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In this study, the effects of different biochar catalysts on the quality of bio-oil derived from the co-
pyrolysis of sewage sludge (SS) and rice husk (RH) are explored. Catalysts include SS biochar (SWC),
RH biochar (RHC), mixed SS and RH biochar (SRC), and RH ash (RHA). The quality of bio-oil was evaluated
based on the results of gas chromatography-mass spectrometry (GC–MS; including the contents of
hydrocarbons and N-species), oxygen content, higher heating value, and pH. The GC–MS analysis results
illustrated that N-species content in the bio-oil reduced with the addition of the biochar catalyst, while
the hydrocarbons content increased from 15.51% for co-pyrolysis to 38.74–61.84% for different biochar
catalysts at a catalytic temperature of 650 �C. RHC exhibited the best catalytic effect in terms of decreas-
ing the content of N-species by 58.79% and increasing the content of hydrocarbons by nearly four times
compared to co-pyrolysis. The higher heating value of bio-oil raised from 25.75 to 34.67 MJ/kg, while
oxygen content decreased from 31.1 to 8.81 wt%, and the pH increased from 4.06 to 5.48. Moreover,
the catalytic mechanism of catalytic co-pyrolysis over RHC, including the hydrocarbon generation path-
way and nitrogen removal, is also discussed here. High specific surface area of RHC provides sufficient
active sites (e.g. O-containing and N-containing functional groups) for the catalytic reaction of pyrolytic
intermediates.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Sewage sludge (SS) is a semi-residual solid produced by sewage
treatment that contains many organic substances, heavy metals,
and pathogenic bacteria (Fonts et al., 2012; Liu et al., 2020). As
the amount of SS increasing annually, its treatment has received
widespread attention (Peng et al., 2017). Pyrolysis is a promising
pathway for SS treatment, as it can not only effectively reduce
the volume of SS, but also convert organic matter into different
available energy forms, such as bio-oil, biochar, and gas (Syed-
Hassan et al., 2017). However, the individual pyrolysis of SS has
some drawbacks, including low energy efficiency, and high bio-
oil nitrogen content (Wang et al., 2019). Co-pyrolysis of SS with
biomass is an effective method of resolving these issues as it has
significant synergetic effects that can effectively improve the com-
position of bio-oil (Alvarez et al., 2015). Rice husk (RH) is an ideal
raw material for pyrolysis on account of its high content of vola-
tiles, large available volume as well as low cost (Naqvi et al.,
2016; Tsai et al., 2007). Some researchers have investigated the
interactions in the co-pyrolysis of SS and RH. For example,
(Naqvi et al., 2019) studied the synergistic effect of the co-
pyrolysis of SS and RH via thermogravimetric analysis, and found
that co-pyrolysis can more efficiently recover organic components.
(Zhang et al., 2015) found that co-pyrolysis can increase the syngas
yield and improve its lower heating value. (Wang et al., 2019) stud-
ied the effect of co-pyrolysis on gas and biochar product, and found
that co-pyrolysis can promote the production of CO2 and improve
the specific surface area of biochar. However, few studies discussed
bio-oil through the co-pyrolysis of SS and RH. Therefore, this study
explored the characteristics of bio-oil produced through SS and RH
co-pyrolysis. However, different raw materials mix and pyrolyze in
a certain proportion, which is still hard to produce high-quality
fuel products. The higher heating value (HHV) of bio-oil during
the co-pyrolysis of SS and 15% poplar sawdust was 27.5 MJ/kg
(Zuo et al., 2014), which is well below that of commercial liquid
fuels (45–46 MJ/kg) (Fonts et al., 2012). Pyrolytic bio-oil contains
many oxygen-containing (O-containing) compounds, resulting in
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issues such as high viscosity, low heating value, and high acidity
(Wang et al., 2017a). Therefore, it is important to introduce a step
to further improve the usability of bio-oil.

Compared with conventional pyrolysis, the integration of cata-
lyst into pyrolysis can effectively upgrade the quality of bio-oil.
During catalytic pyrolysis, the pyrolytic intermediates contact with
the catalyst and further diffuse into cavities to react with the active
sites on the catalyst, thereby promoting oxygen removal via decar-
boxylation, decarbonylation, and dehydration reactions (Yildiz
et al., 2015). Currently, many studies conducted on catalysts have
focused on zeolite catalysts, inorganic salts, and metal oxides.
However, these catalysts are expensive or easily deactivated,
which greatly limits their large-scale use in industry (Zhang
et al., 2014a).

