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n via catalytic solvolysis of
biomass

Duo Yao Rachel-Tang,ab Aminul Islam*acd and Yun Hin Taufiq-Yap*ab

Recent studies have found that biomass has great potential as a substitute for natural fossil fuels. Although

pyrolysis has always been the option for biomass-to-biofuel conversion, liquefaction technology on the

other hand appears to be another alternative to obtain valuable high energy products such as biofuel,

gas and char due to some disadvantages of converting biomass to biofuel via pyrolysis. In this study, the

optimization of liquefaction of oil palm empty fruit bunch (EFB) into bio-oil was studied over a series of

supported Zn catalysts. 15 wt% of Zn supported on ZSM-5 showed the highest bio-oil yield conversion

after the introduction of catalyst. GC-MS analysis of the bio-oil showed it to mainly consist of furfurals,

followed by phenols and other minor compounds. Several parameters that were studied include the

effect of reaction temperature, reaction time, catalyst composition, and catalyst loading on the product

yield. The optimum conditions for the conversion of EFB (43.6%) to liquid products were 180 �C for

90 min with 0.5 wt% of 15% Zn supported on ZSM-5.
Introduction

Global energy consumption which rises exponentially with
rapid population increments and industrial development is
facing a critical situation with the gradual depletion of limited
natural fossil fuel reserves. This phenomenon raises the
urgency for the substitution of energy from natural fossil fuel
with other alternatives. Renewable energy appears to be
a promising and potential source to replace the existing energy
source. Energy sources that could be renewed include solar,
wind, hydro, biomass, nuclear, etc.1 Among these renewables,
the abundancy of biomass all around the world has increased
its utilization in many aspects and so, is replacing crude-based
non-renewable energy resources.

In general, biomass which includes agricultural crops,
forestry residues, municipal and solid waste etc. could be con-
verted and used in various applications such as transportation
fuels, value-added chemicals, fertilizers and agro-chemicals.2,3

Biomass could be converted biologically (fermentation and
anaerobic digestion) or thermochemically (pyrolysis, gasica-
tion and liquefaction).4 Among these two routes of methods,
thermochemically-converted biomass is considered to be more
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promising in obtaining product in three phases: low molecular
weight liquid, gas fuel and solid residue.5

In the past two decades, pyrolysis has always been selected
for the bio-oil production. However, although pyrolysis tech-
nology is a promising way to give high yield product, it has
become less favorable as reaction time needed is long and
temperature needed for this method is high. High operating
temperature of pyrolysis (673–1273 K) give forth to a very big
problem: cross-linking and re-combination reaction between
hydrocarbons and aromatics. This may further lead to tar and
char formation which eventually causes difficulty in decompo-
sition.6 In addition, pyrolysis requires dry biomass in basis prior
every treatment and this will lead to substantial energy
consumption due to high heat of water vaporization.7 It is
therefore unfeasible from the view of economy.

In contrast to pyrolysis, solvolytic liquefaction is more prefer-
able as biomass could be converted into valuable materials under
relatively low temperature and shorter reaction time. Not only that,
the presence of solvent during solvolysis liquefaction will help to
avoid cross-linked reactions and reverse reactions by diluting the
product concentration.8–10 Drying of biomass prior liquefaction
treatment is not needed as liquefaction can also convert biomass
with high moisture content. The thermochemically converted
liquid product produced from biomass is called bio-oil. Chemicals
extracted from bio-oil are used as food avorings, resins, adhe-
sives, agrichemicals, and fertilizers. In addition, bio-oil is also
used for power generation for diesel engines and turbines.

Malaysia is one of the major producers of palm oil in the
world. Hence, the abundance availability of oil palm empty fruit
bunch (EFB) has become a great option to be used as the
feedstock of biomass-to-biofuel conversion. It was reported that
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 X-ray diffraction pattern of the parent catalyst (a) ZSM-5 and the
synthesized catalysts of different zinc composition: (b) 5% ZnO/ZSM-
5; (c) 10% ZnO/ZSM-5; (d) 15% ZnO/ZSM-5; (e) 20% ZnO/ZSM-5. The
peaks for ZnO for all modified catalysts are defined as a.

