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Abstract

Catalytic co-pyrolysis process of Enteromorpha clathrata (EN) and rice husk (HU) was studied in a fixed bed reactor with
ZSM-5 and MCM-41 catalysts at 550 °C. The yields and product distribution were compared when EN, HU and different
mass ratios of EN and HU were pyrolyzed with or without catalysts. Bio-oil products were analyzed by Fourier transform
infrared spectroscopy and gas chromatography-mass spectrometry (GC-MS) and bio-char products were analyzed by
X-ray photoelectron spectroscopy. Under co-pyrolysis conditions without catalysts, the experimental yield of bio-gas was
higher than the theoretical. In contrast, the yield of bio-oil was lower than the theoretical. In the catalytic pyrolysis, ZSM-5
significantly improved the yield of bio-oil and reduced the bio-gas product. However, the effect of MCM-41 on the yield of
the pyrolysis products was weaker than that of ZSM-5. In the GC-MS analysis of bio-oil with catalysts, ZSM-5 showed a
catalytic effect on the decomposition of hemicellulose and protein. The protein was further cracked, and the relative
content of hydrocarbon component also increased. With MCM-41 catalyst, there was significant catalytic effect on lignin
and lipid, and the result showed that MCM-41 had a further catalytic influence in the synergetic effect of co-pyrolysis.
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Introduction

Biomass is an abundant, carbon neutral and renewable
substitute for fossil fuels, which has a potential to alleviate
the energy crisis [1]. In the last decades, different types of
biomass have been investigated such as rice husk, pine-
wood, oak, white pine, scum, sorghum bagasse [2—4], and
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so on. Currently, the utilization of algae has drawn con-
siderable attention due to its various advantages. For
example, algae have higher growth rate, shorter growth
cycle and do not compete in land use for food production.
In addition, productivity of some algae can be as high as
that of most productive terrestrial biomass. Another
advantage of algae is the high metal (K, Na) concentra-
tions. Although alkali metal may lead to decrease in bio-oil
yield, it can have a catalytic effect on conversion processes
to obtain high-quality bio-oil [5].

Pyrolysis is one of the most important conversion
approaches of biomass. Through the pyrolysis, the biomass
structure components decompose to lower molecular
weight products such as bio-gas, bio-oil, bio-char products
and other platform chemicals. There are many studies on
the pyrolysis of terrestrial biomass and algae biomass.
Hemicellulose, cellulose and lignin form the structure of
the terrestrial biomass, while algae biomass consists of
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three main components, namely proteins, polysaccharides
and lipids. The co-pyrolysis of algae and terrestrial biomass
has certain synergetic effects on the products [6]. Hua et al.
investigated the co-pyrolysis characteristics of the sugar-
cane bagasse and Enteromorpha prolifera in a fixed bed
reactor. The results showed that the acidity and density of
bio-oils decreased and the calorific value increased through
the co-pyrolysis [7]. Li et al. [8] found that co-pyrolysis tar
of rice straw and Shenfu bituminous coal contained more
phenolics, less oxygenate compounds and higher gas
yields. Alvarez et al. [9] investigated co-pyrolysis of
sewage sludge and lignocellulosic biomass in a conical
spouted bed reactor, which showed that gas product
increased significantly.

However, it should be noted that bio-oil is not eco-
nomically at present. It has been observed that there are
many oxygenates in the liquid product. This leads to some
negative properties about their chemical and physical
characteristics, such as high acidity, oxygen content, high
density and so on [10-12]. Several methods have been
therefore utilized to upgrade the quality of bio-oil. Cat-
alytic pyrolysis is one of effective methods to deoxygenate
and promote the cracking reactions of large molecules
during the pyrolysis. Zeolite catalysts at atmospheric
pressure have been used to produce high-quality bio-oil
and eliminate the secondary reactions of bio-oil. Zeolite
catalysts have received much attention and been widely
investigated by several researchers [13-17]. There are
extensive evidences that ZSM-5, as one kind of acidic and
porous zeolite, is an adaptive catalyst for pyrolysis of
biomass. Wang et al. presented an investigation into the
catalytic cracking of pinewood pyrolysis with HZSM-5 at
different temperatures. The results showed that HZSM-5
could promote decarbonylation and decarboxylation with
inhibited dehydration [18]. Chiara Lorenzetti et al. studied
the upgrading of pyrolysis oil obtained from lignocellulosic
and proteinaceous over HZSMS, which exhibited a sig-
nificant dehydration, deoxygenation, denitrogenation
effect. It also induced the formation of nitrogen-containing
polyaromatic compounds [19]. Aiming Zheng et al.
reported that catalytic pyrolysis of different biomass spe-
cies over ZSM-5 with varying crystal size can promote the
formation of aromatic [20].

