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Abstract

The dehydrogenation of ethylbenzene (EB) to styrene (ST) in the presence of carbon dioxide instead of steam is believed to be an
energy-saving and environmentally friendly process. However, the reaction mechanism for this coupling system still remains unclear. Therefore,
the role of carbon dioxide was investigated by means of catalytic reactions and temperature-programmed desorption (TPD) of carbon dioxide
over a series of Fe and V supported catalysts as well as thermodynamic analysis. The results showed that the ethylbenzene conversion is
associated with the conversion of carbon dioxide, and that there exists a synergistic effect between the ethylbenzene dehydrogenation and
the reverse water—gas shift. However, the difference in the behaviour of the catalysts between the single reverse water—gas shift and the
coupled ethylbenzene dehydrogenation may suggest that the catalysts are different in the reaction mechanisms for the coupled ethylbenzene
dehydrogenation. Carbon dioxide can be activated through either basic sites or redox sites on the catalyst. Based on these results, the role o
carbon dioxide and reaction mechanisms are proposed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction considerably low compared with8 x 10° cal in the cur-
rent commercial proceg8,4]. Various catalysts have been
Styrene (ST) is commercially produced by the dehydro- tested on the EB dehydrogenation in the presence of CO
genation of ethylbenzene (EB) on the promoted iron oxide [1,3-16] Inorganic oxides (AlOs, MgO, ZnO, W@, SiO,
catalysts at 600-70, just below the temperature where and ZrQ), various zeolites, as well as a wide range of car-
thermal cracking becomes significant. Due to its highly en- honaceous materials such as active carbon (AC) were used
dothermic and volume-increasing character, a large amountas the supports. Different transition metal oxides (Fe, V, Cr,
of superheated steam is used to supply heat, lower the parCu, zr, Ce, La, Na, Ni and Co) were adopted as the active
tial pressure of the reactant, and avoid the formation of car- components, and the alkaline metals (Li, Na and K), alkali
bonaceous deposits. However, much of the latent heat ofearth metals (Ca and Mg) and other elements (Sb and Cr)
steam is lost in the gas-liquid separator without recovery were introduced as the promoters. The results proved that
[1]. the reaction behaviour could be improved greatly by the
The dehydrogenation of EB to ST in the presence 06CO coupling of EB dehydrogenation with the RWGS.
instead of steam is believed to be an energy-saving and en- Several investigations were also conducted to reveal the
vironmentally friendly process. The equilibrium conversion mechanism of reaction coupling. Sato et[al. found that
can be improved through the reaction coupling of EB dehy- EB was activated by the acidic sites overAl,Oz sup-

drogenation with the reverse water—gas shift (RW@&3)  ported catalysts while COwas activated by basic sites;
and it is estimated that the energy required for producing CO, conversion was then correlated with the amounts of
per ton ST in the coupling process is (1.5-1:9)10° cal, strong basic sites. Park et fif] found that ZrQ was active

for EB dehydrogenation, especially in the presence 0$,CO
* Corresponding author. Tek+86-351-4046092: the d|fferenc_es in catalytic activity could b.e.ascnbed to the
fax: +86-351-4041153. differences in the surface area and Léffinity that was
E-mail address: iccjgw@sxicc.ac.cn (J. Wang). associated with the surface basicity of the catalysts.
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As for the possible reaction pathway, Mimura and with a BET area of 275 Rig, a pore volume of 0.70 ciy
co-workerg3-5] proposed one-step and two-step pathways. and an average pore aperture of 10 nm was used as the cat-
The EB dehydrogenation in the presence of,G@s con-  alyst supports. The supports were first crashed and sieved
sidered to proceed both via the one-step and via the two-stepo 20-40 mesh, and then activated at 50Cfor 2 h before
pathway; over basic N®/AI;O3 catalyst, the one-step yse. The active components Fe and V were introduced by

pathway was the main route, while over,Pg/Al>03 cat- impregnation of the supports with aqueous solutions of iron
alyst, 45% of ST was produced via the one-step pathway nitrate and NHVO3 dissolved in an agueous solution of ox-
and 55% via the two-step pathway. alic acid, respectively. Alkali metal (Li), alkaline earth metal

