
Vol.:(0123456789)1 3

Waste and Biomass Valorization (2021) 12:3049–3057 
https://doi.org/10.1007/s12649-020-00962-1

ORIGINAL PAPER

Production of High‑Value Chemicals by Biomass Pyrolysis with Metal 
Oxides and Zeolites

Jingzhen Wang1 · Qian Liu1 · Jun Zhou1 · Zuowei Yu1

Received: 26 July 2019 / Accepted: 5 February 2020 / Published online: 20 February 2020 
© Springer Nature B.V. 2020

Abstract 
The catalysis of biomass pyrolysis vapors by metal oxide and zeolite was proposed to produce high-value chemicals. Metal 
oxides CaO and  Al2O3 exhibited strong reactivity with acids and phenols with methoxyl. Acetic acid was reduced by 65.2% 
and 23.3% under CaO and  Al2O3 catalysis, respectively, whereas guaiacols decreased by 40.4% and 27.6%, respectively. The 
neutralization with acids and the catalytic effect on the oxygenate groups were the main reactions of CaO, while deoxygena-
tion on Lewis sites mainly occurred during the catalyzation by  Al2O3. Since the vapors were cracked into low molecular com-
pounds, the combination of CaO and microporous HZSM-5 showed a promotion effect on generating aromatic hydrocarbons, 
with 56.0% and 44.7% increases of benzene and toluene, respectively. A dual catalyst composed of CaO and mesoporous 
Al-MCM-41 exhibited a promotion of phenols, furans, etc., due to its large pores, which permitted more vapor to react at 
acid sites. The enhancement of phenols and furans was 81.2% and 8.78%, respectively. At last, the optimal temperatures for 
the two dual catalysts, CaO and HZSM-5 and CaO and Al-MCM-41, were 800 °C and 700 °C, respectively.
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Statement of Novelty

In the present study, the dual catalysts of metal oxides 
and zeolites were employed to enhance the yields of high-
value chemical compounds like aromatics and phenols. For 
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different catalyst combination, the reaction mechanism and 
product distribution were discussed in detail, and the optimal 
operating conditions were obtained. During the catalytic fast 
pyrolysis of biomass, the formation of coke would cause 
block and deactivation of the catalyst, and the generation of 
target products were suppressed as well. With the catalysis 
of macroporous metal oxide, the pyrolytic vapors could be 
cracked into lower molecular compounds firstly, and then 
passed through the pores of zeolite molecular sieves to crack 
into aromatics, phenols, etc., so that the yields of target prod-
ucts were enhanced. Due to the low cost and accessibility of 
the dual catalyst like CaO and HZSM-5, the proposed cata-
lyst could be a promising technique for industry application.

Introduction

For the promotion of renewable energy, scholars all over the 
world have conducted extensive and in-depth research on 
topics such as solar energy [1] and wind energy [2]. How-
ever, the accumulation of waste biomass remains a major 
obstacle to reducing the ecological footprint of many indus-
tries. Agriculture and forestry play a pivotal role in China’s 
economic development, and the annual waste biomass has 
reached as high as 487 million tons. Common treatments for 
biomass include direct combustion [3], compression mold-
ing [4], biogas fermentation [5], gasification [6], pyrolysis 
[7], and biodiesel [8]. In these technologies, pyrolysis is a 
promising method that can produce liquid, gas and solid 
products simultaneously, especially the high-grade alterna-
tive liquid fuels and valuable chemical raw materials. Many 
scholars have investigated the pyrolytic kinetic mechanism 
and product distribution of waste such as end-of-life tires 
[9, 10], metal-contaminated oil waste [11], printed circuit 
boards [12], and polymeric compounds [13, 14]. Recently, 
new pyrolysis ways like microwave-activation pyrolysis were 
also proposed [15]. One study focused on different feed-
stocks, like plant acidified oil degraded from soap stock [16], 
and reported the different characteristics of the raw materials 
and the bio-oil components. With this approach, the obtained 
bio-oil can be stored and transported appropriately, with the 
heat value reaching about half that of gasoline. It was found 
that bio-oil can be further refined to generate high-value 
chemicals, like phenols and aromatic hydrocarbons, which 
are important raw materials for the chemical industry.

