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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fast pyrolysis of both raw and torrefied 
giant miscanthus (GM) was 
investigated. 

• Phenol and aliphatic hydrocarbons in 
bio-oil were increased by using torrefied 
GM. 

• In-situ upgrading of raw bio-oils over 
metal doped zeolites were further 
studied. 

• All spent catalysts were easily regener-
ated by a simple calcination method. 

• Reaction mechanism of the catalytic 
upgrading process was proposed and 
discussed.  
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A B S T R A C T   

In this study, fast pyrolysis of both raw and torrefied giant miscanthus (GM) is investigated in detail. It is found 
that the pyrolysis of torrefied GM results in higher distribution of phenols and aliphatic compounds in bio-oil 
with lower moisture content. To further improve the bio-oil quality, catalytic upgrading process of the bio-oil 
from the torrefied GM over copper‑magnesium (Cu–Mg) bimetal doped zeolites is also investigated. As a 
result, a highest yield of aromatic hydrocarbons of 63.1% favoring in higher monoaromatic hydrocarbons such as 
benzene, toluene and xylene in the upgraded bio-oil is obtained as GM-300 is used as feedstock and HSZ-Cu 2:1 
Mg as the catalyst. It is found that Cu–Mg doping can not only enhance catalytic activity of zeolite but also 
maintain relatively low coke deposition and improve the catalyst reusability. Besides, the spent catalysts are 
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easily regenerated only by a facile calcination way, and the regenerated catalyst shows almost the same activity 
as the initial one.   

1. Introduction 

Nowadays, liquid hydrocarbon-based fuels made from fossil fuels are 
still the majority of the existing energy infrastructure and account for 
around 20% of worldwide energy consumption [1–3]. Meanwhile, the 
demand for various petrochemical products like BTX (benzene, toluene, 
xylene), and other aromatic hydrocarbons used as fuel or chemical 
feedstock is still high. Owing to environment issues and diminishing 
fossil fuel reserves, renewable and sustainable alternatives for making 
transportation fuel and high value chemicals have been widely explored 
[4,5]. 

Biomass is considered as the most promising candidate among those 
potential renewable energy resources including wind, solar, and hydro 
powers to reduce overall carbon emission in the future. As the unpar-
alleled renewable carbon-cycling energy source, biomass has many ad-
vantages such as sustainability, environment-friendly, and carbon 
neutrality. In 2015, renewable energy accounted for 19% of total global 
energy demand, rising by 0.17% each year since 2010 [6], and until 
now, it is still increasing. With the increase in the demand for renewable 
energy, besides those traditional biomass resources, biomass energy 
crops such as Miscanthus are attracting more and more attentions in the 
world. One of the most common miscanthus species widely grown as an 
energy crop is giant miscanthus (Miscanthus x giganteus, GM) due to its 
high biomass yield, rapid growth, and relatively easy to grow in various 
environments without special management [7,8]. Approximately, GM 
consists of cellulose (45.5%), hemicellulose (29.2%), and lignin (23.8%) 
[9], which can be transformed into liquid fuel or high value chemicals 
via a series of chemical conversion routes. Among them, thermochem-
ical conversions such as rapid pyrolysis is one of promising methods for 
the conversion of biomass to bio-oil with a high yield [10,11]. In gen-
eral, the obtained bio-oil from fast pyrolysis has dark brown color, high 
viscosity, weak stability and relatively low heating values (16–19 MJ/ 
kg) with distinctive smoky odor [12]. Raw bio-oil typically consists of 
various compounds including acids, ketones, aldehydes, phenolics, es-
ters, ethers, furans, sulfur containing compounds and miscellaneous 
organics, and always has relatively low energy density, limiting its uti-
lization as ideal energy source [13]. Therefore, the raw bio-oil needs to 
be upgraded prior to use. 

Torrefaction is a way for the pre-treatment of biomass to improve the 
energy density, grindability and storage period, in which biomass is 
generally heated to a temperature in the range of around 200–300 ◦C 
[14,15]. During the torrefaction process, most of the moisture content 
and some light volatiles are removed. As such, the torrefied biomass will 
have low moisture content with higher hydrophobicity and better 
grindability, which should be more convenient to transport and have 
better resistance to environmental degradation [16,17]. Moreover, the 
torrefied biomass always shows lower O/C and H/C ratios with 
improved energy density when compared with the raw biomass. 