As for the reaction mechanism, it was generally accepted (Ca) and transition metal (Mn, Cr) promoted catalysts were
that the catalysts behave in accordance with the redox cy-prepared by co-impregnation with a solution containing both
cle. Sugino et al[10] and we[14] showed that over Fe/AC  the active components and the nitrates of the promoters. The
catalyst, iron oxides in a high valence state of Fe such asimpregnation treatment lasted for 18 h, and then the catalysts
LiFesOg or Fe;O4 seemed to be the active phases for the were dried at 120C in air for 4 h. Then the catalyst V/AD3
coupled reaction and Gplayed an important role in keep-  was calcined at 550C in air for 4h, while Fe/AJO3 at
ing the iron species at high valence. Sakurai e{Hl,12] 650°C for 5h. The combined catalyst Fe-V#; was pre-
claimed that the active species over V/IAC, Cr/AC and Ce/AC pared by the multiple-step impregnation: the®} support
catalysts were ¥Os, Cr,O3, and CeQ, respectively; the  was first impregnated with iron nitrate solution followed by
valence of these species changed following the redox cycle.calcination at 650C in air for 5h; and then the Fe/gDs
Chang et al[15] also suggested that G@ould be activated  obtained was impregnated with NMO3 dissolved in an
by the oxygen deficiency in the catalyst and dissociated into aqueous solution of oxalic acid, followed by calcination at
CO and surface oxygen. The surface oxygen may play an550°C in air for 4 h. Impregnation in this order is due to
important role in the dehydrogenation and the coke removal. the fact that the calcination temperature for Fe@y was

Although some general conclusions have been made onhigher than that for V/AIOs, and such a consideration was
the EB dehydrogenation in the presence o,(Ci@e detailed  also helpful to avoid V-loss during the catalyst preparation.
reaction mechanism and the role of £@ the coupling sys- In order to compare with the reaction results of carbona-
tem still remain unclear. For example how the conversions ceous Supported Ca’[&dysts7 some Cata|ysts with AC as support

of EB and CQ were related to the different pathways? Cou- were also prepared according to the methods as described
pling effects were observed over various catalysts, but thein our previous reporii4].

RWGS behaved differently over these catalysts; what is the

difference between the single RWGS (only with £énd 2.2. Reaction and analytical procedures

H» as reactants) and the RWGS in the coupled EB dehydro-

genation in the presence of G© The catalytic reaction was performed in a stainless steel
In the present paper, the performances of various Fe andtube reactor withp 6.0 mm i.d., and about 200 mg cata-

V supported catalysts on the EB dehydrogenation in the lyst was used per run. Before the reaction, the catalyst was

presence/absence of @Were examined, and the role of first activated under a nitrogen flow from the room temper-

CO, was investigated by means of catalytic reactions and ature to reaction temperature, and then the nitrogen flow

temperature-programmed desorption (TPD) of,GS well was switched to C@when the reaction was intended to be
as thermodynamic analysis. The results showed that the EBoperated in the presence of @Orhe catalyst was main-
conversion is associated with the conversion ofoCénd tained at this temperature for 10 min before introducing EB

that there exists a synergistic effect between the EB dehy-(20.4 mmol-EB/(g-cat h)) by a micro feeder pump. The mo-
drogenation and the RWGS. However, the difference in the lar ratio of CQ to EB was fixed at 11 and the W/F was
behaviour of the catalysts between the single RWGS and thecontrolled at 4.07 g-cat h/mol. The reaction was operated at
coupled EB dehydrogenation may suggest that the catalysts550°C at atmospheric pressure. The effluents, including ST,
are different in the reaction mechanisms for the coupled EB benzene, toluene, and unreacted EB were condensed in a
dehydrogenation. C£can be activated through either basic trap with an ice water bath.
sites or redox sites on the catalyst. Based on these results, As for the single RWGS, the catalyst evaluation was car-
the role of CQ and reaction mechanisms are proposed. ried out in the mixture of C@and H in the same reactor

