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Abstract: Direct conversion of the pyrolytic vapor of radiata pine was conducted in a fixed catalyst bed reactor 
installed at the upper part of a bubbling fluidized bed reactor. The influence of different catalysts, the catalyst 
bed temperature, and the residence time of the vapor on the product distribution was investigated. The for-
mation of char or tar in the fixed catalyst bed reactor could be inhibited through direct catalytic pyrolysis of the 
vapor of radiata pine over different catalysts. After catalysis, the bio-oil yield decreased while the gas yield 
increased. HZSM-5, in which strong acidic sites are properly distributed, was more efficient in bio-oil upgrad-
ing than HY; the oxygen in the bio-oil was largely converted into H2O, CO, and CO2. For Ga/HZSM-5, the 
bio-oil yield and the selectivity of aromatic hydrocarbons in the bio-oil increased. 

Keywords: pyrolysis, biomass, bio-oil, zeolite, aromatics

Introduction
1)

  Since the emergence of environmental concerns over 
greenhouse gases generated through the usage of fossil 
fuels, interest in environmentally benign alternative en-
ergy resources has been growing. Particularly, among a 
number of alternative energy resources, biomass has been 
considered capable of playing a very important role as a 
chemical feedstock and as an alternative to fossil fuels. 
Therefore, investigations into thermo-chemical and bio- as 
a chemical conversion technologies to utilize biomass 
have been conducted worldwide. Because much research  
in relation to biomass has recently been focused on the re-
covery of high-value-added compounds or the use of bio-
mass as fuel, attention has been paid to the fast pyrolysis 
process, which has a high bio-oil yield.
  To use bio-oil as a regular fuel, it is necessary to remove 
oxygen because it will yield high acidity, low pH, poor 
heating value, corrosion, instability, and high viscosity. A 
conventional upgrading method is catalytic deoxygenation 
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using zeolite catalysts. Contrary to the typical hydrotreat-
ment methods, catalytic deoxygenation has two advan-
tages: it can be performed at atmospheric pressure and it 
does not require the use of hydrogen [1]. However, be-
cause the majority of research on the upgrading process 
using zeolite catalysts has been performed in secondary 
upgrading units, the process has several disadvantages 
[1-8]. Before reaching the catalyst bed, the properties of 
the bio-oil may be changed through evaporation in the 
high-temperature region. Bridgewater and Bridge [9] re-
ported that evaporation or distillation at 100 oC or higher 
could cause significant and potentially deleterious phys-
ical and chemical changes in the liquid. Also, Adjaye and 
Bakhshi [6,7] presented results which suggested that when 
bio-oil was upgraded, a large fraction of it was converted 
to char or tar in the upstream of the catalyst bed. However, 
there have been very few studies on the direct catalytic 
conversion of pyrolytic vapors.
  In this study, direct conversion of the pyrolytic vapor of 
radiata pine was conducted in a fixed catalyst bed reactor, 
which was installed at the upper part of a bubbling fluid-
ized bed reactor. The influence that the catalysts, the re-
action temperature, and the residence time of the vapor in 
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Figure 1. Schematic diagram of the apparatus used for the catalytic pyrolysis.

Table 1. Characteristics of Radiata Pine
Proximate Analysis (wt%) Ultimate Analysis (wt%)

Water 7.6 C 47.8
Combustibles 92.2 H 5.9
Ash 0.2 N 0.1

O 46.2
S -

the catalyst bed reactor had on the product distribution 
and composition was investigated. Also, the applicability 
of a Ga-impregnated catalyst was first examined as an up-
grading catalyst. 

Experimental 

Feedstock
  Radiata pine (Pinus radiata D. Don) has accounted for 
the largest share of imported logs used as construction and 
furniture materials in Korea in recent years. The radiata 
pine sawdust used in the experiments was sieved to obtain 
a size range of 0.425∼1.0 mm, and dried in an oven 
(J-NDS1, JISICO) at 105 oC for 24 h to minimize the wa-
ter content in the product oil. After drying, the water con-
tent in the radiata pine sawdust was less than 1 wt%. The 
characteristics of radiata pine are listed in Table 1. 

