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ABSTRACT:



Hydrothermal liquefaction (HTL) has the potential to produce biofuels from waste, such
as sewage sludge. However, the biocrude obtained from hydrothermal liquefaction
requires further processing to remove heteroatoms, particularly O, N, and S, and achieve
the boiling ranges (Teb < 350°C) compatible with standard petroleum-issued fuels. Here,
sewage sludge-derived HTL biocrude was upgraded via hydrotreatment (HDT) under
batch conditions, 100 bar of hydrogen, and over durations of 0 — 5 h and at 350, 375, and
390°C to allow the study of the upgrading reaction kinetics. The sewage sludge biocrude
and the HDT reaction products were fully characterized by a combination of analytical
techniques, enabling a fine description of the evolution of products with operating
conditions and the construction of a complete description of the upgraded sewage sludge

HTL oil reaction product families as carbon number distributions.

As expected, the concentration of heteroatoms in the HDT liquid product decreased
progressively with the reaction time and was more significant at 390°C, with 96% of
biocrude S and O and 79% of N being removed after 5 h of reaction. The high
concentration of N in the liquid product, e.g., 1.4 wt.% at 390 °C and 5 h reaction, was
attributed to denitrogenation-resistant compounds, like carbazoles and indoles, still
observed in the liquid after HDT reaction. The amount of liquid product in the range of
liquid fuels attained the higher yield, i.e., 73 wt.%, under the harshest conditions. The fuel
range products were mainly composed of aliphatic, monoaromatic, and diaromatic
hydrocarbons, together with indoles, carbazoles, and monoaromatic-nitrogenated
compounds, e.g., amines. The significant concentration of nitrogenated compounds in the
fuel range suggests that a subsequent HDT stage, mainly focused on denitrogenation, is

necessary for the liquid product to be used as a drop-in fuel.



1. Introduction

Today, in France, 800 ktons of sewage sludge (SS) are produced annually, and more than
10 million tons in EU'2, The energetic use of sewage sludge is often addressed with
technological pathways such as anaerobic digestion, combustion, pyrolysis, or
gasification®4. Considering the cost of a drying stage, hydrothermal methods are
economically of great interest since they reduce energy consumption®®. Indeed,
hydrothermal liquefaction (HTL) was demonstrated to be a cost-effective and
environmentally friendly technology for valorizing SS’. Not only does HTL enable the
conversion of SS into an energy-dense product, i.e., biocrude, but this technology has
also proven effective for recovering essential nutrients, like P, in this stream?®. Therefore,
HTL could contribute to solving the current challenges surrounding SS waste
management®. However, despite its advantages, HTL technology still faces multiple
challenges. For instance, a significant amount of wastewater, which needs to be dealt
with, is generated during the process?C. Similarly, the biocrude produced from HTL needs
significant upgrading before it can be used as a fuel®.

The history of hydrothermal processes has been summarized by D. C. Elliott!!, but key
features for sewage sludges were studied in the 70’s on the hydrothermal conversion of
various biomass at BOM-PERC (Bureau of Mines Pittsburgh Energy Research Center)
using H20 and CO?*?, in the 90’s demonstration of a 0.5T/day pilot plant!3, and, finally, in
the late 90’s the introduction of Shell Hydrothermal upgrading Process (HTU®)415, With

time and increasing production, sewage sludges are now considered a renewable energy



source of growing interest, particularly regarding thermochemical conversion methods like
HTL. More recent review articles summarize the chemical reactions, and sometimes
catalysts, involved and the operating conditions required for improving SS HTL oil
yields”2. This is also concomitant with the development of continuous HTL pilot units and
close perspectives to industrialization’°. For the purpose of SS HTL energetic valorization,
i.e., biocrude production, higher reaction temperatures, typically above 250°C and up to
450°C, are used, and holding times of several minutes (usually between 5 to 60 min).
Note that, in softer conditions, thermal hydrolysis (<200°C) is also of commercial interest,
with the purpose of pretreating SS prior to anaerobic digestion!’'8. Depending on the
operating conditions, liquid HTL biocrude yield may vary over a wide range (20 to 60%),
as illustrated by Das et al.'®. The SS HTL biocrude is viscous and acidic, contains
heteroatoms, particularly N, O, and S, and, consequently must be upgraded to meet
conventional fuel compositions.

The SS biocrude composition depends on multiple factors, including the initial composition
of the SS, the HTL process conditions, and the extraction solvent used to recover the
biocrude (if any)”-2%-23, For instance, Jahromi et al.?* hydrotreated SS biocrudes produced
with different HTL extraction solvents and, of the solvents tested, found dichloromethane
(DCM) gave the best HTL yield but provided a biocrude that was more difficult to upgrade.
Similarly, Silva Thomsen et al.?? demonstrated that the concentration of proteins in SS is
directly related to the final concentration of N in the biocrude, which, like with algal HTL
biocrudes, poses a challenge during the upgrading to fuels. Indeed, some of the cyclic
and aromatic nitrogen-containing compounds present in HTL oils require severe operating
conditions, similar to oil refining 25?7. Consequently, the characterization of the SS

biocrude complex mixture is essential to better understand the composition and reactivity



of the biocrude components. Indeed, SS-derived biocrudes have a complex composition
with high oxygen and nitrogen content and are distributed in a wide range of Mw?8. An
example of the SS biocrude complex nature is provided by the work of Zimmermann et
al.?®, which identified hundreds of oxygenated and nitrogenated compounds (N1, N2, and
OxNx families), including long-chain fatty acids, amides, and other compounds with varying
degrees of aromatization (DBE up to 20) and carbon number up to 40. Thus,
understanding the conversion pathway of such a complex mixture during the upgrade
stage still poses a significant challenge.