For the high-quality bio-oil production, besides biomass pre- 
treatment, chemical and physical upgrading methods of raw bio-oil 
have been studied intensively, in which the most promising way is 
catalytic upgrading including cracking and deoxygenation reactions at 
atmospheric pressure, and has gained more attention in recent years 
[18]. The main target of catalytic upgrading process is to obtain more 
aromatic hydrocarbons in the final product, which can be either used as 
high value chemicals or blended with fossil-based fuels to decrease CO2 
emissions during the using. Zeolite has been considered as a more 
suitable catalyst for this process because of its low cost, high perfor-
mance, and reusability, which can catalytically convert oxygenated 
chemicals into aromatic hydrocarbons [19]. Among different types of 
zeolites, HZSM-5 is considered the most promising one because of its 

narrow pore diameter and shape selectivity for converting oxygenated 
compounds into aromatic hydrocarbons [20,21]. 

To further improve the catalytic activity of zeolites, many re-
searchers modified zeolite structures by incorporating metals such as Cu, 
Ni, Fe, Mo, Sn, Mg, etc. The metal doped zeolite could have new active 
sites with enhanced catalytic activity. Widayatno et al. [22] reported 
that the incorporation of low-content Cu species (0.25–3 wt%) on zeolite 
could improve catalyst acidity and enhance the activity as well as aro-
matic hydrocarbons selectivity. However, higher acidity of zeolite could 
enhance secondary cracking and polymerization of volatiles into coke, 
which will inversely decrease the catalyst activity and stability to pro-
duce aromatic hydrocarbons. To overcome these disadvantages, 
combining Cu with alkali earth metals with basic properties has been 
found to have great potential to further improve the aromatic hydro-
carbons yield by adjusting the textural properties and acidities of zeolite 
[23]. Nowadays, only several studies on the bimetal-doped zeolites that 
combine both acidic and basic properties of the metals to improve 
selectivity, stability, and reusability have been reported. 

In this study, various Cu–Mg doped zeolites with both acid and base 
characteristics were synthesized for upgrading of bio-oils from the rapid 
pyrolysis of raw and torrefied GM. The product compositions in the bio- 
oils originating from raw and torrefied GMs were measured at first. 
Then, the best sample resulting in bio-oil with the best quality was 
further investigated in the catalytic upgrading using both monometal- 
and bimetal-doped zeolites to understand the effect of metal doping on 
the product selectivity and quality. Moreover, the catalyst reusability 
was examined for 3 cycles in the cases with and without regeneration. As 
we known, no researchers reported such zeolite-based catalysts so far 
and thus, it is expected to widely apply them in the upgrading of bio-oil 
as well as the production of high value-added chemical feedstock 
especially aromatic hydrocarbons from biomass. 

2. Experimental 

2.1. Biomass preparation 

Giant miscanthus (GM) was collected in autumn from Aomori, 
Japan, which was cracked into particles with a size of 1–3 mm and oven- 
dried at 110 ◦C for 24 h. A tube reactor was used to produce torrefied 
GMs, in which N2 gas with a flow rate of 100 cm3/min was used to create 
an inert atmosphere inside the reactor. The bulk raw biomass was fed to 
the reactor and torrefied with a residence time of 60 min. The torre-
factions were performed at 200, 250, and 300 ◦C, respectively with a 
heating rate of 20 ◦C/min and the obtained samples are named as GM- 
200, GM-250 and GM-300, respectively. Finally, both raw and torre-
fied GM samples were cracked to a particle size of 0.5–1 mm and stored 
at a vacuum sealed box. 

2.2. Catalyst preparation 

The commercial zeolite (HZSM-5 Zeolite, Si/Al = 40) was purchased 
from TOSOH Corp. Before using, the zeolite powder was calcined in air 
for 4 h at 650 ◦C to move out those adsorbed impurities. The pretreated 
zeolite was doped with Cu and Mg species by a wet impregnation route. 
In brief, 25 mL of distilled water was used to dissolve a specified amount 
of Cu(NO3)2.3H2O, which then constantly agitated to produce a clear 
blue color solution. A given quantity of Mg(NO3)2.3H2O was also 
introduced to the above solution with stirring. After both salts were 
completely dissolved, a given amount of zeolite was introduced into it to 
obtain a slurry, which was continuously stirred for 6 h with a magnetic 
stirrer. The obtained slurry was heated in an oven at 110 ◦C overnight 
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before being calcined at 550 ◦C for around 4 h. By this method, Cu–Mg 
bimetal doped zeolites with Cu:Mg molar ratios of 1:0, 1:1, 2:1, 1:2, 0:1 
were obtained and named as HSZ–Cu, HSZ-Cu 1:1 Mg, HSZ-Cu 2:1 Mg, 
HSZ-Cu 1:2 Mg and HSZ–Mg, respectively. The details on the charac-
terizations of biomass and catalysts are described in the Supplementary 
Materials. 