Catalyst Preparation
  HZSM-5 (SiO2/Al2O3 = 26) and HY (SiO2/Al2O3 = 4), 
purchased from Zeobuilder Co., Ltd., were used in the cat-
alytic upgrading experiments. 1 wt% Ga/HZSM-5 and 
Ga/HY were prepared using the following impregnation 
method: a mixture of an aqueous solution of gallium ni-
trate (Aldrich, 99.9 purity) and zeolite was stirred at 80 oC 
for 3 h, followed by evaporation of water under vacuum. 
The catalysts were dried at 130 oC overnight, calcined in 
air at 500 oC for 4 h, reduced in a hydrogen stream at 450 
oC for 4 h, and, finally, calcined in air at 500 oC for 4 h. 

Pyrolysis and Catalytic Pyrolysis Unit
  Direct conversion of pyrolytic vapors was conducted in a 
catalyst bed reactor, which was installed at the upper part 
of a primary pyrolysis reactor with a bubbling fluidized 
bed. The primary reactor and the catalyst bed reactor were 
constructed from a sus-304 stainless-steel tubes having a 
heights of 420 mm (76 mm i.d.) and 200 mm (20 mm 
i.d.), respectively. Both reactors were heated indirectly 
with electricity; the product gas stream tube was main-
tained at 400 oC to avoid vapor condensation. Bio-oil was 
collected in a series of glass condensers at a temperature 
of -25 oC. Non-condensable vapor was recovered in the 
form of tar in an electrostatic precipitator (E.P.). Pyrolysis 
gases via the E.P. were collected in Teflon bags at 30-min 
intervals to analyze their compositions. A schematic dia-
gram of the apparatus used for upgrading is shown in 
Figure 1. 
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Table 2. Reaction Conditions
Non-catalytic Pyrolysis Catalytic Pyrolysis

Reaction temperature (oC)        475∼625
Input (g)                                          150
Feed size (mm)                         0.43∼1.0 
Fluidization flow rate (U0/Umf)         4

Primary pyrolysis temperature (oC)       475
Catalyst fixed bed temperature (oC) 450∼550
Catalyst weight (g)                            15, 30

Figure 2. TGA and DTG curves of radiata pine sawdust recorded under nitrogen atmosphere at a heating rate of 5 oC/min. 

TGA and DTG Experiments
  Thermogravimetric analysis of the radiata pine sawdust 
was performed using a thermogravimetric analyzer (TGA 
2050, TA Instruments) operated under nitrogen atmos-
phere at a heating rate of 10 oC/min. The results are shown 
in Figure 2. Decomposition of radiata pine started at 220 
oC and was almost complete at 400 oC. Three breakpoints 
were found on the derivative thermo gravimetry (DTG) 
curve. The peak at ca. 100 oC represents evaporation of 
water in the radiata pine sawdust; the peak in the region of 
200∼350 oC arose predominately from by the decom-
position of hemicellulose. Finally, the peak in the narrow 
region of 350∼380 oC represents the typical sharp decom-
position of cellulose. Therefore, 400 oC was chosen as the 
minimum reaction temperature for the primary pyrolysis, 
at which cellulose was completely decomposed.

Reaction Conditions
  The minimum fluidizing velocity (Umf) calculated from 
the equation simplified by Kunii and Levenspiel [10] was 
comparable to that measured by the pressure drop versus 
the velocity of the fluidizing gas. The minimum bubbling 
fluidizing velocity (Umb) calculated using Geldart and 
Abrahamsen’s equation [11] was applied to the exper- 
iments. White aluminium oxide (Nanko Abrasieves, 
Japan) having a mean particle size of 40 µm was used as 
the bed material. The temperatures of the bubbling fluid-
ized bed and the freeboard were monitored using a ther-
mocouple (K type), and the reaction temperature was de-

rived from their average. The radiata pine sawdust was 
continuously fed from the top of the reactor to the bub-
bling fluidized bed, using a screw feeder, at a feed rate of 
2.5 g/min for 1 h.
  The primary pyrolysis temperature for the highest bio-oil 
yield was established. The influence that the catalysts, the 
reaction temperature, and the residence time of the vapor 
in the catalyst bed had on the product distribution and 
composition was investigated. The reaction conditions are 
listed in Table 2. 

