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a b s t r a c t

Hydrothermal carbonization (HTC) is a thermal conversion process that converts high-moisture biomass
into hydrochar. HTC was applied to stabilize and process sludge collected from septic tanks into
hydrochar for practical energy recovery. Experiments were conducted with a 1-L high-pressure reactor
operating at different temperatures and reaction times in which the sludge was mixed with catalysts and
biomass at different ratios. The effects of catalysts (i.e., acetic acid, lithium chloride, borax, and zeolite)
and biomass (i.e., cassava pulp, dried leaves, pig manure, and rice husks) mixing with sludge for
hydrochar production were investigated. The experimental data showed acetic acid and cassava pulp to
be the most effective catalyst and biomass, respectively, increasing energy contents to the maximum
value of 28.5 MJ/kg. The optimum HTC conditions were as follows: sludge/acetic acid/cassava pulp
mixing ratio of 1/0.4/1 (by weight), at a temperature of 220 �C, and reaction time of 0.5 h. The relatively
high energy contents of the produced hydrochar suggest its applicability as a solid fuel.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Most developing countries in South and Southeast Asia, still lack
sewer systems with centralized wastewater treatment facilities. An
estimated 2.7 billion people worldwide are served by on-site
sanitation systems such as septic tanks and cesspools [1] which
are normally employed to treat toilet and grey wastewaters. The
septic tank sludge, which is still highly polluted, needs to be peri-
odically removed. Due to insufficient management, most septic
tank sludge and faecal sludge (FS) is not properly treated; instead, it
is discharged untreated (or partially treated) into nearby canals or
agricultural fields, causing water and soil pollution and increasing
health risks [2].

Hydrothermal carbonization (HTC) is a thermal conversion
process that can be used to treat faecal sludge (FS) and convert it
into a valuable solid product called “Hydrochar”. The process re-
quires short reaction times (1e12 h) at a relatively low temperature
range (180e250 �C), with corresponding pressures up to 30 bar
[3,4]. HTC is applied to stabilize and process FS collected from septic
.

tanks into hydrochar so that pathogens are destroyed and energy
recovery is possible. Advantages of HTC for treating FS over other
thermal conversion processes such as pyrolysis and gasification are
the relatively high hydrochar yield and higher energy efficiency
[4,5]. Moreover, hydrochar produced from HTC has already been
used for many applications such as solid fuel, energy storage, soil
amendment, absorbent in water purification, catalyst, and CO2
sequestration [4,6].

Applications of HTC on human wastes (untreated faeces and FS)
and sewage sludge have been previously reported by Danso-
Boateng et al. [7], Fakkaew et al. [3,5], and He et al. [8], most of
whom obtained relatively low energy contents of the produced
hydrochar (in range of 15e23 MJ/kg). Lynam et al. [9,10] reported
about a 30% increase in energy contents of the produced hydrochar
from HTC of lignocellulosic biomass with the addition of acetic acid
and salt catalysts (i.e., calcium lactate, lithium chloride, and calcium
chloride), which accelerated the hydrolysis reactions. Similarly,
using zeolites [11e14] and borax [15] as catalysts in dehydration
reaction of glucose or fructose produced hydroxylmethylfurfural
(HMF), an intermediate product, at a yield greater than 70%. In
addition, the study of Oliveira et al. [16] found that adding easily-
hydrolyzed carbohydrate biomass such as corn silage and dough
residues into the HTC feedstock resulted in about 15% increase in



Table 2
Mixtures of FS, catalyst and biomass, and mixing ratios.

Mixtures Mixing ratio (by weight)

FS: Catalyst
FS: acetic acida 1:0.2, 1:0.4, and 1:0.8
FS: lithium chloridea 1:0.25, 1:0.5, and 1:1
FS: boraxb 1:0.06, 1:0.12, and 1:0.25
FS: zeolitec 1:0.02, 1:0.05, and 1:0.10

FS: Biomass
FS: cassava pulp 3:1, 1:1, and 1:2
FS: dried leaves 3:1, 1:1, and 1:2
FS: pig manure 3:1, 1:1, and 1:2
FS: rice husks 3:1, 1:1, and 1:2

a Adapted from Lynam et al. [9].
b Adapted from Titirici [15].
c Adapted from Shimizu et al. [14].
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energy content of the produced hydrochar. However, blending
biomass with catalysts to increase the energy content of the pro-
duced hydrochar has not been investigated.

