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Abstract 16 

  A series of metal oxides including ZrO2/γ-Al2O3, CeO2/γ-Al2O3, and ZrO2-CeO2/γ-17 

Al2O3 were synthesized and employed to conduct catalytic fast pyrolysis of bamboo 18 

sawdust via an analytical pyrolyzer-gas chromatograph/mass spectrometer (Py-GC/MS) 19 

to produce hydrocarbon precursors such as ketones and furans. Experimental results 20 

illustrated that the use of metal oxides enhanced the formation of ketones and 21 

monoaromatic hydrocarbons compared to catalyst-free trial. Among the metal oxides, 22 

ZrO2-CeO2/γ-Al2O3 exhibited the most significant ketonization and aldol condensation 23 
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activities yielding the highest concentration of linear and cyclic ketones. In addition, 24 

non-acidic oxygenates such as furfural, acetol, butanedial, 2,3-dihydrobenzofuran and 25 

methyl acetate, were efficiently converted into hydrocarbon precursors over metal 26 

oxides. A dual catalytic bed system integrating ZrO2-CeO2/γ-Al2O3 and HZSM-5 27 

significantly facilitated the production of aromatic hydrocarbons compared to pure 28 

HZSM-5 catalytic run. The use of ZrO2-CeO2/γ-Al2O3 mixed with HZSM-5 mode 29 

maximized the formation of xylenes, while ZrO2-CeO2/γ-Al2O3 mixed with bamboo 30 

sawdust catalytic trial increased the concentration of benzene, toluene, and 31 

alkylbenzenes.  32 

Key words 33 
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Introduction 36 

The continued consumption of limited fossil fuel reserves at an increasing rate along 37 

with environmental concerns has motivated many researchers to develop renewable 38 

alternatives. Lignocellulosic biomass is a carbon-neutral energy source that is widely 39 

available for the production of liquid fuels (i.e., biofuels) and other value-added 40 

chemicals 1-3. Fast pyrolysis of biomass is an active field of research directed at yielding 41 

a viable biofuel resource. It is now well known that this bio-oil is a complex mixture of 42 

oxygenates which needs chemical upgrading to minimize oxygen functionality as these 43 

groups detrimentally impact fuel properties such as corrosivity, ignition point, 44 

hydrocarbon solubility and other fuel properties 4-6. Although hydro-treatments can 45 

deoxygenate pyrolysis oils, the costs associated with this process are prohibitively high 46 

hence research studies have shifted to alternative catalytic deoxygenation routes to yield 47 

upgraded hydrocarbon fuel alternatives 7-9.  48 

Among the strategies used to upgrade pyrolysis oils, direct catalytic upgrading over 49 

metal oxides and/or acidic zeolites to produce renewable drop-in hydrocarbon 50 
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precursors provides a promising thermochemical approach as it could relieve the 51 

intensive hydrogenation conditions during hydrodeoxygenation (HDO) process 52 

compared to non-catalytic bio-oil 10. In particular, converting pyrolytic primary 53 

oxygenates into monofunctional rich intermediates such as alkylphenols, furans and 54 

ketones, has received considerable attention 7, 11-15. Mullen et al. 7 studied the role of 55 

potassium exchange in catalytic pyrolysis of biomass over ZSM-5, and experimental 56 

results indicated that the use of modified K/ZSM-5 provided a ~3-4-fold increase in the 57 

yields of alkylphenols and 2-methylfuran compared to noncatalytic and HZSM-5 58 

catalyzed runs. Bohre et al. 13 investigated the upgrading of 5-hydroxymethylfurfural 59 

to C9 and C11 fuels over Zr(CO3)x, and they found that the product mixture contained 60 

almost 92% C9–aldol products.  61 

Concerning the formation of ketones during catalytic fast pyrolysis of biomass, it is 62 

well known that ketonization and aldol condensation reactions over metal oxides are 63 

attractive as a means of promoting C-C coupling reactions with the removal of oxygen 64 

via dehydration 16-17. A number of metal oxides, such as TiO2, ZrO2, and CeO2, have 65 

been examined extensively in the HDO process to convert acids into ketones 17-22. In 66 

contrast, direct conversion of other primary pyrolytic oxygenates such as aldehydes and 67 

esters into ketones has received far less attention, in particular for a one-step catalytic 68 

upgrading process at ambient pressure in the absence of external H2. Additionally, the 69 

total yield of carboxylic acids obtained in the pyrolysis of lignocellulosic biomass is 70 

