivalent to most other phenolic
compounds in organic materials [51,52]. Hence, a calibration curve was
created using Folin-Ciocalteu reagent along with gallic acid as internal
standard [38,53], and a linear equation, with an error of less than 5%,
was found of the form:

Absorbance = 9 x 107* x Concentration (€))

Afterwards, 2.5 cm® of 0.2 N Folin-Ciocalteu reagent were added to
0.5 cm? of each HTC experiment liquid product. The mixture was then
kept in the dark for 5 min then 2 cm® of calcium carbonate (75 g/dms)
were added to neutralize it. At that point, 10 cm® of distillate water were
added to reach a total sample volume of 15 cm®, and the solution was
again kept in the dark for 1 h. Each sample was syringe filtered using a 5
cm? syringe; and a spectrometer was used to measure the absorbance at
610 nm of each sample. Using calibration eq.(4), the approximate con-
centration of the total acids-phenols content in Gallic acid was calcu-
lated for each sample.
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Table 1
Hydrochars elemental composition at different operating conditions (All in wt% on as received basis with STD +4).
Dilution C H N o] Na Mg Al Si P S cl K Ca Fe Ni Cu
factor
Raw materials (SMC as 30.80 420 127 5317 02 014 004 112 1.06 312 025 174 1.68 023 037 0.61
received)
Hydrochar 225 °C/2 h 5 3114 280 192 5798 004 053 036 119 0 061 007 014 242 025 029 0.26
12 331 293 179 5403 003 08l 04 133 0 073 009 041 281 022 026 0.25
16 37.69 3.21 203 49.02 006 051 024 166 0 1.3 008 021 322 023 026 028
30 3852 355 1.80 4629 009 079 037 122 0 1.29 0.08 0.1 515 023 024 028
Hydrochar 250 °C/2 h 5 31.06 267 167 5767 011 038 022 115 0 068 011 047 291 024 042 024
12 40.13 296 198 4761 017 052 027 091 O 0.89 0.09 041 315 022 035 0.34
16 4127 331 222 4466 0.15 048 025 056 0 091 0.03 034 494 025 036 027
30 4333 332 238 4075 0.08 062 023 077 0 097 0.08 024 637 024 028 0.34
Hydrochar 250 °C/4 h 5 3679 298 231 5068 003 033 013 114 0 145 005 031 308 025 025 022
12 3831 310 236 4834 004 041 019 118 0 172 009 014 335 022 026 0.29
16 3830 298 177 4814 005 053 029 086 0 1.59 007 018 463 019 021 0.21
30 5354 420 176 30.11 0.04 075 022 073 0 149 003 015 619 021 029 0.29
2.5. Non-polar compounds characterization in the liquid product
160 %
For hydrocarbon determination by GC-MS, another extraction 140
method was applied. 15 cm® of acetone-hexane mixture (1:1 ratio) were 120 T & 1 H : z 20
added to 3 cm® of liquid sample. The mixture was vortexed for 10 min S 100 z =
and centrifuged for 5 min at 4700 rpm. It was then syringe filtered using é 0 3 rL s
a 0.2 mm filter. The permeate was centrifuged again for 5 min at 4700 > % £j f«
rpm. 50 cm® of the permeate were added to 950 cm® of hexane. The new E 60 | = = roz
mixture was centrifuged for 10 min and injected in the GC-MS. T o0 |E ? i i
The GC-MS analysis was performed using a 5975C GC MSD gas E £ z Al S
chromatograph mass spectrometry from Agilent Technologies equipped 20 E E = E:
with an Agilent SLB-5 ms capillary column (20 m x 0.18 mm x 0.18 0 = == = =0
pm). The column temperature was initially held at 50 °C for 1 min, then 5 12 1 305 12 16 305 12 16 30
ramped to 325 °C at 20 °C/min rate with a hold time of 6 min. Helium Hydrochar 225°C/2h | Hydrochar250°C/2h | Hydrochar 250°C/ 4h
was used as the carrier gas with a flow of 1.4 cm®/min. The injector and =——=HY oo EY EDR HHV (MJ/kg)

detector temperatures were both maintained at 325 °C, and the injection
volume was 1 mm? in splitless mode. The interface temperature was also
held at 325 °C. Mass spectra were scanned from 30 m/z to 500 m/z at a
rate of 1.5 scans/s and the data was processed using the MS library.