However, there are a number of oxygenates in bio-oil, 
including acids, aldehydes, and ketones. Because of the 
high oxygen content, the heat value of bio-oil is only half 
that of gasoline. The reactions between aldehydes and 
ketones will cause aging to shorten the service life [17]. 
Many scholars have investigated different ways to refine 
bio-oil, including catalytic hydrogenation [18] and catalytic 
cracking [19, 20]. Noble metals, like Pt and Pd, are often 

used as catalysts for catalytic hydroprocessing. The main 
drawbacks of this technology are the need for  H2 and the 
high operating pressure, indicating potential safety issues 
for industrialization. Recently, Hoda et al. [21] proposed 
an improved hydrogenation method employing 2-proponal 
as the hydrogen source, which reduced the cost and safety 
risks. However, a relatively high pressure of  N2 was still 
indispensable for the inert environment. Catalytic cracking 
mainly employs porous catalysts, which are inexpensive and 
readily available. The operating condition, though, is an inert 
environment at constant pressure, indicating a higher secu-
rity requirement for industrial applications. Zeolites have 
been investigated extensively due to their great deoxidization 
capacity. HZSM-5 is a microporous material, and its deoxy-
genation effect has been demonstrated by many researchers. 
The catalytic pyrolysis of poplar with HZSM-5 revealed that 
the selectivity of toluene and xylene was increased from 0.6 
and 0.54% to 38.15 and 28.46%, respectively [22]. For a 
higher yield of aromatics and better anti-coking ability, more 
attention was focused on the modification of HZSM-5. The 
catalyst modified by transition metals, such as Ni [23, 24], 
Zn [25], and Fe [26], was found to generate more aromatic 
hydrocarbons due to the load of strong Brønsted sites. How-
ever, the limited pores prevented large-molecular oxygen-
ates from entering, which affected the catalytic efficiency to 
some extent. The large molecular compounds also concen-
trated outside the catalyst and formed coke, which shortened 
the catalyst’s life. Mesoporous catalysts, like MCM-41 [27] 
and SBA-15 [28], have also been employed to generate aro-
matics and phenols. The large pores made it easier for the 
molecules to get through, so less coke was formed in the 
catalyst. However, the deoxidization capability of MCM-
41 was worse than HZSM-5 since the decarboxylation of 
long-chain compounds in the pores formed more ketones, 
aldehydes, etc., which increased the oxygen content [29].

Metal oxides, which are common and inexpensive cata-
lysts, were also evaluated extensively for their capability 
of reducing oxygen. Zou et al. [30] employed  Al2O3, MgO, 
 Ga2O3, etc., to reform the pyrolysis steam from cellulose 
and found that decarboxylation and decarbonization were 
promoted, which removed the acids and aldehydes and 
reduced the oxygen content. Another alkali metal catalyst, 
CaO, could exhibit different characteristics under different 
conditions. According to Chen et al. [31], when the mass 
ratio of CaO to reactant was lower than 0.2, decarboxyla-
tion dominated the reaction, which released more  CO2 and 
calcium carboxylate ((RCOO)2Ca), and further decom-
posed to ketones. By increasing the amount of catalysts, 
more esters would be catalyzed to generate hydrocarbons. 
The fluidized-bed pyrolysis conducted by Yuan et al. [32] 
concluded that, with a 30 wt% addition of CaO, the pH of 
bio-oil could be raised from 2.4 to 4.4, and most acids and 
ketones could be removed. Wang et al. [33] also compared 
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the mesoporous catalyst MCM-41 with CaO in terms of 
their deoxygenation effects. It was found that decarboni-
zation mainly occurred on MCM-41, and decarboxylation 
mainly occurred on CaO. The carbonyl compounds and 
acids were reduced by 10.2% and 75.88%, respectively. 
However, the reaction between CaO and acids to form 
(RCOO)2Ca was exothermic [31], and a high temperature 
would affect the reaction negatively.