This study investigated the effects of adding catalysts and
biomass on the energy content of hydrochar produced from HTC,
using FS as feedstock. Optimum operating conditions, including
mixing ratios between FS and the catalyst or biomass, temperature
and reaction time, were determined.

2. Materials and methods

2.1. FS samples

FS samples were collected from a municipal emptying truck
(vacuum truck) which serviced residential areas of Pathumthani,
located near Bangkok, Thailand. The total solids concentration of
these collected FS samples, initially measuring approximately 50 g/
L, was adjusted to approximately 200 g/L using water bath evapo-
ration beforemixingwith catalysts and/or biomass and feeding into
the HTC reactor. Energy content and proximate analysis of FS
samples and biomass are shown in Table 1.

2.2. Catalysts

Catalysts used in this study included acetic acid (RCI labscan,
99.7% min) and lithium chloride (Ajax Finechem, 98% min), which
acted as hydrolysis catalysts; and borax (Ajax Finechem, 99.5%
min), and zeolite (Gatt intertrade Co. Ltd., natural, powder form,
SiO2/Al2O3 < 5), which acted as dehydration catalysts. These cata-
lysts weremixedwith FS at themixing ratios suggested by previous
researchers, as shown in Table 2.

2.3. Biomass

Selected biomass used in this study were agricultural residues:
cassava pulp, dried leaves, pig manure, and rice husks. These
biomass samples were shaped into a homogeneous size of about
2 mm by a grinding machine before mixing with FS samples ac-
cording to ratios given in Table 2. Energy content and proximate
analysis of the selected biomass samples are shown in Table 1.

2.4. HTC experiments

Experiments were conducted with a 1-L high-pressure reactor
made of stainless steel and equipped with pressure gauge, ther-
mocouple and gas collecting ports, as illustrated in Fig. 1. An electric
heater equipped with a control panel (Fig. 1a) was used to adjust
reactor temperature and reaction time. Each HTC experiment was
performed in triplicate with 350 mL of FS mixed with select addi-
tives such as catalysts and biomasses (Table 2). The operating
conditions of the HTC process were controlled at a heating rate of
6 �C/min, temperature of 220 �C and reaction time of 5 h. Under
these operating conditions, the generated pressure inside the HTC
Table 1
Characteristics of FS and selected biomass.

Samples Energy content (MJ/kg) Proximate ana

Moisture

FS 16.3 3.4
Cassava pulp 17.1 6.1
Dried leaves 20.7 3.6
Pig manure 15.5 5.7
Rice husks 20.0 5.1

Note; all in average values.
reactor, 30 bar, was maintained. At the end of each experiment, the
reactor was rapidly cooled to ambient temperature using water in a
cooling jacket (Fig. 1b) at the cooling rate of about 45 �C/min to
quench the reaction. After collecting the gas sample, the carbonized
FS remaining in the reactor was separated into solid (hydrochar)
and liquid products using vacuum filtration (Whatman filter paper,
1.2 mm). The produced hydrochar was subsequently dried in an
oven at 105 �C for at least 12 h to remove the remaining moisture.
The produced hydrochar was analyzed for its characteristics as
described in the following sections.

The mixtures of FS and the selected catalyst or biomass were
further tested in the HTC reactor operating at various temperatures
and reaction times (Table 3). Each experiment was undertaken
according to the HTC process explained above. Effects of process
parameters, such as temperature and reaction time, and optimum
conditions of the HTC process were determined.
2.5. Analytical methods

Since this study emphasizes energy recovery of the produced
hydrochar and changes in physical properties of the treated
biomass, only energy content and proximate analysis of these
materials were analyzed. Energy content was determined by a
bomb calorimeter (AC500, Leco, USA). The proximate analysis
(moisture, volatile matter, fixed carbon and ash content) was
measured using a thermogravimetric analyzer (TGA701, Leco, USA).

