
Catalysis Communications 56 (2014) 123–127

Contents lists available at ScienceDirect

Catalysis Communications

j ourna l homepage: www.e lsev ie r .com/ locate /catcom
Short Communication
Influence of crystal size of HZSM-5 on hydrodeoxygenation of eugenol in
aqueous phase
Xiangping Li a,b,1, Jing Xing a,c,1, Mingdong Zhou c, Hongpeng Zhang a,b, He Huang a,b, Chuanhui Zhang a,
Liang Song a,⁎, Xuebing Li a,⁎
a Key Laboratory of Biofuels, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, 189 Songling Road, Laoshan District, Qingdao,
Shandong Province, PR China
b University of Chinese Academy of Sciences, Beijing 100049, PR China
c Liaoning Shihua University, Sch Chem & Mat Sci, Fushun 113001, PR China
⁎ Corresponding authors. Tel.: +86 532 80662757.
E-mail addresses: songliang@qibebt.ac.cn (L. Song), lix

1 Xiangping Li and Jing Xing contributed equally to this

http://dx.doi.org/10.1016/j.catcom.2014.07.014
1566-7367/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 May 2014
Received in revised form 7 July 2014
Accepted 9 July 2014
Available online 16 July 2014

Keywords:
Hydrodeoxygenation
Eugenol
Crystal size
ZSM-5
Hydrodeoxygenation of eugenol to hydrocarbons in aqueous phase can be catalyzed by the combination
of Pd/C and HZSM-5. In this paper, micro-, submicro- and nano-sized HZSM-5 samples were chosen as cat-
alysts to investigate the influence of crystal size of HZSM-5 on the hydrolysis and dehydration. It was found
that the formation rates of hydrocarbons were correlated with the total acidic sites of the submicro- and
nano-sized HZSM-5 samples; while for the micro-sized sample, a much lower hydrocarbon formation
rate was observed. Meanwhile, HZSM-5 with larger crystal size showed a lower hydrocarbon formation
rate even with higher acid density.
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1. Introduction

With the depletion of fossil fuels, renewable resources such as
biomass can be expected to play the role as sources of energy and
chemicals in the foreseeable future [1]. Lignin is a main constituent of
lignocellulosic biomass (15–30% by weight, 40% by energy) [1,2], and
pyrolysis or hydrolysis of lignin can produce a large quantity of phenolic
compounds [3]. Eugenol is an aromatic component in the products of
lignin pyrolysis and in the volatile fraction of lignocellulosic bio-oils,
and it is also the predominant lignin monomer in softwood which
incorporates several key functional groups such as phenyl, hydroxyl,
methoxyl and allyl [4].

Hydrodeoxygenation (HDO) has been considered to be the most
effective method for bio-oil upgrading [5]. For the selective hydrogena-
tion or oxidation of somebio-derived compounds,water is reported as a
good reactionmedium undermoderate conditions [6–8], and a series of
catalysts which combined of Pd/C and HZSM-5 have been developed
for aqueous-phase hydrodeoxygenation of phenolic oil, such as Pd/C
and liquid acid, base metal Raney Ni and solid acid [5,9,10]. Besides,
Pd/HZSM-5 and Ni/HZSM-5 catalysts are also prepared for one-pot
aqueous-phase upgrading of the organic components in crude bio-oil
[3,11]. Notably, the combination of Pd/C and HZSM-5 shows an ex-
tremely high selectivity in removing oxygen-containing groups in
lignin-derived substituted phenolic monomers and dimers in water,
which brings an efficient route for upgrading lignin-derived phenolic
oil to transportation biofuels [12]. The catalytic function of the catalysts
combined of Pd/C and HZSM-5 consists of the hydrogenation on metal
catalysts and the deoxygenation on metal-deposited acidic supports
[13]. Zhao reported that the rate-determining step in selective
hydrodeoxygenation of lignin-derived phenolic monomers and dimers
to cycloalkanes on Pd/C and HZSM-5 combined catalysts was the dehy-
dration on HZSM-5 [12].

In general, the crystal size of HZSM-5 used in hydrodeoxygenation
reactions is relatively large, usually in micro-scale size. For example,
when using zeolite as catalyst in hydrodeoxygenation reactions, the
rate-determining step tends to be the diffusion of reactant/product
molecules within the micropores of zeolites [14]. With the decrease in
crystal size, a significant increase in the catalytic stability can be obtained
in the reactions catalyzed by ZSM-5 [14,15].

In this paper, the hydrodeoxygenation catalysts combined of Pd/C
and HZSM-5 were prepared, and eugenol was selected as the reactant.
Through changing the crystal size of zeolite, the catalytic effect of zeolite
on theHDO reactionwas investigated, and the catalyticmechanismwas
discussed.
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2. Experimental section

2.1. Catalyst synthesis and characterization

The micro-, submicro- and nano-sized HZSM-5 samples were
respectively denoted as Z5-M, Z5-S and Z5-N for short description in
this paper. Z5-M was purchased from the catalyst Plant of Nankai
University (commercial code: NKF-5), and Z5-S and Z5-N were pre-
pared by thermal treatment methods. The detailed processes for the
preparation of Z5-S and Z5-N were introduced in the Supplementary
material.

