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Abstract : Hydrogen generation from gasolineis
essentialy oneof thecritica technologiesfor the com-
mercidization of smdl-scaefud cdlsauxiliary/backup
power systems, so catal ystssuitablefor steam reform-
ing of gasolineare desperately needed. So, inthiswork,
theinfluence of metal type (Ni and Co) and prepara-
tion method (Co-preci pitation and impregnation) on
catalytic steam reforming of gasolineover nano-Al, O,
catalystswasstudied at different reaction temperature
(500-800°C). The structureand surface properties of
the catal ysts before and after reaction were tested by
different characterization techniques such as TGA,
XRD, TPR,HRTEM, BET surfaceareasand ramman
spectroscopy. Results show that, the productsdistri-
bution isdependent on both preparation method and
metal type, on Ni/Al O, catalysts carbon product and

INTRODUCTION

The catalytic reforming of gasolinefor the produc-
tion of hydrogen on-board avehicleisof genera inter-
est intheautomotiveindustry. Thisisbecause among
the primary fuels, gasoline hasan existing infrastruc-

methaneisthe major product, CO, and COismuch
lessthanthevaueof H,. Theratio of CO,/(CO+CO,)
representsthe CO conversion (X)) for the WGSre-
action, lower temperaturesfavor theWGSreaction on
all of theprepared catalysts. Onthe other hand we can
show that Ni catalystsfavor WGSreaction morethan
that of Co catalyst. Although maximum H,, selectivity
(70%) isreached at 800°C over the Co/AlLO, catalyst
prepared by impregnation method, but when consider-
ing hydrogen production and carbon resistance at the
sametime, Ni/Al,O, ismost effective catalyst in gaso-
line steam reforming becauseit produced non-deacti-
vating carbon. A higher thermal stability and graphitiza-
tion degree of deposited carbon wereobtained on Ni-
Al,O,and Co/AlO..
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ture, ahigh power density and extensive public accep-
tance. Inthe sametime, hydrogen can be cleanly and
efficiently transformed into el ectricity power by appli-
cationinfull cel (FCs). Theefficiency of acar with FC
systemsbased on gasolineasfue hastwo bendfits; firdly,
the energy efficiency of these carswill be higher than
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theefficiency of acar with aninternal combustion en-
gine. Onthe other hand, an el ectric motor associated
with afue cell can eliminatethe pollutantsemissions
suchasNO, produced frominternal combustion en-
gines.

Thereforming processesfor hydrogen production,
ether viasteamreforming (SR), cataytic partid oxida-
tion (CPO) or auto-thermal reforming (ATR) are per-
ceived asthemain commercialy competitivemethods
to produce hydrogen from petrol eum-based fuel 2.
SR providesthe highest reforming efficienciesand H,
yield; there have been several papersthat discussthe
advantage of hydrogen production by steam reforming
of gasoling®4,

The current hydrocarbons steam reforming cata-
lystsaremainly Ni/AlO, and Ni/MgO. Thesesupports
provide high crush strength and stability>8. Some con-
tradi ctory datahas been reported about cobalti”8, com-
pared with nickel, cobalt generally shows better be-
havior towardsthe suppression of carbon deposition
and thusbetter stability under reaction conditions. The
wide use of these systems as catalyst components
prompted a renewed interest with regards to these
materiasintheform of nano-sized, high surfacearea
powders. Recent investigations have shown that
nanostructured Ni or Co-containing catal ystsexhibit
better catd ytic activity and stability inreforming of meth-
ane compared to conventional Ni- or Co-containing
ones®Y, Such metal based catalysts are either pro-
duced by impregnation or by co-precipitation of metal
saltswith the components of the “support”, both fol-
lowed by calcination*2.

However, coking isamajor problem associated
with reforming of heavy hydrocarbon fudssuch asgaso-
lineover different catdysts. Literaturd™>® indicated that
the oligomersformed on catalyst surface can be con-
Sdered asthe precursor of carbon deposition. Itiswell
knownthat, theorigin of carbon deposit could bedif-
ferent using different catalysts. Therefore, theaim of
the present work is to study the performance of
nanostructured Ni- and Co-Al O, catalysts prepared
by different methods, and a so to study the behavior of
carbon deposit during gasoline steam reforming reac-
tion. Coking formation behavior and mechanism during
steam reforming of organic compound isanew ques-
tioninour current research and the detail ed study on

carbon deposition mechanismwill becarried outinthe
following research work.