To reduce costs and avoid carbon deposition, biochar has begun
to attract attention as a low-cost, effective catalyst. As it is natu-
rally generated during the gasification/pyrolysis process, the use
of biochar as a catalyst can reduce potential waste disposal costs,
thereby increasing its added-value (e.g. phenols and hydrocarbons)
(Buentello-Montoya et al., 2019; Duan et al., 2019). (Zhao et al.,
2018) found that the catalytic performance of straw char was bet-
ter than that of lignite char due to the excellent chemical structure
of straw char. Therefore, the catalytic effects of different types of
biochar vary widely. (Shen et al., 2014) investigated the conversion
of bio-oil over the RH biochar (RHC)-supported nickel–iron cata-
lysts, while (Daorattanachai et al., 2018) used SW biochar (SWC)-
supported Re-Ni bimetallic catalyst for the cracking/reforming of
biomass bio-oil. Generally, the catalytic activity of biochar mainly
depends on the pore structure (Wang et al., 2019), alkali metals
and alkaline earth metals, functional groups, and adsorption
(Chen et al., 2018, 2020). Fu et al. (2018) investigated the catalytic
pyrolysis of coal using char-based catalysts and found that the light
tar increased by 30.31% from that obtained by coal pyrolysis alone
due to the abounding active sites (e.g. alkali metals and functional
groups) on the biochar. Chen et al. (2020) introduced N-doped bio-
char to bamboo pyrolysis, and found that it could accelerate gener-
ation of aromatic hydrocarbons and inhibit the formation of the O-
containing compounds through abounding O-containing functional
groups on the catalyst. However, the mechanism of pyrolysis with
biochar catalyst for bio-oil upgrading is unclear.

In this study, we propose a green and effective method for bio-
oil upgrading by adding four biochar catalysts (including SWC,
mixed SS and RH biochar (SRC), RHC, and RH ash (RHA)) to the
co-pyrolysis of SS and RH. To compare the performances of differ-
ent catalysts, the quality of obtained bio-oil was analyzed by the
gas chromatography-mass spectrometry (GC–MS) and elemental
analysis. Furthermore, the possible catalytic mechanism, including
the hydrocarbons generation pathway and nitrogen removal, was
proposed by discussing the physical and chemical properties of
RHC.
2. Materials and methods

2.1. Samples and catalysts preparations

SS and RH came from a wastewater treatment plant and rice
mill in Changsha, Hunan Province, China, respectively. The feed-
stocks were dried at 105 �C for 24 h, and grinded into powder
(150–250 lm in diameter) before conducting the experiments.
The SS and RH were then mixed uniformly at a weight ratio of
1:1 for the co-pyrolysis experiments.

The characteristics of the raw materials are listed in Table A1.
Proximate analysis was conducted following the method for solid
biofuel analysis in China (Chinese Standard Methods, GB/T
28731-2012), and the fixed carbon content was calculated by sub-
tracting the sum of the volatile, ash, and moisture contents from
the 100%. Ultimate analysis (including oxygen, carbon, hydrogen,
sulfur, and nitrogen) was conducted using an elementary analyzer
(Vario Micro Cube), while the alkali and alkaline earth metals
(AAEMs) were determined using an inductively coupled plasma-
mass spectroscopy (ICP-MS, Agilent 7900, Japan). RH has lower
ash (12.77 wt%) and higher volatile (63.74 wt%) contents than SS,
indicating that the addition of RH could release more volatile com-
ponents. Additionally, the content of nitrogen (0.34 wt%) of RH is
much lower than that of SS (2.99 wt%) as SS containing large
proteins.

RHC catalyst was derived from RH pyrolysis. RH was placed in a
tube furnace for pyrolysis under a nitrogen atmosphere, and the
pyrolysis temperature was set to 850 �C, which was held for
30 min. In the same way, SWC and SRC were obtained from the
pyrolysis of SW and co-pyrolysis of SW and RH, respectively.
Finally, RHA was obtained by calcining RHC in air at 850 �C.

2.2. Pyrolysis experiment procedure

The pyrolysis experiments were placed in a two-stage tube fur-
nace with a quartz tube of 78 mm in inner diameter and 1200 mm
in length, as shown in Fig. S1. The device was divided into two
zones, i.e., the first reaction zone and second reaction zone. During
the co-pyrolysis experiment performed at 550 �C, 6 g sample was
placed in the first reaction zone. In the catalytic co-pyrolysis exper-
iment, 6 g sample was put in the first reaction zone, and 2 g cata-
lyst was placed in the second reaction zone. The temperature of the
first and second reaction zone was controlled at 550 and 650 �C,
respectively. Before the experiment, the sample or catalyst was
added and the nitrogen gas flow was kept at least half an hour to
ensure that atmosphere was oxygen-free during the pyrolysis
experiment. When the temperature of the second reaction zone
reached 650 �C, the first reaction zone was heated from 30 to
550 �C at a steady heating rate of 10 �C/min, which was held for
30 min. Accordingly, the co-pyrolysis experiments subjected to dif-
ferent catalysts were denoted as SWC, SRC, RHC, and RHA, respec-
tively. A control group without catalyst was set and denoted as
thermal. The condensable components named as bio-oil were col-
lected using a condensing system consisting of three gas cylinders
filled with acetone placed in an ice-water bath. When the device
temperature dropped to 30 �C, solid products were collected,
denoted as biochar. The yields of bio-oil and biochar reflected the
proportion of product mass in the raw materials, and the gas yield
was calculated by determining the mass balance. Two repeat runs
were carried out under the same conditions to ensure the repeata-
bility of each experiment.