3. Results and discussion
3.1. Hydrochar analysis

The measured weight percentage of hemicellulose, cellulose, and
lignin in the used SMC feedstock was found to be 19 wt%, 38 wt%, and
25 wt%, on a dry basis respectively. Under hydrothermal conditions, the
degradation mechanism was initiated by hydrolysis reaction, which was
favored and intensified with the increase in operating conditions.
Dilution factor (DF) mainly affects hydrolysis reaction since water acts
as a solvent, reactant, and catalyst in the degradation process [33,34].
Hydrolysis is then followed by decarboxylation, dehydration and
aromatization [38]. According to Libra et al., hemicellulose usually
starts to decompose between 180 °C and 200 °C, most of the lignin be-
tween 180 °C and 220 °C, and cellulose above 220 °C [33]. As a result, a
temperature of 225 °C is not enough to significantly initiate cellulose
hydrolysis and to enhance the carbonization level. This was observed by
comparing the raw material with the produced hydrochars at 225 °C and
2 h reaction time. There was a slight change of the carbon and oxygen
percentages that were in the range of 30 wt% and 50 wt%, respectively
(Table 1), along with the HHV and EDR that were around 13 MJ/kg and
90% (Fig. 1). At low dilution factor (i.e. 5 and 12) at 225 °C, degradation
was insignificant since all the hydrochar properties were close to those
of the SMC feedstock (Fig. 1 and Table 1). Similarly, the solid weight
percentages slightly decreased (Fig. 2).

However, as the temperature was increased to 250 °C, degradation
significantly increased and intensified by further increasing the resi-
dence time and dilution factor. Carbonization level increased and

Fig. 1. Hydrochars yields (HY), energy yield (EY), energy densification ration
(EDR) and heating values (HHV), at different operating conditions.

100 (== == == == m m= w me m= w= me =
9 ‘ — .,
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= e

Weight Percentage (wt.%)

0 I ¥

5 12 16 30 5 12 16 30 5 12 16 30

225°C/2h 250°C/ 2h 250°C/ 4h

Solid 11Liquid = Gas

Fig. 2. Total mass balance in each sample.

complex compounds, specifically cellulose, started to degrade in the
presence of water by hydrolysis to produce esters, ketones, acids, phe-
nols, aldehydes, and alcohols. These products could diffuse into the
liquid phase or directly evaporate into the gaseous phase in the form of
COq, HyS, and SOx, after undergoing dehydration and decarboxylation.
As shown in Fig. 2, the solid (i.e. hydrochar) weight percentage
decreased to a value as low as 1 wt% while the gaseous percentage
increased to reach a maximum value of around 15 wt%. In addition,
carbon percentage (Table 1), fixed carbon (Table 2), HHV and EDR
(Fig. 1) of HCs increased to reach 53 wt%, 20 wt%gp, 21 MJ/kg and
155%, respectively. On the contrary, oxygen percentage (Table 1),
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Table 2
Hydrochar proximate analysis, surface area, pore volume, and water contact angle at different operating conditions.
Dilution Moisture Volatile matter Ash Fixed Surface Pore Pore Contact
factor Content content carbon area volume size angle
wt% wt% on a dry m%/g mm®/g A Degree
basis
Raw material (SMC as 62.30 66.5 28.01 5.49
received)
Hydrochar 225 °C/2 h 5 78.00 60.61 28.00 11.39 11.73 160.65 39.65 77.20
12 76.75 56.99 31.54 11.47 12.21 186.96 55.85 75.40
16 73.67 54.03 30.57 15.40 15.86 188.67 155.44 76.80
30 68.00 53.34 30.75 15.91 17.70 203.73 189.83 79.40
Hydrochar 250 °C/2 h 5 75.67 58.90 28.50 12.60 14.96 162.75 134.77 78.10
12 74.33 54.16 28.50 17.34 17.30 177.44 183.23 76.30
16 72.25 53.52 30.75 15.73 20.43 185.78 201.33 75.30
30 69.50 50.00 33.50 16.50 21.33 216.28 206.61 79.80
Hydrochar 250 °C/4 h 5 75.25 53.54 29.25 17.21 15.32 191.56 143.33 78.90
12 73.50 52.94 29.75 17.31 17.29 201.24 183.06 76.20
16 70.67 51.14 30.02 18.84 21.51 229.08 207.37 75.70
30 66.50 48.84 31.00 20.16 25.24 237.66 220.09 77.50
volatile matter (Table 2), and hydrochar yield (Fig. 1) decreased to 34 wt
%, 48 wt%qp, and 40%, respectively. The fragmentation degree also 16 De“a’b‘”‘y'a“‘)"_._
increased in the SEM results in Appendix B due to the increased reac- 1.4 Ay\\
tivity and degradation at 250 °C with the increase in residence time = Dehydration bemetination _Biomass .-
(Fig. B.1.e vs Fig. B.1.i at DF5, Fig. B.1.f vs Fig. B.1.j at DF12, Fig. B.1.g 2 2 . -
vs Fig. B.1.k at DF16, and Fig. B.1.h vs Fig. B.1.1 at DF30) and certainly 2 1 - N
dilution factor (Fig. B.1.e to 3.h at 2 h and Figs. B.1.i to 3.1 at 4 h). Q 0.8 + +
At constant temperature of 250 °C and constant residence time of 2 h, T o6
the percentage increase of carbon between a DF of 5 and a DF of 30 was € /f — Lignite
39.5% while the percentage decrease of oxygen was 29.34% (Table 1). 2 o4 [ Coal SMC Feedstock +HCat 225°C
In parallel, at constant temperature of 250 °C and constant DF of 30, the 0.2 b/ Antracite * :ecai;iioggthways @ HCat dilution factor 30
percentage increase of carbon between 2 h and 4 h was 23.56% and the

