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• Optimal HTL conditions could recover
58% energy of the MSS with a EROI
value of 3.5.

• Increasing HTL reaction time reduced
the TOC and increased TN in APL.

• Metals concentrations in the biochar get
reduced compared to raw MSS.

• TP in the biochar increased with in-
crease in HTL reaction time.

• Microalgal recycling efficiency of the
nutrients from the APL was strain
dependent.
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Hydrothermal Liquefaction (HTL) could be a promising and better alternative to other techniques for energy re-
covery frommunicipal sewage sludge (MSS). However, the nutrients (i.e., N, and P) recovery potential from the
byproducts, generated in theHTL of MSS, needs to be studied so that a comprehensive sludgemanagement prac-
tice could be adopted. In this study, HTL process temperature (275–400 °C), and reaction time (30–120 min)
were first investigated for biocrude yield and release of the nutrients to the aqueous phase liquid (APL) and bio-
char. The maximum energy recovery (i.e., 59%) and maximum energy return on investment (i.e., 3.5) were ob-
tained at 350 °C and 60 min of holding time. With the increase in HTL reaction time, the concentration of
nitrogen in the APL increased (5.1 to 6.8 mg/L) while the concentration of phosphorus decreased (0.89 to
0.22 mg/L); the opposite was observed for the biochar. The nutrient recycling efficiency from the APL using
microalgae was found to be strain-specific; nitrogen recycling efficiency by Picochlorum sp. and Chlorella sp.
were 95.4 and 58.6%, respectively. The APL, derived from 1 kgMSS, could potentially produce 0.49 kgmicroalgal
biomass. Since the concentrations of variousmetals in the biochar sampleswere substantially lower compared to
their concentrations in rawMSS, the application of biochar as a soil conditioner could be very promising. Overall,
net positive energy could be recovered fromMSS using the HTL process, while the nutrients in the APL could be
used to cultivate specific microalgae, and biochar could be applied to enhance the soil quality.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
The treatment of various industrial and municipal wastewater is
often achieved using a combination of physicochemical and biological
treatment processes. During the biological treatment process, a group
of bacteria degrades the soluble and colloidal organic matters while in-
creasing the cell numbers; this process generates bacterial biomass,
which is later separated togetherwith other inorganic and organic com-
pounds from the treated water as biosludge (Korzeniewska and
Harnisz, 2018). A significant portion of this biomass, together with
other organic and inorganic pollutants, are separated (as sludge) from
the water before the water is treated or polished further prior to dis-
charge. Per capita average biosludge generation was reported in the
range of 34.5–125.5 g DM/day (Werle and Sobek, 2019). In Qatar, 23
wastewater treatment plants (WWTP) produce 40,000 tons of sludge
per year (Alsheyab and Kusch-Brandt, 2018; Water Statistics In the
State of Qatar, 2017).

Organic content in the biosludge would typically be around 50–80%,
which would mainly depend on the wastewater characteristics and op-
erating conditions in the treatment plant (Prestigiacomo et al., 2019). If
municipalwastewatermixedwith industrialwastewater, the generated
biosludge is often found to have heavy metals, pathogens, toxic
chemicals (Maag et al., 2018). Hence, proper treatment of themunicipal
sewage sludge (MSS)would be required before disposal or land applica-
tion as a biofertilizer. In the absence of any use of this biosludge,
landfilling remains one of themost commonways of biosludgemanage-
ment (Chanaka Udayanga et al., 2019). However, landfilling of
biosludge is often linked with the release of greenhouse gases (GHGs),
and toxic gases, and leachate that could potentially contaminate the
soil and groundwater (Kleemann et al., 2017; Lim et al., 2018; Mu
et al., 2019). Also, the biosludge is usually dried and transported to a
designated area for landfilling – all these processes increase the cost
and energy burden of the wastewater treatment (Avelar et al., 2019).
The cost of biosludge disposal could vary from place to place (Wang
et al., 2017; Zhao et al., 2019), and it alone could contribute to the 50%
cost of the wastewater treatment facilities (Tomei et al., 2016; Yang
et al., 2019). On the contrary, because of the intrinsic calorific value of
the biosludge, energy recovery, as biogas or bio-oil, could simulta-
neously reduce the volume of sludge and contribute to offsetting the
cost and energy balance of the sludge management (Kaur et al., 2019;
Qian et al., 2020).While some technologies (e.g., pyrolysis, incineration,
and co-firingwith coal)would require a dry biosludge, some other tech-
nologies, like anaerobic digestion (AD), and hydrothermal liquefaction
(HTL), could process the wet biosludge (Castello et al., 2018). In some
cases, methane is generated by the anaerobic digestion of the sludge
which later can be used to generate electricity (Xu and Dai, 2020). Sim-
ilar to the AD process, drying of wet sludge is not necessary for HTL con-
version of MSS into biocrude; instead, the water associated with the
sludge can be used for maintaining the temperature and pressure in
the HTL (Lu et al., 2018; Suárez-Iglesias et al., 2017). While the AD pro-
cess relies on themicrobes, HTL would use heat and pressure to process
the MSS; therefore, faster and higher recovery of energy from the MSS
could be possible in the HTL process.