In this work, Enteromorpha clathrate (EN) and rice
husk (HU) were selected as representative materials of
algae and agricultural wastes. A fixed bed reactor was used
to investigate the performance of ZSM-5 and MCM-41
catalyst on catalytic co-pyrolysis of EN and HU. The first
objective in this study was to investigate the synergetic
effects in the co-pyrolysis of algae and terrestrial biomass.
The second objective was to investigate the impact of
ZSM-5 and MCM-41 on the co-pyrolysis of EN and HU.
Fourier transform infrared spectroscopy (FTIR) and gas
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chromatography-mass spectrometry (GC-MS) were used
to analyze the chemical compositions of bio-oils, which
aimed to further investigate the effects of co-pyrolysis and
catalysts on the product yields and composition distribution
of bio-oil. In addition, X-ray photoelectron spectroscopy
(XPS) measurements of the chars have been performed.

Our previous work showed that there was a synergistic
interaction for the co-pyrolysis of Enteromorpha clathrata
and rice husk from TG-FTIR-MS analysis [21]. Based on
the previous work, the present work has three points of
significance as following:

1.  Enteromorpha clathrate (EN) and rice husk (HU), as
representative materials of algae and agricultural
wastes, respectively, will be selected for the co-
pyrolysis and catalytic co-pyrolysis toward high-qual-
ity products. This provides the reference for the
utilization of algae and agricultural wastes.

2. The present work will also give an insight into the
effect for the co-pyrolysis of Enteromorpha clathrata
and rice husk on the component distribution of bio-oil
in detail. The effect of different mass ratios of
Enteromorpha clathrata and rice husk on the product
yields will also be studied to disclosed the effect of
mass ratio on the synergistic interaction.

3. The present work will provide the reference for the
selection of catalyst to produce high-quality bio-oils
based on the component analysis of bio-oils in the co-
pyrolysis of algae and agricultural wastes.

Materials and methods
Materials

EN and HU used for this study were collected from
Xiangshan Port, Zhejiang Province and Huai’an, Jiangsu
Province in China, respectively. The proximate analysis of
the two-biomass samples is shown in Table 1. The samples
were first ground by mill cut and then sieved to a particle
size smaller than 0.18 mm, and they were pre-dried at
105 °C for 4 h. Dried EN and HU were mixed together at
ratios of 1:1, 1:2, 1:3, 2:1, and 3:1, respectively.

Table 1 Proximate analysis of EN and HU

Sample Proximate analysis/%

Mad Aad Vad Fcad
EN 9.358 29.312 55.731 5.599
HU 12.652 11.808 68.139 7.401
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Catalysts

ZSM-5 (SiO,/Al,0, = 36 and surface area = 350 m* g ')
and MCM-41 (SiO,/Al,0, = All-silicon and surface
area = 1180 m? g~ ') catalysts were purchased from Nan-
kai University Catalyst Co., Ltd. MCM-41 was activated in
a muffle furnace at 120, 250, 350, 550 °C for 2 h,
respectively.

Pyrolysis experiment

The test of catalytic co-pyrolysis of EN and HU was car-
ried out in a fixed bed reactor (height: 100 mm, internal
diameter: 70 mm). The experiment system is shown in
Fig. 1. In a typical run, the preheating temperature was
500 °C, and the reactor was heated up to the end temper-
ature of 550 °C at N, flow of 200 mL min~!. After that,
5 g dried sample was put into the reactor for a retention
time of 20 min. The samples decomposed to produce bio-
char, bio-oil and bio-gas. The pyrolysis gas passed though
the condensation unit was collected as bio-oil, while the
non-condensable gas was collected in gas collecting bags.