Product Analysis
  Because bio-oil is present in a heterogeneous state, it is 
very important for chemical and physical analyses of it to 
be conducted in the homogeneous state. Therefore, after 
the bio-oil had been stirred sufficiently, two samples were 
taken from 10∼20 vol% parts of its surface and bottom 
sections, respectively. The individual results of triplicates 
of each sample were taken and averaged. Because quanti-
tative analysis results of bio-oil with acceptable accuracy 
using the existing gas chromatography equipment are dif-
ficult to obtain, the area % of a GC-MS chromatogram 
was considered to be a good approximation of the a- 
mounts of the various chemical compounds in bio-oil [12]. 
In this study, the quantitative and qualitative analyses of 
bio-oil were made using a GC-MS system (HP 5973) 
equipped with an HP-5MS capillary column. The solid 
content of bio-oil [13] was defined as the acetone-in-
soluble material retained in the filter. The ash content of
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Figure 3. Distribution of products through pyrolysis of radiata 
pine sawdust at different temperatures. 

Table 3. Characteristics of Bio-oil from Pyrolysis at 475 °C 

Item Primary Bed
Ultimate analysis (%)a

C
H
N
Ob

52.9
6.6
0

40.5
Water content (%) 29.1
Solid content (%) <0.1
Ash content (%) -

pH 2.2
HHVa,c (MJ/kg) 22.3
HHVa,d(MJ/kg) 21.8

a On dry basis
b By difference
c By experiment
d By calculation

bio-oil was calculated by measuring the residues after ig-
niting it in a muffle furnace (J-FM2, JISICO) at 850 oC for 
10 h. The higher heating value (Parr, Model 1261) of 
bio-oil, measured according to the KS M 2057 method, 
was compared with the theoretical heating value calcu-
lated from Demirbas’s equation [14], using the elemental 
analysis results (Flash EA 1112 series, CE Instruments). 
The water content of bio-oil was measured using the 
ASTM E 203 method. A Karl Fischer titrator (Metrohm 
787 KF Titrino) was used; HYDRANAL Composite 5 K 
(Riedel-de Haen) and HYDRANAL Working Medium K 
(Riedel-de Haen) were used as the titration reagent and the 
titration solvent, respectively. 
  The pyrolysis gases were analyzed using GC-TCD and 
GC-FID (ACME 6000, Young Lin Instruments Co., Ltd.). 
A Carboxen 1000 column and an HP-plot Al2O3/KCl col-
umn were used for TCD and FID, respectively. 

Results and Discussion

Product Distribution through Primary Pyrolysis
  The radiata pine sawdust was pyrolyzed at temperatures 
in the range 475∼625 oC using a bubbling fluidized bed. 
The effect of the reaction temperature on the product dis-
tribution is shown in Figure 3. As the reaction temperature 
increased from 475 to 625 oC, the bio-oil and char yields 
decreased from 60 to 27 wt% and from 20 to 9 wt%, 
respectively. However, the gas yield increased from 20 to 
64 wt% upon increasing the reaction temperature. This re-
sult is due to the fact that the pyrolysis vapor and the char 
were converted into gas through secondary cracking at 
elevated reaction temperatures. The optimal temperature 
for the highest bio-oil yield was 475 oC. 

Characteristics of the Primary Pyrolysis Bio-oil
  The chemical and physical characteristics of the bio-oil 
obtained at the optimal reaction temperature of 475 oC 
were examined. As can be seen in Table 3, the analysis re-
sults in this study are similar to the typical values reported 
in literature [18]. Nitrogen was undetectable in bio-oil, 
which means that bio-oil may be an environmentally be-
nign fuel. The bio-oil had a heating value of 22 MJ/kg, 
about half that of conventional fuels, and was comparable 
to those of oxygenated fuels, such as methanol and etha-
nol, as well as coal [15,16]. Table 4 shows the chemical 
composition of bio-oil. The major compounds in bio-oil 
were phenolics, including cresol, guaiacol, eugenol, ben-
zendiol, and their derivatives, ketones, and aldehydes. 
Similar compounds have been found in other bio-oils pro-
duced through fast pyrolysis [1,19-21]. Particularly, be-
cause ketones and aldehydes are highly reactive, bio-oil is 
unsuitable for use as a fuel. Therefore, it is necessary for 
these compounds to be converted into more stable 
compounds. 