Apart from biocrude, other byproducts (biochar, aqueous, and gas
phase compounds) would be formed in the HTL process (Han et al.,
2019). Aqueous phase liquid (APL)would contain dissolved, and poten-
tially toxic, organic compounds and nutrients (i.e., nitrogen, phospho-
rus, and other elements) of the MSS. The presence of nitrogen and
phosphorus in the biocrude is not desirable, rather if these are
partitioned from raw MSS to the byproducts of the HTL process, it
could offer improved nutrients recycling opportunity. While earlier
studies on HTL ofMSSmainly focused on the biocrude yield and quality,
it would be, therefore, necessary to study how HTL process parameters
could optimize the partitioning of these nutrients into the byproducts.

Use of hydrothermal gasification (Watson et al., 2017), and anaero-
bic digestion (Torri and Fabbri, 2014;Wang et al., 2019) of theAPL could
directly recover a fraction of the available energy in the APL. However,
nitrogen, phosphorus, and other metals will remain in the APL after
these processes – requiring additional techniques for treating the proc-
essed APL or recovering the nutrients. The energy recovery potential
from the APL would be low because of the low concentration of dis-
solved organic in it (Leng et al., 2018). The addition of APL in microalgal
growth media could not only treat the APL, but also allow the recycling
of N, P, and other tracemetals in a single process; this could enhance the
environmental sustainability of the sludge management and promote a
circular economy. Although microalgae were used to recover the nutri-
ents from themicroalgae biomass-derived APL (Das et al., 2019b, 2020),
there is a need to study the feasibility of growingmicroalgae usingMSS-
derived APL. For comprehensive management of MSS, detailed charac-
terization of biochar would be required so that an appropriate applica-
tion of biochar could be proposed.

HTL operating conditions (i.e., temperature, and duration) could not
only affect the biocrude yield but also the distribution of nutrients in dif-
ferent HTL products. Therefore, the first objective of this study was to
develop HTL operating conditions which could optimize both the
biocrude yield and nutrients release from MSS. Since a number of
microalgal strains were able to uptake nutrients from different toxic
wastewaters it could be possible that microalgal strains would also be
able to recycle nutrients from the APL derived from the HTL of MSS.
Therefore, the secondobjective of this studywas to determine the nutri-
ent recycling efficiency from the APL by two microalgae strains.

2. Materials and methods

2.1. Collection and storage of the sludge

4 kg wet sludge was collected from a municipal wastewater treat-
ment plant, Doha, in a plastic container. Upon bringing the sample to
the lab, the wet sludge was further dewatered using a cloth filter.
Next, the sample was further concentrated using a benchtop centrifuge.
The centrifuged sample was placed inside a plastic container and kept
inside a −20 °C fridge.

2.2. Estimation of moisture content in municipal sewage sludge

1 g of wet sewage sludge was kept in an oven at 105 °C overnight;
the sample was removed from the oven weighed again, and moisture
content was calculated using Eq. (1).

Moisture content %ð Þ
¼ Initial weight−final weightð Þ=Initial weightf g � 100 ð1Þ

2.3. Estimation of ash content in municipal sewage sludge

The sample, used for moisture content determination, was taken for
ash content analysis. A known quantity of dry municipal sewage sludge
was placed in a ceramic crucible and kept in a muffle furnace at 540 °C
for a period of 4 h. Ash content was determined using Eq. (2).

Ash content %ð Þ ¼ Initial weight−Final wieghtð Þ=Initial weightf g
� 100 ð2Þ

2.4. Elemental analysis of dry municipal sewage sludge sample

C, H, and N values of the dryMSS were calculated using a Flash 2000
CHN analyzer (ThermoFisher Scientific, USA); oxygen was calculated
based on the difference. S content in the samples was determined sep-
arately. Initially, the samples were digested in 100 mL mini high-
pressure bomb reactors using concentrated HNO3; the concentration
of sulfur in the digested samples was later determined by an Agilent
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7700 series inductively coupled plasma - optical emission spectrometry
(ICP-OES) machine. The concentrations of various metals in the
digested sample were also determined using the ICP-OES machine.

