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The catalytic reduction of CO2 accompanying
the aromatization of propane is a new type of
catalytic reaction for the utilization of CO 2. CO2
is reduced into CO by hydrocarbon, and
hydrocarbon (propane) is converted into more
valuable products. This type of reaction is more
economical than the hydrogenation of CO2, since
propane is much cheaper than hydrogen. The
combined conversion of propane and CO2 was
investigated by using metal-loaded ZSM-5 cata-
lysts, which were characterized by temperature-
programmed desorption, X-ray diffraction,
thermogravimetric analysis and BET analysis.
Reduction of CO2 by propane resulted in higher
conversion of CO2 and higher CO yield than that
by hydrogen. The incorporation of metal ions,
such as Zn2�, Cr3�, Fe3� and Ni2�, into HZSM-5
enhanced the catalytic activity for CO2 reduc-
tion. The addition of CO2 was found to suppress
the coke deposition during the aromatization of
propane. Copyright # 2000 John Wiley & Sons,
Ltd.

Keywords: CO2; propane; aromatization; ZSM-
5; Zn

INTRODUCTION

CO2, are cause of the greenhouse effect, is one of
the most abundant carbon resources and its
concentration in the atmosphere has steadily
increased. In order to improve climate conditions,
as well as to solve the carbon resource problem,

hydrocarbon synthesis through CO2 hydrogenation
is desirable to develop techniques whereby CO2 can
be converted into valuable materials such as
methanol or hydrocarbons. Copper-based catalysts
and zeolites were mostly used for this synthesis and
CO2 catalytic reduction.1–3

On the other hand, much attention has been paid
to the transformation of lower alkanes, such as
propane and butanes, into aromatic hydrocarbons.
The aromatic hydrocarbons can be utilized as a
booster for high octane number gasoline and are
fundamental raw chemicals in the petroleum
chemistry. HZSM-5 and various metal-loaded
ZSM-5 materials are known to be active catalysts
for the production of aromatics from lower alkanes
and alkenes.4–9

The catalytic reduction of CO2 accompanying
the aromatization of propane was proposed as a new
type of catalytic reaction for the utilization of
carbon dioxide.10 CO2 can be reduced into CO by
hydrocarbons and the hydrocarbon (propane) can
be converted into more valuable products. In this
work, the reduction of CO2 by propane was
compared with that by hydrogen over the metal-
loaded ZSM-5 catalysts, and the effect of metal
incorporation into ZSM-5 on the activity and
selectivity was discussed. Also, the effect of CO2
addition on the propane aromatization was inves-
tigated.

EXPERIMENTAL

Metal-loaded HZSM-5 catalysts were prepared by
the ion-exchange method. HZSM-5 (Si/Al ratio =
25) powders were mixed with an aqueous solution
of metal nitrate for 24 h, and followed by drying
and calcination at 823 K.

The structures of ZSM-5 catalysts were con-
firmed by their powder X-ray diffraction (XRD)
pattern using Cu Ka radiation. The crystallinity was
estimated through the intensity of characteristic
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peaks. The surface area was measuredby the
nitrogenBET methodusingaMicromeriticsASAP
2000. Thermogravimetric analysis (TGA) was
performedusinga Cahnmicro-balanceto measure
the coke amount after reaction. Temperature-
programmeddesorption(TPD)measurementswere
carried out to determine the acid propertiesof
zeolitesby using ammoniaas an adsorbate.In a
typical run,0.3g of acalcinedsamplewasplacedin
a quartztubularreactorandheatedat 500°C under
a helium flow of 45ml minÿ1 for 1 h. The reactor
was then cooled to 100°C and adsorptionwas
conductedat that temperatureby exposing the
sampleto anammoniaflow of 23ml minÿ1 for 1 h.
Physically adsorbedammonia was removed by
purgingthesamplewith aheliumstreamflowing at
45ml minÿ1 for 30min at 100°C.

The reactionwasconductedby usinga conven-
tional continuousflow reaction apparatususing
0.3g of catalyst.The catalystwas pretreatedin a
helium flow for 1 h at 823K. In the aromatization
reaction of C3H8 and CO2, the ratio of partial
pressuresof CO2/C3H8 was2.25,with a balanceof
helium; the aromatizationreactionof C3H8 alone
wasbalancedby helium to maintainthe total flow
rateequalin bothcases.CO2 reductionby hydrogen
was also carried out to compare the product
distribution.The contacttime (W/F) was 5.00g h
molÿ1.

RESULTS AND DISCUSSION

CO2 is such a stable material that energy or a
reducing agent must be used for its conversion.
Table 1 shows the catalytic activities of the
reductionof CO2 using propaneand hydrogenas
a reducingagents.It showsthat the conversionof
CO2 andthe selectivity to CO aremuchhigher in
the CO2 reductionby propanethan by hydrogen.

Theintroductionof metalions,suchasZn2�, Cr3�,
Fe3� and Ni2�, into HZSM-5 also enhancedthe
catalytic activity for CO2 reduction.In particular,
Zn2� showedthehighestactivity.

Figures1 and2 showtheeffectof CO2 addition
on the activity of propane aromatization over
HZSM-5 and Zn–ZSM-5 respectively.The aro-
matic compoundsproducedwerebenzene,toluene
andxylene.For the HZSM-5 catalyst,the conver-

Table 1 Conversionof CO2 andyield of CO overvariousmetalsloadedHZSM-5

Reductionof CO2 by H2 Reductionof CO2 by C3H8

Catalyst Conv.(%) CO yield Conv.(%) CO yield

HZSM-5 0.6 — 7.3 2.2
Cr–ZSM-5 0.7 — 9.2 0.2
Fe–ZSM-5 10.8 6.3 13.7 14.5
Ni–ZSM-5 6.0 4.2 10.7 3.1
Zn–ZSM-5 16.6 16.9 40.2 60.3

Reactionconditions:temp.= 873K, W/F = 5.0g�h molÿ1, H2/CO2 or C3H8/CO2 = 2.25,1 h reacted.

