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ABSTRACT: This paper investigates the production of biocrude
via hydrothermal liquefaction (HTL) of sewage sludge. Results on .

the effect of the separation protocol of the oily/aqueous phases gl Solid residue - Aqueous phase
highlighted the superior performance of inertial separation over el o ey~ \ /’ . .
liquid—liquid extraction, with a biocrude yield of 43% attained at a [’ HTL process q u Products yield and characterisation
HTL temperature of 350 °C. Experimental results revealed that .

processing time exerts a nonmonotonic effect on the biocrude yield i

with maximum yields of 35 and 43% after 30 and 10 min processing . 4

times at 300 and 350 °C, respectively. The best results in terms of  sewage sludge &

energy recovery (about 59%) and reduced content of S in the N
biocrude (about 1%) are obtained at 350 °C. A minimum yield of
water-soluble compounds (29%) is achieved at 10 min of
processing time at 350 °C, whereas the maximum yield (49%) is attained after 30 min of processing time at the same temperature.
From both NMR and LC-MS analyses, the biocrude obtained proved to be a complex mixture mainly constituted by aliphatic
compounds, with small amounts of aromatic compounds (including PAHs) and olefins. Finally, inorganic elements present in the
sludge report entirely to the solid phase.

Products separation protocol

1. INTRODUCTION Mj/kg.12 However, compared to conventional crude oil,
biocrude from HTL has a high O content that reduces HHV
and increases its viscosity and hydrophilicity.

HTL studies have been conducted on several biomass types
also in mixtures of different organic substrates'*'* and/or in
the presence of catalysts,'”'® to maximize the yield and quality
of the bio-oil obtained. Moreover, this process is mainly
studied with different wet biomasses such as sewage
sludge,'”~*° micro- and macroalgae,”' ~** food industry
waste, and the organic fraction of municipal solid waste.”>>*
Among these biomasses, in recent years, there has been a
growing interest in the energetic valorization of substrates
whose disposal involves remarkable costs for the producer,
such as sewage sludge, the wet organic fraction of urban waste,
and the food industry residues. Therefore, the use of sewage
sludge is convenient both to lower the economic impact of
waste disposal in wastewater treatment plants and to increase
the economic sustainability of the HTL process. The main
bioconstituents of sewage sludge are proteins, carbohydrates,

Energy production is one of the primary challenges of modern
societies with a total world energy supply in 2020 exceeding
600,000 PJ, mainly satisfied by fossil fuels." Scientific research
focuses on the development of a broad portfolio of sustainable
technologies to meet ever-growing energy demand. In the
context of biomass exploitation for energy production, the
main thermochemical routes include pyrolysis and oxy-
pyrolysis,2’3 torrefaction,” gasiﬁcation,5 or combustion.’
Application to biomass with large moisture content may be
hampered by the need for an energy-intensive drying stage.”
Hydrothermal liquefaction (HTL) represents a promising
process for the conversion of wet biomass, such as sewage
sludge, into liquid fuels. In fact, HTL allows treating high-
water-content sludges (usually in the range of 80—90 Vol %) in
a process where the joint action of water and pressure
determines the degradation of the starting biostructure to
produce unstable and reactive fragments that, in the same
environment, can rearrange themselves to give bioliquid
(termed as biocrude or bio-oil) with energetic value as target
product, together with an aqueous phase, solid residue Received:  August 29, 2023
(biochar), and gas as coproducts (Figure 1).*7"! The biocrude Revised:  December 18, 2023
obtained from HTL is generally characterized by better Accepted: December 18, 2023
properties with respect to the one derived from pyrolysis, Published: January 2, 2024
i.e., lower moisture content, lower O/C ratio, and

consequently higher heating value (HHV) of about 30—36
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Figure 1. Conceptual scheme of the hydrothermal liquefaction process.

and lipids that under hydrothermal conditions are converted to
bio-oils with high viscosity and relatively high levels of
heteroatoms.”” ™" Studies on HTL of sewage sludges have
been recently reviewed by Fan et al,, reporting biocrude yield,
HHYV, and energy recovery values falling in the ranges of 10—
50%, 27—75 MJ/kg, and 20—83%, respectively, as a function of
the parent substrate, HTL operating conditions, and adopted
catalyst.® As an example, Thomsen et al. applied the HTL
process to sludge and wet wastes in a 20 mL batch reactor at
different temperatures, also investigating the mixing of the
different biomasses (fat, oil and grease, food waste, primary
sludge, and secondary sludge) as feedstock.”” In the case of
biomass mixtures, high energy recovery values were attained
(62—76%), and synergistic effects among bioconstituents were
demonstrated, resulting in biocrude yields greater than those
expected based on a weighted average of the yields derived for
single biomass systems.>”

