Available online at www.sciencedirect.com

ELSEVIER Catalysis Today 96 (2004) 155-160 ———————
www.elsevier.com/locate/cattod

AVQOL|

CATALYSIS
TODAY

Catalytic conversion of methanol to gasoline range hydrocarbons

H.A. Zaidi, K.K. Pant

Department of Chemical Engineering, Indian Institute of Technology (11T), Hauz Khas, New Delhi 110016, India
Available online 28 July 2004

Abstract

The catalytic conversion of methanol to hydrocarbons of gasoline range has been studied over HZSM-5, ZnO/HZSM-5, CuO/HZSM-5
and CuO/ZnO/HZSM-5. The selectivity of methanol conversion to hydrocarbon has been found to be a function of CuO/ZnO/HZSM-5
concentration. A comparison has been done to study the conversion and yield of different metal oxides doped on the catalyst. The catalysts were
prepared by means of impregnation technique followed by heat treatment&@ 5&06 h. The copper and zinc oxide loading over HZSM-5
(Si/Al = 45) catalyst were 7 wt.% each. These catalysts were characterized by X-ray diffraction and surface area analysis. The performances of
the catalysts were evaluated by conducting experiments in a fixed bed reactor (i.d.: 19 mm) made of stainless steel. Experiments were conductec
at 1 atm and 400C at constant flow rate of methanol. The major products were ethylene, propylene, dimethyl ether, toluene, ethyl benzene,
ethyl toluene, trimethyl benzene and tetra methylbenzene. Investigations have also been done to study the catalyst deactivation. The catalysts
were mainly deactivated due to deposition of coke. Addition of ZnO over CuO/HZSM-5 significantly reduces the coke without affecting
product yields. Over a ZnO/HZSM-5 catalyst, the coke formation was reduced compared to a CuO/HZSM-5 catalyst. ZnO/CuO/HZSM-5
enhanced the aromatics yield to 69 wt.% as compared to yield of 66.9 wt.% over ZnO/HZSM-5. The product compositions are compared and
discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction et al.[6] reported the effect of transition metals Co, Mn and
Ni over SAPO-34 molecular sieve to check the activity and
Methanol could be one of the main fuels used in future conversion.
transportation when petroleum wells are depleted. Methanol Al-Jarallah et al[3] studied the effect of metal impreg-
is produced from synthesis gas (mixture of carbon mono nation on high silica zeolites of the pentasil type MFI struc-
oxide and hydrogen), which is formed by steam reforming of ture to investigate the methanol conversion to light alkenes.
natural gas or gasification of coal or from biomass. Methanol Tsoncheva and Dimitroyd 1] converted methanol to hydro-
is available in abundance, therefore it has been used as a rawarbons over different zeolite catalysts. Freeman §hin-
material for the production of gasoline and olefins. It can be vestigated the conversion of methanol to hydrocarbons over
obtained from renewable sources such as biomass. Ga03/HZSM-5 and GaOs/WO3 and the effect of loading
Catalytic conversion of methanol to gasoline and olefins Ga0O3 on to HZSM-5 on conversion and yield of hydrocar-
attracted many researchers when the price of fuel started tobons.
increase. The literature concerning conversion of methanol Doping metal oxides such as CuO into the HZSM-5
to hydrocarbons over zeolite catalyst is extendiiel3]. framework usually results in the generation of additional
In 1970s, Mobile researchers found that methanol could be acidic sites, and thereby modifies the acidity of the parental
converted to gasoline over mesoporous selective zeolites.material. It facilitates the dehydrating activity of the catalyst
Conversion of hydrocarbons from methanol using ZSM-5 and also helps to form higher molecular weight hydrocar-
has been investigated by Chang and Silvegstyi Dubois bons in the gasoline range.
The objective of this study was to compare CuO/ZnO and
CuO supported HZSM-5 and HZSM-5 under the same op-
* Corresponding author. Tek:91-11-65861120; fax-91-11-6506172.  €rating conditions such as temperature, pressure and flow
E-mail address: kkpant@chemical.iitd.ernet.in (K.K. Pant). rate, and to investigate the conversion and yield of hydrocar-
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bons. CuO/ZnO loaded over HZSM-5 was prepared, charac-Table 1 ' '
terized and experimented for their performance of methanol Properties of various metal impregnated HZSM-5 catalysts

conversion. Catalyst Metal content (Wt.%) Sget Pore volume
————  (mg)  (cm’lg)