2.5. Determining the higher heating value for dry municipal sewage sludge

Based on values obtained from elemental analysis, higher heating
value (HHV) of various liquid and solid samples was calculated using
the Dulong formula:

Higher Heating value MJkgð Þ ¼ 0:338C þ 1:428 H−O8ð Þ þ 0:095S ð3Þ

2.6. Procedure for making biocrude oil frommunicipal sewage sludge using
hydrothermal liquefaction process

Swagelok high-pressure fitting (SS-1210-6; 0.75) with a working
volume of 10mL was used for conducting HTL of theMSS. Each HTL ex-
periments were conducted in triplicates. 1 g of dry MSS and 7mL of de-
ionized water were added in a Swagelok Union, and the opening was
closed using a plug. All the reactors were kept in a preheated furnace,
set at predetermined time and temperature. Initially, the HTL experi-
ments were conducted at a temperature range of 275–400 °C and
30 min of holding time. Next, the HTL experiments were conducted
for a holding time range of 30–120 min, at optimum temperature.
After the completion of the HTL reaction, the reactors were removed
from the furnace and cooled down immediately to room temperature.
The plug from the reactor was opened for the gases to vent out. Next,
10mLdichloromethane (DCM)was added in the reactionmixture to fa-
cilitate the formation of two separate phases: the upper phase was the
aqueous phase, and the bottom layer was the organic phase. Both the
phases were separated, centrifuged, and then analyzed for the yields
of biocrude and biochar, and characterization of the aqueous phase.

2.7. Determination of biocrude and biochar yield

A known amount of organic layer (i.e., 2 mL) was collected in a glass
tube and placed at 60 °C in a HACH DRB 200 block heater for 10 min to
evaporate DCM. After DCM was vaporized, the biocrude sample was
weighed, and the corresponding yield was calculated. For determining
the biochar yield, the centrifuged pellets from aqueous and organic
phases were collected and kept in an oven at 105 °C overnight; dried
char was weighed, and biochar yield was determined.

2.8. Determining energy recovery and energy return on investment from
the sewage sludge

Energy recovery (ER%) and energy return on investment (EROI)
were calculated by the following equations, as described by Liu et al.
(2018) and Yoo et al. (2015).

ER%ð Þ ¼ Biocrude yield %ð Þ �HHV biocrudeð Þ=HHV feedstockð Þ ð4Þ

EROIð Þ ¼ Energy outputð Þ=Energy inputð Þ ð5Þ

where Energy(output) = HHV (biocrude) × biocrude yield

Energy inputð Þ ¼ Q f þ Qw

where Qf is heat energy for heating 1 g of MSS

Qw is heat energy for heating 7 g water
2.9. Characterization of the various products of the HTL process

2.9.1. Biocrude
Various organics in the biocrude samples were identified using

7890A Agilent Technologies Gas Chromatography (GC) system coupled
with a 5973 networkMS detector. The details of the sample preparation
and GC–MS operating conditions were provided previously (Das et al.,
2019a). Biocrude oil sample was digested using concentrated nitric
acid in a mini high-pressure bomb reactor at 140 °C for 4 h; the concen-
tration of sulfur in the digested sample was determined using ICP-OES.

2.9.2. Aqueous phase liquid
The concentrations of total organic carbon (TOC), total nitrogen

(TN), and total phosphorus (TP) in APL were determined using
LCK385, LCK138, and LCK349 HACH kits, respectively.

2.9.3. Biochar
Energy dispersive X-ray (EDX) was used to identify the presence of

the various metals in the biochar samples and the MSS. The biochar
samples were digested by HNO3, and the concentration of various
metals in the digested liquid samples were determined by ICP-OES ma-
chine. C, H, and N elements in the biochar samples were determined
using the Flash 2000 CHNS analyzer.

2.10. Growth study of microalgae using the aqueous phase nutrients

One freshwater Chlorella sp., and another marine Picochlorum sp.
were selected for studying the recycling potential of aqueous phase nu-
trients (see Supplementary). 50 mL culture of each strain was mixed
with 950mL of water (desalinated water for Chlorella sp., and seawater
for Picochlorum sp.) in 1 L size glass photobioreactor (PBR). In control
sets, for both strains, 78 mg/L urea (36.4 mg/L N) and 10 mg/L KH2PO4

were added as nitrogen and phosphorus sources; for the experimental
set, a specific amount of aqueous phase liquid was added to match
half of the nitrogen concentration of the control set. The trace metals
were added as Guillard f/2 medium. For the experimental cultures, all
the nutrients were added as half of the control culture. The cultures in-
side the PBRs were agitated using compressed air at a rate of 0.5 L/m.
These growth studies were conducted inside a temperature control
room (25 ± 1 °C) using white fluorescent lighting (600 μmol E/m2/s).
The growth of these strains was monitored daily using the spectromet-
ric reading at 750 nm using a HACH 3900 spectrophotometer. The cali-
bration curves of these two strains, for biomass density vs. optical
density at 750 nm, were previously established. The concentrations of
TN, TP, and TOC in the experimental growthmedia, at the end of the ex-
periment, were also determined. All the experimentswere conducted in
triplicates.

2.11. Statistical analysis

All the experimentwas conducted in triplicates. The values reported
here are the average of three independent samples. Standard error was
used to represent error bars in the graphs. One – Way ANOVA (α =
0.05) was used to determine the significance difference among the
means of independent treatments.