EXPERIMENTAL

Catalyst preparation
(A) Impregnation method

Firstly, nano-sized porous gamma-alumina (y-
Al,O,) was prepared by control precipitation
method*¥. Inwhich (0.125M) ammonium bicarbonate
((NH,HCO,, 98%) (Merck)) and (0.066M) auminium
nitrate ((AI(NO,),-9H,0, 95%) (Merck)) solutions
were added drop by drop from two separate burettes
to areaction vessel contain 400ml deionized water to
precipitateAl cationsintheform of hydroxides. The
temperaturewasmaintained a 70°C during control pre-
cipitation experiment. The pH was adjusted to ~ 10
using HNO, and/or NaOH (Merck, GR). The precipi-
tatewasaged at 70°C for 3h, filtered and re-dispersed
againinhot 2 L of deionized water. The precipitatewas
findlyfiltered, washed thoroughly withwarm deionized
water and subsequently with ethanol followed by ac-
etone, dried a room temperaturethencacinedinair a
550°C for 5 h to produce y-Al,O3 powders. Co/ALLQO,
and Ni/AlO, sampleswere prepared by impregnating
v-Al,O, support with agueous solutions of
Co(NQ,),.6H,0 or Ni(NQ,),.6H,0 respectively to
produce 10% metd |loading.

(B) Co-precipitation method

Likewise of y-Al O, preparation method the Ni-
Al O, samplewere prepared by control precipitation
method using a mixture of AI(NO,),.9H,0 and
(0.066M) Ni(NO,),.6H.0.

Char acterization methods
(A) Thermal gravimetricanalysis(TGA)

Therma gravimetricanaysis(TGA) wascarried out
using SETARAM LabsysTG-DSC16 equipmentinthe
temperature range from room temperature up to
1000°C under nitrogen flow, tofollow thetherma sta-
bility of the prepared catalyst.

(B) X-ray diffraction analysis (XRD)

X-ray diffraction analysis(XRD) wascarried out

by Shimadzu XD-1 diffractometer using Cu-target&
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Ni-filtered radiation, to tracethevariouschangesin the
crystaline structure and the different phasesaccompa:
nied preparation method. Sample powders were
packed in glass holder, during the measurement of the
diffraction intensity by step scanning in 20 range be-
tween 5 and 70°. The phaseidentification wasmade by
comparing to the Joint Committee on Powder Diffrac-
tion Standards (JCPDS). Theaveragecrystallitesize
of the sampleswas determined from the XRD peaks
using the Scherrer equation.

(C) High resolution transmission eectron micros-
copy (HRTEM)

High resol ution transmission € ectron microscopy
(HRTEM) and energy dispersive X-ray (EDS) spec-
troscopy were conducted using aJEOL 2100F TEM
at an accelerating voltage of 200 kV. To prepare the
TEM samples, adilute particle-cthanol colloidal mix-
turewas ultrasonicated for 30 min and adrop of solu-
tion was placed on acarboncoated Cu TEM grid.

(D) Thetextural properties

Thetextura propertieswere determined from the
N, adsorption-desorption isotherms measured at lig-
uid nitrogen temperature (-196°C) using NOVA 2000
gassorption andyzer (Quantachrome Corporation) sys-
tem. All sampleswere degassed at 200°C for 17hin
nitrogen atmosphere prior to adsorption to ensure a
dry clean surface. The adsorption isotherm was con-
structed asthe volume adsorbed (Vcm?®g?) versusthe
equilibriumrelative pressure P/P_, where Pisthe equi-
librium pressureand P, isthe saturated vapor pressure
of nitrogen.

(E) Temperatureprogrammed reduction (TPR)

Temperature programmed reduction (TPR) mea-
surements were carried out to investigate the redox
properties(theease of reducibility of metal oxide) over
theresultant materids. Theexperimentswereperformed
in automatic equipment (Chem BET 3000,
Quantachrome). Typically, 100mg of pre-calcined
samplewas|oaded into aquartz reactor and pretreated
by heating under inert aimasphere (20 ml/min nitrogen)
at 200°C for 3h prior to running the TPR experiment,
andthen cooled downto room temperaturein N, Then
the sample was submitted to a constant rate of heat
treatment (10°C/min upto 1000°C) inagasflow (80ml/
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min) of the mixture hydrogen/nitrogen (5/95vol %) asa
reducing gas. A thermal conductivity detector (TCD)
was empl oyed to monitor theamount of hydrogen con-
sumption.

