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Abstract

Dehydrogenation of ethylbenzene to styrene in the presence fw@® investigated over a series of catalysts prepared by calcination
of hydrotalcite-like compounds. Mg/Fe mixed oxide catalysts prepared in this way have high specific surface areas and are active for the
dehydrogenation reaction. Incorporation of 3INi?*, Ce?*, and Z#+ into the hydrotalcite-like precursors may further enhance the catalytic
activity of the calcined catalysts. The Mg/Zn/Al/Fe catalyst affords the highest ethylbenzene conversion of 53.8% and a styrene selectivity
of 96.7% at 773 K. The high catalytic activity and stability of the Mg/Zn/Al/Fe catalyst are attributed to the presence of a larger amount of
stronger acid sites and a moderate amount of base sites on the catalyst. The temperature-programmed reduction studies show that the reductic
of iron oxide species in the catalysts is retarded after incorporation?famd AF*. The higher content of iron oxide species in the catalyst
system under reaction conditions favors the redox cycle in the reaction and also enhances the dehydrogenation activity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oxide [6-9], zircomium oxide[10,11], and chromium and
cerium oxideg12]. Among these catalysts, the V/MgO cat-
Dehydrogenation of ethylbenzene (EB) over a promoted alyst gives the best performance in dehydrogenation of EB
iron oxide catalyst in the presence of a large excess amoun{8]. The styrene yield in the presence of £ 2.5 times
of superheated steam is the current industrial process forhigher than that in the absence of £ét 823 K. However,
producing styrene. Since its main drawbacks are high en-the catalyst deactivates rather quickly. The iron oxide-based
ergy costing and severe cracking, the seeking of an alterna-and other catalysts are less active for the reaction. In partic-
tive technology is underway worldwide. Oxidative dehydro- ular, the initial yield of EB in the presence of G often
genation of EB can be operated at low temperature and it islower than that in the presence of inert gases over these cat-
free from thermodynamic limitations regarding conversion. alysts[1,4]. Thus, to develop catalysts with improved dehy-
CO, is a mild oxidant as well as a green house gas, and itsdrogenation activity and stability is required.
utilization in the dehydrogenation of alkanes and aromat- Hydrotalcite-like compounds (HTlcs) have the general
ics has aroused increasing interest. Dehydrogenation of EBformula [M(II)1—M(l11) X(OH)Z](Aﬁ/‘n)mHzO, where M is
in the presence of COhas been studied over a variety of a metal and A is an anion, usually carbonate in natural min-
metal oxide catalysts such as iron oxife-5], vanadium erals. For hydrotalcite-like materials, the metallic cations are
homogeneously distributed in the brucite-like layers. Com-
pared to the catalysts prepared by coprecipitation, the cata-
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and highly homogenous metal dispersifi8]. Recently, 2.3. Activity test

Mimura et al.[14] reported that calcined hydrotalcite-like

compounds display better activity for dehydrogenation of  The dehydrogenation of EB in the presence of,Gas

EB in the presence of GCthan FeO3/Al,03 catalyst pre- carried out in a flow-type fixed-bed microreactor loaded with

pared by coprecipitation method. 200 mg of catalyst under atmospheric pressure. To supply

In the present work, a series of binary, ternary and qua- the reactant, a gas mixture opdnd CQ (19:1 molar ratio)

ternary Fe-containing HTIcs were prepared. The catalytic at a flow rate of 60 mImin! was passed through a glass

behaviors of the catalysts obtained from calcination of evaporator filled with liquid EB maintained at 273 K. Prior

these compounds for dehydrogenation of EB in the pres- to the reaction, the catalyst was pretreated at 773 KyifoN

ence of CQ were investigated and correlated with the 2h unless otherwise stated. The hydrocarbon products were

results of surface acidity and basicity measurements andanalyzed with a gas chromatograph equipped with a flame

temperature-programmed reduction (TPR) tests. ionization detector and a 2m long stainless steel column
packed with 15% DNP. The effluent from the reactor was
also collected in a gas bag and analyzed the content of CO

2. Experimental and CQ with a gas chromatograph equipped with a thermal
conductivity detector and a 6 m long stainless steel column
2.1. Catalyst preparation packed with porapak Q.

