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Abstract: The main objective of this study was to evaluate the hydrothermal pretreatment’s retention
time influence on the volatile fatty acids and biomethane production from thickened waste activated
sludge under mesophilic conditions. Six different retention times of 10, 20, 30, 40, 50, and 60 min were
investigated while the hydrothermal pretreatment temperature was kept at 170 ◦C. The results showed
that the chemical oxygen demand (COD) solubilization increased by increasing the hydrothermal
pretreatment retention time up to 30 min and stabilized afterwards. The highest COD solubilization
of 48% was observed for the sample pretreated at 170 ◦C for 30 min. Similarly, the sample pretreated
at 170 ◦C for 30 min demonstrated the highest volatile fatty acids yield of 14.5 g COD/Lsubstrate added

and a methane yield of 225 mL CH4/g TCODadded compared to 4.3 g COD/Lsubstrate added and
163 mL CH4/g TCODadded for the raw sample, respectively. The outcome of this study revealed that
the optimum conditions for solubilization are not necessarily associated with the best fermentation
and/or digestion performance.

Keywords: volatile fatty acids; biomethane; anaerobic digestion; hydrothermal pretreatment;
thickened waste activated sludge

1. Introduction

Global climate change and the energy crisis due to the combustion of fossil fuels have increased
the interest in the bio-renewable energy resources. Therefore, the wastewater treatment plants (WWTP)
nowadays are not only targeting wastewater treatment but recovering value-added products, such as
volatile fatty acids and biomethane, from the wastewater. Anaerobic digestion (AD) is a promising
technology to reclaim energy from organic matter. AD has many benefits, such as solid reduction,
decreasing the greenhouse gas emissions, odor reduction, and increase in the non-market profits
compared to the other waste treatment technologies [1].

AD is a biological process that transforms complex organic matter to biogas and digestate by
four main steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [2,3]. During hydrolysis,
hydrolytic bacteria utilizes water to break down the complex polymeric structures of organic compounds
into their constituent monomeric subunits, such as amino acids, sugars, and long-chain fatty acids.
In waste activated sludge (WAS), the major part of the organic compounds is bounded in a polymeric
network formed by extracellular polymeric substances (EPSs). EPSs are extremely hydrated structures
with high impact in settling, dewatering of the sludge, and bio flocculation [4]. EPSs in WAS is mainly
attributed to the proteins and carbohydrates that need to be disintegrated to make the intracellular
content available to the microorganisms. The degree of degradation and overall digestion performance
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are reported to be improved by solids solubilization and hydrolyzed organics degradation [5].
The by-products of the hydrolysis step are then converted into a mixture of volatile fatty acids (VFAs)
and other products, such as hydrogen and ammonia, by acidogenic bacteria. Afterwards, acetogenic
bacteria converts the VFAs produced from the acidogenesis to acetate, carbon dioxide, and hydrogen.
In the last step, methanogenesis utilizes the acidogenesis products (acetate, H2, and CO2) and produces
methane [6].

Generally, methane produced from the last phase of AD is considered to be the main beneficial
product. However, by excluding the methane forming stage, valuable organic acids such as VFAs can
be produced by anaerobic fermentation (hydrolysis and acidogenesis) [7]. VFAs can be extracted from
the biological process and utilized for many applications, such as a carbon source for the biological
nutrient removal (BNR) process [8], generating electricity through a microbial electrolysis cell (MEC) [9],
or producing the poly-hydroxyalkanoates (PHA) for biodegradable plastic production [8]. The main
difference between the fermentation and anaerobic digestion process is the by-product of the process.
Fermentation by-products are mainly VFAs and alcohols; however, anerobic digestion by-products are
ultimately methane and carbon dioxide. On the other hand, the fermentation process includes two main
steps, hydrolysis and acidogenesis, while anaerobic digestion includes four steps, namely, hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Another difference is that the fermentation process
requires an acidic environment, while anaerobic digestion requires a neutral pH.

Most of research studies have reported that hydrolysis is the rate-limiting step for AD of complex
organic matters, whereas, for the easily biodegradable substrates, the methanogenesis step is the
rate-limiting step [10]. In order to overcome this challenge, different pretreatment technologies,
including mechanical, chemical, biological, and thermal, have been applied to promote the hydrolysis
step [11–13]. Among these pretreatment methods, hydrothermal pretreatment (HTP) is considered to be
one of the most studied pretreatments, which is commercially available at full scale. The first full-scale
HTP plant was implemented in 1995 at the HIAS WWTP of Hamar (Norway) [14–16]. HTP refers to
the heating of the biomass at beyond the autoclave temperature (121 ◦C) [15]. The main mechanism of
hydrothermal pretreatment is disintegration of the cell membrane and subsequently solubilizing the
organic compounds by releasing the intracellular materials [17]. Other benefits of HTP are removing
the pathogens, reducing the viscosity, decreasing the particle size of the solids, and enhancing the
dewaterability [10].

Various thermal and hydrothermal temperatures ranging from 50 ◦C to 275 ◦C have been studied
to improve the AD and fermentation of municipal sludge. Most of the studies have focused on
AD while only few studies investigated the effect of HTP on the fermentation or two-stage AD.
Researchers investigated the effect of the hydrothermal pretreatment temperature [18–20] and retention
time [5,13,21,22] on biogas production at different ranges. Various studies in the literature have also
reported a higher soluble content after hydrothermal pretreatment compared to the raw TWAS [18,19,21].
According to the literature, and as shown in Table 1, the optimal HTP temperature for the AD is
160–180 ◦C [10]. However, there is a discrepancy in the optimum retention time. Some researchers
reported 30 min as the optimum time [19,20], while others found that the 50 min [18] and 76 min [22]
are the optimum times. On the other hand, some researchers reported higher retention time of 24 h as
the optimum time [21].
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Table 1. Studies on the hydrothermal pretreatment’s (HTP’s) impact on anaerobic digestion (AD)/fermentation of thickened waste activated sludge (TWAS).