Effect of Catalysts on Product Distribution
  Table 5 shows the product distribution after catalytic 
upgrading. The trend of the product distribution over 
HZSM-5 was similar to that at over HY, but the product 
yields differed slightly. For example, for HZSM-5 and HY 
at a catalyst bed temperature of 500 oC, the bio-oil yield 
decreased from 60 to 43 and 46 wt%, respectively, where-
as the gas yield increased from 20 to 36 and 33 wt%, 
respectively. As can be seen in Table 5, the water contents 
of bio-oil for HZSM-5 and HY increased from 29 to 50 
and 40 wt%, respectively. These results reflect that the 
catalytic activity of HZSM-5, in which strong acidic sites 
are properly distributed, is higher than that of HY. Also, 
the analysis results of the water content indicate that the 
oxygen in bio-oil was largely converted into water. On the 
basis of dehydration being the main route of deoxygena-
tion, the water content of bio-oil is likely to be used as an  
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Table 4. Compounds Identified in Bio-oil from Pyrolysis at  
475 °C

Compound Percentage

Propylenealdehyde
Furanmethanol
Methylcyclopentenone
Furylethanone
Furanone
Methylfuranone
Methylfurfural
Benzenediols
Phenol
Hydroxymethylcyclopentenone
Cresols (methyl phenol)
Guaiacol (methoxy phenol)
Dimethylphenols
Hydroxymethylpyranone
Dihydroxybenzaldehyde
Methylguaiacols
Hydroxymethylfurfural
Ethylcresols
Methylbenzendiols
Ethylguaiacols
Propenylcresols
Eugenols (propenylmethoxyphenol)
Propylguaiacols
Hydroxymethoxybenzaldehyde
Propylbenzenediol
Levoglucosan
Hydroxymethoxyphenylethanone
Hydroxymethoxybenzeneacetic acid 
Methyleugenols

0.2
0.2
0.4
0.3
1.8
4.4
0.7
5.7
0.4
2.8
2.2
3.5
1.9
0.5
0.4
9.0
1.9
0.6
6.0
3.3
0.4
10.0
3.7
2.8
1.2
9.6
2.3
1.9
1.2

aThe amounts (%) of the products were evaluated from the 
gc-areas.

index for the degree of deoxygenation. 
  When the catalyst bed temperature increased from 450 to 
500 oC, the bio-oil yield decreased regardless of the type 
of catalyst, whereas it increased at 550 oC. According to a 
previous study [2], Brönsted acidic sites predominate in 
zeolites activated at 500 oC, and they preferentially react 
as active sites in the upgrading reactions. This fact implies 
that the strong acid sites in zeolites are predominated by 
Brönsted acid sites. However, if zeolites are heated at 
temperatures above 500 oC, hydroxyl groups and adjacent 
H+ are removed as water, and the number of Lewis acid 
sites increases. Accordingly, because the upgrading re-
action at 550 oC might reduce the number of H+ of 
Brönsted acid sites followed by the inhibition of the for-
mation of carbenium ions participating in the cracking, for 
HZSM-5 and HY, the gas yield decreased, whereas the 
bio-oil yields increased. The water contents also decreased 
for both zeolites.
  When the residence time of the vapor in the catalyst bed

Figure 4. NH3-TPD curves for different catalysts. 

increased from 7.5 to 15 g cat⋅min/g vapor, the water 
content of bio-oil increased upon lengthening the contact 
time between the pyrolyis vapor and the catalyst. 
  The experimental results in this study were compared 
with the results of other experiments [1]. Although it is 
difficult to accurately compare the results of this study 
with those in the literature, because of the different feed-
stock, upgrading methods, and silica-alumina ratio of the 
catalysts, the bio-oil yield in this study was higher by ca. 
10 wt%. This result may have arisen because the direct 
catalytic conversion of the vapor could have prevented the 
formation of char and tar, which is the major problem in  
bio-oil upgrading processes using liquid feedstock.
  The bio-oil yield over Ga/HZSM-5 was higher than that 
over HZSM-5. As can be seen in Figure 4, this result is 
due to the fact that overcracking of the vapor was in-
hibited by the reduction of the strong acidic sites in 
HZSM-5 via the incorporation of Ga. However, the degree 
of deoxygenation for Ga/HZSM-5 was lower than that for 
HZSM-5, as shown in Table 5. After catalysis, the coke 
yield was less than 2 wt%.