2.3. Characterization

The chemical compositions of bio-oil were determined through
GC–MS (QP2010, SHIMADZU, HP-5MS capillary column) under a
helium atmosphere. The column oven temperature was initially
held at 40 �C for 2 min, and then heated to 160 �C at a rate of
6 �C/min, and it was heated to 280 �C at a heating rate of 4 �C/
min for 6 min in the end. The element contents (including carbon,
hydrogen, sulfur, and nitrogen) of the bio-oil were identified using
an elementary analyzer (Vario Micro Cube), and the oxygen con-
tent was calculated by subtracting the sum of the carbon, hydro-
gen, sulfur, and nitrogen contents from 100%. The pH value was
determined using a pH meter (PHS-25).

An automatic gas adsorption analyzer (ASAP 2020 PLUS,
Micromeritics, USA) was used to determine the pore characteristics
of the catalysts. The surface characteristics and structure of the cat-
alyst was determined through scanning electron microscopy (SEM,
TESCAN MIRA3 LMH). The surficial functional groups of the cata-
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lysts were analyzed using X-ray photoelectron spectroscopy (XPS,
EscaLab Xi+, USA) with an Al Ka (12.5 kV, 16 mA) radiation source.
The curves on the C1s, O1s, and N1s peaks were fitted by XPS
peak4.0.

3. Results and discussions

3.1. Physicochemical properties of catalysts

3.1.1. Morphological analysis
To understand the surface structure of the catalysts, their

micromorphology was examined using SEM. As shown in Fig. S2,
the surface of SWC was rough with particles of different shapes,
and did not exhibit porous structure. However, the pore structure
of RHC could be observed. This could have been due to the release
of volatiles during the pyrolysis process, which destroyed the orig-
inal dense structure to form an open pore structure. It was worth
noting that the surface of the RHA gathered of regularly-shaped
particles, which were large silica clusters that formed during air
calcination. Additionally, there were irregular particles on the
pores in the SRC, which was generated from SS. These SEM images
indicate that RHC became a highly porous carbonaceous material
after high-temperature pyrolysis. Therefore, it was more suitable
for use as a catalyst than other biochar.

3.1.2. Pore analysis
The pore structure parameters of the catalysts are summarized

in Table 1. The SBET of RHC was 127.83 m2/g, which was signifi-
cantly higher than that of RHC derived from microwave pyrolysis
(51.99 m2/g) (Zhang et al., 2015). However, the SBET of RHA was
only 5.89 m2/g, which was most likely due to the collapse of the
internal pore structure of the RH during air calcination (Xu et al.,
2018). Generally, SBET is strongly related to the catalyst perfor-
mance. A higher specific surface area is beneficial for promoting
the reformation of pyrolysis intermediates, which can be ascribed
to two reasons: (1) it can prolong the dwell time of volatiles during
the catalytic co-pyrolysis, and (2) it provides more active sites for
the catalytic reaction. The SBET of SWC (38.52 m2/g) and SRC
(90.77 m2/g) was lower than that of RHC. 3.1.3 Surface functional
group

3.1.3. Surface functional group
XPS analysis was performed to observe the functional groups of

the catalysts. Fig. S3 presents the fitting curves of various peaks,
and the relative contents of functional groups in C1s, O1s, and
N1s are summarized in Fig. 1. As can be seen from Fig. 1, the C1s
spectra of catalysts were deconvoluted into three peaks, i.e., CAC
(284.6 eV), CAO (286.0–286.3 eV), C@O (287.3–287.6 eV). The
O1s spectra were deconvoluted into four peaks, i.e., C@O (531.0–
531.9 eV), OAC@O/AOH (532.3–532.8 eV), OAC@O/CAO (533.1–
533.8 eV), and ACOOH (534.3–535.4 eV) (Zhou et al., 2007). The
Table 1
Specific surface area, total pore volume, and average pore diameter of different
catalysts.