percentage decrease of oxygen was 26.11% (Table 1). Similarly, at

250 °C and 2 h, the percentage decrease of HY was 37.25% between a DF

of 5 and a DF of 30 while it was 14.68% between 2 h and 4 h at 250 °C

and a DF of 30 (Fig. 1). Consequently, dilution factor effect on carbon-

ization level was higher than residence time. As a result, the effects of

operating conditions can be ranked in the increasing order of:
residence time < dilution factor < temperature.

HTC was able to increase at least 4 times the fixed carbon of SMC
from 5 wt%gp in the feedstock to 20 wt%qp in HC (Table 2). It also
increased by a factor of 1.5 the weight percentages of carbon and
decreased oxygen by the same factor (Table 1). This led to doubling the
HHYV from 13 MJ/kg for SMC feedstock to 20 MJ/kg in the HCs (Fig. 1).
The decrease in the fixed carbon with the increase in dilution factor, in
Table 2, was mainly due to dilution and diffusion, especially due to the
slightly hydrophilic nature of the HCs. The decrease in the energy yield
as the operating conditions increased at 250 °C, in Fig. 1, was mainly due
to the decrease in the HC yield and not HHV. The cell walls of the
lignocellulose SMC biomass are composed mainly of cellulose, hemi-
cellulose, and lignin, thus are rich in hydroxyl group that absorb mois-
ture contents [34,39]. Hence, with the increase in temperature,
residence time and dilution factor, cellulose and hemicellulose degra-
dation intensified leading to a destruction of this highly rich hydroxyl
group in the cell wall and thus to a decrease in the moisture content
(Table 2).

In Fig. 3, and according to the Van-Krevelen diagram, the high O/C
ratio is a clear evidence of the high organic content of SMC that
generally can reach 64 wt% [4]. This is validated by its low HHV (i.e.
around 13.1 MJ/kg). The reaction pathway (red dotted lines) clearly
included both decarboxylation and dehydration and excluded deme-
thanation. H/C sharply decreased directly when HTC was applied then
slightly varied with the change in operating conditions while O/C
significantly decreased with the increase in temperature, residence time,
and dilution factor. Hence, dehydration took place at the beginning of
the degradation mechanism after hydrolysis, while decarboxylation

0 0.5 1 15 2
Atomic O/C ratio

Fig. 3. Van-Krevelen diagram for the SMC and the produced hydrochars.

affected the carbonization level all along the degradation pathways and
was intensified with operating conditions enhancement.

It should be noted that decarboxylation was mostly affected by the
dilution factor, which was validated by both the van-Krevelen diagram
and HHV values. At high dilution factors of 16 and 30, O/C significantly
decreased and HCs became close to the biomass region. In a similar
fashion, at these same dilution factors, HHV of HCs increased to the
range of 15 MJ/kg (Fig. 1), which is close to that of wood and biomass
[54]. HCs even reached the peat region in the van-Krevelen with a HHV
of 20.7 MJ/kg (Figs. 1 & Fig. 3) [54]. However, this dependency of
decarboxylation on dilution factor took place just at 250 °C since
decarboxylation always proceeds cellulose hydrolysis that occurs at a
temperature higher than 230 °C.

