December 2007 Volume 2 Issue 3

CHEMICAL TECHNOLOGY

A Tndéian Journal
— Pyl Paper

CTAIJ 2(3) 2007 [94-99]

Trade Science Ine.

Sudy of methanol steam reforming kinetics on
BASF-V1766 commercial catalyst

M .Dehghani Mobarake!, M.Bahmani**, J.Towfighi Darian!, M.Nouri?

'Resear ch I ngtitute of Petroleum Industry (RIPI), P.O. Box 18745-4163, Tehr an-(IRAN)
?Department of Chemical Engineering, Faculty of Engineering, Tarbiat M odaresUniver sity; Tehran, (IRAN)
Tel/Fax: +982155209354
E-mail: dehghanim@ripi.ir, bahmanim@ripi.ir, towfighi @modares.ac.ir
Received: 28" November, 2007 ; Accepted: 3@ December, 2007

(aBsSTRACT ) (kevworps )
High purity hydrogen production isan integral part of amodern fuel cell Methanol steam reforming;
package. Steam reforming of methanol has become commercially viable Kinetic model;
process fro hydrogen production. Experiments have been carried out to Hydrogen;
study the kinetics of the methanol steam reforming over a commercial Integral reactor;
catalyst BASF V1766 containing 50%(wt) CuO and 30%(wt) ZnO in an Power law.

integral reactor under conditions of no diffusion limitation. Preliminary
experiments were carried out to obtain the catalyst size and feed space
velocitiesfor exclision of massand heat transfer resistances. The experi-
ments demonstrated that both H, and CO, are formed as primary prod-
ucts, and the rate of methane disappearanceis proportional to the partial
pressure of methanol, H, and CO, even at low product concentrations. In
all experiments carried out therewas no CO formation and thus CO, selec-
tivity is100%intherange of 523.15t0 583.15K. Thefollowing power law
kinetic expression for the reforming reactions was devel oped and param-
eters were obtained by nonlinear regression fit to the experimental data.
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The kinetic model devel oped was compared with previousworks and the
difference in the amount of Cu/Zn in the catalyst was a contributory
factor to the observed differences between the present and previous stud-
ies. © 2007 Trade Sciencelnc. - INDIA

INTRODUCTION A considerableeffort has been put into investiga

tionsof thekineticsof methanol steam reforming since

Methanol steam reforming on solid catalystsisthe  theearly 197053, M ethanol steam reformingisaquite
well-established commercia processfor theproduc-  complex process. It not only involvesthetransfer and
tion of hydrogen especidly infud cell applications. The  diffusion of reactants and products between the bulk
simulation and optimal design of thecommercial pro- phase and catalyst surface aswell aswithin the cata-
cessrequiresinformation ontheintrinsic kinetics. lyst, but a so reactions occurring simultaneoudy in par-
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ale orinseries. Sincereported studiesof thekinetics
of the methanol—steam reaction were carried out with
cataystsof different compositionsprepared by various
methods and of different particle size, and over wide
ranges of temperatureand pressure, itisnot surprising
that different mechanismsand kinetics have been sug-
gested. Thereasonsfor thisaretwo-fold (1) the change
of catalyst composition changesnot only thevalues of
the parameters of thekinetic modd, but a so the struc-
tureof thekineticmodd viachangesinthemechaniam;
(2) theeffectsof thediffusonlimitationin someexperi-
ments often result in misunderstanding of thekinetic
mechanism. Thismakesitimpossibleto develop gen-
erdized kinetics, which can begppliedto different cata
lystswith only achangein parametersto suit each cata:
lyst.

Thekineticsof methanol steamreforminginthelit-
erature has been discussed involving two mechanisms,
the decomposition-Water Gas Shift iius(WGS) reac-
tion and the methyl formate intermediate reaction
scheme. In the decomposition-WGS reaction scheme
(7 theoveral reaction for methanol steam reforming
isconsidered to occur through methanol decomposi-
tion, followed by thewater gas shift reaction, inwhich
CO, and H, are produced from CO formed in the de-
composition step. Additionally it isassumed that the
activestesfor methanol decompositionaredistinct from
thesitesat which the steam reforming and WGS reac-
tionstake place.

