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ABSTRACT

The influence of the potassium content on the performance of a Ni-Al,O,
catalyst, prepared by a sol-gel method, in the CO, reforming of methane
was studied. For this purpose, catalytic activity and resistance to carbon
deposition were measured. The characterization techniquesused were BET
surface area, X-ray diffraction, Transmission Electron Microscopy (TEM),
Temperature-Programmed Reduction (T PR) and Temperature-Programmed
Oxidation (TPO). The CO, reforming of methane was carried out at 750°C
andat aCO,/CH, ratio of 1. K-modified catalystswere prepared by incipient
wetness impregnation. The effects of K addition on the physicochemical
propertieswere studied at different potassium contents, from0to 1 wt.% K.
Compared to the unmodified catalyst, the introduction of K showed con-
stant but dlightly less activity, alowering in the hydrogen yield and alower
carbon deposition after the same operation period. Our results showed the
highest increase in resistance to carbon accumulation at a K load of 0.5
wt.%. © 2010 TradeSciencelnc.- INDIA
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The cataytic dry reforming of methane(DRM) to
synthesisgas asaway to produce hydrogen running
according to equation (1) hasbecomeapromising ap-
proach to the utilization of greenhouse gases¥. It also
constitutes an interesting route to process renewable
energy sourcessuch asbiogasto synthesisgas.

CH,+CO,—»2CO+2H, )]
Themostimportant Sdereactionsthat arenormally
present during the processare

CO,+H,»CO+H,0
rever sewater-gasshift (RWGS) 2
CH,— C +2H, methanecracking 3

2CO— C+CO,Boudouard reaction 4

Thelow H,/COratio obtainedisof particular interest
inthesynthesisof vauable oxygenated derivativesand
higher hydrocarbons. A large number of supported cata:
lysts, mainly involving e ementsof thegroup V111, with
promising catal ytic activity have been proposed for
methane reforming. Dueto itsavailability and cost,
nicke ispreferred fromtheindustria point of view. The
high temperature required for theendothermic reform-
ing reaction makes nickel more susceptibleto coking
than noblemetds. For thisreason the devel opment of
stable and coke-resi stant nickel-based catalysts has
been thefocusof many studiesonthe subject. Research
onthenatureof the support, the preparation of the sup-
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port and the catalyst, the use of additivesand promot-
ersand theamount used haspreferentidly attracted the
attention of many authors, which hasbeenreflectedin
the open literature?419,

Inaprevious paper, theeffect of theaddition of the
metalsK, Ca, Mn, and Snto aNi-Al O, catalyst ob-
tained viasol-gel wasstudied*™. Thecatalyst prepara-
tion method was based on the use of nickel and alumi-
num organometallic precursorsand asevere pretreat-
ment of the catalyst precursor to obtain high metallic
dispersonand high resstanceto sintering. Theunmodi-
fied catdyst provedto bevery active, sdlectiveand gable
inthemethanedry reforming reaction*®. Inthispaper,
theeffect of theaddition of variable potass um amounts
to the same catalyst used beforeinthe DRM reaction
both on reforming reactivity and res stancetoward car-
bon deposition was studied.

EXPERIMENTAL SECTION

Catalyst preparation

Theunmodified catalyst was prepared by asol -
gel method, details of the technique can be found
elsewhere®™, Basically, aluminum sec-butoxide and
nickel 1-methoxy-2-propoxidewere hydrolyzed and,
subsequently, an acid peptization with HNO, was per-
formed. Afterwards, the colloidal solution obtained
was concentrated and vacuum-dried, and left to gel
inair. Theresulting material wasdried overnight at
100°C and calcined in air at 850°C for 10 h. The
severe calcination pretreatment produces a high
metal-support interaction forming aspinel of nickel
aluminatethat, after reduction, markedly suppresses
carbon depositiont*”. A nominal nickel content of
14% was utilized. Potassium wasincorporated by
using incipient wetnessimpregnation withakKNO,
agueous sol ution to obtain sampleswith apotassium
content of 0.0, 0.25, 0.5, 0.75 and 1 wt.%. Theim-
pregnated samples, aswell asthe unmodified cata-
lyst, weredried overnight at 110°C and calcined in
air at 850°C for 12 h.

Catalyst characterization

TheBET surfaceareaof the catalyst sampleswas
measured usingaChemBet 3000 mode Quantachrome
sorptometer. The crystalline phases were determined
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through XRD by means of a Rigaku Geigerflex
diffractometer equipped with agraphitemonochroma:
tor using Cu-Ka radiation. When possible, the nickel
crystaliteszewasca culated using theNi(111) reflec-
tion and the Scherrer formulacorrected for instrumen-
tal linebroadening.

