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a b s t r a c t
Ex situ catalytic pyrolysis of biomass through a packed-bed catalysis close coupled with microwave
pyrolysis was investigated to convert Douglas ﬁr sawdust pellets to aromatic hydrocarbons by Zn/
ZSM-5 catalyst. A comparison test from ﬁve different Zn loadings (0, 0.5, 1, 2, 5 wt.%) was ﬁrst conducted,
and it was found that the highest amount of aromatic hydrocarbons was produced from 0.5% Zn loaded
on ZSM-5. Then a central composite experimental design (CCD) was used to optimize the upgraded
bio-oil and syngas yields with 0.5% Zn loaded in ZSM-5. In comparison to the non-catalytic experiment,
all the catalysts decreased the bio-oil yield and increased the syngas production. The product yields from
Zn/ZSM-5 were sensitive with reaction conditions as the bio-oil yields varied between 22.3% and 44.8%
compared with 32.2% and 37.8% over ZSM-5 catalyst, and syngas yields from 33.3% to 55.5% vs. 38.8%
to 43.7% on ZSM-5 catalyst. GC/MS analysis showed that aromatic hydrocarbons become the most
abundant compounds in the bio-oil. The high amount of aromatic hydrocarbons in the upgraded bio-oils
from GC/MS analysis was conﬁrmed by the FTIR analysis. The aromatic hydrocarbon was increased when
the packed-bed temperature and inverse weight hourly space velocity (WHSV)1 were increased. The
comparison of coking on ZSM-5 and Zn/ZSM-5 catalysts at different reaction conditions showed that
the coking increased with increasing (WHSV)1 and decreasing packed-bed temperatures. Zn/ZSM-5
had lower coking than ZSM-5 on all the reaction conditions except packed-bed temperature at 269 °C
and (WHSV)1 at 0.048.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
As the rapid growth of population and urbanization, the
demand for energy is continuously increasing [1]. A main use of
energy consumption is for transportation [2], which accounts for
one ﬁfth of the total energy consumption [3]. Biomass in the form
of bio-fuels (solid, liquid and gaseous) directly replacing fossil fuels
⇑ Corresponding author. Tel.: +1 509 372 7628; fax: +1 509 372 7690.
E-mail address: hlei@wsu.edu (H. Lei).
http://dx.doi.org/10.1016/j.fuel.2014.03.052
0016-2361/Ó 2014 Elsevier Ltd. All rights reserved.