On a laboratory scale, the HTL process is mainly
investigated in batch reactors, and several studies have
shown that a high heating rate positively affects the yield in
biocrude, independently from the nature of the raw material
treated.*>~** However, most of the literature is based on HTL
experiments performed in very small-scale batch reactors
(generally a few mL), not allowing to properly assess the effect
of thermal transients, which instead occur on larger scale
systems, on product yields and quality.**~** In addition, small
reaction volumes allow effective extraction of the biocrude
phase with the use of a low amount of an appropriate
extraction solvent, preferably characterized by negligible water
solubility and a low boiling point (such as dichloromethane
(DCM), ethyl acetate, tetrahydrofuran, or petroleum
ether).””*~* For scale-up purposes, the quantity of extraction
solvent should be minimized for both economic and
environmental reasons. In this direction, centrifugation was
recently applied to the entire slurry derived from the HTL
process carried out in a 140 mL lab-scale batch reactor by
Mujahid and co-workers.”® They proved that centrifugation is
an effective method for biocrude recovery while significantly
reducing the use of organic solvents. The superiority of
centrifugal separation over liquid/liquid extraction might
suggest the use of continuous separation schemes embodying
inertial separation stages, like hydrocyclones, for large-scale
applications.””** Downstream processing of HTL products for
effective phase separation and exploitation/disposal of the
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aqueous phase are undoubtedly the most relevant areas of
investigation for the feasibility of industrial-scale application of
HTL.

In the present work, HTL applied to sewage sludge was
investigated as a promising energetic valorization route to
obtain bio-oil for its final application as biofuel. The HTL
process was carried out in a lab-scale plant consisting of a 500
mL batch autoclave, whose volume is generally greater than
those most typically adopted in previous studies on HTL. This
feature may be helpful for the preliminary characterization of
scale effects. The setup optimization of the experimental
apparatus to limit thermal transients is thoroughly described in
a previous work of this research group.'' In particular, a
comparison of liquid—liquid extraction and centrifugation
separation techniques on bio-oil recovery in lab-scale
apparatuses was performed, a topic that has been very limitedly
explored in the pertinent literature. A more systematic study
on the effect of temperature (250—350 °C) and retention time
(up to 60 min) on the yields of different phases produced,
energetic properties of biocrude, and chemical composition of
oil/aqueous/solid phases was also carried out, so to identify
most promising operating conditions for the energetic
valorization of the sewage sludge under scrutiny via HTL.

2. MATERIALS AND METHODS

2.1. Feedstock. The sewage sludge taken as a reference
substrate for HTL tests is a municipal one derived from a
wastewater treatment plant located in northern Italy, whose
detailed characterization is reported in our preliminary work.""
The sludge has moisture and volatile matter contents of 12.1
and 57.4%, respectively. The ash content is 21.2% and fixed
carbon equals 9.3%. The elemental composition on a dry basis
is 34.6% (C), 4.9% (H), 5.9% (N), and 0.8% (S). On a dry
basis, HHV is 16.70 MJ/kg. These results confirm the
possibility of considering this sludge as an energy carrier in
valorization processes.

2.2. Hydrothermal Liquefaction. A complete description
of the experimental apparatus adopted for HTL tests, together
with its layout, is reported in Di Lauro et al."' It consists of a
500 mL nickel—chromium—molybdenum alloy (Hastelloy C-
276) autoclave (Parr Instruments, series PA 4575A), working
at a maximum pressure and temperature of 345 bar and 500
°C, respectively. The batch reactor is equipped with a digital
pressure transducer coupled with a needle valve for pressure

https://doi.org/10.1021/acs.iecr.3c03058
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Figure 2. Layout of the 500 mL lab-scale batch autoclave reactor.
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Figure 3. HTL separation processes diagrams: path (1) liquid—liquid extraction and path (2) centrifugation method.

measurement and control and a magnetic stirrer with a
maximum torque of 1.76 N m and a variable speed motor of 1/
8 hp. An internal single-loop coil ensures fast cooling of the
system; inlet and outlet ports are adopted for gas injection and
liquid/gas withdrawal. The main heating system is composed
of a tubular electric heater surrounding the reactor’s external
surface, coupled with thermocouples and a PID system for
temperature setting and measurement. To limit the formation
of undesirable products along the HTL process, the heating
stage was also carried out with the support of a band heater
(Watlow Series MI band) with a power of 1250 W, coupled
with a cylindrical steel block located on the bottom of the
vessel, while the top of the reactor was insulated with a layer of
rock wool (Figure 2).