The hydrotalcite-like precursors were synthesized using a
coprecipitation method similar to that described by Mimura 3. Results and discussion
et al.[14]. Solution A was prepared by dissolving the mix-
ture of M(I1)(NO3)2 and M(III)(NOg3)3 in the desired molar 3.1, XRD results
ratios in 200 ml of water. Solution B was prepared by dis-
solving a calculated amount of Ma0Oz (according to the The synthesis of binary Mg/Fe HTlcs was carried out
relation of [CQ?~] = 0.5[M(lIl)]) in 100 ml of water. Un-  at Mg:Fe molar ratio from 2:1 to 4:1 by coprecipitation
der vigorous stirring, the solutions of A and B were simul- method. Substituting Fe by Al3+, Mg/Al/Fe HTIcs with
taneously and slowly added into a 500 ml flask, while @ 2M various compositions are obtained by the same prepa-
NaOH solution was now and then added to keep the pH in ration method. The XRD patterns of the samples are
the range of O + 0.5. After all the solutions were added, shown in Fig. 1 The peaks at 11.5, 23.1, 34.5, 38.6,
the slurry was stirred for 3h at 333K, and then aged for an- 46.5, 59.9, 61.7 are characteristic of the hydrotalcite-like
other 24 h. The precipitate was filtered, washed and dried atstrycture.
393K overnight. The hydrotalcite-like precursors were cal-  M(l1) ions having ionic radii not too different from that of

cined at 823K for 12 in air, unless otherwise noted. Mg?+ can also form HTlcg13]. Hydrotalcite-like precur-
o sors (Mg/M/Al/Fe= 3/3/1/2) containing Zf", Cl?*, Ni%t,
2.2. Characterization Co?*, and Mrtt were prepared. Their XRD patterns are

similar to those of Mg/Fe HTlcs.

The BET surface areas of the catalysts were measured
by Ny desorption at 77 K on a Micromeritics ASAP 2000
instrument. X-ray powder diffraction (XRD) patterns were
recorded on a Rigaku D/MAX-IIA diffractometer with Ni
filtered Cu K radiation ¢ = 1.5406 A) operated at 30 kV
and 20mA. TPR experiments were carried out using a Mi-
cromeritics TPD/TPR 2900 instrument. Thirty milligrams
of catalyst was pretreated inphit 573K for 3h. A reduc-
tion run was then performed at a heating rate of 10 KThin
under a gas flow (40 ml mirt) of hydrogen (10 vol.%) and
argon (90vol.%). Temperature-programmed desorption of

NH3 (NH3-TPD) and CQ (CO,-TPD) was performed in a s e e |
flow-type fix-bed reactor equipped with a thermal conduc- Wa

tivity detector (TCD) at atmospheric pressure. Forty mil- P T S WP

ligrams of sample was pretreated at 773K for 2h and then 0 1o 20 30 40 50 60 70
cooled to 393K in He flow for NB-TPD or 353K in He 2 Theta (degree)

flow for CO,-TPD. Pure NH or CO, was mJeCted until ad- Fig. 1. XRD patterns of Mg/Fe hydrotalcite-like compounds before calci-

sorption saturation followed by purging with He for 2h. The | . " (@) Mg/Fe (2/1); (b) Mg/Fe (3/1): (c) Mg/Fe (4/1): (d) Mg/AllFe
temperature was then raised up from 393 or 353 to 773K at (6/0.5/2.5); (e) Mg/Al/Fe (6/1/2); (f) Mg/AllFe (6/1.5/1.5); (g) Mg/Al/Fe

a rate of 10K min? to desorb NH or CO,. (6/2/1); (h) Mg/Al (2/1).

Intensity (a. u.)
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A Table 1
° p Dehydrogenation activity of Mg/Fe catalysts
1173 K s n R ydrog y of Mg y
Catalyst Calc. SBET EB conv. Selectivity (%)
-~ A, (molar ratio) temp. (K) (m?g™1) (%)
= 1073 K A A A S’y B T
<
- . Mg/Fe (4/1) 823 83.1 33.2 984 1.0 0.6
i 973 K 4 1 A Mg/Fe (3/1) 823 79.6 34.5 98.6 0.8 0.6
Z M,.WW%WMM Mg/Fe (2/1) 823 725 35.6 995 05 O
“(lé A . : Mg/Fe (2/1) 873 60.8 36.8 996 04 O
= 83K Mg/Fe (2/1) 973 34.2 31.3 99.7 03 0
N o . Mg/Fe (2/1) 1073 12.6 15.0 100 0 0
j%% Mg/Fe (2/1) 1173 3.9 5.4 100 0 0

Reaction conditions: 200 mg catalystz:80,:EB = 361:19:1; 773K; 2h
on stream. EB, ethylbenzene; STY, styrene; B, benzene; T, toluene.
2 Theta (degree)

showing that amorphous oxides are formed. It seems that
the substitution of M+ by other divalent metal cations in-
hibits the formation of spinel structures during calcination.