Liquid samples were analyzed for: Total Organic Carbon (TOC),
Chemical Oxygen Demand (COD), Total Nitrogen (TN), Total Phos-
phorus (TP) and organic and volatile acids concentrations using the
high temperature combustion method (TOC-V CPH, Shimadzu,
Japan), closed dichromate reflux method, persulfate method,
colorimetric method, and distillation method [17], respectively. Gas
samples were analyzed for CO2, CH4, O2, and N2 using a gas chro-
matograph instrument (GC 7890A, Agilent, USA) equipped with
flame ionization detector.
lysis (% dry weight)

Volatile matter Ash Fixed carbon

56.0 30.8 9.7
82.0 1.5 10.3
71.3 9.8 15.2
64.3 24.8 5.1
64.7 16.2 14.0



Fig. 1. Schematic of HTC reactor (a) heating system, and (b) cooling jacket.

Table 3
Experimental design of HTC operating conditions.

Experiment no. HTC operating conditions

Temperature (�C) Reaction time (h)

1 180 0.5
2 180 1
3 180 3
4 180 5
5 180 10
6 200 0.5
7 200 1
8 200 3
9 200 5
10 200 10
11 220 0.5
12 220 1
13 220 3
14 220 5
15 220 10
16 250 0.5
17 250 1
18 250 3
19 250 5
20 250 10
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3. Results and discussion

3.1. Effects of catalyst addition

The effects of catalysts mixed with FS, at various mixing ratios,
on the energy content of hydrochar produced by HTC at 220 �C and
5 h is shown in Fig. 2a. Using acetic acid as a catalyst, energy con-
tents of the produced hydrochar were found to be 19.7, 21.4, and
19.5 MJ/kg at the FS to acetic acid mixing ratios of 1:0.2, 1:0.4 and
Normalized energy yield ¼ energy content of hydrochar � mass of hydrochar
mass of dry initial feedstock

(1)
1:0.8, respectively (Fig. 2a). Adding acetic acid into FS samples
resulted in the decrease of pH to 3.6e4.5, which increased the HTC
reaction rates [18] and, consequently, increased the energy content
of the dried FS and the produced hydrochar (without catalyst) from
16.3 to 18.8 MJ/kg, respectively, to 20.2 MJ/kg in average.

When using borax as a catalyst, the energy contents of the
produced hydrochar were found to be 18.5, 17.1 and 16.1 MJ/kg at
the FS to borax mixing ratios of 1:0.06, 1:0.12 and 1:0.25, respec-
tively (Fig. 2a). Borax increased the pH of the FS samples to a range
of 8.3e8.7, higher than the optimum pH range of 3.0e7.0 recom-
mended by Funke and Ziegler [18] and Liang et al. [19], resulting in
low energy contents of the produced hydrochar.

When using zeolite as a catalyst, the energy contents of the
produced hydrochar were found to be 18.6, 18.0 and 16.5 MJ/kg at
the FS to zeolite mixing ratios of 1:0.02, 1:0.05 and 1:0.10, respec-
tively (Fig. 2a). Similar results were obtained fromHTC experiments
using lithium chloride as a catalyst. At the FS to lithium chloride
mixing ratios of 1:0.25, 1:0.5 and 1:1, the produced hydrochar
contained energy contents of 18.6,19.4, and 17.7MJ/kg, respectively
(Fig. 2a). There were no significant changes in pH of the samples
mixed with these 2 catalysts, hence the zeolite and lithium chloride
catalysts had little effect on the energy content of the produced
hydrochar.

Hydrochar yield is widely known as the mass ratio of dried
hydrochar to dried feedstock [8]. The HTC of FS mixed with cata-
lysts such as borax, zeolite and lithium chloride generated higher
hydrochar yields (about 73, 76 and 77%, respectively) than that
using acetic acid as a catalyst which was about 70%. This higher
yield could be due to the fact that small amounts of the inorganic
catalysts remained in the produced hydrochar after the HTC
process.