Hydrotreatment (HDT), a conventional refining process, is commonly employed in either
one or two stages to remove heteroatoms (S, N, O), increase the H/C atomic ratio, and
improve the physico-chemical properties of complex liquid bio-sourced streams, like SS
biocrude?®3%-32, For instance, SS biocrude HDT was performed by Heracleous et al.3133
and Haider et al.3* using a two-step continuous process with an initial low-temperature
stabilization stage, which removes the most reactive compounds and prevents significant
catalyst deactivation during the second harsher HDT stage. In opposition, Subramaniam
et al. demonstrated the HDT of SS biocrude to be feasible in a single stage without
significant catalyst deactivation, even after 1500 h®°. In both cases, the authors used Mo-
based sulfide catalysts, typically used in refining, which are robust and sulfur-resistant 3°.
Understanding the molecular composition of SS HTL oil and its evolution on upgrading is
of primary importance for further industrial developments and kinetic modelling. The range
products fuel, i.e., bp < 520°C, can be identified and quantified at the molecular stage by
comprehensive GCxGC?836, while the description of the heaviest fraction composed of
heterocyclic molecules of the SS HTL oil and upgraded products is achieved by using

FTICR -MS3132_ Nonetheless, characterization techniques, such as SEC and NMR, can



be used as an alternative to providing a global image of the biocrude and upgrade
products, helping to quantitatively follow the global composition of biocrude and
subsequent upgrade products as demonstrated recently by Batalha et al. 3¢

In addition to the molecular composition, other properties, such as acidity, density,
viscosity, heat value, thermal stability, and lubricity, are also used to evaluate the potential
of HDT liquid products to be used as biofuels®’.

The purpose of the present article is to undertake a comprehensive investigation into the
evolution of the SS HTL biocrude upgrading products composition during HDT over a wide
range of operating conditions, i.e., T=350 °C — 390 °C and reaction time up to 5 h, and to
describe, as far as possible, the evolution of product families and the reactions involved.
The HTL biocrude and HDT liquid products composition were characterized by GCxGC-
TOFMS, GCxGC-FID, 3C-NMR, SEC, SimDist, CHNS-O, as a function of the HDT
operating conditions, as well as the density and viscosity. The SEC, SimDist, and GCxGC
data were further exploited to extrapolate the HDT liquid products' heavy fraction boiling
point outside the SimDist range. Boiling range cuts were defined for each family identified
in the GCxGC data, and molar quantities of each boiling range and the average molar
mass of the whole hydrotreated liquids were calculated. This representation was validated
by comparison with the average molar masses determined independently by the SEC

analysis.

2. Material and methods

In this work, a series of experiments was designed to investigate SS-derived biocrude

HDT. Sixteen experiments were performed over three temperatures, 350, 375, and 390°C,



and five durations, t0, 30 minutes, 1, 3, and 5 hours. Mass balances were done, and solid,

liquid, and gaseous products were analysed with several techniques, as described below.

2.1Biocrude production

SS from a municipal sewage treatment plant in Rybnik, Poland, stabilized by anaerobic
fermentation (physicochemical properties in Table S1) and supplied by PWiK Rybnik was
used as the feedstock for the biocrude production. The detailed procedure for producing
the biocrude is shown elsewhere?®. In general, 600 g of slurry containing 10 wt.% of SS
in water was heated at 360°C for 30 min under an inert atmosphere in a 1000 mL stainless
steel autoclave. After the reaction, the HTL aqueous phase and solid mixture were
separated by filtration. Then, the reactor vessel and solid was washed with acetone, and
the char and liquid organic fraction (biocrude) solution in acetone were separated by
vacuum filtration. The biocrude was recovered after acetone evaporation under rotavap.
The biocrude yield was =25 wt. %, therefore, the procedure was repeated five times to
produce enough biocrude (= 75 g) for the work presented in this manuscript. The biocrude

from the five experiments was mixed before HDT and characterization.

2.2 Hydrotreatment

2.2.1 Experimental procedure

The HDT of the biocrude was performed under batch conditions using a 300 mL reactor
from Parr (Model 4566). The detailed procedure for the catalyst activation, HDT reaction
protocol, and product recovery is shown elsewhere?®. In general, the HDT reaction was
performed by using 3 g of biocrude in the presence of 30 g of n-heptane (solvent) and 1

g of NiMoS/Al2O3 catalyst (characterization in Table S2). The liquid volume was enough



to cover the stirrer and ensure good mixing. Furthermore, baffles were added to the
reactor to improve the mixing of the liquid. It is worth mentioning that the biocrude was not
soluble in n-heptane. However, good contact between biocrude and catalyst was still
observed due to the lack of char and unconverted biocrude attached to the reactor walls.
Additionally, n-heptane is a suitable solvent for HDT reaction products, thus ensuring their
recovery. After the reaction, the reactor was cooled to room temperature, and the residual
gas was collected in a gas bag and analyzed in a micro-GC (SRA instruments). The liquid
and spent catalyst were separated through filtration, and the heptane in the liquid was
evaporated in a rotavap for 2 h at a pressure of 30 mbar and a temperature of 40°C. The
liquid remaining after evaporation was considered the liquid product from HDT. It is worth
mentioning that under reaction conditions, n-heptane is in the supercritical state, which
has been demonstrated to enhance HDT by facilitating the supply of Hz to the catalyst 38~
40, The HDT of the SS biocrude was done at three reaction temperatures, i.e., 350 °C, 375
°C, and 390°C, and reaction times ranging from 30 min to 5 h, leading to a variation of the

pseudo-contact time (Equation 1) of 5to 0.5 h™2.