Thecatalyst reduction behavior wasstudied by tem-
perature-programmed reduction (TPR). A flow of hy-
drogen (5% H./N,) of 30 ml min™ and alinear increase
in temperature from room temperatureto 850°C at a
heating rate of 10°C min* were adopted.

The amount of carbon deposited onthe catalysts
was determined by temperature-programmed oxida-
tion (TPO) using aShimadzu TGA-51 thermobal ance
in an air atmosphere at a heating rate of 10°C min*
from room temperatureto 1000°C.

The surface morphology and crystallinity of the
reduced and used catal ysts were investigated by us-
ing thetransmission el ectron microscopy (TEM) ina
JEOL 100 CX system, with ahigh tension voltage of
100 kV and amagnification of 80000 X. Particle
sizedistribution was obtained to cal culate the mean
particlesizes.

Catalyst testing

Reforming reactivity sudiesin DRM werecarried
out in afixed-bed flow reactor. Details of the setup and
method were given earlier®™. A catalyst sampleof 0.1
gdiluted (1/20 wt) with same-sizedinert d phaaumina
was used. Before reaction, the catalystswere reduced
insituat 850°C for 14 h under flowing H, (30 ml/min)
and then cooled down to reaction temperature switch-
ing from H, tothereaction mixture.

Samplesweretaken at intervals of 30 min. On-
line analysisof the reaction stream was performed
by a GC equipped with a2 m Carbosphere column
and usingargon ascarrier gas. Theanalytical system
was connected to a TCD detector. The data were
processed with a Spectra-Physics 4600 Integrator.
The CO, reforming of methane was carried out at
750°C, CH,/CO, =1, W/F°_,, = 0.5g h mol* and
0.1 MPa. Theyieldsof H, and CO were calcul ated
from the concentration measured by GC asyield of
H, (%) = 100 x (molesH,,_ /2 x molesCH, ) and
yield of CO (%) =100 x (molesCO_ / (molesCH,,
+ moles CO,, )).
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RESULTSAND DISCUSSION

Characterization

The catalyst specific surface areas are shown in
TABLE 1. The addition of potassium producesacer-
tain reductioninthearea. After 30 h of operation, the
used catalystsshow adecreaseinthe surface area.

TABLE 1: Catalyst surfacearea

Surface area (m’g™)

Catalyst d;?gﬁ'angn Fresh Used
catalyst catalyst

14%Ni-Al,04 Ni-OK 209 139

14%Ni-0.25%K-Al,03 Ni-0.25K 200 135

14%Ni-0.5%K-Al,0; Ni-0.5K 192 142

14%Ni-0.75%K-Al,03 Ni-0.75K 185 145

14%Ni-1%K-Al,O3 Ni-1K 190 140

XRD patternsof al the catalysts showed, for the
fresh unreduced catd yts, that: i) theoverlapping of the
reflectionsof NiAlLO, andy-Al,O, makesit difficultto
distingui sh between both phases; ii) NiO characteristic
peak isnot observed, probably dueto the high cacina:
tion temperaturedevel oped. It can beinferred fromthis
that Ni ispreferentialy under theform of nickel umi-
natespinel inagreement with TPR results, andiii) K.,O
characteristic peaksare not present, probably dueto
thelow load of themodifier.

For thereduced samplesmetalic nickel peaksap-
pear. Findly, for theused samplesthelineof carbonis
not observed, athough its presence was detected in
the TPO experimentsand inthe TEM micrographs. Ex-
amplesof theseobsarvationscanbeseenin reference ™.

For the Ni-OK catalyst, particle sizes, estimated
through XRD line broadening, showed anincreasein
the particlediameter after 30 h on stream from 5.9 nm
for thereduced sampleto 7.9 nm for the used sample.
Inthecaseof theNi-0.5K catalyst, aparticlediameter
of approx. 7 nmwas observed for the reduced sample
and the particle diameter changefor the used sample
wasnegligible

The TPR curvesof thefresh catalysts showed a
unigue band as a broad reduction feature between
590 and 900°C with a maximum located at about
825°C for Ni-0K and Ni-0.25K, at about 800°C for

CHEMICAL TECHNOLOGY

Ni-0.5K, at about 790°C for Ni-0.75K, and at 775°C
for Ni-1K. The broad reduction feature corresponds
to nickel compounds resulting from a very strong
metal-support interaction. A sample of pureNiOre-
duced under the same conditions showsaunique peak
with a maximum at about 390°C, while a NiALO,
sample, also reduced under the same conditions,
showsaunique peak with amaximum at about 820°C.
Compared withthe Ni-OK catalyst, theNi-0.5K, Ni-
0.75K and Ni-1K catalysts show animprovementin
thereducibility through adisplacement of the reduc-
tion curve maximum of about 25, 35 and 40°C, re-
spectively. Inthiscase, it seemsthat potassium modi-
fiestheinteraction of nickd with aumina, and conse-
quently thereducibility of nickel species.