In order to identify the most effective catalyst for hydrochar
production, the normalized energy yield, defined as the energy of
the produced hydrochar per mass of dry initial feedstock [20], was
calculated as shown in Equation (1).
Given the data in Fig. 2b, the highest normalized energy yield of
14.5 MJ/kg-FS was found when using acetic acid at the mixing ratio
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Fig. 2. (a) Energy contents of produced hydrochar and (b) Normalized energy yields of HTC of FS with catalysts at various mixing ratios operating at temperature of 220 �C and
reaction time of 5 h.
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of 1:0.4. Acetic acid was further chosen as an effective catalyst for
the study on the effects of HTC process parameters such as tem-
perature and reaction time on the energy contents and hydrochar
yields. However, other catalysts operating at different conditions
may also produce hydrochar with high energy contents. Further
investigations on this aspect are recommended.

Fig. 3a shows the effects of temperature and reaction time on
energy content of the produced hydrochar. At the reaction time of
1 h, the maximum energy contents of 23.0, 22.9 and 25.3 MJ/kg
were achieved at temperatures of 180, 200 and 220 �C, respectively.
Acetic acid may accelerate the hydrolysis process in a relatively
short reaction time. In contrast, after 3 h of reaction, energy con-
tents of the produced hydrochar dropped to a range of 16e19 MJ/
kg. The lowest energy contents of the produced hydrochar were
observed at the temperature of 250 �C for all reaction times
(Fig. 3a), probably due to decomposition of HMF, as intermediate
product, at the high temperatures and long reaction times [21].
In order to determine the optimum HTC conditions, the
normalized energy yields were determined as shown in Fig. 3a. The
optimum temperature and reaction time of the HTC of FS with
acetic acid were 220 �C and 1 h, respectively, giving a normalized
energy yield of 19.8 MJ/kg-FS. At these conditions, the energy
contents and yields of the produced hydrochar were 25.3MJ/kg and
73%, respectively, higher than those obtained from other operating
conditions.

3.2. Effects of biomass addition

Experimental results of the HTC using FS mixed with different
biomass as feedstocks are shown in Fig. 4. At the FS to biomass
mixing ratio of 3:1, energy contents of the produced hydrochar of
20.0e21.5 MJ/kg were obtained due mainly to the large proportion
of FS with low energy content (Table 1) in the feedstock. Likewise,
relatively high energy contents of the produced hydrochar of
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23.5e23.7MJ/kg were obtained with the FS to biomass mixing ratio
of 1:2 due to the larger proportion of biomass with high energy
content (Table 1) in the feedstock.

At the mixing ratio of 1:1, energy contents of the produced
hydrochar were found to be about 21.0e22.7 MJ/kg, while the
highest energy content of 22.7 MJ/kg was obtained with the cassava
pulp mixture. Cassava pulp could be easily hydrolyzed in the HTC
process; therefore, the rate of carbonization stage was increased,
resulting in the increased energy contents. This could be shown by
the fixed carbon content in the produced hydrochar, which was
about 22.6%, higher than those of the hydrochar produced from FS
alone (12.0%). The fix carbon contents of the raw FS and cassava
pulp were 9.7 and 10.3%, respectively.

Hydrochar yields for the FS and any biomass mixtures ranging
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Fig. 4. (a) Energy contents of produced hydrochar and (b) Normalized energy yields of HTC of FS with biomasses at various mixing ratios operating at temperature of 220 �C and
reaction time of 5 h.
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from 60 to 70% depending on characteristics of the feedstocks were
lower than those of the FS and catalyst mixtures (70e80%) probably
because hydrolysis of the biomass resulted in lower hydrochar
yields.