For HTL runs, the reactor was loaded with 30 g (on a dry
basis) of sludge together with 270 mL of distilled water to
obtain a slurry with 10 wt % solid content to reproduce the
typical sewage sludge concentration value obtained down-
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stream of wastewater treatment plants. Then, the reactor was
purged four times with nitrogen at 5 bar to remove the oxygen
present in the vessel, and the heating stage started. It follows an
isothermal stage and, finally, fast cooling of the reactor so as to
“freeze” chemical reactions, thus avoiding product redistrib-
ution during thermal transients. At the end of the HTL test,
the pressure difference between the starting and final stages
allowed us to estimate the gas yield. Finally, the gas phase was
vented to the atmosphere to restore ambient pressure and
allow reactor discharge. Each HTL test was carried out in
duplicate.

2.3. Product Separation Protocol. Figure 3 depicts the
two protocols adopted for the separation of HTL products.

After the HTL test, the liquid and solid phases were
recovered from the vessel with a spatula, and 30 g of
dichloromethane (DCM) was added to increase product
recovery from the reactor. The resulting slurry was filtered on a
Biichner instrument under vacuum. At this point, the

https://doi.org/10.1021/acs.iecr.3c03058
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procedure splits into one concerning the solid and the other
one concerning the water/oil phase.

After filtration, the solid phase was subjected to a Soxhlet
extraction with DCM to recover the bio-oil from the solid
pores, using about 150 g of DCM as the extracting solvent. At
the end of this operation, the solid residue was oven-dried at
105 °C for 24 h, while the DCM soluble fraction was collected
for subsequent distillation (vide infra).

The liquid water/oil fraction was separated into biocrude
and aqueous phases according to two different techniques. The
first one (cf. path 1 in Figure 3, depicted with a continuous
line) is liquid—liquid extraction, performed with DCM in a
separating funnel, followed by vacuum distillation for bio-oil
recovery. The extraction is carried out by adding to the
solution 200 g of DCM that, after manual vigorous stirring,
extracts the organic component soluble in it from the aqueous
phase by stratifying on the bottom of the separating funnel. To
recover the soluble component in DCM, the solution obtained
from liquid—liquid extraction is mixed with the one derived
from the above-mentioned Soxhlet extraction (applied to the
solid phase) and subjected to vacuum distillation at 0.4 bar
aimed to recover the bio-oil.

Alternatively (cf. path 2 in Figure 3, denoted with a dotted
line), the water/bio-oil mixture is separated by centrifugation
in a NEYA 8 BASIC ventilated apparatus, within which there
are four plastic tubes of 175 mL each. The liquid phase is
distributed equally among the containers and centrifuged for
10 min at 4000 rpm, obtaining the stratification between the
aqueous and the oily phase: the supernatant aqueous phase is
taken by means of Pasteur pipettes, while the underlying
biocrude is recovered with the aid of 20 g of DCM and finally
distilled under vacuum (after mixing it with the extract derived
from the Soxhlet procedure).

After the separation processes, the gas, solid residue,
biocrude, and water-soluble compounds yields (Y) are
calculated according to eqs 1—4, respectively

Mco. Mco,

Ygo= ————100 or Yg'= -100
mbiomass, db mbiomass, dafb
1)
m.
db _ solid, db
Ysolid residue — -100
mbiomass, db (2)
db _ Mio-crude
Ybio—crude - 100 or
mbiomass,db
dafb _ Mbio-crude
Ybio—crude = ———-100
Mbiomass,dafb (3)
de
water-soluble compounds
_ db db db
= 100 — (Ygas + Yolid residue Ybio—crude) (4)

where mco, Meoids Mbio-cruder AN Mpjomass Tepresent the mass of

gas, solid residue, biocrude, and starting biomass, respectively.
The superscript “db” refers to a dry basis, while “dafb” refers to
a dry and ash-free basis. Regarding the gas phase, only CO,
formation is considered, justified by the fact that it is generally
the major component in the mixture of gases produced (about
85%)." It is therefore considered that the pressure inside the
system at room temperature is generated by a mixture of
nitrogen, already present inside the reactor, and carbon dioxide
generated by the process. To determine the mass of CO,
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produced, the van der Waals nonideal gas law is adopted. For
the biocrude and gas phases, the yield was reported on both
“db” and “dafb” basis (the latter one accounting only for the
reactive fraction of the starting biomass). Instead, the water-
soluble compounds and solid residue yields are reported only
on a dry basis because during the HTL process, the ash
inorganic compounds of the starting sludge could be partly
dissolved in the aqueous phase and partly still remain in the
solid residue. Finally, it is highlighted that the yield of water-
soluble compounds (eq 4) is calculated starting from the data
of the other three phases (for which experimental measure-
ments were performed).

