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ABSTRACT KEYWORDS
Comprehensive studies on reaction kinetics and mechanisms of steam Deactivation kinetic;
reforming of methanol (SRM) in early decades have confirmed that al Steam reforming;
three reactions (steam reforming, SR, water gas shift, WGS, and decompo- Methanol;
sition of methanol, D) involve simultaneously in the process. Because all Hydrogen generation;
methanol is not converted to H, and CO,, the reverse water gas shift, Cu-based catalyst.

RWGS, reaction won’t be catalyzed and CO production will be stopped.
The result of previous studies has presented that Cu particles are active
sites for SRM reaction and selective to hydrogen production. The main
drawback of using these catalysts is sintering of active Cu particles at
desirable reaction temperatures. Deactivation kinetics of commercial Cu/
ZnO/Al, O, catalystswere studied in afixed bed reactor with 1.1 molar ratio
of methanol-water mixture. Thetestswerecarried out at different tempera-
tures: 250, 280, 310°C for one week. The curves of the productsyield were
drawn at 250, 280 and 310°C. In thiswork, effective reaction rate constant
was calculated by determination of feed conversion throughout time on-
stream and then were fitted with hypothetical model resulting from Fuentes
expression including three adjustable parameters: K, K_and S/S . Be-
cause of the main difference between adjustable S/S in hypothetical sin-
tering model and its real magnitude, Fuentes model is not efficient for
fitting and processing of experimental data. For thisreason, general deac-
tivation model based ona/a, instead of S/S was used for fitting of experi-
mental data with a hypothetical model. Determination of copper surface
area by N,O adsorption on copper particles was done before and after
runs. It isconsidered that thismodified model isvalid and useful for initial
deactivation. Inthe temperature range of 250-310°C reaction rate constant
increases with increasing temperature.
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INTRODUCTION

Fud cdl powered dectric vehidesand power plants
using hydrogenasfud are currently being devel opment
inan effort to protect theenvironment and sustainable
devel opment!¥, Hydrogenis conventionaly manufac-
tured in large scale by the steam reforming of hydro-
carbons such asmethane or naphthaoil. For smal and
medium scale users, it isal so generated from thesteam
reforming of methanol. M ethanol posses some advan-
tagesrelativeto other hydrocarbonsbecause of itslow
steamto carbonratio, low reforming temperatures (250-
300°C), high qudlity (sulfur <5ppm), high energy den-
sty, thepossibility of using apetrol-likeinfrastructure
for distribution and ease of handling®34. Steam reform-
ing of methanol is catalytic and endothermic reaction
that can generate a product gas contai ning approxi-
mately 75% H, whilemaintai ning ahigh selectivity to-
wards CO,. Comprehensive studieson reaction kinet-
icsand mechanisms of steam reforming of methanal,
SRM, in early decades have confirmed that all three
reactions (steamreforming, SR, water-gasshift, WGS,
and decomposition, D) involve ssmultaneoudly inthe
process?®l. Hence, the process can be described by
thefollowing reactions:

CH,OH +H,0-CO,+3H, SR 6
CO+H,0-> CO,+H, ~ WGS @
CH,OH - CO +2H, D @®)

The Cu-containing catal ysts have showed particu-
larly highactivity and sdlectivity for thesteamreforming
of methanol. Unfortunately, amajor concerninthe use
of steam reforming of methanol catalysts (Cu/ZnO/
Al QO,) isthe deactivation phenomenaby sintering of
Cuparticlesininitia hoursof runsat desired cooperat-
ing conditiong®®., Lossof cataytic surface areadueto
crystallinegrowth inthe catal ytic phase (Cu-particles)
or loss of support areadueto support collapse and of
catalytic surface area due to pore collapse on metal
crystdlitearetypically referred to on sintering™. Thus,
derivation of kinetic model of SRM on Cuw/ZnO/AlL O,
that incorporates cata yst deactivation isan extremely
useful tool for predicting age of catdystsand designing
compressed fuel processors. This paper, will present
resultsfrom an experimental study of deactivation ki-
neticsof SRM and show the deactivation rate expres-
son.
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EXPERIMENTAL

Commercidly availablemethanol steam reforming
catalysts, BASF-V 1766, weretested in tubular packed
bed reactor was made of stainlesssteel (ASTM 316)
with 85 cm height and inner diameter of 18mm at at-
mospheric pressure and three operating temperatures:
250, 280, 310°C for oneweek with amixture of 64%
by weight methanol inwater fed at flow rate 2 mi/min.
Thecatalyst wasground and sieved to eliminateinter-
nal diffusion resistance and to accel erate catal yst deac-
tivation. The bed consisted of 8.2 g of 14-20 mesh
catalyst particlesmixed with 8.2 g 20-25 meshinert o
auminaasadiluent. Thecriteriaof Meard® wereused
to ensurethat temperature gradientsand axial disper-
sonwerenegligible. A detailed schematic of thelabo-
ratory test systemispresentedinfigure 1.