has attracted interest over several years as a promising renewable
energy [4]. There are numerous pathways to produce bio-fuel,
while pyrolysis draws much attention because it could directly
converts biomass into liquid fuels called bio-oils. Those fuels are
possible to be drop-in the existing petroleum infrastructure for
the production of fuels with little modiﬁcation [5]. Bio-oil is a dark
brawn, multi-component organic mixture of highly oxygenated
compounds derived from depolymerization of hemicellulose,
cellulose and lignin. However, oxygen present in the bio-oil has a
negative effect on its quality and stability [6]. In particular, the
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high oxygen makes bio-oil only 50% of the heating value of the
petroleum fuels and immiscible with hydrocarbon fuels. Thus
bio-oils must be catalytically upgraded if they are to be used as a
conventional liquid transportation fuel [7].
Catalytic cracking is one method that could remove oxygen
from bio-oil in the form of H2O, CO and CO2 through deoxygenation
without hydrogen supply and at atmospheric pressure. Catalytic
cracking could be operated with or right after (in situ and ex situ
catalytic pyrolysis) pyrolysis and before the condensation of biooils which means that the bio-oil is in the vapor phase. In situ
and ex situ catalytic pyrolysis of pine bark were compared [8]
and found the ex situ catalytic pyrolysis decreased oxygen content
and increased the carbon/oxygen ratio of bio-oil, which showed
that it can improve the bio-oil quality. Park et al. [9] conducted
direct conversion of the pyrolytic vapor of pine wood in a ﬁxed catalyst bed reactor installed at the upper part of a bubbling ﬂuidized
bed reactor and found that the aromatic hydrocarbons were significantly formed after upgrading over HZSM-5 (proton-exchange of
Zeolite Socony Mobil #5) which were not present in the pyrolysis
bio-oil. And they also found HZSM-5 catalyst was more efﬁcient
in bio-oil upgrading than HY (proton-exchange of Y Zeolite)
catalyst. Aho and his coworker [10] investigated the inﬂuence of
zeolites and their iron modiﬁed counterparts during catalytic
upgrading of pine wood pyrolysis vapor. They found that deoxygenation reaction over all the catalysts increased compared to
the non-catalytic pyrolysis. Iliopoulou et al. [11] used different
transition metal-modiﬁed ZSM-5 zeolite to catalytically upgrade
biomass pyrolysis vapor and found that all metal-modiﬁed
catalysts enhanced the production of aromatics and phenols. In
our previously work [12], ex situ catalytic pyrolysis was conducted
by a packed-bed reactor coupled with microwave pyrolysis of
biomass. And we found that aromatic hydrocarbons were enriched
and became the most abundant compounds accounting for about
15–92.6% in upgraded bio-oils. Ex situ catalytic upgrading of fast
pyrolysis vapors could also produce bio-oil with improved quality
thus has the potential to reduce subsequent hydrotreating costs
[13].
A variety of efforts were attempted to test zeolites as catalysts
in catalytic pyrolysis [4,7–9,11,12,14–18]. ZSM-5 displayed the
highest selectivity of producing aromatic hydrocarbons [7,19,20]
and reducing undesirable oxygen contained compounds [21]. The
oxygen removal was found in the form of H2O at lower temperature and CO and CO2 at higher temperature [22]. The CO and CO2
from oxygen removal is preferable, as more hydrogen would be
saved for hydrocarbon formation, less carbon would deposit on
the zeolite, and the water content of bio-oil would be reduced
[23]. The oxygen removal, especially in the form of H2O is due to
the strong acidity of ZSM-5 [24], which is also leads to the decrease
of the organic fraction of bio-oil via cracking. The acid sites are
therefore the essential part of the mechanism for both deoxygenating reactions and deactivating mechanisms [2]. More acid sites
give a higher yield of gasoline-like products, but also lead to more
coke formation [25]. Many transition metals, such as nickel
[17,24,26], cobalt [17,24], iron [17], cerium [27], and gallium
[9,15,17], were tested to adjust the acidity of ZSM-5 catalyst to
increase the yield of bio-oils and reduce the coke formation on
catalyst. Zinc modiﬁed ZSM-5 have been shown to be an effective
catalyst for aromatization of a wide range of feedstocks such as
methanol [28], furfural [29], dimethyl ether [30], alkanes [31–
33], and alkene [34] but few work has been down on using Zn/
ZSM-5 for aromatic hydrocarbon production from catalytic
pyrolysis of biomass. In this study, Zn/ZSM-5 was used as catalytic
pyrolysis catalyst in a packed-bed catalysis reactor coupled with
microwave pyrolysis reactor.
The objective of this study was to investigate the effect of Zn/
ZSM-5 catalyst in ex situ catalytic pyrolysis which was conducted