CH,OH +H,0¢»CO, +3H,
CH,OH&CO+2H,
CO+H,06CO,+H,

Inthe methyl formateintermediate scheme®9the
WGSregction, a ongwith the production of COthrough
methanol decomposition, isruled out. Instead, methyl
formateisproposed astheonly stableintermediateand
by-product present
2CH,OH— CH,OCHO +2H,

CH,OCHO +H,0—~»HCOOH +CH_OH
HCOOH—CO,+H,

Effect of addition of zirconiato the copper based
catalyst has been studied by Breen and Ross*® who
carried out methanol steam reforming experimentsus-
ingvariouscatayst with different masscompositionsof
Cu-Zn, Cu-Zr, Cu-Zn-Zr, Cu-Zn- Al and Cu-Zn-Zr-
Al. Theauthorsfound that an increasein the copper
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content of Cu/ZrO2 catalystsincreased the conversion
and the selectivity whereasthe activity decreased for a
Cu/ZrO2 catalyst(30/70wt%) at temperatures above
618.15K. Thebest resultsover the entiretemperature
rangewereobtaned over the Cw/ZnO/ZrOJALO, cata-
lyst. It wasa so noted that addition of zincto Cu/ZrO,
catalystsincreases the copper dispersion, aswell as
theactivity. Furthermore, Cu-Zn-Zr catadystsweremore
activethan Cu-Zn-Al cataysts, indicating that zirconia
iIsamore effective support for copper and zinc than
adumina Theaddition of duminato Cu-Zn-Zr increased
thegtability

We know that from the point of view of design,
simulation and optimization of anindustrial reformer,
detailed product compositions and effects of opera-
tional conditionson desired product yield should be
determined. The objective of thiswork isto study the
intrinsic kinetics of the steam reforming of methanal,
over acommercia Cuw/ZnO/AlO,-ZrO, catdystinan
integrd reactor. Withinawiderangeof temperatureand
pressure and steam/methanol, H./methanol and CO,/
methanol ratios, the effects of these parameterson re-
action havebeen investigated experimentdly intheab-
senceof inter/intraparticle concentration and tempera-
turegradients. Hence, extensive effort hasbeen taken
to determinethe mechanism and thekineticsfor steam
reforming under conditionsof no masshest transfer and
diffusonlimitations.

EXPERIMENTAL

A schematicdiagram of theexperimenta equipment
usedisgiveninfigure 1. It consistsof three sections:

Figurel: Schematicdiagram of experimental setup
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feed, reaction and analysis section. Thefeed section
contains gas suppliesfor H,, CO,and carrier gasN,
and liquid suppliesfor H,O and CH,OH. After pres-
surereduction fromthegascylinder by meansof aregu-
lator, amass flow controller at adesired value con-
trolled theflow rate of each gas. Liquidswere deliv-
ered from storagetanksby meansof digphragm pumps.
After mixing, thegasand liquid feedsflowed into the
preheater-evaporator in which the feed mixture was
heated. Theintegra reactor and evaporator used inthe
present experiments were made from stainless steel
tubes 1.8 cm I.D. enclosed by an electric resistance
heater. A straight section, 890 mm long, served asboth
evaporator-preheater and thereactor. 5thermocouple
wasplaced inathermocouplewe | of 6 mm O.D. which
was|ocated along the axis of thereactor. Thethermo-
coupleswere connected to temperatureindicatorsand
temperature controllersto monitor and control thepre-
heating and reaction temperatures. After condensation
of the steam and methanol and drying of the gas mix-
ture, theeffluent gasand liquid weresent totheanaysis
section. Theanalysi s section contained the gas chro-
matograph (GC, Shimadzu and HP5890for liquid and
gasrespectively). The GCswith athermal conductivity
detector (TCD) were used to analyze the methanol,
water, H,, CO,and carrier gasN,,. Thecarrier gasfor
the GC used was helium.