Studies on Fermentation of Thickened Waste Activated Sludge

HTP Parameter
Pretreatment Condition Optimum HTP

Condition

Effect of Hydrothermal
Pretreatment on

Fermentation/AD
Reactor Type Reference

Temperature Retention Time

Temperature

155–175 ◦C 30 min One condition used in
this temperature range

VFAs increased by 44%
compared to the raw—0.14 g

VFAs COD/g TCOD
for pretreated

Semi-continuous [23]

90 ◦C 1 h One condition used
76% increase in H2 production

compared to the raw—no
VFA data

Batch [24]

160 ◦C NA One condition used
VFAs increased by 50 to 80%

compare to the raw—0.2 g VFAs
COD/g TCOD for pretreated

Semi-continuous [11]

Studies on Anaerobic Digestion of Thickened Waste Activated Sludge

Retention time

40–80 ◦C 1–3–5 h - No significance effect on
ultimate CH4

Batch [5]

75–225 ◦C 15–105 min 180 ◦C–76 min 23% higher methane production
compare to raw Batch and Continuous [22]

60–180 ◦C 15 min–60 h 160–24 h 10% higher compare to raw Batch [21]
200 ◦C 0.5, 1.0, 2.0, 4.0, and 6.0 h 200 ◦C–0.5 h 242 mL CH4/g COD Batch [13]

Temperature

100–220 ◦C 30 min 180 ◦C–30 min 43–46% higher methane
production compared to raw Batch [20]

130–170 ◦C 30 min 170 ◦C–30 min 5–6% higher methane production
compared to other conditions Semi-continuous [19]

135–190 ◦C 35–50 min 190 ◦C–50 min 25% higher methane production
compare to raw Semi-continuous [18]
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On the other hand, to the authors’ best knowledge, there are a limited number of studies in the
literature on the effect of the hydrothermal pretreatment’s retention time on VFA production or on the
two-stage anaerobic digestion. Therefore, the main objective of the study was to evaluate the effect
of the hydrothermal pretreatment’s retention time on the VFA production and methane production
of TWAS. The degree of solubilization due to the pretreatment as well as due to the fermentation
was investigated. The effect of the pretreatment on VFA production and VFA distribution was also
analyzed. Furthermore, the effect of the pretreatment on the methane yield, methane rate, and kinetics
was evaluated.

2. Materials and Methods

2.1. Substrate and Seed Preparation

The substrate employed in the current study was TWAS obtained from Ashbridge’s Bay Wastewater
Treatment Plant (AWWTP). This plant is located at the east end of Toronto, Canada, having a nominal
capacity of 818,000 m3/day and an equivalent population of 1,524,000 is being served by this plant.
The residential wastewater coming to the AWWTP goes through four major treatment phases of
preliminary, primary, secondary treatment (activated sludge), and disinfection. Samples for the
current study were collected after the secondary treatment effluent underwent a thickening process by
centrifugation. The characteristics of the raw TWAS can be found in Table 2.

Table 2. Characteristics for the raw TWAS and the seed.

Parameter Units TWAS Seed

Total COD mg/L 34,400 ± 700 21,000 ± 1200
Soluble COD mg/L 2100 ± 180 420 ± 20

TSS a mg/L 29,000 ± 500 18,000 ± 300
VSS b mg/L 20,800 ± 300 12,200 ± 200

Total Carbohydrates mg/L 1859 ± 150 990 ± 80
Soluble Carbohydrates mg/L 513 ± 20 346 ± 9

Total Protein mg/L 2800 ± 70 3300 ± 50
Soluble Protein mg/L 600 ± 10 350 ± 10

Ammonia Nitrogen NH3–N mg/L 17 ± 5 670 ± 20
Alkalinity mg CaCO3/L 1550 ± 300 5800 ± 300

pH 6.7 ± 0 7.00 ± 1
a Total suspended solids; b volatile suspended solids.

The seed used for the current study was also obtained from an operating anaerobic digester at the
AWWTP. The digester is operated under mesophilic condition with hydraulic retention time (HRT) of
approximately 18 days. The feed for this digester at the AWWTP was a mixture of TWAS and primary
sludge with an organic loading rate of about 1.1 kg total volatile solids/m3.d [25].

For the fermentation tests, the seed was pretreated thermally using a hot plate in a 6 L stainless-steel
pot to suppress methanogens prior to using it for the fermentation tests [26]. The temperature of the
seed was brought to 70 ◦C and it was then incubated in the incubator for 30 min at 70 ◦C. Next, the seed
was chilled to room temperature without using any cooling system. The pH was adjusted to 5.5 using
HCl. The seed’s characteristics are shown in Table 2.

2.2. Hydrothermal Pretreatment

Hydrothermal pretreatment of the substrate was performed under six different conditions.
The temperature was fixed at 170 ◦C and six retention times of 10, 20, 30, 40, 50, and 60 min were
tested. A Parr 4848 Hydrothermal Reactor with a capacity of 2 L (Parr Instrument Company, Moline,
IL, USA) was used for the HTP. The volume of the TWAS for each pretreatment in this study was 1 L.
The operating process of the hydrothermal pretreatment is described in our previous study [27].
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2.3. Solubilization Calculations

The degree of solubilization or chemical oxygen demand (COD) solubilization is commonly used
as an indicator to evaluate the pretreatment performance [19]. Soluble compounds, such as SCOD,
soluble protein, and soluble carbohydrates, were monitored before and after the HTP to evaluate the
effect of the pretreatment on the TWAS solubilization. The solubilization percentage (%) was calculated
using Equation (1):

Solubilization percentage due to pretreatment (%) = (SCODHTP − SCODRaw)/PCODRaw × 100 (1)

PCODRaw = TCODRaw − SCODRaw (2)

SCODHTP: Soluble COD concentration after HTP.
SCODRaw: Soluble COD concentration of the raw sample.
PCODRaw: Particulate COD concentration of the raw sample.
TCODRaw: Total COD concentration of the raw sample.

