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A B S T R A C T

The effects of feedstock type on hydrothermal liquefaction were explored through the co-conversion of waste 
activated sludge and various lignocellulosic biomass sources, including birchwood sawdust, cornstalk, and waste 
newspaper. This investigation aimed to produce bio-oil under consistent conditions at 310 ◦C and a 10-min 
reaction time, with subsequent comparison to results obtained using single feedstocks. The co-feeding of 
sludge with cornstalk and sawdust demonstrated the highest bio-oil yields at 34.2 % and 33.7 % wt%, respec
tively. The comprehensive characterization of the bio-oil products revealed that feedstock type influenced 
elemental composition and, consequently, the higher heating value of the bio-oils. Bio-oils derived from co-feeds 
exhibited a significant presence of nitrogenous compounds, esters, and fatty acids in contrast to the high per
centage of phenolic compounds found in bio-oils from single feedstocks. Furthermore, these co-feed bio-oils 
displayed lower molecular weights, higher quantities of low boiling point compounds, increased volatile matter 
content, and reduced fixed carbon content compared to bio-oils produced from single feedstocks.

1. Introduction

Municipal and industrial wastewater treatment plants generate a 
substantial volume of waste activated sludge through the biological 
treatment of wastewater. This sludge poses environmental threats, 
necessitating additional treatment before disposal or incineration [1]. 
Sludge handling and management costs may account for up to 70 % of 
the total wastewater treatment expenses [2]. Consequently, there has 
been a growing interest in environmentally friendly processes to mini
mize sludge volume for disposal, replacing conventional methods like 
landfilling and incineration with the conversion of sludge into 
bio-energy.

Various options for energy recovery from sludge exist, including 
biological and thermochemical processes, predominantly resulting in 
the production of biogas and bio-oil, respectively. Hydrothermal lique
faction (HTL), a thermochemical process developed for energy produc
tion from biomass in the presence of water as solvent, eliminates the 
need for energy-intensive drying in traditional sludge handling pro
cesses [3]. Operating at temperatures between 150 and 450 ◦C under 
pressures of up to 25–30 MPa, HTL is particularly promising for con
verting waste biomass with high water content into value-added 

products, mainly bio-oil and solid residue (bio-char) in the absence of 
oxygen. Numerous parameters, such as feedstock type and composition, 
reaction temperature and time, initial substrate concentration, and the 
presence of catalysts, significantly influence the yield and composition 
of liquefaction products.

The type of feedstock plays a crucial role in determining the distri
bution and composition of products, as major biomass components like 
lignin, hemicelluloses, and cellulose respond differently to variations in 
hydrothermal operating conditions [4]. A diverse range of waste feed
stocks, including swine manure, cattle manure, microalgae, macroalgae, 
and municipal wastewater sludge, has been employed in the HTL pro
cess, offering substantial waste-disposal benefits and proving 
cost-effective compared to direct sludge incineration [5,6]. When 
applied to wastewater sludge, the HTL process also achieves the addi
tional benefit of pathogen reduction, aligning with stringent regulations 
governing the land application of wastewater sludge.

Early studies, such as Kranich and Eralp (1984), explored sewage 
sludge liquefaction using hydrogen as a reducing gas and catalysts such 
as Na2CO3, NiCO3 and Na2MnO4. The oil yields were less than 20 wt% 
with water as the reaction medium [7,8]. In 1986 the STORS process 
was patented as sludge-to-oil reaction system, operating at 300 ◦C, 10 
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MPa and 90 min, producing bio-oil from sludge with oil yields ranging 
from 10 to 20 wt% and char from 5 to 30 wt% [9,10]. Later, in
vestigations by Malins et al. (2015) demonstrated the influence of 
various conditions on the HTL process of sewage sludge, including 
sludge-to-water ratio (1:10–1:15), reaction temperature (200–350 ◦C), 
initial H2 pressure (2.0–11.0 MPa), residence times (10–100 min), and 
catalyst types (Na2CO3, Raney nickel, FeSO4, MoS2). The optimal con
ditions (5.0 MPa H2 pressure, 300 ◦C temperature, and 40 min residence 
time) yielded the highest bio-oil (47.79 wt%). Maintaining a 1:5 sewage 
sludge-to-water ratio with a 5 wt% FeSO4 catalyst concentration resul
ted in bio-oil with the best energy recovery (69.84 %), total conversion 
(70.64 wt%), and a calorific value of 35.22 MJ/kg [11].

Recent research has expanded comparisons between bio-oil pro
duction from HTL of sewage sludge and other waste biomasses such as 
algae or manure. These studies emphasize the impact of feedstock 
composition on bio-oil yields and characteristics, providing valuable 
insights for optimizing the HTL process.

Vardon et al. (2011) investigated feedstock composition effects on 
hydrothermal liquefaction at 300 ◦C, 10–12 MPa pressure, and 30 min 
reaction time using Spirulina algae, swine manure, and digested sludge. 
Organic matter order was Spirulina algae > swine manure > digested 
sludge, correlating with bio-oil yields: 32.6 wt% for algae, 30.2 wt% for 
manure, and 9.4 wt% for digested sludge. The feedstock type also had a 
great influence on the boiling point distribution of the bio-oils; algae 
bio-oil had the highest low boiling point compounds, while sludge bio- 
oil had the largest fraction of high boiling point compounds [5].

In another work, Huang et al. (2013) explored rice straw, Spirulina, 
and sewage sludge in hydrothermal liquefaction at 350 ◦C, 9.4–10.1 
MPa, and 20 min [12]. Microalgae and sewage sludge are mainly 
composed of proteins, lipids and carbohydrates while the main com
ponents of rice straw are lignin, cellulose and hemicellulose. Sludge 
yielded the highest bio-oil (39.5 wt%) compared to microalgae (34.5 wt 
%) and rice straw (21.1 wt%), but had the most solid production (45.7 
wt%) and lowest conversion. The feedstock type also affected the 
composition of the bio-oils. Rice straw bio-oil contained the highest 
phenolic compounds, while esters dominated bio-oils from both sludge 
and algae. Obeid et al. (2021) studied different reaction temperatures 
(250, 300, 350 ◦C) and times (0–60 min) in hydrothermal liquefaction 
with three feedstocks: Tetraselmis sp. microalgae, sewage sludge, and 
Radiata pine [13]. Microalgae yielded the highest bio-crude oil (up to 
30 wt%), followed by sludge (up to 25 wt%) and pine (up to 10 wt%). 
The presence of inorganic components in the biomass was found to 
either catalyze or inhibit the formation of bio-crude oil, depending on 
their composition. Inorganic fractions in the sludge were observed to 
inhibit the formation of oil, while those in the microalgae appeared to 
act as catalysts for oil formation.

