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Dehydration of 1-phenylethanol to produce styrene has been studied in liquid phase without any solvent with
carbon-based solid acid catalysts prepared in one step from renewable resources like D-glucose for the first
time. The carbon-based catalyst shows higher styrene selectivity and lower activation energy than other solid
acid catalysts that have been used so far, demonstrating that a carbon-based catalyst is very effective in producing
styrene from 1-phenylethanol.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Dehydrationof alcohols [1] has beenwidely studied andused to pro-
duce organic intermediates including olefins, which are valuable inter-
mediates because of their high activity and functionality. Dehydration
has usually been carried out with acid catalysts such as mineral acids
and solid acids. Various alcohols including methanol [2–5], butanol
[6], hexanol [7] and sorbitol [8] have been converted into attractive in-
termediates using suitable catalysts.

Styrene (ST) is a very important rawmaterial in themodern chemical
industry since this chemical is widely used in the production of various
polymers, copolymers, synthetic rubbers, plastics and resins, etc. [9].
Generally, ST is produced by two methods: one is a co-product of pro-
pylene oxide production and the other one is the dehydrogenation of
ethylbenzene at high temperature using iron oxide catalysts in the pres-
ence of superheated steam [10–12]. Even though the direct production
of ST from ethylbenzene is widely used, the process has a few short-
comings such as high energy consumption [9]. Around 15% of ST is pro-
duced by dehydration of 1-phenylethanol (PhE)which is obtained from
a process called PO/SM (propylene oxide/styrene monomer) [13–16].

Dehydration of PhE has been commercially carried out at around
300 °C in a gas phase in the presence of solid acids like titania and alu-
mina [15,16]. Recently, liquid-phase PhE dehydration has been studied
using various catalysts like zeolites (H-ZSM-5 [13,16]mordenite [14,16]
and H-Y [16]), alumina [15], polyoxometalate [16] and silica-alumina
+82 53 950 6330.
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[16]. Liquid-phase dehydration is very attractive because energy con-
sumption can beminimizeddue to lowoperation temperature. However,
there have been only a few studies to develop suitable acid catalysts, es-
pecially solid acid catalysts, for ST from PhE in liquid phase. Solid acid
catalysts are very promising and important because they are environ-
ment friendly, recyclable and can be separated easily. Inorganic-oxide
solid acids such as zeolite and niobic acid or AlPO4 are well studied
solid acid catalysts [17,18]. However, these are reported to have lowden-
sities of effective acid sites [17,19]. On the other hand, ion-exchange
resins such as Amberlyst and Nafion resins are also reported to be strong
acid catalysts due to the presence of profuse sulfonic acid groups
(―SO3H). Nevertheless, these resins are expensive as well as exhibit
low operational stability at high temperature [17]. Moreover, ZrO2-
based solids are attracting a great deal of attention in recent years and
have been widely studied since they have high catalytic activity in im-
portant reactions [20–22]. However, they are comparatively costly and
require high temperature calcinations both for synthesis as well as re-
generation [17].

Recently, sulfonated carbonaceous materials have been reported
as promising solid acids catalyst [23]. These types of solid acids arewide-
ly used in various reactions such as esterification or transesterification
[17,24,25], alkylation, acetylation [26]. The generation of sulfonic acid
groups on surfaces has been usually performed by treating carbona-
ceous materials with sulfuric acid [27] or oleum [28]. All of these solid-
acid catalysts are synthesized in two steps. The carbonized materials
are prepared in first step at high temperature (~450 °C) and sulfonation
is carried out in the next step in harsh oxidation conditions. On the con-
trary, Wang et al. reported a one-step facile synthesis of a carbon-based
solid acid catalyst recently [29].
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Fig. 1. (a) XRD pattern of S-Dg (b) FTIR analysis of D-glucose and S-Dg.
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In this study, we adopted one-step synthesis of a carbon-based
solid acid catalyst using D-glucose as the carbon source and H2SO4

as the sulfonating agent. So far, to the best of our knowledge, there
have been no reports on the use of a carbon-based solid acid such
as sulfonated D-glucose or sulfonated activated carbon in the dehy-
dration of PhE. Moreover, the catalyst preparation is facile as well as
cost effective due to the use of a very cheap and environment friendly
carbon sources such as D-glucose. In this paper, the dehydration of
PhE with carbon-based solid acid catalysts will be discussed.

2. Experimental

2.1. Material

D-glucose (C6H12O6) and sulfuric acid (H2SO4, 95%) were pur-
chased from DC Chemical Co. and OCI Chemical Co., respectively. 1-
Phenylethanol (98%) and styrene (99%) were obtained from Sigma
Aldrich. All the chemicals were used without further purification.