Catalyst SBETa (m2/g) Vt
b (cm3/g) Da

c (nm)

SWC 38.52 0.0851 7.89
SRC 90.77 0.0961 5.81
RHC 127.83 0.0883 5.10
RHA 8.51 0.0076 4.20

a SBET (specific surface area) was counted by Brunauer-Emmett-Teller (BET)
equation.

b Vt (total pore volume) was generally understood to as the total volume of single
point adsorption at P/PO = 0.99.

c Da (average pore diameter) was determined from the adsorption branches of
the isotherms by the BJH method.

Fig. 1. The relative content of C- (a), O- (b) and N-containing (c) functional groups
in biochar catalysts.
N1s spectra was deconvoluted into four peaks, i.e., pyridinic-N
(398.5 ± 0.3 eV), pyrrolic-N (400.5 ± 0.3 eV), amine/amide-N
(400.0 ± 0.3 eV), and quaternary-N (401.2 ± 0.3 eV) (Chen et al.,
2017; Chen et al., 2018a, 2018b). It was observed that the propor-
tion of C-C group was largest (71.19–76.72%) as high-temperature
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pyrolysis exacerbates the carbonization of biochar. For O-
containing functional groups, C@O, OAC@O/AOH, and OAC@O/
CAO were present in SWC, SRC, and RHA, while RHC additionally
contained ACOOH. C@O and OAC@O/AOH were the main groups
in SWC and SRC, while OAC@O/AOH and OAC@O/CAO were the
main groups in RHC. Among the N-containing functional groups
of biochar, quaternary-N content (42.22–48.06%) was highest, fol-
lowed by pyrrolic-N or pyridinic-N. Additionally, no N-containing
groups were found in RHA. The abounding O-containing and N-
containing functional groups with developed pores play an impor-
tant role in catalytic pyrolysis.

3.2. Catalytic co-pyrolysis of sewage sludge and rice husk

3.2.1. Effect of catalyst on distribution of products
The distribution of products from co-pyrolysis with different

catalysts is shown in Table 2. It was observed that the biochar,
bio-oil, and gas product yields of co-pyrolysis were 53.48 wt%,
17.21 wt%, and 29.31 wt%, respectively. For the thermal sample,
the gas yield increased to 32.53 wt%, while the bio-oil yield
decreased significantly by 13.95 wt%. This is because the high tem-
perature promoted the secondary cracking of bio-oil components
to form gas, leading to an increase in gas production at the expense
of bio-oil reduction (Ates� and Is�ikdaǧ, 2009). With the addition of a
catalyst, the gas and bio-oil yields were higher and lower than
those of the thermal sample, respectively. This suggests that the
introduction of a biochar catalyst leads to a reduction in bio-oil
yield. The pore structure of catalysts absorbed some pyrolysis
intermediates, while its abounding functional groups promoted
the catalytic reaction of pyrolysis intermediates. The bio-oil
(9.45 wt%) and gas (37.27 wt%) yields of RHC were lowest and
highest, respectively, suggesting that RHC may have a higher cat-
alytic performance for pyrolysis intermediates. Additionally, the
yield of biochar remained stable during catalytic co-pyrolysis, as
the catalyst only affected the secondary pyrolysis reactions in the
gas phase.

3.2.2. Effect of catalyst on the chemical composition of bio-oil
Generally, the typical compositions of bio-oil derived from the

co-pyrolysis of SS and RH can be categorized as follows: hydrocar-
bons, N-species, acids, esters, ketones, phenols, alcohols, furans,
anhydrosugars, aldehydes, and ethers (Arazo et al., 2017; Cai
et al., 2018). The chemical compositions of bio-oil were determined
by GC–MS, shown in Fig. 2a. Note here that the GC–MS cannot be
used for quantitative analysis. However, when the quality of differ-
ent samples is constant, it can be used to compare the changes in
the relative content of different chemical components (Qiang
et al., 2009).

High-temperature cracking and dehydration reactions of cellu-
lose can produce anhydrosugars (Carlson et al., 2010). However,
the AAEMs present in feedstocks stimulated the cleavage of C-C
bonds in the pyranose ring, rather than the cleavage of glycosidic
linkages (Zhang et al., 2018). The AAEMs contents are listed in
Table A1. It was observed that the anhydrosugars contents (0–
1.53%) of all catalytic samples were lower than the thermal sample
(2.17%). While the furans contents of all the catalytic samples
(3.36–6.16%) were higher than that of the thermal sample
(2.61%). This demonstrates that the biochar catalyst could encour-
Table 2
Effect of catalyst on the distribution of the products.

Yield (wt.%) Co-pyrolysis Thermal

Biochar 53.48 53.52
Bio-oil 17.21 13.95
Gas 29.31 32.53
age the conversion of anhydrosugars, which can transfer into fur-
ans through deoxygenation reactions such as dehydration and re-
arrangement reaction (Carlson et al., 2011).