According to Fig. 4b, the FS to cassava pulp mixing ratio of 1:1
gave the highest normalized energy yield; therefore, it was selected
for further study, as shown in Fig. 3b. Energy contents of the pro-
duced hydrochar ranged from 19.3 to 22.6 MJ/kg at the tempera-
tures of 180, 200 and 220 �C and reaction times of 0.5e10 h. Higher
energy contents of the produced hydrochar of 23.7, 23.8 and
24.5 MJ/kg were obtained at the reaction times of 3, 5 and 10 h,
respectively, at the temperature of 250 �C. These results were the
opposite of thosewith acetic acidmost likely because therewere no
effects of the catalyst on HMF decomposition.

At the normalized energy yield of 16.1 MJ/kg-FS (Fig. 3b), the
HTC temperature of 250 �C and reaction time of 3 h were found to
be optimum for treating the FS and cassava pulp mixture at a ratio
of 1:1. These optimum conditions resulted in the energy content
and yield of the produced hydrochar of 23.7 MJ/kg and 68%,
respectively.

3.3. Combination of catalyst and biomass

Based on the experimental results obtained from previous sec-
tions, a mixture of FS, acetic acid and cassava pulp, at a ratio of
1:0.4:1, was selected as an example to determine energy contents
of the produced hydrochar at various temperatures and reaction
times. Results shown in Fig. 3c indicate that at a temperature of
220 �C, energy contents of the produced hydrochar of 28.5 and
27.4 MJ/kg were obtained at the reaction times of 0.5 and 1 h,
respectively. These values are higher than previous data of the
mixtures of FS and acetic acid (Fig. 3a) or cassava pulp (Fig. 3b). The
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role of acetic acid acting as a catalyst in accelerating the thermo-
chemical reactions in the HTC process was evident. Lower energy
contents of the produced hydrochar were obtained at reaction
times of 3e10 h and at temperatures of 180, 200 and 250 �C.

Based on the data in Fig. 3c, the temperature of 220 �C and re-
action time of 0.5 h were found to be optimum for HTC treatment of
the mixture of FS, acetic acid and cassava pulp at 1:0.4:1 ratio,
giving the normalized energy yield of 19.9 MJ/kg-FS. These opti-
mum conditions resulted in energy content and yield of the pro-
duced hydrochar of 28.5 MJ/kg and 70%, respectively.

It is apparent that the energy content of the hydrochar pro-
duced from the HTC of FS could be increased by adding either
acetic acid or cassava pulp. Moreover, the energy content could be
further increased when using the mixture of FS, acetic acid and
cassava pulp as a feedstock. The produced hydrochar obtained
from these experiments had the energy contents of 27.4e28.5 MJ/
kg, higher than those of natural coals such as lignite and sub-
bituminous which are 15.0 and 18.2 MJ/kg, respectively [22].
However, pilot or full-scale experiments on HTC treatment of
these mixtures should be conducted to validate the laboratory-
scale results.
Table 4
Mass balances of HTC process.

Feedstock

Mixtures Dry weight (g)

FS: acetic acid 72.1b

FS: cassava pulp 70.6

FS: acetic acid: cassava pulp 67.3b

Note; all in average values.
a Yield (%) ¼ mass of product (g-dry weight) � 100/mass of feedstock (g-dry weight).
b Excluding mass of acetic acid.

Table 5
Characteristics of products from HTC of mixtures of FS, acetic acid and cassava pulp.

Products Characteristics Unit Mix

FS:

Hydrochar Proximate analysis
Moisture %wt 1.2
Volatile matter %wt 44.8
Fixed carbon %wt 12.6
Ash %wt 41.4
Ultimate analysis
Carbon %wt 37.0
Hydrogen %wt 4.2
Nitrogen %wt 1.8
Sulfur %wt 1.8
Oxygen %wt 13.8
Energy content MJ/kg 25.3

Liquid TOC g/L 47.2
COD g/L 132
TN g/L 5.5
TP mg/L 88
Organic and volatile acids g/L 96.1
pH 3e4

Gas CO2 %V 61.0
CH4 %V 2.5
O2 %V 2.2
N2 %V 21.4
Other %V 12.6

Note; all in average values.
3.4. Mass balance and HTC product characteristics

Mass balances of the HTC process were carried out at 3 optimum
HTC conditions, as shown in Table 4. Results indicated that a sig-
nificant proportion of organic matter in the feedstock (68e73%)
was hydrothermally carbonized into hydrochar. About 17e21% and
10e11% of the remaining mass were processed into liquid and gas
by-products, respectively.