Catalyticactivity, carbon depostion and used cata-
lyst characterization

Figures1 and 2 illustrate the timeon stream de-
pendence of the conversion of CH, and CO, at 750°C
inthe DRM reaction. The conversion of CO,wasal-
wayshigher than the corresponding conversionof CH,,
probably dueto theinfluence of the secondary RWGS
reaction.

All cataystsshowed aninitial step of about 5-7 h
increasein both conversions, reaching significant sta
bility up to 30 h of operation without significant deacti-
vation. Hence, theactivity of thenickel sitesisnot af -
fected by the accumulation of carbon. This behavior

90+

XCH4(%)

707

Ni-0K
Ni-0.25K
Ni-0.5K
Ni-0.75K
Ni-1K

A4 D>OnR

60 T T T T T T
0 10 20 30

time (h)

Figurel: CH,conversionwithtimeon stream, at 750°C (30
h of reaction).
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Figure2: CO,conversion withtimeon stream, at 750°C (30
h of reaction).

has been observed when afilamentous carbon struc-
tureisformed. In our experiments, the main type of
carbonisfilamentouscarbon ascanbeseeninthe TEM
micrographsof reference™®. According to thegrowth
mechanism of the filamentous carbon with nickel par-
ticlesat theextremity of carbonfilaments, thecataytic
activity remainsconstant asfar asthenickel particles
aredtill accessibleto reactants.

TABLE 2 showsthe dataof catalytic activity at
750°C for the various samples studied, expressed as
methane and carbon dioxide stable conversion data,
and thetotal amount of carbon formed (inmg of car-
bon per gram of catalyst), after 30 h on stream. A
decreaseinthe conversion of both CH, and CO, with
the amount of potassiumin the catal ystsisobserved.
M ethane conversion decreasesfrom 84% (near the
thermodynamic equilibriumat 750°C for the unmodi-
fied catalyst (Ni-0K)) to 76% for the samplewith 1%
K content (Ni-1K).

Theaddition of asmal amount of potassum hasan

TABLE 2: Experimental catalyticactivity. Dataafter 30h on
stream

Xcha Xco2 Yh2 Yco Hz/CO Carbon

Catalyst “o/™ o7 o5 g Mg C/Geu
Ni-OK 84 908 84 87 097 60
Ni-025K 842 901 834 86 097 60
Ni-05K 81,3 86 72 91 0.79 8
Ni-075K 78 84 64 92 069 30
Ni-1K 76 8 57 95 060 20

Reaction conditions: 750°C; CO,/CH,: 1.0, W/F°_,,, = 0.5 ghmol™*
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important effect in reducing the amount of deposited
carbon, from 60 mg C/g cat. for theunmodified cata-
lyst tolessthan 10 mg C/g cat. for theNi-0.5K sample
(TABLE 2). However, higher potass um content seems
to beless effective. We found an optimum potassium
content of 0.5wt.%K that leadsto acatayst with 87%
reduction in coke deposition and 8% decreasein the
cataytic activity, after 30 hon stream.

Cdculationshby large-scdedengty functiond theory
(DFT) reported by Bengaard et al 2% showed that po-
tassum added as activity modifier of nickel-based cata-
lystsisdeposited mainly on the stepped nickd surface
of higher activity for hydrocarbon reforming and car-
bon formation reactionsthan the nickel surfacewith
close-packed terraces. Thislocation producesapar-
tid blocking of themost active sitesdisplacing there-
forming reactionto thelessactive, unblocked sites, of
the surfacewith close-packed terraces. Asaresult, the
catalytic activity, aswell as carbon deposition, isre-
duced. Also, from experimenta observations Snoeck
and Froment!*® proposed arigorouskinetic model for
carbon formation from steam/CO,-reforming mixtures
onanickel catalyst and explained theinfluence of the
potassium content asastrong reduction of thenet rate
of carbon formation dueto alower vaueof thelumped
forward rate coefficient for the methane cracking reac-
tion, caused by the partial blocking of Stesavailableby
potassium present on the nickel surfaceitself. More-
over, it hasbeen reported that potassium promotesthe
carbon gasification rate??2,