Fig. 2. XRD patterns of the catalyst Mg/Fe (2/1) calcined at different
temperatures. @) MgO; (A) MgFe; O, spinel.

The Mg/Fe (2/1) hydrotalcite-like precursor was calcined
at different temperatures. From the XRD patterns of the cal- 3-2. Catalytic performance
cined samples ifrig. 2, three weak broad peaks are observed
at 35.4, 42.8, 622for samples calcined below 973K cor-  The dehydrogenation of EB was carried out in the pres-
responding to characteristic diffractions of MgBa and ence of CQ at 773 K over catalysts prepared by calcination
MgO. As the calcination temperature further increases, the Of the HTlcs. Styrene is the major product of the reaction,
intensities of these peaks are increased and other peaks ofhereas benzene and toluene are minor by-products. The
MgFe0; at 30 and 57 appear, indicating that the forma- reaction data after 2 h on stream are compared.
tion of MgFeO, spinel structure is enhanced at high tem- The catalytic activities of Mg/Fe catalysts calcined at
perature. different temperatures along with the results of surface
The XRD patterns of the ternary and quaternary aréa measurements are summarizedTable 1 Among
hydrotalcite-like precursors calcined at 823K are illustrated the Mg/Fe catalysts with different compositions calcined
in Fig. 3 The diffraction peaks of the calcined Mg/Al/Fe at 823K, Mg/Fe (2/1) catalyst gives the highest activity
sample are weaker and broader than those of the cal-regardless of its low surface area, showing the important
cined Mg/Fe sample, indicating that smaller crystallites are fole of Fe for the reaction. The activity of the catalysts
formed. This observation is consistent with the results of decreases as the calcination temperature is raised above
surface area measurements as showFaisles 1 and 2No 873K. The formation of MgFg4 spinel structure with

distinct peak is observed for all the other calcined samples, low surface area at high temperature is probably the cause
for the reduction in activity.

The effect of the incorporation of Al and various bi-
valent metal cations into the catalysts on their catalytic

Table 2

~ A N A £ Dehydrogenation activity of various multicomponent catalysts calcined at
z W 823K
~ Cc
= M Catalyst (molar ratio)  Sger EB conv. Selectivity (%)
7 d 2 ~—1 0, _—
zl (mgh) (%) v B 7T
< c
RS M Mg/Al (2/1) 125.4 6.7 956 44 0
e Mg/AllFe (6/2/1) 110.5 30.6 989 08 03
e Mg/Al/Fe (6/1.5/1.5) 118.0 34.2 993 03 04
10 20 30 40 50 60 70 Mg/Al/Fe (6/0.5/2.5) 105.0 375 984 1.0 06
Mg/Cu/Al/Fe (3/3/1/2) 85.5 30.6 98.3 1.0 0.7
2 Theta (degree) Mg/Mn/Al/Fe (3/3/1/2) 105.5 34.1 982 12 06
Fig. 3. XRD patterns of ternary and quaternary hydrotalcite-like com- Mg;(l\:ll/,IMIIIIZe (3:;??/’/1//22) 132'3 49'3; 3?35 lg; é'8
pounds calcined at 823K. (a) Mg/Cu/AllFe (3/3/1/2); (b) Mg/Mn/AlIFe  MO/CO/AIIFe (3/3/1/2) 4 47. 408 05
Mg/Zn/AllFe (3/3/1/2) 90.8 53.8 96.7 27 06

(3/3/1/2); (c) Mg/zn/AllFe (3/3/1/2); (d) Mg/Ni/AlIFe (3/3/1/2); (e)
Mg/ColAlIFe (3/3/1/2); (f) Mg/AllFe (6/1/2); (g) Mg/Fe (2/1).4)
MgFe04; (@) MgO.