Moil

Pseudo contact time(h™1) = Equation 1

Mceattreaction

Where: moil and mcat are the mass of biocrude and catalyst, respectively, and treaction iS the

reaction time).

2.2.2 Mass balance

The yields of gas (Equation 2), liquid (Equation 3), solid (Equation 4), H20 (Equation 5),

and NHs (Equation 6) were determined according to the following equations:
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Where: yi is the compound i gas molar fraction; Pcold is the total pressure of the reactor
when cold, Mwi is the molecular weight of the compound i; Vreactor iS the volume of the
reactor (300 mL); Vheptane iS the volume of heptane; R is the molar gas constant; Tambient IS
the temperature of the reactor after cooling; moiocrude is the mass of biocrude; muz is the
mass of Hz put inside the reactor; miquia IS the mass of liquid after heptane evaporation;
Mspent cat IS the mass of spent catalyst after drying at room temperature overnight; mcat is
the mass of fresh sulfided catalyst used in the reaction; Obiocrude and Oiiquid, are the wt.%
of oxygen in the biocrude and liquid, respectively, determined by elemental analysis; Ogas
is the wt.% oxygen in CO and COz; and, Nbiocrude, Niiquid, 8nd Nspent catalyst are the nitrogen

composition in wt.% of the biocrude, liquid, and spent catalyst determined by elemental

analysis.

2.3 Characterization methods

Equation 2

Equation 3

Equation 4

Equation 5

Equation 6



The gas products were collected in a gas bag and analyzed in a micro-GC (SRA
instruments) equipped with three modules: Molsieve 5A (Hz, CO, CHa), Hayesep A (COx,

C2 hydrocarbons), PLOT Al203/KCI (C3-C4 hydrocarbons).

The carbon, hydrogen, nitrogen, sulfur, and oxygen of the biocrude, HDT liquids, and
spent catalyst were obtained on a Thermo Scientific FLASH 2000 Organic Elemental
Analyzer (accuracy of £ 0.1 wt.%). The elemental composition of biocrude and the HDT
liquid were used to determine the HDT extent of deoxygenation (Equation 5),

desulfurization (Equation 6), and denitrogenation (Equation 7).

Deoxygenation (%) = (1 - M) .100 Equation 5
biocrude
: . 0L — NHDT liquid ;
Denitrogenation (%) = (1 — ~_)-100 Equation 6
biocrude

The 3C-NMR analysis of the HDT liquids and biocrude was performed in a Bruker
AVANCE 400 MHZ spectrometer and analysed using TopSpin 3.0. The measurements
were performed at room temperature with an accumulation of 4700 scans for
approximately 15 h. The HDT liquid fraction and biocrude (=100 mg), together with
tetramethyl-thiourea (internal standard, 5-10 mg) and chromium acetylacetonate (relaxing
agent, 1-3 mg) were diluted in 0.6 mL of deuterated chloroform (CDCls). Table S3 includes

the chemical shifts attributed to each functional group.

The quantification of the hydroxyl groups in the sewage sludge biocrude was performed
by quantitative 3'P liquid NMR. The detailed experimental procedure and the 3P NMR

spectrum for the sewage sludge biocrude are in the supporting material.
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The molecular weight distribution of the compounds in the biocrude and HDT liquid
products was obtained by size exclusion chromatography (SEC) using an Agilent 1200
series HPLC equipped with two PLgel Columns (50 and 500 A), a refractive index detector
(RID), and a diode array detector (DAD). The analysis was carried out at 35 °C using
tetrahydrofuran (THF — 1 mL/min) as eluent. Before analysis, the samples were diluted to
a concentration of =1 wt.% in THF and filtered (0.45 pm). A mixture composed of linear
hydrocarbons with a molecular weight (Mw) comprised between 86 (carbon number = 6)
to 1000 (carbon number = 70) g/mol (extrapolated above) was used as the standard to

convert elution time into molecular weight (hydrocarbon equivalent - HC).

The boiling point distributions of the HDT liquid products were determined utilizing
simulated distillation (Simdis — ASTM 2887) by using an Agilent 7890 gas chromatograph
equipped with a flame ionization detector (FID) and a 10 m x 0.53 mm x 0.88 ym ZB-1XT
capillary column. The relationship between boiling point and retention time was
established using a mixture of linear paraffin with carbon numbers between 6 (Mw = 86
g/mol, bp = 69 °C) and 44 (Mw = 619 g/mol, bp = 545°C). The detected products
guantification was made using a standard diesel sample as a reference (initial bp = 114°C

and Final bp =475 °C).

Comprehensive GCxGC-TOFMS, and GCxGC-FID were respectively used to identify and
guantify the compounds in the biocrude and HDT liquid. The GCxGC-TOFMS systems
were equipped with a cryogenic modulator from Zoex Corporation (USA), as described in
Toussaint et al.*'. The chromatography and TOFMS parameters are described in Table
S4. The GCxGC/FID was equipped with a switch valve modulator (Agilent G3486A CFT

modulator), and modulation parameters were optimized according to Lelevic et al.*?. The
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parameters used for the analysis are described in Table S4. The compounds detected by
GCxGC/FID were quantified using the relative responsive factor method (RRF)*® with
cyclohexanol as reference. The data obtained from comprehensive GCxGC-FID was also
used to provide the distillation curve of the HDT of each compound family in the HDT liquid

products by using a mixture of n-alkanes (C7 to Cao) as a reference.

