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ARTICLE INFO ABSTRACT

Keywords: Batch hydrothermal carbonization (HTC) experiments were carried out using dissolved air flotation (DAF) dairy
Dairy waste sludge in order to investigate the effects of changing temperature, residence time and water-sludge ratio on the
Hydrochars yield and quality of the products. The highest solid hydrochar (HC) yield of 84 % (dry basis) and highest HC
gﬂrif:gzalance energy yield of 96 %, were achieved at a temperature of 250°C, a residence time of 4h and a water content of 96

wt.%. The wt.% of carbon and corresponding energy yield of HC increased with process severity while the
oxygen and volatile matter contents decreased. Similarly, HC ash content and ash elemental composition in-
creased and the resulting solid became more stable and hydrophobic. The majority of the compounds detected in
the liquid product were acids, with carbon chain ranging between C; and C;o. The total acid-phenol con-
centrations increased with the severity of the HTC operating conditions, but remained around 2500 ppm. The
hydrocarbon content of the gaseous product was low and a high CO, concentration was observed, while H,S
concentration increased significantly with the increase in temperature, residence time and water content. A
degradation mechanism for proteins and fats was developed and a full elemental mass balance was performed.

Total acid-phenol

1. Introduction

The dairy industry is one of the most stable and expanding in-
dustries globally over the last two decades. Just between 2014 and
2018, the dairy market value increased worldwide from 336 billion to
442 billion U.S. dollars [1]. Homogenization, standardization, classifi-
cation, separation, and pasteurization are all common steps in milk
processing that generate massive amounts of wastewater effluent [2-4].
In addition, large volumes of wastewater are generated by cleaning
operations inside the plant, called cleaning in place (CIP) [4]. For ex-
ample, a typical dairy plant in the UK and Ireland uses 1.3 L of water for
every 1L of processed milk [4]. This water consumption varies widely
in other parts of Europe, with 0.2 L to 11 L of water used for every liter
of processed milk [2,4].

The wastewater effluent is rich in fats, and contains a significant
level of oil and grease (FOG) [5]. It has also a substantial level of dis-
solved sugars, nutrients, proteins, and residues of additives [6]. Its
chemical oxygen demands (COD) is more than 200,000 ppm and its
biological oxygen demands (BOD) is around 70,000 ppm [2,4,6].

Dissolved air flotation (DAF) technique releases micro bubbles that
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carry the FOG in the wastewater to the surface, and forms a sludgy
material, called float or dairy sludge [5]. As a result, the wet DAF dairy
sludge contains 20 % of the total dissolved solids (TDS in mg/L), 90 %
of the total suspended solids (TSS in mg/L), 98 vol% of the FOG, 70 %
of BOD (mg/L), and 50 % COD (mg/L), that were originally in the in-
itial wastewater [7].

Discarding the DAF dairy sludge in nature by land spreading is
problematic since it decomposes quickly and releases strong foul odors
causing nuisance conditions due to its high FOG and SS levels [2,5]. In
addition, lactose is one of the primary constituents of dairy wastewater,
and it is known to promote sewage fungus growth [2]. It is also reported
that as the concentration of dairy waste increases, the toxicity to certain
varieties of fish and algae increases mainly due to oxygen depletion in
the receiving bodies [2,4]. Furthermore, the wastewater effluent is rich
in proteins, so the bacteria in the environment convert the nitrogen in
the proteins to ammonia, ammonium, nitrite and nitrate ions [2-4].

Hydrothermal carbonization (HTC) is a technique that operates
between 180 °C and 250 °C, to degrade the organic content of waste in
the presence of water and produce a solid product, known as hydrochar
(HQ). It is a coal-like material that is more stable, more rich in inorganic
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materials [8] and less toxic than the feedstock [9,10]; and can be used
as a clean energy source [11], for soil amelioration and as a sorbent in
water treatment processes [10,12]. In addition, the liquid product is
rich in phenolic compounds that have good potential in food, cosmetics,
and pharmaceutical industries [13-16] while the gas product is abun-
dant with carbon dioxide [13].