The experiment on the biomass pyrolysis with a fixed bed reactor, 
the process for catalytic upgrading of bio-oils, and the characterizations 
of obtained bio-oils are further explained in the Supplementary 
Materials. 

3. Results and discussion 

3.1. Characterization of biomass 

SEM images of the biomass (Fig. S2) before and after torrefaction 
were observed for a better understanding of the impact on morphology 
of the biomass during the torrefaction. Obviously, the surface of GM is 
flat and relatively smooth while for the torrefied biomass obtained at a 
higher torrefaction temperature has a significantly different micro-
structure when compared to the raw biomass. During the torrefaction, 
especially under the temperature of 300 ◦C for 1 h, the cell-wall disin-
tegration and a relatively rough structure are visible, and micro- 
apertures are created owing to the damages in the torrefaction pro-
cess. This could be attributed to the devolatilization and carbonization 
under the torrefaction condition with the removal of epidermis layer 
[24]. As shown in Fig. S2, the surface morphologies of GM and torrefied 
GM are associated with the devolatilization intensity during the 
torrefaction. 

The proximate and ultimate analysis results of GM and torrefied GM 
are presented in Table 1. After the torrefaction, both fixed carbon and 
ash content increase, and torrefaction at 300 ◦C reduces the volatile 
content of GM to 31.12% from 69.66% due to the devolatilization of 
light organic compounds [25]. With a higher torrefaction temperature, 
the oxygen and hydrogen contents also decrease. Consequently, the 
HHV of torrefied GM is increased after the torrefaction. Whereas, both 
H/C and O/C ratios of the torrefied GM decrease with the increase in the 
torrefaction temperature, suggesting that major reactions could be 
dehydration and deoxygenation during the torrefaction process. 

Figs. 1 and 2 show thermogravimetric (TG) and derivative ther-
mogravimetric (DTG) analysis results for GM and torrefied GM, 
respectively. One can see that thermal decomposition process can be 
separated into three stages. The first stage occurred before 200 ◦C should 
be related to moisture vaporization and light volatile matters removal 
from the biomass. In the second stage, a sudden weight decrease occurs 
between 200 and 400 ◦C owing to the depolymerization of both hemi-
cellulose and cellulose in GM. In the third stage, a slow mass decrease 
after the temperature of 400 ◦C is found, which could be attributed to 
the degradation of lignin inside GM [24,26]. Obviously, the first stage is 

more dominant for the raw GM and still visible for GM-200 sample. In 
comparison, for GM-300 sample, the first stage becomes not so obvious 
because most of the moisture content and light volatile have been 
removed after the torrefaction. The second stage of mass loss is due to 
the degradation of hemicellulose and cellulose. Higher loss of mass is 
visible for raw GM at this stage and the mass loss gradually decreases 
along with samples prepared at a higher torrefaction temperature. 
Generally, the degradation temperature of hemicellulose is the lowest 
(200–300 ◦C), cellulose starts to degrade at the temperature of around 
300–400 ◦C and lignin will decompose at a wide temperature range 
(200–900 ◦C) [27]. As can be seen in DTG profiles, the raw GM and GM- 
200 mainly exhibit 2 mass loss peaks, representing the moving of 
remained water and the decomposition/evaporation of light volatiles 
while the second peak represents the overlapped depolymerizations of 
hemicellulose, cellulose, and lignin. The torrefied GM obtained at higher 
torrefaction temperature results in a lower peak of moisture and almost 
no peak of moisture detected after being torrefied at a temperature of 
300 ◦C, indicating that almost all the moisture was removed from raw 
GM during the high temperature torrefaction process (refer to Table 1). 
In most cases, mass loss of hemicellulose creates a shoulder peak in DTG 
profiles at the temperature range of around 200–300 ◦C. In this work, for 

Table 1 
Proximate and ultimate analysis results of raw and torrefied GM samples.   

GM GM-200 GM-250 GM-300 

Proximate analysis (wt%) 
Moisture 5.58 1.62 1.09 0.43 
Volatile 69.66 63.52 51.41 31.12 
Fixed Carbon 24.76 23.58 32.68 44.63 
Ash 8.72 11.28 14.82 23.82 
Ultimate analysis (wt%) 
C 42.56 47.11 52.37 58.38 
H 5.85 4.91 4.66 2.96 
O 50.02 45.36 40.30 36.11 
N 1.57 2.62 2.67 2.55 
S 0.00 0.00 0.00 0.00 
H/C 0.13 0.10 0.08 0.05 
O/C 1.17 0.96 0.76 0.61 
HHV 16.37 17.26 19.25 19.59  

Fig. 1. Thermogravimetric analyses of raw and torrefied biomass feedstocks.  