~3-6 wt% 23, hence converting other non-acidic primary oxygenates into ketones is 71 

essential to achieve ketone rich hydrocarbon precursors. In this case, Mante et al. 8 72 

conducted catalytic fast pyrolysis of sugar maple over a series of metal oxides via an 73 

analytical Py-GC/MS, and it was found that cerium-based oxides were effective in the 74 

conversion of primary pyrolytic vapors into ketones. They also observed that non-acidic 75 

oxygenates such as hydroxyacetaldehyde could be transformed into ketones over pure 76 

CeO2. However, the effect of metal oxides on the formation of furans, and subsequent 77 

conversion of ketonic intermediates into aromatic hydrocarbons over acidic zeolites by 78 

a one-step process have not been examined. Furthermore, pure CeO2 has a relatively 79 

small surface area (~81 m2/g for meso-CeO2) which might hinder the ketonization and 80 
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aldol condensation reactions regarding catalytic upgrading of lignocellulosic biomass 81 

24-25, and this effect could be minimized using a catalyst support. 82 

In this study, a number of metal oxides, including ZrO2/γ-Al2O3, CeO2/γ-Al2O3 and 83 

ZrO2-CeO2/γ-Al2O3 were synthesized and characterized, and then were initially used to 84 

conduct catalytic fast pyrolysis of bamboo sawdust via an analytical Py-GC/MS to 85 

produce ketonic rich hydrocarbon intermediates. In addition, conversion of furfural into 86 

furans and transformation of other non-acidic oxygenates into ketones were also studied. 87 

Finally, a dual catalytic bed system was examined using ZrO2-CeO2/γ-Al2O3 and 88 

HZSM-5 to further convert hydrocarbon precursors into aromatic hydrocarbons by a 89 

one-step process.  90 

Experimental 91 

Materials 92 

Bamboo sawdust was obtained from Huzhou, Zhejiang province, China. The samples 93 

were ground and sieved with a 100 screen mesh (~0.15 mm), and then were dried at 94 

105 oC for 24 h prior to conducting catalytic fast pyrolysis experiments. The ultimate 95 

analysis of bamboo sawdust was conducted by Vario EL II elemental analyzer 96 

(Germany), and the results were shown in Table 1. 97 

Table 1. Ultimate analysis of bamboo sawdust 98 

Ultimate analysis a (%) C H Ob N S 

Bamboo sawdust 51.5 6.1 42.1 0.2 0.1 

a dry-ash free basis; b by difference; 99 

HZSM-5 zeolites (SiO2/Al2O3=46) were provided by the Catalyst Plant of Nankai 100 

University, Tianjin, China. The physicochemical properties are shown in Table S1. All 101 

the chemicals used in the synthesis of metal oxide catalysts including Al(NO3)3·9H2O, 102 

ZrO(NO3)2·5H2O and Ce(NO3)3·6H2O, were supplied by Nanjing Chemical Reagent 103 

Co. Ltd.  104 
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Catalyst preparation 105 

The metal oxide catalysts were prepared according to a literature precipitation 106 

method 26. For a typical run, 29.4 g Al(NO3)3·9H2O and 3.5 g ZrO(NO3)2·5H2O were 107 

dissolved in deionized water under vigorous stirring conditions and ultrasonicated at 35 108 

oC for 45 min. A NH4HCO3 solution (10.0 wt%) was used to adjust the pH of aqueous 109 

solution (~8.5), and the resulting white precipitate was filtered and washed with DI 110 

water. Finally, the obtained samples were dried at 110 °C for 10 h, and then were 111 

calcined at 500 °C for 4 h in a muffle furnace. The finished catalyst ZrO2/γ-Al2O3 was 112 

labeled as ZrO2/A with 20 wt% ZrO2. In addition, γ-Al2O3, CeO2/γ-Al2O3 and ZrO2-113 

CeO2/γ-Al2O3 with 8 wt% CeO2 (using Ce(NO3)3·6H2O) were produced by the same 114 

procedure as described above. CeO2/γ-Al2O3 and ZrO2-CeO2/γ-Al2O3 were labeled as 115 

CeO2/A and ZrO2-CeO2/A, respectively.  116 

Catalyst characterization 117 

The powder X-ray diffraction (XRD) patterns were conducted by Bruker D8 Focus 118 

using CuKα radiation with a step of 0.02 at a current of 40mA and a voltage of 40 kV. 119 

The scanning range of 2θ was from 5o to 90o with a 10 min-1 scanning rate. To measure 120 

the surface properties and pore characteristics of synthesized metal oxide catalysts, 121 

nitrogen adsorption–desorption isotherms were conducted by a ASAP2400 122 

(Micromeritics, USA) adsorption instrument with N2 at 77K. The surface area of 123 

synthesized metal oxide was calculated by BET method, and the pore size and pore 124 

volume were calculated using the BJH method 26.  125 

Experimental methods 126 

A CDS analytical Pyroprobe 5200 pyrolyzer was used to conduct catalytic fast 127 

pyrolysis of bamboo sawdust, and the pyrolytic chemicals were identified in a 128 

connected gas chromatography/mass spectrometry (GC/MS, 7890A/5975C, Agilent). 129 