DAF dairy sludge seems to be a perfect candidate for this process
due to its high-water content ranging between 80 wt.% and 96 wt.%. To
the best of our knowledge, the use of HTC to treat DAF dairy sludge has
never been described in the literature. In general, the low temperature
carbonization process (180 °C-210 °C) seems to be ineffective, produ-
cing HC with low carbon content and low calorific values [17-19].
Hence, a high temperature range (210 °C-275 °C) was applied in this
work to significantly degrade the organic material in the feedstock and
improve the quality of the products by enhancing the carbonization
level [13,20,21]. However, the highest operating temperature used in
this study was limited by the maximum operating temperature of the
PARR reactor that was 250 °C. In addition, operating HTC over a short
range of time (i.e. less than 4 h) is more economical and still efficient
compared to the long range of time [20,22,23].

As a result, this research aims to study the effect of increasing HTC
temperature, residence time and feedstock water content on the char-
acteristics of HTC products. Thus, HTC experiments were carried out at
various combinations of two different temperatures (225 °C and 250 °C)
and two residence times (2h and 4h). DAF sludge (96 wt.% water
content as received), dewatered DAF sludge (82 wt.% water content as
received), and 50:50 mixture of them (89 wt.% water content) were
examined. A full characterization of the products at each operating
condition is shown in this study.

2. Materials and methods
2.1. Materials and chemicals

Two types of DAF dairy sludge (82 wt.% and 96 wt.% water content)
were both provided from a local milk processing factory in Ireland and
were used as received in the experiments. A third type of waste was
formed as a 50:50 mixture (manual mixing using beaker and stirrer).
They were preserved in a fridge at 4°C, and their moisture content was
checked on a weekly basis in which minor differences were found. Pure
ethyl acetate, acetone and hexane (according to each method, described
later) were used for extraction before GC-MS liquid phase analysis.
Folin-Ciocalteu reagent 0.2 N (Sigma-Aldrich) was also used as a colour
indicator for the total phenol-acid quantification while pure powder
Gallic acid (Sigma-Aldrich) was used as the internal standard.

2.2. HTC experimental procedure
Experiments were carried out in triplicates in an 8L, electrically

heated, glass lined, high-pressure PARR reactor. 500 g of DAF dairy
sludge was placed in the reactor, closed and sealed without nitrogen
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purge. The reactor pressure was not controlled in the experiments and
was kept autogenic with water vapor pressure at set point temperature.
The heating rate was around 3 °C/min and the retention time was taken
when the reactor reached the set point operating temperature. 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. The gas was
collected in Tedlar gas bags for further analysis, and a vacuum pump
along with a DP 400 110 filter paper were used to separate the re-
maining solid-liquid mixture. The mass of both solid and liquid pro-
ducts was measured, and samples were stored at 4 °C before further
analysis.

2.3. Analytical methods

The moisture content was calculated from the total weight loss of
samples placed in an oven at 105 °C, according to European standards
EN 14774-3:2009. The ash content and the volatile matter were ob-
tained 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 (%) = : x 100
Dry Sludge weight (€D)]
EDR (%) = HHVicay o 0
Vb (2)
HY x EDR
EY (%) = ———
(%) 100 3

HHVycqp and HHVgy, are the higher heating values (on a dry basis)
of HC and DAF dairy sludge, respectively. HCs were dried in the oven at
55 °C for 24 h. Then, the higher heating values were determined using
an IKA®C200 bomb calorimeter.

A Variocube CHNS elemental analyzer was used for the ultimate
analysis of both HCs and liquid product. 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 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) in-
strument. The composition of the volatile matter of the HCs was eval-
uated using an Agilent Carry 630 Fourier-transform infrared spectro-
scopy (FTIR). The FTIR library and other literature sources [24,25]
were used for peak identification.