The percentage reduction in VSS “R” due to the pretreatment was calculated using Equation (3):

R (%) = (VSSRaw −VSSHTP)/VSSRaw × 100 (3)

VSSRaw: VSS concentration of the raw sample.
VSSHTP: VSS concentration after pretreatment.
The COD solubilization percentage during the acidification process was calculated using

Equation (4).

Solubilization percentage due to acidi f ication (%) = MSCODP/PCODSub (4)

MSCODP = MSCODF − MSCODI (5)

SCODI =
SCODSub × VSub + SCODSeed × VSeed

VSub + VSeed
(6)

PCODHTP = TCODHTP − SCODHTP (7)

Mass of SCODF = SCODF × (VSub + VSeed) − SCODSeed × VSeed (8)

MSCODP: Mass of soluble COD produced.
PCODSub: Particulate COD of the substrate which can be either PCODRaw or PCODHTP according

to Equation (2) or Equation (7).
MSCODF: Mass of the soluble COD after acidification.
MSCODI: Mass of the soluble COD before acidification.
SCODI: Soluble COD concentration before acidification.
SCODSub: Soluble COD concentration of the substrate (raw or pretreated).
VSub: Volume of the substrate added.
SCODSeed: Soluble COD of the seed.
VSeed: Volume of seed added.
PCODHTP: Particulate COD of the pretreated substrate before adding to the reactor.
TCODHTP: TCOD concentration of the pretreated sample.
SCODF: SCOD after acidification test.
For the mass of SCODF calculation, it was assumed that the SCOD in the seed did not degrade or

convert during the acidification process.
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2.4. Fermentation Experiment

Six pretreated TWAS samples and one raw sample (control) were used for the acidification
(fermentation) experiment. The acidification tests were carried out under mesophilic and batch
conditions. The total volume of each reactor was 1800 mL and the working volume was 1600 mL.
According to the food-to-microorganism (F/M) ratio of 1 g TCOD/g VSS, the volumes of the substrate
and seed were calculated based on Equation (9):

F
M

=
TCODsub × Vsub

VSSseed × Vseed
(9)

Vsub: Volume of substrate added to the fermenter.
Vseed: Volume of seed added to the fermenter.
VSSseed: Volatile suspended solids of the seed.
TCODsub: TCOD of the substrate.

Considering the F/M ratio, the calculated volumes of substrate and seed were added to the reactors.
After mixing both components (substrate and seed), the pH of the liquid was adjusted to 5.50 by using
3.5 M HCl. To ascertain that an anaerobic condition is provided, nitrogen gas was purged in each
reactor for about 5 min and sealed promptly. A Bioprocess Automatic Methane Potential Test System
(AMPTS II) was used for carrying out the acidification test. A detailed description of the AMPTS can
be found in our previous paper [25].

The VFA yield produced after acidification of the pretreated and raw TWAS was calculated using
Equations (10):

VFAs Yield =
MVFAsp

MVSSadded
(10)

MVFAsp = VFAsfinal × (Vsub + Vseed) (11)

MVSSadded = VSSsub × (Vsub) (12)

MVFAsp: Mass of the VFAs produced after acidification.
MVSSadded: Mass of the VSS added in the substrate.
VFAsfinal: VFAs concentrations at the end of the acidification.
VSSsub: VSS concentrations of the substrate.

2.5. Biochemical Methane Potential Experiment

The biochemical methane potential (BMP) test was conducted under batch mesophilic conditions.
The experiment was conducted in triplicates using the six different thermally pretreated samples in
addition to the raw sample; in total, 21 reactors were used. To eliminate interference of background
methane production from the seed, degassing was performed for the seed for ten days under mesophilic
conditions prior to substrate addition. After 10 days of degassing, based on the F/M ratio of 1 g TCOD/g
VSS, a specific amount of TWAS was added to the reactors. The pH was then adjusted to about 6.8 to
7.00. Afterwards, the mixture (substrate and seed) was purged with nitrogen for about 5 min to remove
any dissolved oxygen and provide anaerobic conditions. The total volume of the reactor was 260 mL,
with a working volume of 200 mL. As the alkalinity of the seed was over 6000 mg/L, supplement
alkalinity was not required.

2.5.1. Kinetics

Typically, hydrolysis is the rate-limiting step of anaerobic digestion of particulate wastes. In this
stage, biological degradation occurs when the cell wall is disrupted, releasing the intracellular organic
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matter [28,29]. In general, anaerobic digestion is explained as a first-order reaction relating to substrate
concentration (Equation (13)) and methane production (Equation (14)).

dS/dt = −k S (13)

k: The first order kinetic constant (d−1).
t: The digestion time (d).
S: Residual substrate (organics) concentration (mg/L) at any time t.

Since measuring S during the experiment is challenging and the substrate reduction is directly
correlated to the methane production, Equation (13) has been modified to be based on the methane
production, as shown in Equation (14) [30].

d[(Bo − B)/Bo]/dt = −k [(Bo − B)/Bo] (14)

Bo: Ultimate methane production at the end of the AD related to the initial substrate content (So).
B: The methane production linked to the consumed substrate denoting S = Bo − B.
The first-order kinetic constant (k) value may be calculated as the slope of the linear curve of

ln ((Bo − B)/Bo) vs. t.