Acids contents under co-pyrolysis reached 23.48%, and it mainly
included long-chain fatty acids (e.g. oleic acid and n-hexadecanoic
acid). Subsequently, it was observed that acids completely disap-
peared after using SWC, SRC, and RHC as catalyst. Part of the reduc-
tion in acids can be attributed to the ketization reaction, which
occurred between two acid components to generate ketones, car-
bon dioxide, and water (Wang et al., 2017a), and was consistent
with the increase of ketones content. Another reason for the reduc-
tion in acids is that long-chain fatty acids undergo various reac-
tions (including dehydration, cyclization, decarbonylation, and
aromatization) over biochar catalyst to generate hydrocarbons
(Chen et al., 2018a), which was in accordance with the increase
in the content of hydrocarbons. However, RHA still retained an
acids content of 0.9%, which demonstrated that its catalytic effect
was inferior to that of other biochar catalysts.

Phenols are mainly produced by the thermal cracking of lignin,
which typically forms more easily above 500 �C (Zhang et al.,
2014b). For bio-oil of co-pyrolysis, the phenols were mainly phe-
nol, alkoxy phenols, and alkyl phenols. However, alkoxy phenols
reduced significantly after the catalyst was introduced. Fig. 2a
shows that the phenol contents obtained with co-pyrolysis, ther-
mal, SWC, SRC, RHC and RHA were 16.74%, 7.35%, 10.03%, 1.87%,
and 2.15%, respectively. It indicates that the presence of catalyst
can boost the decomposition of phenols, and RHC has the best
effect. However, some studies have found that biochar catalyst
can increase phenols content, especially simple phenols (e.g. phe-
nol, alkyl phenols) (Norouzi et al., 2016). Simple phenols are an
intermediate product that can further convert to hydrocarbons
by removing AOH (Ren et al., 2014). The increase in the content
of hydrocarbons and decrease in phenols can be due to that biochar
catalyst further converts simple phenols into monocyclic aromatic
hydrocarbons after promoting the formation of simple phenols (Hu
et al., 2018). (Dong et al., 2018) reported that O-containing func-
tional groups (C@O, OAC@O/CAO) are present on the surface of
biochar which can react with phenols, thereby promoting the
removal of phenolic side chains. (Zhang et al., 2015) found that
the presence of the biochar catalyst promotes the conversion of
phenols to alkyl monoaromatics, which may be due to demethoxy-
lation and isomerization reactions (An et al., 2020).

Hydrocarbons in bio-oil are considered as an ideal component
of fuel as they can increase the heating value of fuel without gen-
erating pollutants. Fig. 2a shows that the addition of the catalyst
greatly increased the hydrocarbons contents of bio-oil. Co-
pyrolysis generated a small amount of hydrocarbons contents
(15.51%), while the thermal and catalytic samples generated higher
amounts of hydrocarbons, ranging from 26.33 to 61.84%. Especially
the RHC catalyst, its hydrocarbons contents were as high as 61.84%,
which was nearly four times that obtained through co-pyrolysis.

The contents of N-species obtained under co-pyrolysis, thermal,
SWC, SRC, RHC, and RHA were 13.64%, 30.2%, 12.82%, 10.05%, 5.6%,
and 36.51%, respectively. It was clearly seen that the N-species
increased sharply after high-temperature catalysis. Additionally,
the N-species were significantly reduced after being catalyzed by
the biochar (including SWC, SRC, and RHC). This indicates that
the biochar catalyst has a certain denitrification effect, and was
SWC SRC RHC RHA

53.49 53.67 53.28 53.10
11.25 10.72 9.45 12.03
35.26 35.61 37.27 34.87



Fig. 2. Effect of catalysts on the chemical composition of bio-oil (a) N-species (b)
Hydrocarbons (c).
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likely to promote the decomposition of the N-species to generate
NH3/HCN or hydrocarbons, but the analysis of the gas product
was not discussed here because the main goal of this study is to
elucidate the influence of biochar catalyst on the bio-oil. Further-
more, it may have also boosted the reaction between the N-
containing intermediates and O-containing functional groups pre-
sented on biochar catalyst.