Product analysis

The bio-oil products required pretreatment of dehydration
and filtration by anhydrous sodium sulfate and organic
filters. The samples were analyzed on a gas chromatograph
(Agilent, 7890A) couple with a mass spectrometer (Agi-
lent, 5975C), equipped with a non-polar column (HP-
5MS). The carrier gas (Helium) flow rate was 1 mL min~},
and the split ratio was 5:1. The temperature of injector was
set at 250 °C. Solvent delay time was 5 min, and the full-
scan mode with mass to charge ratios of 12-500 was used.
The GC oven temperature program was 60 °C for 2 min,
and ramped to 120 °C at a heating rate of 10 °C min~"

Mass folw controller

Preheating unit

oo

Temperature controller

Fig. 1 Schematic diagram of the pyrolysis system

where it was held for an additional 2 min, then reached up
to 200 at 4 °C min™ ", holding for 2 min, finally up to 260
at 5°C min~'. The chemical compounds in the bio-oil
were identified by the National Institute of Standards and
Technology (NIST) mass spectral library. The infrared
spectrum of the bio-oil was determined using Nicolet
Nexus 470 FTIR Spectrometer. A 32-scan adsorption
interferogram was collected at a 2 cm™ " resolution in the
4000-500 cm™ " region at room temperature. X-ray pho-
toelectron spectroscopy (XPS) measurements of the chars
were performed in the Thermo Fisher Scientific,
ESCALAB250Xi.

Yields of products

The yields of bio-oil, bio-char and bio-gas products from
the experiments were calculated by the following

equations:
L . M,
Bio-oil productyield : W; = - 100% (1)
0
. . M,
Bio-char product yield: W, = YAk 100% (2)
0
Bio-gas product yield: W3 = 100% — W; — W, (3)

To investigate the synergetic effects in the catalytic co-
pyrolysis of EN and HU, the theoretical value of the
pyrolysis products was calculated by the following
equation:

(4)

where YgN, Ynu and Yrheoretical are the experimental value
of two kinds of materials and their theoretical mass average
value; o represents the percentage mass of EN in the mixed
samples.

Yheoretical = @ X Yen + (1 — ) x Ynu
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Results and discussion
Co-pyrolysis experiment
Product yields of the co-pyrolysis

The yields of bio-oil, bio-char, and bio-gas in co-pyrolysis
of different mass ratio of EN and HU at 550 °C are shown
in Fig. 2. The repeatability examinations for the analytical
pyrolysis experiments revealed that the relative errors of
the product yields were generally within &+ 5%. The yields
of bio-oil, bio-char, and bio-gas products were 29.56,
46.76, and 23.68%, respectively, when the pyrolysis
material was only EN, while those were 40.26, 34.39, and
25.35% for only HU. In contrast, the bio-oil yield of EN
was 10.70% lower than that of HU, and the solid yield was
12.37% higher than that of HU. This was attributed to the
ash content of the biomass sample. From Table 1, the ash
content of EN was 29.31%, which was higher than that of
HU, while the volatile content of EN was lower than that of
HU. In addition, there were more alkali metals in the ash
content of EN in the form of oxides and chlorides. Na and
K content in the ash of EN was 18.28 and 12.70%,
respectively [22]. Studies had shown that alkali metal
elements had certain catalytic effects on the pyrolysis
reactions. In the co-pyrolysis, adding alkali metal catalysis
(Na, K) could reduce the pyrolysis temperature, promote
the cracking reactions of the molecules and improve the
gas product [23].

According to Eq. (4), supposing that there is no inter-
action between EN and HU, the theoretically calculated
product yields with different mass ratios of EN and HU of
3:1, 2:1, 1:1. 1:2, 1:3 were determined and compared with
experiment results in Fig. 2. The experimental yields of
bio-oil for each mass ratio were all lower than the theo-
retical values. The maximum difference between the

—&— T-Bio-oil 77/ E-Bio-oil
50 —e— T-Bio-char R\ E-Bio-char
] —A—T-Bio-gas [ E-Bio-gas

V.