X-ray diffraction (XRD) patterns were collected on a Bruker D8
Advance diffractometer using Cu Kα radiation (wavelength λ =
1.5147 Å). The XRD crystallinity was defined according to Ref. [16].
Si and Al contents of the calcined zeolites were determined by X-
ray fluorescence spectrometer (XRF, Axios PW4400, Panalytical)
and Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES, IRIS Intrepid II XSP, Thermo Fisher), respectively. Nitrogen
adsorption–desorption isotherms were measured at −196 °C on a
Micromeritics ASAP 2020 sorptometer [17]. Scanning electron
microscopy (SEM) analysis was conducted on a Hitach S-4800 elec-
tronic microscope working at 200 kV. The ammonia temperature-
programmed desorption (NH3-TPD) was tested on a Micromeritics
Autochem 2920 instrument following the method of H. Xin [17].

2.2. HDO of eugenol

Amixture of eugenol (385 μL), H2O (20mL), Pd/C (5wt.% Pd, 0.03 g)
and HZSM-5 (0.5 g) were loaded into an autoclave. With a stirring rate
of 680 rpm, the reactor was flushed with H2 three times, and H2 of
2 MPa was introduced to the reactor. Then, the temperature increased
up to 240 °C. After quenching with ice to ambient temperature, the
mixture in the reactor was sampled, and organic products were ex-
tracted by ethyl acetate. The organic and aqueous phases were both
quantitatively analyzed by a gas chromatography–mass spectrome-
try (GC–MS; Agilent 7890A-Agilent 5975C; 30 m × 250 μm HP-5
capillary column).

3. Results and discussion

3.1. Catalyst characterization

The XRD patterns of Z5-M, Z5-S and Z5-N are shown in Fig. S1. It
can be seen that there are obvious peaks at 2θ= 7–9° and 23–25° cor-
responding to the characteristic peaks of typical HZSM-5 phase, which
indicates that the three samples all have typical characteristics of the
MFI-type zeolite. Table 1 lists the relative crystallinity of each sample
where Z5-M is used as a reference. Due to the broadening effect of
small crystallographic domains on the peak of XRD patterns [18], the
relative crystallinity of HZSM-5 sample decreases sharply from 100%
to 50% in the order of Z5-M N Z5-S N Z5-N.

Fig. 1 shows the SEM images of these samples. As seen, Z5-M has a
smooth surface and presents a typical coffin-like microstructure with
Table 1
Physico-chemical properties and chemical composition of ZSM-5 zeolites.

Catalyst Si/Ala XRD crystallinity, % BET surface
areab, m2 g−1

External surface
areac, m2 g−1

Me
cm

Z5-M 58 100 441 33 0.0
Z5-S 98 74 434 58 0.0
Z5-N 25 50 438 60 0.2

a XRF and ICP-OES.
b BET method.
c t-plot method.
d BJH method (adsorption branch).
e NH3-TPD.
uniform crystallite size of 1.5–2.5 μm; Z5-S also has a smooth surface,
but the shape is irregular and the crystallite size is in the range of
0.6–1.0 μm; whereas Z5-N presents a cauliflower-like morphology,
and is aggregated by nano-crystal zeolite with crystallite size of
0.03–0.1 μm.

Fig. 2 displays the nitrogen sorption isotherms of various ZSM-5
catalysts. The isotherm of Z5-M belongs to type I curve which is typical
for microporous zeolite, and the sharp uptake at relative pressure P/P0
b 0.05 confirms the presence of micropores. The isotherm shape of Z5-
S is almost the same as that of Z5-M. Using the formulas based on the
isotherms of Z5-S and Z5-M, similar BET surface area, mesopore volume
and micropore volume can be obtained, as shown in Table 1. However,
in the sorption isotherm of Z5-N, there is a hysteresis loop which differs
from that of Z5-M or Z5-S, implying the presence of slit pores [19]. The
presence of mesopore in Z5-N can also be verified by the BJH
mesopore size distributions, as shown in Fig. S2. The BET surface
area of Z5-N (438 m2/g) is similar to that of Z5-M (441 m2/g), but
its mesopore volume is higher than those of Z5-M and Z5-S. Addi-
tionally, Z5-N and Z5-S have similar external surface area, which is
higher than that of Z5-M.

The NH3-TPD was commonly used to characterize the acidity of
ZSM-5 zeolites [20]. As shown in Fig. S3, there are two ammonia desorp-
tion peaks for all catalysts, which correspond to two different types of
acid site [21,22]. After the deconvolution and ammonia quantification
[23], each profile can be deconvoluted by the Gauss curve fitting meth-
od into two separated peaks, where the amounts of weak and strong
acid sites can be calculated and summarized in Fig. S4. It can be seen
that the ratios of weak acid sites to strong acid sites are almost the
same among these catalysts.