Reaction conditions: 200 mg catalyst2:@0,:EB = 36:19:1; 773K; 2h
on stream. EB, ethylbenzene; STY, styrene; B, benzene; T, toluene.
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100 Table 3
Effects of reaction temperature and pretreatment atmosphere on catalytic
80 properties of Mg/Zn/Al/Fe (3/3/1/2) catalyst
Temperature  Pretreatment  EB conv. Selectivity (%)
< 0
< oo} 9 gas ©6) STY B T
=) L\
.g ‘\A\ 723 N 25.6 98.1 19 0
§ 40 A— 773 N 53.8 96.7 27 06
g \\\ 823 No 68.2 960 27 13
Q 2 \.\.:: 773 H 46.1 96.8 26 06
Reaction conditions: 200 mg catalyst;:RO,:EB = 361:19:1; 773K; 2h
0 . . . . . . on stream. EB, ethylbenzene; STY, styrene; B, benzene; T, toluene.

Ti t h .
me on stream (h) conversions on Mg/Zn/Al/Fe and Mg/Fe catalysts decrease

Fig. 4. Effect of reaction time on EB conversion at 773 ®)(Mg/Fe (2/1) from 58.8 and 49.6% at 1 h to 40.0 and 20.1% at 6 h, respec-
catalyst; M) Mg/AllFe (6/0.5/2.5) catalyst; &) Mg/Zn/AllFe (3/3/1/2) tively. The reaction was interrupted under a nitrogen stream,
catalyst. and then air was introduced to burn off carbon species de-
posited on the catalysts. After air treatment at 773 K for 2 h,
the catalysts were purged withpNor 2h. The EB conver-
performance is described ifable 2 The catalytic activity sions on the regenerated catalysts are lower than the initial
of the catalysts decreases in the order of Mg/Zn/Al/Fe > conversions, showing that the original activity of the cata-
Mg/Ni/Al/Fe > Mg/Co/Al/Fe > Mg/Al/Fe > Mg/Mn/Al/Fe lysts could not be fully restored. Meanwhile, after the second
> Mg/Cu/Al/Fe. Obviously, some of them are more active regeneration the activity of Mg/Zn/Al/Fe catalyst is almost
than the Mg/Fe catalyst, in particular the Mg/Zn/Al/Fe cat- fully restored, while the Mg/Fe catalyst exhibits a conver-
alyst displaying a maximum EB conversion of 53.8% and sion slightly lower than that after the first regeneration. The
a styrene selectivity of 96.7%. Under similar reaction con- increase in activity after regeneration is due to the removal
ditions, the Mg/Zn/Al/Fe catalyst seems even more active of the carbonaceous deposit on the catalysts. The difference

for EB dehydrogenation in the presence of £than the in the regeneration behavior between the two catalysts in-

Mg/V/Al catalyst reported in a recent literatufEs]. dicates that the Mg/Zn/Al/Fe catalyst has a higher catalytic
The effect of reaction time on EB conversion over some stability than the Mg/Fe catalyst.

representative catalysts is showrFig. 4. The Mg/Fe cata- Table 3summarizes the effects of reaction temperature

lyst deactivates rather fast in the first 3h and then becomesand pretreatment atmosphere on the catalytic properties
almost stable. Comparing the activity change with time of of Mg/Zn/Al/Fe catalyst. The dehydrogenation activity in-
the three catalysts shows that the incorporation &ftZand creases significantly with the increase of reaction tempera-
Al%t into the catalysts not only increases the dehydrogena-ture, but the selectivity to styrene is slightly decreased. The
tion activity but also improves the catalyst stability. The amount of benzene and toluene in the reaction product is in-
Mg/Al/Fe and Mg/Zn/Al/Fe catalysts are almost stable after creased, showing that cracking reaction is favored at higher
2 h on stream. A regeneration treatment of the catalysts aftertemperature. The catalyst pretreatment atmosphere has an

6 h reaction at 773 K was attempted. As showFig. 5 EB evident effect on the activity of the catalyst. Prereduction
of the catalyst is undesirable for the reaction.
100 In order to understand the role of G@ the reaction, the
variation of the amount of CO in the reaction product with
sl reaction time on Mg/Zn/Al/Fe catalyst was tested and given
in Fig. 6. The amount of CO formed in the reaction is only
@ - g slightly lower than that of styrene at the beginning, but it
= 6or b= f b= ,_Zf decreases gradually with reaction time. This suggests that
g ‘\\_ % E \.\_\' é E '\\ both oxidative dehydrogenation and simple dehydrogena-
“é 4or \\ s S Eﬂ . g EE,, i tion reaction are probably present on the catalyst, as shown
3 ol A\«.&) 2 \\k & 2 ‘\‘\ below:
as k*\ CsHs5—CoHs + CO, — CgHs—CH=CH, + CO + H,0
% 5 10 5 20 25 CeHs—CoHs — CgHs—CH=CH2 + H2