The density and viscosity of HTL liquid products were measured at temperatures ranging
from 20 °C to 40 °C at intervals of 5 °C using a combined u-shaped vibration-tube density
meter and a rolling ball viscosity meter (Anton Paar, model DMA 5000 and Lovis 2000
ME, respectively). The temperature was controlled to 0.001 °C and 0.005 °C and
measured with an accuracy better than 0.01 °C and 0.02 °C for the density and viscosity
measurements, respectively. A carefully calibrated set of stainless-steel ball and capillary
(1.8 mm inner diameter) was used for the viscosity measurements at a fixed angle of 60°.
The uncertainty was estimated to be less than 1%. The samples were not degassed prior
to analysis. The viscosity was measured using undiluted liquid samples, while the density
was measured by diluting the samples (=40 wt.%) in n-dodecane (time of reaction > 1 h)
and acetone (time of reaction < 30 min). The density of the HDT liquid product was

calculated by using equation 8.

— Pmixture ~Xsolvent-Psolvent Equation 8

-3
PHDT liquid (g- cm ) x .
HDT liquid

Where: pHpT iiquid is the density of the HDT liquid product (g.cm-3); pmixwre is the density
of the diluted HDT liquid product; Xsoivent and XHpT liquid are the respective fractions of
solvent, i.e., n-dodecane or acetone in the diluted sample; psovent is the density of the

solvent, i.e., n-dodecane or acetone, measured under the same conditions. The
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density and viscosity values as a function of temperature can be found in Tables S5

and S6.

3. Results and Discussion

3.1Biocrude characterization

The physicochemical properties of the SS HTL oil are summarized in Table 1. As
expected, the sewage sludge biocrude contains a significant amount of N and O, in the
range of 6 wt%, together with a 6500 ppm concentration of S. The nitrogen and sulfur
content of the biocrude is compatible with those described in the literature, i.e., N=4 -7
wt.% and S = 0.6 — 1.5 wt.%’. In contrast, the O content of the biocrude used in this study
is lower than those typically reported in the literature, which is typically higher than 10
wt.%, reaching up to 25-30 wt.% in some cases’. The low oxygen content observed in the
biocrude can be related to the nature of the SS feedstock, which had been submitted to
anaerobic digestion before the HTL process. Indeed, Hegdahl et al. performed HTL of
anaerobically digested SS with a composition similar to that used in this study and
obtained a biocrude with equivalent oxygen content*. It is worth mentioning that O
concentration is measured experimentally and not determined by difference from the

remaining CHNS elements.

The SS biocrude displayed a viscosity of 21.65 Pa.s at 25°C, consistent with values
found in the literature for HTL biocrudes produced under similar conditions and after
multiple days/months of storage*®. Thus, the viscosity values suggest some

degradation/condensation of the most reactive compounds in the biocrude might have
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occurred. This phenomenon could also justify the high biocrude density, i.e., 1.372 g/cm?3

at 25°C, which was higher than the typical values reported in the literature, i.e., p= 1 g/cm3

7,31,46

Table 1. Chemical properties of the biocrude obtained from HTL of SS.

Properties Functional groups distribution (%, 13C NMRP)
C (Wt.%) 76.1+0.3  Aliphatic C-H, C-N 64.0
H (wt.%) 9.7+0.1 Methoxy O-CHs 0.7
O (Wt.%) 6.2+0.1 Aliphatic C-O 3.7
N (wt.%) 6.6+0.1 Aromatic C-H 21.0
S (ppm) 6500 + 11 Aromatic C-O, C-N 2.1
H20 (wt.%) 1.0£0.3 Aromatic C-C 5.6
TAN (mgkoH/g) 195+1.0 Acid, Ester, Amide (O=C-R) 1.9
Total -OH (mmol/goi)® 1.40 Aldehyde and ketone (C=0) 1.0
HHV® (MJ/kg) 37.3

Viscosity (25°C, Pa.s) 21.65

Density (25°C, g/em®)  1.372

a13C NMR spectrum in Figure S2,° Quantified by 3!P-NMR after phosphytilation with

CTMDP.¢ The high heating value (HHV) was determined by using the following expression

HHV (1]\(/1—;) = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.20114, where C,

H, S, O, N, and A are the concentrations of carbon, hydrogen, sulfur, oxygen, nitrogen,

and ash in wt.%*’.
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The carbon functional group composition of the biocrude, determined by *C NMR, is
shown in Table 1 (Spectrum in Ftigurse S1). The most significant contribution is
represented by aliphatic C-H and C-N carbon (64.0 %), followed by aromatic C-H (21.0
%). The high occurrence of aliphatic hydrocarbons is expected and typically related to the
presence of amides in the biocrude, as observed in the GCxGC/TOF-MS chromatograph
in Figure 1. Such compounds in the oil are related to the presence of triglycerides and the
respective fatty acids as well as proteins in the parent feedstock?>28, According to the
GCxGC/TOF-MS, the aromatic carbon in the biocrude was found to be related to the
presence of indoles, carbazoles, pyrroles, phenols, and a small amount of aromatic
hydrocarbons. It is worth mentioning that the GCxGC data can only account for 30.8 wt.%
of the total mass in the biocrude, with the remaining being retained in the column and
liner. Indeed, the occurrence of high Mw compounds in the oil can be observed in Figure
2A. Similarly, FTICR-MS analysis of sewage sludge biocrudes made by Heracleous et al.
report the presence of compounds with a carbon number up to 45 and varied degrees of

aromatization, i.e., DBE up to 203,

According to 3C NMR (Table 1) only a small portion of the N and O heteroatoms in the
SS biocrude is linked to aromatic carbon. Indeed, most of the N is in the form of amides
aliphatic C-N, like amines, while the O is present as amides, carboxylic acids, alcohols,

ethers, ketones, and aldehydes. Additionally, the 3P NMR analysis, after phosphitilation