3. Results and discussion

3.1. Characteristics of the municipal sewage sludge

The moisture content of the collected sewage sludge was 83.59%.
The ash content in dried MSS was 39.5%. Typical ash content in MSS
was reported in the range of 35–40% (Leng et al., 2014; Malins et al.,
2015). The concentrations of C, H, and N in the dried MSS were 30.5,
6.15, and 5.5%, respectively. The HHV of the sewage sludge was calcu-
lated as 16.9 MJ/kg. The typical energy content value of dried MSS was
reported in the range of 16.1–21.3 MJ/kg (Liu et al., 2018; Xu et al.,
2018). Phosphorus content in the MSS was reported in the range of
15.3–26.2 g/kg (Bridle and Pritchard, 2004; Qian and Jiang, 2014); the
collected MSS had a phosphorus content of 12 g/kg. The concentrations
of metals in the collected MSS were compared with other MSS sources
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for details (see Supplementary); major metal elements, as identified by
ICP-OES, were calcium, iron, magnesium, aluminum, potassium, and
zinc.

3.2. Effect of HTL operating conditions on the products

3.2.1. Operating temperature
For a fixed duration of 30 min HTL run, six different operating tem-

peratures were studied (Fig. 1a). The results revealed that heat played
a major role in the contents of product distribution. The biocrude yield
was the lowest at 275 °C, and with an increase in temperature, the
biocrude yield continued to increase until 350 °C, and then it started
to decline till 400 °C; a similar trend was observed by Leng et al.
(2014). At 350 °C, the maximum biocrude yield was 44.8% (ash-free
dry weight basis). However, slightly higher biocrude yields 47.79 and
47.45% from MSS samples were reported by Malins et al. (2015), and
Wang et al. (2018), respectively, at lower HTL operating temperature;
it should be noted that the HTL trials, in these studies, were conducted
in the presence of homogeneous catalysts (i.e., 5% FeSO4, 10% CuSO4,).
Although a lower HTL reaction temperature would be advantageous, it
would pose challenges in the downstream processing of product recov-
ery and nutrient recycling. The biochar content was the highest at
275 °C, and its content continued to reduce to a minimum value at
400 °C; this could be due to dominance of liquefaction and hydrother-
mal gasification (HTG) reactions occurring at higher temperatures,
thereby reducing biochar yields (Jain et al., 2016). For the reactions –
conducted at 375 °C or above, supercritical conditions promoted hydro-
thermal gasification (HTG) reactions that could increase gaseous com-
pounds while reducing biocrude and biochar fractions (Peterson et al.,
Fig. 1. (a) The distribution of various products obtained fromhydrothermal liquefaction of
municipal sewage sludge at different temperatures (error bar represents standard error,
where n = 3). (b) The distribution of various products obtained from hydrothermal
liquefaction of municipal sewage sludge at 350 °C and different holding time (error bar
represents standard error, where n = 3).
2008). Apart from biocrude and the biochar, the remaining fraction of
the HTL products were available either in aqueous or in the gaseous
phase, the partitioning of MSS into aqueous phase liquid and gaseous
phasewas in the range of 36.1–56.6%. During theHTL process, a fraction
of MSS-bound inorganic content could get solubilized in the aqueous
phase; the aqueous phase salinity was in the range of 1.4–3.0% due to
the release of various inorganic salts in the APL. Since themaximum liq-
uefaction of organic compounds present in sewage sludge occurred at
350 °C, further optimization of HTL process (i.e., holding time) was con-
ducted at 350 °C.

3.2.2. HTL holding time

3.2.2.1. Distribution of products. After determining the optimumHTL op-
erating temperature, optimum time duration was determined for the
HTL process of MSS. The HTL reaction was then carried out for 30, 45,
60, 90, and 120 min while maintaining the temperature at 350 °C; the
product distribution of this study was shown in Fig. 1b. There was a
trend of increasing biocrude yield as the time duration increased from
30 min up to 60 min, and maintaining the reaction for an additional
time resulted in a decrease in biocrude yield. It was possible that due
to additional time, a fraction of biocrude was converted and ended up
in the aqueous and gaseous phases. The highest biochar was found
when the HTL reaction duration was lowest (i.e., 30 min); on the con-
trary, the lowest biochar content was found for themaximumHTL reac-
tion time (i.e., 120 min). With increasing HTL time, more of the organic
fraction of the MSS was converted into biocrude, aqueous and gaseous
phases. Biocrude yields for 30 and 45 min of holding time were almost
similar; however, any further increase in holding time, the biocrude
yield tended to reduce. Reduced liquefaction at higher holding time
could be due to the formation of gaseous phase products (Valdez
et al., 2014). Biochar yields also declined with increasing reaction
time; the lowest biochar yield was 7.94% at 120 min holding time. Gas-
eous phase products were found to increase with increasing reaction
time; maximum gas formation, together with the loss, was accounted
for 55.56% at 120 min holding time. Therefore, longer reaction time
could have promoted gasification type reactions, thereby reducing
both biocrude and biochar yields.