3.2.3. Effect of catalyst on the distribution of N-species in bio-oil
The N-species can be divided into amides/amines, nitriles, and

nitrogen heterocyclics (N-heterocyclics). The distribution of N-
species is summarized in Fig. 2b. It was observed that the content
of amides/amines and N-heterocyclics in the thermal sample were
significantly higher than those under co-pyrolysis, while the con-
tent of nitriles was lower. The NH3/NH2* obtained from SS pyroly-
sis reacted with acids to form amides/amines, which corresponded
to the increase in the content of amides/amines and decrease in the
content of acids. (Tian et al., 2014) found that amides/amines can
transform into N-heterocyclics with the simultaneous release of
NH3 during SS pyrolysis. Besides, the cyclization reaction of the
other N-species (e.g. nitriles) could also generate N-heterocyclics
(Chen et al., 2018b). High-temperature catalysis not only promotes
the formation of amides/amines, but also boosts the conversion of
N-containing intermediates into N-heterocyclics. With the addi-
tion of biochar catalyst (including SWC, SRC, and RHC), the content
of amides/amines and N-heterocyclics decreased greatly, while
that of nitriles content increased slightly. This is because the
amides/amines react with the O-containing functional groups (in-
cluding OAC@O, ACOOH, and AOH) on biochar catalyst to form
amine/amide-N remained on the catalyst (Chen et al., 2018b).
Additionally, amides/amines may convert into aliphatic hydrocar-
bons by cracking. Although RHA also contains O-containing func-
tional groups, they are insufficient due to the low SBET for the
conversion of N-species. Therefore, RHA could not promote denitri-
fication. It is well known that the dehydration of amides can form
nitriles (Kim et al., 2014). The decrease in the content of amides/
amines and the increase in the content of nitriles indicated that
the biochar catalyst enhanced the dehydration of amides/amines.
RHC contains richACOOH, OAC@O/AOH, and OAC@O/CAO groups
with the highest SBET (see Fig. 1 and Table 1), which promoted its
nitrogen removal performance.

3.2.4. Effect of catalyst on the distribution of hydrocarbons in bio-oil
It is crucial to confirm the species and distribution of hydrocar-

bons in bio-oil. Therefore, hydrocarbons were divided into alipha-
tic, alicyclic, monocyclic aromatic, and polycyclic aromatic
hydrocarbons in our study. The distributions of hydrocarbons are
summarized in Fig. 2c for further analysis. Aliphatic hydrocarbons
appear in the bio-oil after the addition of SWC, SRC, and RHC. This
was mainly attributed to the cracking reaction of the long-chain
substances (e.g. acids and amides/amines) that occurred on the
biochar catalyst. Subsequently, part of the aliphatic hydrocarbons
underwent cyclization to form alicyclic hydrocarbons, which corre-
sponded to an increase in the content of alicyclic hydrocarbons.
The contents of monocyclic aromatic hydrocarbons under the ther-
mal, SWC, SRC, RHC and RHA catalyst were 15.57%, 30.87%, 33.39%,
40.22%, and 29.37%, respectively. It was observed that the content
of monocyclic aromatic hydrocarbons increased sharply after
introduction of catalyst, and RHC resulted in the highest content
of monocyclic aromatic hydrocarbons. On the one hand, acid sites
(e.g. ACOOH) over catalyst promote the decarbonylation and
oligomerization of furans to produce monocyclic aromatic hydro-
carbons (Zhu et al., 2018), one the other hand, phenols removed
side chains to generate monocyclic aromatic hydrocarbons. The
introduction of RHA also increased the content of monocyclic aro-
matic hydrocarbons, which is probably due to the small number of
O-containing groups on it to promote the formation of monocyclic
aromatic hydrocarbons instead of nitrogen removal. The content of
polycyclic aromatic hydrocarbons from the RHC catalyst decreased



Table 3
Ultimate analysis and properties of the bio-oil.

Sample Co-pyrolysis Thermal SWC SRC RHC RHA

Carbon (wt.%) 54.9 59.28 65.47 66.70 80.17 69.26
Hydrogen (wt.%) 7.8 7.57 9.23 7.40 6.35 6.58
Oxygen (wt.%)a 31.15 25.42 18.89 19.07 8.81 16.43
Nitrogen (wt.%) 5.85 7.3 6.40 6.42 4.38 7.16
Sulfur (wt.%) 0.30 0.43 0.01 0.41 0.29 0.57
HHV (MJ/kg)b 25.75 27.63 32.30 30.51 34.67 30.71
pH 4.06 4.34 5.32 5.27 5.48 5.01

a Determined by difference, O wt.%=100 - C wt.% - H wt.% - N wt.% - S wt.%.
b HHV (MJ/kg) = 34.1C + 123.9H � 9.85O + 6.3 N + 19.1 S (Xie et al., 2014).

Fig. 3. Effect of catalyst recycling on the chemical composition of bio-oil.
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greatly from 4.16% to 0.59% when compared to the thermal sample.
It suggests that the formation of polycyclic aromatic hydrocarbons
was significantly inhibited by RHC. (Wang et al., 2017b) reported
similar results. Polycyclic aromatic hydrocarbons are precursors
of carbon deposits, and the carbon deposits will greatly affect the
catalyst activity. Therefore, low polycyclic aromatic hydrocarbons
contents are conducive to improving the activity and lifetime of
the catalyst.