(F) Raman spectra

Raman spectrawere obtained at room tempera-
ture, usingan HR UV 800 confoca scanning spectrom-
eter (HoribaJobin Yvon) equipped with aPdtier-cooled
charge-coupled device (1152x298 pixels) for detec-
tion. The Raman scattering was excited using a
632.81nm excitation wavel ength supplied by aninter-
nal He-Ne laser through an Olympus high-stability
BXFM confoca microscope. Patternswererecorded
inthe50-1000cm™ Raman shift rangewith aspectral
resolution of 0.5cm™. Lab SPEC v. 5 software was
used for dataacquisition and processing.

Catalyticactivity

The steam reforming of gasolinewas performed at
atmospheric pressurein acontinuousfixed bed down
flow vertical tubular reactor!*”. 1 g of catalyst diluted
with samesized quartz particleswasused for cataytic
tests. Prior toarun, the catalyst wasreduced insitu at
500 °C for 2 h under a hydrogen flow rate of 20cm?/
min. Weter/gasolinmixture (gasolin/H,O=1:8 mol/mol)
premixed in aseparate container wasfeed to evapora:
tor (at 150°C) by apump (Model RP-G6; FMI, USA)
withflow rate0.2ml/min. Nitrogen gaswasfed intothe
evaporator withflow rate40cm®/mintouniformly carry
the steam, the steam wasthen fed to thereactor. The
reaction temperature was varied from 500 to 800°C.

The product stream was analyzed by use of two
gaschromatographs(GC) (Agilent 6890 plusHP, Varian
Natura GasAnalyzer type C model CP-3800). Selec-
tivity valueswere cd culated asthe molar percentage of
productsobtained, excluding water; Selectivity of prod-
uct = (mol of product/ total mol of H, and carbon-
containing productsinthe outlet)* 100.

RESULTSAND DISCUSSION

Catalyst characterization
(A) Thermal gravimetricanalysis

Thethermal behavior of the prepared sampleswas
investigated usng TGA and DTA from room tempera-
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ture up to 1000°C (Figure 1). The curve shows an
endothermic processand an exothermic onein pardlel
with two weight | oss steps; an endothermic peak from
30 to 400°C corresponds to the loss of physicaly
adsorbed water and the hydroxyl of the catalysts sur-
face. A high temperature exothermic peak may bere-
lated to the crystallization and/or theweight lossdueto
componentslossof the catal ysts caused by certain reac-
tionsoccurring a thehightemperaturé®®. Fromthewhole
weight loss process of catalysts, it can be seen that the
curvesof Ni/Al,O, and Co/AlLO, areamost the same,
andtheir weight lossishigher thanthat of Ni-ALO,.
(B) X-ray diffraction analysis

XRD patternsof the prepared catdystsare shown
in Figure 2. Generdly, the broad features of all
diffractrograms were ascribed to the prepared
nanostructured solids. For Ni-AlLO, catayst, only high
intengty and broad diffraction pesksat 20 = 37.7, 44.56
and 65.96° of NiAl,O, (JCPDS 00-001-1299) are
observed. No Bragg refl ectionsdetected for NiO, which
suggeststhat, the co-preci pitation method lead to the
incorporation of small particlesizeNiOinAl O, struc-
turetoformthe NiAILO, spinel phase™.

Inorder to study the effect of preparation method
onthephasestructure, the XRD pattern of theNi/Al,O,
prepared by theimpregnation method wasstudied, the
figureshows, pesksattributed to NiO phaseat 20 43.29°
and 62.77° (JCPDS 00-001-1258) in addition to that
of Al,O,, thismainly dueto theinhomogeneous distri-
bution of the Ni species, thusthelocationswith NiO
phasemay exceed thelimit of theNiAlL O, formation™.
Al,O,andNiAlO, weredifficult to bedistinguishing by
XRD dueto peak broadening and superimpoasition, so
thediffraction peaksenlarged from 60 to 70° to show
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thedifference (Figure 2b). Moreover, theparticlesize
of NiALO, issmaller for Ni-Al,O, (7.2 nm) catalyst
than for Ni/AlLO,(8.66 nm) asshownin TABLE 1.