Catalyst and itspretreatment

A Cu/ZnO/ALQ, catdyst (methanol steam reform-
ing catalyst) of cylindricd typewasprovided by BASE
The physical properties of the catalyst are listed in
TABLE 1. Toavoid diffusiond effectswithinthe cata-
lyst pellet, particlesize of 1.5 mmwasused intheex-
periments as explained later. The amount of catalyst
loaded was 2 gr for the methanol steam reforming ex-
periments. Onceloaded, the catal yst wasreduced ac-
cordingtothefollowing procedures (1) thecatdyst was
heated up to afairly uniform temperature of 443.15t0
453.15K at arate of no morethan 50 K/hr followed
by the addition 0.5 to 1.0 Vol.% of reducing gasH.;
(2) whilemaintaining theinlet temperature of 448.15K
the hydrogen concentrationwasraisedto 1.5to 2 Vol .%
making surethe catalyst bed temperaturedid not ex-
ceed 493.15K; (3) after the equilibration of bed tem-
perature and outlet H, concentration reaching 90 % of
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TABLE 1: BASF V1766 catalyst physical property
Specifications Values

Bulk density 1500 to 1600kg/m°
Surface area (based on BET analysis) 60 to 80m?/gr
Pore v_olume (based on N, isotherm 0.2 t0 0.25ml/gr
analysis
Crush strength 35 to 45 N/tablet
CuO wt % 50 %
ZnO wt % 30 %
Al,05-Zr0, wt % 20%
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Figure2: Conversionvs. catalyst particlesize

itsinlet vduethentheinl et feed temperaturewasraised
t0478.15K (4) the hydrogen concentration wasraised
stepwiseto 10to 15 Vol .% as apost-reduction to en-
sure completereduction of the catalyst. The catalyst
wasthen ready for thereaction experiments. Inal ex-
perimentsthetotal reactor pressurewaskept at atmo-
spheric.

Preiminary experiments

Prior totheformal experiments, preliminary experi-
mentswere carried out to excludeany limitations by
intralinter partidediffuson, and dsoto determineaspace
velocity a whichfilmresistancesarenegligible. Figure
2, 3and 4 show thevariation of methanol conversonat
different conditions. It wasfound that therewere no
sgnificant changesin vauesof themethanol converson
for all particlesizesinthe selected range. Thisresult
indicated that both theintrgparticlediffusionlimitation
and that of film resistanceisnegligiblefor particlesin
therange 0.25to 1.5 mm and MeOH molar rates be-
tween 0.08 to 3 mol/hr. Consequently, for themain ex-
periments, catalyst particlesof 1.5 mmwere used.

Oneof theimportant stepsin experimenta kinetics
investigation and reactor designisaproper choice of
spacevdocity (S.V.). Inthe present work also at fixed
W_/F,, ., and different temperatures, MeOH conver-
sionwas measured in different catalyst bed lengths.
Fromfigure 3it’s evident that S.V=25000hr*(corre-
sponding to residence time=0.144sec and bed
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RESULT AND DISCUSSION
't |
331 The thermodynamic rel ationships for methanol
© steam reforming limit any kinetic study toarather nar-
H . .
& row temperature range’™!l. Also the equipment design
limitsreaction pressureand total flow rate. To account
T . . for effectsof thed ow deactivation onthe experiments,
’ e ’W/F thereference conditions chosen for methanol steamre-

forming were P_=101.1kPa, W _/F, . =0.001-
0.012kghr/moal, amolar ratio of H,0/H,/CO,/CH,OH

Figure6: Ratevs. W__/F at reference conditions

MeOH
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=1.4/0.5/0.25/1 and T=503K. Nitrogen was used as
carrier gas. Testsunder reference conditionswere car-
ried out prior to runs at specified conditions.

Alsoto account for effects of changesinfeed com-
position and reaction temperature on methanol conver-
sion, aseriesof experimentswere carried out with the

following conditionsasthebase conditions:
H,O/H /CO,/CH,OH=1.4/0.5/0.25/1, W=0.002kg catalyst,
nitrogen ascarrier gasand W _/F 0.001, 0.002, 0.003,

cat = MeOH
..., 0.012kg-hr/mol.
Figures 5 and 6 show methanol conversion and
methanol consumption rate versus\W/F respectively.