In summary, RHC exhibited the best catalytic performance from
the perspective of the increase in the content of hydrocarbons and
decrease in the content of N-species. This is because it had the
highest SBET, which provides more opportunities for the reaction
of pyrolysis intermediates with functional groups on the catalyst.

3.2.5. Effect of catalyst on the characteristics of bio-oil
The ultimate analysis results and properties of the bio-oil are

summarized in Table 3. It was noticed that the bio-oil derived from
co-pyrolysis had a pH value of 4.06, which means that bio-oil has
high acidity and can increase the corrosion in downstream pipes
and engine components. After the introduction of catalysts, the
pH value (5.01–5.48) increased, which was attributed to the reduc-
tions in acids and phenols (see Fig. 2a) (Samanya et al., 2012).
Besides, the oxygen content in catalytic bio-oil was lower than that
of bio-oil obtained by co-pyrolysis, indicating that the catalytic co-
pyrolysis has deoxygenation effect. The carbon content of the cat-
alytic samples was higher than that of the co-pyrolysis sample, and
the highest carbon content was achieved under RHC. This corre-
sponded to the highest hydrocarbon contents that were achieved
with the RHC in the above GC–MS result. Additionally, the HHV
was significantly increased after catalytic co-pyrolysis, indicating
that the quality of the bio-oil was significantly improved. Com-
pared with the nitrogen content in co-pyrolysis bio-oil, nitrogen
removal only occurred in RHC. This did not correspond to GC–MS
results. This was probably due to the production of a large amount
of large-molecular N-containing substances that cannot be
detected by GC–MS after high-temperature catalysis, and the other
biochar catalysts had little denitrification effect on such N-
containing substances. A significant reduction in nitrogen content
for liquid fuels is favorable, as high nitrogen contents may lead
to environmental pollution issues. In summary, it was worth not-
ing that the bio-oil of RHC exhibited the best deoxidation and den-
itrification effects, and possessed the highest calorific value and pH
value. This was consistent with the GC/MS results.

3.2.6. Rice husk biochar deactivation experiment
Based on the chemical compositions and characteristics of the

bio-oil discussed above, RHC exhibited the best catalytic perfor-
mance. Therefore, we studied the deactivation experiment of
RHC to investigate its activity. The RHC was used four times under
the same experimental condition, and the products distribution
and chemical composition of bio-oil are shown in Table A2 and
Fig. 3, respectively. Table A2 indicates that the bio-oil yield
increased with cycle times increasing, while the gas yield showed
an opposite tendency. After the fourth use, the bio-oil yield
(13.88 wt%) was close to that of the thermal sample (13.95 wt%).
This may be due to two reasons: the catalytic performance of
RHC was weakened; and carbon deposits on the RHC decomposed,
then transformed into bio-oil. The content of hydrocarbons gradu-
ally decreased with the increase of cycle times, suggesting that the
catalytic effect of RHC was decreased. The content of hydrocarbons
(22.42%) decreased significantly, while those of N-species (15.59%),
phenols (14.32%), and acids (15.21%) increased after four cycles. By
comparing these results to the thermal sample (see Fig. 2a), the
catalytic performance of RHC is lower than that of thermal reform-
ing when it is used for the four times. Therefore, its catalytic activ-
ity can be guaranteed when used three times.
3.3. Catalytic co-pyrolysis mechanism of rice husk biochar

To further explore the catalytic mechanism of RHC, the charac-
teristics of RHC after using are summarized in Table 4 and Fig. S4,
and used RHC was denoted as U-RHC. The SBET and Da of U-RHC
decreased to 40.87 m2/g and 4.43 nm, respectively. The XPS analy-
sis results indicate that the relative content of C-C in U-RHC was
significantly increased, which was attributed to the formation of
carbon deposits, which was consistent with the decrease in SBET
and Da. Carbon deposits was due to the condensation of some pyr-
olytic intermediates during the catalytic co-pyrolysis. Besides, it
could be found that C@O, OAC@O/CAO and ACOOH decreased



Table 4
Physicochemical properties of the spent RHC.