31p NMR-0H.16
0 1

of the hydroxyl groups in the SS biocrude showed that 36.1% (0_yy (%) =

where 3P NMR-OH is the OH concentration determined in mol/g by 3P NMR and O is
the total oxygen concentration in wt.% in the biocrude) of the overall oxygen in the oil

belonged to hydroxyl groups, with 17.6% belonging to phenols, 12.7% to carboxylic acids,

15



and 5.8% to aliphatic alcohols. However, most of the N and O-containing compounds,
except for amides, observed via GCxGC/TOF-MS (Figure 1) are part of an aromatic ring
or linked to one, suggesting that these compounds are not fully representative of the SS
biocrude composition. The FTICR-MS analysis of SS biocrude performed by Heracleous
et al. observed that, in the biocrude, N and O-containing compounds were a majority in
compounds with low DBE, i.e., 5 — 153 In the same study, the authors observed
increased DBE of heteroatom-containing compounds after HDT. Concerning the nature
of S in the SS biocrude, no compound was observed in the GCxGC/TOF-MS analysis,

suggesting sulfur to be present only in high Mw compounds.

(s) awn uonualal UWN|OD puZ
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1st Column retention time (min)

Figure 1. GCxGC/TOF-MS chromatogram of SS HTL biocrude. The quantification of
each compound family is in Table S5. BHT = butylated hydroxytoluene (stabilizer present

in THF solvent)
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3.2 SS biocrude HDT

The SS biocrude was submitted to HDT under different temperatures, i.e., 350 °C, 375
°C, and 390°C, and reaction time, i.e., from 0 h up to 5 h, conditions. The mass balance
for the HDT experiments was close to at least 83%, with higher losses for the longer-
duration experiments (Figure 2). The missing mass was attributed to three main factors.
First, there was an underestimation of gas products. Indeed, the gas yield is calculated by
using the residual pressure at room temperature, the empty volume of the reactor, and
the concentration of gases determined by uGC (equation 2). Unfortunately, this method
considers all gas products to be perfect gases and does not account for the products that
are liquid or dissolved in the liquid at the residual pressure and are released as gas when
the pressure is released, which leads to an underestimation of the gas yield calculation.
Second, the loss of light liquid products during the evaporation of the heptane solvent.
Finally, the small biocrude mass used in the study, i.e., 3 g, and, the unavoidable mass
losses upon product recovery. The decrease in mass recovered at higher temperatures
and reaction times is consistent with the two hypotheses since the yield of gas products
and light liquid products is expected to increase under such conditions, as shown in Figure
2 and Figure 4, respectively. Furthermore, the vyield of liquid products decreased
significantly as the reaction temperature and the reaction time increased. The gas
products are primarily composed of light hydrocarbons from Ci to Ca (Figure S2).
Additionally, CO and small amounts of CO2 were also observed. The yield of CO and CO2
did not change significantly with the reaction conditions, staying between 0.3 wt.% and

0.6 wt.%, indicating most oxygen in the biocrude is removed under the form of H20 during
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the reaction and that the occurrence of decarboxylation and decarbonylation is small. In
contrast, the concentration of light hydrocarbons significantly increases with reaction time
and temperature and is mainly responsible for the observed variations in the gas yield
(Figure 2). The formation of light hydrocarbons can be attributed to the cleavage of larger
molecules in the biocrude during the HDT reaction. It is worth mentioning that C-C bound
cleavage caused by hydrogenolysis or 3-scission is unlikely to occur under the reaction

conditions on NiMoS/Al203 catalysts, as discussed in our previous work3e.

At 350 °C, there is a significant amount of solid product yield (27.6 wt.%) at low
conversion times, i.e., treacton= 0 h, which decreases as the reaction time increases. A
similar, yet less pronounced, evolution is also observed at 375 °C and 390 °C, where the
solid yield decreases from = 9-11 wt.%, at treaction = 0 h to = 6-7 wt.%, after 5 h of reaction.
The decrease in solid yield observed at 350 °C is followed by an increase in the liquid
yield, suggesting the products to be reactive and most likely composed of heavy

molecules, which are transformed into lighter compounds in the liquid range.

The higher concentration of solid products at the start of the reaction (treaction= 0 h) can
associated with multiple aspects. First, the reactor is heated under low H2 (P = 10 bar,
Troom), With the remaining Hz (50 bar, Treaction) being added once the reaction temperature
is attained. This procedure prevents significant condensation of compounds in the oil and
subsequent catalyst deactivation by coking. Yet, due to H2 shortage, condensation
reactions should occur faster than HDT and hydrogenation, leading to a high solid yield.
Secondly, reactive products in the biocrude are known to undergo condensation at
relatively low temperatures, a phenomenon commonly associated with storage

problems#>48, Thus, condensation of such products, e.g., aldehydes, ketones, alcohols,
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etc, is expected to occur during the heating stage. Finally, the higher concentration of solid
products at treacton = 0 h can be related to the poor solubility of polar compounds in n-

heptane, which will end up deposited on the catalyst.

T =350°C T=375°C T=390°C
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Figure 2. HDT products yield as a function of the reaction temperature (T) and time

(treaction). The experimental point at T = 375°C and treaction =3 h was repeated twice.

The impact of the HDT conditions in deoxygenation (HDO), denitrogenation (HDN), and
desulfurization (HDS) are shown in Figure 3. As expected, upgrading reduces the
heteroatom content in the products, with higher reaction temperature leading to a higher
degree of removal. After 5 h of reaction at 390 °C, 96 % of S and O, and 79 % of N were
removed from the liquid product. Indeed, it is well known that HDN is, in general, more

difficult to perform when compared to HDO and HDS?74%%0, In the specific case of SS
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biocrude HDT, Heracleous et al. showed that recalcitrant nitrogenated compounds, such
as carbazoles, were formed during the reaction, which resulted in increased resistance to
HDN?3L. The increase of HDN and HDO with the reaction temperature and time justifies

the increasing formation of H20 and NH3 under these conditions (Figure 2).