2.4. Characterization of HTL Products. The biocrude
obtained from HTL was characterized by ultimate analysis to
determine C, H, and N contents by means of a LECO
CHNG628 analyzer and according to ASTM reference standard
D5373; the S percentage in the bio-oil samples was evaluated
via an elementary LECO SC-144DR analyzer (reference
standard UNI 7584). The energetic content of biocrude was
determined using an isoperibolic oxygen bomb calorimeter
(Parr 6200 calorimeter) to measure its HHV, according to
ASTM reference standard D5865. In turn, this allows us to
compute the energy recovery (ER) of the HTL process,
defined as the ratio between the higher heating value of the
biocrude and that of the starting sludge (dry basis), multiplied
by the mass yield of biocrude.

db

bio-crude

(5)

The chemical analysis of the bio-oil and aqueous phases was
carried out by means of mono- and bidimensional nuclear
magnetic resonance (—1D/2D NMR) spectroscopy. In
particular, '"H NMR, 'H-'H COSY, and 'H-"C HSQC
DEPT spectra were registered at 400 MHz on a Bruker 400
MHz spectrometer. The spectra were acquired in deuterated
dimethyl sulfoxide (DMSO-d;) in the case of bio-oil samples
or in deuterated water (D,0) in the case of aqueous phases.
"H-'"H COSY and 'H-"*C HSQC DEPT experiments were
run by using the Bruker standard pulse programs. Chemical
shifts were given in ppm. The aqueous phase samples were
exchanged with D,0 before running the spectra.

Moreover, the samples were subjected to liquid chromatog-
raphy—mass spectrometry (LC-MS) analysis. LC-MS tests
were performed in positive ion mode, using an Agilent 1260/
6230DA ESI-TOF instrument under the following conditions:
35 psi nebulizer pressure; drying gas (nitrogen) flushed at 8 L/
min at a temperature of 325 °C, a capillary voltage of 3500 V,
and a fragmentor voltage of 175 V. An Eclipse Plus C18
column (150 X 4.6 mm, 5 um) at a flow rate of 0.4 mL/min
was used. Eluent system: 0.1% formic acid in water (solvent
A)/0.1% formic acid and 2% water in acetonitrile (solvent B):
0—1.50 min from 1 to 13% of B, 1.50—7.50 min from 13 to
15% of B, 7.50—12.50 min from 15 to 20% of B, 12.50—27.50
min from 20 to 40% of B, 27.50—37.50 min from 40 to 60% of
B, 37.50—45.0 min from 60 to 85% of B, 45.0—52.5 min from
85 to 95% of B, and 52.5—65.1 min 100% of B. The samples
were dissolved in DMSO/methanol (1:4 v/v), filtered through
nylon membranes (13 mm, 0.45 ym), and subjected to LC-MS
analyses.

Finally, liquid and solid phases obtained from HTL
(biocrude, aqueous phase, and solid residue) were subjected
to inductively coupled plasma-mass spectrometry (ICP-MS)

https://doi.org/10.1021/acs.iecr.3c03058
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for metal content determination, following the reference
standard EPA 3052 and using an Agilent Technologies
7500ce instrument.

3. RESULTS AND DISCUSSION

3.1. Effect of Separation Protocol on Biocrude
Recovery. The first aspect investigated in this work was the
effect of the method used for the separation of biocrude from
the aqueous phase in lab-scale apparatuses, namely, liquid—
liquid extraction and centrifugation. In particular, the
investigation aimed at achieving a reliable estimate of the
yields of HTL products obtained in laboratory-scale batch
reactors. The application of such methods to the HTL product
separation in continuous reactors must be evaluated, taking
into account the related technical, environmental, and
economic issues. Figure 4 shows the yield of biocrude, on a
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Figure 4. Biocrude yield (dry and ash-free basis) for HTL tests
carried out for a 20 min-isothermal stage at 300 or 350 °C. Separation
protocol: SF (separatory funnel) or Cen (centrifuge).

dry and ash-free basis, obtained from HTL tests: “SE” and
“Cen” refer to separation by solvent extraction (DCM) in a
separating funnel and centrifugation, respectively. The tests
were conducted at set point temperatures (T) of 300 and 350
°C and for a reaction time of the isothermal stage (t) of 20
min. Each test is labeled with two numbers, identifying in
sequence the HTL temperature and time of the isothermal
stage.