Effect of Catalysts on Bio-oil
  The chemical composition of the upgraded bio-oil was 
analyzed using GC-MS; the results are listed in Table 6. 
The aromatic hydrocarbons, which were not present in the 
primary pyrolysis bio-oil, were significantly formed after 
upgrading over HZSM-5. The formation procedure of 
these aromatic hydrocarbons can be described through the 
reaction route proposed in literature [7]: The cracking 
process of the light organics first produces various carbon 
fragments, and then oligomerization reactions of the car-
bon fragments produce a mixture of C2-C6 olefins. 
Subsequently, the C2-C6 olefins undergo a series of ar-
omatizations, which consists of cyclization and hydrogen 
or hydride transfer, to produce benzene derivatives. 
Various aromatic hydrocarbons are formed through chain 
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Table 5. Product Distribution of the Catalytic Upgrading of Bio-oil from Radiata Pine Sawdust

Catalyst Temperature
(oC)

Residence Time
(g cat⋅min/g vapor)

Yield (wt%)

Oil Water  in Bio-oil Gas Chara Coke

HZSM-5

Ga/HZSM-5
HY

450
500
550
500
500
450
500
550

7.5
7.5
7.4
15

14.9
7.4
7.4
7.4

47.9
43.2
48.2
43.7
51.3
52.0
45.7
47.7

38.8
50.0
44.6
67.6
60.7
31.8
40.2
36.5

31.4
35.6
32.1
35.2
27.9
27.2
33.3
32.1

19.5
20.3
19.2
20.0
19.4
18.7
19.4
18.6

1.1
0.9
0.6
1.3
1.6
2.0
1.6
1.5

aChar produced from primary pyrolysis.

Table 6. Aromatic Hydrocarbons Identified in Bio-oils through Catalytic Upgrading

Compound

Identified Compounds (%)a

Catalyst HZSM-5 Ga/HZSM-5 HY

Temperature (oC) 450 500 550 500 500 450 500 550

Residence Time
(g cat⋅min/g vapor) 7.5 7.5 7.4 15 14.9 7.4 7.4 7.4

Single aromatic hydrocarbons
Benzene
Toluene
Ethylbenzene
Xylenes (p- or o-xylene)
Styrene
Propylbenzene
Trimethylbenzenes
Methylstyrene
Indane
Indene
Methylindane
Dimethylstyrene
Methylindene

Polycyclic aromatic hydrocarbons
Naphthalene
Dihydromethylnaphthalene
Methylnaphthalene
Ethylnaphthalene
Dimethylnaphthalenes
Trimethylnaphthalenes
Methylethylnaphthalene
Fluorene
Phenanthrene
Methylphenanthrene
Pyrene
Methylisopropylphenanthrene

-
1.3
0.4
1.4
-
-

0.9
-

0.4
-

0.3
-

0.8

0.4
-
-
-

0.6
-

1.5
-
-
-
-
-

0.9
3.9
0.9
5.2
0.2
-

1.3
0.2
0.7
0.9
0.4
-

1.5

1.4
-

4.9
0.3
0.9
-

1.4
-
-
-

0.8
0.4

-
5.4
0.7
4.9
-
-

0.7
-

0.5
1.1
-
-

1.5

2.1
-

0.6
-

0.8
-
-
-
-
-
-

0.3

-
5.7
0.7
6.4
0.4
0.1
1.2
0.4
0.7
2.1
0.8
0.1
0.9

3.1
0.2
3.8
0.4
1.5
0.2
-

0.4
0.1
0.1
-

0.2

2.0
10.4
1.4
10.9
0.5
0.1
2.2
0.5
1.1
2.0
0.5
0.5
3.3

3.3
-

4.9
0.3
1.6
-

0.1
-
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-

-
0.3
-
-
-
-
-
-
-

-
-
-

-
-
-
-
-
-
-
-
-
-
-

0.5

-
0.2
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-

0.6
aThe amounts (%) of the products were evaluated from the GC-areas.

reactions consisting of alkylation and isomerization. The 
aromatic hydrocarbons identified in this study were main-
ly benzene and its derivatives and polycyclic aromatic hy-
drocarbons (PAHs), such as naphthalene and its deriva- 
tives. Among the monocyclic aromatic hydrocarbons, the 

amount of benzene was relatively low or was not detected 
at all, compared with that of toluene or xylenes (o- or 
p-xylene). This result is due to the fact that nucleophilic 
benzene, in the presence of strong electrophiles, such as 
alkyl carbocations formed on the acidic zeolites, under- 
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Table 7. Yields of the Compounds in the Catalytic Pyrolysis Gases