2.2. Catalyst preparation

Sulfonated carbonaceous solid acids were prepared to follow the
reported method [29]. As a carbon source, D-glucose was used. Briefly,
2 g of D-glucose and 10mL of concentrated H2SO4 were sealed into au-
toclaves and heated at 180 °C for 24 h in an electric oven. The obtained
products were washed with hot deionized water (>80 °C) and filtered
until no sulfate ion was detected in the filtrate and dried at 80 °C over-
night in air. The samples were denoted as sulfonated D-glucose (S-Dg).

2.3. Catalyst characterization

The X-ray powder diffraction patterns were obtained with a dif-
fractometer D2 Phaser (Bruker, with CuKα radiation, working at
30 kV and current 10 mA, 2θ range: 5 to 90, increment: 0.02 degree).
FT-IR spectra were recorded over the range from 700 to 4000 cm−1

on a Jasco FTIR-4100 (ATR, maximum resolution: 0.9 cm−1). Elemen-
tal analyses of the catalysts were done with an elemental analyzer
(Thermo Fisher, Flash-2000) with a TCD detector. Nitrogen adsorp-
tion isotherms were obtained at −196 °C with a surface area and po-
rosity analyzer (Micromeritics, Tristar II 3020) after evacuation at
150 °C for 12 h. The thermal stability of the catalyst was examined
with thermogravimetric analysis (TGA, SDT Q600V20.9 Build 20)
under a flow of nitrogen at a heating rate of 10 °C/min. The acid den-
sity of S-Dg was determined by acid–base titration to follow previous
reports [29,30].

2.4. General procedure for the dehydration of PhE to ST

The dehydration of PhE was carried out in the liquid phase using a
round bottomed 100 mL three-neck flask equipped with a small rec-
tification column and a water cooled condenser attached to a vacuum
pump. For each batch of dehydration, the flask was loaded with 15 g
of PhE and dipped in a hot oil bath for rapid heating to the reaction
temperature and then 0.1 g catalyst was added to the PhE solution.
The pressure of the reaction systemwas decreased (~0.8 bar) to remove
the low boiling portion (water and ST). As the reaction proceeded, the
distillate fraction containing water and ST was collected in a glass ves-
sel. After a fixed reaction time, the reaction flask was removed from
theoil bath and cooled to room temperature. The catalystwas separated
from the residual slurry by centrifugation. The ST rich organic phase
and residual slurry were mixed well and analyzed with a FID GC.
Products like ST, diphenylethylether (DPEE) and heavy products
were identified with authentic samples and GC-MS (Finnigan,
MATGCQ).

To study the reusability of a catalyst, after each dehydration ex-
periment, the used catalyst was regenerated in two steps with
washing using acetone for several times followed by heating in a muf-
fle furnace at 200 °C for 4 h. In each cycle, the dehydration was car-
ried out at 180 °C for 90 min while the other reaction parameters
were the same as described above.
3. Results and discussion

3.1. Characterization of the catalyst

The S-Dg sample has a broad and very weak XRD pattern (shown
in Fig. 1(a)), confirming the S-Dg is still amorphous and far from the
graphitic carbon [17,29]. The FT-IR spectra of the S-Dg and D-glucose
samples are shown in Fig. 1(b). The strong peak at around 1712 cm−1

and the weak peak at around 1207 cm−1 could be typically assigned
to the stretching modes of the SO3H groups, which are regarded as
“active sites” of this catalyst [17]. Again, the absorption bands at
1060 cm−1 and 1033 cm−1 are attributed to SO3

− stretching and
O S O stretching modes [30]. The supporting Fig. 3 shows ther-
mogravimetric analysis (TGA) result of S-Dg. The first weight loss
up to 127 °C may be for the removal of adsorbed water. After that,
the sample weight remained almost constant from 127 °C to 289 °C,
but showed a rapid weight loss between 289 and 417 °C. The rapid
weight loss may be due to the decomposition of ―SO3H group [17].
The total and strong (―SO3H) acid site densities of S-Dg were deter-
mined by acid–base titration using 0.01 M NaOH solution [29,30]. The
total acid density was 2.53 mmol/g, which is comparatively higher
than the sulfur contents measured by elemental analysis. This high
value is probably due to the generation of high concentration of ―OH
and ―COOH groups during the process of partial oxidation by concen-
trated sulfuric acid [29,30]. Again, the ―SO3H density was 0.91 mmol/g
which is comparable with the sulfur contents determined by elemental
analysis.
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Fig. 2. Changes of the compositions of the reaction system depending on the reaction
time in the presence of S-Dg.
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Fig. 3. Effect of reaction temperatures on the product yield and conversion for dehydra-
tion of PhE with S-Dg at pressure 0.8 bar; (a)160 °C (b)170 °C (c)180 °C.
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3.2. Catalytic dehydration

Fig. 2 shows the changes in the compositions of the reaction sys-
tem depending on the reaction time in the presence of S-Dg at
180 °C. It is clear, from the figure, that the main initial products in
the dehydration of PhE over S-Dg are ST and DPEE. As the reaction
proceeds, the ST selectivity increases (and DPEE selectivity decreases
instead), and after 2 h, the selectivity is up to 64%. To the best of our
knowledge, this is the best catalytic performance in ST selectivity in
liquid phase dehydration of PhE to ST. Moreover, ST selectivity may
be increased further using solvents in the reaction medium [13,31]
even though solvents are not recommended in a reaction because of
the environment and energy.