Water contact angle measurements were carried out by the sessile

Table 1
Ash analysis (on a dry basis all in wt.% with a sensitivity of + 1).
DAF dairy sludge water content Na Mg Al Si P S Cl K Ca Fe Co Ni Cu Zn
(wt.%)
Raw materials 3.34 0.84 19.33 253 26.16 18.20 0.73 1.36 18.38 271 1.50 0.95 3.45 0.51
Temperature = 225 / reaction time 82 3.02 1.36 33.27 272 13.74 0.00 0.24 1.30 39.19 1.07 3.02 0.36 0.71 0.00
=2h 89 476 0.64 29.44 198 594 0.00 0.11 1.87 45.07 439 241 021 3.16 0.00
96 501 1.15 45.85 0.29 9.10 0.00 0.21 1.79 30.09 229 0.00 0.21 4.01 0.00
Temperature = 250 / reaction time 82 2.61 0.28 31.38 0.85 16.04 0.00 0.35 1.20 43.39 226 0.07 0.71 0.85 0.00
=2h 89 458 254 33.26 508 7.04 0.00 1.38 0.36 40.16 3.49 0.07 0.87 1.16 0.00
96 6.31 0.79 43.94 093 9.82 0.00 0.29 0.50 29.68 3.87 0.14 1.15 2.58 0.00
Temperature = 250 / reaction time 82 0.50 0.84 36.18 1.84 4.26 0.00 2.18 1.68 47.40 1.68 0.67 1.34 5.70 0.00
=4h 89 276 1.20 34.84 1.29 9.40 0.00 267 0.37 43.23 0.83 0.92 0.00 2.49 0.00
96 542 137 43.03 197 1335 000 1.13 0.60 31.11 0.00 0.66 0.00 1.37 0.00
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drop technique (SDT) using a CAM 200 optical tensiometer (KSV
Instruments) equipped with a 30-fps camera (Imaging Source) oper-
ating at a frame interval of 0.16 ms. Liquid droplets with a typical vo-
lume of 10 uL 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, ty-
pically within two seconds after dispensing.

2.4. Acids-phenols characterization in the liquid phase

For acid-phenol determination by GC-MS, 8 mL 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 supernatant was ex-
tracted with 8 mL 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 (30m
X 0.25mm X 0.25um). The column temperature was initially held at
45°C for 3min, 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 and 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 de-
tector temperatures were maintained at 250 °C and 300 °C, respectively,
and the injection volume was 1L 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
wt.% of the main acid-phenol compounds in the liquid phase was cal-
culated 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
compounds reducing substances to form chromogens that can be de-
tected spectrophotometrically [26,27]. Interaction with Gallic acid has
been found to be equivalent to most other phenolic compounds in or-
ganic materials [26,27]. Hence, a calibration curve was created using
Folin-Ciocalteu reagent along with gallic acid as internal standard
[22,28], and a linear equation was found of the form:

Absorbance = 9 X 10~* x Concentration (C))

Then, 2.5 mL of 0.2 N Folin-Ciocalteu reagent were added to 0.5 mL
of each HTC experiment liquid product. The mixture was then kept in
the dark for 5min then 2 mL of calcium carbonate (75 g/L) were added
to neutralize it. At that point, 10 mL of distillate water were added to
reach a total sample volume of 15 mlL, and the solution was again kept
in the dark for 1 h. Each sample was syringe filtered using a 5 mL syr-
inge; and a spectrometer was used to measure the absorbance at 610 nm
of each sample. Using calibration data (i.e. Eq. 4), the approximate
concentration of the total acids-phenols content in gallic acid can be
calculated for each sample.

2.5. Hydrocarbons characterization in the liquid product

For hydrocarbon determination by GC-MS, 15mL of acetone-
hexane mixture (1:1 ratio) were added to 3 mL of liquid sample. The
mixture was vortexed for 10 min and centrifuged for 5 min at 4700 rpm.
It was then syringe filtered using a 0.2mm filter. The permeate was
centrifuged again for 5min at 4700 rpm. 50 mL of the permeate were
added to 950 mL of hexane. The new mixture was centrifuged for
10 min and injected in the GC-MS.

The GC-MS analysis was performed using a 5975C GC MSD gas
chromatograph mass spectrometry from Agilent Technologies equipped
with  an  Agilent  SLB-5ms  capillary  column (20m
x0.18 mm X 0.18 um). The column temperature was initially held at
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50 °C for 1 min, then ramped to 325 °C at 20 °C/min rate with a hold
time of 6 min. Helium was used as the carrier gas with a flow of 1.4 mL/
min. The injector and detector temperatures were both maintained at
325°C, and the injection volume was 1 pL in splitless mode. The in-
terface 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.

2.6. Gaseous product analysis

HTC gas product composition was determined by gas chromato-
graphy using an Agilent Micro-GC 3000 equipped with three modules,
each with a thermal conductivity detector configured for the detection
of permanent gases and light hydrocarbons. Module A was fitted with a
Plot-U column of 30 um/32um/8 m and Pre Col: PLOTQ 10 um/
320 um/1 m, using helium as the carrier gas, to separate and detect
CH4, CO,, CoHy, CoHg, CoHs, HoS. Module C was fitted with Molsieve
12 um/320 pm/10 m and Pro Col PLOTU 30 pm/320 um/3 m columns,
using argon as the carrier gas, to separate and detect H,, O,, N5, CHy
and CO. Module B was not used during this study.