Fig. 2 TPD-NH3 of ZSM-5 (ZC), 5% ZnO/ZSM-5, 10% ZnO/ZSM-5, 15%
ZnO/ZSM-5 and 20% ZnO/ZSM-5. Red colored circles depicts the
desorbed temperature at weak, medium and strong acid sites; blue
colored circles depicts the desorbed temperature for weak, medium
and strong acid sites for the best performing catalyst in bio-oil
production.
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View Article Online
as in 2010, Malaysia contributed incredible amount of oil palm
biomass waste, approximately 86.9 Mt per year.11,12 As such, the
abundance of oil palm biomass waste can be served as feed-
stock for biomass to biofuel conversion.13,14

Several articles on the liquefaction off biomass have been
reported. Fan et al.15 investigated the effect of different solvents
on the oil palm empty fruit bunch via solvolysis liquefaction.
Similarly to Fan et al.,15 Yip et al.16 carried out the investigation
of the effect of various solvents on the liquefaction of bamboo.
On the other hand, the liquefaction of pinewood dust by using
various solvents (carbon dioxide, water, ethanol and acetone)
with the presence of catalysts (alkali salts and acidic zeolites)
was studied byWang et al.17 Catalytic hydrothermal liquefaction
of wood biomass has also been done by Karagöz et al.18 in the
presence of alkaline solution. Yan et al.19 also investigated the
effect of various parameters which includes temperature, reac-
tion time and solvent type on the liquefaction of sawdust. The
productions of bio oil from rice husk, coconut shell, straw, corn
stalk were reported in the literature.20–23 Several recent studies
have concentrated on the identication of protein molecular
structure, energy values and biodegradation properties of bio-
oil.24,25 An alternative approach to produce bio oil based on the
ultrasonic pretreatment technology as an alternative to
conventional process has been highlighted recently.26

Although several studies and investigations have been per-
formed on the bio-oil production of biomass via solvolysis
liquefaction, there are little studies on the effect of heteroge-
neous catalysts that affect the yield and chemical composition
of the liquid product via solvolysis liquefaction. The main
purpose of this study is to nd a suitable heterogeneous catalyst
that can convert biomass (palm oil empty fruit bunch) into bio-
oil via solvolysis liquefaction under optimum conditions.
Zeolite (ZSM-5) was chosen in this study as a support material
due to their large surface area, excellent reactivity and stability,
unique pore structure and shape selectivity and ZnO was loaded
on ZSM-5 to adjust the acid properties and introduce active
species to make effective catalysts for bio-oil synthesis.

Result and discussion
Structure of catalyst

In this study, heterogeneous catalyst was employed to enhance
the production of the bio-oil and the surface science of the
catalyst was studied. Firstly, the crystallinity of the catalyst was
determined by X-ray diffraction method and the XRD pattern of
the synthesized catalysts is given in Fig. 1. The XRD pattern of
the parent catalyst – commercial zeolite ZSM-5 that has been
calcined (labelled as ZC) was compared to the synthesized
catalyst (i.e. zinc with different weight percentage wt% sup-
ported on ZC). Aer calcination at 550 �C as an activation step of
the ZSM-5, the ve diffraction characteristic peaks the Mor-
denite Framework Inverted (MFI) structure of ZSM-5 could be
observed. The rst two peaks were observed at 2q ¼ 7–10� and
the other three peaks were observed at 2q ¼ 22–25�. This
phenomenon is in agreement of what has been reported by Ren
et al.12 and Zhao et al.13 As for the other four synthesized cata-
lysts, the ve diffraction characteristic peaks were also observed
This journal is © The Royal Society of Chemistry 2017
at the same position, indicating the addition of zinc did not
affect the basic structure of the parent ZSM-5. In addition, it is
clearly shown that as the amount of zinc loaded onto ZC
increased up to 20 wt%, the intensity of the peaks of zinc at the
same degree also increased, indicating a higher amount of zinc
dispersed on the parent catalyst. However some low intensity
peaks were observed and this was caused by the limitation of
the instrument.14

Acidity of catalyst

The acidity of the catalyst were studied by using temperature
programmed desorption with NH3 as probemolecule (TPD-NH3).
RSC Adv., 2017, 7, 7820–7830 | 7821
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Table 2 The acidity of the catalysts

Catalysts NH3 desorbed (mmol g�1)