For a typical run, 1 mg (± 0.01 mg) powdered bamboo sawdust was loaded into an 130 

open-ended quartz tube (20 mm in length and 2 mm in diameter), and catalyst to 131 
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biomass mass ratio was kept at 2:1 to ensure enough retention time of pyrolytic vapors 132 

in the catalyst bed. Moreover, two catalyst beds around biomass feedstocks were used 133 

because pyrolysis vapors leave from both sides of the quartz tube and both catalyst beds 134 

participated in catalytic reactions of pyrolysis vapors27. The pyrolyzer was heated at 20 135 

oC/ms to 600 oC and then was held for 20 s. High pure analytical helium (99.999%) was 136 

used as inert gas for pyrolysis and carrier gas for GC/MS. Detailed information and 137 

reaction conditions of Py-GC/MS could be found in Figure S1 and elsewhere 28-29. The 138 

identification of pyrolytic compounds was conducted by comparing mass spectra with 139 

the NIST MS library database, and total ion chromatogram (TIC) area of chromatogram 140 

peaks was used to analyze the relative concentration of identified products, which is the 141 

same methodology as recently reported by Lu et al. 30 and Sebestyén et al. 31. 142 

HZSM-5 zeolites and ZrO2-CeO2/γ-Al2O3 were used to form a dual catalytic bed 143 

system. Three different catalytic modes were explored as shown in Figure 1. 144 

Specifically, Mode I was a sequential catalytic run, HZSM-5 and ZrO2-CeO2/γ-Al2O3 145 

were separately placed in the quartz tube, and pyrolytic vapors were first catalyzed by 146 

ZrO2-CeO2/γ-Al2O3 to produce hydrocarbon precursors, and then the obtained 147 

intermediates were sequentially aromatized by HZSM-5. Concerning Mode II, HZSM-148 

5 and ZrO2-CeO2/γ-Al2O3 were mixed thoroughly before each experiment, and 149 

pyrolytic volatile matters were simultaneously catalyzed by the catalyst blends. Finally, 150 

for Mode III, ZrO2-CeO2/γ-Al2O3 was mixed with bamboo sawdust to form an in-situ 151 

catalytic trial, and then the obtained pyrolytic products were subsequently catalyzed by 152 

HZSM-5. Note that in order to completely convert ketones and furans into aromatic 153 

hydrocarbons, catalyst to biomass ratio was increased to 4:1 when the dual catalytic 154 

bed system was used to conduct pyrolysis of bamboo sawdust, and HZSM-5 to ZrO2-155 

CeO2/γ-Al2O3 mass ratio was kept at 4:1. Each experiment was conducted at least twice 156 

to confirm reproducibility. 157 
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 158 

Figure 1. Dual catalytic bed system used in catalytic fast pyrolysis of bamboo sawdust.  159 

Results and discussion 160 

Structural and morphological properties of synthesized metal oxides   161 

  The textural properties of synthesized catalysts regarding surface area, pore volume 162 

and size are summarized in Table 2 (acidic properties were shown in Figure S2). All 163 

specimens presented a type IV isotherm with H2-type hysteresis (shown in Figure S3), 164 

which indicated that a typical mesoporous structure was obtained for the prepared 165 

catalysts 26. As shown in Table 2, γ-Al2O3 has a large surface area (228 m2/g) and a 166 

well-developed pore volume (0.68 cm3/g). However, the surface area decreased to 173 167 

m2/g for ZrO2/γ-Al2O3, 160 m2/g for CeO2/γ-Al2O3, and 162 m2/g for ZrO2-CeO2/γ-168 

Al2O3, which might be attributed to the filling of pores with ceria or zirconia particles 169 

32. Similarly, pore volume presented the same trend, which was consistent with other 170 

works 26, 32. In addition, all the samples exhibited mesoporous properties with a ~10 nm 171 

pore diameter, hence it might be beneficial to the diffusion of pyrolytic vapors during 172 

catalytic upgrading process.  173 
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Table 2. Physical properties of synthesized metal oxides.   174 

Catalysts 
BET surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Pore adsorption 

diameter (nm) 

Pore desorption 

diameter (nm) 