AN A

N\

§
40 § S -
2 § ‘ N ;//
',ﬁr/\ N \ ,‘

PN

2:1 1:1 1:2
Mass ratio/EN:HU

Fig. 2 Yields of liquid, solid and gas productions in co-pyrolysis
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experimental and the theoretical was up to 5.91% when the
mass ratio was 1:1. However, the experimental yields of
bio-gas were significantly higher than the theoretical.
Maximum difference up to 5.90% was observed at 1:1
mass ratio. This result indicated that there was a synergetic
effect during the co-pyrolysis between EN and HU, which
could promote the secondary cracking reactions, resulting
in more bio-gas which was cracked from macromolecules.
The yield of bio-oil decreased and that of bio-gas
increased. However, the experimental yields of solid
products were consistent with the theoretical ones. Due to
the most remarkable synergetic effect on the yields of bio-
oil and bio-gas during the co-pyrolysis between EN and
HU with mass ratio of 1:1, the catalytic pyrolysis experi-
ments were conducted with the mass ratio of EN and HU of
1:1.

GC-MS analysis of co-pyrolysis bio-oil

In order to further investigate the synergistic effect of co-
pyrolysis, GC-MS analysis of bio-oil was carried out in
this study. There were a variety of organic compounds in
the bio-oil. According to GC-MS analysis, the organic
compounds were classified into several groups: phenols,
acids, alkanes, aldehydes, ketones, alcohols, esters,
pyridines, furan, imidazole and the other substances. The
results showed that there were many acid compounds in
pyrolysis bio-oil of EN, which were mainly formic acid and
acetic acid. The relative contents of hydrocarbons, esters,
phenols, aldehydes and ketones were also high, while there
were only small percentages of heterocyclic compounds,
furan derivatives, pyridine, and imidazole nitrogen
derivatives. For bio-oil from EN, there were a lot of phenol
compounds, whose content reached up to 28.50%, and the
acid content was 17.52%, lower than that of HU. Compared
to the bio-oil from HU, there were more furans but lower
nitrogenous compounds in the bio-oil from EN. The main
reason was that the main components of EN were proteins,
polysaccharides and lipids. Pyridine, imidazole and the
other nitrogenous heterocyclic derivatives compounds in
bio-oil of EN were related to the decomposition of proteins
and the Maillard reaction of amino acids with carbohy-
drates [24]. The main components of HU were lignocel-
lulose. Furans and phenols were the typical products of
cellulose and lignin pyrolysis [25].

Figure 3 shows the compounds distribution of co-py-
rolysis bio-oil. According to the Eq. (4), theoretical values
of the compounds distribution were calculated using the
experiment results when EN and HU were pyrolysis alone.
The relative contents of acids in the bio-oil from the co-
pyrolysis increased. Maximum of 47.60% was observed at
mass ratio of 3:1, exceeding the theoretical relative content
of 20.04%. The acids in the bio-oil were mainly acetic acid,
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Fig. 3 Bio-oil composition in co-pyrolysis of different blending ratios

palmitic acid, propionic acid and propylene acid. The rel-
ative content of palmitic acid in the bio-oil from co-py-
rolysis decreased, which that of acetic acid increased
significantly. At the same time, the relative content of
esters, aldehydes and ketones in the co-pyrolysis bio-oil
was lower than that of the corresponding theoretical values.
However, there was little difference between the theoreti-
cal and experimental values of phenolic compounds. This
means that the synergetic effect of the co-pyrolysis pro-
moted the formation of small molecular acid and reduced
the selectivity of aldehydes, ketones and esters. However,
there were no significant impacts on phenolic compounds.

In the lignocellulose biomass pyrolysis process, acetic
acid was mainly derived from small molecular compounds
generated by the breaking of hemicellulose-rich branched
chain [26]. The content of ash was high in EN, which
contained a lot of alkali metal elements, such as K and Na.
It could be speculated that Na and K elements had a sig-
nificant effect on the formation of small molecular com-
ponents in the lignocellulosic biomass pyrolysis products
[27], resulting in the increase in smaller molecular com-
pounds in the co-pyrolysis of the EN and HU. Co-pyrolysis
promoted the selectivity of acetic acids in small molecules.
Acetic acid, furfural and phenol in bio-oil were high value-
added chemical products. The use of existing extraction
technology to extract high value-added chemical products
of bio-oil had a broad prospect.