by a packed-bed catalysis reactor coupled with microwave
pyrolysis reactor.
2. Materials and methods
2.1. Materials
The feedstock used for this study was DF (Douglas ﬁr pellets,
Bear Mountain Forest Products Inc., USA) approximately 5 mm in
diameter and 20 mm in length with moisture content of 8%. The
catalyst Zn/ZSM-5 (with 0, 0.5, 1, 2, 5 wt.% Zn loading) in this study
was prepared by an incipient wetness impregnation method using
ZSM-5 (Zeolyst International, USA; SiO2/Al2O3 Mole Ratio: 50) and
Zn(NO3)2 (Fisher scientiﬁc). After impregnation, the catalyst was
dried at 105 °C for 12 h and calcined at 500 °C for 6 h.
2.2. Catalyst activity evaluation in a packed-bed catalysis reactor
A Sineo MAS-II batch microwave oven (Shanghai, China) with a
rated power of 1000 W was used for microwave pyrolysis. The
detailed experiment setting was described in our previous study
[12]. The reaction conditions of microwave pyrolysis were set as
reaction temperature at 480 °C and reaction time of 9 min for all
catalysis experiments. 20 g Douglas ﬁr pellets were placed in a
500 mL quartz ﬂask inside of the microwave oven. The pyrolysis
volatile from the ﬂask went through a packed-bed catalysis reactor
(quartz tube reactor with inside diameter of 15 mm and length of
200 mm) which was ﬁlled with catalysts and then connected to a
condensation system. The condensable liquid was collected as
bio-oil. The non-condensable volatiles escaped as syngas at the
end of the condensers and collected for analysis. The biochar was
left in the quartz ﬂask. In the catalytic process, carbonaceous materials were gradually accumulated on the surface of the catalyst;
these deposits are deﬁned as coke. The coke was calculated by difference of catalyst weights before and after catalysis. The weight of
syngas was calculated using the following equation:

Weight of syngas ¼ initial biomass mass—bio-oil mass
—biochar mass  coke mass

ð1Þ

The bio-oil yield (wt.%) was calculated by bio-oil mass divided
by initial biomass mass. The syngas yield (wt.%) was calculated
by syngas mass divided by initial biomass mass.
2.3. Experimental design and optimization
Inverse weight hourly space velocity (WHSV)1 (X1, h), which
was calculated by catalyst mass divided by mass ﬂow, and cracking
temperature (X2, °C) were chosen as two independent variables to
optimize the product yields (bio-oil and syngas). A central composite experimental design (CCD) was used at various levels shown in
Table 1. Yi was used as the dependent output variable. The weight
of the Douglas ﬁr sawdust feeding was 20 g. Catalyst mass varied
from 2.2 to 7.8 g. The packed-bed temperature was from 268.9 to
481.1 °C, and the (WHSV)1 was from 0.021 to 0.075 h (WHSV
was from 13.4 to 47.4 h1).

Table 1
Coded levels of independent variables in the experiment plan.
Level

X1: (WHSV)1 (h)

X2: cracking temperature (°C)

1
1
r = 1.41
r = 1.41

0.029
0.067
0.021
0.075

300
450
268.9
481.1
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For statistical calculations, the variables Xi were coded as xi
according to Eq. (2):

xi ¼ ðX i  X 0 Þ=DX

ð2Þ

where xi is the dimensionless value of the independent variable
while Xi is the raw value. X0 is the raw value of the variable at the
center point and DX is the step length. A 22-factorial CCD, with 4 axial points (a = 1.41) and 5 replications at the center points (n0 = 5)
leading to a total number of 13 experiments was employed to optimize the reaction conditions. A second order polynomial equation
(Eq. (3)) was used to describe the effect of independent variables
in terms of linear, squared, and interaction. The predicted model
for the response (Yi) was:

Y i ¼ b0 þ

2
2
2 X
2
X
X
X
bi X i þ
bii X 2i þ
bij X i X j þ e
i¼1

i¼1

ð3Þ

i¼1 j¼iþ1

where Yi is the predicted response; b0 is the interception coefﬁcient,
bi, bii, and bij are coefﬁcients of the linear, quadratic, and interaction
effects; Xi is the independent variables; and e is the random error.
The statistical analysis of the model was performed by Design
Expert 8 software (Stat-Ease, MN). The coefﬁcient of determination
(R2) and F test were used to determine the quality of ﬁt of the
second order equation. The effect of each independent variable
and their interactions were determined. An F test was used to determine the model parameter’s signiﬁcance (a = 0.05).
2.4. Analysis of upgraded bio-oil and syngas
The chemical composition of upgraded bio-oils was determined
by Agilent 7890A GC/MS (GC–MS; GC, Agilent 7890A; MS, Agilent
5975C) with a DB-5 capillary column. The GC was ﬁrst maintained
at 45 °C for 3 min and then increased at 10 °C/min to 300 °C. The
injector temperature was 300 °C and the injection size was 1 lL.
The ﬂow rate of the carrier gas (helium) was 0.6 mL/min. The ion
source temperature was 230 °C for the mass selective detector.
The compounds were identiﬁed by comparing the spectral data
with the NIST Mass Spectral library [35]. An IRPrestige21 spectrometer in the attenuated total reﬂection (ATR) mode (Shimadzu,
Ge crystal; software: IRSolution) was used to record the Transform
Infrared Spectroscopy (FTIR) spectra of the upgraded bio-oils. Omnic 8.0 software (Thermo Nicolet) was used to analyze the data and
ﬁt the curves. The water content of the bio-oils was determined by
Karl Fischer Titrator (Mettler Toledo V30).
The chemical compositions of syngas were determined by a
Carle 400 gas chromatography (Chandler Engineering, Broken Arrow, OK, USA) system with a thermal conductivity detector (TCD).