ZSM-5 6619.32
5% ZnO/ZSM-5 2829.63
10% ZnO/ZSM-5 17 373.85
15% ZnO/ZSM-5 17 847.18
20% ZnO/ZSM-5 14 186.61

Table 1 The composition analysis of EFB fibre

Properties Values

Moisture (%) 8.99

Proximate analysis (%)
Dry matter 91.01
Ash 2.42

Chemical composition (%)
Hemicellulose 41.32
Cellulose 39.07
Lignin 34.82

Ultimate analysis (%)
C 45.44
H 6.22
N 1.58
S 0.36
O 46.40
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Fig. 2 shows the board asymmetric desorption prole of the ve
catalysts used in this study. On the other hand, the amount of
NH3 desorbed is shown in Table 2. The peaks observed represent
desorption of the NH3 molecules. Peaks could be observed at the
range of 100–200, 200–350 and above 350 �C respectively. NH3

molecules desorbing at temperature 100–200 �C indicates the
weak acid sites of the catalysts, while those desorbing at the
range of 200–350 �C indicatesmedium acid sites and those above
350 �C indicates acidity with strong acid strength. As compared to
the parent ZSM-5, the number of acid sites for all the doped
catalysts increases as zinc was loaded and that correspond to the
amount of gas that was desorbed with the increase of zinc
concentration from 5 to 15 wt%. As the zinc composition
increases, weak acid sites andmedium acid sites increases, while
strong acid sites only present when the composition reaches 15
wt% onwards. The increase in strong acid site with the intro-
duction of zinc species could be ascribed to the increased
exchange rate between Zn2+ and H+ as a result of the large
amount of zinc species deposited on the catalyst surfaces.
Composition of catalyst

The composition of the synthesized catalysts was identied by
using EDX analysis. From the spectrum of the chosen area of
the catalyst (15 wt% Zn/ZnO), the weight percentage of oxygen,
aluminium, silica and zinc are 62.04%, 1.67%, 30.87% and
5.42% respectively. Fig. 3a1–a4 clearly showed the distribution
7822 | RSC Adv., 2017, 7, 7820–7830
of the zinc being introduced, stirred and reuxed. The distri-
bution of the zinc was good, even and well dispersed as shown
by the purple-colored dots under EDX analysis. On the other
hand, the spectrum of the catalyst can be seen in Fig. 3b. The
composition of the parent ZSM-5 and other catalysts are dis-
played in Table 3. For ZSM-5, there is zero amount of zinc
components detected as there ZSM-5 is purely only zeolite ZSM-
5. When zinc was added, the EDX analysis was able to detect the
presence of zinc, giving the zinc wt% as shown in table.
However, the detected amount may not be accurate, but the
presence of zinc in the modied catalysts was proofed. The
amount for zinc on 20% Zn/ZSM-5 was found to be specically
high, most probably due to agglomeration of zinc. This occur-
rence was very in line with all other characterization that was
done on the same amount of zinc introduced. Nevertheless, the
synthesis of zinc on zeolite ZSM-5 was acceptable and the zinc
that was introduced was well-deposited on the surface of the
parent catalyst.

Surface area of catalyst

Table 4 summarizes the specic surface area of each synthe-
sized catalyst. From the result, the specic surface area of
calcined zeolite was found to be 332.15 m2 g�1. As the compo-
sition of the zinc being loaded increased, the specic surface
area of the synthesized catalyst showed declination, 211.72 m2

g�1, 209.44 m2 g�1 and 138.57 m2 g�1 for 5% ZnO/ZSM-5, 10%
ZnO/ZSM-5 and 15% ZnO/ZSM-5 respectively. One of the
possible reasons for this phenomenon is the loading of zing has
already been deposited on the surface of the parent catalyst
which caused a decrease in the surface area obtained as zinc
concentration increased. However, when the amount of zinc
further increased to 20 wt%, a slight increase in the specic
surface area was observed. The surface area was found to be
164.29 m2 g�1. According to the noticeable trend from 5 wt% to
15 wt% synthesized catalysts, the surface area of 20 wt%
synthesized catalyst should show declination instead of incre-
ment. The possible reason for this phenomenon was due to
agglomeration of the zinc that has been loaded. Zinc that has
been introduced may not be evenly dispersed; some of the zinc
might adhere tightly to one another, resulting the agglomera-
tion of the dopant on the surface of the parent catalyst. Similar
observation was also reported by Zhao et al.13 Other possible
reason might be due to other side reaction that happens
between the parent catalyst and the dopant, and so the surface
area for 20 wt% ZnO/ZSM-5 showed some slight increase.