3.2.2.2. HHV of the biocrude. The elemental (C, H, N, O) analyses of the
biocrude samples and their corresponding high heating values (HHV)
were shown in Table 1. Carbon content in the biocrude samples
remained almost similar for different holding times; however, hydrogen
content increased, and nitrogen and oxygen content decreased with in-
creasing HTL holding time. HHV for biocrude samples was found to in-
crease with increasing reaction time. The biocrude sample, obtained at
90 min of holding time, had the maximum HHV of 36.8 MJ/kg. HHV
value for the HTL of MSS samples, in previous studies, was reported in
the range of 27.7–36.2 MJ/kg (Malins et al., 2015; Prestigiacomo et al.,
2019). Slightly higher HHV obtained in this study compared to these
earlier studies could be due to higher elemental carbon and lower com-
bined N and O content in the biocrude, obtained at longer HTL holding
time. In comparison, bio-oil obtained by pyrolysis of MSS could have
HHV in the range of 15.5–25 MJ/kg (Trinh et al., 2013).

3.2.2.3. Distribution of hydrocarbons in biocrude oil obtained from HTL of
MSS. The GC–MS chromatographs of the biocrude samples (see Supple-
mentary). Various organic compounds in the biocrude sample were
classified into three main groups: alkanes, alkenes, and polyaromatic,
and other hydrocarbons (Fig. 2). At 350 °C and all the holding times, ar-
omatic and heterofunctional compounds together constitute bulk of the
biocrude samples. On the contrary, the combined fraction of alkane and
alkene compounds were in the range of 25–35% (based on the area of
GC–MS chromatograph). The majority of alkanes were pentane and
nonane at 30 min, whereas at higher reaction time higher amounts
cycloalkanes were formed. Hexadecene, heptadecane, and octadecene



Table 1
Ultimate analysis of biocrude from municipal sewage sludge (MSS) at different holding
time.

C H N OΦ HHV (MJ/kg)

30 min 72.4 ± 0.1 7.6 ± 0.0a 6.2 ± 0.1a 13.8 ± 0.2a 32.9 ± 0.1
45 min 73.2 ± 0.2 8.0 ± 0.0b 5.1 ± 0.0b 13.7 ± 0.2a 33.8 ± 0.1
60 min 73.4 ± 1.6 9.0 ± 0.2c 5.8 ± 0.3a,c 11.8 ± 1.7a,b 35.6 ± 0.6
90 min 74.7 ± 0.4 9.3 ± 0.1c 5.9 ± 0.2a,c 10.1 ± 0.3b 36.8 ± 0.4
120 min 73.6 ± 2.0 9.3 ± 0.2c 5.8 ± 0.1c 11.3 ± 1.8b 36.2 ± 0.9

All the values shown in the table are mean of three independent replicates (n = 3). a,b,c

values within a column with different superscripts are significantly different (P b 0.05;
one-way ANOVA).

Φ By difference.

5P. Das et al. / Science of the Total Environment 715 (2020) 136775
were major types of alkenes formed at 45, 60, and 90 min, respectively.
Alkene compounds were higher compared to alkane compounds at 45
and 60 min holding time; in other holding times, a small percentage
of alkene was detected. Similarly, in a previous study, Wang et al.
(2018) detected alkanes, esters, and amides but no alkene in the
biocrude sample – obtained from MSS at 270 °C and 30 min holding
time in the presence of CuSO4 catalyst. Similar to HTL of MSS, pyrolysis
of MSS produced more aromatics and other heteroatoms containing
compounds compared to alkane, alkene, and alkynes (Gao et al., 2017;
Park et al., 2010).
3.3. Effect of HTL operating conditions on the characteristics of the aqueous
phase liquid

3.3.1. Operating temperature
At low reaction temperature, a lesser degree liquefaction could have

contributed to higher quantities of water-soluble organic compounds.
However, at higher reaction temperatures, organic compounds in aque-
ous phase declined; this could be due to the higher conversion of com-
pounds not only to biocrude fraction but also to carbon dioxide or other
gaseous phase products. At elevated temperature (N375 °C), due to the
hydrothermal gasification (HTG) process, the formation of inorganic
and organic gaseous compounds could occur and thereby reducing the
availability of total carbon content in other products (Peterson et al.,
2008). Therefore, TOC value decreasedwith an increase in theHTL reac-
tion temperature (see Supplementary). Xu et al., 2018 found a similar
trend for TOC value in the APL. TN values in the APL increased from
250 °C to 350 °C, and then there was a decreasing trend for TN values
in the APL; the recovery of TN from MSS to APL was in the range of
37.9–48.0%.
Fig. 2. Distribution of organic compounds in the biocrude samples obtained for different
hydrothermal liquefaction holding time (error bar represents standard error, where
n = 3).
3.3.2. HTL holding time
In this study, 15%was the solid loading, whereas the remaining frac-