3. Results and discussion
3.1. Mass and elemental balances

DAF dairy sludge is rich in suspended solids and FOG [4]. HTC of a
feedstock rich in fats will produce HC that retains more than 85 % of
the fatty acids in the original biomass [31]. Consequently, as the car-
bonization time increased and the carbonization degree enhanced with
the increase in temperature, more fatty acids were produced by hy-
drolysis and were retained in the HC pores while the oil and grease
degraded and diffused towards the liquid phase. Then, they underwent
decarboxylation and cracking [29,32] to produce carbon dioxide, H,S,
methane, and ethane in the gas phase, as explained in Section 3.5. This
degradation mechanism is supported by the results in Fig. 1 and lit-
erature [20,29,30], in which the wt.% of carbon in the HC and gas
phase products increased while it decreased in the liquid phase. Con-
versely, oxygen wt.% decreased in the HCs but increased in the liquid
phase and slightly changed in the gas phase (Fig. 1) [18,20]. In addi-
tion, the solid weight fraction (Fig. 2) and HC yield (Fig. 3) both in-
creased with the increase in temperature and residence time. All these
experimental results could had also happened due to the on-going
polymerization of soluble fragments and aromatic clusters in the liquid
phase that precipitated as carbon rich microspheres through ar-
omatization of soluble polymers [29].

The presence of water promotes decarboxylation; hence increasing
water content in the feedstock will increase the vapor fraction by en-
hancing CO, production via carboxyl and carbonyl group degradation
[9,10]. Furthermore, water plays the role of catalyst, reactant and

Weight percentage (wt.%)

225/2h /82%

250/ 2h / 89% 250/ 4h / 96%

B%C O%H %0 E%N

Fig. 1. Elemental mass balance at the different operating conditions (air and
ash free basis and solid on a dry basis).
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Fig. 2. Weight percentages of products at each operating condition (hydrochar
on a dry basis and its moisture content added to the liquid phase fraction).

100 +
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Hydrochar Yield (%)
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m225C/2h [§250C/2h E250C/ 4h

Fig. 3. Hydrochar yield (on a dry basis) under different operating conditions.

solvent, hence, facilitating hydrolysis, ionic condensation and cleavage
[9,10]. Consequently, with the increase of the feedstock water content,
the process reactions intensified leading to an increase in gas product
weight (Fig. 2) and HC yield (Fig. 3). Conversely, as the water-sludge
ratio of the feedstock increased from 82wt.% to 96 wt.%, its solid
content decreased which led to the decrease in HC weight fraction at
the expenses of the increase in liquid fraction (Fig. 2). The mass fraction
of the liquid product slightly decreased with the increase in tempera-
ture and residence time at the expenses of the increase in the solid and
vapor fractions, as presented in Fig. 2. The minor variation in the liquid
fraction at the same water-sludge ratio might be due to losses during
the separation phase.

Hydrogen and nitrogen levels slightly decreased in the HCs, similar
to previous reports for other biomasses [13,14,33,34]. However, hy-
drogen increased in the liquid phase due to both increasing the water-

SEM NV 900 WV

View tead 334 um
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sludge ratio of the feedstock and to enhancing the degradation level of
organic compounds with an increase in temperature, residence time,
and feedstock water content. The nitrogen decrease in the HC and li-
quid phase may be due to the breakdown of amines and their trans-
formation into NO, compounds in the gas phase and ammonia in the
liquid phase (Table 3 and Appendix A). The decrease of the total ni-
trogen level between the samples, specifically gas phase product, is due
to its decrease in the feedstock (Appendix B).