Morphologies of catalyst

Fig. 4 shows the surface morphologies of the ve catalysts. The
surface morphologies were analyzed using a eld emission
scanning electron microscope (FEI Quanta SEM Model 400F)
equipped with an energy dispersive X-ray (EDX) feature. From
the gures, all catalysts show irregular shapes throughout the
surface of the catalysts. As zinc was introduced into the parent
ZSM-5 which can been seen from gure (b) onwards, small
cloud-like shaped particles were observed, and this indicates
the addition of the zinc onto the parent ZSM-5. This is however
This journal is © The Royal Society of Chemistry 2017
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Table 3 Weight percentage (%) of each element for each modified
catalysts

Catalyst

EDX elemental analysis (wt%)

Al Si O Zn

ZSM-5 1.89 31.47 66.64 —
5% Zn/ZSM-5 1.90 36.87 55.76 5.47
10% Zn/ZSM-5 1.69 35.95 56.05 6.36
15% Zn/ZSM-5 1.67 30.87 62.04 5.42
20% Zn/ZSM-5 1.51 16.85 48.07 33.57

Table 4 Specific surface area of each catalyst

Catalyst
Specic surface
area (m2 g�1)

ZSM-5 332.15
5% ZnO/ZSM-5 211.72
10% ZnO/ZSM-5 209.44
15% ZnO/ZSM-5 138.57
20% ZnO/ZSM-5 164.29

Fig. 3 Composition distribution of 15 wt% Zn/ZSM-5 catalyst: (a1) oxygen, (a2) alumina, (a3) silica and (a4) zinc. (b) The spectrum of the
synthesized catalyst at 20 000� magnification.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
11

:1
1:

41
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
not observed in (e) when the zinc concentration reached 20
wt%. The morphology of 20% ZnO/ZSM-5 was totally different
and cloud-like shaped particles was not observed in this
particular gure. Agglomeration might have occurred elsewhere
and this is consistent with the result of BET and TPD-NH3 which
showed declination in both characterizations.
This journal is © The Royal Society of Chemistry 2017
Analysis of the composition of bio-oil by GC-MS

The bio-oil obtained has been analyzed by using gas chro-
matography mass spectrometry (GC-MS). This is to nd out
the composition of the compounds in the bio-oil that has
been produced. Although the yield of bio-oil produced was
quite low, the aim of this study is to determine the compo-
sition of the bio-oil produced with and without the presence
RSC Adv., 2017, 7, 7820–7830 | 7823
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Fig. 4 FESEM of (a) ZC, (b) 5% ZnO/ZSM-5, (c) 10% ZnO/ZSM-5, (d) 15% ZnO/ZSM-5 and (e) 20% ZnO/ZSM-5 at 20 000� magnification.
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of catalyst. The compositions of bio-oil vary considerably due
to the many variables in the pyrolysis of biomass. The wide
range of compounds is reported for the composition of each
Fig. 5 GC-MS graph of bio-oil obtained without the presence of catal
reaction time of 90 min, reaction temperature of 180 �C.

7824 | RSC Adv., 2017, 7, 7820–7830
organic component of bio-oil. The literature on the compo-
sition of bio oils was summarized by Milne et al.27 The results
of this study was correlated with the compositions of bio oil
yst at optimum condition. Reaction conditions: EFB amount of 5.0 g,

This journal is © The Royal Society of Chemistry 2017
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reported in the literature.27 The GC-MS graph of bio-oil in the
absence of catalyst could be seen in Fig. 5. The reaction was
set to be performed at 180 �C for 90 min with a xed amount
of EFB ber of 5.0 g. From the gure, it could be seen that
without the presence of any catalyst, there were many peaks
that could be observed. All the observed peaks indicate the
likelihood of certain compounds contained in the bio-oil aer
solvolysis process. The percentage of similarity of a particular
compound found is directly proportional to the area under
graph of the spectrum. Table 5 further explains the list of
compounds in the bio-oil produced under this reaction
condition. Many compounds were being found, such as
furfural, phenol, and other minor compounds like benzoic
acid etc. Although phenolic compounds hold the highest
percentage of the overall compounds found, the selectivity of
the compounds produced was not high. The production of
value-added chemicals such as furfural and phenols were not
enhanced without the introduction of catalyst. However,
when catalyst was introduced under the same reaction
condition, especially aer the incorporation of zinc oxide
onto ZSM-5 catalyst, the selectivity of the compounds in bio-
oil produced found to improve greatly as when the amount
of zinc was increased from 5 wt% to 20 wt% with 5 wt%
Table 5 Compound found in bio-oil converted without the presence o