To reduce the oxygen content, selectively produce high-
value chemicals, and prolong the service life of the cata-
lyst, a metal oxide combined with a zeolite catalyst was 
also proposed.  Fe2O3/ZSM-5 prepared by metal–organic 
chemical vapor deposition showed an excellent deoxy-
genation ability to generate phenolic and aromatic 
hydrocarbons [34], although a mechanical combination 
could exhibit similar effects and lower the cost. Che [35] 
mechanically combined HZSM-5 with CaO and  Al2O3 in 
turn and found that the selectivity of xylene and toluene 
was increased by 15.9% and 18.3%, respectively. Although 
the combination of metal oxides and microporous catalysts 
has been studied, research on the combination of metal 
oxides with mesoporous catalysts to form dual catalysts is 
much more limited. Hence, the reaction mechanisms and 
product distributions of such catalysts are also needed for 
a comprehensive evaluation. In the present study, Pyroly-
sis-gas chromatography/mass spectrometry (Py-GC/MS) 
was employed for catalytic pyrolysis experiments, and 
both single catalysts and dual catalysts of metal oxides 
and zeolite were used for comparison. The generation of 
specific chemicals, such as phenols and aromatics, was 
discussed in detail.

Material and Methods

Material

The biomass sample for catalytic pyrolysis was cedarwood 
provided by a local furniture factory. After being sieved with 
a 200-mesh sieve (< 0.95 μm), the feedstock was dried up 
at 80 °C for 24 h. The ultimate analysis was conducted on 
the varioELcube element analyzer, where Duma’s combus-
tion dynamic method was employed. The proximate analysis 
was performed in a muffle furnace according to GB/T28731-
2012. The heat value was determined with a SDACM3100 
Bomb Calorimeter (HunanSundy Science and Technology 
Co., Ltd.). The results are listed in Table 1. Metal oxide 
catalysts CaO and  Al2O3 were purchased from Zhiyuan 
Co., Ltd., and Antai Co., Ltd., respectively. Microporous 
HZSM-5 (Si/Al ratio = 25) and mesoporous Al-MCM-41 
(Si/Al ratio = 30) were produced by Nankai Catalyst Co., 
Ltd. The properties of these catalysts are listed in Table 2. 
All the catalysts and biomass samples were dried overnight.

Py‑GC/MS Experiment

All pyrolysis experiments were conducted in the Py-GC/
MS, which included a CDS5200 pyrolyzer and an Agilent 
GC/MS (GC: 7890B, MS: 5977B). For single metal oxide 
catalytic pyrolysis, the sample was separated from the cat-
alyst with quartz wool, like a conventional placement. In 
contrast, for the dual catalyst composed of metal oxide and 

Table 1  Properties of cedarwood

a By difference

Properties

Proximate analysis (wt%, wet basis)
 Moisture 7.96
 Volatile matter 74.75
 Fixed carbon 13.34
 Ash 3.95

Ultimate analysis (wt%, dry basis)
 C 44.70
 H 4.78
 Oa 48.78
 N 0.09
 S 1.65

Heat value (MJ/kg) 17.17

Table 2  Properties of catalysts

The particle size of catalysts was all < 5 μm

Catalysts SBET  (m2/g) VTotal  (cm3/g) Average 
pore size 
(nm)

HZSM-5 393.20 0.18 1.80
Al-MCM-41 714.59 0.49 2.77
CaO 3.11 0.01 12.02
Al2O3 6.21 0.02 13.43

Fig. 1  Placement of the catalyst and biomass in the quartz filler tube
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zeolite, the sample was set up as shown in Fig. 1 to prevent 
the alkaline metal oxides from destroying acid sites on the 
zeolite [35]. In each run of the experiment, 0.3 ± 0.02 mg of 
cedarwood, 0.3 ± 0.02 mg of metal oxide, and 1.5 ± 0.05 mg 
of zeolite were used.