DAF treatment reduces the high level of dissolved solids (DS) by 20
%, and of suspended solids (SS) by 90 % in the original wastewater
making the used feedstock rich in DS and SS [4]. In addition, the DAF
dairy sludge is highly rich in fats that degrade into fatty acids which are
mostly retained in the HCs [3,4,31]. Fatty acids are amphiphilic mo-
lecules that have a highly non-polar core and a slightly polar surface,
leading to the hydrophobic nature of the HCs produced [29,35]. This
reason along with dehydration reaction can both explain the contact
angle measurement results (Table C.1 Appendix C). The hydrophobic
property of the HCs hindered the passage of water through their pores
and enhanced their retention of inorganic materials that slightly varied
due to systematic errors [20,36,37]. Therefore, calcium and aluminum
content increased in the HCs (Table 1). Accordingly, XRD analyses
(Figure C.1 Appendix C) proved the presence of calcium sulfate crystal
structure. In addition, in the SEM analysis (Fig. 4), a calcium crystal
structure (anhydride) was evident in both the DAF dairy sludge and the
HCs. The DAF dairy sludge surface was full of bulky aromatic structures
(Fig. 4.a). At low reaction severity (Fig. 4.b), amorphous layers were
evident along with crystal microstructures. However, as the tempera-
ture, residence time, and feedstock water content increased in severity
(Fig. 4.c), the amorphous layers dissolved and a more stable surface
with smaller pores and microsphere crystal structures of primarily
calcium became more evident.

Another reason for the retention of most metallic compounds within
the ash might be due to the increase of the functionality of the hy-
drochars that lead to a reabsorption of the metals from the liquid phase
[29,36]. This behavior of the char might also be due the increasing the
build-up of hydrolysis derived products on the outer surface of the
biomass macromolecules that reduced the extraction efficiency of the
lower solubility salts [29,38]. The divalent cation effect that promotes
oligomers cross-linking during hydrochar formation might have also
reincorporated these metals into the hydrochars [29,39].

FTIR analyses, presented in Fig. 5, confirmed the structural changes
after HTC. Sulfur oxides derivatives present in the DAF dairy sludge
were absent in the HC as was confirmed in the ultimate analysis
(Table 1). Sulfur oxides degraded to give sulfur, which diffused to the
liquid phase and evaporated to the gaseous phase in the form of H,S at
high temperature (Table 4). Similarly, fatty molecules were absent in
the HCs since most of them degraded by hydrolysis and decarboxylation

SEM IV 250 MY
View ftd 290 am

Fig. 4. SEM images a) DAF dairy sludge, b) HC 225°C / 2h / 82 %, c¢) HC 250°C / 4h / 96 %.
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Fig. 5. FTIR analysis of the DAF dairy sludge (a) and HC 250°C / 4h / 96 % (b).

and then diffused to the liquid phase in the form of phenols and alde-
hydes or remained in the HC as ketones and amides. Moreover, the
carbonate, phosphate and silicate ions along with aliphatic chlorine
compounds were retained in the HC pores due to the aforementioned
inorganics behavior mechanisms, confirming the results in Table 1.
H/C and O/C atomic ratios were calculated from the full ultimate
analysis shown in Appendix B. The Van-Krevelen diagram results, in
Fig. 6, confirmed that the DAF dairy sludge is highly rich in organic
compounds exposed by its very high O/C ratio. This O/C ratio sig-
nificantly decreased while the H/C slightly changed between the DAF
dairy sludge and the produced HCs. Hence, decarboxylation reactions
were more important than dehydration as reported in previous work for
other biomasses [13,14], but both lead to the production of more aro-
matic compounds which is in accordance with previous work [13] and
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Fig. 6. Van-Krevelen diagram for the DAF dairy sludge and the produced hy-
drochars.

with the SEM results presented in this work. Accordingly, HC stability
[40] and yield increased with the increase in polymerization reaction
level and decrease in O/C ratio. This led to the absence of foul smell, as
in the case of HCs produced for olive oil mill wastewater [20] and
sewage sludge [8], along with HCs considerable low HHVs that were in
the range of the values of biomasses like greenhouse waste, municipal
waste [29], and yard waste [41].

3.2. Proximate analysis of the hydrochars

Water acts as both solvent and reactant in HTC, especially in the
hydrolysis reaction [22,42]. This led to a decrease in the moisture
content between the DAF dairy sludge and the HCs (even before
drying), as presented in Table 2. The moisture content level in the HCs
slightly increased with the increase in the process parameters values.
This was mainly due to the increase in degradation level that increased
the production of amphiphilic fatty acids in the HCs [31], and in turn
improved the retention of water molecules on the surface of the HCs.

As the operating conditions increased in severity, degradation in-
creased by hydrolysis, decarboxylation and dehydration, which in turn
led to an increase in the organic material degrading and diffusing to-
wards the liquid and gas phases [23,29]. Consequently, as the tem-
perature and residence time increased, the volatile matter of the HCs
decreased while the fixed carbon increased. This was in accordance
with the increase in carbon content and the decrease in oxygen content
in Fig. 1 and in agreement with literature [20,29,30,43]. However, with
the increase in feedstock water content, the volatile matter slightly
varied, and the fixed carbon content decreased due to the increase in
carbon diffusion to the liquid phase.