Fig. 1. Product yields of coupled catalytic upgrading and microwave pyrolysis of
Douglas ﬁr pellets with different Zn loadings ((WHSV)1: 0.048 h, packed-bed
temperature: 375 °C).

non-catalytic experiments, all the Zn/ZSM-5 catalysts at this
reaction condition resulted in a decrease of the bio-oil yield and
an increase of the syngas yield. The bio-oil ﬁrst decreased from
34.85% to 30.96% then increased to 33.33% when the Zn loading
increased from 0 to 5%.
3.1.2. Catalyst effects on bio-oil composition
In order to further understand the Zn loading effect on bio-oil
chemical compositions from coupled Zn/ZSM-5 catalysis and
microwave pyrolysis, GC/MS was used to characterize the bio-oil
chemical compounds (Fig. 2). The most representative organic
compounds of the bio-oil were categorized into ten functional
groups: acids, ketones/aldehydes, alcohols, aromatic hydrocarbons,
phenols, guaiacols, furans, esters, sugars and others. Among them,
aromatic hydrocarbons are considered as desirable products for
biofuel product as they not only have good volumetric energy
content, but also have a large positive inﬂuence on seal-swell, Orings, self-sealing bladders, adhesives, etc. in jet engine systems.
Phenols and furans are also regarded as high value chemicals.
Other compounds such as acid, ketones/aldehydes, alcohols, and
guaiacols are all undesirable because they are oxygen containing
compounds, which are related to instability of bio-oils, low heating

3. Results and discussion
3.1. Reactivity of Zn/ZSM-5
In order to ﬁnd the best Zn loading, the experiments were conducted to test 5 different Zn loadings (0, 0.5, 1, 2, and 5 wt.%) on
ZSM-5 in the packed-bed at a ﬁxed reaction condition ((WHSV)1:
0.048; packed-bed temperature: 375 °C).
3.1.1. Catalyst effects on product yields
The upgraded bio-oil was prepared from the packed-bed catalysis coupled with microwave pyrolysis process in which the
packed-back reactor was kept at 375 °C and the (WHSV)1 was
0.048. The non-catalytic bio-oil was obtained from microwave
pyrolysis of Douglas ﬁr pellets with a pyrolysis temperature at
480 °C without using catalysts. The product yields of coupled
catalytic upgrading of microwave pyrolysis vapor from different
Zn loadings are summarized in Fig. 1. In comparison to the