Compared to torrefaction [24], at lower temperature (i.e. <275 °C),
HTC produced HCs with HHV in the range of biocoal (i.e. 15 MJ/kg)
(Fig. 1) and even higher than biocoal with a value of 20 MJ/kg at a
dilution factor of 30 (Fig. 1). As a result, the HTC of SMC was able to
provide an enhanced solid product that can be used as a good energy
source at lower process energy demand when compared to torrefaction.
Compared to the work of Ma et al. [31], the heating values of the py-
rolyzed biochar increased from 17.32 MJ/kg to 22.72 MJ/kg as the
pyrolysis temperature increased from 400 °C to 700 °C. However, HCs
produced by HTC reached 20.7 MJ/kg at 250 °C, which was at third the
pyrolysis temperature. Hence, HTC was also able to highly compete with
pyrolysis in terms of producing materials with higher energy capabilities
at significantly less energy, as the HTC process does not require a pre-
drying step.

According to Table 1, HTC was able to resolve the leachate and soil
application issues of SMC that lies in its high sulfur and phosphorus
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concentrations by providing HCs neutralized from these two elements.
During hydrothermal degradation, the aromatic structure of the
hydrochar increased and the conversion of organic sulfur into (S04)*~
was enhanced [55,56]. With the high concentration of calcium in the ash
of SMC, sulfur reacted with calcium to form calcium sulfate that
remained in the hydrochar due to its strong ion-ion bond coupled with a
covalent bond that makes it insoluble in water. Calcium sulfate was
evident in the XRD results as the only crystal structure in the form of
anhydride in all HCs. SEM results, in Appendix B, also showed the an-
hydride cubic crystal structure on top of the amorphous carbon layer in
the HC at different operating conditions. Another pathway for sulfur
depletion is its lower affinity to oxygen than to carbon and hydrogen,
which might cause its direct release into the gaseous phase as HoS and
SOy [35,57,58]. In parallel, HCs at the various operating conditions
showed a slightly hydrophilic characteristic with a contact angle varying
between 70° and 75° (Table 2). Phosphorus is also hydrophilic due to its
high negative polar head. Consequently, due to the significant dilution
factors applied in this work, phosphorus totally diffused into the liquid
phase and was absent in the HCs. Some might argue that phosphorus is
an element highly needed for soil amendment. However, excess phos-
phorus reduces the plant ability to take up the required micronutrients,
and hence can lead to poor grow and death [59]. In addition, phos-
phorus stays in soil for a long period and lead to water pollution [59].
Furthermore, the adequate phosphorus weight percentage of phos-
phorus in soil is around 0.003% [60], which is significantly higher than
the 1.09 wt% in the SMC feedstock (Table 1). Hence, applying HCs to
soil then adding separately phosphorus is much better than SMC direct
soil application.

HCs application to the soil can alter its heavy metals concentration
that is fundamental to be controlled. High heavy metals contents can
decrease the crop production due to their risk of bioaccumulation and
bio-magnification in the food chain along with contaminating the su-
perficial and groundwater. The target values of the most important
heavy metals in the soil were reported by Riley et al. [61] as followed:
0.014 wt% for nickel (Ni), 0.00003 wt% for copper (Cu), 0.01 wt% for
cadmium (Cd), 0.0035 wt% for lead (Pb), 0.02 wt% for arsenic (As),
0.002 wt% for chromium (Cr), and 0.0085 for mercury (Hg). According
to Table 1, even though HTC treatment was able to decrease Ni amount
by 25% and Cu amount by 65%, their concentrations were significantly
higher than the aforementioned limits. Hence, a heavy metals treatment
is needed prior to using the HCs as a soil amendment material.

Several techniques are being used or still under development to treat
and control the heavy metals contents in the soil. Their cost and effec-
tiveness depend on several factors, such as the metal to be removed in
terms of type and concentration, the type and scale of the contaminated
soil, the type of the treatment agent and technique, etc. [62]. Immobi-
lization is an easy and low cost treatment technique in which an organic
or inorganic amendment material, such as clay, cement, zeolites, etc., is
used to precipitate and absorb the heavy metal in the soil [63,64]. For
instance, recent low-cost industrial residues are highlighted as good
potentials to be used in immobilization techniques, such as Termitaria
[65], industrial eggshell [66], and red mud [67]. Soil washing is another
treatment technique that uses acids and special binding chemicals in
aqueous solution to wash out the heavy metals from the soil [68].
However, the main disadvantage of these two techniques is that they
generate a significant amount of solid waste, twice as large as the initial
volume after processing, which should be disposed in special landfills at
additional cost [69]. Electroremediation uses a high current to
neutralize the heavy metals in the soil then wash them out with water
[70]. Nevertheless, the cost of applying this technique is very high [70].
Phytoremediation is an emerging excellent treatment technique that
uses vegetation and associated microbiota, called hyperaccumulators, to
remove and contain various heavy metals [69,71]. More than 450 plant
species have been identified as hyperaccumulators, such as Thalaspi,
Arabidopsis, Brassicaceae, Cyperacea, etc. [71]. They usually use their
roots to gather the heavy metals using ion channels and metal transport
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proteins, and store them in their vacuoles and cell walls to detoxify
them. Soil washing cost can vary between 150% and 250$ per ton while
the one of phytoremediation varies between 10$ and 35$ per ton, both
depending on the scale and composition of the contaminated site [72].
Consequently, it would be best to cultivate hyperaccumulators plants in
the field where the HCs are to be applied.