It is noteworthy that, XRD pattern of Co/AlO,
shows different peaks, peaks at 260 31.4°, 37°and
59.53° (JCPDS 00-001-1152) were ascribed to cubic
Co,0, crystallites®, inaddition to Al O, peaks. The
increase in intensity and sharpness of Al O, peak at
37°, may be duethe overlap with the peak assigned to
the cubic Co,O, crystallites. No diffraction peak of
CoO, cobdt duminate or other Co specieswerefound
as reported by Batista et al.[?Yl. The average crystal
sizes of metalson catalyst surface were 17.9 nm for
NiO and 26.32 nm for Co,O, in Ni/Al,O, and Co/
AlLO, respectively.

(C) High resolution transmission eectron micros-
copy

The HRTEM photographs obtained from the pre-
pared samplesareshownin Figure 3. Anaysisof the
photographsfor Ni-Al reved ed particleswith defined
dimensionswith dight contraction of thecrystd lattice
dueto partial substitution of Al by Ni, havingagrain
sizeranging from 2-4 nm. Although no separate NiO
phaseswerediscernibleby the XRD of Ni-Al, STEM/
EDS demental mapping (not shown) identified nickel
clugters, whichindicatethet, the co-preci pitation method
lead to incorporation of Ni insidetheAlLO, matrix. In
Ni/Al and Co/Al systems, two phases are observed,
corresponding to the presence of theAlLO, inneedle
structure. Whilenicke oxideand cobalt oxide, present
in crystalline structure as expected by XRD data. In
thetwo later catalysts, the mean particlesizeisesti-
mated to be in the range 10-14 nm and 18-22 nm
respectively.
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Figurel: TGA/DTA profilesof theprepared samples
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Figure2: XRD pattern for theprepared catalyst

7 Figure3: TEM |mage0f theprepared catalysts

(D) Surfaceareas

The nitrogen adsorption—desorption isotherms of
the prepared samples are shown in Figure 4. Ni-Al
sampleexhibited IV-typeisotherm with H2-type hys-
teresisloop, typica characteristics of mesoporous ma-
terialg?2 as shown by BJH poresizedistributionsand
T-plot representedin Figure 5, which retained well-de-
veloped framework mesoporeswith narrow poresize
distributions centered at 4nm. WhileNi/Al and Co/Al

samplesshow typell isothermwith H3 hysteresisloop
attributed to dlit-shaped poresor plate-like particles
with spaces between theparalldl plates.

Thevaluesof specific BET surfacearea, together
with thetotal porevolumes of the prepared samples
arepresented in TABLE 1. Compared with the Ni/
Al O, prepared by impregnation method, Ni-AlLO,
catalyst showsmuch higher specific surfaceareaand
porevolume, thisbecausein co-preci pitation method,
Ni speciescan be uniformly dispersed and reached to
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atomic or molecular level interaction with support.
Whilein the case of impregnation method, the disper-
sion of nickel species could block part of poreson
support and resulted in thelower specific surface. On

ChemXpress 7(1), 2014

the other hand, theimpregnation by Co haslittle ef-
fect onthelossof surfaceareaof Al,O, (173.142m?/
), thismay be attributed the good dispersion of Co
metal onaduminasurface.
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TABLE 1: Textural propertiesfor the prepared Ni/CeO,-
ZrO,

BET Pore Crystal size Crysal size
Catalyst surfacearea volume (metal) (support)

m?g cmlg nm nm
Ni-Al 249.158 0.5665 7.2
Ni/Al 90.939 0.2588 17.9 8.66
Co/Al 173.142 0.6679 26.32 9.73

(E) Temper atureprogrammed reduction (TPR)

Continuing totheidearevea ed by Chen, et. .=,
about the strong metal -support interaction can effec-
tively suppresstheformation of deposited carbon; the
TPR resultsobtaninformation about theeffect of meta
type and preparation method on metal -support inter-
action. The TPR profilefor Ni-AlLO, catalyst (Figure
6) has only one broad H, consumption peakswith a
maximum at about 850°C, which mainly duetothere-
duction of NiO strongly interacted with the support by
theformation of amorphoushickd duminatespind sruc-
ture(NiALO,) asshown from XRD data. Thisstirong
metal-support interaction can confinethe agglomera:
tion of theactive metal and thusavoid metal sintering
duringthereaction.

While, the TPR curvesfor Ni/Al O, catalyst (Fig-
ure6) showed different broad peaks (250-850°C) with
threedistinct regionsof temperature. Theweskest peak
centered at about 304°C assigned to the reduction of
free NiO. The second broad peak at 415°C was an

ORIGINAL ARTICLE

indication of surface NiO speciesweakly interacting
with the support(?#%1, Thethird peak, at about 712°C,
related to reduction of the stoi chiometric and non-sto-
ichiometricnickel duminate(NiAl,O,), whicharemore
difficult to reduce?. Thosedifferent reduction tem-
peratureswererelated to theinhomogeneous distribu-
tionof theNi speciesintheAl, O, support as confirmed
by XRD data. So, the catalyst prepared by co-precipi-
tation method show good Ni dispersion and difficult
reduction degreethan that prepared by impregnation
method.