γ-Al2O3 228 0.68 14.0 11.8 

ZrO2/γ-Al2O3 173 0.55 10.1 9.5 

CeO2/γ-Al2O3 160 0.53 13.2 10.7 

ZrO2-CeO2/γ-Al2O3 162 0.54 12.1 11.3 

Figure 2 shows the XRD results of γ-Al2O3, ZrO2/γ-Al2O3, CeO2/γ-Al2O3 and ZrO2-175 

CeO2/γ-Al2O3. As anticipated, all diffraction peaks attributed to γ-Al2O3 (2θ=36.6°, 176 

39.7°, 46.1°, 60.8° and 66.6°) were detected, and the peak intensity was weakened after 177 

doping with CeO2 (2θ=28.6°, 33.2°, 47.6° and 56.4°) or ZrO2 (2θ=30.4° and 50.5°). For 178 

the ZrO2-CeO2/γ-Al2O3 metal oxide, peaks corresponding to ZrO2 were negligible due 179 

to Zr4
+ ions which could incorporate into CeO2 crystal lattice to form a homogeneous 180 

solid solution 26.  181 

 182 
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Figure 2. X-ray diffraction (XRD) patterns of synthesized metal oxides. 183 

Catalytic fast pyrolysis of bamboo sawdust over synthesized metal oxides  184 

Generally, organic products derived from pyrolysis of lignocellulosic biomass can be 185 

classified into acids, phenols, ketones, furans, esters and aldehydes, and in this work, 186 

we focused on the formation of ketonic products from acids and other non-acidic 187 

oxygenates. Figure 3 presents the pyrolytic products originated from catalytic fast 188 

pyrolysis of bamboo sawdust over various metal oxides (detailed products shown in 189 

Table S2-S5). As shown in Figure 3a, all the metal oxides enhanced the production of 190 

ketones compared to non-catalytic pyrolysis run, and the highest concentration of 191 

ketones was achieved over ZrO2-CeO2/γ-Al2O3 and followed by CeO2/γ-Al2O3. It was 192 

reported that ketonization reaction was responsible, for instance, acetic acid, a typical 193 

compound obtained from thermal conversion of biomass, can readily undergo 194 

ketonization process in the presence of a base catalyst as shown in Scheme 1 33. 195 

 196 

 197 

Scheme 1. Ketonization pathway of acetic acid over MgO. 198 

Typically, bulk and surface catalytic ketonization are two pathways for converting 199 

acetic acid into ketones, depending on the metal oxides employed 34. For metal oxides 200 

with low basicity or high lattice energies such as CeO2, ZrO2, and TiO2, pyrolytic vapors 201 

are catalyzed on the surface of catalyst. On the other hand, metal oxides with high 202 

basicity or low lattice energies including MgO and CaO (shown in our previous works 203 

28, 35), interact strongly with acetic acid to form a metal carboxylate via bulk 204 

ketonization. Furthermore, Snell and co-authors 36 concluded that CeO2 promoted 205 

ketonization by the production of a metal carboxylate intermediate through either the 206 

surface or bulk pathway. Therefore, catalytic fast pyrolysis bamboo sawdust over 207 

CeO2/γ-Al2O3 produced more ketones than that over ZrO2/γ-Al2O3, along with a lower 208 

concentration of acids as shown in Figure 3b. 209 
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In addition, among the metal oxide catalysts used in present work, ZrO2-CeO2/γ-210 

Al2O3 illustrated the most prominent ketonization performance and this was attributed 211 

to high oxygen content and exchangeability, strong Lewis basicity, enhanced vacancy 212 

sites and redox performances of CeO2 
26, 37. Furthermore, an addition of ZrO2 to CeO2 213 

resulted in the production of a highly defective surface, which further enhanced the 214 

ketonization activity 26. 215 

Phenol and alkylphenols are important materials for the production of plastics, 216 

pharmaceuticals, and other fine chemicals 7. As shown in Figure 3c and 3d, compared 217 

to non-catalytic pyrolysis trial, all the metal oxides increased the generation of phenol 218 

and alkylphenols and decreased the formation of alkoxy phenols, which was consistent 219 

with previous studies 8, 33. The highest formation of light phenolic compounds was 220 

obtained over CeO2/γ-Al2O3, followed by ZrO2-CeO2/γ-Al2O3. Concerning aromatic 221 

hydrocarbons, as shown in Figure 3e, no aromatic hydrocarbons were identified in the 222 

noncatalytic pyrolysis run. However, monoaromatic hydrocarbons including toluene 223 

and xylenes were detected when metal oxides were used as catalysts to pyrolyze the 224 

bamboo sawdust. The highest relative abundance of monoaromatic hydrocarbons was 225 

achieved using ZrO2-CeO2/γ-Al2O3, which indicated its stronger dehydration activity 226 

than ZrO2/γ-Al2O3 and CeO2/γ-Al2O3.  227 

In the case of furans, as exhibited in Figure 3f, furfural was a predominant product 228 

in the noncatalytic pyrolysis run, and it is an undesired compound due to its contribution 229 

to pyrolysis oil thermal instability 7. It is worth noting that the use of metal oxides 230 

completely transformed furfural with the formation of monofunctional furans such as 231 