In a prior study by the authors, the co-conversion of waste activated 
sludge (WAS) and birchwood sawdust for bio-oil production exhibited 
advantages, including lower molecular weight (hence less viscosity) 
compared to bio-oils from individual feedstocks [14]. The operating 
parameters were optimized through experimental design to achieve 
maximum bio-oil production, resulting in optimized conditions at 
310 ◦C, 10 min, and 10 wt% substrate concentration. Analyses of the 
obtained water-soluble product (WSP) using the Bio-methane Potential 
Test (BMP) highlighted its exceptional anaerobic biodegradability, 
demonstrating superior rates and extents of biogas production compared 
to untreated waste activated sludge (WAS) during anaerobic digestion.

This study conducted a thorough examination of the impact of 
incorporating diverse waste lignocellulosic biomass - such as sawdust, 
cornstalk, and newspaper - into WAS under the identified optimum 
operating conditions. Co-conversion of sludge and lignocellulosic 
biomass enhances the solid content and improves the cost-effectiveness 
of the process while extracting energy from waste and affecting product 
yields. This approach utilizes two waste streams, aiding in waste man
agement, and improves efficiency by transforming two renewable re
sources into sustainable bio-energy products. While previous literature 

has explored the co-conversion of certain waste streams, differences in 
operating conditions and feedstocks render those results incomparable. 
A more comprehensive investigation into co-feeding studies is necessary 
for hydrothermal liquefaction (HTL) processes.

The novelties of our HTL treatment process lie in its integration of 
diverse waste streams, potential synergistic effects, and detailed char
acterization of bio-oils. Given the critical role of wastewater sludge 
handling in treatment plants, the primary feedstock in this study was 
waste activated sludge, supplemented with other waste biomasses as co- 
feed. This approach aimed to increase solids concentration, enhance 
process economics, and add value to otherwise discarded byproducts. 
Additionally, it streamlined waste management efficiency by concur
rently converting two waste streams into bio-energy, eliminating the 
need for expensive sludge drying/dewatering processes.

The study extensively examined the effects of different feedstock 
mixtures on bio-oil yields and characteristics, employing elemental 
analysis, oil composition analysis, functional group identification, 
heating value assessments, thermal stability analysis, and boiling point 
distribution analysis. The results were systematically compared with 
those obtained from bio-oils produced using single feedstocks, providing 
a comprehensive understanding of the impact of feedstock composition 
on the hydrothermal liquefaction process.

2. Experimental methods

2.1. Materials

Birchwood sawdust was sourced from a local lumber mill in London, 
Ontario, while cornstalks were obtained from a nearby farm. The raw 
materials underwent milling to achieve a particle size less than 20 mesh. 
Local newspapers were soaked in water for 24 h, crushed into pulps 
using a blender, and subsequently dried at 105 ◦C for 12 h. The dried 
pulps were ground with a Wiley Mill into particles <20 mesh and stored 
for future use. Waste activated sludge (WAS) was collected from the 
Adelaide Pollution Control Plant in London, Ontario, specifically from 
rotary drum thickeners, and stored at 4 ◦C prior to experiments.

The catalyst, potassium hydroxide, was procured from Sigma- 
Aldrich and used as received. For clarity in subsequent sections, the 
feedstocks are designated as follows: BS (birchwood sawdust), CS 
(cornstalk), NP (newspaper), BS-WAS (mixture of birchwood sawdust 
and WAS), CS-WAS (mixture of cornstalk and WAS), and NP-WAS 
(mixture of newspaper and WAS). A.C.S. reagent-grade acetone, uti
lized as a reactor rinsing/washing solvent for product separation, was 
purchased from Caledon Laboratory Chemicals and used as received.

2.2. Experimental setup

Hydrothermal liquefaction experiments were conducted using a 100 
mL stirred reactor (Parr 4590 Micro Benchtop reactor), as illustrated in 
the schematic diagram available elsewhere [15]. In a standard proced
ure, an appropriate quantity of sawdust, cornstalk, or newspaper (3.35 
g, 3.5 g, and 3.45 g, respectively) was added to 40 g of waste activated 
sludge (WAS), achieving a dry, ash-free substrate concentration of 10 wt 
%. The feed mixture, combined with KOH as a homogeneous catalyst at 
5 wt% of the substrate on a dry, ash-free basis, was introduced into the 
reactor. The catalyst was selected based on a prior screening study 
conducted by the authors [15].

As WAS contained approximately 96 wt% water, no additional water 
was introduced to the reactants as a solvent. The reactor was sealed, and 
residual air was purged with nitrogen. Subsequently, the reactor was 
pressurized to 2 MPa using nitrogen and heated while stirring. Once the 
reactor temperature reached 310 ◦C, it was maintained at that temper
ature for 10 min. The reaction was then halted by quenching the reactor 
in a water/ice bath.
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2.3. Products separation procedure

Following the cooling of the reactor to room temperature, the gas 
within the reactor was gathered into a 1.0 L gasbag for GC-TCD analysis 
using an Agilent Micro-GC 3000 (with 120 mL of air injected into the 
gasbag as an internal standard). Subsequently, the reactor was opened, 
and the solid/liquid products were extracted and transferred to centri
fuge tubes. These tubes underwent centrifugation at 4500 rpm for 10 
min and were then vacuum-filtered through pre-weighed 0.45 μm glass 
fiber filter papers, with the filtrate collected as the WSP.

To ensure thorough cleaning of the reactor, it was rinsed with 
reagent-grade acetone to eliminate any residual materials, including 
bio-oils and residual chars adhering to the inner reactor wall. The slurry 
and rinsing acetone were collected and filtered under vacuum through 
1.2 μm glass fiber, separating the water-insoluble solids. The total solid 
residue underwent rinsing with acetone until the filtrate became 
colorless. The total solid residue was dried at 105 ◦C overnight until a 
constant weight was achieved to determine the yield of solid residue 
(SR) and biomass conversion. Meanwhile, acetone from the filtrate was 
evaporated at 50 ◦C using a rotary evaporator. The resulting dark- 
colored residue was weighed and designated as bio-oil. Further details 
regarding yield calculations are outlined elsewhere [15].