FTIR analysis of co-pyrolysis bio-oil

Figure 4 shows the spectra of the co-pyrolysis bio-oil from
the FTIR analysis. The C=0O stretching vibration was
observed at the peak range from 1705 to 1725 cm™', and
the band at 1220-1270 cm™" and 3250-3330 cm™' was

Transmission

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm-1

Fig. 4 TFIR profiles of co-pyrolysis at different blending ratio

characteristics of C—O and O-H groups, which proved the
existence of the carboxylic acid.

The C-H bending vibration that was observed at the
peak ranged from 730 cm™' to 745 cm™!, and the O-H
bending vibration in the range of 3250-3330 cm™' was
identified as phenol, which was typical products from the
pyrolysis of cellulose. Besides that, the peak at
2920-2930 cm ™' was assigned to stretching vibration of
C-H, and the peak at 730-745 cm ™' was assigned to out-
of-plane bending vibration of C-H. The analysis results
were consistent with compounds observed by GC-MS.

XPS analysis of co-pyrolysis bio-char

Figure 5 shows the Cls and Nls spectra of bio-char from
EN, EN + HU (1:1), and HU at the temperature of 550 °C.
The bio-chars of EN, EN + HU (1:1), and HU at the
temperature of 550 °C were marked as Y1, Y2 and Y3,
respectively. XPS analysis of the carbon-containing and
nitrogen-containing functional groups is shown in Table 2.
The Cls spectrum of bio-chars comprised four peaks at
(284.6 £ 0.3) eV, (286.1 = 0.3) eV, (287.6 £ 0.3) eV,
and (289.1 & 0.3) eV, corresponding to: aliphatic carbon
C-C/C=C/C-H groups (Cl), C—O/C-O-C groups in alco-
hol, ether groups (C2), C=0O groups in carbonyl groups
(C3) and COO- groups in carboxyl and/or ester groups
(C4), respectively [28-30]. Comparing Y2 and Y2-T, the
content of COO- groups for Y2 was lower than that of Y2-
T, which indicated that there was some kind of synergetic
effect of transferring COO- groups in bio-chars into bio-
oils during the co-pyrolysis of EN and HU. This result was
consistent with that in GC-MS analysis (Fig. 3).

The binding energies at (398.7 £ 0.4) eV, (400.4) eV
and (401.1 & 0.3) eV in the N1 s spectrum were assigned
to the N in the pyridine nitrogen, protein nitrogen, and
ammonium nitrogen [28, 31, 32]. During co-pyrolysis of
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Zﬁg'iifmzis ff;:;‘lt:gg ar E’r"“ E/leV  C/ONN forms  Content/%

contents Y1 Y2 Y2-T Y3
Cl 2846 C-C/C=C/C-H 699 750 755 8l1.1
C2 286.1 C-0O/C-0-C 156 138 128 10.0
C3 287.6 C=0 88 6.6 695 5.1
C4 289.1 COO- 57 46 475 38
N1 398.7 Pyridine-N 448 424 429 410
N2 400.4  Protein-N 49.0 492 503 516
N3 401.1 Ammonium-N 62 84 68 7.4

Y2-T = (Y1 + Y3)/2: the theoretical value of Y2.

EN and HU, the contents of pyridine-N, protein-N and
ammonium-N in experiments were 42.4, 49.2 and 8.4%,
while those of theoretical values were 42.9, 50.3 and 6.8%,
respectively. The contents of pyridine-N and protein-N in
experiments were lower than those of pyridine-N and
protein-N of theoretical value, while the content of
ammonium-N in the experiment was higher than that of
ammonium-N of theoretical value. Pyridine-N was mainly
derived from the deamination or dehydrogenation of amino
acids, while ammonium-N mainly resulted from the con-
version of pyridine-N [31, 32]. Furthermore, pyridine-
N might be converted into more stable ammonium-N [32].
This could be the possible reason that the content of
ammonium-N in experiment was higher than that of theo-
retical value during the co-pyrolysis of EN and HU. The
experimental values of C=0O and protein-N were 6.6 and
6.95%, while the theoretical values of C=O and protein-
N were 49.2 and 50.3%. The experimental values were
slightly lower than theoretical ones, which might be
ascribed to Maillard reaction through which some amino
acids (protein-N) reacted with carbonyl groups (C=0)
during co-pyrolysis of EN and HU, reducing the contents
of carbonyl groups and protein-N.