2.5.2. Biodegradability

The anaerobic biodegradability (BDCH4 ) can be calculated by using the experimental methane
production compared to the theoretical methane value, as follows in Equation (15) [31]:

BDCH4 (%) = (BoExp/BoTh) ∗ 100 (15)

BoExp: The experimental ultimate methane production (mL).
BoTh: The theoretical methane potential based on the mass of the initial TCOD of the substrate,

neglecting the biomass synthesis (approximately 5% of the consumed organic matter). The BoTh was
calculated using the following formula:

BoTh = (TCODsub × Vsub-added) × theoretical methane yield, which is 0.397 L CH4/g COD (at 37 ◦C)

2.5.3. Gompertz Model

In the batch tests, a modified Gompertz model was considered to depict the progression of
cumulative methane production [32]:

H = P. exp
{
− exp

[Rm e
P

(λ− t) + 1
]}

(16)

H: The cumulative methane production (mL).
P: The maximum methane production (mL).
Rm: The maximum methane production rate (mL/h).
λ: The lag phase time (h).
t: The incubation time (h).
e = exp (1) = 2.718.

2.5.4. Mass Balance for COD

The COD mass balance was calculated by Equation (17):

%COD balance = (CODfinal + CODCH4 )/CODinitial ∗ 100 (17)

CODfinal: The final TCOD at the end of the experiment.
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CODCH4 : The COD of the cumulative methane produced based on 0.397 L CH4/g COD.
CODinitial: The initial TCOD.

2.6. Analytical Methods

All the water and gas quality analyses, such as TSS, VSS, TCOD, SCOD, carbohydrates, proteins,
VFAs, particle size distribution (PSD), biogas production, and biogas composition, were analyzed as
described in our previous paper [25].

3. Results and Discussions

3.1. Effect of Retention Time on TWAS Disintegration

TWAS samples were hydrothermally pretreated at six different hydrothermal retention times,
namely, 10, 20, 30, 40, 50, and 60 min, under the same HTP temperature of 170 ◦C. All the pretreated
samples had a higher content of soluble compounds compared to the raw sample. Figure 1a illustrates
the different soluble components, such as the VFAs, soluble carbohydrates, and soluble protein
concentrations for the pretreated and raw samples. Comparing the soluble content in the raw sample to
the hydrothermally pretreated samples, it was evidenced that the HTP has increased the concentration
of all the soluble compounds. This enhancement in soluble compounds was expected based on our
previous study, where it was found that HTP enhances the soluble portion of the TWAS at 170 ◦C [27].
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(c) Percentage reduction in the total and volatile suspended solids after HTP.

As shown in Figure 1a, soluble proteins of all the pretreated samples were higher than the raw
sample; however, it increased at a retention time of 10 min to about 3700 mg/L compared to 600 mg/L
for the raw sample. The highest soluble protein of about 4800 mg/L was achieved at a retention
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time of 30 min, after which there was no significant increase. These findings are in agreement with
Xue et al.’s [21] results, who investigated the effect of hydrothermal retention time on high-solid
sludge by retaining the HTP temperature at 180 ◦C and changing the retention time from 0 to 180 min.
They found that increasing the retention time was associated with an increase in soluble proteins.
They reported that the concentration of soluble proteins increased from 15 g/L to 25 g/L when the
retention time increased from 10 to 60 min and it continued to increase at a lower rate, reaching up to
approximately 30 g/L at 180 min.

On the other hand, the soluble carbohydrates’ concentration increased when the retention time
was increased from 10 to 40 min, and then it was stabilized. The highest concentration of soluble
carbohydrates of about 3100 mg/L was achieved for the sample hydrothermally pretreated for 40 min
compared to about 1000 mg/L for the raw sample. Xue et al. [21] also found that increasing the HTP
retention time from 10 to 30 min increased the soluble carbohydrates content from 2000 mg/L to
2500 mg/L. However, they reported that increasing the retention time above 30 min still enhanced the
concentration of soluble carbohydrates while in our study it was not the case.

The SCOD of the hydrothermally pretreated samples ranged from 12,970 ± 250 mg/L (being the
lowest value for sample pretreated for 10 min) to 16,690 ± 180 mg/L (the highest concentration for
sample pretreated for 30 min). The conversion of particulate matter in the TWAS to soluble can be
also expressed as the COD solubilization (which reflects the percentage of particulate COD that was
converted to SCOD). The COD solubilization of the hydrothermally pretreated samples is illustrated in
Figure 1b. As seen in the figure, all the COD solubilization increased by increasing the retention time
up to 30 min, and then it decreased slightly. The highest COD solubilization of 45% was achieved at
a 30 min retention time. This was in line with some studies in the literature; for example, Ding et al. [33]
reported a maximum COD solubilization of 65% when they pretreated TWAS at a temperature of
140 ◦C for 30 min. They tested different retention times, ranging from 5 to 30 min with 5 min intervals,
and they reported that the COD solubilization has increased from 58% to 65% when the retention time
was increased from 5 to 30 min.

Although the hydrothermal pretreatment enhances the COD solubilization of the particulate
organic compound, it causes a Maillard reaction by creation of colored refractory organic compounds
at elevated temperatures formed by polymerizing the carbonyl groups of the reducing sugars and
amino groups of amino acids, peptides, or proteins [34].

On the other hand, the VFA content increases with raising the retention time up to 30 min and
decreased slightly afterwards. All the pretreated samples had a higher VFA content compared to the
raw sample. The highest concentration of VFAs of 750 mg COD/L was spotted at a retention time of
30 min compared to 272 mg COD/L for the raw sample. To the authors’ knowledge, no studies have
been conducted on the effect of the retention time at a high temperature (higher than 100 ◦C) on VFA
production. However, some studies reported a rise in VFA production when increasing the retention
time when the TWAS was pretreated at a temperature of 60–80 ◦C [5,21].

The percentages reduction in TSS and VSS due to the hydrothermal pretreatment are illustrated in
Figure 1c. As shown in the Figure, increasing the retention time up to 30 min caused an increase in
solids reduction, and it was stabilized afterwards. The TSS reduction of the hydrothermally pretreated
samples ranged from 20% to about 35%. On the other hand, the VSS reduction ranged from 23% to
about 40%. The VSS reduction of 23% was achieved at a retention time of 10 min; this percentage
increased to 32% at a retention time of 20 min and reached the maximum of 40% at a retention time of
30 min. The VSS reduction did not change significantly after a retention time of 30 min. A negative
direct correlation of “−0.955” between the reduction in VSS concentration and increase in SCOD
concentration, considering different HTP retention times, was observed. The results also revealed
that increasing the hydrothermal pretreatment retention time caused the release of a higher ammonia
content. When the retention time increased from 10 min to 30 min, the ammonia content increased
from 148 mg/L to 229 mg/L and it began to drop and reached 165 mg/L at 60 min, which might be due
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to evaporation. This is similar to what was reported by Ding et al. [26], who found that the NH4–N
concentration increased by increasing the HTP retention time.