2.4. Analysis of products

Elemental analysis of the raw materials and products was performed 
on a Flash EA 1112 analyzer, employing 2,5-bis (5-tert-butyl-benzox
azol-2-yl) thiophene (BBOT) as the calibration standard; oxygen content 
was estimated by difference. Heating values were calculated using 

Dulong’s formula (HHV = 0.3383C+ 1.422
(

H − O
8

)

) where C, H, and 

O represent the mass percentages of carbon, hydrogen and oxygen, 
respectively [16].

Gaseous product compositions were determined through gas chro
matography equipped with a thermal conductivity detector (GC-TCD 
Agilent Micro-GC 3000).

Bio-oil products underwent analysis using a Waters Breeze gel 
permeation chromatography (GPC-HPLC) instrument (1525 binary 
pump, UV detector set at 270 nm, Waters Styragel HR1 column at 40 ◦C) 
determining average molecular weight and polydispersity index (PDI) 
with THF as the eluent at a flow rate of 1 ml min-1 and linear poly
styrene standards. The average molecular weights of the bio-oils were 
obtained from the GPC profiles. Additionally, bio-oils were analyzed by 
gas chromatograph-mass spectrometer [GC-MS, Agilent Technologies, 
5977A MSD) with a SHRXI -5MS column (30 m × 250 μm × 0.25 μm) 
with a temperature program of 60 ◦C (hold for 2 min) → 120 ◦C (10 

◦

C/ 
min) → 280 ◦C (8 ◦C/min, hold for 5 min)] for identifying the compo
sition of bio-oils. The samples were diluted to 0.5 % (g/g) with acetone 
and filtered to remove particles before analysis. The 1 μl sample was 
injected with a split ratio of 10:1. Compounds in the heavy oil were 
identified by means of the NIST Library with 2011 Update.

Volatile matter (VM) and fixed carbon (FC) contents of the samples 
were determined by PerkinElmer Pyris 1 Thermal gravimetric analyser 
(TGA) in a nitrogen and air atmosphere with the gas flow rate of 20 mL/ 
min. The samples were oven dried at 60 ◦C for an hour before the 
analysis. They were then heated from 40 ◦C to 900 ◦C under N2 atmo
sphere with a heating rate of 10 

◦

C/min, and the weight loss (TG) and the 
rate of weight loss (DTG) of the samples were recorded continuously. 
The gas was then switched to air and the samples were burned in the air 
at 900 ◦C for 20 min to determine their fixed carbon (FC) and ash 
content.

A total organic carbon (TOC) analyzer (Shimadzu TOC-ASI) was used 
to measure the total organic carbon content in water soluble products. 
The moisture content and ash contents were determined based on ASTM 
E1756-08 (drying the samples at 105 ◦C for at least 12 h) and ASTM 
E1755-1 (heating the samples at 575 ◦C for 3 h), respectively. Physico- 

chemical analyses of the sludge including total solids (TS), volatile solids 
(VS), and chemical oxygen demand (COD) were performed according to 
the Standard Methods [17]. The Fourier transform infrared spectrom
eter (FT-IR) analyses were conducted on a PerkinElmer FT-IR spec
trometer and the spectra were recorded in the region of 4000-550 cm− 1.

The metal composition of the produced ash and biosolids was 
determined using inductively coupled plasma (ICP-AES). The solid 
samples underwent an acidic digestion with nitric and sulfuric acid at 
90 ◦C for 1 h. They were then cooled to ambient temperature followed 
by filtration and dilution prior to ICP analysis. The samples were heated 
up to 6000- K in order to vaporize and ionize the target metals Na, K, Mg, 
Ca, Mn, Fe, Zn, Al and Si. The ions were detected and analyzed by atomic 
emission spectrometry.

The lignocellulosic feedstock (BS, CS, and NP) underwent composi
tional analysis including lignin, cellulose, and hemicellulose content, 
using thermogravimetric analysis [18]. Prior to analysis, a 16-h Soxhlet 
extraction with acetone served as a pre-treatment to eliminate extrac
tives that could potentially interfere with the results. The resulting 
extractive-free biomass was subjected to the “Klason lignin” determi
nation method which is defined as the insoluble part of biomass in a 72 
% sulfuric acid solution.

For cellulose and hemicellulose determination, holocellulose was 
initially prepared, involving treatment of biomass with an acid solution 
(sodium acetate acid) at 75 ◦C for 5 h. Subsequently, α-cellulose 
extraction was performed, defining it as the residual component of 
holocellulose insoluble in a 17.5 wt% NaOH solution at room temper
ature for a 30-min incubation period. The hemicellulose content was 
then calculated by deducting the corrected cellulose content from the 
corrected holocellulose content [18].

Finally, the Energy Recovery Ratio (ER) of the bio-oil was calculated 
and defined as the ratio of energy generated in the form of bio-oil to the 
initial biomass’s energy content: 

ER (%)=
HHV of bio − oil × mass of bio − oil

HHV of the feed × mass of feed
× 100 

3. Results and discussion

3.1. Feedstock characterization

The physiochemical characteristics of the different feedstocks are 
given in Table 1a. Proximate analysis reveals that birchwood sawdust 
boasts the highest volatile matter content on a dry weight basis (83.5 %) 
compared to newspaper (76.1 %), cornstalk (74.1 %), and WAS (62.2 
%). The organic matter of lignocellulosic biomass is mostly comprised of 
lignin, cellulose and hemicelluloses, while wastewater sludge primarily 
consists of proteins, lipids and carbohydrates. In contrast to volatile 
matter, sludge exhibits a notably high ash content of 23.6 %, surpassing 
cornstalk (10.7 %), newspaper (9.2 %), and sawdust (0.23 %). Elemental 
analysis reveals a higher nitrogen concentration in sludge, likely 
attributed to protein presence. Proteins, which also contain sulfur, 
contribute to the presence of sulfur-containing amino acids like methi
onine and cysteine [19]. Consequently, liquefaction products from 
sludge could be expected to contain nitrogenous and sulfur compounds 
resulting from the thermal degradation of proteins. The molar ratio of 
H/C and O/C in different feedstock ranged from 1.57 to 1.65 and 0.50 to 
0.77, respectively, with low high heating values (HHV) of 14.4–16.9 
MJ/kg.