Ontheother hand, the TPR profilefor Co/AlO,
catalysts show two H,, consumption peaks, reflectinga
two-step reduction process (Co,0,—Co0—C0°), as
previoudy described by Jacobset d.1?7. Thereduction
of Co,0, to CoOisachieved at 440°C, and the reduc-
tion of CoO to Ca® occurs around 700°C (Figure
2A)%8, Another small peak at about 840°C may be
dueto small amount of Co speciesthat incorporated
(strongly interacted) intheAl O, structure.

Catalyticactivity

Akandeet d .[? investigated the effects of catayst
synthesismethod, Ni loading, and temperature on the
catalytic activity of Ni/Al O, catalystsfor ethanol re-
forming. Intheir gudy, water/ethanol molar ratioof 13:1
was used, representing the actual composition of bio-
ethanol produced by fermentation of biomass. Three

L

- Co/Al,O,
=
=
=3
= Ni/AlL,O4

Ni-AlLO,

P
0 200 400 600 800 1000

Temperature, °C

Figure6: TPR pattern of the prepared catalysts
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typesof preparation methods, namely, co-precipitation,
preci pitation, and impregnation, were eva uated. Opti-
mal Ni loading of 15% wasfound for maximum ethanol
conversonusing Ni/AlLO, catalyst prepared by co-pre-
Cipitation and precipitation methods. For comparison,
Ni loading did not show noticeabl eeffect on Ni/AlLO,
activity whenimpregnation method wasused. Regard-
ing hydrogen production, the catalyst prepared by co-
precipitation with Ni loading of 15% showed the best
performance. In addition, Ni/Al,O, prepared by co-
precipitation a so showed the highest sel ectivity of hy-
drogen.

Gasoline conversionsand product selectivitiesfor
steam reforming on Ni-Al, Ni/Al and Co/Al catalysts
aresummarizedinTABLE 2. To avoid the cata yst poi-
soning by sulfur, the used gasolinefeed isthe desulfur-
ized gasolinefue (~5 ppm sulfur). Themain products
of gasoline steam reforming areH,, CH,, CO, CO,,
CH, CH,CH,CH,_,CH,_ andother heavy ends.
Several reactions can occur during gasoline steam re-
forming depending on thereaction conditiong®, those
reactions could bethe Steam reforming reaction [ Eg.
()], Water gasshift reaction [ Eq. (2)], Methanation of
CO [Eq. (3)], Methanation of CO,[Eq. (4)] and by
consderingthereverseof reactionin Eg. (3), thesteam
reforming of methaneisalso considered inthisreac-
tion

Water gasshift (WGS):

CO+H,0—>CO,+H, 2
Methanation of CO:

CO+3H,-»CH,+H0 (3
Methanation of CO,;

CO,+4H,—»CH,+2H 0 4

Figure 7 shows that, the higher carbon product
(heavy ends) over dl reactiontemperatureislower on
Co/AL O, thanon Ni-AlL O, thanNi/AlO,, whichindi-
catesthe higher catalytic activity of Co/Al,O, catayst
ingasolinereforming & lower reactiontemperature. The
higher cataytic activity of Ni-ALO, thanNi/ALO,, may
berelated to, in co-periciptation catalyst Ni speciesis
much more homogeneoudly dispersed thanthat inim-
pregnated one, whichishelpful to obtainthe small Ni
particlesizesand then enhance thereaction efficiency
ingasolinereforming.

The product distribution asafunction of tempera-
tureon all catalystsiscompared in Figures 8. Over all
catalyst and over all temperature rangethe hydrogen
and methane arethe mgj or products, whilethe CO and
CO, exhibited thelowest selectivity.