Catalytic co-pyrolysis experiment

The ZSM-5 and MCM-41 catalysts were used in the cat-
alytic pyrolysis experiments, both of which are zeolite
catalysts. The ZSM-5 is micropores acid catalysts, which
has received widespread attention. ZSM-5 has a small pore
size, high acidity, moderate internal pore space and steric
hindrance. By contrast, MCM-41 is mesoporous catalysts
and its acidity is weaker than that of ZSM-5.

Product distributions during the catalytic co-pyrolysis

Table 3 shows the product distribution in catalytic co-py-
rolysis of EN and HU with different catalysts. The mass
ratio of biomass to catalyst was 10:1, and the reaction
temperature was 550 °C. As shown in Table 3, the yield of
bio-oil increased significantly under ZSM-5 -catalysts
compared to non-catalytic pyrolysis while that of gas
decreased for the EN and HU pyrolysis. The yield of bio-
oil increased by 7.95 and 8.98% for EN and HU, respec-
tively. However, MCM-41 catalyst had different catalytic
effects on the EN and HU. For EN, the bio-oil yield
increased by 3.8% with the MCM-41 catalyst, which was
similar to that of ZSM-5, but it was not significant. The
catalytic effect of MCM-41 on the product yields of HU

was weak. Possible reason was that ZSM-5 had
IT;?L‘Z i’ yf;?sﬁeiip‘gff;iﬁ?s"“ Sample Catalyst Bio-0il/% Bio-char/% Bio-gas/%
with or without catalysts EN Non-catalyst 29.56 4676 23.68
ZSM-5 37.51 44.90 17.59
MCM-41 33.36 48.54 18.10
HU Non-catalyst 40.26 34.39 25.35
7ZSM-5 49.24 34.40 16.36
MCM-41 39.52 35.29 25.19
EN:HU=1:1 Non-catalyst 29.00 40.58 30.42
ZSM-5 38.66 38.10 23.24
MCM-41 34.52 42.38 23.09
ZSM-5: MCM41 =1: 1 34.71 43.25 22.03

@ Springer



2620 S. Wang et al.
50 suitable internal pore space and steric hindrance that
LZEN . . .
X EN&ZSM-5 favored catalytic pyrolysis of biomass than MCM-41 for
40 4 BRI ENAMOM-41 EN and HU pyrolysis.

Yield/%

Az
X

STSSIKK)
XXX XXX

IRAK
2%%%0%%

S
X

%

HU
HU&ZSM-5
XXIHU&MCM-41

7

72
K4

RRER

TS
K5

o

X

R

X
e

%

72
IR

5

3

>
%%

SO

>
be%%!

K

%

K8

>

<

®

R

oY%

e
KR

>
be%%!

-

X

<

RS

5%

X3

X

EN&HU
EN&HU&ZSM-5
EN&HU&MCM-41

40 -
30 -
&
s
e
> 20
.
10
0
RS
&
50
40 - S
.
30 -
I
—
k=)
@
> 20 4
10
0 7
R <
&

Fig. 6 Bio-oil composition in catalytic pyrolysis of EN and HU

@ Springer

In the catalytic co-pyrolysis experiments, the effects of
the catalysts on the product yield were basically consistent
with the expected results of the EN and HU -catalytic
pyrolysis alone. The yield of co-pyrolysis bio-oil increased
by 9.66 and 2.52% with ZSM-5 and MCM-41 catalysts,
respectively. However, the bio-gas yield decreased to
22.03% with the combination of ZSM-5 and MCM-41,
corresponding to the increase in bio-char yield. It indicated
that the combination of ZSM-5 and MCM-41 catalysts
promoted the formation of bio-char, hence reducing the
bio-gas yield.