In the pyrolyzer, the sample was heated at a rate of 
20 °C∙ms−1 to the target temperature with a hold time of 
20 s. The generated pyrolytic vapors were then directly 
carried into GC/MS through a transfer line by Helium 
(99.999%). To avoid the condensation of condensable 
vapors, the transfer line was kept at 300 °C. In the GC oven, 
different products were separated by a HP-5 ms capillary 
column (30 m × 250 μm × 0.25 μm) with a split ratio of 1:60. 

The GC oven was kept at 40 °C for 2 min, and then the 
temperature rose to 280 °C in 24 min and stayed at that 
temperature for 1 min. The mass spectra were operated in 
electron ionization (EI) mode at 70 eV and obtained from 45 
to 550 m/z. Since the response values of different products 
in GC/MS are inconsistent, a semi-quantitative method was 
adopted in this paper, that is to say, the absolute peak area 
of the same substance was compared to determine the yield. 
To assure the accuracy and reliability of the results, each run 
was repeated three times.

Results and Discussion

Catalytic Pyrolysis with Metal Oxides

The pyrolysis of cedarwood catalyzed with metal oxide 
CaO and  Al2O3 was conducted by Py-GC/MS under 600 °C. 
According to the total ion chromatography (Fig. 2), the prod-
ucts detected are listed in Table 3. The production of chemical 
compounds with oxygen-containing groups, like acids, alde-
hydes, and phenols with methoxyls, was suppressed. Com-
pared to the non-catalyzed experiment, the removal of acetic 
acid as a result of catalysis by CaO and  Al2O3 was 65.2% and 
23.3%, respectively, while for furfural, the removal was 24.7% 
and 5.2%, respectively. In general, alkali metal oxide CaO 
removed more acids and aldehydes than  Al2O3. CaO is widely 
used in biomass gasification for its excellent capacity for the 
crack of tar and the absorption of  CO2 [36]. During pyrolysis, 
the generated acids might react with the CaO through neutrali-
zation [31–33], in which the carboxyl on the acids would be 

Fig. 2  Total ion chromatographs of biomass catalytic pyrolysis with 
different metal oxides. a Blank. b With  Al2O3. c With CaO

Table 3  Products of biomass 
catalytic pyrolysis with metal 
oxides

No Retention 
times (min)

Compounds Absolute peak area (a.u*s)