Degradation effect of complex molecules into simpler ones was clear
in the FTIR analysis in Fig. 4. The heavy alcohols and phenols, presented
by the first peak, semi-quantitatively decreased between SMC (Fig. 4.a)
and HC (Fig. 4.b) depicted by the decrease in the height of the peaks. In
parallel, the peak of CH3 and CHj stretch semi-quantitatively increased
in amplitude between SMC and HCs due to the organic materials
degradation. In addition, organic nitrates and peroxides along with ar-
omatic and alkyl substituted ethers in SMC degraded into aromatic C—H
along with primary and secondary alcohol in HCs. Oxygen functional
groups are the most important groups that enhance surface reactions,
surface behavior, hydrophilicity, electrical and catalytic properties of
carbon materials [73], such as HCs. The hydroxyl (OH) and carboxyl
(CO) groups are classified among the most common functional groups
that widely contribute to the adsorption of heavy metals, such as Pb, Cr,
Hg, Cd, and Ni [74-77]. In addition, C=0 and C—O groups have been
reported the most likely to enhance the adsorption of Cu [78,79].
Consequently, the presence of these polar groups on the surface of HCs
increases their adsorption capabilities and enhances their soil amend-
ment characteristics.

SEM results in Fig. B.1 in Appendix B showed an increasing frag-
mentation degree with the increase in the process conditions. Accord-
ingly, the BET results in Table 2 showed an increase of the surface area,
pore volume, and pore size of HC, along the same trend. This can
improve the soil aeration and water infiltration soil characteristics when
HCs are applied to it. The highest surface area using HTC was obtained
at 250 °C, 4 h and dilution factor of 30, and was around 25 mz/g. This
value was slightly higher than that obtained in Lou et al. work [12] using
pyrolysis at 550 °C that was around 16 m?/g, and also higher than the
one of 13 m?/ g at 500 °C in the study in Ma et al. [31]. Hence, HTC was
able to considerably improve the adsorption and soil amendment
characteristics of SMC by achieving an acceptable surface area at around
half the pyrolysis temperature, and hence at a substantially inferior cost
than pyrolysis (i.e. biochar). However, compared with pyrolysis at
800 °C at which the surface area was around 290 rnz/g [12], the highest
HTC value of surface area (i.e. 25 m?/g) was significantly less due to the
effect of temperature that plays a major role in changing the surface
morphology in pyrolysis and HTC (Table 2). Even though, heating cost
to achieve 800 °C in pyrolysis in addition to the pre-drying step of the
wet SMC feedstock keep HTC a highly competitive candidate to pyrol-
ysis with respect to producing adsorption and soil amendment materials.
The surface area of HCs can be significantly further increased by carbon
activation, a technique that does not add as much cost as pyrolysis
[80,81]. This adsorption characteristic led to a slight variation of the ash
contents of HC (Table 2) since it helped the HCs retain most of their
inorganic metals and nutrients needed for the soil amendment, such as
calcium, aluminum, sodium, magnesium, etc. (Table 1).

3.2. Liquid phase analysis

3.2.1. Liquid phase qualification and degradation pathways

The results in Appendix A shows a detailed analysis for the polar and
non-polar compounds detected using the GC-MS methods in sections 2.4
and 2.5. The key difference factor of HTC versus torrefaction and py-
rolysis is the presence of water. Water acts as solvent and catalyst but
most importantly as a core reactant prioritizing and enhancing hydro-
lysis reaction. In this reaction, water reacts with a complex organic
compound to decompose it into simpler alcohol and acid derivatives.
Phenols, aldehydes, and ketones might be other products of this reac-
tion. These compounds are polar and hence are attracted to water, so
they diffuse into the liquid phase upon degradation.
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Fig. 4. FTIR analysis of SMC feedstock (a) and HCs at 250C, 4 h, and DF30 (b).