Char ash increased with temperature due to the decomposition of
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Table 2
Proximate analysis for the hydrochars.
DAF dairy  Moisture Volatile Ash content  Fixed
sludge content in matter carbon
water produced
content hydrochar
Wt.% Wt.% on a dry basis
DAF dairy 82 82.0 74.0 24.5 1.5
sludge
225°C/2h 82 62.3 55.8 290.1 15.1
89 65.4 54.9 32.9 12.2
96 68.3 52.8 35.4 11.8
250°C/2h 82 61.4 50.5 29.4 20.0
89 64.8 48.2 33.8 18.9
96 66.4 45.1 37.7 17.2
250°C/4h 82 65.5 35.8 32.2 32.0
89 65.9 31.8 36.9 31.3
96 66.7 28.1 41.6 30.3

organic matter and increased with water content since the solubility of
ash in the liquid phase decreased as the solution becomes less acidic
[35]. This explains the increase in ash content in Table 2 and is in ac-
cordance with the retention of most metallic compound that was re-
vealed in the previous section. In addition, the sharp increase in fixed
carbon and volatile matter between the DAF dairy sludge and the HC
shows the effectiveness of HTC as a treatment technique for this waste
even at low temperature, residence time, and water content [20,44].

3.3. Energy content of the hydrochars

The ultimate analysis (Appendix B) showed a 30 wt.% increase in
the carbon percentage between the feedstock and HC, and the Van-
Krevelen diagram analysis (Fig. 6) showed that HTC process decreased
the O/C content classifying the produced HC within the biomass region
[20,29]. Accordingly, HHV of the HCs increased with process para-
meters and was around 20 MJ/kg on average, as presented in Fig. 7.
This value was very close to that of sub-bituminous coal, while the DAF
dairy sludge, after drying, had a HHV of 17.7 MJ/kg, similar to wood
[45]. However, HC carbon content was slightly smaller than that of
bituminous coal that ranges between 60 wt.% and 80 wt.% [46], and
feedstock carbon content was very close to that of crop [47]. Hence, it is
hard to compare the energy capabilities of the produced HCs to that of
coal even though they can be considered as a respectable candidate for
energy production. Moreover, as the process parameters intensified and
with the increase in HC yield (Fig. 3), HC energy yield (Fig. 4) increased
from 56 % to around 96 %, making the process potentially profitable.

Table 3
GC-MS semi-quantitative acid-phenol wt.% by Avalon area integration method.
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3.4. Liquid product analysis

3.4.1. GC-MS qualitative results

As illustrated in Fig. 8 and in the Tables in Appendix A, most of the
detected HTC compounds in the liquid phase were acids ranging be-
tween C; and Cjo. This is mainly due to the nature of the DAF dairy
sludge that is rich in fats [3,4]. Hence, upon degradation, fatty and
carboxylic acids were released. GC-MS results also confirmed the ab-
sence of cellulose, hemicellulose, lignin and carbohydrates from the
DAF dairy sludge since ketones, aldehydes and alcohols were mostly
absent or negligible in the liquid product. The ketones, aldehydes and
alcohols that were detected were derived from the degradation of fats
and proteins [42].

In sections 2.4 and 2.5, two methods were applied for liquid product
composition detection. The main difference between the methods lies in
the extraction solvent that may lead to the detection of different com-
pounds. The acid-phenol method focused on detecting mainly the polar
organic compounds, especially acids and phenols, by using water,
which is a polar extraction solvent. On the other hand, the hydrocarbon
method detected number of hydrocarbons, including alkanes, alkenes,
and alkynes, along with certain polar compounds due to the usage of a
mixture of hexane-acetone (50:50) as an extraction solvent.

Figs. 8 shows the chromatogram of acid-phenol characterization
method where most of the peaks are overlapping. The height of the
peaks is a direct reflection of the compound’s concentration in the
mixture. However, most of the compounds, at different operating
condition values, eluted at the same retention time, indicating that the
composition of the samples is the same.