3.2. Effect of Retention Time on Particle Size Distribution

A reduction in particle size facilitates substrate homogenization, increases the carbohydrates’
solubilization, and decreases the cellulose crystallinity. Therefore, it is considered as an important
parameter in AD as it influences the degradation rate of the particulate matter [35]. Figure 2 illustrates
the particle size distribution (PSD) of the raw and the hydrothermally pretreated samples. As shown
in the figure, all the pretreated samples had a lower particle size compared to the raw sample. The d10

and d90 of the raw sample were 27 and 187 µm, respectively. Those values decreased to 15 and
125 µm for the pretreated samples. Increasing the retention time was associated with a decrease in
the particle size of the pretreated samples (p < 0.05). The lowest particle size was observed for the
sample pretreated for 60 min. At a retention time of 60 min, the d10, d50, and d90 were 15.2 ± 2.4,
47.8 ± 11.8, and 145.5 ± 1.7 µm, respectively, which accounted for a 45%, 42%, and 22% decrease in
the particle size compared to the raw sample. Our previous study also demonstrated a reduction in
particle size from 27 to 152 µm for the raw sample to 11–121 µm for the pretreated ones [27] when the
HTP temperature ranged from 150 to 240 ◦C and a retention time of 10 to 30 min was applied on the
TWAS. Comparable observations were also reported for hydrothermal pretreatment of excess sludge
for 180–210 ◦C for 60 min [36]. They reported about a 90% reduction in the average median value of
the sludge’s particle size after HTP compared to the raw sample [36].Processes 2020, 8, x FOR PEER REVIEW 10 of 23 
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3.3. Effect of Retention Time on Fermentation of TWAS

3.3.1. COD Solubilization Due to Fermentation and Overall COD Solubilization

All the pretreated and raw samples underwent a fermentation test. The samples were collected
during the fermentation to evaluate the effect of fermentation time as well as hydrothermal retention
time on the different parameters. Figure 3 illustrates the COD solubilization of the TWAS for the
pretreated and raw samples during the fermentation test. All the samples (raw and pretreated) have
a similar trend of solubilization. With increasing the fermentation time, the solubilization increased
exponentially until 36 h, after which the increase in solubilization was not significant. The solubilization
after 36 h was about 90% of that one after 72 h, i.e., most of the fermentation occurred during the first
36 h.
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For the retention times of 10, 20, 30, and 40 min, the trend in COD solubilization due to
fermentation followed the same trend of the COD solubilization due to the hydrothermal pretreatment,
i.e., with increasing the retention time within this range, the COD solubilization increased. Increasing the
hydrothermal retention time beyond 40 min was associated with a lower COD solubilization compared
to the raw sample during fermentation. As seen in Figure 3, retention times of 10 and 20 min achieved
an approximately 28% solubilization in comparison to 26% for the raw sample. Samples pretreated
for 30 and 40 min had a slightly higher solubilization of 32–33%. However, samples pretreated for
50 and 60 min demonstrated a lower solubilization of 20–21% in comparison to the 26% for the raw
sample. The low COD solubilization percentage compared to the raw sample in the longer retention
times (50 and 60 min) during fermentation can be due to the presence of the refractory compounds
(melanoidins) produced during hydrothermal pretreatment at higher HTP retention times, which slows
down or hinders the solubilization of the particulate organics during fermentation. Therefore, the effect
of the HTP on fermentation of TWAS was not significant after performing a one-way ANOVA (p > 0.05);
but, overall, the solubilization of the particulate matter, combining the hydrothermal pretreatment
and fermentation, was considerable. The overall solubilization for all samples due to hydrothermal
pretreatment and fermentation are indicated in Table 3. Overall solubilization denotes the amount of
particulate matter transferred to soluble as a result of both hydrothermal pretreatment and fermentation.
All pretreated samples had an approximately 2-times higher final solubilization compared to the raw
sample. Ding et al. (2017) evaluated the effect of hydrothermal pretreatment retention time for 5 to
30 min under 140 ◦C on fermentation of TWAS; they reported that the longer retention times resulted
in higher COD solubilization [33]. They found that COD solubilization was enhanced from 58% for
a 5 min retention time to 66% for a 30 min retention time, which is in accordance with the results of
this study.
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Table 3. Overall solubilization (solubilization due to hydrothermal pretreatment and fermentation), VFA yields, and VFA composition percentage.

Overall
Solubilization VFA Yields Percentage of VFA Variations

Samples
%

(mg COD
VFAs/g VSS

Added

(mg COD
VFAs/g

TCOD Added

(mg COD
VFAs/L

Substrate
Added)

Acetic Acid Propionic
Acid

Iso-Butyric
Acid

Butyric
Acid

Iso-Valeric
Acid Valeric Acid

170 ◦C–10 min 52 450 272 9100 37 16 17 14 11 4
170 ◦C–20 min 56 618 374 12,900 39 14 24 17 4 4
170 ◦C–30 min 63 699 423 14,500 46 17 21 9 7 2
170 ◦C–40 min 61 574 347 12,000 33 15 24 18 6 2
170 ◦C–50 min 55 548 332 11,400 33 15 24 18 6 4
170 ◦C–60 min 52 424 257 8800 30 17 30 11 7 4

Raw 31 206 124 4300 33 17 21 24 1 5
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3.3.2. Volatile Fatty Acid Yield