The yield of bio-oil is influenced by the separation method
at a fixed temperature. For both temperatures, the use of a
centrifuge is more effective in the extraction of the biocrude
from the aqueous phase. In fact, the use of centrifugation led to
an increase in bio-oil yield with respect to the case of liquid—
liquid extraction. As an example, at 350 °C, Yijo cruge™ is
43.5% in the case of centrifugation versus 38.3% in the case of
extraction with DCM. The fractional increase of bio-oil
recovery from the liquid mixture by centrifugation is about
0.09—0.13. The biocrude yields obtained by liquid—liquid
extraction are in line with the literature values in which the
HTL process was carried out on sewage sludge and using
DCM as an extracting solvent for bio-oil recovery.'®*>*»%

One of the problems not to be overlooked in traditional
liquid—liquid separation is that the amount of bio-oil produced
during HTL cannot be recovered. During the extraction stage,
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in fact, slightly polar species of the bio-oil are transferred in the
water phase, whose hydrophilicity is reduced by the
solubilization of DCM.***! In addition, bio-oil droplets
dispersed in the water phase as emulsions are likely not
efficiently recovered by the liquid—liquid extraction, while the
centrifugation step can promote the coalescence of oily
droplets and their subsequent sedimentation. In the adopted
centrifugation method, DCM is used for cleaning the impeller
and the reactor walls (together with the amount used for
biocrude recovery from the solid residue by Soxhlet
extraction). The amount of DCM used is much smaller than
that of other separation methods adopted for lab-scale HTL
reactors, but it is still consistent with changing the density of
the mixture DCM/bio-oil. At the operation conditions of our
experiments, the mixture DCM/bio-oil tends to stratify toward
the bottom, showing a density greater than that of the aqueous
phase. This feature favors the separation by inertial forces and,
as a consequence, by centrifugation. Therefore, the use of
centrifugation is a more effective method for biocrude
extraction and with the associated advantage of reduced
environmental impact, which is instead determined by the use
of the halogenated DCM solvent in the extraction case. From a
quantitative standpoint, in the centrifugation-based protocol,
the used quantity of DCM is 42% of the amount adopted for
liquid—liquid extraction.

The design of product separation in large throughput HTL
processes must be assessed considering economic, environ-
mental, and technical constraints. The use of centrifugation for
large-scale operations might be discouraged by economic
constraints. However, the superiority of centrifugation over
liquid/liquid extraction demonstrated in this and in previous
studies™® opens up interesting perspectives for the application
of continuous separation schemes based on physical separation
and embodying inertial separation stages, like hydrocyclones,
for large-scale HTL.*”** Downstream processing of HTL
products for phase separation and exploitation/disposal of the
aqueous phase are undoubtedly the most critical areas of
investigation for the feasibility of industrial-scale application of
HTL.

3.2. Effect of Thermal Transient, Reaction Time, and
Temperature on Product Distribution. HTL tests using
the centrifugation separation method were conducted at two
different temperatures of 300 and 350 °C, and for different
isothermal processing times, ranging from 0 (transient heating
stage only) to 60 min. In addition, two HTL tests were
performed by stopping the heating of the system at T of 250
and 275 °C, to verify the possible product formation during
thermal transients. Figure 5 shows the yields of biocrude,
water-soluble compounds, solid residue, and gas. For the yield
of biocrude, it is possible to identify a nonmonotonic trend,
with a maximum located at 30 min at 300 °C, Yy cuge” =
26.7% (Vo crade ™ = 35.2%) and at 10 min for T = 350 °C,
with a biocrude yield of 32.8 (Vpio.cruae™™ = 43.2%). Higher T
coupled with shorter t favor the distribution of products
toward bio-oil formation. After 60 min, Yyocruq.’ attains values
of around 24 and 21% for T of 350 and 300 °C, respectively
(32 and 28% if referring to a dry and ash-free basis). From tests
performed during the heating transient, it can be highlighted
that, even at 250 °C, the formation of biocrude is non-
negligible with a Yy value of 7.5%. When the yield of
water-soluble compounds is taken into account, it can be
observed that for the test carried out at 350 °C, there are
minimum and maximum values located at 10 and 30 min,
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Table 1. Main Properties for Biocrude Obtained under the Best HTL Process Conditions

test Yiiorcrude™ (Voiocruae™) [%]  HHV [MJ/kg] ER [%] C [%] H [%] N [%] S [%] 0 [%]
cen-300—30 35.2 (26.7) 28.8 46.0 72.57 + 3.35 8.29 + 0.43 5.05 + 0.02 1.40 + 0.11 12.69 + 1.8
cen-350—10 43.2 (32.8) 30.0 58.9 72.67 + 3.06 8.14 + 0.37 5.03 + 0.17 1.03 + 0.07 13.13 + 3.6