GC-MS analysis of catalytic co-pyrolysis bio-oil

The main chemical species in catalytic co-pyrolysis bio-oil
analyzed using GC-MS were grouped into five categories
(acids, phenols, furans, aldehydes and ketones, and
hydrocarbons), as shown in Fig. 6. The presence of cata-
lysts had obvious influences on the product quality and
distribution. Acids and phenols were the principal com-
ponents for the bio-oil in the catalytic pyrolysis of EN and
HU. Acids were the main pyrolysis products of hemicel-
lulose and protein [33]. It could be found that the ZSM-5
catalyst promoted the formation of acid compounds and
furan while suppressed N-containing compounds. Furans
are the main products of cellulose and hemicellulose, while
N-containing compounds are mainly derived from the
pyrolysis of protein [20]. This further indicated that ZSM-5
has a significant catalytic effect on the protein and hemi-
cellulose, enhanced the selectivity of acids compounds, and
therefore reduced the formation of furans compounds, and
promoted the decomposition of protein.

The phenols components in bio-oil from the pyrolysis of
HU reached up to 28.5%. This is because phenol, as the
representative component of the phenolic, was an impor-
tant product from the pyrolysis of lignin. In the catalytic
pyrolysis products, MCM-41 showed obvious selectivity to
phenolic compounds [34], whose relative content in bio-oil
from the pyrolysis of HU reached up to 30.77%, while that
of ZSM-5 was only 11.46%. The pore size of the hierar-
chical mesoporous zeolite catalysts played a pivotal role as
it reckoned the bio-oil speciation and distribution of the
pyrolysis products.

With the MCM-41 catalyst, the proportion of furans in
pyrolysis bio-oil of EN did not change that much, but the
furan content of HU increased obviously. In addition, the
acids in pyrolysis bio-oil of EN and HU as a typical
hemicellulose and protein pyrolysis products did not
change significantly with catalyst. This indicated that
MCM-41 had a significant catalytic effect on cellulose.
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Table 4 The main components of bio-oil in catalytic experiments

Compounds Relative contents/% Molecular weight

EN HU EN and HU

ZSM-5 MCM-41 ZSM-5 MCM-41 ZSM-5 MCM-41 ZSM-5&MCM-41
Acetic acid 18.46 4.70 21.59 9.74 21.16 8.19 8.76 60.021
n-Hexadecanoic acid 13.38 18.20 - 3.82 4.83 11.16 3.35 256.24
Phenol 6.54 4.06 5.47 5.68 4.50 4.44 7.70 94.042
Propanoic acid 5.39 2.67 11.18 3.25 3.82 2.46 3.45 74.037
2-Furancarboxaldehyde, 5-methyl 2.52 3.48 - 2.31 1.83 10.71 10.46 110.037
Benzofuran, 2,3-dihydro - - 5.23 5.08 5.34 6.90 6.69 120.058
Phenol, 4-methyl 4.09 4.78 1.99 4.49 2.03 3.64 7.27 108.058
2-Cyclopenten-one, 2-methyl - 10.14 3.90 3.05 - 2.40 4.81 96.058
Phenol, 2-methoxy - - 3.26% 6.51 3.41 3.86 3.56 124.052
2-Propenoic acid 4.87 5.49 - - 3.46 2.11 2.00 72.021
Furan, 2-methyl - 1.76 - 371 2.39 3.13 4.39 82.042
1,2-Cyclopentanedione, 3-methyl 2.38 2.39 - 3.01 - 3.07 3.03 112.052
1-Hydroxy-2-butanone - - 3.99 3.00 3.03 0.69 1.18 88.052

“~” Means not detected

Additionally, in the catalytic co-pyrolysis of EN and HU,
the acid compounds decreased to 13.39% while the relative
content of ketone significantly increased with the MCM-41
catalyst. This result suggested that the synergistic effect of
co-pyrolysis had an influence on the catalysis and pro-
moted the dehydration reaction. As mentioned above, the
bio-oil compositions produced from the catalytic co-py-
rolysis had a strong connection with the structural com-
position of the biomass and the type of catalyst.