as for the EB dehydrogenation. The molar ratio of Q0

Ho was fixed at 11 and the W/F was controlled at about

2. Experimental 2.04 g-cath/mol.
The liquid products were analyzed with an FID gas chro-
2.1. Catalyst preparation matograph (Shimadzu GC-7A) equipped with a 3 m@im

stainless-steel column packed with OV-101. The gaseous
All the catalysts in this study were prepared by impreg- products (H, N2, CO, CQ, CHy, and GHg) were analyzed
nation or co-impregnation methogkAl O3 (obtained from by a TCD gas chromatograph (Shimadzu GC-9A) equipped
Institute of Coal Chemistry, Chinese Academy of Science) with a 3 mmx 3 m stainless-steel column packed with carbon
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molecular sieve. The conversion of g@as simply defined 100 12
as xco/(xco + xco,), Wherexco and xco, are the molar {—#—EB, no coupling
fractions of CO and C@ respectively in the effluent gas. go] > EB. 1step 10
s 1™ EB, 2 steps S

2.3. CO,-TPD 5 604 ° S

The surface basicity of the catalysts was determined by % 40 g
the CQ-TPD in a micro reactor followed by a mass spec- ; ] 4 o
troscopy (Omni Star 200), and about 200 mg catalyst was W 20 ——CO,, 1 step 2 8
used per run. The catalyst sample was first heated up to ——CO,, 2 steps

550°C under nitrogen atmosphere and kept at this temper- 0¥ Zaadi ——————————————

ature for 1 h, and then cooled down to @ The pulse of 300 400 500 600 700

CO, was then introduced until the adsorption of £6h the Temperature (°C)

CgtalySt was saturated. Aﬁer that’. TPD was perfor_med underFig 1. Equilibrium conversion of EB and GQunder 0.1 MPa: for EB

nitrogen at 100-800C with & heating rate of 125/min and der;yd'rogenation in the presence aof (o coupling), initiél I\Q:Eé =11,

the exhaust gases were detected by the mass spectrometrtor the coupled EB dehydrogenation in the presence of Gone step
or two steps), initial C@EB = 11.

3. Results and discussion 3.2. Yynergistic effect in the reaction coupling
3.1. Two pathways viewed on the basis of thermodynamic

' The catalytic behaviour of Fe and V supportedyeAl ;03
analysis

for the EB dehydrogenation in the presence of,GD N;

] ) was investigated at 55@. A comparison of the results
As proposed by Mimura and Saif8], EB dehydrogena-  ith poth reaction coupling (in the presence of £@nd

tion in the presence of GOmay proceed in two pathways,  non_coupling (in the presence obNwere listed inTable 1

namely one-step and two-step pathways. For the one-stef; can pe seen that the EB conversion was greatly improved
pathway, EB is oxidized to ST with CQhrough the direct  hrqugh the reaction coupling. Furthermore, the FgDAl

interaction of CQ and EB: and V/ALOj3 catalysts, showing almost the same activity in
CgHs—CoHs 4+ CO, — CgHs—CoHs + CO+ H,0 (1) the non-coupling system, performed differently in the cou-
pling system; V/A}O3 showed much higher activity than
while for the two-step pathway, EB is first dehydrogenated Fe/AlOgz in the coupled EB dehydrogenation. However, all
to ST with H, formed simultaneously, and then g@eacts the results indicated that for the coupled EB dehydrogena-
with Hs via the RWGS: tion in the presence of GQthe catalyst which gave a good

ST yield also showed a high G@onversion.
CgHs—CoHs — CgH5—CoH3 + Ha (2-1)