Fig. 2. The composition of bio-oils with different Zn loadings from GC/MS analysis
((WHSV)1: 0.048 h, packed-bed temperature: 375 °C).
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3.2. Optimization of experiment parameters
Based on the effect of Zn loadings on chemical compositions of
bio-oils, the 0.5% Zn/ZSM-5 was chosen to be the catalyst for the
following reaction optimization research as it resulted in the
highest yield of aromatic hydrocarbons.
3.2.1. Response surface analysis of reaction condition effects on
product yields
In our previously research [18], the inverse weight hourly space
velocity (WHSV)1 (X1, h) and cracking temperature (X2, °C) were
found have a signiﬁcant inﬂuence on products yield distribution
in ex situ catalytic pyrolysis of biomass. Therefore they were
chosen as two independent variables to optimize the product
yields (bio-oil and syngas) in this study. The experimental design
and product yield are shown in Table 2. The bio-oil yields were
from 22.3 to 44.8 wt.%, while the syngas yield was from 33.3 to
55.5 wt.%. The syngas was mainly composed of H2, CO, CO2, CH4,
and C2H4. The highest bio-oil yield of 44.80 wt.% was obtained with
the shortest (WHSV)1 at 0.021 h and a moderate packed-bed
temperature at 375 °C.
Eq. (2) was reduced by using backward statistical analysis, and
parameters were sequentially removed based on the coefﬁcient’s
P-value until all remaining were signiﬁcant (P < 0.05). Using the
results of the experiment, the ﬁrst order equations were obtained
showing the yields of upgraded bio-oil (Eq. (4)) and syngas
(Eq. (5)) as a function of the (WHSV)1 (X1, h) and packed-bed
temperature (X2, °C):

Y bio-oil ¼ 64:43  272:19X 1  0:05X 2

ð4Þ

Y syngas ¼ 3:51 þ 247:76X 1 þ 0:08X 2

ð5Þ

The P value of Eq. (4) was 0.0029 < a = 0.05. Thus the linear
model could adequately describe the bio-oil yield. The coefﬁcient
of determination (R2) for Eq. (4) was 0.70. This suggested that
the model ﬁnely represents the relationships among the independent variables. The model term b0, X1, X2, were signiﬁcant because
the P values for these model terms were 0.0029, 0.0030, 0.0247,
which were smaller than a = 0.05. The model of bio-oil yields with
the (WHSV)1 and the packed-bed temperature can be visualized
in Fig. 3A. Increasing the (WHSV)1 and packed-bed temperatures
resulted in a decrease of the bio-oil yield.
The P value of Eq. (5) was 0.0003 < a = 0.05. Thus the liner model could adequately describe the syngas yield. The coefﬁcient of
determination (R2) for Eq. (5) was 0.81. This suggested that the
model appropriately represents the relationships among the independent variables. And the model term b0, X1, X2 were signiﬁcant
because the P values for these model terms were 0.0003, 0.0020,
and 0.0005 respectively, which were smaller than a = 0.05. The
linear model terms of the (WHSV)1 and the packed-bed temperature can be visualized in Fig. 3B. Increasing the (WHSV)1 and
packed-bed temperatures caused an increase of the syngas yield.
3.2.2. Catalyst effects on product yields distribution
The product yields in the ex situ catalytic pyrolysis of biomass
with ZSM-5 and Zn/ZSM-5 as catalyst in different reaction

A
45

39.25

Bio-oil yield (%)

value, and other drawbacks. The non-catalytic bio-oil without
catalyst from microwave pyrolysis of Douglas ﬁr pellets was a mixture of acid, ketones, alcohols, phenols, guaiacols, furans, esters,
sugars and so on. With Zn/ZSM-5 used in packed-bed catalysis
close coupled with microwave pyrolysis, aromatic hydrocarbons
which did not contain oxygen were enriched and become the most
abundant compounds in upgraded bio-oils. The amount of aromatic hydrocarbons was increased from 44.4% to 50.7% when
0.5% Zn was loaded to ZSM-5 and then decreased to 16% when
the Zn loading increased to 5%. The highest amount of aromatic
hydrocarbons was produced from 0.5% Zn loading on ZSM-5. Phenols were decreased from 34.6% to 26.3% when 0.5% Zn was added
to ZSM-5, but increased to 38.93% when the Zn loading increased
to 5%. Guaiacols were following the similar trend to phenols.

33.5

27.75

22

0.021
300.00
0.0345

337.50
0.048

375.00

0.0615 (WHSV)-1 (h)

412.50

Temperature (°C)

450.00 0.075

B
57

50.5

Run

(WHSV)1
(h)

Cracking temperature
(°C)

Bio-oil yield
(wt.%)

Syngas yield
(wt.%)

1
2
3
4
5
6
7
8
9
10
11
12
13

0.029
0.067
0.029
0.067
0.021
0.075
0.048
0.048
0.048
0.048
0.048
0.048
0.048

300
300
450
450
375
375
269
481
375
375
375
375
375

41.36
37.68
38.08
28.69
44.80
24.75
33.48
22.27
34.60
32.42
33.48
33.28
34.24

36.82
38.43
40.76
50.86
33.28
51.67
39.95
55.45
44.44
46.77
45.61
45.51
44.29

Syngas

Table 2
Experiment design and product yield distribution.