The metal contents in the ash were analyzed by ICP-AES and the 
results are shown in Table 1b. The analysis shows that the primary 
constituents of the ash fraction are calcium, potassium, and magnesium 
for lignocellulosic biomass, and iron and calcium for waste activated 
sludge.
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3.2. Products distribution

Table 2 provides the yields of products, conversion percentages, and 
molecular weights of bio-oils. Gaseous product yields, all below 1 wt%, 
are not discussed further; Micro-GC analysis revealed carbon dioxide as 
the major component with traces of hydrogen and ethylene.

Comparing co-feed experiments, BS-WAS and CS-WAS generated the 
highest bio-oil yields, with CS-WAS resulting in the least solid residue 
and the highest conversion rate. Generally, the conversion extent under 
HTL conditions follows the order: lipids > proteins > carbohydrates 
[20]. Low carbohydrate conversion is attributed to higher hemicellulose 
and lignin contents. Notably, Table 3’s compositional analysis shows 
that newspaper has the highest lignin content among feedstocks, 
potentially contributing to lower bio-oil yield for NP-WAS. The higher 
lignin content of newspaper compared to cornstalk and sawdust aligns 
with previous findings [21–26]. This is also confirmed by TGA analysis 
of the feedstock which will be discussed later in the next sections.

CS-WAS’s high conversion may stem from cornstalk’s lower lignin 
content compared to other lignocellulosic biomass. Research indicates 
that hydrothermal processing of lignin increases solid production due to 
subsequent depolymerization and re-polymerization or self- 
condensation [27]. Similar results were reported by Zhang et al. for 
co-liquefaction of waste newspaper and pulp/paper-mill sludge, where 
bio-oil yield was 31.2 wt% with 15.6 wt% solid residue at 300 ◦C, 20 
min, 11.3 wt% solid concentration, and 5 wt% KOH catalyst [26].

The enhanced conversion in CS-WAS could be ascribed to the 
abundant potassium content in CS ash, which may act as a catalyst. This 
catalytic role of ash aligns with previous findings by Shah et al. (2022) 
and Xu et al. (2019) [28,29]. Presence of potassium is shown to be 
effective for suppressing solid yields during hydrothermal liquefaction. 
It was reported earlier that potassium carbonate can result in reduced 
solid residue while potassium hydroxide promotes water-gas shift re
action [30,31]. Bhaskar et al. achieved a remarkable conversion of 
nearly 96 wt% using 0.5 M K2CO3 in hydrothermal liquefaction of 
woody biomass at 280 ◦C for 15 min [32]. Bi et al. explored the hy
drothermal liquefaction of pretreated sorghum bagasse with various 
catalysts, identifying K2CO3 as the most effective, leading to the highest 
biocrude yield of 61.8 %, with an HHV of 33.1 MJ/kg and low nitrogen 
and sulfur content [33]. While sodium salts can increase bio-oil yield 
and inhibit char formation, their activity is generally less than that of 
potassium salts [34]. In a study by Jindal et al., the overall conversion 
rate followed the order: K2CO3 > KOH > Na2CO3 > NaOH [35]. Minor 
elements such as Fe or Ni may have also contributed to the reduced solid 
yields observed in the mixture of cornstalk and WAS.

The oil yields obtained from the liquefaction of individual feedstocks 
(WAS, BS, CS and NP) detailed in Table 2 for reference. To assess the 
impact of co-feeding, the ratio of lignocellulosic feedstock to WAS, and 

Table 1a 
Characteristics of the feedstock.

Parameter Birchwood 
sawdust

Cornstalk Newspaper WAS

Proximate analysis
Volatile matter (VM)a,b

(wt%)
83.45 74.08 76.14 62.24

Fixed carbon (FC)a,b (wt 
%)

16.32 15.21 14.64 14.09

Asha,b (wt%) 0.23 10.71 9.22 23.67
Moisture (wt%) 0c 0c 0c 96.1
pH – – – 7.76
Ultimate analysisa

C (wt%) 47.6 42.8 42.1 38.04
H (wt%) 6.3 5.7 5.5 5.23
N (wt%) 0 0.46 0 7.20
S (wt%) 0 0 0 0.75
Od (wt%) 45.9 40.3 43.2 25.1
H/C 1.59 1.60 1.57 1.65
N/C 0 0.01 0 0.16
O/C 0.72 0.71 0.77 0.50
HHVe (MJ/kg) 16.9 15.4 14.4 15.8

a On a dry basis.
b Determined by TGA at 900 ◦C in nitrogen and air atmosphere.
c Raw material was dried in an oven at 105 ◦C for 24 h before the experiments.
d Calculated by difference (100 % - C% - H% - N% -S%-Ash%).
e Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/ 

kg) = 0.3383C + 1.422(H-O/8).

Table 1b 
Concentration of major inorganic elements in ash detected by ICP-AES.

Sawdust (wt 
%)

Cornstalk (wt 
%)

Newspaper (wt 
%)

WAS (wt 
%)

Aluminum (Al) 0.76 0.51 2.39 0.75
Barium (Ba) 0.02 0.01 0.01 0.09
Calcium (Ca) 13.27 8.11 21.81 9.87
Chromium (Cr) Nd 0.02 Nd 0.03
Copper (Cu) 0.02 0.01 0.04 0.23
Iron (Fe) 0.68 0.65 0.19 25.36
Potassium (K) 12.19 19.61 0.06 2.18
Magnesium 

(Mg)
2.74 2.34 0.53 1.47

Manganese 
(Mn)

0.43 0.04 Nd 0.25

Sodium (Na) 2.01 0.26 1.37 2.91
Nickel (Ni) Nd 0.01 Nd Nd
Silicon (Si) 0.07 0.03 0.04 1.21
Zinc (Zn) 0.19 0.03 0.01 0.16

Nd: Not detected.

Table 2 
Distribution of products and molecular weight of the bio-oils from HTL of different feedstocks at 310 ◦C, 10 min and 10 wt% solid concentration.

Feedstock Oil yield (wt%) Solid yield (wt%) WSP yield (wt%) Conversion (wt%) MW (g/mol)

Experimental Theoretical

BS-WAS 33.7 ± 0.3 35.03 15.5 ± 0.1 50.7 ± 0.2 84.5 ± 0.1 535
CS-WAS 34.2 ± 2.3 25.26 6.4 ± 1.1 59.4 ± 1.3 93.6 ± 1.1 448
NP-WAS 28.8 ± 0.6 37.96 10.3 ± 0.1 60.9 ± 0.7 89.7 ± 0.1 562
WAS 23.1 ± 3.8 – 13.2 ± 1.7 63.7 ± 5.5 86.8 ± 1.7 415
BSa 39.5 ± 2.8 – 12.0 ± 1.2 48.2 ± 3.9 87.9 ± 1.2 856
CS 26.08 – 10.72 63.20 89.28 451
NP 43.58 – 13.72 42.70 86.28 615

a Results taken from a previous study by the authors [15] (at 300 ◦C, 30 min and 10 wt% solid concentration).