Time on stream (h) Although oxidative dehydrogenation dominates at the ini-

Fig. 5. Regeneration of catalysts used for EB dehydrogenation at 773K. tial stage of the reaction, it is accompanied by simple de-
(M) Mg/Zn/AllFe (3/3/2/1); &) Mg/Fe (2/1). hydrogenation as time goes on. The carbonaceous deposit
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2.0
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Fig. 6. Yield of styrene and CO in the reaction course on Mg/Zn/Al/Fe Temperature (K)

(3/3/1/2) catalyst at 773K M) Styrene; @) CO. Fig. 7. TPR profiles of the catalysts. (a}FeOs; (b) Mg/Fe (2/1); (c)

Mg/AllFe (6/1/2); (d) Mg/Zn/Al/Fe (3/3/1/2).
on the catalyst surface or the poisoning of some oxida-
tive dehydrogenation sites by CO might be the reason for the enhanced dehydrogenation activity of the Mg/Zn/Al/Fe
the change of reaction mechanism. This deserves furthercatalyst.
studies.
3.4. TPR study
3.3. Acid-base properties
The TPR profiles of-Fe,O3 and the representative cata-

NH3-TPD and CQ-TPD methods were used to measure lysts are illustrated iffig. 7. There are two reduction peaks
the acid—base properties of some representative catalysts andn the profile ofa-Fe,O3, corresponding to the reduction
the results were listed iffable 4 Incorporation of ZA&t of a-Fe0O3 to FeO4 and Fe, respectivelj20]. The TPR
and APt into the catalyst increases the amount of stronger profile of Mg/Fe catalyst looks similar to that efFeOs,
acid sites and the total amount of base sites on the catalysexcept that the first peak temperature is increased. How-
surface. Mg/Zn/Al/Fe catalyst is abundant in stronger acid ever, the reduction of Mg/Al/Fe and Mg/Zn/Al/Fe catalysts
sites and has a moderate amount of base sites in comparisogives a different picture. The second reduction peaks on the

with the other two catalysts. profiles of these catalysts shift to temperatures well above
The oxidative dehydrogenation of EB is suggested by 1000K.
various author§16—19]to proceed through the following It has been suggested that the iron oxide species, such as

steps: the adsorption of EB on an acid site, the abstractionferrites, composite oxide or magnetite, are the active compo-
of a-hydrogen from EB by a basic OH group adjacent to nents in this type of catalysts for oxidative dehydrogenation
the acid site, the formation of an anion vacancy via desorp- of EB in the presence of C{1,2,4,5,21] The iron oxide
tion of water, the filling of the vacancy site by Gspecies species take part in the redox cycle with EB and,@®the
formed from adsorbed Hor CO, and the abstraction of  reaction. Our experimental results seem to support this pos-
B-hydrogen from EB by the O species to give styrene and tulation, since the dehydrogenation activity increases with
basic OH group. According to this reaction mechanism, both the amount of iron oxide in the catalysts and prereduction
acid and base sites are necessary for the reaction. The largevith H, deteriorates the catalytic activity of the catalysts.
number of stronger acid sites on Mg/Zn/Al/Fe catalyst en- Based on this postulation as well as the TPR results, the in-
hances the adsorption and activation of EB molecules, andcrease in catalytic activity and stability of the catalysts after
the availability of adjacent basic OH groups on the catalyst incorporation of Z&™ and APt can also be ascribed to the
promotes the abstraction afhydrogen from EB molecules  restricted reduction of the iron oxide species under reaction
to form water. This may constitute one of the reasons for conditions besides their favorable acid—base properties.

Table 4

Acid-base properties of some representative catalysts

Catalyst (mmol g?) Peak temperature (K) NHdesorbed Peak temperature (K) £aesorbed (mmolgl)
| Il [ Il | Il | Il

Mg/Fe (2/1) 538 - 0.310 - 441 543 0.003 0.036

Mg/Al/Fe (6/1/2) 513 668 0.394 0.214 444 547 0.010 0.100

Mg/Zn/Al/Fe (3/3/1/2) 463 588 0.150 0.310 453 653 0.034 0.019
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4. Conclusions Shanghai Research Institute of Petrochemical Technol-

ogy and the Shanghai Major Basic Research Program

A series of Fe-containing HTlcs were prepared by copre-
cipitation method. Mg/Fe catalysts prepared by calcination
of the hydrotalcite-like precursors have high specific surface

(03DJ14004).
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