44

37.5

31

450.00

0.075
412.50

0.0615
375.00

0.048
337.50

Temperature (°C)

0.0345

(WHSV)-1 (h)

300.00 0.021

Fig. 3. Effect of independent variables interaction on bio-oil (A) and syngas (B)
yields.
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conditions are shown in Table 2 (the bio-oil yields were from 22.3%
to 44.8% and the syngas yields were from 33.3% to 55.5%). The
bio-oil and syngas yields from non-catalytic pyrolysis of Douglas
ﬁr pellets (pyrolysis temperature was 480 °C) were 53.3% and
15%, respectively. In comparison to the non-catalytic experiment,
all the catalysts decreased the bio-oil yield and increased the syngas production. This is because of cracking, dehydration, aromatization, decarboxylation, decarbonylation, and oligimerization
which are catalyzed by the zeolite Brönsted acid sites [2,4,36].
The water content of bio-oils from ex situ catalytic pyrolysis was
ranged from 17.2 to 27.1 wt.% based on biomass, which was higher
than 17.2–24.7 wt.% based on biomass for non-catalytic bio-oils.
The increased water content was due to dehydration of oxygen
contained compounds which reacted on the acid sites of ZSM-5
[37]. The product yields from Zn/ZSM-5 were sensitive with reaction conditions since the bio-oil yields varied between 22.3% and
44.8% compared with the yields from 32.2% to 37.8% over ZSM-5
catalysts. The syngas yields were from 33.3% to 55.5% vs. 38.8%
to 43.7% on ZSM-5 catalyst.

GC/MS was used to characterize the bio-oil chemical compounds
(Fig. 5). The composition of the upgraded bio-oils from ex situ
catalytic pyrolysis was obviously different from non-catalytic
bio-oil. The aromatic hydrocarbons in the bio-oils from ex situ
catalytic pyrolysis were from 7.47 to 89.92 area% depending on
the reaction conditions, which were signiﬁcantly increased, comparing to that from non-catalytic bio-oil which was composed of
only 0.72 area% aromatic hydrocarbons. The optimum conditions
to achieve the maximum amount of aromatic hydrocarbons was
(WHSV)1 at 0.075 and packed-bed temperature at 375 °C with
0.5% Zn/ZSM-5. These aromatic hydrocarbons were mainly composed of benzene, toluene, xylene, naphthalene, and there derivatives. The phenols in the upgraded bio-oils from ex situ catalytic
pyrolysis were ranged from 6.94 to 29.84 area%, which was more
than that (5.46 area%) from non-catalytic bio-oils. The guaiacols,
which were the most abundant compounds in the non-catalytic
bio-oil, were signiﬁcantly decreased from 44.7 area% in the noncatalytic bio-oil to 0–22.33 area% in the upgraded bio-oils from
ex situ catalytic pyrolysis with Zn/ZSM-5 catalysts.

3.2.3. Chemical composition of upgraded bio-oils
The chemical composition of the bio-oil was investigated by
FTIR (Fig. 4). FTIR identiﬁed chemical bonds and functional groups
in bio-oils which are shown in Table 3. The broad peak between
3200 and 3500 cm1 (OAH stretch) indicated the presence of
alcohols and phenols. The peak of alkyl CAH stretch vibrations
between 2850 and 3000 cm1 indicated the presence of alkane
which was only detected from upgraded bio-oils. The C@O stretch
vibration at 1718 cm1 indicated the presence of carboxylic acids,
aldehydes and ketones [9], which was only detected in non-catalytic bio-oil. The peaks around 1600 cm1 represented aromatic
in-ring C@C stretch were only detected in upgraded bio-oils, which
indicated that the aromatics were produced from catalytic pyrolysis of biomass. The carboxylic acids CAO stretch which vibrated at
1274 cm1 was only detected in non-catalytic bio-oil. The peaks at
1086 cm1 and 1040 cm1 (aromatic in-plane CAH bending), and
878 cm1 (aromatic CAH oop) conﬁrmed the high amount of
aromatic hydrocarbons in the upgraded bio-oils.
In order to further understand the catalyst effect on bio-oil
chemical compositions from close coupled Zn/ZSM-5 catalysis,