Figure 6 shows the mainly compounds in the bio-oils
obtained from catalytic co-pyrolysis of EN and HU. Acidic
components were mostly derived from hemicellulose and
protein cracking, and the cracking of cellulose and algae
polysaccharide also had a small amount of acid products.
In the acid component, acetic acid, propionic acid, prope-
noic acid and hexadecanoic acid were common products.
Acetic acid is most easily produced from pyrolysis, while
propionic acid is mostly derived from the oxidation of
propanal. Hexadecanoic acid is a macromolecule, a product
of lipid pyrolysis. ZSM-5 showed a strong selectivity to
acetic acid, and with ZSM-5 catalysis, the content of acetic
acid in EN and HU pyrolysis bio-oil reached up to 18.46
and 21.59%, respectively. Acetic acid is mostly derived
from the break of rich branch of xylan in hemicellulose,
which further illustrated the selective catalytic effect of
ZSM-5 on xylan. Besides that, the content of hexadecanoic
acid was higher with MCM-41 catalyst than ZSM-5, which
suggested that MCM-41 had greater effects on the pyrol-
ysis of lipids in algae than ZSM-5.

During the catalytic pyrolysis, bio-char was deposited
on the catalyst surface. The study has shown that bio-char

was the product of furan polymerization. The furan stim-
ulated higher coking compared to the other derivatives
[35]. As shown in Fig. 6, the trend of bio-char was similar
to that of the relative content of furans. From Table 4, the
relative content of 5-methyl-2-furancarboxaldehyde
(C¢HgO,) was significantly changed under different con-
ditions. Furfural (CsH40,) was produced by the cracking of
cellulose, hemicellulose and algae polysaccharides. Cellu-
lose and algae polysaccharides were hexoses, requiring
cracking reactions to obtain furfural. Hemicellulose, as
pentoses, did not need to crack to produce furfural; thus,
the furfural had a different generation path. The relative
contents of 5-methyl-2-furancarboxaldehyde (CcHgO5)
with MCM-41 catalyst were higher than those with ZSM-5.
The highest relative content reached up to 10.71%. MCM-
41 promoted the selectivity of furfural (CsH40,) compo-
nents and had further catalytic characteristics under the
synergistic effect of co-pyrolysis, which obviously pro-
moted the formation of 5-methyl-2-furancarboxaldehyde
(C¢HgO5). The main reason was that the MCM-41 had a
larger pore size, which allowed the oligomers of protein
and carbohydrate to break into the microporous molecular
sieves and undergo secondary cleavage.

Conclusions

From the analysis of the three-phase product yields
obtained from co-pyrolysis of EN and HU, the yield of bio-
gas product was obviously higher than the theoretical
value. In contrast, the experimental yield of bio-oil product
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was lower than the theoretical, while the experimental
yield of bio-char was consistent with the theoretical.
Considering the bio-oil from co-pyrolysis of EN and HU,
the small molecular acid in the experiment was obviously
higher than that of the theoretical. The increase in bio-gas
product proved that alkali metal elements (Na, K) in EN
ash promoted the further cracking of macromolecules into
small molecules during the pyrolysis process.

In the catalytic pyrolysis, ZMS-5 significantly improved
the yields of bio-oil while it reduced the bio-gas product.
However, the effect of MCM-41 on the yields of the
pyrolysis products was weaker than those of ZSM-5. The
catalytic pyrolysis bio-oil yield of EN increased slightly,
while that of HU did not change too much with MCM-41
catalyst. This indicated that ZSM-5 had a higher catalytic
effect than MCM-41 in terms of yield. In the GC-MS
analysis of catalytic pyrolysis bio-oil, the main components
were acids, phenols and furan products. The effect of ZSM-
5 on the pyrolysis of hemicellulose and protein was that the
relative content of acids in bio-oil increased significantly.
In addition, the protein was further cracked to the nitrogen-
containing components and the relative content of hydro-
carbon component also increased. With the MCM-41 cat-
alyst, the contents of phenolic components and
hexadecanoic acid increased. Besides that, the content of
5-methyl-2-furancarboxaldehyde also showed a significant
increase. All the results showed that MCM-41 had a further
catalytic influence in the synergetic effect of co-pyrolysis.
The results provided the reference for the selection of mass
ratio and catalyst to produce high-quality bio-oils in the co-
pyrolysis of algae and agricultural wastes.
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