Decarboxylation and dehydration are another two important re-
actions that succeed hydrolysis and highly affect the degradation
mechanism during HTC. Decarboxylation mainly proceed via cyclic
transition state giving an enol intermediate that tautomerizes to the
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carbonyl group and produce ketones, aldehydes, and mainly CO5, which
is the main gaseous product in HTC [20,35,82]. On the other hand, the
core component in any dehydration reaction is the hydroxyl (i.e. OH)
group of the molecule. The oxygen in hydroxyl group (OH) can donate
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Fig. 5. Hemicellulose hydrolysis pathway [38,85].
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its pair of electrons to an electron deficient proton in another complex
molecule [83,84]. Thus the OH group transform into the very acidic and
unstable alkyloxonium (OH,)" that leaves the molecule to react with
another alkyl group or another oxygen [83,84]. The mother molecule on
its turn can react with a simple hydrogen, an alkyl group, or even can
form a double carbon bond [38,83,84]. Hence, the main products of
dehydration are ethers, alkenes, acids, and even nitriles.

Hemicellulose (20 wt%gp in SMC) are branched amorphous poly-
meric carbohydrates in the form of glycoside linkage between the
monomeric sugars [85]. In presence of water, hemicellulose starts to
degrade at around 200 °C to produce various sugar monomers. The
breakage of the glycosidic linkage is initiated by protonation of either
the glycosidic oxygen (path A Fig. 5) or one of the ring oxygens (path B
Fig. 5) to form a carbonium cation [85]. Then, a water molecule is added
to stabilize the cation and to produce two new monomers (Fig. 5)
[38,85]. Under HTC condition, path A (Fig. 5) is usually favored since
the glycosidic oxygen bond is much weaker than the ring oxygen bond.
The new monomers (i.e. end compound in Fig. 5) could have underwent
decarboxylation and further decomposed into diones and their de-
rivatives, which contain two ketone groups, such as cyclopentanedione,
cyclohexanedione, cyclodecanedione, etc. (present in the results in Ap-
pendix A). These diones are split into acids, ketones, aldehydes, or al-
cohols by decarboxylation and dehydration. The new carbohydrates
monomers in Fig. 5 could have also hydrolyzed into alcohols, especially
ethanol that had a major peak at an elution time of around 2 min in
Fig. 7, and acetic acid which peak eluted at around 10 min. Secoiridodes
monomers could have decomposed through hydrolysis into oleuropein
aglycon that degraded at a temperature below 230 °C into aldehydes,
such as Benzaldehyde that was present in Appendix A at 250 °C and 2 h.

Cellulose (40 wt%gp in SMC) is an organic unbranched poly-
saccharide molecule formed of linear polymers of glucose with an iter-
ative molecular formula (CeH190s), [86]. Due to their intramolecular
and intermolecular hydrogen bonding coming from the large number of
hydroxyl groups and p-1,4-glycosidic bonds (Fig. 6), cellulose chains
form a crystalline core and a semi-crystalline shell. These chains make
the cellulose molecule resistant during any chemical or thermal treat-
ment and make it highly insoluble in common solvents [85,86].
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According to Fig. 6, under hydrothermal conditions, the p-1,4-glycosidic
bond is broken and cellulose starts to decompose into two families of
oligomers [(CgH1106(+)1n and [(CgH19Os(+)1n by hydrolysis. In the
presence of high water content and high temperature (i.e. higher than
230 °C), these oligomers (i.e. end compound in Fig. 6) hydrolyze further
to produce heavy acids and alcohols, mainly 5-hydroxymethylfurfural
and formic acid [38,87]. As shown in Appendix A, these heavy acids
and alcohols compounds started to appear at 250 °C when cellulose
decomposes. In addition, with the increase in reaction severity, hydro-
lysis is always succeeded by dehydration and decarboxylation that
produced acetic acid, acetone, oxalic acid, propenoic acid, acetalde-
hyde, and CO5 [38,87]. These compounds are all present in the GCMS
results in Appendix An under the temperature of 250 °C at various
residence times and dilution factors.