3.2.4. The effect of reaction conditions on chemical compositions of
upgraded bio-oils
Using the results of the chemical composition of bio-oils, a ﬁrst
order equation was obtained showing the aromatic hydrocarbons
content (Eq. (6)) as a function of the (WHSV)1 (X1, h) and
packed-bed temperature (X2, °C):

Aromatic Hydrocarbons ¼ 107:51 þ 1316:1X 1 þ 0:24X 2

ð6Þ

The P value of Eq. (6) was 0.0001 < a = 0.05. Thus the linear
model could adequately describe the produced aromatic hydrocarbons. The coefﬁcient of determination (R2) for Eq. (6) was 0.92. This
suggested that the model well represents the relationships among
the variables. The model term b0, X1, X2, were signiﬁcant because
their P values were 0.0001, 0.0001, 0.0011, respectively, which
were smaller than a = 0.05. Increasing the (WHSV)1 and packedbed temperature resulted in the increase of aromatic hydrocarbons
content.
The effect of packed-bed catalysis temperatures on chemical
compositions of upgraded bio-oils was analyzed with a ﬁxed
(WHSV)1 (0.048) as shown in Fig. 6. Using Zn/ZSM-5 as a catalyst,

Fig. 4. FTIR spectra of non-catalytic, ZSM-5 upgraded and Zn/ZSM-5 upgraded bio-oils (the peak numbers correspond to those in Table 3).
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Table 3
Comparison of FTIR functional groups in non-catalytic, ZSM-5 upgraded, Zn/ZSM-5 upgraded bio-oils.
No.

Wave number
range (cm1)

Group

Compound

Non-catalytic
bio-oil

ZSM-5 upgraded
bio-oil

Zn/ZSM-5 upgraded
bio-oil

1
2
3

3200–3500
2850–3000
1718

OAH stretch
CAH stretch
C@O stretch

+

+

+
+


+
+


4
5
6
7
8

1600
1274
1086
1040
878

C@C stretch
CAO stretch
CAH bend
CAH bend
CAH oop

Alcohols, phenols
Alkanes
Carboxylic acids, aldehydes,
ketones,
Aromatic
Acid
Aromatic
Aromatic
Aromatic


+

+


+

+
+
+

+

+
+
+

the aromatic hydrocarbons were increased from 18 to 74 area%
when the packed-bed temperature was increased from 269 to
481 °C; the phenols were ﬁrst increased from 19 area% at 269 °C
to 26.33 area% at 375 °C then decreased to 18.31 area% when the
temperature was 481 °C. As for guaiacols, the content was
decreased from 22 to 0.4 area% when the temperature was increased to 481 °C. The same decreasing trend was also showed
on furans (from 2 to 1 area%).
The effect of (WHSV)1 on upgraded bio-oil chemical composition was analyzed when the packed-bed temperature was ﬁxed at
375 °C (Fig. 7). Using Zn/ZSM-5 as a catalyst, the aromatic hydrocarbon increased from 15 to 89.92 area% with the increase of
(WHSV)1 from 0.021 to 0.075; the content of phenols was ﬁrst increased from 13 area% ((WHSV)1 at 0.021) to 26 area% ((WHSV)1
at 0.048) then decreased to 7 area% with the (WHSV)1 increased
to 0.075. Guaiacols and furans were decreased to almost 0% when
the (WHSV)1 increased to 0.075. At the packed-bed temperature
ﬁxed at 375 °C , the aromatic hydrocarbon content from Zn/ZSM5 catalyst was more than those from ZSM-5 catalyst when the
(WHSV)1 was more than 0.048. Zinc centers probably promote
the initial dehydrogenation and then inﬂuence the subsequent Htransfer reactions [38], which resulted in signiﬁcantly increased
aromatic hydrocarbon content.
Fig. 5. The composition of bio-oils from GC/MS analysis with Zn/ZSM-5 (the serial
numbers correspond to those in Table 2).