Fig. 3 shows the results of the dehydration of PhE over S-Dg at various
temperatures. Both the conversion and ST selectivity increase with an
increase in the reaction time up to 2 h. Generally, the conversion and
ST selectivity also increasewith increasing temperature and the best re-
sults are found at 180 °C. Fig. 4(a) shows the first order kinetic plots for
the dehydration of PhE over S-Dg at various temperatures, showing the
dehydration can be described with the first-order kinetic expression.
The kinetic constant increases with an increase in temperature and
the highest value is found at 180 °C. However, the kinetic constant of
dehydration with S-Dg is much lower than that of the constant with
Amberlyst-15 [31]. The lower reaction kinetic constant over S-Dg, com-
paredwith that over Amberlyst-15, may be explained by the sulfur con-
tents. The sulfur contents of S-Dg and Amberlyst-15 are 0.35 mmol g−1

(Table 1) and 4.60 mmol g−1 [33], respectively. Since the active site of
sulfonated catalysts is ―SO3H, catalytic activity usually depends on
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Fig. 4. (a) Plots to show the first order kinetics of the PhE dehydration over S-Dg at
three different temperatures. The kinetic constants are also shown. (b) Arrhenius
plot for the dehydration of PhE with S-Dg.



Table 1
Elemental composition and BET surface area of S-Dg.

Elements (wt.%) BET surface area (m2/g)

C H N S 3.9
59.51 2.46 0 1.11a

a 0.35 mmol/g.
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the acid site or sulfur concentration [32]. Moreover, the surface area of
S-Dg (3.9 m2/g) is also lower than that of Amberlyst-15 (45 m2/g). A
low surface area of S-Dg may be another reason for a low kinetic con-
stant because heterogeneous catalysis usually occurs on the surface
rather than in bulk.

The activation energy is calculated from the Arrhenius equation or
from a plot of lnk vs. 1/T which is shown in Fig. 4(b). The calculated
activation energy of dehydration over S-Dg is 56.7 kJ/mol and some-
what low compared with the energies observed with H-ZSM-5 and
ALO-4 alumina catalysts (95.2 kJ/mol and 83.8 kJ/mol, respectively
[13,34]). Even though further work is needed, the low activation en-
ergy observed in this study may suggest the effectiveness or high ac-
tivity of the S-Dg catalyst per active site, which is in accordance with
acid site densities determined by titrimetric analysis.

The reusability of the catalyst is of great importance for commercial
feasibility; therefore, reusability tests of S-Dg were conducted, and the
results are displayed in Supporting Fig. 1. The PhE conversions over
the S-Dg catalyst in four cycles are all above 93%, representing a good
reusability. The ST selectivity, however, decreases a bit with the number
of recycles. The FTIR spectrum of the used catalyst (Supporting Fig. 2)
shows the intact structure of the sulfonated group, which is the active
site for acid catalysis. Generally, therefore, the S-Dg catalyst can be
regarded as a reusable acid catalyst for ST production from PhE.

Two types of mechanisms for the dehydration of PhE over acidic cata-
lysts have been described by different research groups [13–16,31,35].
Bertero et al. [13,14] and Romanova et al. [35] have suggested that
DPEE can be converted into ST. On the contrary, Lange et al. [16] pro-
posed that DPEE can be obtained from ST. The present study suggests
that ST and DPEE are the primary products and HP is a secondary prod-
uct since the primary and secondary products have non-zero and zero
initial slopes, respectively [14,31]. Again, the concentration of DPEE
shows a maximum and then decreases steadily with the progress of
the reaction, suggesting that DPEE is an intermediate that can be
converted into other products like ST or HP, which is in accordance
with a previous report [31]. Moreover, it is known that olefins can
be obtained from dimethylether in the methanol-to-olefin process
[3,4]. Therefore, the DPEE, produced at the early stage of the reaction,
may be converted into ST. GC-MS analysis shows that the HP is com-
posed of carbon and hydrogen (chemical formula: (C6H5)4(CH)6;
FW: 386). Therefore, HP may be mainly obtained from an oligomer-
ization of ST.
4. Conclusion

Liquid phase dehydration of PhE to ST was carried out using
carbon-based solid acid catalysts prepared form renewable resources
like D-glucose for the first time. The catalysts were obtained facilely in
one-step or carbonization and sulfonation were done simultaneously
in one-pot synthesis. The S-Dg catalyst shows higher ST selectivity
and lower activation energy than other solid acid catalysts that have
been used so far, suggesting carbon-based catalysts are very effective
in producing styrene.
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