Proteins from DAF dairy sludge proteolyzed and broke down into
amino acids that hydrolyzed further into amine derivatives [22,48].
This explains the presence of amines such as octanamine, benzenamine,
trimethylamine, butanamine and others. These amines could have re-
acted with a carboxylic acid to lead several amides derivatives such as
acetamide, butanamide, etc [49]. Further proteolysis led to the pro-
duction of some phenolic substances and their derivatives that were
present in all the samples along with ammonia [22,49].

The presence of glycerol in all samples along with numerous short
chain fatty acids such as formic acid, fumaric acid, and oxalic acid
along with long chain fatty acids such as dodecanoic and undecanoic
acids is a clear evidence of fats degradation [20,42,50]. When fats are
heated in the presence of moisture, hydrolysis of the ester linkage oc-
curs and free fatty acids are released along with alcohols [50,51]. De-
hydration of alcohols also promotes the formation of long-chain alkanes
such as decane, and several diene derivatives (Appendix A) [22,52].
Decarboxylation reaction can proceed via cyclic transition state giving
an enol intermediate that tautomerizes to the carbonyl group and

Temperature = 225 / reaction time =2h /
water content 82 wt.%

Temperature = 250 / reaction time =2h /
water content 89 wt.%

Temperature = 250 / reaction time =4h /
water content 96 wt.%

Pentaamine 1.19 0.95
Ammonia 0.56 0.48
Water 68.3659 65.46
Acetic acid 11.22 11.52
Propanoic acid 3.24 3.69
Butanoic acid 0.73 2.59
Pentanoic acid 1.79 1.82
Butanoic acid, 3-methyl 0.91 0.88
Formic acid 0.42 0.45
Hexanoic acid 1.82 1.58
Heptanoic acid 0.14 0.08
Phenol 0.18 0.19
Octanoic acid 0.94 1.01
Decanoic acid 0.27 0.41
Benzeneacetic acid 0.35 0.43
Others 7.8741 8.46

0.89
0.35
64.9511
12
4.36
2.85
1.88
0.82
0.48
1.33
0.03
0.25
1.12
0.66
0.51
7.5189
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Table 4
Gaseous product analysis results (on a N, and O, free basis).
DAF dairy sludge water content COo2 Cco CH4-3 C2H4 C2H6 H2 H.S HHV LHV
Wt.% vol% ppm MJ/m?
225°C/2h 82 75,51 23,42 0,45 0,21 0,00 0,42 0.00 0.32 0.32
89 85,51 13,49 0,58 0,09 0,02 0,30 0.71 0.22 0.22
96 86,52 12,35 0,65 0,30 0,03 0,16 6.97 0.27 0.27
250°C/2h 82 82,35 16,72 0,58 0,19 0,06 0,10 25.06 0.25 0.25
89 84,88 13,66 0,61 0,15 0,03 0,68 88.35 0.31 0.30
96 87,25 11,31 0,81 0,09 0,02 0,51 175.73 0.29 0.28
250°C/4h 82 86,07 13,12 0,39 0,14 0,01 0,28 5.20 0.31 0.31
89 90,06 8,39 0,80 0,26 0,05 0,43 525.48 0.38 0.37
96 90,62 6,61 1,31 0,33 0,22 0,91 590.04 0.36 0.35

140 - r 205
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F 20
100 4

. b 195
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Fig. 7. Hydrochar heating values, densification factor and energy yield.

produces ketones, aldehydes and CO, [20,32,42].

Thermal hydrolysis can also proceed stepwise through diglyceride
to monoglyceride to glycerol, and through long chain fatty acids to
short chain fatty acids to alcohols [22,52]. More short chain acids were
released from residual materials than long chain acids, due to their
greater solubility in water, which is in accordance with the list of acids
detected and illustrated in Appendix A. In addition, heating of fats can
produce dimers which are complex unsaturated compounds [50,53]. At
a temperature higher than 200 °C, these compounds dimerize to form
dienes and olefins that undergo polymerization, double bond conjuga-
tion and aromatization to produce alkanes and aromatic hydrocarbons
[22,53]. The fat degradation mechanism pathways are summarized in
Fig. 9.