Lignin (25 wt%gp, in SMC) is a polyophenol made up of the primary
monolignols coumaryl, coniferyl, and sinapyl alcohol [85]. Under HTC
conditions, lignin starts to decompose at 200 °C by the dissociation of
B-O-4 bond by hydrolysis to produce phenol, aldehyde, and ketones,
specifically Hibbert’s ketone. A detailed degradation mechanism of
lignin was discussed in a previous work [38]. According to Appendix A,
the presence of Phenol, acetic acid, ethanone, and propanone at the
various operating conditions is a clear evidence of lignin degradation,
even under a temperature of 225 °C. Further dehydration and poly-
merization of the aforementioned molecules produced numerous al-
kenes and alkanes that existed under various process conditions, ranging
between C5 and C30 (Appendix A).

The insignificant concentration of proteins in SMC was manifested
by the low presence of amines and amides (Appendix A). The absence of
glycerol from the GCMS results in Appendix A is an evidence of the
absence of lipids and fats from the SMC raw materials. High molecular
weight alcohols, ketones, and aldehydes (i.e. C > 5) were significantly
present at low reaction severity (i.e. 225 °C). When the reaction severity
was enhanced to 250 °C, they decomposed mostly into at a lower mo-
lecular weight compounds (i.e. C < 5) but staying in the same molecular
family. Alcohols and aldehydes could have undergo decarboxylation to
produce alkanes (Appendix A). The acids and ketones could also
decompose into alkenes by dehydration. Further aromatization and
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polymerization of alkenes produces alkanes. The GCMS results (Ap-
pendix A) show hydrocarbons ranging from Cs to C3p in all liquid
samples. The majority of these hydrocarbons were heavy compounds (i.
e. C > 10) since the general mild process conditions of HTC, especially
temperature, were not able to disrupt the strong C—C bond and degrade
them further.

The main difference between the methods used to analyze the liquid
phase is in solvent extraction. The method in section 2.4 used water,
which is highly polar, to extract the highly polar compounds from the
liquid phase prior to GCMS analysis, such as acids, phenols, and ketones.
On the other hand, the method in section 2.5 used a mixture of hexane
and acetone to extract the non-polar compounds, mainly hydrocarbons,
along with the less polar compounds, such as aldehydes and alcohols.
Accordingly, the results from method 2.4 (Appendix A) are rich in acids
and ketones while the ones of method 2.5 (Appendix A) are rich in hy-
drocarbons. This way a more complete qualitative liquid analysis was
achieved.

3.2.2. Polar compounds quantification

According to Fig. 2, the liquid phase effluent consists of more than
85 wt% of HTC products. As previously discussed, it is highly rich in
various polar compounds, especially acids and phenols. Hence, the
toxicity of this effluent is evaluated in terms of organic polar compounds
to assess the effects of its disposal in nature. The complexity of the liquid
phase in terms of polar compounds (i.e. acids, ketones, aldehydes, and
alcohols) is less significant in SMC compared to another feedstock. DAF
dairy sludge was rich in fats and lipids which produced a liquid phase
highly rich in acids [35]. Olive oil mill wastewater is rich in lignin and
this created a liquid phase highly rich in phenols and acetic acid [38].
SMC is rich in cellulose and hemicellulose. Hence, upon degradation,
SMC produces less phenols, amides, amines, and acids than the other
two wastes, as shown in Appendix A. Nevertheless, as explained in
section 3.2.1., the main end products of cellulose, hemicellulose, and
lignin degradation in terms of acids (acetic acid), alcohols (ethanol), and
simple phenols always remained in the liquid effluent, but at different
concentrations with respect to the applied operating conditions (Fig. 7
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and Table 3).

In Fig. 7, most of the compounds eluted at the same retention time
indicating that the composition of the samples did not vary significantly
in terms of the main products from one operating condition to another.
The height of each peak is proportional to the concentration of the
compound that corresponds to it. Hence, the concentration of water
increased with dilution factor while it decreased with the increase in
temperature and residence time due to intensifying hydrolysis and to
increasing the evaporation rate. This was in accordance with the results
in Table 3 where water increased at 225 °C 2 h from 94 wt% at a dilution
factor of 5 to 98 wt% at a dilution factor of 30, while it decreased from
94 wt% at 225 °C to 89 wt% at 250 °C at a dilution factor of 5 and a
residence time of 2 h. In addition, according to the GC-MS semi-
quantification results in Table 3 and to the total acids-phenols concen-
tration results.

in Fig. 8, the concentration of acids, phenols, ketones, alcohols and
aldehydes all increased with the increase in temperature and residence
time, due to the increase in decomposition.