2,5-dihydrofuran, 2-methylfuran, and 2,5-dimethylfuran. CeO2/γ-Al2O3 showed the 232 

most robust catalytic activity with the highest concentration of total monofunctional 233 

furans. 234 



11 

 

0.0

1.6

3.2

4.8

6.4
T

IC
 A

re
a

 (
x
1
0
8

)

a

Non-Catalytic ZrO2/A CeO2/A ZrO2-CeO2/A

Ketones

0.0

0.8

1.6

2.4

3.2

T
IC

 A
re

a
 (

x
1
0
8

)

b

Non-Catalytic ZrO2/A CeO2/A ZrO2-CeO2/A

Acids

 235 

0.0

0.5

1.0

1.5

2.0

2.5

T
IC

 A
re

a
 (

x
1
0
8

)

c

Non-Catalytic ZrO2/A CeO2/A ZrO2-CeO2/A

Phenol and Alkylphenols

0.0

1.5

3.0

4.5

6.0

T
IC

 A
re

a
 (

x
1
0
8

)

d

Non-Catalytic ZrO2/A CeO2/A ZrO2-CeO2/A

Heavy phenols

 236 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T
IC

 A
re

a
 (

x
1
0
8

)

e

Non-Catalytic ZrO2/A CeO2/A ZrO2-CeO2/A

Monoaromatic hydrocarbons

0.0

0.8

1.6

2.4

T
IC

 A
re

a
 (

x
1
0
8

)

Non-Catalytic ZrO2/A CeO2/A ZrO2-CeO2/A

Mono-functional Furansf

 237 

Figure 3. Products obtained from catalytic fast pyrolysis of bamboo sawdust over 238 

metal oxides: (a) ketones; (b) acids; (c) phenol and alkylphenols; (d) heavy phenols; 239 

(e) monoaromatic hydrocarbons; (f) furans. The inset structures are representative 240 

compounds detected in each group. 241 

Distribution of ketones 242 

The ketones identified by GC/MS obtained from catalytic fast pyrolysis of bamboo 243 

sawdust over metal oxides could be classified into linear and cyclic ketones, and the 244 

dominated linear ketones were acetone, 2-butanone, 2,3-butanedione, 2,3-pentanedione 245 
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and 2-pentanone. The main cyclic ketones were cyclopentanone and 2-cyclopenten-1-246 

one. As summarized in Figure 4, in comparison to noncatalytic pyrolysis trial, the same 247 

reaction over ZrO2-CeO2/γ-Al2O3 enhanced the formation of acetone (Figure 4a) and 248 

cyclic ketones (Figure 4d and 4e). For instance, the relative selectivity of cyclic ketones 249 

was 31.5% for the catalyst-free trial, while it increased to 44.2% on ZrO2-CeO2/γ-Al2O3 250 

catalyzed run (shown in Figure 5), which exhibited promising cyclization and ketonic 251 

decarboxylation properties. Moreover, complete elimination of 3,5-252 

dimethoxyacetophenone was achieved in the presence of ZrO2-CeO2/γ-Al2O3. 3,5-253 

dimethoxyacetophenone was the main heavy ketone detected in thermal conversion of 254 

bamboo sawdust 38-39, and the relative selectivity reached to 26.4% (Figure 5). Dong et 255 

al. 39 studied the effect of various acid washing pretreatments of bamboo on product 256 

distributions of pyrolysis oils, and they found that these treatments slightly lowered the 257 

concentration of 3,5-dimethoxyacetophenone. Therefore, all the metal oxides studied 258 

in present work clearly demonstrate promise for inhibiting the generation of 3,5-259 

dimethoxyacetophenone.  260 

Regarding the highly oxygenated diketones such as 2,3-butanedione and 2,3-261 

pentanedione generated under noncatalytic fast pyrolysis (shown in Figure 4b), the use 262 

of metal oxides lowered the concentration as the conversion rate was 27.5% for ZrO2/γ-263 

Al2O3, 31.3% for CeO2/γ-Al2O3, and 38.9% for ZrO2-CeO2/γ-Al2O3, respectively. 264 