The volatile fatty acid yield of the hydrothermally pretreated and raw TWAS are shown in
Table 3. The trend of VFA yield produced by fermentation was in a line with the COD solubilization,
solid reduction, and soluble carbohydrate content trends due to the hydrothermal pretreatment.
In general, all hydrothermally pretreated samples demonstrated a 2–4 times higher VFA yield
compared to the raw sample. The VFA yield as per mass of TCOD added for the hydrothermally
pretreated samples varied from 257 mg COD/g TCODadded to 423 mg COD/g TCODadded. The VFA
yields considering the volatile suspended solids of the substrate for the hydrothermally pretreated
samples ranged from 424 mg COD/g VSS added to 699 mg COD/g VSSadded compared to 206 mg COD/g
VSSadded for the raw sample. Similar to the COD solubilization due to fermentation, the VFA yield
increased by increasing the HTP retention time from 10 min to 30 min, and then dropped afterwards.
The highest VFA yield of 699 mg COD/g VSS added was obtained for the sample pretreated for 30 min,
which was 3.5 times more than that of the raw sample. This was in accordance with some researchers
who reported that all hydrothermally pretreated samples had higher VFA contents compared to the
raw samples [26]. However, their results were a little different from our study; they reported that the
VFA concentration changed from 12 g/L for 5 min to 13.8 g/L for 30 min.

The specific VFA production rate was calculated by normalizing the VFA production rate per mass
of VSS added. The specific VFA production rate increased slightly after the pretreatment compared
to the raw sample. The specific VFA production rate for all the hydrothermally pretreated samples
increased by about 11% compared to the raw sample, showing two peaks of a high rate (11%) at a 10-
and 40-min retention time. The maximum specific VFA production rate of 52 mg COD/g VSS per day
was observed at the two retention times of 10 and 40 min compared to 47 mg COD/g VSS per day for
the raw sample.

3.3.3. Volatile Fatty Acid Spectrum

The variations in volatile fatty acids at the end of the fermentation experiment are shown in
Figure 4, where acetic acid, propionic acid, iso-butyric acid, butyric acid, iso-valeric acid, and valeric
acid were detected. The most abundant type of VFAs for pretreated and raw TWAS during fermentation
was acetic acid, followed by iso-butyric acid and propionic acid. The concentrations of all types of VFAs
produced from the pretreated samples were higher than that of the raw sample. The concentration
of all types of VFAs for the pretreated and raw sample increased with increasing the fermentation
time, reaching their maximum values at the end of the tests (i.e., after 3 days). Acetic acid accounted
for 30% to 46% of the total VFAs produced from the pretreated samples at different retention times.
The concentration of acetic acid for the pretreated samples at the end of fermentation tests ranged
from 660 mg COD/L to 1660 mg COD/L, which were 2–4 times higher than that of the raw sample
(360 mg COD/L). The maximum acetic acid concentration of 1660 mg COD/L was achieved at the
sample pretreated for 30 min. The trend in acetic acid production for all the pretreated samples
during the fermentation was in agreement with the COD solubilization. Iso-butyric acid, the second
most abundant type of VFA, was increased with increasing retention time, reaching the maximum
of 770 mg COD/L at a 30 min retention time. Iso-butyric acid accounted for 17% to 30% of the total
VFAs in different retention times, which was in most cases higher than that of the raw portion (21%).
The iso-butyric acid concentration for the hydrothermally pretreated samples ranged from 400 mg
COD/L to 770 mg COD/L at the end of the experiments. The third-highest acid was propionic acid.
The trend in propionic acid production was similar to the above-mentioned two types of VFAs.
The highest concentration of 610 mg COD/L was achieved for the 30 min HTP retention time at the end
of the experiment. This concentration was three times higher than that of what was observed for the
raw sample (180 mg COD/L). Although the concentration of propionic acid was enhanced by HTP and
varied considering the HTP retention time, it had almost similar portions of total VFAs (14% to 17%) at
all retention times, which was in most cases the same as the raw sample (17%). In general, the propionic
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acid contents at the end of the fermentation experiment for the pretreated samples were in the range of
230 mg COD/L to 610 mg COD/L.Processes 2020, 8, x FOR PEER REVIEW 14 of 23 
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Butyric acid production demonstrated different rates and trends compared to the other types of
VFAs. The concentrations of butyric acid for the pretreated samples at the end of the fermentation
experiments ranged from 310 mg COD/L to 540 mg COD/L, which were higher than that of the raw
sample (260 mg COD/L), except for sample pretreated for 60 min (250 mg COD/L). Interestingly,
the percentage of butyric acid to the total VFAs was different than all types of VFAs, having lower
proportions compared to the raw sample. The highest concentration of butyric acid of 540 mg COD/L
was achieved for the sample pretreated for 20 min.

The concentration of both valeric acid and iso-valeric acid for all the pretreated samples were also
higher than that of the raw sample. The highest concentration of valeric acid of 120 mg COD/L was
observed for the sample pretreated for 40 min at the end of the experiment, which was almost 2-times
higher than that of the raw sample (44 mg COD/L). Though, in terms of its percentage compared
to all other types of VFAs, it was the lowest portion of TVFAs (2–4%). The highest concentration of
iso-valeric acid of 270 mg COD/L was achieved for the sample pretreated for 10 min, which was almost
22 times higher than that of the raw sample (12 mg COD/L). Except for the sample pretreated for
20 min, iso-valeric acid accounted for a lower percentage of TVFAs compared to the raw sample.

Considering the distribution of the VFA types with different hydrothermal retention times, it can
be concluded that hydrothermal pretreatment retention time influences the amount of VFA production
as well as the type of VFA. For example, the percentage of acetic acid and iso-butyric acid compared
to the total VFAs for the hydrothermally pretreated samples at six retention times were higher than
that of the raw sample, whereas it was almost the same percentage for propionic acid and valeric acid,
and it was lower for butyric acid and iso-valeric acid. Nonetheless, the fermentation time did not have
a significant influence on the variation in VFAs.