Blank With  Al2O3 With CaO

1 2.32 2-Propenal 1.62 × 107 1.60 × 107 1.99 × 107

2 2.52 1,3-Cyclopentadiene 5.05 × 106 4.92 × 106 6.48 × 106

3 2.80 Pentanedioic acid 1.59 × 107 1.38 × 107 8.46 × 106

4 3.14 Acetic acid 3.10 × 107 2.38 × 107 1.08 × 107

5 3.40 2-Butenal 1.18 × 107 1.04 × 107 9.03 × 106

6 3.68 1-Hydroxy-2-propanone 1.51 × 107 1.53 × 107 6.83 × 106

7 4.12 2-Methyl-butanal 1.29 × 107 1.30 × 107 1.13 × 107

8 5.30 1,2-Cyclopentanediol, trans- 3.37 × 107 2.27 × 107 2.23 × 107

9 6.43 Furfural 3.65 × 107 3.46 × 107 2.75 × 107

10 10.46 2-Hydroxy-cyclopentadecanone 1.39 × 107 5.59 × 106 5.82 × 106

11 11.53 Guaiacol 6.44 × 107 4.66 × 107 3.84 × 107

12 13.04 Creosol 3.51 × 107 1.41 × 107 1.56 × 107

13 14.34 4-Ethyl-2-methoxy-Phenol 1.74 × 107 4.21 × 106 2.93 × 106

14 14.88 2-Methoxy-4-vinylphenol 3.99 × 107 2.43 × 107 1.61 × 107

15 15.52 Eugenol 1.86 × 107 9.96 × 106 6.02 × 106

16 16.18 Vanillin 7.21 × 106 3.60 × 106 2.61 × 106

17 17.40 1-(2-Hydroxy-4-methoxyphenyl)-ethanone 5.10 × 106 5.10 × 106 2.36 × 106
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converted to calcium carboxylate ((RCOO)2Ca) and further 
decomposed into ketones and calcium carbonate  (CaCO3), as 
shown in Eqs. (1) and (2). However, it is also possible for 
CaO to act as a catalyst during the decarboxylation of acids, 
which would generate more hydrocarbons as shown in Eq. (3) 
[35, 37]. Due to the basic center on the surface of CaO, the 
phenolic hydroxyl of lignin would lose hydrogen ions, which 
would accelerate the degradation of the ether bond in the 
lignin structure [38]. The phenolic hydroxyl, methoxyl, and 
other unsaturated groups on the single phenol would further 
be removed with the addition of CaO [37], so the yields of 
guaiacols and eugenols were decreased as shown in Table 3. 
After catalyzation, the oxygen content was decreased while 
the (H/C)eff could be increased effectively. Some researchers 
[39] also pointed out that the decarbonylation of phenols could 
be catalyzed by CaO with the oxygen removed in the form of 
CO. The mild acidity of  Al2O3 was attributed to the Lewis 
sites covering it, which could accelerate the deoxygenation, 
although not as well as CaO [30]:

(1)CaO + 2R-COOH → (RCOO)
2
Ca + H

2
O

(2)(RCOO)
2
Ca → CaCO

3
+ R-COR

Catalytic Pyrolysis with Metal Oxides and Zeolites

Effects of Different Dual Catalysts

During the dual-catalyst experiment, the pyrolysis vapors 
passed through the metal oxides and zeolites in turn, and the 
two reforming processes exhibited great effects on the final 
yields of products, as shown in Table 4. Both the micropo-
rous HZSM-5 and mesoporous Al-MCM-41 showed posi-
tive effects on the promotion of aromatics, while the yields 
of aromatics for HZSM-5 were higher than those for Al-
MCM-41. HZSM-5 had excellent deoxidation capability and 
higher selectivity to the aromatics than Al-MCM-41. Among 
one of the three main components, lignin was composed of 
three kinds of phenylpropane units, which were connected 
through a variety of C–O and C–C bonds. The spatial struc-
ture and aromaticity of lignin made it able to be converted 
into aromatics to enhance the chemical value [40]. Lignin 
was first decomposed into phenols under heating, and the 
secondary reactions took place when the products entered 
the pores of catalysts. The strong Brønsted sites located in 

(3)R-COOH
CaO

⟶CO
2
+ RH

Table 4  Products of biomass catalytic pyrolysis with metal oxides and zeolites

ND not detected

Compounds Absolute peak area (a.u*s)

Blank HZSM-5 Al-MCM-41 Al2O3 and HZSM-5 CaO and HZSM-5 Al2O3 
and Al-
MCM-41

CaO & Al-MCM-41

Aromatics
 Benzene 5.69 × 106 6.86 × 107 1.52 × 107 1.07 × 108 1.07 × 108 1.93 × 107 2.21 × 107

 Toluene 1.33 × 107 2.17 × 108 3.02 × 107 3.06 × 108 3.14 × 108 2.96 × 107 3.62 × 107

 Ethylbenzene 4.66 × 106 1.04 × 107 6.52 × 106 1.76 × 107 1.75 × 107 5.54 × 106 6.79 × 106

 p-Xylene 7.57 × 106 2.08 × 108 2.99 × 107 2.64 × 108 2.97 × 108 2.58 × 107 3.27 × 107

 Indane ND 4.33 × 106 2.78 × 106 6.81 × 106 6.44 × 106 3.50 × 106 3.00 × 106

 Indene 3.89 × 106 1.36 × 107 7.35 × 106 2.57 × 107 2.39 × 107 7.68 × 106 8.86 × 106

 Naphthalene ND 9.54 × 107 1.80 × 107 1.54 × 108 1.76 × 108 2.17 × 107 2.06 × 107

 2-Methyl-naphthalene ND 5.47 × 107 1.76 × 107 1.32 × 108 1.82 × 108 2.96 × 107 3.34 × 107