Similar results have been found by Mante and co-workers using pure CeO2 as a catalyst 265 

to convert sugar maple into hydrocarbon precursors 8. They concluded that catalyst to 266 

biomass ratio was responsible for the low conversion of diketones, and at a high catalyst 267 

to biomass ratio of 15:1, they observed that these oxygenates were transformed to 268 

aromatic hydrocarbons without any production of ketones. Therefore, we further 269 

conducted comparative studies for increasing the catalyst to biomass ratio to 4:1, 6:1 270 

and 8:1 (shown in Table S6-S8), and it was found that there were no diketones formed 271 

when the catalyst to biomass ratio was regulated at 4:1.  272 
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Figure 4. Distribution of ketones: (a) acetone; (b) diketones; (c) c4/c6 ketones; (d) 276 

cyclopentanones; (e) 2-cyclppenten-1-one (s); (f) 3,5-dimethoxyacetophenone. 277 
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Figure 5. Relative selectivity of ketones. 280 

Production of monofunctional furans 281 

Figure 6 presents the distribution of monofunctional furans. As shown, 2,5-282 

dimethylfuran was the most abundant compound in monofunctional furans and 283 

followed by 2-methylfuran in CeO2/γ-Al2O3 and ZrO2/γ-Al2O3 catalyzed trials. Among 284 

the metal oxides, CeO2/γ-Al2O3 was more effective in the formation of 2,5-285 

dimethylfuran and 2,5-dihydrofuran when compared to other catalysts, while ZrO2-286 

CeO2/γ-Al2O3 facilitated the production of 2-methylfuran to the most extent. 287 

Monofunctional furans are indispensable intermediates for the production of targeted 288 

aromatic hydrocarbons. Huber and Cheng 40-41 investigated the conversion of furan over 289 

ZSM-5 zeolites, and it was observed that furan first undergoes either decarbonylation 290 

to produce allene (C3H4) and CO or condensation to produce benzofuran(C8H6O) and 291 

water. Both allene and benzofuran are beneficial to the conversion of furan into 292 

aromatic hydrocarbons as shown in Scheme 2. For instance, a number of olefins (often 293 

referred to the as “hydrocarbon pool”42) can be produced by allene via oligomerization, 294 

which leads to the formation of aromatic hydrocarbons via aromatization over ZSM-5. 295 

Furthermore, the generated olefins also can react with furans to produce aromatic 296 

hydrocarbons via Diels–Alder reaction. Hence, an increased production of 297 

monofunctional furans in catalytic fast pyrolysis of bamboo sawdust facilitated the 298 

formation of aromatic hydrocarbons which will be discussed in Section 3.3. 299 
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 300 

Figure 6. Distribution of monofunctional furans obtained from catalytic fast pyrolysis 301 

of bamboo sawdust over metal oxides. 302 

 303 

Scheme 2. Reaction pathway of converting furans into aromatic hydrocarbons using  304 

ZSM-5 zeolites 40.  305 

Conversion of other non-acidic pyrolytic oxygenates 306 

As described above, converting other non-acidic pyrolytic oxygenates (such as acetol, 307 

methyl acetate, and butanedial) into ketones is an essential issue regarding the 308 

production of monofunctional hydrocarbon precursors. As shown in Figure 7, the use 309 
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of ZrO2-CeO2/γ-Al2O3 completely converted butanedial and performed a comparable 310 

catalytic activity with CeO2/γ-Al2O3 in terms of the transformation of methyl acetate. 311 

Previous studies reported that aldehydes and esters could be converted to ketonic 312 

products through dimerization 21, 43-44. For instance, Gangadharan et al. 43 investigated 313 

the conversion of propanal over CexZr1-xO2 mixed metal oxides, and they found that 314 

propanal could be transformed to higher carbon chain oxygenates such as 3-pentanone 315 

and 3-heptanone via aldol condensation and ketonization. With respect to acetol, ZrO2-316 

CeO2/γ-Al2O3 provided the highest conversion rate of 58.1% and followed by ZrO2/γ-317 

Al2O3. Hakim et al. 45 investigated the conversion of acetol over CeZrOx, and it was 318 

observed that C3–C6 carbonyls, such as acetone, 2-butanone, and 3-pentanone, were 319 

the main products, and the presence of acetol did not affect ketonization activity. In 320 

addition, Wan et al. 46 found that acetol could also be transformed to furans through 321 

cyclization, which was reflected in Figure 3f. Moreover, the formation of 2,3-322 

dihydrobenzofuran was significantly suppressed when metal oxides were used to 323 

catalytic conversion of bamboo sawdust, and ZrO2-CeO2/γ-Al2O3 exhibited the most 324 

effective catalytic performance as a 95.5% conversion of 2,3-dihydrobenzofuran was 325 

obtained.  326 

 327 

Figure 7. Catalytic conversion of non-acidic oxygenates over various metal oxides.  328 
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Effect of a dual catalytic bed system on the formation of aromatic hydrocarbons  329 