Theselectivity toH, wasincrease asthetempera-
tureincreaseover all catalyst to reach maximumvalue
of 69.88% at 800°C over Co/Al catalyst. Therefore, it
iseffectiveto enhancethe sdectivity toH, by using Co

Steamreforming (SR): instead of Ni ascatalyst for gasoline steam reforming.
C,H, +nH,0—>nCO+(n+m/2)H, (6h) Ontheother hand, the Ni-Al, O, catalyst ismore se-
TABLE 2: Product digtribution from GSR
Product selectivity, mol %
Temp, °C Ni-AL 03 Ni/AL 05 Co/AL ;03
500 600 700 800 500 600 700 800 500 600 700 800
Hydrogen 082 1524 2028 49.75 10.82 1311 1922 3648 23.64 2958 44.40 69.88
Methane 8.16 2954 4855 4525 916 17.03 3097 37.09 6544 6729 39.85 10.15
co 382 179 071 253 18 084 187 618 272 125 1303 1814
CO, 23 057 030 050 138 48 28 157 114 033 097 059
Ethane 278 768 456 043 307 399 265 08 003 001 000 o0.01
Ethylene 379 1490 1849 083 374 1106 2269 975 001 001 000 oO0.01
Propane 429 1228 412 008 504 915 945 126 002 001 000 002
i-Butane 315 019 002 005 292 024 034 109 004 001 001 000
n-Butane 139 678 141 004 563 793 597 147 014 006 008 0.04
i-pentane 2498 321 029 005 065 1227 147 111 009 003 002 012
n-Pentane 840 1.34 013 002 1579 471 062 059 006 002 001 006
Hexane& heavyend 36.07 6.48 115 042 3997 1480 185 254 667 141 162 098




ChemXpress 7(1), 2014

9

lectiveto H, than Ni/ALL O, catalyst duetothegood Ni
desperationin Ni-AlLO,thanin Ni/Al O, asshown by
XRD data. So, we can clearly find that the product
distribution for steam reforming of gasolineis depen-
dent on both preparation method and metal type. Fig-
ure 9, show the value of H_+CO over the prepared
cataystsat al temperaturerange, fromthisfigurewe

ORIGINAL ARTICLE

can show that the steam reforming reactionisfavored
over Co/ALQO, catalyst thanthe other catalysts.
Although, a low temperatureal catalyst are more
sel ective to methane production and the Co catalyst
exhibitsmore side product of methane than on the Ni
one, asthetemperatureincrease sel ectivity to meth-
anewasincrease over Ni- catalyst and decrease over

100
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E Co/AL
T B6b0 -
v
)
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=
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S
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Figure7 : Selectivity to carbon produced
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Figure8: Product distribution of gasoline steam refor ming over thepr epar ed catalysts
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Figure9: H,+CO over theprepared catalysts

Co-catayst to reach thelower value 10.15% at 800°C.
And Ni-Al,O, produces methane morethan Ni/AlO..

For conversion of CO to CO, and production of
more hydrogen, aseparated catalyst for water gas shift
reaction isnecessary. Thewater gasshift reaction pro-
ceeds as, CO + H,0 = CO, + H,, theratio of CO,/
(CO+CO,) representsthe CO conversionfor theWGS
reaction. Thisratioincreaseswith decreasing tempera:
tureasshown in Figure 10. Therefore, lower tempera-
tures favor the WGS reaction on all of the prepared
catalysts. Ontheother hand we can show that Ni cata-
lystsfavor WGS reaction morethan that of Co cata-
lyst. Thisindicatesthat Ni/Al catalystisactivenot only
for steam reforming of gasolineto form hydrogen, but
asofor convertingthe COinto CO, by thewater gas
shift reaction. Soin conclusion, hydrogenwith highra-
tiosof CO,/(CO+CQ,) is produced from gasoline by
coupling reaction of steam reforming and water gasshift
onNi/AlO, catayst a lower reaction temperature. This
asoexplainswhy Ni/Al O, catalyst show high hydro-
genyield at lower temperaturethan Ni-AlLO, catalyst.

Fromthe practical application point of view, high
temperature operationwasfavorablefor obtaining abet-
ter performance of Co/Al O, catalyst, when the tem-
perature was higher than 600°C, the selectivity of hy-
drogen (H,+CO) increased gradually with decrease of
CH,. Duetothereformingof CH, (CH, +H,0— CO
+ 3H,) could produce more hydrogen. In addition, at
hightemperature, the steam reforming reactionto form

COandH, [Eq. (1)] wasthedominating reactionwheress
CO, wasmainly produced as asecondary product by
WGSreaction. While, Ni/Al O, catalyst canuseasa
secondary catalyst for conversion of CO to CO, and
production of more hydrogen by WGSreection.