H2 + CO; — CO+ H20 (2-2) Table 1

EB dehydrogenation in the presence of £& N, over Fe, V supported
Since KB produced in the EB dehydrogenation is elimi- on y-Al,03

nated simultaneously by RWGS, the EB conversion can be e

Atmosphere  EB ST CO,

then improved through the Sh|ft of dehydrogenation equ”ib' Componeng conversion yie|d conversion
rium. (%) (%) (%)
To examine the contribution of each pathway, the equi- Fe(3) CcQ 35.0 33.7 1.7
librium conversions of EB and C{for the coupled EB de- Fe(3) N 34.2 329 -
hydrogenation in the presence of £ both one-step and ~ Fe(3)Ca(0.3) Co 39.0 37.9 2.7
: Fe(3)Mn(0.3) cQ 37.8 37.0 2.6
two-step pathways were evaluated according to the methOdFe(S)Cr(O.S) co 42,9 120 35
described elsewhef2]. As shown inFig. 1, the equilibrium Fe(2)V(0.58) co 48.6 48.0 30
conversions of EB with the coupling via either pathway are v(0.57) Cco 455 44.5 43
higher than those of EB dehydrogenation in the presence ofVv(0.57) N 37.4 36.7 -
N> that has only dilution effect. EB conversion of the cou- V(0-57)Mn(0.3)  CQ 41.9 413 4.3
pled dehydrogenation via the two-step pathway is a little xggg;ggggg ﬁe ig:g ﬁ:; ?‘5

higher than that via the one-step pathway at 350€00 ' — _
in contrast, the C@conversion via the two-step pathway is a8 The element Iab_els an_d numerals in parentheses |nd_|cate the active
much lower at a temperature higher than 460 Moreover cpmponents and their loadings |n. mmol/(g-support); reactions were car-

i . K ried out under 550C, atmospheric pressure, WA= 4.07 g-cath/mol,
there will be no H in the effluent gas when the reaction co,/EB = 11 (in the presence of GPand N/EB = 11 (in the presence
follows solely the one-step pathway. of Np); data was acquired after reaction lasted for 3h.
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Fig. 2. ST yield (a) and C®conversion (b) with the time on stream for the Fig. 3. ST yield (a) and C@conversion (b) with the time on stream for

coupled EB dehydrogenation in the presence o ©@er Fe/ApO3 mod- the.cc;upled EB dehydrogenation in the presence of 6@ V/ALOs:

ified by various promoters: the element labels and numerals in parenthesesthe specifications are the same as showim 2 '

indicate the active components and their loadings in mmol/(g-support);

the reaction was carried out at 58D, 0.1 MPa, CGQ/EB = 11, and

W/F = 4.07 g-cath/mol.

V supported omy-Al,03 behaved badly. In contrast, for

o N the coupled EB dehydrogenation, V supportedyefl O3
As shown inFig. 2, over Fe/AbOj3 catalysts modified by showed high C® conversion, which thereon gave also

various promoters the conversion of €8howed primarily good activity for the EB dehydrogenation to ST, as shown

the same tendency as the conversion of EB with the time onjn Taple 1andFigs. 2 and 3Such a phenomenon was also