tion waswater for all the HTL trials; different solid loading could simul-
taneously affect both the product distribution and concentration of TOC,
TN, TP, and othermetals in the APL. TOC value in the aqueous phase var-
ied from 12.75–8.3 g/L for the holding time 30–120 min (Fig. 3); the
higher the holding time, the lower was TOC content in the APL. On the
contrary, as the HTL holding time increased, the concentration of TN
in the APL increased (Fig. 3). As high as 64% of N of the MSS could end
up in the APL for 120 min of HTL holding time. The recovery of TP
from theMSS to the APL was in the range of 12.0–48.6%; the concentra-
tion of TP in the APL reduced with an increase in HTL holding time
(Fig. 3). The availability of TN and TP in the liquid digestate, after the
AD process, could be in the range of 0.14–3.4 g/L and 0.007–0.38 g/L, re-
spectively (Xia and Murphy, 2016); hence, optimal HTL conditions
could result in much higher release of nutrients (i.e., TN, and TP) in
the APL compared to liquid digestate of the AD process.

3.4. Distribution of major elements of MSS in HTL product and byproducts

The distribution of 2major elements (i.e., C, and N) fromMSS to var-
ious HTL products, at 350 °C and different holding times, was deter-
mined (see Supplementary). The bulk of the C content was associated
with biocrude for all the holding times. Small fractions of C content
were also associated with the biochar and APL; C content in the biochar
and APL reducedwith increasing holding time. On the contrary, more of
the C content could have been converted to gaseous content with in-
creasingholding time. Under all conditions, the highest fraction of nitro-
gen was present in the APL, followed by biocrude, biochar, and gas
phase. As the holding time increased, the nitrogen content reduced in
the biocrude, and biochar while it increased in the APL. At 350 °C tem-
perature, 45 min of holding time was optimal for both biocrude yield
and N recovery from the MSS to the APL.

3.5. Energy recovery potential from the MSS

The energy return on investment (EROI) and energy recovery (ER)
for the HTL of MSS at 350 °C for different holding time were shown in
Fig. 4; both the maximum EROI and ER values were obtained for
60 min of holding time. After 60min of holding time, both the biocrude
yield and caloric value of the biocrude were higher than those values
obtained for other holding times. The EROI values were calculated
based on the calorific value of the biocrude alone. For holding time
N60 min, there could have the formation of more gaseous products,
which could have reduced the EROI and ER values. On the other hand,
for holding time lesser than 60 min, more of the organic fraction could
remain in the APL and biochar – reducing the EROI and ER values.
Fig. 3. Concentration of total organic carbon (TOC), total nitrogen (TN), and total
phosphorus (TP) in the aqueous phase liquid (APL) obtained at 350 °C and different
holding time (error bar represents standard error, where n = 3).



Fig. 5. Growth comparison of Chlorella sp. and Picochlorum sp. in control and aqueous
phase added cultures (error bar represents standard error, where n = 3).
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The energy recovery from MSS, as methane, using anaerobic diges-
tion was calculated as 15.8% (Gray and Donald, 2008). Energy recovery
from dried MSS using the pyrolysis technique was reported as 45–48%
(Bridle and Pritchard, 2004; Karaca et al., 2018). For HTL of MSS, a
wide range of energy recovery (22–69.8%) values were reported
which were mainly affected by HTL operating conditions
(i.e., temperature, holding time, and water content) and application of
catalysts (Liu et al., 2018; Malins et al., 2015; Qian et al., 2017). Malins
et al. (2015) found that the addition of a FeSO4 catalysts (5 wt% of
MSS) in the HTL of MSS (at 300 °C, and 40 min holding time) could en-
hance the energy recovery from 53% to 69.8%; catalysts were also found
to improve the calorific value of the biocrude oil which could improve
the EROI value of theHTL process. However, in this study, themaximum
energy recovery from MSS was 57.75%; although no catalyst was used,
the optimum reaction temperature (350 °C) and holding time
(60 min) were higher than the conditions used by Malins et al. (2015).