100+ A
90 -
80 -
70 -
60 -

50 A

Deoxygenation (%)

40. —=—T350

—e—T375
304 —a— T390

20 T T T

4

o
=
N
w
o 4

Reaction time (h)

o
S
w

—=— T350
—e— T375
—— T390

~
o
1 "

Denitrogenation (%)
w B al (@]
o o o o

N
o
-

10 T T T T T T T T T T
0 1 2 3 4 5
Reaction time (h)

20



100 - C

g o0

c

S

S 801

E

2 —=— T350

8 704 —e—T375
—+— T390

60 T T T T T
0 1 2 3 4 5

Reaction time (h)

Figure 3. Deoxygenation (A), denitrogenation (B), and desulfurization (C) promoted during
the HDT of the SS biocrude as a function of reaction temperature and reaction time. The

experimental point at T = 375°C and treaciion =3 h was repeated twice.

The molecular weight (Mw) distribution of the liquid product obtained at 375 °C is shown
in Figure 4, with the curves for 350 °C and 390 °C being displayed in supplementary
information Figure S3. All compounds in the liquid samples displayed a molecular weight
smaller than 1,200 g/mol hydrocarbon equivalent (g/molxic). When submitted to HDT,
there is a clear reduction of the compounds at higher Mw, which are replaced by lighter
molecules. Figures 4A and 4B clearly show that the HDT reaction time and reaction
temperature contribute to transforming heavier compounds into lighter ones. Thus, the
results agree with the hypothesis that the presence of light compound is among the

reasons for the lower mass balance closure observed under harsher reaction conditions

(Figure 2).
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The average Mw of the SS biocrude (260 g/molxc) was significantly reduced during the
HDT (Table S6) until a minimum of 188 g/moluc at 390 °C and 5 h of reaction time. In
addition to the effect of the HDT catalyst on the Mw reduction of the liquid products, a
thermal cracking effect was also observed. A significant reduction in Mw was observed
after reactor heating, i.e., treacion= O h, and the decrease was more significant the higher
the reaction temperature used. For instance, when the reaction temperature was 390 °C,
the average Mw of the liquid products was 232 g/moluxc, while at 350°C the Mw was 252
g/moluc. It was also observed that the thermal cracking effect was more significant
between 350°C and 375°C than between 375 °C and 390 °C since the average Mw at
375°C was 235 g/molHc, i.e., much closer to the value observed at 390°C than 350°C. It
is worth mentioning that the heating stage took the same time for all temperature

conditions, i.e., 20 min, and only a portion of H2 was present (10 bar).

The significant reduction in Mw observed when comparing the liquid product to the
biocrude can also be related to the low solubility of high Mw and polar compounds issued
from condensation reactions during heating and not converted from the biocrude in n-
heptane. As discussed previously, such products would stay attached to the catalyst and
be accounted as solid products, whose yield was quite significant at the beginning of the
reaction, i.e., treaction = 0 h (Figure 2). Upon HDT, such molecules are converted into lower

Mw compounds with low polarity and incorporated into the liquid product.
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Figure 4. A) Influence of reaction time on the molecular weight distribution (Hydrocarbon
equivalent), determined by SEC, of the HDT liquid obtained at 375 °C. B) Influence of
reaction temperature on the molecular weight distribution (determined by SEC). The

experimental point at T = 375°C and treaction =3 h was repeated twice.

Figure 5 illustrates the composition of the liquid products, determined by GCxGC/TOF-
MS, at the early stages of conversion (Figure 5A, treaction = 0 h) and after 5 h of reaction
(Figure 5B). The quantification of the liquid phase products, performed by GCxGC/FID is
shown in Supplementary information Tables S7, S8, and S9. When comparing the
chromatograph of the liquid product obtained at treaction = 0 h and the parent SS biocrude
(Figure 1), it is possible to observe a significant increase in aliphatic hydrocarbon products
and the appearance of carbazoles. The formation of aliphatic hydrocarbons suggests that
some degree of HDT occurs during the heating stage. A significant change in the

composition of the liquid phase is observed with the reaction time. As shown in Figure 5B,

23



after 5 h, the amount of hydrocarbons, including aliphatic, aromatic, and diaromatic
hydrocarbons, significantly increases with the reaction time. Additionally, the
concentration of oxygenated products, i.e., phenols and aromatic compounds with both
nitrogen and oxygen (monoaromatic N+O), significantly decreases, as expected from the

reduction in the overall O and N concentration (Figures 2A and 2B).