No. Compound

1 Furfural
2 Phenol
3 2-Ethoxy-propanone
4 5-Methyl-2-furancarboxaldehyde
5 2,3-Dihydroxybenzaldehyde
6 Benzoic acid
7 5-(Hydroxymethyl)-2-furancarboxaldehyde
8 2,6-Dimethoxy-phenol
9 Vanillin
10 1-(4-Isopropoxy-3-methoxyphenyl)-propan-2-one
11 7a-Methyl-2,3,7,7a-tetrahydro-1H-indene-1,5(6H)
12 4-Hydroxy-3,5-dimethoxy-benzaldehyde
13 6,7-Dimethyl-1H-pyrrolo[3,4-c]pyridine-1,3,4(2H,

Fig. 6 GC-MS graph of bio-oil obtained with the presence of catalyst
reaction time of 90 min, reaction temperature of 180 �C, catalyst loadin

This journal is © The Royal Society of Chemistry 2017
interval. Under optimum condition (15 wt% of zinc incorpo-
rated on ZSM-5), 83% furfural was detected in the bio-oil
which is a very valuable chemical for many industrial appli-
cations. The list of relatively high content compounds ob-
tained from the bio-oil with the presence of catalyst under
optimum condition is shown in Table 5 and the GC-MS graph
of bio-oil with the presence of catalyst is shown in Fig. 6. As
compared to the bio-oil obtained without the presence of
catalyst, the selectivity of compounds of the former bio-oil
was not high. Most of the compounds have not been totally
break down into desirable compounds. In contrast, with the
help of catalyst, the selectivity of compounds increased and
the products produced are more narrowed and controllable
(Table 6).

In non-catalytic bio-oil, more aromatic hydrocarbons and its
derivatives were produced with phenol as the most abundant
compound. Also, a certain content of oxygenates such as
ketones was found too. In this present work, the incorporation
of ZnO into zeolite supports decreases the overall production of
aromatic hydrocarbons. This phenomenon suggests that the
incorporation of the metal oxide into zeolite support modies
the acid features of the support and thus enhance the selectivity
of the compound produced in the bio-oil.
f catalyst under 180 �C for 90 min

Area (%) SI index

25.06 98
28.04 99
2.24 87
1.87 97
1.43 82
2.92 98
8.16 92
2.51 97
2.20 96
1.40 88

-dione 1.25 83
2.67 92

5H)-trione 3.39 71

under optimum condition. Reaction conditions: EFB amount of 5.0 g,
g of 0.5 w/w%, ZnO amount of 15 wt% of ZSM-5.

RSC Adv., 2017, 7, 7820–7830 | 7825
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Table 6 Composition of bio-oil obtained under optimum condition

No. Compound Area (%) SI index

1 Furfural 82.42 98
2 Phenol 8.18 98
3 5-Methyl-furfural 1.53 97
4 2-Furancarboxaldehyde 0.92 92
5 2,6-Dimethoxy-phenol 0.48 97
6 4-Hydroxy-3-methoxy-benzaldehyde 0.48 97
7 2,6-Bis(1,10-dimethylethyl)-4-methyl-phenol 0.42 91
8 4-Hydroxy-3,5-dimethoxy-benzaldehyde 0.46 92
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Effect of temperature on yield

The conversion of EFB relative to temperature can be seen in
Fig. 7. A range of temperature has been selected to study the
Fig. 7 Effect of temperature on yield. Reaction condition: EFB amount
amount of 15 wt% of ZSM-5.

Fig. 8 Effect of zinc oxide concentration on yield. Reaction condition: EF
0.5 w/w%, reaction time of 90 min.