3.6. Nutrient recycling potential

3.6.1. Aqueous phase
The cultures of Picochlorum sp., and Chlorella sp. in control and ex-

perimental conditions, on the 10th day (see Supplementary). The
growth curves of Picochlorum sp., and Chlorella sp., in control and exper-
imental cultures, are shown in Fig. 5 respectively. The applicability of
microalgal-based nutrients recycling from the liquid digestate of the
AD process was explored by Xia and Murphy (2016); the efficiency of
nutrient recycling was mainly dependent on the microalgal strains. In
this study, the biomass yield of Picochlorum sp. in aqueous phase sup-
plemented culture was higher than that of the control culture. In a re-
cent study, it was shown that Picochlorum sp. could efficiently utilize
the nutrients in the aqueous phase-derived from the HTL of its biomass
(Das et al., 2019b). Although the concentrations of nitrogen in both
these cultures were the same, the aqueous phase liquid had dissolved
organics; therefore, Picochlorum sp. could have utilized these organics
in a mixotrophic mode and had higher biomass yield in the experimen-
tal culture compared to control culture. On the contrary, the biomass
yield of Chlorella sp. in the control culture was higher compared to the
experimental culture. The organic compounds in the aqueous phase
could be toxic to the Chlorella sp. A reduction of TN in the growth
media could be explained by the consumption of microalgae for metab-
olism and growth, and abiotic factors such as ammonia stripping and ni-
trification by the nitrifying bacteria (Delgadillo-Mirquez et al., 2016;
López-Pacheco et al., 2019a). While a reduction of 95.4% TN was ob-
served in the Picochlorum sp. experimental culture, it was only 58.6%
in the experimental culture of Chlorella sp.; such a difference in the TN
reduction could have been mainly attributed to the difference in bio-
mass yield. Although P content in the experimental growth media was
Fig. 4. Energy recovery on investment (EROI) and energy recovery (ER) values of biocrude
production from municipal sewage sludge by hydrothermal liquefaction at 350 °C and
different holding time (error bar represents standard error, where n = 3).
higher than the value used in the control growth media, the residual P
content in both experimental cultures was lesser than 0.2 mg/L, which
could be attributed by the precipitation of insoluble phosphorus at
higher pH values. Since no CO2was provided during the cultivation pro-
cess, the pH values for all the cultures increased to above 9.5 after
10 days. Similarly, earlier reports suggested that the recycling of nitro-
gen and phosphorus from thewastewaterwould depend on the charac-
teristics of the microalga used (Delgadillo-Mirquez et al., 2016; López-
Pacheco et al., 2019a). The initial TOC value in both the experimental
cultureswas 30mg/L; after 10 days of growth, the TOC values in the ex-
perimental Picochlorum sp. and Chlorella sp. were 1.7, and 8.0 mg/L re-
spectively. Both the strains could have consumed a fraction of the
dissolved organics in the mixotrophic mode; in addition, aeration in
these cultures could have accelerated the degradation of the organics
– thereby reducing the TOC values (López-Pacheco et al., 2019a). How-
ever, the untreated organic, partially treated organic, andmicroalgal re-
lease of exopolysaccharides (EPS) could have contributed to the
residual TOC (Loftus and Johnson, 2019).

Since the cultures were not maintained in complete axenic condi-
tions, it was possible that there could have been bacterial contamina-
tion. It was earlier reported that microalgae and bacteria together, in a
symbiotic relationship, could degrade complex organic compounds, in-
cluding toxic substances (Das et al., 2018a; Muñoz and Guieysse, 2006).
However, since the APLwas diluted 200 times in the growthmedia, and
it had low TOC content, the potential of bacterial growth and biomass
yield in the culture wasminor. Regularmicroscopic observation of sam-
ples from the cultures of both strains revealed that none of these cul-
tures were contaminated with other microalgae; however, especially,
at the later phase of the growth study, the presence of low concentra-
tions of bacteria (unidentified) was observed in both cultures. Never-
theless, APL could contribute at least half of the 0.59 g/L total biomass
yield for Picochlorum sp. Under optimized HTL operating conditions,
68% of the MSS bound nitrogen was released to the aqueous phase,
and hence nutrients form 1 ton (dry basis) of collected MSS alone
could potentially support 0.49-ton microalgal biomass production. Al-
though the toxicwastewater could be treated usingmicroalgae, thepro-
duced biomass could have some estrogenic effect and hence should not
be used for human and animal consumption (Correa-Reyes et al., 2007;
López-Pacheco et al., 2019b). Nonetheless, the producedmicroalgal bio-
mass, by using APL nutrients, could be used as biofuel feedstock (Das
et al., 2019b), biofertilizer (Das et al., 2018b), and feedstock for many
other renewable chemicals (Foley et al., 2011).

3.6.2. Biochar
Biochar was formed as a residue after the hydrothermal liquefaction

process. In this study, as the holding time of HTL increased, the biochar
quantity was reduced (Fig. 1b). The biochar obtained after the HTL pro-
cess of MSS still had a high amount of organic content (see



Table 2
Distribution of various elements in the biochar samples-obtained at 350 °C and different holding time.

Elements (g/kg) 30 min 45 min 60 min 90 min 120 min Sewage sludge (this study)