Fig. 2. DTG profiles of raw and torrefied biomass feedstocks.  
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the torrefied GM sample, the shoulder peak is difficult to distinguish and 
looks like that it is overlapped with the peaks relating to cellulose and 
lignin decompositions. This result could be due to the relatively lower 
content of hemicellulose in the torrefied GM sample [28]. The decom-
position rate also decreases significantly after 400 ◦C owing to the slow 
decomposition rate of lignin and secondary cracking of carbonaceous 
compounds. It is also worth mentioning that the obvious mass loss point 
of torrefied GM is shifted to the higher temperature range when a higher 
temperature is applied for preparing the torrefied GM since the 
decomposition of hemicellulose as well as cellulose will be more severe 
[29,30]. 

Fig. 3 displays XRD profiles of raw and torrefied GM samples. The 
higher degree of torrefaction results in the gradual decrease in the peak 
intensity at 2θ = 22◦, and at the same time, some peaks at 2θ = 24◦, 28◦, 
41◦, 51◦, 66◦, 58◦, and 74◦ are observed, which correspond to the 
crystalline structure of potassium chloride, indicating that K and Cl 
species exist in the GM. The FTIR spectra of raw and torrefied GM under 
different temperatures are displayed in Fig. 4, in which the peaks at 
1090, 1641, 2920 and 3290 cm− 1 are observed. These peaks are 
attributed to the C–O bonds in lignin, stretching of C––O in cellulose, 
stretching vibration of C–H bond in cellulose, and stretching vibration 
of O–H from moisture content inside the biomass. With a higher degree 
of torrefaction, the OH functional group peak intensity becomes weaker, 
which confirms the dehydration phenomenon in the torrefaction process 
[31]. 

3.2. Characterizations of catalysts 

XRD diffraction peaks of parent HZSM-5 and various metal doped 
zeolites were examined. As displayed in Fig. 5, all metal doped zeolites 
still retain the crystalline structure of parent one after the metal doping, 
indicating that Cu and Mg doping does not change crystal structure of 
the parent zeolite. It is worth mentioning that the peaks corresponding 
to Cu and Mg are not found for the doped samples, implying that both Cu 
and Mg species should be well dispersed on the parent zeolite, which 
could effectively reduce the agglomeration of copper and magnesium 
species on zeolite surface during the reaction. 

Fig. 6 shows NH3-TPD spectra of both parent and metal doped HZSM- 
5 zeolites. Obviously, there are two desorption peaks at low and high 
temperature ranges, which are relating to the weaker acid sites (Lewis 
acid) and stronger acid sites (Brønsted acid) on the catalysts, consecu-
tively. One can see that the intensity of desorption peaks on weak acid 
sites increases after Cu doping since some of the H+ on the catalyst are 
ion-exchanged by Cu2+. Whereas, after the Mg doping, the acidity of 

parent HZSM-5 zeolite drops since the magnesium species has more 
basic characteristics. Herein, after metal doping, various metals (Me) 
species including Me-O-Si and Me-O could co-exist and conveniently 
interact on the active sites of zeolite, resulting in the reorganization of 
zeolite structure and formation of a new framework among dislocated Si 
and Al species [32]. 

Fig. 7 shows pore size distributions of the prepared zeolite catalyst 
samples. Obviously, all the catalysts present a narrow pore size distri-
bution with a range of 2–10 nm. The specific surface areas, pore vol-
umes, and pore sizes are listed in Table 2. For the metal doped HZSM-5 
catalysts, the pore size, pore volume and surface area are significantly 
reduced since both copper and magnesium species could deposit in the 
internal and external pores of zeolites and change the surface properties. 
In general, larger molecules could easily get in those larger pores and 
reach the inside active sites of pores. Notedly, coke could be generated in 
the pores more easily owing to the polycondensation, leading to catalyst 
deactivation [33]. Therefore, it is necessary to fabricate optimum pore 
structure in order to enhance catalysis stability in the catalytic 
upgrading process of bio-oil. 

FTIR spectra of both parent and Cu–Mg doped HZSM-5 zeolites are 
depicted in Fig. 8. The observed frequencies at 570, 800, 1100, 1635, 
3450 and 3620 cm− 1 are in a good agreement with the data of the 
literature [34,35]. Herein, the broad peak at 3450–3700 cm− 1 is asso-
ciated with the Si-OH and Si(OH)Al framework structure, which can 
contribute Brønsted acid sites. The broad peak in the range of 
3100–3550 cm− 1 is related to the OH stretching on the extra framework 
of aluminum species, and the band intensity after Cu–Mg doping is 
slightly lower compared to the parent catalyst. This might be due to a 
decrease in O–H bond strength after metal incorporation to the zeolite 
framework [36]. 