Table 3 
Composition of different lignocellulosic biomass feedstock.

Lignina Celluloseb Hemicellulosec

Newspaper (NP) 26.3 ± 0.3 34.6 ± 0.2 33.8 ± 0.1
Birchwood sawdust (BS) 23.4 ± 0.1 31.8 ± 0.1 28.4 ± 0.2
Cornstalk (CS) 17.7 ± 0.1 37.6 ± 0.2 33.5 ± 0.2

a Klason lignin (acid soluble).
b Alpha-cellulose.
c By difference.
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considering the rule of mixtures, theoretical yields from co-feeds are 
calculated and presented in Table 2. A comparative analysis of the 
experimental and theoretical yields underscores the significant influ
ence of the feedstock type on co-feeding outcomes. For instance, in the 
BS-WAS sample, the yields are nearly identical, suggesting that the 
addition of sawdust to WAS has no synergistic effect on oil yield. In 
contrast, the CS-WAS sample demonstrates an improvement in oil yield 
compared to the theoretical yield, possibly attributed to the catalytic 
effect of potassium in CS ash. Conversely, NP-WAS exhibits a decrease in 
oil yield compared to the theoretical yield, suggesting detrimental ef
fects on co-liquefaction, potentially stemming from the high lignin 
content of NP.

The molecular weights of the bio-oils, as detailed in Table 2, were 
determined via GPC and ranged from 448 to 562 g/mol, with the lowest 
recorded molecular weight of 448 g/mol observed for the CS-WAS bio- 
oil. Comparative molecular weights of bio-oils derived from single 
feedstocks are also provided for reference. A notable observation is that 
the introduction of additional lignocellulosic biomass, such as sawdust, 
cornstalk, or MSW, as a co-feed to wastewater sludge results in bio-oils 
with lower molecular weights and, consequently, lower viscosity 
compared to those produced solely from lignocellulosic biomass. For 
instance, the molecular weight of the bio-oil from BS (856 g/mol) 
experienced a significant reduction when BS was co-liquefied with WAS, 
yielding a molecular weight of 535 g/mol for BS-WAS. Notably, the CS- 
WAS sample exhibits the least impact of co-feeds on its molecular 
weight. This trend is visually represented in Fig. 1, illustrating the mo
lecular weight distribution of bio-oils produced from single feedstocks 
and co-feeding. Fig. 1 indicates higher proportions of low-molecular- 
weight compounds in bio-oils derived from co-feeds compared to 
those obtained from single lignocellulosic biomass.

3.3. Elemental analysis and higher heating value

The elemental analysis of bio-oils and solid residues resulting from 
various co-feeds, along with their higher heating values (HHV), is pre
sented in Table 4. Notably, the carbon contents of the bio-oils 
(69.1–72.4 %) exhibited a substantial increase compared to the orig
inal biomass materials (38.0–47.6 %). Furthermore, the oxygen contents 
of the oils (16.3–22.1 %) were significantly lower than those in the 
feedstocks (25.1–45.9 %), leading to elevated higher heating values of 
the oils. The bio-oils showcased HHVs ranging from 26.4 to 32.0 MJ/kg, 
in stark contrast to the 14.4–16.9 MJ/kg recorded for the raw 
feedstocks.

The Van Krevelen diagram (Fig. 2) elucidates the molar H/C and O/C 
ratios, offering insights into the impact of different feedstock types on 
the elemental composition of the products. While BS-WAS and NP-WAS 

exhibited similar elemental compositions and, consequently, similar 
higher heating values, the bio-oil from CS-WAS displayed higher oxygen 
and lower hydrogen content, resulting in a lower HHV. Generally, the 
H/C molar ratio of the oils (0.85–1.26) decreased compared to the initial 
H/C ratio of the feedstock (1.57–1.65). This reduction in H/C molar 
ratio signifies the dehydrogenation of alcohols and amines, leading to 
the production of aldehydes, ketones, and carboxylic acid derivatives. A 
lower H/C molar ratio also indicates a higher prevalence of unsaturated 
compounds in the bio-oils.

The O/C ratio for all of the produced oils (0.17–0.24) was much 
lower than that of the biomass feed (0.50–0.75 from Table 1a), sug
gesting occurrence of deoxygenation reactions (dehydration and/or 
decarboxylation) of the intermediates. This ultimately results in the 
production of water-soluble products (WSP) and CO2 [36]. Significant 
amounts of water (50–60 wt%) were formed as the WSP as presented in 
Table 2. Micro-GC analysis indicated that the main component of the gas 
product was CO2. This implies that oxygen in biomass is predominantly 
removed in the form of CO2 and WSP during the liquefaction process. In 
a prior work by the authors, the Bio-methane Potential (BMP) test of the 
WSP from BS-WAS demonstrated rapid initial methane production (no 
lag phase), peaking at around 800 mL per g VS added after 31 days. This 
suggests that a considerable amount of biogas can be produced from this 
by-product, rendering the co-production of biogas and bio-oil feasible 
[14].

The elemental compositions of bio-oils and solid residues derived 
from single feedstocks of BS and WAS are also presented in Table 4 and 
Fig. 2 for comparative analysis. The incorporation of WAS, characterized 
by higher carbon and hydrogen content and lower oxygen content, 
enhanced the quality of bio-oil obtained through co-feeding. The H/C 
molar ratio of 1.1 in the BS-derived bio-oil suggests the presence of ar
omatic compounds, contributing to higher viscosity. However, co- 
feeding (BS-WAS) resulted in a reduction of aromatic compounds, re
flected in an increased H/C ratio. The O/C ratios of BS-WAS bio-oil fall 
between those of bio-oils from WAS and BS, notably decreasing 
compared to BS-derived bio-oil. Another notable difference lies in the 
higher nitrogen concentration and the presence of sulfur in bio-oils from 
co-feeds with WAS, attributable to the elevated sulfur and nitrogen 
levels in WAS relative to other feedstocks. WAS’s high protein content 
contributes to higher nitrogen levels (3.1–3.6 %) compared to the 
minimal nitrogen content in bio-oil from sawdust (0.1 %). Although the 
sulfur content in these bio-oils is relatively low compared to many pe
troleum crudes (0.1 %–3 %), their nitrogen and oxygen contents remain 
higher than those found in petroleum oil, which typically has 0.05–1.5 
% oxygen and 0.01–0.7 % nitrogen. Further upgrading processes would 
be required to enhance the quality of these bio-oils.