7826 | RSC Adv., 2017, 7, 7820–7830
effect of temperature on the conversion of EFB bers into bio-
oil with the presence of catalyst. The EFB bers were subjected
to temperature ranging from 160 �C up to 220 �C with the
presence of the optimum composition of catalyst, i.e. 15 wt%
of zinc on ZSM-5. It was clearly stated that the optimum
conversion of EFB was achieved at 180 �C with the optimum
catalyst composition of 15 wt% of zinc in ZSM-5 for 90
minutes. The declination in the yield of bio-oil with further
increase in temperature from the optimum temperature is also
common in several works that have been reported.28–31 At
higher temperatures, occurrence of competing reaction such
as repolymerization, cyclization and condensation may
convert bio-oil components that have been formed at the
primary stage of liquefaction process to solid product char,
water-soluble and gaseous products that are not able to be
extracted as bio-oil.32,33
of 5.0 g, reaction time of 90 min, catalyst amount of 0.5 w/w%, ZnO

B amount of 5.0 g, reaction temperature of 180 �C, catalyst amount of

This journal is © The Royal Society of Chemistry 2017
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Effect of catalyst composition on yield

The effect of different catalyst composition on the conversion of
EFB bers to bio-oil ismore clearly shown in Fig. 8. A series of test
on different catalyst composition has been carried out on the
conversion of EFB bers to bio-oil. ZSM-5 was wet-impregnated
with different zinc concentration, starting from 5 wt% and
further increased at the interval of 5 wt% to a maximum of 20
wt% of zinc in ZSM-5. With the absence of zinc in ZSM-5,
percentage of bio-oil produced has slight increment compared
to the conversion of EFB without any presence of catalyst.
However when zinc was introduced into ZSM-5, conversion of
bio-oil showed improvement and as the catalyst composition
increased up to 15 wt%, the percentage of bio-oil obtained was
8.10%. However, the bio-oil obtained was decreased to 1.16%
with 20 wt% zinc in ZSM-5 although the total conversion of the
biomass increased to approximately 44%.

As the content of zinc increases, the formation of furfural
and furan derivatives increases. This could be due to highly
dispersed species Zn ions that catalyzed the reaction. The
increment in Zn content is equivalent to the increase in the
active Lewis acid sites. It was found by Lu et al.28 that acidic
catalyst such as ZnCl2 could convert lignocelluloses biomass
such as EFB into furfural. The declination of the bio-oil
conversion when 20 wt% of Zn was introduced may be due to
the agglomeration of Zn, which is in agreement with the BET
Scheme 1 Proposed mechanism for biomass derived furfural formation

Fig. 9 Effect of reaction time on yield. Reaction condition: EFB amount
ZnO amount of 15 wt% of ZSM-5.

This journal is © The Royal Society of Chemistry 2017
analysis that has been performed where the specic surface
area of the 20 wt% Zn/ZSM-5 is much lower than 15 wt% Zn/
ZSM-5.

It was reported that the isomerized compounds are mainly
derived from biomass during the aqueous phase reaction.34 The
major compound of bio oil obtained in this study is furfural can
be enhanced through Brønsted and Lewis acid sites on ZnO
supported ZSM-5 catalyst. Metal oxide catalysts in the zeolite
could behave through the participation of the Lewis sites,
although the actual mechanism is still debatable. A conclusion
has been reached by several researchers35,36 that water shis the
reaction to proceed by intramolecular hydride shi, involving
Lewis acid participation of oxide catalyst. Under this reactions,
the xylose could be isomerized into xylulose, as reported by
Choudhary et al.37 Further, the dehydration of generated
isomers over zeolite (ZSM-5), as proposed by Nakajima et al.35

can be proceed consistently with Brønsted acid sites to convert
furfural, consistent with Scheme 1. Consistent of this mecha-
nism was also recently reported by Choudhary et al.36 employing
Brønsted acid modied CrCl3 catalyst. In a related develop-
ment, similar mechanism was proposed by Román-Leshkov,
et al.38 for glucose isomerization to fructose over Sn modied
beta zeolite catalyst. Studies by Lew et al.39 consistent with the
glucose and xylose isomerization into fructose over Sn modied
beta and MFI zeolites.
over ZnO supported zeolite catalyst.

of 5.0 g, reaction temperature of 180 �C, catalyst amount of 0.5 w/w%,

RSC Adv., 2017, 7, 7820–7830 | 7827
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Effect of reaction time on yield

The effect of conversion of the bio-oil on reaction time has been
studied ranging from 30 minutes up to 120 minutes. Fig. 9
showed the relationship between conversion of bio-oil and
reaction time. As the reaction time increased from 30 minutes
to 90 minutes, the production of bio-oil also increased. Karagöz
et al.40 reported that increased with the increment of reaction
time at low temperature (150 �C) favoured the liquid oil yield of
sawdust. But the conversion declined when reaction time
further increased to 120minutes. Highest conversion was found
at 90 minutes, with a total conversion of 43.58%. Further
prolongation of reaction time did not enhance or produce
higher yield of bio-oil. This phenomenon was also reported by
Yan et al. where insignicant increase in liquid yields for longer
reaction times was observed.19 These results may be attributed
to decomposition and repolymerization of bio-oil to gaseous
products and char with the increase of residence time. Never-
theless, the effect of the reaction time is not signicant as
compared to temperature, indicating that liquefaction is
a thermal controlled process.41
Effect of catalyst loading on yield