Characteristics of the HTC products from the mixtures of FS,
acetic acid and cassava pulp (at the optimum conditions) are shown
in Table 5. As a result of carbonization in the HTC process, there
were increases in the fixed carbon contents in the produced
hydrochars, compared to those in raw materials such as FS and
cassava pulp (Table 1). On the other hand, the volatile matter
contents in raw materials were hydrolyzed, dehydrated and con-
verted into hydrochar, liquid and gas by-products. The increase of
fixed carbon and decrease of volatile matter in the produced
hydrochar probably resulted in increased energy contents of the
produced hydrochar. High values of ash content in the produced
hydrochars were observed (Table 5), most likely due to accumula-
tion of inorganic matters and destruction of organic matters after
HTC products

Products Dry weight (g) Yielda (%)

Hydrochar 52.3 72.5
Liquid 12.0b 16.6
Gas 7.8 10.8
Hydrochar 48.1 68.1
Liquid 14.8 21.0
Gas 7.7 10.9
Hydrochar 47.0 69.8
Liquid 13.3b 19.8
Gas 7.0 10.4

tures

acetic acid FS: cassava pulp FS: acetic acid: cassava pulp

0.1 0.8
44.1 39.8
22.6 24.6
33.2 34.8

48.3 48.5
4.6 4.6
2.2 2.0
1.4 1.5
10.3 8.6
23.7 28.5
18.2 48.8

.3 47.8 134.9
9.8 6
90 120
5.2 97.8
5 3e4
63.0 64.1
0.5 0.7
2.7 1.8
21.3 20.1
12.5 13.3
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carbonization in the HTC process. Because rawmaterials used in the
HTC process originated from domestic and agricultural sources, the
produced hydrochar should not contain heavy metals and other
hazardous materials.

The liquid by-product still contained high concentrations of
organic matters (such as TOC and COD), TN and TP (Table 5). It is
apparent that, to minimize environmental pollution and producing
valuable products, these liquid by-products need to be further
treated, e.g. by anaerobic digestion [13,23]. These liquid by-
products containing the recovered acetic acid of about 96e98 g/L
(or about 72.8% recovery) could be directly reused as a catalyst in
the HTC process to increase the energy content of the hydrochar
and reduce operation costs of the HTC and wastewater treatment.

Analysis of the gas by-products showed CO2 to be the main
component; however, there were trace amounts of CH4, O2, N2, and
other gases, as shown in Table 5. To eliminate the greenhouse gas
emissions, the produced gases can be further treated, possibly by
activated carbon adsorption or a wet scrubber [24,25].

In this study, the technical feasibility of applying an HTC process
to treat and convert FS to the high-energy content hydrochar was
demonstrated. Application of the produced hydrochar as a solid
fuel, including its combustion behavior, marketability and social
acceptance, should be investigated. Further studies on the scale-up
effects and cost-benefit analysis of the HTC process are strongly
recommended prior to implementation of a full-scale HTC reactor
for treating FS. Other benefits from HTC treatment of FS, such as
pollution control and health risk reduction, should also be
considered.
4. Conclusions

Given the results of this study, the following conclusions can be
made:

1. Acetic acid and cassava pulp were found to be the most effective
catalyst and biomass, respectively, in increasing energy content
of the hydrochar produced from the HTC of FS.

2. Energy content of the produced hydrochar could be further
increased by using a mixture of FS, acetic acid and cassava pulp
as a feedstock in HTC process.

3. At optimum conditions, energy contents of the hydrochar pro-
duced from the HTC of the mixtures of FS: acetic acid, FS: cas-
sava pulp and FS: acetic acid: cassava pulp were found to be
25.3, 23.7, and 28.5 MJ/kg, respectively.

4. Energy contents of the produced hydrochar were comparable to
natural coals, which could be a significant substitute for fossil
fuels in combustion processes.
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