Porous characteristics

Name SBET (m2/g) V t (cm3/g) Da (nm)
U-RHC 40.87 0.0397 4.43
XPS analysis
C-groups CAC CAO C@O
U-RHC content (%) 82.64 9.90 7.46
O-groups C@O OAC@O/AOH OAC@O/CAO COOH
U-RHC content (%) 12.74 43.65 36.38 7.22
N-groups Pyridinic-N Amine/amide-N Pyrrolic-N Quaternary-N
U-RHC content (%) 9.29 16.80 28.85 45.06
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after using, while only OAC@O/AOH increased significantly. The
increase in OAC@O/AOH may be due to the following reasons:
(1) the other O-containing functional groups could catalyze the
transformation of pyrolytic intermediates to form simple phenols,
and some simple phenols may be retained on the catalyst
(Omoriyekomwan et al., 2016); (2) the reaction between phenols
and the other O-containing functional groups can promote the
removal of AOH from phenolic side chains and bind to O-
containing groups. This also corresponded to the previous results
Fig. 4. Possible catalytic co-pyr
that the content of phenols in bio-oil decreased significantly after
the addition of the RHC catalyst, while the content of monocyclic
aromatic hydrocarbons increased significantly.

Amine/amide-N first appeared on the surface of U-RHC. Amide-
N may be derived from the reaction between ACOOH/OAC@O and
N-containing intermediates (amines/amides or NH3/NH2*) (Chen
et al., 2018a, 2018b), while the long-chain fatty acids from the pyr-
olytic intermediate reacted with NH3/NH2* to form macromolecu-
lar amides/amines that aggregated on the catalyst surface.
olysis mechanism of RHC.
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Pyridinic-N and pyrrolic-N could serve as active sites to catalyze
the conversion of pyrolytic intermediates into phenols (Li et al.,
2016). The substantial reduction in pyridine-N means that its cat-
alytic activity of pyridine-N is stronger than that of pyrrole-N.
Therefore, more phenols were formed, some of which remained
on the catalyst, and some were further converted to form mono-
cyclic aromatic hydrocarbons.

Based on the above analysis, the potential catalytic mechanism
of RHC for the co-pyrolysis of SS and RH was determined and was
presented in Fig. 4. During co-pyrolysis, large amounts of acids (e.g.
n-hexadecanoic acid and oleic acid) and phenols (e.g. 3-methyl-
phenol and 4-ethyl-phenol) were formed. Additionally, co-pyrolysis
also produced some furans (e.g. trans-Furfurylideneacetone and 2-
Furanmethanol) and large amounts of N-species (e.g. hexade-
canamide and 3-methyl-Indole).

RHC acts as a catalyst during catalytic co-pyrolysis. Due to the
rich pore structure of RHC, the pyrolytic intermediates fully
reacted with the active N- and O-containing groups on the catalyst.
As a result, the composition of bio-oil underwent tremendous
changes. The content of hydrocarbons was significantly increased,
while those of some long-chain substances (e.g. acids and amides/
amines) and phenols were significantly reduced. The increase in
the content of hydrocarbons was mainly due to three reasons.
The first was that long-chain fatty acids and amides/amines under-
went cracking to form aliphatic hydrocarbons, which could be fur-
ther cyclized and aromatized into alicyclic and aromatic
hydrocarbons. The second was the reduction in the content of phe-
nols. Some studies have demonstrated that biochar catalysts con-
tributed to the production of simple phenols by boosting the
cleavage of AOACH3 (Yang et al., 2018), which are then converted
into monocyclic aromatic hydrocarbons by the cleavage of AOH
(Zhu et al., 2018). The increase in AOH and decrease in C@O,
OAC@O/CAO, and ACOOH over RHC suggest that simple phenols
reacted with O-containing functional groups (e.g. C@O, OAC@O/
CAO, and ACOOH) over RHC to generate monocyclic aromatic
hydrocarbons. Additionally, the AOH side chain was retained on
RHC. Finally, the acid sites (e.g. ACOOH) on RHC could promote
the decarbonylation and oligomerization of furans, generating fur-
ther aromatic hydrocarbons. Additionally, N-containing substances
could not only crack to form hydrocarbons, but could also react
with O-containing functional groups (e.g. ACOOH, OAC@O) on
the RHC, and remain on the catalyst in the form of amine/amide-
N. This can be verified by the first appearance of amine/amide-N
in U-RHC.
4. Conclusion

The effects of different catalysts on catalytic co-pyrolysis were
investigated in a two-stage tube furnace. The GC–MS results
demonstrated that biochar can promote the generation of hydro-
carbons, while inhibiting the formation of O-containing (e.g. acids
and phenols) and N-species (e.g. amides/amines and N-
heterocyclics). The higher heating value and pH were also
increased, thereby improving the quality of the bio-oil. RHC repre-
sented the best catalytic effects in terms of decreasing N-species by
58.79% and increasing hydrocarbons by nearly four times com-
pared to co-pyrolysis. The increase in the content of hydrocarbons
perhaps due to the cracking of long-chain substances, side-chain
removal of phenols, and decarbonylation and oligomerization of
furans. However, SRC did not show better catalytic performance
than SWC and RHC, indicating that mixed biochar catalysts did
not show the comprehensive advantages of SWC and RHC.
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