Fig. S3 shows the surface morphology and EDX mappings of the 
metal doped HZSM-5 zeolites. It is found that no bulk copper or mag-
nesium species are formed on the zeolite surface. Here, a well distri-
bution of metal species on the zeolite surface is also ensured via EDX 
analysis, which is in accordance with the XRD analysis results. However, 
it should be noted that the metal doped zeolite tends to agglomerate due 
to the linkage of smaller HZSM-5 crystals [37]. 

3.3. Product distributions after torrefaction treatment 

The chemical compositions of bio-oil derived from the pyrolysis of 
GM and torrefied GM are shown in Fig. 9. Here, the bio-oil components 
can be classified into 7 groups, i.e., aromatic hydrocarbons, ketones, 
phenols, aliphatic hydrocarbons, aldehydes, acidic compound, and Fig. 3. XRD patterns of raw and torrefied biomass feedstocks.  

Fig. 4. FTIR spectra of raw and torrefied biomass feedstocks.  
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others. The bio-oil generated from the raw GM mostly contains oxy-
genates such as acid and ketones, accounting for 65.58%. The high ox-
ygenates amount should be attributed to the higher oxygen percentage 
and lower carbon percentage in raw GM. For the bio-oil derived from the 
torrefied GM, the product distributions are changed, especially the 
concentration of acids and ketones are reduced. It is reported that these 
oxygenates are mainly derived from the depolymerization, dehydration 
and cracking of cellulose and hemicellulose [38]. As such, for the tor-
refied GM, hemicellulose and cellulose have been decomposed to some 
extent, which will affect the pyrolysis result. On the other hand, more 

phenols and aliphatic compounds in the bio-oil from the torrefied GM 
are generated and the increased extent is enhanced for the torrefied GM 
obtained at a higher torrefaction temperature. The depolymerization of 
hemicellulose and cellulose always occurs during the torrefaction, 
making the components relating to lignin become the main constituent 
in the torrefied biomass, which is the precursor of phenols in the py-
rolysis bio-oil. While, aliphatic hydrocarbons are mostly produced from 
the reorganization of radicals generated by deoxygenation and ring 
opening of cellulose and the splitting of alkyl linkages of lignin [39]. 
Therefore, higher lignin content in the torrefied GM should be benefit 

Fig. 5. XRD patterns of parent and metal doped zeolites.  

Fig. 6. NH3-TPD profiles of the parent and metal doped zeolites used in 
this study. 

Fig. 7. Pore size distributions of the parent and metal doped zeolites used in 
this study. 
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for the generation of aliphatic hydrocarbons during the fast pyrolysis. 
Pyrolysis products generally have 4 groups, oil, gas, water, and char 

as shown in Fig. 10. Pyrolysis of torrefied biomass prepared at a higher 
torrefaction temperature from 200 to 300 ◦C leads to a higher char yield 
from 25.4% to 38.1% but significantly lower water yield from 28.6% to 

10.8%. As stated above, during the torrefaction process, thermal devo-
latilization and carbonization will occur, which will change the torrefied 
GM decomposition pathway during further pyrolysis, thereby enhancing 
char formation and reducing volatilization [40]. In addition, torre-
faction at a higher temperature will lead to the formation of thermally 
stable structures, preventing the generation of volatiles during further 
pyrolysis [41]. The corresponding gas product distributions are shown 
in Fig. 11. Obviously, total gas yield from the pyrolysis of torrefied GM is 
lower than that from the raw GM, especially carbon dioxide and carbon 
monoxide. As stated above, during the torrefaction, both hemicellulose 
and cellulose will be partially depolymerized, leading to lower forma-
tion of carbon oxide gases during the further pyrolysis [42]. Based on 
these results, GM-300 was chosen as the best substrate to be further 
investigated in the catalytic upgrading process. 

3.4. Product distribution in the catalytic upgrading of torrefied GM 

The performances of metal doped HZSM-5 zeolites for the catalytic 
upgrading of bio-oils obtained from the rapid pyrolysis of GM-300 were 
tested in a fixed bed reactor and the bio-oils was analyzed with GC–MS 
instrument. Here, the components in the bio-oils can be classified into 7 
groups, i.e., aromatic hydrocarbons, ketones, phenols, aliphatic hydro-
carbons, aldehydes, acidic compound, and others. Among these com-
pounds, aromatic hydrocarbon is selected as the indicator to evaluate 
the catalytic performance. As shown in Fig. 12, with the presence of 
parent catalyst, the total relative quantity of aromatic hydrocarbons is 
48.6%. Metal doping on the parent HZSM-5 zeolite further improves the 

Table 2 
Acidities and textural properties of the parent and metal doped HZSM-5 zeolites.  