?9%0 calculated as 100-(%C+%H+%N+%S).

respectively (with corresponding Y, er-soluble Compoundsdb =294 does not follow a clear trend with the process time t, and Y, %
and 48.7%). Thereafter, the yield of water-soluble compounds is smaller than 15% (Ygalsdalfb < 20%) for all of the tested
attains a plateau value of 40% at S0 min. At 300 °C, operating conditions.
Yiuater-soluble compounds ~ €Xperiences a limited variation in the Table 1 summarizes the biocrude yield, energetic properties,
explored time range (32.2—38.4%). Interestingly, at 350 °C, and ultimate analysis results (in terms of C, H, N, S, and O
the minimum yield for the compounds in the water phase and contents) derived for the best operating conditions (350 °C for
the maximum one for the biocrude coincide at 10 min. This 10 min and 300 °C for 30 min). HHV values are very similar,
suggests that the Yy,,,,4, increase in the first 10 min is possibly while the biocrude yield is ca. 43% (on a dry and ash-free
related to the preferential conversion of organic compounds in basis) at 350 °C, a value about 23% greater than Yy;ocruge
the water phase toward more lipophilic compounds (also in obtained at a lower HTL temperature. Hence, the difference in
the light of the limited variation of yields for solid and gaseous energy recovery (eq S) is mainly determined by the greater
phases, vide infra). Y, 4 resique . decreases from 38 to 30% (300 value of biocrude yield obtained at 350 °C, with ER being
°C), and from 32 to 23% (350 °C), between 0 and 30 min. about 59%, that is, a value ca. 1.3 times greater than the value
The slight increase in the values of solid yield after 30 min is obtained at the lowest operating temperature. The dependence
probably related to the course undesired reactions of of energy recovery on the mass yield of biocrude rather than
repolymerization favored for longer residence times.”” " HHYV is also confirmed by the literature in the specific case of
The reduction of the solid phase yield from 300 to 350 °C sewage sludge.'”'® In addition, the percentage of bio-oil
can be linked to a greater conversion degree of the biomass energy recovery obtained in this work is in line, if not higher,
toward biocrude and water-soluble compounds occurring at than that reported in the literature when a noncatalytic HTL
higher process temperatures. Finally, the yield of the gas phase process is applied to sewage sludge.******3>73” For example,
960 https://doi.org/10.1021/acs.iecr.3c03058
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Figure 6. "H NMR spectra (DMSO-dg) of bio-oils obtained at 300 °C and 30 min (A) and 350 °C and 10 min (B).

Xu et al. obtained an energy recovery in the range of 32—44%
when the sewage sludge was processed from 260 to 350 °C.*"
The elemental composition of the analyzed biocrude samples
was very similar when considering C, H, and N contents, which
resulted to be about 73, 8, and 5%, respectively. This is also
consistent with the corresponding values obtained for HHV.
On the other hand, it can be noted that the sulfur content in
the biocrude is 40% greater at the lowest process temperature.
S-containing species are possibly converted to H,S or other
water-soluble species and/or more concentrated in the biochar
to a larger extent at 350 °C than at 300 °C. It is highlighted
that, generally, S-species mainly concentrate in the solid and
aqueous phases, with percentages that are highly dependent on
the type of treated biomass and HTL conditions.””*” Hietala
et al. found that for HTL of different algae, the S content in
biocrude increases up to 300 °C to reach a plateau or decrease
thereafter (as a function of the starting biomass), the latter
behavior being consistent with the one retrieved in this work.>”
Thus, a greater T is potentially more convenient for HTL in
the investigated case and also for a reduction of the severity,
hence the costs, of a subsequent hydrodesulphurization
upgrade. The sulfur content of the obtained biocrude is in
accordance with values reported in the literature for HTL of
sludges.™®