Characterization of spent catalysts

Itiswell known that the stability of any catalysts
depend on metal sintering, kind of deposited carbon
and/or on location of the carbon on the catalyst sur-
face. When carbon deposition occurred, the hydrocar-
bon can be adsorbed on catalyst surface and decom-
posed to carbon atom and carbonaceous atomic groups
which can stay on catalyst surface and block metal at-
oms. Thenthemeta particlewasforced to bresk away
from the catalyst main body asthe carbide grew. Fi-
nally, acarbide pillar formed. Carbon deposition can
block the catalyst active center and microporethenlead
tothedecreaseof cataytic activity. So, catalyst deacti-
vation caused by carbon depositionistill the biggest
bottleneck in steam reforming reaction. Therefore, itis
necessary and significant to study the carbon deposi-
tion behavior.

(A) Thermo-gravimetricanalysis

TABLE 3 showsthe amount of carbon deposited
per gram cataysts. Generally, thelower amount of car-
bon deposited over dl of theprepared catdystsismainly

duetoin steam reforming process, thereiscompetition
of carbon deposition and carbon elimination. So, high
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temperature and water feeding favor thecarbon con-  (carbon gasification) primarily depend on the surface
version from solid phaseto gaseousphase®. More-  metal and al so on the preparation methods.

over, Ni/AlO, catalyst seemsto show abetter resis-
tanceto cokeformation, or promoting thegasification

TABLE 3: Theamount of car bon for med (g/g catalysts)

of the carbon deposited on the catalyst surface, fol- Catalysts Weight loss (g/g catalysts)
lowed by Ni-AlO,and Co/Al O, catalysts. Thisresult  Ni/AlOs 0.3714
isgreatly consistent withthecatayticactivity toward ~ Ni-Al;O; 0.7646
CO, production, indicating that the current reactions  Co/Al,0; 0.8488
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Figure10: Effect of reaction temperatureon CO conversion (or WGSR)
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The carbon deposition state on cata yst surface can
bein theform of nanofiber, but their concrete shapes
can bedifferent dueto different catalyst. Asshownin
Figure 11, thethree cata ysts showed different behavior
toward weight loss. A single step degradation was ob-
served over Ni-Al O, catalyst at temperature above
600°C indicating the deposition of carboninthegra
phiticformt®% While, in caseof Ni/AlLO, most of car-
bon formed intheform of mono atomic carbon andfila
mentous coke (lower than 550°C). The mono atomic
carbonishighly reactiveand can beeasily oxidized at
thesurfaceof catalyst, while the deposited filamentous
carbonismore stabl e at the surface of nickel and can
oxidized at higher temperatures®!. Thisindicatesthat
the preparation of Ni-Al, O, by co-precipitation method
enhancethegraphitization degree of thedeposit carbon.

However, in Co/Al, O, catalyst about 57.74% of
deposited carbon wasin theform of mono atomic car-
bon and filamentous coke (lower than 550°C). And
42.26% of deposited carbon was carbon in the high
graphitic form (higher than 600°C), the higher oxida-
tiontemperature of thispeak (700°C) isdueto thefor-
mation of carbon nano-fibersbesidethe CN TS, which
isinagood agreement withthe TEM data.

(B) Sructural and textural parametersof thecar-
bon

(a) X-ray diffraction analysis
Figure 12 showsthe XRD pattern of spent cata-

lysts after gasoline steam reforming. Ni-AlL O, catalyst
show strong peaks at 20 = 26.5°, 42.9° and 53.2°
representing the (002), (100) and (004) graphitic basa
planereflectioninform of CNTs[ref. JCPDS card (00-
058-1638)], the peak assigned NiAI O, wasalso ob-
served. Itisworth noting that, althoughthe catalyst was
reduced beforereaction thereisn’t any peak assigned
to the presence of Ni° metal was observed, thisdueto
absence of freeNiOinthefresh catalyst and the diffi-
cult reducibility of NiAlO, spinel under thereaction
condition. Moreover, the graphitic carbon phaseis
prominent compared to the peaks of Al O, support.

For Ni/A,O,, NiAlO, was observed in addition
to Ni° (at 20 reflections of 44.5°, 51.7°) and the peak
attributed to NiO phase completely disappeared. The
sharpnessand highintensity of Ni° peaksmay beindi-
cating that, the Ni metal sintering unavoidablefor this
catalyst under thereaction conditions.

Ontheother hand, thesmall intengity of al pesksin
Co/Al O, catalyst may beattributed to the coverage of
themetal site by largeamount of carbon deposited or
thepillaringisformed.