At high conversion conditions, the nitrogen is mainly in the form of aromatic compounds,
such as pyridines, carbazoles, and indoles, which are typically more resistant to HDN?751,
For HDN to proceed on such molecules, the hydrogenation of the aromatic ring containing
the N atom must occur, followed by cycle opening and N elimination as NHz>. In the
specific case of carbazoles, the adjacent ring must also undergo hydrogenation®%52. Thus,
monoaromatic-N compounds are intermediates in the HDN of indoles and carbazoles into
monoaromatic hydrocarbons and naphthenes, which are included in the aliphatic
hydrocarbons group (aliphatic hydrocarbons = paraffins + naphthenes). Indeed, the
evolution HDO and HDN of aromatic compounds containing heteroatoms is accompanied
by the increase in the concentration of monoaromatic compounds, suggesting the latter
result from the former conversion (Tables S7, S8, and S9). Aromatic hydrocarbons are
further converted into naphthenes (aliphatic hydrocarbons) through hydrogenation, as
demonstrated by the continuous decrease of 13C NMR aromatic C-H bounds and increase
of aliphatic C-H with the reaction time for all temperatures (Figure S4). Yet, the
concentration of aromatic hydrocarbons, detected by GCxGC/FID (Tables S7, S8, and
S9) continuously increases with reaction time for all temperature conditions, suggesting
that heavy products not visible in GC are being converted into lighter hydrocarbons during

HDT, as suggested by SEC analysis (Figure 4)
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The aliphatic nitrogenated compounds, such as amides, amines, and nitriles, are no
longer part of the liquid products after treaction = 3 h at 350°C and 375 °C, and treacton = 1 h
at 390 °C. The early conversion of these compounds indicates they undergo HDT quickly.
This tendency has also been reported by Heracleaous et al.3!, as well as the fact that
residual nitrogen in the liquid product is mainly in aromatic compounds with one or two
nitrogen atoms. The presence of nitrile and aliphatic amines was not observed in the
parent biocrude, suggesting these compounds are produced during HDT. Zhu et al.%®
studied the HDT amides by using N,N-diethyldodecanamide and N-methyldodecanamide
as model compounds and observed that on NiMoS/Al20O3 catalysts, the reaction proceeds
preferentially through HDO forming a nitrile followed by hydrogenation to amine, and
finally HDN to paraffin. Therefore, the observed nitriles and aliphatic amines are
intermediate products resulting from the HDT of amides. Additionally, The HDT of amides
is also a primary pathway for the production of aliphatic hydrocarbons, in particular
paraffins, as opposed to naphthenes resulting from the hydrogenation of aromatic

compounds.
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Figure 5. A) GCxGC/TOF-MS chromatogram of HDT liquid product obtained at 375°C
after 0 h (A) and 5 h (B) of reaction with product identification according to templates 1

and 2, respectively. BHT = butylated hydroxytoluene (stabilizer present in THF solvent)
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The liquid products' density and viscosity are shown in Figures 6A and 6B, respectively.
When compared with the parent biocrude, a significant decrease in these two properties
can be observed. The high density and viscosity of biocrudes and bio-oils are typically
linked to high Mw condensed molecules containing heteroatoms, e.g., N and O, present
in their composition 448, Such molecules can be linked to condensation and
polymerization reactions occurring during the HTL reaction, which is particularly important
when the HTL is performed for longer residence times®’. The occurrence of high Mw
components in the biocrude can also be linked to the presence of macromolecules in the
parent freedstock’. Finally, such molecules can be formed during biocrude storage
through the condensation of reactive molecules in the biocrude, e.g., aldehydes and
ketones*>#8, During HDT, the high Mw components and the heteroatoms are removed
from the biocrude, as shown in Figures 3 and 4, thus explaining the behavior in HDT liquid
viscosity and density observed in Figure 6. It is important to mention that thermal effects
also contribute to the reduction of the viscosity and density, as a significant reduction in
these parameters can be observed after reactor heating (t = 0 h), where the impact of

thermal phenomena is more significant.
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Figure 6. Density (A) and viscosity (B), at 25°C, of the HDT liquid products as a function
of reaction temperature and reaction time. Values of density and viscosity between 20°c

and 40°C in Tables S10 and S11.
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3.3 Correlation between boiling point and molecular weight

This comprehensive analysis allows us to express the evolution during the upgrading

of the different compound families. To examine the data, we have differentiated the

cumulative boiling curves into 1°C cuts, per Equation 7. This gives the result over the

same continuous boiling range as the data.

dms _ Mpjer1 — Myk (7)
dTy Thr+1— Toik
% Differentiated boiling curve for family, f g/°C
dT,
m Cumulative mass g
T, Boiling temperature °C
Subscripts
f Family
k Data point

Figure 7 shows an example of a result for experiments performed at 375°C and with

durations of 0 h, 1 h, and 5 h. The y-axis is reported in g.gviocrude >.°Ct because the data

is normalised by the mass of biocrude. Amides, aliphatic amines, nitriles, and aromatics

+ O or N (oxygenated or nitrogenated) are measured only in the early stages of HDT and
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have completely disappeared in the longer experiments. The reactor heating time is 20
minutes, and during this period, long-chain fatty acids, commonly found in sewage
sludges®?, and assumed to be present initially, have already been consumed. During the
reaction period, long-chain amides are converted to their equivalent paraffins via aliphatic
amines. Deoxygenation and denitrogenation reactions continue throughout the contact
time, with the main final products being aliphatics and monoaromatics. This allows the
description of the most important reactions. For instance, there is an important pathway
related to the conversion of amides into aliphatics via nitrile and amine intermediates. The
other pathways are those usually observed in the HDN of fossil fuels (for instance,
pyridine, carbazoles, indols, quinoline denitrogenation®*) or the HDO of biomass with

phenol-based compounds®®.
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By using boiling point data, it is also possible to estimate the evolution of the whole liquid
product in terms of carbon numbers. For example, Figure 8 shows the evolution of carbon
chains of aliphatic compounds during conversion at 350 and 390°C. To cover the complete
boiling range, the quantitative SimDist analysis must be extrapolated beyond its maximum
boiling point of 530°C. Browning et al. demonstrated that the shape of the GPC curve can
be as good as the standard method®® to extrapolate the boiling curve for heavy oils®’, and
so, the same method is applied here, as can be seen in Figure 9. For the feedstock, only
about 50 wt% of the liquid could be analyzed and the extrapolation was not attempted.
Boiling point estimation was used to relate boiling point to molar mass for all the families
present (see supplemental information) and hence obtain quantitative carbon number

distributions for each family identified.