The effects of temperature and ratio of Steam:
Hydrogen: Carbon dioxide: M ethanol on metha-

nol conversion

Typica methanol conversionsversus contact time
(W/F) for different steam/methanol, hydrogen/metha-
nol, carbon dioxide/methanal ratiosand temperatures
are shown in figures 7 to 12. For convenience both
methanol conversion and methanol consumption rate
versus W/F are presented in aseparate graph in each
case. From thefigures, one can seethat methanol and
water concentrations have positive effect on methanol
conversion (and consumption rate), but hydrogen and
carbon dioxide haveinverse effects. Temperaturein-
crease a so has positive effect on conversion and con-
sumptionrate.

CONCLUSION

1. Based onthe experimenta resultsthefollowing rate
equation for the catalyst BASF V1766 containing 50
% (wt) CuO and 30 % (wt) ZnO hasbeen determined
inthisstudy.

~rucon =Ko @R(IP R PSP PEE
Inwhich k = 773220854 (mol/hr-kg-atm®"™) and E=62810 (J
moal).

Sammsand Savine 2 have obtained thefollowing
rate equation for thecatalyst BASF K3-110 containing
40 % (wt) CuO and 40 % (wt) ZnO.

PRSP PeS?
Inwhichk = 2.2932x10"(mol/ hr-kg-atm®™) and E=74164 (J/
moal).

Jiang et a9 obtained thefollowing rate expres-
sion for methanol steam reforming for the BASF S3-
85 catalyst containing 40 % (wt) CuO and 50 % (wt)
Zn0.

—T'vieon = Ko €Xp(

-E _
—T'wmeon =Ko exp(ﬁ)PlaégH Pﬁ'fg PHS'Z

The catalyst K3-110 has 40%(wt) CuO and
40%(wt) ZnO compositionin comparison with catalyst
BASF V1766 which has 50%(wt) CuO and 30%(wt)
ZnO composition. Comparing rate equationsand also
composition differencesit can be concluded that cata-
lyst V1766 ismore activein methanol usage and aso
less sensitiveto CO, presence and therefore overall
thiscatalystismoreactivein H, production.
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1- CO, concentration has an effect on the reforming
reaction as concluded by Samms and Savinel [*%
and contrary to thefinding by Jiang et al 189,

2- Itisgenerally accepted that metallic copper isthe
active speciesin methanol steam reforming 9 and
therefore catalyst V1766 with the highest copper
concentration hasthe highest conversion.

3- Theroleof ZnOin Cu/ZnO based catalystsisdis-
cussed by Chinchen et d.*® asto enhancethedis-
persion of copper at the surface. Other authord*
18l have proposed that the activity of thecatayst is
influenced by themorphol ogy and thestructurd dis-
order of the copper particles, or by incorporation
of copper into ZnO. Thereforecatayst withthehigh-
est ZnO concentration has better stability. But this
shortcomingfor thecatalyst V1766 iscompensated
with the addition of zirconiaas supported by the
experimenta findings of Breen and Ross?

4- Feed conversion, yields of H, and CO, increase
withincreasing reaction temperatureand thisisex-
pected, asthereforming reactionisan endothermic
reaction.

5- inall experimentscarried out therewasno COfor-
mationand thus CO, selectivity is 100%intherange
of 523.15to 583.15K.

6- Both H, and CO, are produced approximately at
stoichiometric amounts(H,/CO,~3). Methane pro-
duction increased d owly with reaction temperature.
But no CH, was detected at 523.15K. H, forma-
tion declined slowly with temperature, reaching
70.1% at 583.15 K from 73.4% at 523.15K.

7- Experiments results showed that in the range of
523.15t0583.15K negligibledeactivation occur-
ringinthecatayst for thedurationthat all experi-
mentswerecarried out.
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