CuO ZnO
' imental HZSM-5 0 0 290.0 0.39
2. Exper ZnO/HZSM-5 0 7 244.0 0.347
i CuO/HZSM-5 7 0 254.6 0.33
HZSM-5 (Si/Al = 45), the catalyst used for MTG, was cy0/znO/HZSM-5 7 05 2416 0.36

supplied by Siid Chemie (Germany). Amounts of CuO/ZnO
7 wt.% each and 0.5wt.% ZnO were doped on the HZSM-5.

In our previous work, the effect of copper oxide loading  X-ray diffraction pattern of catalysts were taken in order
on HZSM-5 was studied. It was found that on increasing to characterize the phases and crystallinities of the modified
the CuO content, the yield and conversion incregd&j. HZSM-5. All the prepared samples were analyzed at room
All these catalysts were prepared by standard impregnationtemperature by X-ray diffraction using a Bruker D8 Advance
technique15,16] NH4OH solution was added to the slurry  X-ray diffractrometer with monochromatic Cuokradiation
of the catalyst wetted with copper nitrate solution to in- (wavelengthn = 1.5406 A at 2 range from 2 to 40°).
crease the pH to 5. The solution was stirred for 12h. The  All the catalysts were compared for their performance by
catalyst slurry was transferred to a rotary evaporator to re- conducting experiments in a fixed bed reactor under identical
move excess water under vacuum. The pellets were dried afconditions. Liquid methanol was pumped from a graduated
120°C for 12 h followed by calcination at 55@ for 5h. burette using a microtube pump (Eyela, Tokyo Rikakikai Co.
Three different catalysts were prepared by impregnation overLtd.) at a flow rate of 0.5 0.1 ml/min. Methanol was passed
HZSM-5 by CuO or ZnO and CuO/ZnO. The final weight through a preheater maintained at a temperature of €50
percent of the metal oxide as indicatedTiable 1was de-  This stream was mixed with nitrogen and passed to the re-
termined by metal trace analyzer (Metrohm, Switzerland). actor. The schematic diagram of the experimental setup has
The total surface area and pore size of the catalysts werebeen shown irFig. 1 The tubular reactor was made up of
determined with a Micromeretics ASAP-2010 by nitrogen stainless steel tube (i.d.: 19 mm). The reactor was heated in
adsorption at 77 K. Prior to the analysis, the catalysts sam-three zones by means of electric furnace at4D0T he total