Catalyst Acidities Textural Properties 

Lewis Acid sites (mmol/g, low 
temp.) 

Brønsted Acid Sites (mmol/g, high 
temp.) 

Total Acidity (mmol/ 
g) 

SBET (m2/ 
g) 

Vtotal (cm3/ 
g) 

Average pore size 
(nm) 

HSZ-Cu 0.631 0.194 0.825 370.06 0.21 2.35 
HSZ-Mg 0.256 0.052 0.308 245.85 0.25 2.70 
HSZ-Cu 1:2 

Mg 
0.388 0.224 0.612 231.79 0.22 2.85 

HSZ-Cu 1:1 
Mg 

0.555 0.207 0.762 280.14 0.20 2.40 

HSZ-Cu 2:1 
Mg 

0.683 0.212 0.895 261.12 0.31 2.56 

Parent 
Catalyst 

0.527 0.174 0.711 332.66 0.20 2.44  

Fig. 8. FTIR spectra of parent and metal doped zeolites used in this study.  

Fig. 9. Chemical compositions of bio-oils derived from fast pyrolysis of raw and torrefied biomass.  
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aromatic hydrocarbons yield with a highest relative amount of 63.1%. 
The higher selectivity toward aromatic hydrocarbons and the lower 
selectivity toward phenols indicate that metal doping can improve the 
conversion of phenolic compounds to aromatic hydrocarbons through 
demethoxylation and dehydroxylation reactions [43]. Other oxygenated 
compounds such as ketones are also reduced significantly using the 
metal doped HZSM-5 zeolites. The deoxygenation pathway of ketones 
and phenol is generally carried out via three pathways, i.e., decarbon-
ylation, dehydration, and decarboxylation [44]. Compared with the 
monometal doped HZSM-5 zeolites and parent HZSM-5 zeolite, the 
Cu–Mg bimetal doped HZSM-5 zeolites possess higher relative yields of 
aromatic hydrocarbons. It should be due to the incorporation of Cu and 
Mg species and the synergistic effect of the two active sites, which can 
improve the deoxygenation pathways toward aromatic hydrocarbons. 
Thus, the addition of Cu and Mg species on the zeolite support could 
further enhance the removal of oxygenated compounds in bio-oil. 

In this study, the identified aromatic hydrocarbons are toluene, 
benzene, p-xylene, o-xylene, ethylbenzenes including monoaromatic 
hydrocarbons (MAHs), naphtalene and indene as polyaromatic hydro-
carbons (PAHs). As we can see in Fig. 13, in the cases using HSZ-Cu and 

HSZ-Mg catalysts, relative quantity of aromatic hydrocarbons content in 
the upgraded bio-oil is increased to 51.7% and 50.6%. Interestingly, in 
the case using Cu-doped catalyst, naphtalene and indene (PAHs) yields 
increase while toluene (MAHs) yield decreases significantly. In contrast, 
in the case using Mg-doped catalyst, benzene, toluene and xylene 
(MAHs) yields increase while the production of naphtalene and indene 
(PAHs) is hindered. This might be related to the enhanced hydrogen 
transfer ability and the optimized acid properties of the catalysts by the 
metal modification [45]. Furthermore, the minimum PAHs yield of 1.6% 
is obtained by using the HSZ-Cu 1:2 Mg catalyst, which is about 75% 
lower than that by using HSZ-Parent. These results indicate that Mg 
doping could prevent some of the PAHs formation during the catalytic 
upgrading process. In addition, the increased coke production on the 
catalyst surface could be a result of increased PAHs generation during 
upgrading process. Thereby, it is always expected to lower PAHs yield in 
order to inhibit the coke generation and prolong the life-time of catalyst 
activity [46]. 