The elemental composition of solid residues reveals that the 
hydrogen content of chars resulting from co-feeds ranged from 2.2 % to 
3.9 %, while carbon predominantly existed as coke, constituting 25.3 %– 
50.7 % of the composition. The H/C molar ratio of the chars, ranging 
from 0.92 to 1.1, signifies the prevalence of aromatic compounds. 
Additionally, oxygen was primarily present in the ash components, 
forming metal oxides that remained inactive throughout the process. A 
comparison with solid residue from the sawdust experiment highlights 
higher H/C values and significantly lower oxygen content in the co- 
feeds’ solid residues. However, despite these differences, the heating 
values were lower due to the elevated ash content in the solid residues 
from the co-feeds. While these solid residues could serve as an energy 
source for other plant operations, it is crucial to remove the ash before 
utilizing them as solid fuels for heat generation. High ash content can 
lead to severe corrosion issues, as ash remains as a residue after 
incineration.

ICP-AES analysis of biochar from BS-WAS revealed its composition, 
containing 4.1 wt% Ca, 1.3 wt% Fe, 0.3 wt% Mg, 1.8 wt% K, 1.23 wt% 
Na, and 0.3 wt% P, along with trace amounts (<0.1 wt%) of Al, Mn, and 
Si. These bio-chars exhibit potential applications as soil fertilizers, 
conditioners, or sorbents for both organic and inorganic contaminants in 

Fig. 1. Normalized molecular weight distribution of the bio-oils (dashed lines 
represent the experiments with co-feeding and solid lines represent the exper
iments with single feedstock).
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soil and water, aligning with previous studies [37–41].
For a comprehensive understanding of carbon distribution in the 

products, a material balance was conducted, as outlined in Table 5. 
Elemental analysis determined the carbon composition of bio-oils and 
solid residues, while total organic carbon (TOC) and Micro-GC analysis 
provided the carbon content of the WSP and gas products, respectively. 
Carbon recovery, calculated based on the total % mass of carbon in the 
products relative to the mass of carbon in dried feedstock, ranged from 
89 % to 99 %, showcasing efficient carbon utilization.

The majority of carbon in the feedstock was successfully transferred 
to the bio-oil, with a smaller portion ending up in the WSP. Only a 
minimal fraction, particularly notable in the case of CS-WAS, was 
directed to the solid phase. The highest carbon recovery (99.66 %) was 
achieved with BS-WAS. Lower mass balances in some cases could be 
attributed to the loss of certain low boiling point compounds, consistent 
with findings in the literature [42,43].

3.4. Effect of feedstock type on bio-crude oils functional groups

FT-IR analysis within the range of 4000-550 cm− 1 was conducted on 
bio-oils to identify the functional groups and the outcomes are depicted 
in Fig. 3. Irrespective of the biomass source, all bio-oils exhibited similar 
functional groups, with variations observed primarily in peak in
tensities. The broad absorption at 3350 cm− 1 signifies O-H stretching, 
indicative of alcohols, phenols, carboxylic acids, and water residues 
within the bio-oil. Additionally, this peak is attributed to the N-H stretch 

of protein groups. The bands between 3000 and 2840 cm− 1 denote C-H 
stretching vibrations, highlighting the presence of alkyl C-H. The in
tensities of these peaks in the bio-oils with co-feeds surpassed those from 
sawdust, suggesting a higher abundance of alkyl groups in the former. 
The absorbance at 1700 cm− 1 corresponds to the C=O stretching vi
bration of carbonyl groups, indicating the presence of ketones, alde
hydes, and carboxylic acids in the oils. Peaks at 1611 cm− 1, 1516 cm− 1 

and 1456 cm− 1 represent aromatic ring and its derivatives. The intensity 
of these peaks, particularly at 1611 cm− 1 and 1516 cm− 1 is more pro
nounced in the oil from BS, suggesting a higher concentration of these 
compounds. The bands between 1280 and 1000 cm− 1 can be attributed 
to C-O vibrations suggesting the possible presence of acids, phenols or 
alcohols in the bio-oil. Furthermore, absorptions at 1370 and 1456 cm− 1 

are associated with methyl (-CH3) and methylene (-CH2) groups, 
respectively.

3.5. Effect of feedstock type on bio-oils chemical composition

The chemical compositions of bio-oil products were elucidated 
through GC-MS analysis, and a comprehensive breakdown is provided in 
Table S1 within the supplementary material. It is essential to acknowl
edge that due to the high molecular weights and boiling points of certain 
products generated during hydrothermal liquefaction (HTL), only a 
fraction is identifiable by GC-MS. Additionally, the solvent peak or losses 
during the acetone evaporation step in the separation process may mask 
some low boiling point compounds [44].

The major constituents of the bio-oils from BS-WAS and NP-WAS 
predominantly included nitrogenous compounds, fatty acids, and phe
nols. In contrast, the bio-oil from CS-WAS was characterized by esters as 
the primary fraction, followed by fatty acids and nitrogenous com
pounds. Other identified components encompass alkanes, alcohols, 
amines, amide, benzene compounds, and ketones. Phenolic compounds, 
such as 2-methoxy-phenol and 4-ethyl-2-methoxy-phenol, were more 
abundant in BS-WAS bio-oil, resulting from the degradation of lignin 
through aryl ether linkage cleavage. These compounds can also origi
nate from carbohydrates and proteins [12]. Given that cornstalk had 
lower lignin content than sawdust and newspaper, the CS-WAS bio-oil 
exhibited the lowest phenolic compound content [45–49]. The presence 
of nitrogenous compounds, including 1-dodecamine, 2-methyl-
propanamide, and 1-acetyl-4-[1-piperidyl]-2-butynone, indicates pro
tein degradation through decarboxylation and amino acid 
rearrangement. Nitrogen-containing organic compounds may engage in 
the Maillard reaction with sugars, forming pyridines, as evidenced by 
the presence of pyridine in the bio-oils [50]. Esters dominated the 
composition of the CS-WAS oil, potentially arising from the decompo
sition of furan derivatives originating from cellulose breakdown. All 
bio-oils exhibited a substantial fraction of fatty acids, resulting from 
lipid decomposition in WAS.