3.4.2. Total Acids-phenols semi-quantification in the liquid product
The total acid-phenol approximate concentration in the DAF dairy

sludge was around 600 ppm, as presented in Fig. 10, which is con-
sidered low. This can be explained by the nature of the used DAF dairy
waste that was formed mainly of fats and proteins which are neutral or
slightly alkaline [54]. However, as HTC temperature and residence time
improved, hydrolysis of fats and proteins took place and produced fatty
and carboxylic acids, as explained in the previous section and shown in
the results in Appendix A. This led to a five-fold increase in the con-
centration of total acids-phenols in the liquid phase product. Even
though this concentration increased, it was still low, compared to other
materials like olive oil mill wastewater [55], for profitable use after
separation. The water content played a major role in decreasing the
concentration due to dilution effect [22]. The difference in concentra-
tion between the highest and lowest operating conditions was just
around 500 ppm. Hence, the HTC process affected the concentration of
the total acids-phenols in the liquid phase while the process parameters
values effect was minor.

The increase in temperature, reaction time, and feedstock water
content enhanced the degradation level in the liquid phase presented by
the increase in the wt.% of the short chain acids (C; to Cs) at the ex-
pense of the longer ones (Cg¢ and C;). This is in agreement with the
GC-MS semi-quantitative results (Table 3) and with literature
[22,27,29,52]. This increase in degradation level with operating con-
ditions also increased both the wt.% of the heavier acids (Cg to C;o)
through hydrolysis and decarboxylation and the wt.% of phenols by
proteins proteolysis, but it decreased the wt.% of ammonia and amine
that degraded and diffused to the gas phase in the form of NOx
[22,30,44].

3.5. Gaseous product analysis

Table 4 contains a detailed analysis of the gaseous product. The
results were reported on N, and O, free basis since more than 85 vol%

Formic acid

Hexanoic acid ——225C/2h/82%
——250C/2h / 96%
Heptanoic acid ——250C/4h / 96%
Phenol
Alkanes

Octanoic acid
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Benzeneacetic
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Fig. 8. Chromatogram of acids-phenols characterization method.
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Fig. 10. Total acids-phenols concentration in Gallic acid in each sample.

of the total gas composition was formed of these two components that
originated from the air present in the reactor at the beginning of HTC.
Hydrolysis is the main reaction taking place during HTC. Hence, esters
were the first products formed. Afterwards, the esters were converted to
acids by further hydrolysis after which a decarboxylation reaction can
proceed via cyclic transition state giving an enol intermediate that
tautomerizes to the carbonyl group and produce ketones, aldehydes,
and mainly CO,, which was the main gaseous product [22,32,42,44]. It
represents around 85vol% on average of the gas produced, on a ni-
trogen and oxygen free basis, while carbon monoxide level was con-
siderably lower.

The maximum temperature that HTC operated at was 250 °C. Hence,
at such a relatively low temperature, only a small quantity of gaseous
hydrocarbons can be produced [56]. That is reflected in the low
quantity of hydrogen and hydrocarbons, such as methane, ethane, and
ethene, that consisted of less than 1.5vol% on average of the gas pro-
duct on a nitrogen and oxygen free basis. This primarily affected the
heating values of the gas product that were low (i.e. less than 0.4 MJ/
m?), and hindered its use in energy production.

H,S was produced due to the thermochemical decay of organic
matter and proteins devolatilization [32]. Hence, the concentration of
H,S in the gaseous product significantly increased, primarily with the
increase of residence time more than temperature and water content
[32]. However, H,S increase was negligible at low temperature. This
explains the foul and irritating smell when opening the reactor. H,S
highest detected concentration (i.e. 600 ppm) was lower than the lethal
concentration (i.e. 800 ppm) [57]. However, even such a small con-
centration inside the reactor needs to be treated by spraying a solution
of water/sodium bicarbonate over the product [58] before disposing it
of in nature.

4. Conclusion

HTC reaction was able to treat the DAF dairy sludge by producing

HCs with improved characteristics. The increase in reaction tempera-
ture, residence time and water-sludge ratio increased the HCs yield
along with their energy and carbon content and decreased the oxygen
and volatile matter contents. HC exhibited a hydrophobic nature with
aromatic surface morphology becoming more affluent in ash and in-
organic compounds, especially calcium. The liquid product contained
numerous fatty acids which concentration increased with the increase
in temperature, residence time but decreased with water content. The
gas phase was rich in CO, and poor in hydrocarbons. Considering the
highest HC and energy yields and the total acid-phenol concentration in
the liquid phase, the optimum operating condition should be a high
temperature, a long residence time, and high-water content. However, a
detailed economic analysis is needed to investigate the economic
profitability and feasibility of this process, taking into consideration the
high amount of energy needed for such an optimized operation.
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