The result of the effect of conversion of bio-oil on catalyst
loading could be seen in Fig. 10. Aer carrying out the opti-
mization experiments, the desirable condition for the bio-oil
conversion has found to be at 180 �C for 90 minutes, with 15
wt% of zinc supported on ZSM-5, while amount of ber was
kept constant at 5.0 g. Last but not least, the conversion of
EFB to bio-oil has been subjected to be tested with different
amount of catalyst loading, ranging from 0% w/w to 1% w/w
of catalyst loading. As the amount of catalyst loaded
increased, a steady increment in the conversion yield could
also be observed, and the highest yield was found to be at
0.5% w/w of catalyst loading. However further amount
increment did not show much signicant increment in the
conversion yield, but slight declination at 0.75% w/w to 1% w/
w of catalyst loading instead. The conversion of biomass to
bio-oil may reach to its saturation point, thus further loading
Fig. 10 Effect of catalyst loading on yield. Reaction conditions: EFB amou
amount of 15 wt% ZSM-5.

7828 | RSC Adv., 2017, 7, 7820–7830
of catalyst did not actually favor the liquid oil yield. This
phenomenon is in agreement with the study of Chan et al.3

where the effect of catalyst loading on the yield of bio-oil by
increasing the amount of catalyst from 1 wt% to 5%, and from
5 wt% to 12 wt% was studied. In their work, the yield of the
bio-oil increased as the amount of catalyst loading increases
from 1 wt% to 5 wt%. However further catalyst loading
increment (5 wt% to 12 wt%) showed declination in the yield
obtained. Further increase in catalyst loading could cause
secondary reaction where non-condensable gases will be
more favorable and thus the liquid oil yield obtained is then
decreased.42 Another possible reason for the declination of
bio-oil yield is due to catalyst coking that result from rapid
catalyst deactivation.43 High acidity ZSM-5 has been employed
and modied for the enhancement of the bio-oil production
in this study. With the introduction of zinc onto the parent
ZSM-5 catalyst, the number of acid sites of the catalyst
increased and thus increment of yield could be seen when the
amount of the catalyst added into the reaction increases.
However, higher acid cites of the catalyst will lead to high
affinity of coke formation which explains the decrease of bio-
oil yield when the catalyst amount is further increased to 1
wt%.43
Materials and methods
Biomass, chemicals and characterization

Oil palm empty fruit bunch (EFB) bres that were used in this
study were obtained from the Malaysia Palm Oil Board (MPOB)
at UKM, Bangi, Selangor. The bers were used as received
without any prior treatment. Biomass samples were sent to the
Malaysian Agricultural Research and Development Institute,
(MARDI) for the composition analysis of the bers and the
properties of the bers are shown in Table 1. Chemicals of
diethyl ether, zeolite ZSM-5, zinc sulphate heptahydrate
(ZnSO4$7H2O) were purchased from R&M Chemicals, Alfa Aesar
and Analar®. There is no further purication needed as all the
chemicals obtained are of analytical grades.
nt 5.0 g, reaction temperature of 180 �C, reaction time of 90 min, ZnO

This journal is © The Royal Society of Chemistry 2017
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Catalyst preparation

Zeolite ZSM-5 was calcined at 550 �C for 6 h prior to the wet
impregnation of zinc sulphate heptahydrate onto the zeolite as
a procedure of activating the active sites of zeolite. Next,
a solution of zinc sulphate heptahydrate was added to the
suspension of zeolite and the mixture was stirred for 4 h under
reux condition. In this study, different zinc composition was
added to the parent catalyst ZSM-5. The composition of zinc
added includes 5 wt%, 10 wt%, 15 wt% and 20 wt% of zeolite
ZSM-5. Aer that, the mixture was placed in oven overnight for
water removal. Lastly, the dried product was calcined again at
900 �C in order to obtain zinc in oxide form.
Catalyst characterization

X-ray diffraction (XRD) analyses were carried out using Shi-
madzu Model XRD 6000 with its diffractometer which employs
Cu-Ka radiation generated by Philips glass diffraction X-ray tube
broad focus 2.7 kW to produce diffraction patterns from powder
crystalline samples at ambient temperature. The catalysts were
scanned at a scanning rate of 1� min�1 using 2q in the range of
2–80�. Strength of synthesized solid heterogeneous acid cata-
lysts were determined by temperature programmed desorption
of ammonia (NH3). Thermo Finnigan TRD/R/O 1100 instrument
coupled with a thermal conductivity detector (TCD) was
employed in the catalyst strength investigation.