Catalyst Temp.
(oC)

Residence Time
(g cat/g vapor/min)

Yield (wt%) Selectivity (%)

CO CO2 C1-C4 C2-C4 olefins

Primary pyrolysis
HZSM-5

Ga/HZSM-5
HY

400
450
500
550
500
500
450
500
550

-
7.5
7.5
7.4
15

14.9
7.4
7.4
7.4

12.6
14.3
16.7
13.8
14.9
13.2
11.4
14.9
14.5

4.3
12.9
13.4
13.8
13.1
11.0
13.5
14.3
13.7

2.9
3.2
4.8
4.3
5.6
3.7
2.3
4.1
3.9

31.8
44.3
57.0
61.2
59.7
61.6
35.6
35.2
33.0

Figure 5. FT-IR spectra of upgraded bio-oils.

goes aromatic substitution reactions. However, the ar-
omatic hydrocarbons were hardly formed over HY, in 
which weak acidic sites are predominant. The optimal cat-
alyst bed temperature for producing the aromatic hydro-
carbons was 500 oC. The amount of aromatic hydro-
carbons decreased due to the lower catalytic activity for  
aromatization with the loss of H+ in HZSM-5 at temper-
atures above 500 oC. When the residence time of the vapor 
in the catalyst bed increased from 7.5 to 15 g cat⋅min/g 
vapor, the amount of aromatic hydrocarbons increased. 
The upgrading over Ga/HZSM-5 produced the larger amo- 
unt of aromatic hydrocarbons compared with that over 
HZSM-5. Particularly, the amount of benzene derivatives, 
such as toluene and xylenes, markedly increased because 
Ga promoted benzene alkylation. 
  FT-IR spectra of the upgraded bio-oil are shown in 
Figure 5. The C = O stretching vibration at 1718 cm-1 in-
dicates the presence of ketones, aldehydes, or carboxylic 
acids. The presence of aromatic hydrocarbons was con-
firmed by the band at 1640 cm-1. The absorption intensity 
for Ga/HZSM-5 was larger than that for HZSM-5.
  The aromatic hydrocarbons in bio-oil after direct cata-
lytic conversion over HZSM-5 and Ga/HZSM-5 were

among the main gasoline-range hydrocarbons, and can be 
used as additives for gasoline after distillation [6,17]. 
Also, each compound or group can be selectively used to 
produce useful chemicals. For example, toluene can be 
used as a raw material for the production of benzoic acid 
(a food preservative or plasticizer), phenol, and capro-
lactam (nylon). Xylene is used extensively as a chemical 
raw material. o-Xylene, together with naphthalene, is used 
for the production of phthalic anhydride (a plasitcizer and 
dye), and p-xylene is an essential compound in the manu-
facture of polyester (specifically PET). 

Product Gas Analysis
  Table 7 shows that the product gases were composed of 
CO, CO2, and C1-C4 hydrocarbons. After catalysis, the 
yields of CO and CO2 increased, which suggests that the 
oxygen in the bio-oil was converted into these com-
pounds, in addition to dehydration. The selectivity of the 
C2-C4 olefins over HZSM-5 and Ga/HZSM-5 was higher 
than that over HY. Although the gas yield over Ga/ 
HZSM-5 was low, due to a lower degree of cracking, the 
selectivity of the olefins was comparable to that over 
HZSM-5. In relation to the amount of the aromatic hydro-
carbons reported earlier, this result indicates that the in-
crease in the olefin selectivity improves the capability to 
produce the oligomers, resulting in the enhancement of the 
yield of the aromatic hydrocarbons.

Conclusions

  As a result of the direct conversion of pyrolytic vapor 
over different zeolites, the formation of char and tar in the 
fixed catalyst bed could be inhibited. After catalysis, the 
bio-oil yield decreased, whereas the gas yield increased. 
HZSM-5, in which strong acidic sites are properly dis-
tributed, was more efficient in bio-oil upgrading than HY, 
and the oxygen in the bio-oil was largely converted into 
H2O, CO, and CO2. For Ga/HZSM-5, the bio-oil yield and 
the selectivity to aromatic hydrocarbons in the bio-oil in-
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creased more than that for HZSM-5. 
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