stream; the higher the GQronversion, the higher the EB  gpserved over AC supported Fe or V catalysts, as shown
conversion. The same phenomenon was also observed ovej, Fig. 5. It should be noted that in the coupled EB dehy-
VIAI 203 (Fig. 3) and AC supported catalysts4]. Namely,  grogenation, K was produced gradually and a complete
there exists a synergistic effect between the EB dehydro- conversion of EB would never occur; thus the amount of
genation and the RWGS in the coupling system; the EB hydrogen in the coupling system was relatively deficient.
conversion is associated with the conversion o,G@ the In addition, the contact time for the single RWGS was only
coupled EB dehydrogenation in the presence 05 CO half of that for the coupled EB dehydrogenation in this
work. Therefore, a comparison of the absolute values of the
3.3. Different behaviour of CO; in the coupled EB CO, conversions between the single RWGS and the cou-
dehydrogenation and in the single RWGS pled EB dehydrogenation is impossible. However, it was
clearly shown that over V/AIO3 the CQ conversion was
To investigate the reaction mechanism and the role of very low in the single RWGS but high in the coupled EB
CO,, the CQ conversions in the single RWGS over several dehydrogenation. Over Fe/ADs3, the CQ conversions in
catalysts were also examined in comparison with that in the both the single RWGS and the coupled EB dehydrogenation
coupled EB dehydrogenation. As shownFhig. 4, for the were significantly high.
single RWGS, the order of CQOconversion over different The different behaviour of C£ conversions over
catalysts was: FeCAlI O3 > Fe/Al,O3 > FeV/Al,03 > Fe/AlLbO3 and V/AlLO3 indicated that the reaction mecha-
VCr/Al,03 > V/Al;03, while in the coupled EB de- nisms for the coupled EB dehydrogenation over different
hydrogenation, the order of GOconversion became: catalysts were quite different, which could result from
VCr/Al;03 > V/AlI;03 > FeCr/Al;,03 > FeV/Al,03 > the different manners of hydrogen species formation and
Fe/Al03. For the single RWGS, Fe supported-pil >03, CO, activation. As shown irFig. 6, two kinds of hydro-
especially promoted by Cr, was an effective catalyst; while gen species formed from the EB dehydrogenation in the
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Fig. 4. Comparison of C@® conversions in the (a) coupled EB dehy- Fig. 5. Comparison of C®conversions in the coupled EB dehydrogena-
drogenation (reaction conditions are the same as showfign2) and tion (a) and in the single RWGS (b) over the catalysts Fe and V supported
(b) single RWGS (the reaction was carried out under ¥500.1 MPa, on AC, the specifications are the same as showhign 4.

COy/H, = 11, and W/F= 2.04g-cath/mol) over the catalysts Fe, V

supported ony-Al>03. L
PP M2 3.4. Activation of CO»

The differences in C@conversions over different cata-
lysts may also suggest the variation of the manners for the
CO, activation. In order to characterize the surface basic
sites, the CQ@-TPD over Fe and V supported opAl,03
Pwas conducted. As shown ffig. 7, the amount of basic sites
over Fe/AbO3 was apparently larger than that of VA8s.
Moreover, weak and strong basic sites coexisted over
Fel/Al,O3, while the strong basic sites over VA3 were
detected only after the Cr promoter was added. The strong
basic sites may be responsible for the activation ob @O
reaction temperature. The promoter Cr could enhance the
amounts of strong basic sites (the ridge between 350 and
550°C in the CQ-TPD spectra), and thereon improve the
activity for the RWGS and coupled EB dehydrogenation in
the presence of CO

As for the V/ALO3; with few strong basic sites, GO
could be activated primarily through the redox sites on the

presence of C@ active hydrogen species (atomic) and
molecular hydrogen. C£could either contact directly with
the active hydrogen species or react with the molecular
hydrogen, which corresponded to the one-step and two-ste
pathways, respectively.

If the coupled EB dehydrogenation followed completely
the one-step pathway, there would be ngihlthe effluent
gas. However, there existed a certain amount gfitHthe
effluent gas for all the catalytic tests, which suggested that
both the pathways coexist in the coupled EB dehydrogena-
tion. Moreover, the difference in the behaviour of £aver
different catalysts indicated that the catalysts are different
in the contribution of each pathway. Fe supported catalysts
showed good activity for the single RWGS, which may in-
dicate that the two-step pathway played an important role
in the coupled EB dehydrogenation. Over the Fe,
the CQ conversion of 1.7% accounted for about 55% of
ST yield; namely, the two-step pathway could contribute as
high as 55% of ST produced, which agreed with the ob-