Zhang et al. (2019) studied the impact of the hydrothermal pretreatment of primary sludge (PS)
and waste activated sludge (WAS) under 155–175 ◦C for 30 min prior to the fermentation process.
Their results revealed a higher VFA yield of 220 mg COD/mg VSSadded compared to the raw of
150 mg COD/mg VSSadded; also, it was found that all types of VFAs had a slight increase due to the
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HTP, and the most abundant VFA types was butyric acid (2880 mg COD/L), followed by acetic acid
(2650 mg COD/L) and then valeric acid (2520 mg COD/L). While, in our study, the VFAs were distributed
slightly differently than in Zhang et al.’s study, and the VFA yields are lower due to the nature of the
studied waste as they mixed PS with WAS. Morgan-Sagastume et al. (2011) studied the effect of the
hydrothermal pretreatment of waste activated sludge in a full-scale plant [17]. They reported that
the hydrothermal pretreatment enhanced the VFA yield 2–5-fold compared to the raw sample when
they applied a temperature of 160 ◦C. Furthermore, they found that the hydrothermal pretreatment
increased the VFA production rate 4–6-fold compared to the raw sample.

3.4. Biomethane Production

3.4.1. Methane Yields

Figure 5a depicts the cumulative methane yields as mL CH4/g VSS added and Figure 5b as
mL CH4/g TCOD added for all the pretreated and raw samples. The BMP test results revealed that
hydrothermal pretreatment at all retention times led to a higher methane yield in comparison to the
raw sample. The trend of all pretreated samples was almost similar to the raw sample and no lag phase
was spotted. This is due to the source of the substrate and seed incorporated in the current research
study. The seed did not require time to adapt to the environment, since the seed and the substrate
were obtained from the same wastewater treatment plant. In addition, the anaerobic digester of the
plant was operating under anaerobic mesophilic conditions and the collected seed was used in the
earliest time after receiving it from the plant, preventing any change in the microbial community.
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The methane yield demonstrated a direct correlation of 0.43 with COD solubilization due to
the hydrothermal pretreatment. The pretreated samples with the highest COD solubilization of 45%
produced the highest methane yield among the other pretreated samples as well (377 ± 6 mL CH4/g
VSS added). Considering also the hydrothermal pretreatment retention time, methane yield followed
the same trend as COD solubilization, indicating that the retention time has a similar influence on
solubilization and methane production.

The maximum methane yield of 377 mL CH4/g VSSadded, which corresponded to 225 mL CH4/g
CODadded, was observed for the sample pretreated for 30 min compared to 163 mL CH4/g CODadded for
the raw sample. After a retention time of 30 min, the methane yields started to decrease; these results
were expected as the thermal pretreatment in a higher retention time is associated with a higher sever
condition and consequently lower methane yield. The observed trend of methane production in this
study was generally similar to the past studies. Zhang et al. (2016) reported similar results for the effect
of hydrothermal retention time on methane production. They hydrothermally pretreated the TWAS
at 165 ◦C for 15, 30, and 60 min, and underwent a biomethane production test. They found that the
optimal methane yield of 182 mL CH4/g VSFeed was observed at a retention time of 30 min. They also
reported that increasing the HTP retention time to 60 min resulted in slight reduction in methane
yield (180 mL CH4/g VSFeed). The percentage improvement of methane yield for the hydrothermally
pretreated samples are shown in Table 4. Methane yield increased by 17% for the sample pretreated for
10 min compared to the raw sample. The maximum increase in methane yield of 38% in comparison to
the raw TWAS was achieved at a retention time of 30 min. This value declined to 17%, 16%, and 11%
for a 40-, 50-, and 60-min retention time, respectively.



Processes 2020, 8, 1580 17 of 22

Table 4. Biomethane production parameters, including biomethane yield, biodegradability, maximum methane production rate, and percentage increase in methane
production, compared to the control.

Ultimate Biomethane
Production Biomethane Yields Biodegradability

Maximum Methane
Production Rate

(MMPR)

Percentage Increase in
Methane Production
Compared to ControlSample

(mL) (L CH4/L
Feedstock)

(mL CH4/g TCOD
Added)

(mL CH4/g VSS
Added) (%) (mL/d) (%)

170 ◦C–10 min 333 ± 19 6.7 ± 0.5 190 ± 11 320 ± 15 48 ± 1.5 24 ± 0.2 17 ± 0.1
170 ◦C–20 min 366 ± 14 7.3 ± 0.4 209 ± 8 351 ± 21 52 ± 1.3 36 ± 0.4 28 ± 0.1
170 ◦C–30 min 393 ± 6 7.9 ± 0.2 225 ± 3 377 ± 35 56 ± 1.7 41 ± 0.9 38 ± 0.4
170 ◦C–40 min 335 ± 17 6.7 ± 0.5 191 ± 10 321 ± 18 48 ± 0.5 35 ± 0.3 17 ± 0.3
170 ◦C–50 min 333 ± 6 6.7 ± 0.1 190 ± 4 319 ± 12 48 ± 0.6 34 ± 0.3 16 ± 0.1
170 ◦C–60 min 317 ± 17 6.3 ± 0.4 181 ± 10 304 ± 22 45 ± 0.4 26 ± 0.1 11 ± 0.1

Raw 286 ± 5 5.7 ± 0.1 163 ± 3 274 ± 5 41 ± 0.3 22 ± 0.1 -
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3.4.2. Methane Production Rate

As depicted in Figure 6, there were three methane production phases during the anaerobic digestion
of the thermally pretreated TWAS and raw TWAS. The first phase indicated the maximum methane
production on the third day, followed by minor peaks on the fifth and seventh days. The maximum
methane production rate at phase one for the hydrothermally pretreated samples ranged between 23
and 41 mL CH4/g TCODadded per day. In this phase, except the lowest and highest HTP retention
time of 10 and 60 min, all the hydrothermally pretreated samples demonstrated a higher methane
production rate compared to the raw sample (23 mL CH4/g TCODadded per day). The maximum
methane production rate of 41 was achieved at a retention time of 30 min. Phases two and three in
day five and day seven were associated with a methane production rate ranging between 22 and
27 mL CH4/g TCODadded per day and 8 to 15 mL CH4/g TCODadded per day, respectively. The methane
production rates in phases two and three for the hydrothermally pretreated TWAS were all higher than
that of the raw sample.
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hydrothermal pretreatment.