3.3. Chemical Composition of Biocrude, Aqueous
Phase, and Solid Residue. The analytical technique
commonly used in the literature for the study of the chemical
composition of the biocrude obtained from HTL is GC-MS.
However, this technique does not allow the detection of
compounds with boiling temperatures higher than 300 °C.*’
To obtain a more complete screening, in this work, a
preliminary study of the chemical composition was carried
out by combining LC-MS analysis with NMR spectroscopy.’’
Figure 6 shows the '"H NMR spectra of bio-oils obtained under
the best operating conditions for municipal sludge, namely,
300 °C for 30 min and 350 °C for 10 min. At first glance, the
following considerations can be drawn: (i) '"H NMR spectra
are very similar for both investigated operating conditions,
denoting the presence of aliphatic, olefin, and aromatic
protons. (ii) By the integration of proton signals, it is possible
to estimate the relative abundances of aromatic and aliphatic
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compounds, alcohols, and amines. In particular, for both
analyzed biocrude samples, it was obtained that about 90% of
the integrated signals were due to aliphatic protons, whereas
only 4% could be ascribed to amines and alcohols and 5% to
aromatic compounds.

By a comparative inspection of 'H NMR, 'H—'H COSY
(spectrum not shown), and '"H—"*C HSQC DEPT (Figure 7)
spectra, it was possible to identify, in the aromatic/olefin
proton region, the signals relative to guaiacol (6.6/114, 6.7—
7.4/120, and 6.9—7.2/126 ppm), cinnamyl (6.3—6.7/127 and
6.9—7.4/130 ppm), and stilbene (6.9—7.4/130) units. The
signals of the cis olefinic protons (5.3/130 ppm) are also
evident, correlating with aliphatic protons at 1.93 ppm, which
can be ascribed to unsaturated fatty acids. The signals of the
protons of polycyclic aromatic hydrocarbons (PAHs) in the
7.5—8.5/126—136 ppm region may also be recognized, though
less evident. The 'H—"*C HSQC DEPT experiment proved to
be a valuable tool for addressing the resonance in the aliphatic
proton region. So, it was possible to assign the signals relative
to methyl groups (positive phase = red levels) on heteroatoms
(—OCH,;, —NCH;), on aromatic rings, and on aliphatic chains
and relative to methylene groups (negative phase = blue levels)
linked to heteroatoms (—CH,OH, —NCH,), aromatic rings,
and olefins as well as aliphatic methylene groups.

Similar considerations developed above for bio-oils can also
be derived for the aqueous phases but with slight differences.
As shown in Figure 8 and from values of proton signal
integration, also in this case, a higher content of aliphatic
compounds (79%) can be highlighted. This value proved to be
lower with respect to the one registered for bio-oils (90%), in
view of the higher intensity of the signals ascribable to amines
and alcohols (18% in the case of aqueous phases and 4% for
bio-oils). On the other hand, the integrals of the aromatic
protons proved to be comparable (3%).

By analyzing the "H—"H COSY (spectrum not shown) and
the '"H—"*C HSQC DEPT (Figure 9) spectra, it was possible
to assign, besides the signal previously detected in the bio-oil
samples, the signals in the 4.1—4.3/55 and 3.1—4.0/60-75
ppm region to the protons of amino acid and sugar moieties,
respectively. In the low field region of the 'H NMR spectra of
the aqueous samples, the higher contribution of the signals is
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ascribable to protons on PAHs (7.7—8.7 ppm). As reported for
the bio-oil samples, the 'H—"C HSQC DEPT allowed the
identification of the signals of guaiacol and stilbene units.

To support the analysis of the compounds by NMR
spectroscopy, both the bio-oil and aqueous samples were
subjected to LC-MS analysis. This latter allowed for the
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Figure 8. '"H NMR spectra (D,0) of the aqueous phase obtained at 300 °C and 30 min (A) and 350 °C and 10 min (B).

identification of a set of compounds reported in Table S1 that
includes phenolic derivatives, PAHs, and derivatives of
unsaturated fatty acids, in good agreement with NMR results.
The relative distribution of such compounds between the bio-
oil and the aqueous phase is markedly influenced by the water
solubility of the compounds, with p-aminophenol and gallic
acid, for example, that are only detected in the aqueous phase,
whereas fatty acid methyl esters and amides (e.g, methyl
palmitate, methyl stearate, methyl oleate, hexadecanamide and
tetradecanamide) or PAHs (i.e., tribenzocoronene) that are
identified only in the oily phase.