As mentioned above, metal oxides promoted the formation of ketones and furans. 330 

However, hydrocarbons are final desirable chemicals to be acquired from catalytic 331 

reforming of pyrolysis oil. In this sense, acidic zeolites like HZSM-5 are more effective 332 

in the production of aromatic hydrocarbons from catalytic conversion of biomass due 333 

to its Brønsted acid sites and shape selectivity 47. Nevertheless, the microporous essence 334 

of HZSM-5 limits diffusion of large oxygenated volatiles, and thus results in the 335 

formation of coke which deactivates zeolites 48-49. In present study, we use HZSM-5 336 

and ZrO2-CeO2/γ-Al2O3 to form a dual catalytic bed system where the primary pyrolytic 337 

products first encounter mesoporous ZrO2-CeO2/γ-Al2O3 to selective C-O cleavage and 338 

C-C bonding and subsequently are catalyzed over HZSM-5 to form aromatic 339 

hydrocarbons. Three different reaction combination pathways were investigated as 340 

shown in Figure 1.  341 

Figure 8 shows GC/MS chromatograms of primary pyrolytic products using ZrO2-342 

CeO2/γ-Al2O3 mixed with HZSM-5 (Mode II) and pure HZSM-5 catalytic pyrolysis 343 

mode. As shown, the dominated compounds besides CO and CO2 were monoaromatic 344 

hydrocarbons and polyaromatic hydrocarbons (such as naphthalene and its derivatives). 345 

Compared to pure HZSM-5 catalytic pyrolysis trial, the use of ZrO2-CeO2/γ-Al2O3 346 

mixed with HZSM-5 mode significantly increased the production of aromatic 347 

hydrocarbons. Furthermore, ketonic products were prominently converted, and a 348 

complete conversion of furans was also observed, which indicated that hydrocarbon 349 

precursors could be effectively converted into aromatic hydrocarbons when the dual 350 

catalytic bed system was employed.  351 
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Figure 8. GC/MS chromatograms using ZrO2-CeO2/γ-Al2O3 mixed with HZSM-5 353 

mode and pure HZSM-5 during catalytic fast pyrolysis of bamboo sawdust. 354 

Figure 9 presents the aromatic hydrocarbons produced by catalytic fast pyrolysis of 355 

bamboo sawdust using various catalytic modes (detailed distributions shown in Table 356 

S9). The theoretical concentration was calculated by linear superposition of individual 357 

catalyst with the assumption of no interactions, which was shown as follows: 358 

1 5 2

1 2

HZSM oxidesx Y x Y
Theoretical

x x

− +
=

+
 359 

Where YHZSM-5 and Yoxides are peak areas of specific products obtained from catalytic 360 

fast pyrolysis of bamboo sawdust over HZSM-5 only and metal oxides only, 361 

respectively. X1 and X2 are mass percentages of HZSM-5 and metal oxides in the total 362 

employed catalysts, respectively. 363 

As indicated in Figure 9, all catalytic modes increased the concentration of aromatic 364 

hydrocarbons compared to theoretical one, which showed great promise for the 365 

upgrading of pyrolytic vapors. During the catalytic fast pyrolysis of bamboo sawdust 366 
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over combined metal oxide and HZSM-5, pyrolytic oxygenated compounds with large 367 

molecular weight were first fragmentated into lower molecular weight hydrocarbon 368 

precursors by ZrO2-CeO2/γ-Al2O3, and subsequently were catalyzed over HZSM-5 to 369 

form aromatic hydrocarbons. Besides, mesoporous property of ZrO2-CeO2/γ-Al2O3 also 370 

favored the diffusion of pyrolytic vapors, resulting in enhanced mass transfer during 371 

the catalytic upgrading process. In particular, ZrO2-CeO2/γ-Al2O3 mixed with HZSM-372 

5 catalytic pyrolysis run maximized the formation of aromatic hydrocarbons, and this 373 

might be attributed to the synergistic effect of ZrO2-CeO2/γ-Al2O3 and HZSM-5 which 374 

provides additional catalytic performance when the mixed mode was used. Moreover, 375 

for ZrO2-CeO2/γ-Al2O3 mixed with bamboo sawdust run (Mode III), the less increased 376 

formation of total aromatic hydrocarbons might be ascribed to insufficient contact of 377 

pyrolytic vapors and metal oxides which lowered the catalytic performance of ZrO2-378 