3.2. Catalytic performance

After four-hour hydrodeoxygenation reaction over Pd/C and
HZSM-5 combined catalysts, the products were determined namely as
methanol, 4-propyl-guaiacol, 2-methoxy-4-propyl-cyclohexanol, 4-
propyl-cyclohexanone, 4-propyl-1, 2-dihydroxy-cyclohexane, 1-methyl-
2-propyl-cyclohexane, propyl-cyclohexane. For comparison, the reaction
of eugenol hydrodeoxygenation over Pd/C or HZSM-5 was carried out
under the same reaction condition as that over the combined catalysts.
As shown in Table S1, the reaction products over Pd/C were composed
by a large proportion of 2-methoxy-4-propyl-cyclohexanol, few 2-
methoxy-4-propyl-cyclohexanol and 4-propyl-cyclohexanol. The
formation of 4-propyl-cyclohexanol was due to the hydrogenolysis
over Pd/C. However, the eugenol was completely converted to 4-
propyl-cyclohexane over HZSM-5, which was because that allyl
group of eugenol can be hydrogenated without hydrogenation catalyst
at this temperature. As mentioned above, Pd/C played the role as a hy-
drogenation catalyst, and only when the eugenol was hydrogenated,
HZSM-5 can take effect on the deoxygenation of phenols. So, both of
Pd/C and HZSM-5 were indispensable components for eugenol hydro-
deoxygenation. According to Refs [24,25], the main reaction path-
ways of eugenol hydrodeoxygenation can be deduced as Fig. 3
shows. Generally, the products can be divided into three categories,
sopore volume
3 g−1

Micropore
volumed, cm3 g−1

Weak acid/strong
acide

NH3 chemisorbede,
mmol g−1

4 0.18 1.14 1.65
8 0.17 0.98 0.59
0 0.16 1.14 2.51



Fig. 1. Scanning electron micrographs of ZSM-5 catalysts. (A) Z5-M, (B) Z5-S, and (C) Z5-N.
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including 4-propyl guaiacol, oxygenated hydrocarbons and hydrocar-
bons. Considering that the turnover frequency of the acid-catalyzed
reaction is at least two orders of magnitude lower than the rate of
metal-catalyzed hydrogenation [24], thus the acid-catalyzed reactions
are the rate-determining step in the reaction network. Moreover, the
HZSM-5 with smaller crystallite size possesses larger pore volume,
more secondary pores and shorter channels, which can obviously
reduce diffusion path length obviously [26]. In this work, in order to
evaluate the reactivity of these ZSM-5 catalysts, the reaction of eugenol
hydrodeoxygenation was performed at 240 °C and under the H2

pressure of 2 MPa. As shown in Fig. 4, the conversion rate of eugenol
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Fig. 2.Nitrogen adsorption-desorption isotherms of ZSM-5 catalysts at 77 K (Z5-S, and Z5-
N are offset vertically by 120 and 240 cm3 g−1 STP, respectively).
over Z5-M catalyst is lower than that over the other two samples, and
the selectivity of hydrocarbons also has the same trend.

Our previous paper has reported that the total amount of acid sites of
ZSM-5 were responsible for the changes of hydrocarbons selectivity
during the reaction of eugenol hydrodeoxygenation over Pd/C and
ZSM-5 [25]. Fig. 5 presents the relationship between the hydrocarbons
formation rate and the total amount of acid sites over each ZSM-5 cata-
lyst. For Z5-N, in the reaction of hydrodeoxygenation of eugenol, a slight
increase of acid sites causes a significant increase in selectivity of hydro-
carbons compared with Z5-M catalyst. Besides, for Z5-S and Z5-N
catalysts, the relationship between the hydrocarbon formation rate
and the total amount of acid sites can be described as a linear correlation
through the origin of coordinates. The results indicate that the acid sites
have a significant effect on deoxygenation activities over Z5-S and Z5-N
catalysts, and that the reactions presumably do not show diffusion-
limited features. Meanwhile, for Z5-M and Z5-S, higher hydrocarbon
selectivity is obtained when using Z5-S as catalyst, which indicates that
diffusion limitation has a significant influence on the hydrodeoxygena-
tion reaction using Z5-M as catalyst. That is to say, the effective acid
sites of Z5-M may not be fully utilized.
4. Conclusions

The catalytic activities of three HZSM-5 samples with different crystal
sizes were investigated in the reactions of eugenol hydrodeoxygenation
using the combination of Pd/C and HZSM-5 as catalysts. It was found
that the reaction activities of Z5-NandZ5-S showed the general regularity
with the effect of acid sites. However, higher amount of acid sites pro-
vided by Z5-M had a lower hydrocarbon selectivity compared with
Z5-S, which indicated that diffusion limitation caused by longer pore
path had a significant influence on the hydrodeoxygenation reaction
when using Z5-M as catalyst. With decreasing crystal size of HZSM-5
samples, the diffusion resistance was restricted, so that the crystal size
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sites for different ZSM-5 catalysts.
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of HZSM-5 had a considerable influence on the hydrodeoxygenation of
bio-oil.
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