Phenols
 Phenol 6.49 × 106 ND 5.63 × 106 ND ND 8.45 × 106 1.02 × 107

 3-Methyl-phenol 4.00 × 106 ND 5.69 × 106 ND ND 8.97 × 106 6.79 × 106

 Guaiacol 2.47 × 107 1.18 × 107 1.82 × 107 1.26 × 107 2.05 × 107 1.08 × 107 1.53 × 107

Others
 2-Butene 1.83 × 107 2.36 × 107 3.92 × 107 3.50 × 107 3.92 × 107 3.33 × 107 3.88 × 107

 Furan 4.12 × 107 1.74 × 107 6.49 × 107 2.25 × 107 2.32 × 107 5.79 × 107 7.06 × 107

 2-methyl-Furan 1.67 × 107 5.60 × 106 3.10 × 107 7.79 × 106 ND 2.68 × 107 3.10 × 107

 Acetic acid 1.71 × 107 ND ND ND ND ND ND
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the channel of HZSM-5 would promote the dehydroxylation, 
demethylation, etc., to convert the phenols into aromatic 
hydrocarbons [41, 42]. For holocellulose, the decomposed 
product monosaccharide would be converted into furan and 
other low molecular oxygenates like aldehydes and ketones, 
as Wang et al. [43] proposed. HZSM-5 would accelerate 
the decarbonization of furans to aliphatic hydrocarbons and 
finally convert these hydrocarbons into aromatics during 
aromatization. The weak aromatization and hydrodeoxy-
genation capability of the mesoporous catalyst resulted in 
the lower yield than HZSM-5. However, due to the limited 
pore size of HZSM-5, the yields of phenols and furans were 
lower than those of Al-MCM-41. The large pore size of the 
mesoporous catalyst would let more long-chain compounds 
arrive at the acid sites,thus, decarbonization, dehydration, 
etc., would happen on these C=O and C–C bonds to generate 
more phenols, olefins, and furans. Specifically, the phenol 
and methyl phenol were not detected during the catalytic 
pyrolysis when HZSM-5 was employed, which could be 
attributed to the limited amounts of guaiacols getting into 
the pores and the strong hydrodeoxygenation ability to con-
vert these into aromatics.

When cedarwood was catalyzed by the dual catalyst, 
due to the difference between the two zeolite catalysts, the 
continuous reforming process exhibited different effects. 
According to Fig. 3, the aromatics’ yields were dramati-
cally increased when the metal oxide and HZSM-5 were 
employed. Compared with the single HZSM-5, the yields 
of benzene, toluene, and xylene with  Al2O3 and HZSM-5 
were increased by 56.0%, 41.0%, and 26.9%, respectively, 
and the increased yields with CaO and HZSM-5 were 56.0%, 
44.7%, and 42.8%, respectively. As a result, the obtained 

bio-oil exhibited a high yield for the aromatic hydrocar-
bons. In detail, CaO and HZSM-5 showed a better promo-
tion effect on the final aromatics’ yields. When Al-MCM-41 
was employed, the yields of the aromatics were far less 
than those of HZSM-5. As discussed in section “Catalytic 
Pyrolysis with Metal Oxides”, the advance catalyzation by 
the metal oxide effectively reduced the length of the com-
pounds, which would make more small molecules be cata-
lyzed on the strong Brønsted sites. Meanwhile, the generated 
olefins and ketones would also experience aromatization in 
the channel of HZSM-5 [44, 45]. However, the production 
of polycyclic aromatics was also promoted, which could 
be attributed to the reactions between monocyclic aromat-
ics and oxygenates on the outer acid sites of the catalyst. 
Regardless of the aromatics’ yield, with the mesoporous 
catalyst, more phenols and furans were produced, as shown 
in Fig. 4. The deoxidation of the oxygen-containing groups 
of guaiacols was greatly accelerated when the metal oxide 
and Al-MCM-41 functioned as a dual catalyst, especially for 
CaO; thus, the phenol and methyl phenol’s yields exhibited 
increases of 81.2% and 19.3%, respectively, compared with 
the single Al-MCM-41 catalyzation. During the experiment, 
the wide pores of CaO allowed more glucosan and other 
polysaccharides to be exposed to the reaction site on Al-
MCM-41. With Al substituting for Si in the structure, sites 
with negative charges form and attract protons; thus, reac-
tions between vapors and catalysts take place [46]. As He 
et al. [47] pointed out, MCM-41 showed a positive effect on 
the hydrolysis of cellulose, which would also explain the 
8.78% increase of furan in this work. Lewis sites located 
on  Al2O3 might cause further reaction of furan, and the 