Fig. 14 shows the percentages of detected products during in-situ 
catalytic upgrading process of bio-oil with parent and metal doped 
HZSM-5 zeolites. Herein, the products are divided into 5 groups, i.e., oil, 
water, char, gas, and coke deposited on catalyst surface after the 
upgrading process. It is found that after metal doping on zeolite catalyst, 
lower coke is formed on most of them when compared to that on the 
parent catalyst. However, for the HSZ–Cu, slightly higher coke is 
deposited on its surface, leading to the lowest oil yield. This could be due 
to the enhanced strong acid sites after Cu doping, which could enhance 
either deoxygenation process or some secondary reactions such as 
polycondensation, cyclization, and polymerization of primary products 
including aromatic hydrocarbons, phenols, ketones to generate coke on 
catalyst surface, leading to a lower oil yield with higher coke deposition 
[47]. It is also observed that the lowest coking extent is achieved by 
using HSZ-Mg catalyst with a 6.6% yield. Mg doping on zeolite could 
provide some basicity in the catalyst to prevent some of the secondary 
polymerization of hydrocarbons. These could be benefit for catalyst 
reusability due to lower coke formation on catalyst surface [48]. In 
addition, more water is generated when the parent zeolite is doped with 
both Cu and Mg. These findings suggest that several reactions related to 
the production of light gases and water including dehydrogenation, 
dehydration, decarbonylation, decarboxylation, and cracking are 
responsible for the formation of hydrocarbons, gases, coke, and water. 
Therefore, the incorporating of Cu and Mg in zeolites is of great signif-
icance to form acid-base bifunctional characteristics. Such a bifunctional 
catalyst system could give some advantages during catalytic upgrading 
to improve aromatic hydrocarbons yield, maintain relatively low water 
content in bio-oil and reduce coke deposition on catalyst surface, 
thereby maintaining the catalytic activity of zeolites and improving 
product quality. For the gas yield, as shown in Fig. S4, the use of parent 
catalyst results in lower gas product than those using the metal doped 
zeolites. The increase of gas yield, especially CO2 and CO, in the cases 
using metal doped zeolites should be related to dehydrogenation, 
dehydration, decarbonylation, and decarboxylation, along with the 
formation of aromatic hydrocarbons and the reduction of oxygenated 
compounds in the upgraded bio-oils [49,50]. More CO2 and CO, espe-
cially CO, are produced when metal doped zeolites are utilized. It sug-
gested that decarbonylation could be the major reaction during the bio- 
oil deoxygenation. 

3.5. Reaction mechanism during bio-oil upgrading with bimetal doped 
catalysts 

According to the above analyses and considering the main three 
compounds of hemicellulose, cellulose and lignin in both raw and tor-
refied GMs, the possible reaction pathways in the in-situ catalytic 
upgrading of bio-oils over bimetal doped zeolite catalysts are summa-
rized in Fig. 15. Here, the biomass pyrolysis routes have great rela-
tionship with the cellulose, hemicellulose, and lignin components. These 

Fig. 10. Product distributions of bio-oils derived from fast pyrolysis of raw and 
torrefied biomass. 

Fig. 11. Gas yields during fast pyrolysis of raw and torrefied biomass.  
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Fig. 12. Chemical compositions of upgraded bio-oils derived from fast pyrolysis of GM-300 with different zeolite catalysts.  

Fig. 13. Aromatic hydrocarbon compositions of upgraded bio-oils derived from fast pyrolysis of GM-300 with different zeolite catalysts.  

Fig. 14. Product distributions of bio-oils derived from fast pyrolysis of GM-300 with different zeolite catalysts.  
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Fig. 15. Possible reaction pathways for aromatic hydrocarbons formation from the catalytic upgrading of bio-oil derived from fast pyrolysis of raw and torrefied GM.  
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biomass constituents will decompose into smaller oxygenated com-
pounds by different routes under the influence of heat rate during the 
first pyrolysis step [51]. For example, hemicellulose will undergo a 
thermal decomposition to form anhydrosugars (e.g., levoglucosan and D- 
glucose), pyrans, and furans through depolymerization and thermal 
cracking [52]. Cellulose will thermally decompose into smaller 
oxygenated compounds (e.g., alcohols, ketones, aldehydes), and depo-
lymerization of lignin will form phenolic compounds. It should be noted 
that torrefaction of raw GM will change the percentages of various 
biomass constituents (hemicellulose, cellulose and lignin). During the 
torrefaction, raw GM undergoes carbonization and devolatilization, 
leading to an increase of lignin content with the loss of cellulose and 
hemicellulose. 