To increase the eco-sustainability of the HTL process, the
production of PAHs should be obviously limited to prevent
their possible release into the environment. When considering
the aqueous fraction deriving from HTL, ongoing studies of
our research group are devoted to the development of a proper
purification process to remove organic compounds (including
PAHs) via combined adsorption and photocatalysis. This is
also in the light of a potential recirculation of the aqueous
phase in the HTL environment to increase the biocrude yield
or for its valonzatlon through thermochemical or biological
pathways.”” In the case of the biocrude, future studies should
also be focused on the optimization of reaction conditions
(including process time and temperature) able to minimize
PAH formation. Moreover, the fate of PAH after the upgrading
process needs to be carefully analyzed to evaluate potential
further removal treatments before enabling the application of
bio-oil as fuel.

Finally, Figure 10 shows the concentration of metals in the
three investigated phases produced by the HTL process
together with data for the parent sludge (data obtained from
ICP-MS analysis are reported in Table S2). Inorganic elements
after the HTL process are concentrated in the solid residue,
with values being up to about 5 orders of magnitude greater
with respect to the other coproducts when more abundant
elements (such as Fe, P, and Ca) are considered. For example,
in the case of phosphorus, the ratio of its concentration in the
solid with respect to the one in the aqueous phase is ca. 750.
The significantly prevailing accumulation in the solid residue of
elements such as Ca and Fe is in agreement with literature
results concerning HTL applied to different biomasses.>® It is
also highlighted that inorganic elements are mostly found in
trace amounts in the bio-oil and in the aqueous phase. Overall,
the total amount of each element retrieved in the solid phase is
practically 100% of the one present in the starting sludge. So,
the calculated recovery percentages of elements in biocrude
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and in the aqueous phase are far below the error on the same
variable obtained for the solid residue (generally lower than
15%). However, the concentrations of Fe (2327 ppm) and Ca
(120 ppm) in biocrude and that of K (270 ppm) in the
aqueous phase are significant. So, in particular, for the iron
content, removal techniques must be evaluated for biocrude
upgrading. In addition, Pb and Hg removal techniques (even if
present in concentrations of lower orders of magnitude) will
also need to be considered. Distillation is considered effective
in 51gn1ﬁcantly reducing the inorganic content of the
biocrude.”> The applicability of the solid residue as an
adsorbent material for liquid-phase purification requires a
careful evaluation of potential undesired leaching of heavy
metals.

As a final consideration, it is highlighted that possible routes
for the valorization of the gaseous phase will require a
dedicated composition analysis to assess its energy content and
define proper purification techniques (e.g., to remove CO,).

4. CONCLUSIONS

The energetic valorization of sewage sludge to obtain a
biocrude via hydrothermal liquefaction (HTL) has been
investigated. HTL of sewage sludge samples has been
performed in a 500 mL batch reactor at temperatures ranging
from 250 to 350 °C. The analysis of the effect of the separation
protocol revealed that centrifugation was more effective than
liquid—liquid extraction with DCM, with a biocrude recovery
up to 5.2% greater (43.5% vs 38.3% at 350 °C) using a lower
amount of DCM (180 g during the centrifugation method vs
430 g for liquid—liquid extraction). The superiority of inertial
separation over liquid—liquid extraction represents an
important criterion to be taken into account in the optimal
design of downstream processing for large-scale HTL. The
effect of processing time and temperature on product yield has
been systematically analyzed. At fixed processing time,
biocrude yield was maximum at 350 °C. An HTL temperature
of 350 °C and a processing time of 10 min were identified as
the optimal process variables in terms of both biocrude yield
(43%) and energy recovery (ca. 59%). The biocrude obtained
under these conditions was characterized by a higher heating
value of nearly 30 MJ/kg. Analysis by NMR of the HTL
effluent proved that the biocrude is a complex mixture mainly
constituted by aliphatic compounds (e.g., esters of fatty acids)
together with a minor contribution of aromatic compounds
and olefins. ICP-MS analysis of the HTL products highlighted
that the concentration of most abundant inorganics in the solid
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Figure 10. Concentration of inorganic elements derived from ICP-MS analysis in the parent sludge and products obtained from HTL tests

performed at 300 °C for 30 min (A) and 350 °C for 10 min (B).

residue is up to about 5 orders of magnitude greater than those
in the biocrude and in the aqueous phase. The presence of
PAH detected in both bio-oil and the aqueous phase requires
additional studies for their minimization and removal.
Upgrading treatments (e.g, catalytic hydrotreatment) will be
required to improve the quality and properties of the obtained
biocrude for its application in the transport sector.
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