CeO2/γ-Al2O3. However, the formation of polyaromatic hydrocarbons (PAHs) was 379 

difficult to avoid during the pyrolysis of biomass over HZSM-5 because of the 380 

hydrogen-deficient feature (i.e. low H/C effective ratio, 0~0.3) of biomass. 381 
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Figure 9. Production of aromatic hydrocarbons as a function of various catalytic 383 

methods: Mode I: sequential ZrO2-CeO2/γ-Al2O3 and HZSM-5; Mode II: ZrO2-384 

CeO2/γ-Al2O3 mixed with HZSM-5; Mode III: ZrO2-CeO2/γ-Al2O3 mixed with 385 

bamboo sawdust. 386 

Figure 10 exhibits the distribution of monoaromatic hydrocarbons, such as benzene, 387 
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ethylbenzene, toluene, p-xylene, o-xylene, and alkylbenzenes. As shown, different 388 

catalytic modes significantly affected the distribution of monoaromatic hydrocarbons 389 

with toluene and xylenes being the dominated products. The ZrO2-CeO2/γ-Al2O3 mixed 390 

with HZSM-5 (Mode II) and ZrO2-CeO2/γ-Al2O3 mixed with bamboo sawdust (Mode 391 

III) trials produced a comparable concentration of benzene, while a slight decrease of 392 

benzene was observed in sequential ZrO2-CeO2/γ-Al2O3 and HZSM-5 (Mode I). ZrO2-393 

CeO2/γ-Al2O3 mixed with bamboo sawdust catalytic pyrolysis run significantly 394 

promoted the formation of toluene as a nearly 2-fold increase was obtained compared 395 

to theoretical one. Moreover, all catalytic modes presented a comparable catalytic 396 

performance in the production of ethylbenzene. With respect to alkylbenzenes, such as 397 

1-ethyl-3-methylbenzene and 1-ethyl-4-methylbenzene, the concentration was 398 

promoted in the order Mode III > Mode II > Mode I. Given the fact that the increase of 399 

aromatic hydrocarbons was accompanied by decreased concentrations of ketones, 400 

furans and other light oxygenates, a proposed mechanism was summarized in Figure 401 

11 8. As shown, oxygenated primary pyrolytic vapors first undergo selective C-O 402 

cleavage and C-C bonding over ZrO2-CeO2/γ-Al2O3 to produce hydrocarbon fuel 403 

precursors (including monofunctional furans, linear and cyclic ketones, and 404 

alkylphenols) via ketonization, aldol condensation, demethylation and demethoxylation, 405 

and then the hydrocarbon fuel precursors are catalyzed by HZSM-5 to form aromatic 406 

hydrocarbons.  407 
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Figure 10. Distribution of monoaromatic hydrocarbons obtained from catalytic fast 411 

pyrolysis of bamboo sawdust using different catalytic modes: (a) benzene; (b) 412 

toluene; (c) ethylbenzene; (d) xylenes; (e) alkylbenzenes. 413 

 414 

Figure 11. Proposed reaction pathways for the production of aromatic hydrocarbons 415 

using a dual catalytic bed system. 416 

Conclusions 417 

In summary, catalytic fast pyrolysis of bamboo sawdust over synthesized ZrO2/γ-418 
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Al2O3, CeO2/γ-Al2O3, and ZrO2-CeO2/γ-Al2O3 promoted the formation of ketonic 419 

products, and the highest concentration of ketones could be achieved over ZrO2-420 

CeO2/γ-Al2O3, along with the lowest formation of acids. Linear and cyclic ketones were 421 

dominant components in ketonic products, and the use of ZrO2-CeO2/γ-Al2O3 increased 422 

the relative selectivity of cyclic ketones from 31. 5% (noncatalytic pyrolysis run) to 423 

44.2%. A complete elimination of 3,5-dimethoxyacetophenone also was obtained using 424 

ZrO2-CeO2/γ-Al2O3. In addition, furfural was fully converted into monofunctional 425 

furans when metal oxides were used, and the maximum concentration of 2,5-426 

dimethylfuran and 2-methylfuran could be obtained over CeO2/γ-Al2O3 and ZrO2-427 

CeO2/γ-Al2O3, respectively. Non-acidic oxygenates were also investigated in terms of 428 

the formation of ketones, and acetol, methyl acetate, as well as butanedial could be 429 

effectively converted into ketones over ZrO2-CeO2/γ-Al2O3. The dual catalytic bed 430 

system facilitated the production of aromatic hydrocarbons, and ZrO2-CeO2/γ-Al2O3 431 

mixed with HZSM-5 catalytic mode increased the concentration of aromatic 432 

hydrocarbons to the greatest extent. In contrast, ZrO2-CeO2/γ-Al2O3 mixed with 433 

bamboo sawdust mode produced more toluene and alkylbenzenes.  434 
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