Mg 3.5 ± 0.11a 4.1 ± 0.14b 5.2 ± 018c 6.6 ± 0.23d 7.1 ± 0.24e 9.6 ± 0.33f

Al 3.53 ± 0.12a 3.8 ± 0.13a 9.2 ± 0.32b 8.1 ± 0.28c 5.9 ± 0.20d 11.1 ± 0.38f

Si 5.3 ± 0.18a 6.4 ± 0.22b 14.3 ± 0.50c 12.6 ± 0.44d 9.6 ± 0.33e 25.6 ± 0.89f

P 3.3 ± 0.11a 3.9 ± 0.13b 4.1 ± 0.14b 4.9 ± 0.17c 8.9 ± 0.31d 12.3 ± 0.43e

Ca 5.9 ± 0.20a 7.7 ± 0.26b 17.3 ± 0.60c 16.2 ± 0.56c 16.4 ± 0.57c 21.1 ± 0.73d

Fe 2.1 ± 0.07a 2.9 ± 0.10b 7.8 ± 0.27c 6.7 ± 0.23d 4.3 ± 0.15e 11.4 ± 0.39f

S 2.6 ± 0.09a 2.9 ± 0.10b 3.8 ± 0.13c 3.6 ± 0.12d 3.1 ± 0.10b 12 ± 0.42e

Cu 0.2 ± 0.007a 1.3 ± 0.04b 0.6 ± 0.02c 0.6 ± 0.02c 0.1 ± 0.003d 2.8 ± 0.09e

Co 0.1 ± 0.003a n.d. n.d. 0.26 ± 0.009b 0.2 ± 0.007c 2.7 ± 0.09d

Zn 0.2 ± 0.007a 1.5 ± 0.05b 1.3 ± 0.04c 0.76 ± 0.02d 0.45 ± 0.01e 2.3 ± 0.08f

All the values shown in the table are mean of three independent replicates (n = 3); a,b,c,d,e values within a row with different superscripts are significantly different (P b 0.05; one-way
ANOVA).
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Supplementary); the ash content in the biochar samples, for the holding
time range of 30–120 min, was only in the range of 9–22% compared to
39.5% in the MSS. The percentage values of major elements (C, H, and
N) in the biochar samples are provided in the Supplementary file.
Metals composition in the biochar samples, obtained for different HTL
holding time, were compared with raw MSS in Table 2. EDX analysis
of the biochar samples and dried sewage sludge was also conducted to
understand the elemental composition (see Supplementary). The con-
centrations of various metals in the biochar samples were lesser com-
pared to their concentrations in the raw MSS as the metals got
solubilized in the APL.

In the AD route, additional processes (e.g., destroying pathogens)
might be required to recycle the nutrients from the digested sludge.
Any living micro-organisms in the MSS would go through extreme
heat and pressure during the HTL process, and hence, any potential
pathogenic or other harmful organisms would not be able to survive.
Thus, biochar could safely be applied in the field as a source of nutrients.
In contrast to the HTL biochar and AD solid digestate, the pyrolysis bio-
char would have a much higher concentration of some metals as these
get concentrated in the biochar (Gao et al., 2017). Biochar obtained
from the pyrolysis of dry MSS could allow the higher percentage of
phosphorus recovery by plants, although the recovery potential of ni-
trogen was very low due to its insoluble form in the biochar (Bridle
and Pritchard, 2004). On the contrary, in both HTL and AD routes, the
concentration of TN and TP in the solid byproduct would be low as frac-
tions of these nutrients would also migrate to the liquid byproduct.

While the direct application of sewage sludge onto the field could
have environmental and health effects due to the presence of toxic com-
ponents, harmful microorganisms, biochar obtained from MSS still
could be applied on the soil to enhance water and nutrient holding ca-
pacity of the soil. The carbon in the biochar could be environmentally
persistent, and land application of biochar could simultaneously con-
tribute to carbon sequestration (Lehmann, 2007). Biochar samples ob-
tained from the HTL of different feedstock (e.g., macroalgae and
microalgae biomass) had high surface area, porosity, and cation ex-
change sites and shown the promise as adsorbents of organic and inor-
ganic compounds (Arun et al., 2018; Gwenzi et al., 2017; Zhou et al.,
2018). Overall, HTL of MSS could offer the recovery of higher energy
and the recycling of higher percentages of nutrients (i.e., both nitrogen
and phosphorus) compared to conventional sludge management tech-
niques (e.g., anaerobic digestion, pyrolysis).

4. Conclusion

This study demonstrated the feasibility of improved MSS manage-
ment practices by recoveringmore than half of the energy by optimized
HTL conditionswhile releasing the bulk of the nutrients fromMSS to the
APL and biochar, by-products of the HTL process, that could be used in
specific microalgal cultivation and soil quality enhancement, respec-
tively. Compared to other conventional techniques of energy recovery
from MSS, optimized HTL conditions (350 °C, and 45 min reaction
time) could offer higher energy recovery (59%) and energy return on in-
vestment (3.5) values. Increasing the HTL reaction time above 60 min,
reduced the biocrude yield, and subsequently reduced the ER and
EROI values substantially. As the HTL reaction time increased, the re-
lease of TN in the APL was increasing while TP in the APL was decreas-
ing. APL reduced the biomass density of Chlorella sp., possibly due to
the presence of organic compounds that were toxic to Chlorella sp.;
hence, Chlorella sp. couldn't efficiently recycle nutrients from the APL.
The biomass yield of Picochlorum sp. in APL-added culture was higher
than that of control culture as Picochlorum sp. was very efficient in uti-
lizing APL nutrients and contributing to the removal of APL organics.
The concentration of phosphorus in the biochar sample increased with
an increase in HTL reaction time whereas the concentration of nitrogen
remained in a similar range. Although there was a significant reduction
of metal concentrations in the biochar samples, the long-term effects of
land application of biochar on the soil quality need to be studied.
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