Figure 1 Conversionof C3H8 and selectivity to aromatics
with time on streamover HZSM-5 (temp.= 873K, H2/CO2 or
C3H8/CO2 = 2.25,W/F = 5.0g�h molÿ1).
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sionof propaneremainedalmostconstantwith time
on stream,even if the conversionwas improved
slightly with CO2 addition.On the otherhand,the
selectivity to aromaticsincreasedsignificantlydue
to thepresenceof CO2. For theZn–ZSM-5catalyst,
theconversionandtheselectivitywerehigherthan
those for HZSM-5. The propane conversion
decreasedmonotonously and the selectivity to
aromaticsincreasedto themaximumanddecreased

with time on stream.The presenceof CO2 did not
seemto affect the activity andselectivity,but the
decreasingrate (or deactivation)was apparently
retardedin thecaseof CO2 addition.CO2 musthave
retarded the deactivation of zeolite during the
aromatizationof propane.When other metal ions
wereincorporatedinto HZSM-5,theireffectsonthe
aromatizationof propaneweresimilar to thatdueto
zinc.

In the caseof CO2 reductionwith propaneover
Zn–HZSM-5, however,it was noted that the CO
yield wasmuchhigher thanCO2 conversion.This
implied that CO could be producednot only from
CO2 but alsoothersourcessuchaspropane.

Theschematicsof possiblereactionroutescanbe
describedasfollows:

C3H8! C3H6� H2 �1�
2C3H6! C6H6�aromatics� � 3H2 �2�
CO2� H2! CO� H2O �3�
3CO2� C3H8! 6CO� 4H2 �4�

Reactions[1] and[3] canthengive

CO2� C3H8! C3H6 � CO� H2O

Propane could be converted into aromatics
Figure 2 Conversionof C3H8 and selectivity to aromatics
with time onstreamoverZn–HZSM-5(temp.= 873K, H2/CO2

or C3H8/CO2 = 2.25,W/F = 5.0g h molÿ1).

Table 2 Gibb’s free energy of various reactions
involved in theprocessat 1 atm

DG (kJ molÿ1)

Temp.( °C)
Reaction

[1]
Reaction

[3]
Reaction

[4]

25 86.67 28.62 383.55
550 13.09 7.53 ÿ68.00
600 5.70 5.60 ÿ113.39
650 ÿ1.75 3.67 ÿ159.08
700 ÿ9.26 1.75 ÿ205.05

Figure 3 XRD patternsof deactivatedcatalysts: (a) aroma-
tization reaction in the absenceof CO2; (b) aromatization
reactionin the presenceof CO2.
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throughreactions[1] and[2]. CO2 is consumedby
reaction [3]. Thesereaction networks imply that
propane aromatization and CO2 reduction may
occur consecutively. However, other reactions,
suchas [4], can also take place.CO2 in reaction
[4] reacted with propane directly. If CO2 is
convertedinto CO by reaction[4], the CO yield
canbemuchhigherthanCO2 conversion.

Table2 showstheGibb’s freeenergyof various
reactionsinvolvedin theprocessat1 atm.At lower
temperature,CO2 canbe convertedinto CO easily
through reaction [3]. However, reaction [4] can
occur more easily at higher temperature.In other
words, CO2 is more likely to react directly with
propaneat higher temperatureand propaneis a
more effective reducing agent than hydrogenat
high temperature.

XRD, NH3 TPD,BET andTGA werecarriedout
to investigate the effect of CO2 addition on
deactivation.The structureof the catalystbefore
andafter the reactionremainedalmostunchanged,
asshownin Fig. 3.

Figure 4 shows the NH3 TPD of zeolites.
Although the acidity was reducedfor the deacti-
vatedZn–ZSM-5catalysts,thedegreeof reduction
was smaller for the caseof CO2 addition. This
might be ascribedto the role of CO2 preventing
deactivationof acid sites in HZSM-5 and Zn–
ZSM-5.

Figure5. showsthecokingamountthroughTGA
results of the catalysts after the aromatization
reaction in the absenceand in the presenceof
CO2. ThecokeformationdecreasedwhenCO2 was
addedinto propane.The effect of CO2 additionon
the coke formation can also be evidencedby the
changeof surfacearea,asshownin Table3.

SUMMARY

It wasfoundthatthereductionof CO2 into COand
the conversionof propaneinto aromaticsoccurred
simultaneously over Zn–ZSM-5 catalyst. The
conversionof CO2 andthe selectivity to CO were

Figure 4 NH3 TPD curvesof Zn–ZSM-5. Figure 5 TGA resultsof deactivatedZn–ZSM-5.

Table 3 BET surfaceareasof deactivatedcatalysts
after the aromatizationreactionin the absenceof CO2
andin the presenceof CO2

Catalyst BET surfacearea(m2 gÿ1)

HZSM-5 (no CO2) 454
HZSM-5 (with CO2) 517
Zn–ZSM-5(no CO2) 332
Zn–ZSM-5(with CO2) 387
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muchhigherin theCO2 reductionby propanethan
by hydrogen.

The introduction of metal ions, such as Zn2�,
Cr3�, Fe3� and Ni2�, into HZSM-5 was found to
enhancethecatalyticactivity for CO2 reduction.

From the viewpoint of propanearomatization
over Zn–ZSM-5 catalyst, the addition of CO2
seemedto suppresscokedeposition.
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