X ' ) CH,-CH=CH, CO+H,0 CO+H,0
servation of Mimura and Saitf8]. On the other hand, V x ° Oy O
supported catalyst behaved badly in the single RWGS, but ’ < % Q}V
showed good activity for the coupled EB dehydrogenation; C.H.-CH-CH, 2H =D H,

these may suggest that the one-step pathway played a dom-

inating role in the coupled EB dehydrogenation over the V' iy 6. Role of CQ in the coupled EB dehydrogenation in the presence
supported catalyst. of CO,.
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80 Mechanism-1 ¢, oxidative siteje reductive site):
R CO (@ +o < CO@ +O° (3-1)
g . EB+ o < EB° (3-2)
E 20 l e O* +EB® — ST* + H,0° (3-3)
o 1 v Ll
S TR e
O v H20° — H0(g) + o (3-5)

Mechanism-2@/o, acid/oxidative sitex/e, basic/reductive

(b) site):
| EB + o < EB° (4-1)
2 40
° 1 None EB° + 0+ e — ST* 4+ 2H° (4-2)
3 - - -V(0.57) . i o
e V(0.57)Li(0.3) H° 4+ COz(9) + * — CO” + OH (4-3)
© 204 = ——V(0.57)Cr(0.3)
S CO° < CO(g) +o (4-4)
o)
R . . OH® + H° — Ho0(Q) + o + * (4-5)
0 I s e I
100 200 300 400 500 600 ST > ST+e (4-6)
Temperature (°C) Mechanism-3 ¢, oxidative site;e, reductive site):
Fig. 7. CQ-TPD characterization of catalysts Fe (a) and V (b) supported EB + o <> EB° (5-1)
on y-Al,03: none, purey-Al,O3 support; the element labels and numer-
als in parentheses indicate the active components and their loadings inEB° + o + ¢ — ST® 4+ 2H° (5-2)
mmol/(g-support).
H® + H° — Hz (g) + 20 (5-3)
catalysts, since the valence of vanadium is easily change-CO, (g) + ¢ <> CO(g) + O° (5-4)
able. Over the V/AIOs, there existed small amount of*V,
and the deficiencies of oxygen in vanadium oxide could also H2 (@) + O° < H20(g) + o (5-5)

change the ¥ around them into ¥*. These two types of V
species act as the oxygen carrier in the form of a redox pair
[17]. Sakurai et al[11,12]and Vislovskiy et al[16] studied Mechanisms 1 and 2 can be generalized to the one-step
the performance of V/AC, V/IMgO and V/AD3 catalysts  pathway, while the mechanism 3 leads to the two-step path-
in the coupled EB dehydrogenation and also proposed thatway. In all cases, C®plays an important role in keeping
the reaction proceeded according to the redox mechanismihe active sites for EB dehydrogenation at high valence.
Sugino et al[10] and we[14] also showed that there existed |t is possible that all these mechanisms coexisted, but the
redox cycles over the Fe/AC catalyst and that@@yed an  proportion of each mechanism would depend on the cata-
important role in keeping the iron species at high valence. |ysts used in the coupled EB dehydrogenation. Over a cer-
Therefore, CQ can be activated through either the basic tain catalyst such as V/ADs, the coupled EB dehydrogena-
sites or the redox sites on the catalysts. Over the Fe supportedion might proceeds mainly via mechanism 1, while over
catalyst with Cr as promoter, the strong basic sites may play Fe/Al,0s, mechanisms 2 and 3 might play an important
an important role, while over V/AD3 the redox cycle is  role. However, considerable work is still necessary to make
crucial for the CQ activation. clear the mechanism of EB dehydrogenation in the presence
of CO,.

ST > ST+e (5-6)

3.5. Possible reaction mechanisms

Based on the above discussions and considering that EB4. Conclusions
was activated by the oxidative/acidic sites oyekl .03 sup-
ported catalyst$5] and that the catalysts behaved accord-  The role of CQ in the coupled EB dehydrogenation was
ing to the redox cycle during the reaction process in the investigated by means of catalytic reactions anc,bdJ®D
presence of C®[10,14] three possible mechanisms for the over a series of Fe and V supported catalysts as well as ther-
coupled EB dehydrogenation in the presence of, Gtk modynamic analysis. The results showed that the EB con-
proposed. version is associated with the conversion of £@nd that
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