ples were pretreated for 4 h at 180 under vacuum. length of reactor was 770 mm. One thermocouple was at-
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Fig. 1. Schematic diagram of experimental setup.
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tached to the top whereas another one had been inserted frontyst. XRD pattern of these catalyst were mostly amorphous
the bottom of the reactor to measure the axial temperature(no sharp peaks of CuO and ZnO) indicating the structure
profile. A circular plate containing holes was welded to the of zeolites remains intact after the different treatment pro-
upper thermo-well and serves as the catalyst retaining sup-cedures. However, the obtained intensities differ depend-
port. The weighted catalyst was placed in the central portion ing upon preparation methods and on CuO/ZnO content.
of the reactor where isothermal conditions were maintained. The higher intensity was observed for the starting zeolite
The products from the reactor passed through the con-(HZSM-5). The decrease in the intensities may be due to
denser maintained at5°C to remove all the condensables. higher absorption coefficient of CuO/Zn®6].
The non-condensables were passed through a gas sampler, The surface area and pore volume of the catalyst were
a gas flow meter, and then vented. determined by the BET method. These results are shown in
The gaseous and liquid products were analyzed by two gasTable 1 The total surface area of the catalysts decreased with
chromatographs using thermal conductivity detector (TCD) increasing copper/zinc oxide loading. The volume efad-
and flame ionization detector (FID). The TCD column was sorbed decreases with increasing copper/zinc oxide content
used for the determination of INCH; and any CO and  due to partial coverage of the surface with copper/zinc oxide
CO;, formed during reaction. plgas was used as an internal [15,16]
standard for subsequent gas analysis. The FID column was The 0.5wt.% ZnO loaded on a CuO/HZSM-5 catalyst
used for the determination of hydrocarbon gases and liquid shows increased resistance towards deactivation as com-
products. All hydrocarbon gases were analyzed by using pared to the CuO/HZSM-5 catalygtig. 3 shows a com-
a Porapak-Q column (i.d.: 2mm, length: 6 ft). The liquid parison of products distribution obtained with various metal
hydrocarbons were determined by using a capillary column oxide (Cu/Zn) doped HZSM-5 catalysts at 4@and atmo-
(Petrocol DH,L = 60m, i.d.= 0.25mm fused silica), on a  spheric pressure. Preliminary experiments carried out with
FID mode. The oven, injector and detector temperature werethe HZSM-5 catalyst at the same temperature, pressure and
maintained at 80, 130 and 140, respectively. flow rate also showed that aromatic compounds are domi-
nant in the product$5,14]. Figs. 4 and 5show the prod-
uct distribution of gaseous and liquid products, respectively
3. Results and discussion over CuO/ZnO/HZSM-5 catalyst. The detailed conversion
and product distribution with all the catalysts studied are
Fig. 2 shows the XRD pattern of CuO/ZnO, and CuO shown inTable 2 There was a significant increase in con-
catalyst and a comparison with the starting HZSM-5 cata- version of methanol on incorporation of CuO loading. The
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Fig. 2. XRD patterns for copper oxide impregnated catalysts.
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Fig. 3. Product distribution of hydrocarbons over various metal impregnated catalystlQ0°C, P = 1atm and W/kp = 4.14 (gat h/mol methanol
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Fig. 4. Product distribution for methanol conversion to hydrocarbons over
CuO/ZnO/HZSM-5 T =400°C, W/Fag = 4.14 (gat h/mol methanol

fed)].

xylene, isopropyl benzene, ethyl toluene, and trimethyl ben-
zene and tetra methylbenzene. As can be seen from the prod-
uct distribution, G—Cy9 hydrocarbons were the major prod-
ucts. All these products were identified from their retention
times by comparison with authentic samples.

The aromatics distribution with the different zeolite cata-
lysts strongly depends upon their pore size and acidic sites.
Slow hydride transfer from alkenes, disproportionate into
alkanes and aromatics compounds. The hydrocarbon prod-
uct distribution depends mainly on the conversion reaction
due to the structure of the zeolite and also due to steric re-
striction and secondary process such as hydrogen transfer
activity and coking.

The aromatic content over the HZSM-5 catalyst was
21wt.% on a water-free basis, and catalyst containing

total methanol conversion reached 97% at a CuO loading of 7wt.% CuO and 0.5wt.% ZnO resulted an increase in

7wt.%. The product distribution was also significantly im-
proved. The major products of the reaction were methane,

aromatic content up to 69 wt.%.
The transformation of methanol to various products

ethylene, propylene, dimethyl ether, toluene, ethyl benzene,may be explained by the following mechanisms. In a pri-
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Fig. 5. Product distribution for methanol conversion to hydrocarbons over CuO/ZnO/HZIM=54D0°C, W/Fap = 4.14 (gat h/mol methanol fed)].
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Table 2
Conversion and hydrocarbons product distribution for the catalytic conversion of methanol
Compound CuO/HZSM-5 CuO/ZnO/HZSM-5 ZnO/HZSM-5 HZSM-5
Conversion (wt.%) 97 95 60 38
Yield (wt.%)
CHy 0.33 0.69 0.39 0.99
Cz 0.957 1.23 0.56 1.35
Cs 0.85 1.72 0.72 3.47
Cy 0.61 1.24 0.51 1.89
Cs 0.55 0.84 0.34 212
Cs+ 6.1 4.36 4.3 1.0
CeHe 0.1 0.127 0.19 0.27
C7Hg 3.34 1.91 0.732 0.72
CgH1o 12.2 12.58 7.0 1.1
CoH12 12.98 10.38 5.28 11
CioH14 3.43 3.523 1.86 0
CH30CHz 0.73 2.2 0.6 1.16
Aromatics' 76.5 69.4 66.9 20.9
Total hydrocarbon (wt.%) 42.16 41.1 225 15.2
Water (wt.%) 41.8 36.68 35.7 19.38
Other§ (wt.%) 13.04 17.2 1.8 3.42