(C) Raman of spent catalysts

Raman spectrain the high wavenumber region for
thethree spent catalysts are shown in Figure 13. All
spectrahad two bands, thefirst band is between 1200
and 1450 cm* (D-band) isassociated to the disorder-
induced vibration of C-C bond®¥. Thesecond bandis

A Ni° B co® O NiALO,

Intensity

Ni/Al

i

Il CNTs O ALO,

coar © O ' m o
10 16 22 28 34 40 46 52 58 64 7

0

2 theta
Figure12: XRD pattern for thespent catalysts
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Figure14: TEM imageof spent Ni-Al O, catalyst

between 1500 and 1700 cnmr? (G-band) is related to
the C-C vibration of the carbon material with sp? or-
bital structure®™. The G-bandisagraphitic band pro-
duced by the high degree of symmetry and order of
these graphitic carbon materias, it providesinforma-
tion about the el ectronic properties of thefilamentous
carbon andisused to identify well-ordered CN T3,

Thesefindingssuggest that the carbon speciesfound
onthe surface of the catalyststested in gasoline steam
reforming consisted of deactivating (encapsulated car-
bon) and non-deactivating carbon (whisker car-
bon)37, whoseoriginsarediversg“’.

From Figure 13 we can noted that theintensities of
thetwo bandswerevery highfor Co/Al O, cataysts
compared to Ni/Al,O, one, and theintensity of thetwo
bandswereadmost symmetricinNi/AlLO,, which means
that, in case Ni/Al O, the carbon filamentswas coex-

isted with amorphous carbon. While, in case of Co/
AlO,, thehighintensity of the D-band meansthat Co/
Al O, leadtorapid activity lossdueto moredeposition
of amorphouscarbon, followed by ahigh selectivity for
polymeric encapsul ated carbon*l. And the existence
of small broad band at about 1750cm* (namely D’-
band) suggested the presence of defectivemulti-walled

carbon nanotubes (MCNT).

(D) High resolution transmission e ectron micros-
copy

Thethreecatalystswereanalyzed by TEM togain
adeeper insight into thetype of carbon deposited on
thesurface. TEM imagesfor Ni/Al,O,, Ni-Al,O,and
Co/ALQ, catalystsafter 10h of gasolinesteam reform-
ing reaction are presented in Figure 14. The catalysts
show cokeformationwith different morphologies. The
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Spent Ni/ALO;

Spent Co/Al |

Figure16: TEM imageof spent Co/AlLO, catalyst

image of Ni-Al O, revealsthat, the carbons are not
concentrictotheinternal empty tube but rather opague
nano-rod. However, TEM imagesof thespent Ni/ALLO,
catalystsreveal theformation of amorphouscarbonin
addition to CNTswith Ni particles at the top of the
tubes (indicated by thered circlein Figure 15). Inthe
case of Co/Al O, catalyst (Figure 16), Web-like
micrometrelong CNTspartially covering the catalyst
particlesurfacecan beclearly observed. Thefigureaso
reved stheformation of carbon nano-fiber besdeCNTs
asconfirmed by high oxidation temperaturein thermal
andysisdata

CONCLUSION

Preparation of Ni supported nano-aluminacatalyst
by co-precipitation method (Ni-AlO,) exhibit high spe-

© 200kV - X20000  View

cificsurfacearea, small Ni particlesizes, strong metal -
support interaction and high Ni dispersion degrees,
which makethem anideal material for cata ytic steam
reforming of gasolinewith respect to that prepared by
impregnation method (Ni/AlO,). Ni-Al,O,showed
higher H,/COratio and lower CO,/CO+CO, ratiothan
theimpregnation catalyst at all reactiontemperature.
Moreover, the use of Co instead of Ni shows most
reactivity toward hydrogen production (highest H./CO
andlowest CO,/CO+CO,). Ontheother hand, char-
acterization of spent catalystsrevealed that only limited
graphitic carbon wasfound on the surface of the Ni-
Al O, catalyst, and amorphous carbon (with mono
atomic and filamentous morphol ogy) covered most of
thesurfaceof theimpregnation catalyst. Theformation
of Ni crystalliteswith NiAl, O, issuggested to be an
important factor in dowing Ni particlegrowth and coke
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formation. However, over Co/Al,O, massive depos-
ited carbon wasin form of mono atomic carbon and
filamentous cokewhile, smal amount wasgraphitic car-
boninform of carbon nano-fibersbesidethe CNTs.
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