Fig. 6. The effect of packed-bed temperature on bio-oil composition ((WHSV)1
ﬁxed at 0.048).

Fig. 7. The effect of (WHSV)1 on bio-oil composition (packed-bed temperature
ﬁxed at 375 °C).

84

L. Wang et al. / Fuel 129 (2014) 78–85

to maintain the functionality of the catalyst by preventing coke formation over protons which was veriﬁed by coking comparison.

4. Conclusions
Zn/ZSM-5 catalyst is an effective catalyst to catalytic cracking of
biomass pyrolysis vapor to aromatic hydrocarbons. The bio-oil
yield decreased while gas yield increased after Zn/ZSM-5 catalysis,
and the water content of bio-oils was higher than that of noncatalytic bio-oils. The syngas was mainly composed of H2, CO,
CO2, CH4, and C2H4. GC/MS and FTIR analysis showed that aromatic
hydrocarbons become the most abundant compounds in the
bio-oil. The packed-bed temperature and (WHSV)1 signiﬁcantly
affected product yield and bio-oil composition.

Acknowledgements
Fig. 8. The comparison of coking of ZSM-5 and Zn/ZSM-5 catalyst on different
reaction conditions.

3.3. The comparison of coking on ZSM-5 and Zn/ZSM-5 catalyst at
different reaction conditions
Fig. 8 shows the comparison of coking on ZSM-5 and Zn/ZSM-5
catalyst at different reaction conditions. It showed that the coking
was increased by long (WHSV)1 and low packed-bed temperature.
And Zn/ZSM-5 had lower coking than ZSM-5 on all the reaction
conditions except packed-bed temperature at 269 °C and
(WHSV)1 at 0.048. This results may be due to the formation of
coking was inhibited by the reduction of the strong acidic sites in
ZSM-5 via the incorporation of Zinc.

3.4. Mechanism analysis for catalytic pyrolysis of Douglas ﬁr pellets
Based on previous description, a mechanism was proposed for
catalysis close coupled with microwave pyrolysis of Douglas ﬁr
pellets. It is known that furfural was obtained through the cleavage
of the bond between OAC5 and ring forming between C2AC5
positions of the main chain of xylan, which is the most abundant
compound in hemicelluloses [39]. Furan was then formed from
decarbonylation of furfural. At the same time, cellulose was
decomposed and dehydrated to form anhydrosugars such as levoglucosan and furans [40]. Then those furans from cellulose and
hemicellulose were converted to intermediates (e.g., cyclohexene
and 3,4-dimethylbenzaldehyde) in the ZSM-5 pores. These
intermediates could then undergo a series of decarboxylation,
decarbonylation, oligimerization, dehydration, and deoxygenation
inside the ZSM-5 pores to form aromatics, coke, light oleﬁns, and
carbon oxides [29].
Lignin was primarily depolymerized and dehydrated to produce
propenyl-guaiacols. Phenols could be generated from demethoxylation reaction of guaiacols. The cleavage of OACH3 bond in guaiacols was veriﬁed by the increase of CH4 in syngas, which was
observed by the GC analyzer. Then aromatic hydrocarbons such
as toluene could be obtained from catalyzed deoxygenation of
phenols.
The Zinc modiﬁed catalyst was prepared using a wet incipient
impregnation method in this study, which resulted in the replacement of a portion of the protons in the ZSM-5 with Zinc ions. The
Zinc ions and Lewis acid newly formed by Zinc implementation
which could stimulate H-atom migration [29] through CAH activation which are used to catalyze the oligomerization of the DF pyrolysis vapor (intermediates) to aromatic hydrocarbons. In addition
to serving as an oligomerization catalyst, the Zinc ions are designed
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