Comparing bio-oils produced from the mixture of WAS and ligno
cellulosic biomass with those from sawdust, the former displayed lower 
phenolic compounds, significantly higher ester amounts than oils from 

Table 4 
Elemental composition of bio-oils and solid residues obtained from HTL.

Feedstock Bio-oils Solid residues

C (%) H 
(%)

N 
(%)

S (%) O 
(%)a

H/C 
(− )

O/C 
(− )

HHV (MJ/ 
kg)b

C (%) H 
(%)

N 
(%)

S (%) H/C 
(− )

O and metal elements 
(%)a

BS-WAS 72.1 7.5 3.1 0.1 17.0 1.25 0.18 32.0 50.7 3.9 2.6 0.1 0.92 42.7
CS-WAS 69.1 4.9 3.6 0.1 22.1 0.85 0.24 26.4 25.3 2.2 1.8 0 1.04 71.6
NP-WAS 72.4 7.6 3.4 0.2 16.3 1.26 0.17 32.4 33.9 3.1 1.8 0 1.10 62.3
BSc 66.5 6.1 0.1 0 27.3 1.10 0.31 26.3 69.8 4.5 0.2 0 0.77 25.5
WAS 76.3 9.3 5.5 0.4 7.8 1.46 0.08 37.7 18.8 2.1 1.7 0.1 1.34 77.3

a Calculated by difference (100 % - C% - H% - N% - Ash%) assuming negligible sulfur content.
b Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) = 0.3383C + 1.422(H-O/8).
c Results taken from previous study by the authors at almost the same operating conditions (300 ◦C, 30 min and 10 wt% solid concentration).

Fig. 2. The Van Krevelen diagram of feedstocks and bio-oils.

Table 5 
Carbon distribution in the bio-oil products from liquefaction.

Sample name Oil (%) Solid (%) WSP (%) Gas (%) Total C (%)

BS-WAS 54.03 17.54 28.07 0.01 99.66
CS-WAS 56.92 3.91 35.99 0.03 96.86
NP-WAS 50.82 8.54 30.34 0.03 89.74
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sawdust or WAS alone, and a notably higher percentage of fatty acids, 
nitrogenous compounds, and saturated compounds than sawdust alone. 
This trend aligns with findings reported by Huang et al. [12] or bio-oils 
produced from sewage sludge and rice straw. Their study indicated that 
the sewage sludge-derived bio-oil had fewer phenolic compounds and a 
higher percentage of acids, esters, and nitrogenous compounds, attrib
uted to the lower lignin content of sewage sludge. Although benzene and 
its derivatives in oils produced with WAS were relatively low, they 
surpassed the levels found in sawdust bio-oil. This suggests that the –OH 
groups of phenols were more readily removed in reactions involving the 
mixture of WAS and lignocellulosic biomass. The total percentage of 
aromatics, including benzene derivatives, phenols, and benzaldehyde, 
was notably higher in the oil produced with BS compared to co-feeds, 
corroborating observations in FT-IR analysis.

3.6. Thermal gravimetric analysis

3.6.1. Thermal gravimetric analysis of the feedstocks
The TG and DTG curves depicting the thermal characteristics of 

various feedstocks are illustrated in Fig. 4. All three lignocellulosic 
biomass feedstocks exhibited similar decomposition curves (TG), 
showcasing greater weight loss in the case of BS due to its higher volatile 

matter content. However, discernible distinctions were observed when 
comparing these curves to the TG graph representing WAS. The varia
tion between the sludge profile and the lignocellulosic biomass profiles 
can be attributed to the distinct organic and inorganic matter charac
teristics inherent to each. It is well-established that biomass materials 
predominantly comprise proteins, carbohydrates, lignin, and lipids. As 
previously noted, sludge primarily consists of proteins, lipids, and car
bohydrates, whereas lignocellulosic biomass is chiefly composed of 
carbohydrates and lignin. The hemicellulose structure of BS, NP, and CS 
initiated decomposition around 280–300 ◦C, followed by cellulose 
degradation at 300–400 ◦C. In contrast, the decomposition of WAS 
commenced at approximately 200 ◦C, indicating a temperature range 
80–100 ◦C lower than that of lignocellulosic biomass. This discrepancy is 
underscored by the gentler slope in the decomposition curve, high
lighting the comparatively reduced levels of volatile matter in WAS. 
Furthermore, the decomposition curve of WAS exhibited two distinct 
phases: the first phase (200–370 ◦C) attributable to the presence of 
biodegradable matters and organic polymers in the cells, and the second 
phase (370–500 ◦C) corresponding to non-biodegradable organics such 
as cellulosic and similar materials. The TGA profile consistency between 
lignocellulosic biomass and sewage sludge aligns with findings reported 
by other researchers [51–55].

Fig. 3. FT-IR spectra of bio-oils produced from co-liquefaction of WAS and liqnocellulosic biomass.
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The distinct thermal decomposition characteristics of various feed
stock types are evident in the shapes of the DTG curves. A subtle peak in 
weight loss around 100 ◦C is ascribed to moisture dehydration and the 
release of light volatile compounds in the samples. For lignocellulosic 
feedstocks, the maximum degradation rate occurs at 330–370 ◦C, 
indicative of cellulose decomposition predominating the sample. Signs 
of lignin are apparent through smaller DTG peaks between 450-500 ◦C 
and 620–730 ◦C, acknowledging lignin’s greater stability and broader 
degradation temperature range of 280–500 ◦C and 175–800 ◦C [53]. 
According to DTG, NP exhibited a higher lignin content compared to CS 
or BS, validating the compositional analysis detailed in Table 3. The 
decomposition of WAS unfolds in two distinct stages: the initial phase 
(200–370 ◦C) involves the thermal decomposition of proteins and 
hemicellulose, while the subsequent phase (370–500 ◦C) entails the 
thermal decomposition of protein and cellulose. The peak intensities 
signify that WAS possesses substantially lower cellulose and hemicel
lulose content compared to lignocellulosic biomass.