Fig. 3  Aromatics’ yields with different catalysts Fig. 4  Phenols and furans’ yields with different catalysts
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yield could be affected by these further reactions, which 
was consistent with the result in Table 4. When it comes 
to acetic acid, the low yield made it difficult to be detected, 
and undoubtedly the decarboxylation capability of the dual 
catalyst was verified.

Effects of the Temperature

Temperature would affect the catalyzation reaction greatly, 
and the yields of products by CaO and HZSM-5 and CaO 
and Al-MCM-41 catalysis are exhibited in Fig. 5. According 
to section “Effects of Different Dual Catalysts”, benzene, 
toluene, xylene, naphthalene, and 2-methyl-naphthalene 
were selected as the characteristic products with the CaO 
and HZSM-5 catalyst, whereas butene, furans, and methyl 
phenols were chosen for the CaO and Al-MCM-41 catalyst. 
From Fig. 5a, when the temperature increased from 600 to 
800 °C, all aromatics experienced an increase, and the high-
est yield was achieved at 800 °C. When the temperature 
kept rising to 900 °C, the yield of all products decreased, 
although toluene and p-xylene were reduced more seriously. 
A high temperature might cause further decomposition of 
the products, and the catalyst’s pore structure would also be 
destroyed under such a harsh environment. However, the 
optimal temperature for another dual catalyst was 700 °C, as 
shown in Fig. 5b. Compared with the microporous HZSM-5, 
the hydrothermal stability of Al-MCM-41 was worse, so a 
high temperature was not appropriate for the reaction in the 
mesoporous catalyst [48]. Moreover, the generation of furans 
and phenols might need lower temperatures than aromatics 
since the production of aromatics was a further reaction. 
To conclude, the optimal reaction temperature for produc-
ing the main characteristic products with CaO and HZSM-5 

and CaO and Al-MCM-41 catalysts was 800 °C and 700 °C, 
respectively.

Conclusion

In order to selectively produce high value-added chemicals 
or high-quality oxygenated liquid fuels, and prolong the ser-
vice life of the catalyst, the duel catalysts of metal oxides 
and zeolites, viz. CaO and HZSM-5, CaO and Al-MCM-41, 
 Al2O3 and HZSM-5 and  Al2O3 and Al-MCM-41 were stud-
ied in comparison with single zeolite catalyst. Pyrolysis-
Gas Chromatography/Mass Spectrometry (Py-GC/MS) was 
employed for catalytic pyrolysis experiments. The genera-
tion of specific chemicals, such as phenols and aromatics, 
were discussed in detail.

The dual catalysts, CaO and HZSM-5 and CaO and Al-
MCM-41, exhibited different effects on the promotion of 
high-value chemicals during catalytic fast pyrolysis, and are 
better than the other two dual catalysts with  Al2O3. CaO and 
HZSM-5 increased benzene production by 56.0% and tolu-
ene by 44.7%, and the optimal temperature was 800 °C. CaO 
and Al-MCM-41 increased the yield of phenol and furan by 
81.2% and 8.78%, respectively, and the optimal temperature 
was 700 °C. It was proved that the two dual catalysts have 
the potential to convert biomass feedstock into significant 
industrial chemicals and relieve the pressure on fossil fuels 
in the chemical industry.

In further study, experiments will be carried out on flu-
idized bed devices, and the scale-up of the device and the 
comprehensive use of gas, liquid and solid products will 
be considered to make it more economical. For a scaled-up 
application, it will be necessary to conduct a comprehensive 

Fig. 5  Yields of characteristic products at different temperatures
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assessment on the service life of the catalysts, and an eco-
nomic feasibility analysis on the system will be carried out.
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