Mass fraction (g/g)
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(@) Carbon number
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Figure 9. Simulated distillation (SimDist - solid line) with extrapolation (dashed line) of

biocrude and HDT liquid product analysis results for experiments at 375°C.

The validity of the method is illustrated by the parity plot obtained in Figure 9. The parity
plot compares the calculated average molar mass of each liquid to the measured value

from the SEC analysis. The average molar mass, M, is the sum of all lump masses divided
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by the sum of all the molar quantities, as given in Equation Error! Reference source not
found.(8).

7= ZifMis (8)
LfMLf

The result is close to a linear relationship (coefficient of determination, R? = 0.8716). This
seems reasonable given the assumptions to reduce the complexity of the liquid. The
calculated values of M are greater than the measured data points, with an average offset
of 23.6 g/mol, equivalent to about two C atoms. This is logical because the SEC is
calibrated for linear paraffins and the GCxGC column overestimates iso-paraffin boiling

points (and hence molar masses) a little due to their slight polarity.
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4. Conclusion

A comprehensive investigation into the evolution of a Sewage Sludge HTL biocrude HDT
products composition has been made for a wide range of operating conditions, i.e.,
T=350 °C — 390 °C and reaction time from 0 to 5 h. The biocrude feedstock was rich in
heteroatoms, particularly N (6.6 wt.%) and O (6.2 wt.%), which must be removed for it to
be suitable for use as biofuel. The GCxGC analysis of the crude oil revealed a high
concentration of amides, phenols, and nitrogenated aromatic compounds, such as
indoles, pyrroles, and carbazoles. Furthermore, the biocrude included a significant
portion of heavy compounds that were not detectable via GCxGC and that, according to

the literature, included a significant degree of heteroatoms, particularly N and O.
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After HDT, a significant decrease in the concentration of heteroatoms was observed,
and both temperature and reaction time positively influenced the HDT rate. Under the
harshest conditions, i.e., 390°C and 5 h of reaction, 96% of biocrude S and O and 79%
of N were removed. Still, an N concentration of 1.4 wt.% was observed and attributed to
the presence of denitrogenation-resistant compounds, like carbazoles and indoles, still

observable in the liquid after HDT reaction.

As the HDT temperature and reaction increased, the concentration of aliphatic
hydrocarbon compounds, which were found to originate from the HDT of aliphatic amides
and the hydrogenation of aromatic hydrocarbon intermediates, progressively increased.
The concentration of aromatic hydrocarbons, particularly mono-aromatic, was also found
to increase under harsher HDT conditions. The HDT also promoted a reduction of the
overall Mw of the compounds in the liquid due to heteroatom removal and cracking of
larger molecules. At 390°C and 5 h of reaction, 73% of the compounds in the liquid phase
were in the liquid fuel range, i.e., bp < 350°C, with the fuel range products being
composed of aliphatic, monoaromatic, and diaromatic hydrocarbons, together with
indoles, carbazoles, and monoaromatic-nitrogenated compounds, e.g., amines. The
significant concentration of nitrogenated compounds in the fuel range suggests that a
subsequent HDT stage, mainly focused on denitrogenation, is necessary for the liquid

product to be used as a drop-in fuel.

The detailed analysis of the composition of HDT liquid products, obtained by GCxGC
chromatography, was used together with SEC data to extrapolate the incomplete
distillation curve of HDT liquid products. The carbon number distribution representation

gives a complete, verified picture of the liquid mass composition for each experiment in
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terms of boiling point and molecular structures. It was validated by comparison with the
average molar masses determined independently by the SEC analysis and allows for

future kinetic modeling of the HDT upgrading reactions.

Hydrothermal liquefaction (HTL) has the potential to produce biofuels from waste, such
as sewage sludge. However, the biocrude obtained from hydrothermal liquefaction
requires further processing to remove heteroatoms, particularly O, N, and S, and achieve
the boiling ranges (Teb < 350°C) compatible with standard petroleum-issued fuels. Here,
sewage sludge-derived HTL biocrude was upgraded via hydrotreatment (HDT) under
batch conditions, 100 bar of hydrogen, and over durations of 0 — 5 h and at 350, 375, and
390°C to allow the study of the upgrading reaction kinetics. The sewage sludge biocrude
and the HDT reaction products were fully characterized by a combination of analytical
techniques, enabling a fine description of the evolution of products with operating
conditions and the construction of a complete description of the upgraded sewage sludge

HTL oil reaction product families as carbon number distributions.
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As expected, the concentration of heteroatoms in the HDT liquid product decreased
progressively with the reaction time and was more significant at 390°C, with 96% of
biocrude S and O and 79% of N being removed after 5 h of reaction. The high
concentration of N in the liquid product, e.g., 1.4 wt.% at 390 °C and 5 h reaction, was
attributed to denitrogenation-resistant compounds, like carbazoles and indoles, still
observed in the liquid after HDT reaction. The amount of liquid product in the range of
liquid fuels attained the higher yield, i.e., 73 wt.%, under the harshest conditions. The fuel
range products were mainly composed of aliphatic, monoaromatic, and diaromatic
hydrocarbons, together with indoles, carbazoles, and monoaromatic-nitrogenated
compounds, e.g., amines. The significant concentration of nitrogenated compounds in the
fuel range suggests that a subsequent HDT stage, mainly focused on denitrogenation, is

necessary for the liquid product to be used as a drop-in fuel.

The data were further exploited by combining and extrapolating the analysis results and
using boiling point estimation to obtain carbon number distributions for the identified

product families.
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