The lower percentage of cellulose and hemicellulose can be ascribed 
to chemical degradation after the torrefaction process [53]. This will 
shift the reaction pathway and the primary pyrolysis products toward 
lignin derived constituents in the pyrolysis of torrefied GM. That is, 
those primary pyrolysis products could be upgraded in the secondary 
pyrolysis step, in which some oxygenated compounds could be more 
easily diffuse into the zeolite micropores and transform into aromatic 
hydrocarbons. During the catalytic upgrading process, zeolite parame-
ters play some important roles. For example, pore size of zeolite will 
determine whether the primary pyrolysis products could diffuse and 
enter the acid sites. Large molecules such as alkoxyl phenols could 
combine on the surface of zeolite and undergo polymerization to form 
coke under the influence of strong external acid sites. For the conversion 
of the primary pyrolysis products into aromatic hydrocarbons, the 
appropriate number of acid sites plays an important role [54]. In this 
study, doping the zeolite with Cu and Mg could balance the total acid 
sites in zeolite to obtain optimum aromatic hydrocarbons yield and 
maintain relatively low coke deposition on the zeolite surface. Addi-
tionally, the pore size would be altered after metal doping on zeolite, 
which would partially replace the Brønsted acid into Lewis acid sites 
[55]. Another reason is the accelerated hydrogen migration between 
acid sites and metals, drastically improving the conversion of oxygen-
ated compounds into MAHs. The deoxygenation pathway can be shifted 
to decarbonylation reactions as evidenced by the increase of carbon 
oxide gases. As stated above, Cu doping adds more acidities on zeolite, 
which can promote secondary cracking of the pyrolysis vapor into car-
bon oxide gases. However, Mg doping increases carbon monoxide yield 
significantly with the decrease of coke yield, suggesting that Mg doping 
may be able to reduce the production of coke through the stimulation of 
atomic hydrogen movement via activation of C–H on the active sites. 
The possible reaction mechanism for coke removal from catalyst surface 
in the presence of Mg is proposed as follows [56,57]: 

Mg2O − C+H2O➔Mg2O2 − C+H2 (1)  

x Mg2O2 − C+ x C➔x Mg2O − C+ x CO (2)  

(1 − x) Mg2O2 − C+(1 − x) CO➔(1 − x) Mg2O − C+(1 − x) CO2 (3)  

Overall : x C+H2O➔H2 +(2x − 1) CO+(1 − x) CO2 (4) 

It is also found that the use of Cu–Mg doped zeolites not only fa-
vours deoxygenation reaction, but also promotes the oligomerization, 
Diels-Alder, alkylation, and aromatization reactions to produce higher 
aromatic hydrocarbons yield and maintain a relatively low coke yield. 

3.6. Reusability of catalysts 

The reusability of metal doped zeolite and parent zeolite catalysts 
was examined at a suitable temperature of 500 ◦C and using GM-300 as 
the biomass feedstock for the catalytic upgrading. Fig. 16 summarizes 
the results in the reusing of catalyst for 3 cycles and the regenerated 
catalyst. One can see that HSZ-Cu 2:1 Mg exhibits high selectivity and 
stability with only a minor decrease of aromatic hydrocarbons yield 

after each cycle, where the decrease is no more than 10% compared to 
the first cycle using the fresh catalyst. Parent catalyst exhibits a high 
reduction in the relative amounts of aromatic hydrocarbons. This 
reduction of aromatic hydrocarbon yield could be attributed to coking 
on catalyst surface after several cycles, leading to catalyst deactivation. 
Higher coke deposition was observed on the parent catalyst without 
metal doping than that on the metal doped catalyst. Interestingly, a 
higher rate of coke deposition on parent catalyst is observed with the 
increase of cycle. This should be the reason why the parent catalyst 
exhibits a high reduction of aromatic hydrocarbons yield compared to 
the metal doped catalysts used in this work. Herein, Cu and Mg doping 
serves as additional active sites that can improve aromatic hydrocarbons 
yield during catalytic upgrading process. Higher acidity resulting from 
Cu doping can improve MAHs formation while Mg doping prevents some 
of the secondary polymerization with the coking resistance on catalyst 
surface during the upgrading process. As a result, using both metals 
simultaneously improves aromatic hydrocarbons yield and maintains 
relatively low coke deposition on active sites of the catalyst. After using 
for the 3rd cycle, each of the spent catalyst was regenerated via a facile 
calcination process in air at 550 ◦C for 3 h. It is found that the regen-
erated catalysts exhibit almost the same performances as the initial ones, 
suggesting that their catalytic activities have been recovered 
completely. 

4. Conclusions 

Pre-treatment of raw GM by torrefaction led to the decomposition of 
hemicellulose and cellulose, leaving mostly lignin inside the torrefied 
GM. These resulted in higher aliphatic and phenol compound yields with 
improved bio-oil quality. The best biomass sample, which is the torre-
fied GM prepared at 300 ◦C, was chosen as the feedstock for catalytic 
upgrading. Catalyst characterization showed that metal species can be 
dispersed well on the catalyst surface and HSZ-Cu 2:1 Mg demonstrated 
the highest performance in the generation of aromatic hydrocarbons in 
the upgraded bio-oils with a high relative percentage of 63.1%. More-
over, the deactivated Cu-Mg-doped zeolites due to coking were suc-
cessfully recovered by a facile calcination method. 
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