Thereactantswerefed to thereactor with N, asa
diluent and carrier. Prior to each experiment the cata
lystswere reduced with different proportion of H./N,
mixture by aproper method in order to obtain com-
plete conversion of thefeed. Thegas product stream
composition wasmeasured on-line using agaschro-
matograph from Philipsand liquid product was ana-
lyzed using agas chromatograph from Shimadzue.

RESULTS

Catalytic activity measurements

Theeffect of reaction temperatureoninitial cata-
lytic activity has shown infigure 2. Feed conversion,
initial yield of H, and CO, will be enhanced within-
creasing reaction temperature. Thisisreasonable, be-
cause SRM isan endothermic reaction. Thepossible
reaction between methanol and water can generateH,,
CO,, CH, and CO asproducts?>7. But in our experi-
mental results, Therewasno CO formation. Product
distribution at different temperatures (250, 280, 310

Figurel: Laboratory test system
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and 350°C) has shownin figure 3. Both H, and CO,
are produced approximately in stoichiometric amount
(H,/CO,~3).

M ethane production increased slowly with reac-
tiontemperaturereaching 1.57(mole%o) a 350°C. But
no CH, was detected at 250°C. H, formation declined
dowly with temperature, reaching to 70.1% at 350°C
from 73.4% at 250°C. Our experimenta resultsshowed
that only very low CO is produced at 350°C (0.7%
mole). Becaused | methanol isnot convertedtoH, and
CO, the RWGSreactionwon’t be catalyzed and CO
productionwill be stopped.

Derivation of deactivation model for sseam reform-
ing of methanol on Cu/ZnO/AlQO,

In this study, three tests at 250, 280 and 310°C
and using an equimolar solution of methanol and water
fed a flow rate2 ml/minwere carried out for derivation
of deactivation model . We can assumethat only reac-
tion (1) occursand ignorereaction (2) and (3) and this
reactionisthefirst order andirreversible, therefore, We
canwrite®9;

r =K P,on (4
WhereK_ isan effective first order reaction rate constant and

Pyeon 1S the partia pressure of methanol. We can obtain K

with writing mass balance equation for plug flow reactor.

WCat _ XmeoH dXMeOH (5)

0 _
'MeoH

and introducingeq 4 ineq 5, weobtain:

FM eOH

Ke_M[_ZLn(l_XMeOH)_XMeOH] ©

WCat 'PM eOH
Sinceweused thefeed conversion during calcula-
tion of K_, we replaced the total pressure (P=1atm)
instead of P,, ., and the molar flow rate of the feed

(mol/min)ingtead of F,, . Therefore, weobtain:

K,= Freedo
w

- P[_ZLn(l_XFeed)_XFeed] ()
at -

Where W_, is the catalyst mass and X__, is the feed conver-
sion. Theunit of K_is mol/(pressure)(time)(mass).

Thehollow trianglesin figures4,5 and 6 show the
variation of K_versustime-on stream at 250, 280 and
310°C. Whenincreasing operating temperaure, thetime
for decreased of K _to constant level was decreased,
ontheother hand, thecatayst activity and K decreased
morerapidly.

Fromfigure4,5and 6 itisevident that operating
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Figure 2: Effect of reaction temperatureon initial feed
conversion andinitial yield of H, and CO,(feed flow rate=2
ml/min)
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Figure3: Product distribution at different temperatures
(for 250, 280, 310 and 350°C and feed flow rate=2 ml/min)

temperature hasan increasing effect on effectivereac-
tionrate constant, thus catalyst activity intherange of
250-310°C. In addition, we can consider that because
of theendothermic reaction, initia reactionrate con-
stant isincreased at higher temperatures.

Sintering reducesthe metal surface area, thusde-
creasing catalytic activity throughout thebed. Sintering
occursrapidly until the catalytic activity reachesanew
steady statelevel that isnonzero. It has been shown
that the effects of temperature can be quantitatively
determined by fitting of sintering kinetic datato genera
power law expression (GPLE). Rate of activity loss
with time hasbeen given by fuentes™:

d(a/ag)
dt

Where a/a, is the normalized steady state activity and K isa
deactivation rate constant by sintering. GPLE equation fits
sintering rate data for small integer values of d of 1,2 or 3. In
our study, It was more convenient tofit all sintering datausing
the GPLE with d=1. After some algebra, usingintegration of eq
8 and applying the defined boundary condition:

= F( d [kl / Clo - (ls / (l()]d (Eg)
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Figure4: Effectivereaction rateconstant (K ) versustime
on-stream at 250°C(feed flow rate=2ml/min)
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Figure5: Effectivereaction rateconstant (K ) versustime

on-stream at 280°C (feed flow rate=2ml/min)
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Figure6: Effectivereaction rateconstant (K ) versustime

on-stream at 310°C (feed flow rate=2ml/min)

a/ag=as/ag+(1-ag/ay)exp(—K 4.t) 9)

Assuming that lowering of effectivereactionrate
constant during time-on streamis proportiona to the
catalyst activity, wecan write:

F
K_ =K / — FeedO
e F(a aO) W

[_ 2Ln(1- Xpeeg) — XFeed] (10)
Cat P

Where the ratio a/g, is calculated from eq 9. All experimental
data at different temperatures were fitted using eq 10. The
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adjustable parameters used to fit the experimental data were
initial reaction rate constant (K,), normalized steady state
activity(a/a)) and deactivation rate constant (K ). Solid lines
in figure 4, 5 and 6 indicate variation of K_ during time-on
stream result from fitting of experimental data using mentioned

hypothetical model.

FromTABLE 1, whenincreasing theoperatingtem-
perature, the normalized steady state activity isen-
hanced. Onthe other hand, operating temperature has
anincreasing effect on normaized steady stateactivity.
Toindicate dependency of a/a, (adjustable parameter
result from deactivation model) on S/S (measured by
gpplying N, O adsorption), calculaionsincluding linear
regression, logarithmicregression, exponential regres-
sion and power regression performed. The best ex-
pression based on a polynomial with an order of
two(m=2).

o/ g =—1012(S/ Sp)? — 0.683%Sq/ Sp) + 1.0189 (11)

Thispolynomia indicatesthat when declining the
normalized surfacearea, the catalyst activity increases.
Also, eq 12 indicates the functionality of SJ/S, with
operating temperaturein the range of 250-310°C.

S. /Sy =—2.2066In(T) +14.74 (12)

Surface areadeclined with temperature in spite of
increasing thecatalyst activity.

We may find that thetemperature doesn’t destruc-
tively affect on support- support, support- metal and
metal-metal bonds in the range of 250-310°C. Of
courseit isimportant to note that the duration of the
runswasoneweek at any operating temperature. Thus,
it was not possibleto investigate the temperature ef -
fectsduringlong time-on stream. Thus, itisconsidered
that thederived deactivation model isvalid during one
week of operation or alittlemore.

Calculation of activation ener gy and pre-exponen-
tial factor

We used Arrhenieustheory to derivate pre-expo-
nentia factor and activation energy for thefirst order

TABLE 1: Comparison of experimental datawith hypothetical
deactivation modd at different temperatures

Temp.°C) Ke? Keg”  afay, Kgq(Uhr) R?
250 0.0036 0.0036 0.304 0.057 0.9678
280 0.0125 0.0126 0.390 0.067 0.9330
310 0.0428 0.0428 0.507 0.113 0.9562

Units: K__ K. _(Kmol/Kg.,.min.atm); (a) results from experi-

mental data; (b) adjustable parameter result from hypothetical
model
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reaction (SRM). We obtained K, an E according to

theArrhenieustheory:

K. =K,.e®rT (13)
Thedraightlineinfigure7 yieldsthe activation en-

ergy and pre-exponentia factor. Thiscanbeseenfrom

figure7inwhichLnK_isplotted against 1/T.

K s= 38 62(' / hr) X e—28.6(KJ/m0|)/8.314»T

Thedopeof thecurvelineinfigure 8 showsthat
therate of deactivation by snteringisdow intheoper-
ating region (250-310°C).

(14)

CONCLUSION

1. Feedconversion,initid yield of H,and CO, will be
enhanced withincreasingreactiontemperature. This
isreasonable, because SRM isan endothermicre-
action.

2. Therewasno COformation. Thus, CO, selectivity
isequal to 100% in therange of 250-310°C.

3. BothH,and CO, are produced approximately in
stoichiometric amount (H,/CO,~3). Methane pro-
ductionincreased dowly with reaction temperature.
But no CH,was detected at 250°C. H,, formation
declined slowly with temperature, reaching

—= Pyl Peaper

t070.1%at 350°C from 73.4% at 250°C.

4. Our experimenta resultsshowed that only very low
COisproduced at 350°C (0.7% mole). Because
all methanol is not converted to H, and CO, the
RWGS reactionwon’t be catalyzed and CO pro-
ductionwill be stopped.

5. Operating temperature hasan increasing effect on
effectivereactionrateconstant, thus catalyst activ-
ity intherange of 250-310°C.

6. Temperature doesn’t destructively affect on sup-
port-support, support-metal and metal-meta bonds
intherange of 250-310°C.

7. Thederivated deactivation modd isvdid duringone
week of operation or alittlemore.
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