Brunauer–Emmer–Teller (BET) method was employed to
study the total surface area of synthesized catalyst by using
Thermo Finnigan Sortomatic 1990 series nitrogen adsorption/
desorption analyzer. Scanning electron microscopy equipped
with energy dispersive X-ray (FEI Quanta SEM Model 400F) was
employed. The composition of the synthesized catalysts was
examined by EDX to examine the size of the particles and study
the morphology of the catalyst.

The chemical composition of the obtained produced oil
products were analyzed by using Gas Chromatography (GC) and
the compound was determined by Mass Spectrometry (MS). The
column used in this study was SGE BPX5 30 m� 0.25 mm I.D�
0.25 mm lm thickness. The velocity of carrier gas was 44.4 cm
s�1. The heating of column started at 50 �C at heating rate of
10 �C min�1. And then raised to 300 �C and kept 10 minutes.
Experimental procedure

The solvolysis liquefaction reaction was performed by using the
method as per described by Liu et al.6 All of the liquefaction
reaction of EFB was carried out in an autoclave with external
heating system. Briey, the autoclave was loaded with 5.0 g of
EFB ber in dry basis and 50 ml water with a specic amount of
synthesized catalyst. The biomass-to-water ratio was xed at
1 : 10 in this study. Before each run, the autoclave was purged
with nitrogen gas for at least 15 min to displace air in the
autoclave. The mixture was then heated to the desired reaction
temperature (180 �C) with continuous stirring for a total period
of 30, 60, 90 and 120 min. Aer the reaction, the autoclave was
allowed to cool down naturally to room temperature. The solid
and liquid mixture was ltered by suction ltration and washed
This journal is © The Royal Society of Chemistry 2017
with solvent. The liquid product obtained was denoted as liquid
product yield (LPY). Then, the liquid product was extracted with
non-polar diethyl ether solvent and separated into solvent
soluble and solvent insoluble parts (i.e. diethyl-ether soluble
and diethyl-ether insoluble). The solvent soluble part was then
recovered by evaporating the solvent and the remaining product
aer solvent evaporation was denoted as bio-oil. In short, LPY is
equivalent to total yield of diethyl-ether soluble (bio-oil) and
diethyl-ether insoluble. The yield of conversion, liquid products
yield (LPY) and bio-oil is calculated by using equations as
below.3

Conversion ð%Þ ¼
�
1� ðmass of solid residueÞ ðgÞ

mass of biomass used ðgÞ
�
� 100%

(1)

Liquid product yield ð%Þ ¼ mass of liquid products ðgÞ
mass of biomass used ðgÞ
� 100% (2)

Bio-oil yield ð%Þ ¼ mass of bio-oil obtained ðgÞ
mass of biomass used ðgÞ � 100% (3)

Conclusions

This study showed bio-oil could be successfully converted from
oil-palm empty fruit bunch via liquefaction by using water as
green solvent. In addition, the production of the bio-oil is
further enhanced with the presence of catalyst. Zinc supported
on zeolite ZSM-5 has shown to be active for the conversion of
biomass in water. Characterizations of the catalyst have further
conrmed that different zinc composition loaded on ZSM-5 was
successfully synthesized. The optimum condition for the high-
est yield conversion was found to be at 180 �C for 90 minutes
with 0.5 wt% catalyst loading of 15 wt% zinc supported on ZSM-
5. It is found that the bio-oil produced under this optimum
condition contains approximately 83% of furfural as its major
component, followed by phenols and other minor aromatic
hydrocarbons. The potential of water as green solvent to liquefy
biomass into bio-oil in this study has impute another possibility
of converting biomass to bio-oil by using water instead of
organic solvents in liquefaction, and hence creates many future
opportunities for further research and development in this area.
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