Since hydrothermal pretreatment increases the soluble portion of the sludge by releasing the
intracellular organic matter, extra readily biodegradable organic substances, such as SCOD, and VFAs
become available for methanogenesis by microorganisms; consequently, in phase one, these readily
biodegradable organics are consumed and results in a higher methane production. While, in phase
two and three, the slowly biodegradable organics, such as organic particulate and refractory organic
compounds produced during the hydrothermal pretreatment, begin to degrade; thus, these stages
are associated with lower methane production rates [37]. These observations were in a line with
Zhang et al.’s (2016) results regarding the maximum production rate for samples hydrothermally
pretreated at 165 ◦C for 15, 30, and 60 min. Similar to our study, they reported the maximum methane
production rate of sludge as 72.1 mL CH4/g VSFeed per day at 165 ◦C and 30 min. Zhang et al. (2019) also
witnessed two peaks in the methane production at day 4 and day 6, which denotes the consumption of
readily and slowly biodegradable organics generated due to hydrothermal pretreatment.

3.4.3. Anaerobic Biodegradability

The anaerobic biodegradability values of all hydrothermally pretreated and raw samples are
shown in Table 4. The level of anaerobic biodegradability (BD) were calculated using the experimental
biomethane yield (Bexp) and the theoretical methane yield (BTh) under defined experimental conditions.
The data for anaerobic biodegradability reflects that the biodegradability values of the pretreated
samples were higher than that of the raw sample. Biodegradability of the pretreated samples ranged
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from 45% to 56% while the raw sample had a 41% biodegradability. The highest biodegradability of
56% was achieved for the sample pretreated for 30 min, which was about 36% higher than that of the
raw sample. This concludes that the hydrothermal pretreatment at 170 ◦C in general has a significant
effect on the biodegradability of the TWAS compared to the raw sample, while a different HTP retention
time does not have a significant impact on the biodegradability of the TWAS, as analyzed by one-way
ANOVA (p > 0.005).

3.4.4. Kinetics

The predicted parameters based on the cumulative methane data of the batch test, such as the
maximum methane production, maximum methane production rate, and lag phase from the Gompertz
model and the first-order kinetic constants (k), are shown in Table 5. As shown in the table, the lag
phase for the thermally pretreated samples was the same as for the raw sample, except for retention
times of 10 and 60 min, with a 1-day higher lag phase. This indicates that the thermally pretreated
samples rapidly adapted to the anaerobic environment. The coefficient of determination R2 values of
the Gompertz model ranged between 0.998 and 0.999. The predicted maximum methane production
rate of 41 mL CH4/d was achieved at a retention time of 30 min compared to 17 mL CH4/d for the raw
sample. The first-order kinetics constant values of the hydrothermally pretreated samples were in the
range of 0.15 d−1 to 0.21 d−1, which were higher than that of the raw sample (0.12 d−1; see Table 5).
The highest k value of 0.21 d−1 for the pretreated samples was achieved at a retention time of 30 min and
the lowest value of 0.15 d−1 was observed at the 10- and 60-min retention times. Generally, first-order
kinetics were best fitted with the experimental data since the k values of the pretreated samples follow
the same trend as the experimental data for methane production; all of them were higher than that of
the raw sample, and the R2 of the kinetics constant ranged from 0.998 to 0.999. Rajput et al. (2018) also
used the Gompertz model, and they found that the modified Gompertz model was the best fit with
their experimental data. Elbeshbishy et al. (2011) also used a first-order model to compare the seed
source and pre-incubation source for their biomethane potential test and the model was reported to fit
well with their experimental data [38].

Table 5. Kinetics parameters from the Gompertz model and first-order kinetic model.

Gompertz Model First Order Model
Sample

P (mL) Rm (mL/d) λ (d) R2 k (d−1) R2

170 ◦C–10 min 317 ± 16 30 ± 2 1 ± 0.5 0.999 0.15 ± 0.01 0.999
170 ◦C–20 min 341 ± 14 35 ± 2 0 ± 0.0 0.999 0.19 ± 0.01 0.999
170 ◦C–30 min 367 ± 6 41 ± 2 0 ± 0.0 0.999 0.21 ± 0.01 0.999
170 ◦C–40 min 312 ± 16 33 ± 3 0 ± 0.0 0.999 0.20 ± 0.01 0.999
170 ◦C–50 min 311 ± 9 34 ± 1 0 ± 0.0 0.999 0.19 ± 0.01 0.999
170 ◦C–60 min 300 ± 15 33 ± 1 1 ± 0.7 0.999 0.15 ± 0.05 0.999

Raw 267 ± 4 17 ± 1 0 ± 0.0 0.999 0.12 ± 0.01 0.999
P = Maximum methane production; Rm = Maximum methane production rate; λ = Lag-phase time.

4. Conclusions

This study revealed the positive impact of a hydrothermal pretreatment on the fermentation and
anaerobic digestion processes. It has been found that the optimum retention time for the hydrothermal
pretreatment at 170 ◦C is 30 min. Applying the hydrothermal pretreatment beyond 30 min did not add
any further benefits to the fermentation or to the anaerobic digestion processes. The hydrothermal
pretreatment had more impact on the fermentation process compared to the anaerobic digestion.
The overall COD solubilization was doubled for the pretreated samples compared to the raw one,
and the methane yield increased by 38% after applying the hydrothermal pretreatment.
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