Reaction conditions: Wik (gcat h/mol methanol fed)=4.138, 400C and 1atm; CuO/ZnO/HZSM-5 represents 7wt.% CuO and 0.5wt.% ZnO;
CuO/HZSM-5 represents 7wt.% of CuO; ZnO/HZSM-5 represents 7wt.% of ZnO.

aCalculated on water-free basis.

Pinclude CO and C@

mary reaction, methanol is first dehydrated to dimethyl The increase in time of reaction results in a decrease in the
ether (DME). In a secondary reaction, the equilibrium vyield of hydrocarbons. CuO/ZnO/HZSM-5 shows the slow
mixture formed of methanol, dimethyl ether and water, decrease in the yield of hydrocarbon with increase in time
is then converted to light olefins. The final reaction step compared to CuO/HZSM-5 catalyst. After a period of 12 h
leads to the formation of paraffins, aromatics and higher methanol conversion was reduced from 97 to 75.7% with
olefins. Light olefins can oligomerize to form products copper oxide catalyst. Incorporation of 0.5wt.% of ZnO on
in the gasoline boiling range. These products can reactthe 7wt.% CuO catalyst significantly reduced the deactiva-
with oxygenates or with light olefins to produce additional tion rate. Compared to these catalysts there was negligible
gasoline productsFig. 6 shows how the conversion of loss of catalytic activity with HZSM-5 catalyst due to lower
methanol decreases with increase in time on stream. Theactive sites available for reaction and coke formation. Ad-
decrease is more pronounced over the CuO/HZSM-5 cata-dition of CuO enhances the acidic sites on HZSM-5, which
lyst than over CuO/ZnO/HZSM-5. The initial conversions are highly selective to the gasoline range of hydrocarbons,
over CuO/HZSM-5 and CuO/ZnO/HZSM-5 were 97 and whereas ZnO reduces the deactivation during the reaction.
95%, respectively, however methanol conversion decreasedAddition of ZnO also increases the dispersion of CuO by
with time. The decrease in methanol conversion was slow reducing the crystallite size, which results in more sites of
for CuO/ZnO/HZSM-5 compared to CuO/HZSM-Fig. CuO available for methanol adsorption thereby increases the
7 shows the yield of hydrocarbons with respect to time. activity of the catalyst.
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Fig. 6. Conversion of methanol vs. time with different catalydts{400°C, P = 1atm, W/FRp = 4.14 (g4t h/mol methanol fed)].
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Fig. 7. Yield of hydrocarbon vs. time in a fixed bed reactor= 400°C, P = 1atm, W/Rao = 4.14 (gat h/mol methanol fed)].
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) (i [4] M. Stocker, Micropor. Mesopor. Mater. 29 (1999) 3.
Compared to HZSM-5 catalyst, there was a signifi [5] D. Freeman, R.P.K. Wells, G.J. Hutchings, J. Catal. 205 (2002)

cant increase in conversion and yield of aromatics over 358.
CuO/ZnO impregnated catalysts. The major reaction prod- [6] D.R. Dubois, D.L. Obrzut, J. Liu, J. Thundimadathil, P.M.
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The total wt.% of aromatics in the products was 69% with 173.
ZnO/CuO/HZSM-5 catalyst. [9] M. Bjorgen, S. Kolboe, Appl. Catal. 225 (2002) 285.
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