3.6.2. Thermal gravimetric analysis of the bio-oils
The TG and DTG graphs illustrating the characteristics of the oils are 

depicted in Figs. 5 and 6, respectively. Key parameters extracted from 
the TG/DTG curves, encompassing initial decomposition, final decom
position, peak temperatures, as well as volatile matter (VM) and fixed 
carbon (FC) contents, are presented in Table 6. Analysis of the TG graph 
revealed a lack of significant variance in thermal stability among the 
bio-oils derived from the co-feeds. However, the decomposition of these 
bio-oils occurred at lower temperatures (161–168 ◦C) compared to the 
bio-oil sourced from BS (212 ◦C). This outcome suggests their 

diminished thermal stability, necessitating lower activation energy for 
decomposition - a characteristic attributed to the lower lignin content in 
these oils compared to the BS-derived oil. Furthermore, these bio-oils 
exhibited higher volatile matter content (71–77 %) and lower fixed 
carbon content (22–28 %) in contrast to the oil produced from BS, which 
boasts 59.3 % VM and 40.7 % FC. The oil from WAS demonstrated an 
exceptionally high VM content (86.9 %). This augmented VM content in 
the bio-oils from mixtures is attributed to the synergistic influence of 
WAS and lignocellulosic biomass.

The DTG curve is segmented into distinct stages, each corresponding 
to specific rates of weight loss. In stage "A," the curve reflects the 
dehydration of superficial moisture and the vaporization of light com
ponents. Stage "B" captures the volatilization and vaporization of low 
molecular weight material, while stage "C" signifies polymerization and 
dehydration. The concluding stage, "D," represents the char decompo
sition phase. The delineation of these stages and their respective tem
perature ranges is illustrated in Fig. 6a–c.

Given the prior oven drying of the oils before TGA, stage A exhibited 
a minor peak. For BS-WAS and CS-WAS, there was a broader tempera
ture range for the volatilization of low molecular weight material, 
commencing at 100 ◦C and concluding at 250–300 ◦C. Stages B and C for 
BS-WAS and CS-WAS exhibited more pronounced distinctions compared 
to NP-WAS, suggesting a lower concentration of lighter components in 
the oil from NP-WAS. In stage C, the polymerization of bio-oils into 
condensed materials, such as resin, alongside the dehydration and 
condensation of heavy fractions, takes place upon heating. BS-WAS and 
CS-WAS displayed higher peaks compared to NP-WAS, indicating a more 
extensive decomposition of heavier fractions in these two oils. The final 
decomposition stage was broader for NP-WAS and was accompanied by 
a substantial peak, suggesting a higher production of char during the 
heating of this bio-oil in the preceding stages.

TGA data also facilitates the estimation of the boiling range of heavy 
oils, as demonstrated by previous studies [56,57]. The boiling point 
distribution of the bio crude oils is detailed in Table 7. The weight loss of 
the samples before 110 ◦C is consistently less than 2 wt% for all the oils, 
indicating the effective removal of water during the drying process. A 
visible shift in the percentage of components with lower boiling points is 
evident in the oils derived from co-feeds compared to BS, as highlighted 
in Table 7. Approximately 30–37 % of the bio-oils produced with 
co-feeds exhibited boiling points lower than 300 ◦C, a notable increase 
compared to the 19 % observed for the bio-oil produced with BS alone. 
This shift implies that the addition of WAS has altered the molecular 
distribution toward more volatile compounds, emphasizing the impact 
of co-feedstock composition on the resultant bio-oil characteristics.

Fig. 4. TGA (a) and DTG (b) curves for the feedstocks.

Fig. 5. TGA curves for the bio-oils.
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3.7. Energy balance

The energy recovery for the HTL of various feedstocks were as fol
lows: 64.81 % for BS-WAS, 57.72 % for CS-WAS, 62.23 % for NP-WAS, 
54.47 % for WAS, and 61.51 % for BS. These results underscore the 
success of HTL in reclaiming over half of the energy present in the 
feedstock, demonstrating its capability to efficiently convert waste ma
terials into a higher-energy bio-oil. This bio-oil holds significant po
tential as a renewable energy resource.

The energy recovery of the bio-oil derived from sludge increased 

when sludge was co-processed with other lignocellulosic biomass, 
illustrating the synergistic benefits of adding another waste biomass to 
the sludge. This enhancement in energy recovery further highlights the 
promising outcomes of incorporating diverse feedstocks in the HTL 
process.

4. Conclusion

This study delves into the impact of co-feeding and the utilization of 
diverse feedstocks on hydrothermal liquefaction. Specifically, three 
distinct types of lignocellulosic waste biomass were blended with waste 
activated sludge, undergoing conversion into bio-oil. The analysis of bio- 
oil yields revealed that the synergistic effects of introducing additional 
waste biomass depends on the specific type of waste biomass combined 
with the other one. The bio-oils derived from co-feeds exhibited superior 
quality characteristics, including lower molecular weights, reduced 
boiling points, higher volatile matter content, and diminished fixed 
carbon content compared to bio-oil produced from individual feed
stocks. Both by-products generated during this process (biochar and 
WSP) hold potential applications for energy generation or as fertilizers, 
as suggested by previous studies, underscoring the multifaceted benefits 
of hydrothermal liquefaction in the context of waste valorization 
[58–60].

Fig. 6. DGA curves for the bio-oils from BS-WAS (a), CS-WAS (b) and NP-WAS (c).

Table 6 
Decomposition start/peak/end temperatures, volatile matter, and fixed carbon of bio-oils.

Oil Ignition temperature (Ti) Burnout temperature (Tb) DTG peak temperature (Tm) VM (wt%) FC (wt%) Ash (wt%)

BS-WAS 168 883 344 73.1 26.8 0.18
CS-WAS 161 880 314 77.4 22.4 0.18
NP-WAS 164 892 250, 380 71.1 28.8 0.08
BS 212 882 367 59.3 40.7 NG
WAS 208 890 284, 419 86.9 12.3 0.71

Table 7 
Estimated boiling point distribution of bio-oils (%).

Distillate range (oC) Bio-oils

BS-WAS CS-WAS NP-WAS BS WAS

40–110 0.78 1.22 1.19 0.13 0.58
110–200 8.03 10.56 9.61 3.29 6.09
200–300 21.82 25.65 23.02 16.41 30.24
300–400 27.88 24.38 20.65 23.97 28.98
400–550 10.79 10.71 11.18 11.12 17.40
550–700 2.19 2.04 3.26 2.97 1.63
700–800 0.87 1.09 1.01 0.88 0.98
800–900 0.60 1.57 1.07 0.56 0.95
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