Nevertheless, it can be seen in Fig. 8 and Table 3 that two opposite
trends are obtained when investigating the variation of acids, phenols,
and alcohols (i.e. ethanol) with respect to the change in dilution factor
depending on the applied temperature. At a temperature of 225 °C, most
of the 20 wt% of hemicellulose and the 25 wt% of lignin in SMC had
already degraded into phenols, acids, and alcohols. Hence, the increase
in dilution factor decreased the concentration of acetic acid, phenols,
ethanol, and ethanone derivatives due to dilution effect (Table 3).
Conversely, at a temperature of 250 °C, cellulose that started to degrade
at 230 °C contributed its share in producing acids, ketones, alcohols, and
phenols. As explained earlier, hydrolysis highly depends on the dilution
factor, and directs the cellulose degradation mechanism. Thus, degra-
dation was enhanced with the increase in dilution factor, increasing the
concentration of acetic acid, ethanol, and phenol as a result. As illus-
trated in Table 3, the concentration of heavy ketones, i.e. ethanone
derivatives, was doubled with the increase in temperature and residence
time but slightly changed with dilution factor.

From Fig. 8, the acids-phenols concentration in the liquid phase
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Table 3
GC-MS semi-quantitative results of the polar compounds (from method in section 2.4) measured using Avalon area integration method in each liquid sample (all in %).
Temperature 225°C 250 °C
Residence time 2h 4h
Dilution factor 5 12 30 5 12 30 5 12 30
Ethanol 0.01 1.23 0.78 2.01 1.23 1.08 1.44 2.25 4.21
Acetic acid 1.03 0.47 0.35 3.39 1.33 1.26 3.51 3.91 4.58
Water 94.84 96.76 97.87 89.52 93.68 95.51 86.39 89.34 86.87
Phenols & derivatives 1.02 0.83 0.63 1.05 0.77 0.95 1.48 2.49 2.94
Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- 0.20 0.21 0.12 0.20 0.19 0.22 0.59 0.56 0.58
Other 2.90 0.50 0.25 3.83 2.80 0.98 6.59 1.45 0.82
4. Conclusion
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P} . ape . .
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torrefaction in terms of soil amendment and energy capabilities at
SMC feedstock m225°C/2h  250°C/2h = 250°C/4h significantly lower temperature and hence cost.

Fig. 8. Total acids-phenols concentration in Gallic acid in each sample.

reached a value of 2000 ppm, which was 7 times higher than that of the
SMC feedstock of 300 ppm. This was primarily due to the degradation of
the organic matter in the SMC feedstock and their diffusion into the
liquid phase. Consequently, even though HTC provided HCs with higher
carbon and heating contents (that are less toxic and problematic for soil
amendment and can be easily used as an energy source), this technique
resulted in a liquid effluent that is rich in acids and phenols.

Direct disposal of this liquid effluent is problematic since 15 ppm of
phenols are considered lethal for humans [88]. At the same time, phe-
nols are widely used in pharmaceutical, cosmetics, and food industries
and their price is relatively high [35,38]. Hence, separation of the
phenols from the liquid effluent is necessary, prior to any disposal
[89-91]. Distillation can be used to separate the heavy oil from the
organic acids and phenols in this effluent. Membrane can be also used to
purify the HTC effluent, and has already proved to be able to decrease
the oxygen demand in this effluent by 30%, biological oxygen demand
by 10%, and the dissolved organic carbon by 21% [92]. However,
despite their high efficiency, membrane treatment and distillation al-
ways come at a significant high cost and they need further development.
On the other hand, anaerobic digestion (AD) proved to be a suitable low
cost disposal technique for this HTC effluent. Wirth et al. [93] argued
that generally 10% of the feedstock energy is contained in the HTC
liquid effluent, then they analyzed the feasibility of AD as a treatment
step. They were able to decrease its COD by 60% within eight days and
produce methane at a rate of 0.65 1 per TOC [93].

Liquid effluent recirculation also proved to be an efficient solution
since it has the capabilities to increase the HY (by 10%), EY (by 15%),
and HHV (by 30%) of HCs. This technique has a low evaporation costs
due to the exiting and entering liquid effluents that should be approxi-
mately at the same operating temperature [94,95]. In this case, high
quality sealing materials around the pipes should be applied, and they
usually come at a lower cost than the other aforementioned techniques
[94]. Consequently, liquid recirculation technique proved to be able to
both enhance the overall efficiency of the system and to reduce both the
operating costs and environmental impact of a commercial HTC plant
(89,90).
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