Theandysisof thereaction products(H, and CO),
asoshowninTABLE 2, for H,and COyieldand H,/
CO molar ratio, revea sthat the presence of potas-
sium producesadecreasein thevauesof H, yield and
anincreaseinthevauesof COyield. Theseresults
areconsistent with the two effects of potassium men-
tioned above: theblockage of Ni activesitesfor meth-
ane cracking (CH, = C + 2 H,) and theenhancement
of carbon gasification (2 CO = CO, + C). Also, ob-
served values of the H,/CO molar ratio lower than 1
can be explained by the occurrence of the reverse
water-gas shift reaction (2), which becomesimpor-
tant at high abundance of CO, producing consump-
tion of H, and anincreasein CO. Carbon accumul a-
tion can also occur together with hydrogen, diminish-
ingtheH,/COmolar ratio.
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Thevauesof carbon deposition observed for the
sampleswith increasi ng potassium content can be at-
tributed to thefact that the rate of carbon deposition
may not be constant with time. Toinvestigatetherate
of carbon deposition, the carbon accumulated after 15
h on stream for the catalysts Ni-OK,, Ni-0.5K and Ni-
1K wasmeasured and theresultsareshownin TABLE
3. For the sake of comparison, the corresponding car-
bon accumulated after 30 h on streamisalsoincluded
asobserved and expected val ues. Theexpected values
were calculated assuming a constant rate of carbon
deposition from the 15 h experiments. The order of
increasing carbon accumulation was Ni-OK>Ni-
0.5K>Ni-1K, ascan be anticipated, but the expected
carbon accumulationishigher than that observed for
Ni-OK asfar asthe process of carbon accumulation
reducesthe number of themost activesitesfor carbon
formation, obstructing the cracking of methaneand pro-
ducing lesscarbon.

TABLE 3: Carbon accumulation
Carbon at 30 h

Carbonat 15h

mg C/
catelys (Mg C/Gear) Obsérv?ed Eg;;)ected
Ni-OK 45 60 90
Ni-0.5K 0 7 0
Ni-1K 7 20 14

However, for Ni-0.5K and Ni-1K, the expected
carbon accumulation for 30 h on streamishigher than
the observed values, probably dueto thelossin con-
tact between potassium species, whicharemainly on
the support, and the nickel particles and the carbon
material formed onthem. Thisleadsto lessrestriction
for carbon accumulation and aconsequent decreasein
the extent of the gasification reaction that iscatalyzed
by potassium. From theseresultsit can beinferred that
the carbon accumul ation rateisnot constant. Thisob-
servation can explain the behavior of thevauesof car-
bon deposition observed for the sampleswithincreas-
ing potassum content.

Our dataconfirm that theincorporation of potas-
sum hinderstheaccumulation of carbon onthecatalyst
surface, increasesthereducibility, probably modifying
themeta-support interaction, and modifiesneither the
sizenor thestructure of thenicke particles.

From the TEM micrographsof the potassium-free

and the Ni-0.5K samples after 30 h on stream in the
dry reforming reaction, it waspossibleto determinethe
corresponding histogram of their particlesizedistribu-
tionwhich areshown in Figures 3and 4, respectively.
A comparison between them confirms that a lower
amount of carbon isdeposited on the sample contain-
ing potassium (Figure4). Moreover, thesamefilamen-
tous nature of the deposited carbon asthat of the po-
tassium-free sampl e can be observed. It wasalso de-
termined that, in both cases, the mean size of nickel
particlesisbetween5and 7 nm.

40+

frequency

0_
0123456 78 9101112

particle size (nm)
Figure3: Histogram of theparticlesizedistribution of used
Ni-OK catalyst (after 30 h on stream).

301

20
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10+

0

012345678 9101112

Particle size (nm)

Figure4: Histogram of theparticlesizedistribution of used
Ni-0.5K catalyst (after 30 h on stream).

Thesefactsindicatethat, under our experimental
conditions, themodifier decreases neither the amount
of carbon deposited without modificationinthesizenor
the structure of the nickel particles. In conclusion, by
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adding alow amount of potassium (lessthan 1%), itis
possibleto obtain acatalyst with asmall decreasein
activity but withvery low carbon depostion. All samples
showed the samefilamentous nature of the deposited
carbon. Theamount of deposited carbon onthesamples
withincreas ng potass um content showed aminimum
at around 0.5wt.%K.

Other authorshaveobtained fairly different results;
Juan-Juan et al.*® al so observed that the presence of
potassum inanimpregnated Ni onauminacatalystin
DRM hindersthe accumulation of cokeon the catalyst
surface, but producesadecreasein the catalytic activ-
ity. However, they found an optimum potassium con-
tent of 0.8 wt.% K that |eads to a catalyst with more
than 90% reduction in coke deposition and lessthan
10% decrease in the catalytic activity, after 6 h on
stream. It must be cons dered that their unmodified cata-
lyst produces a high amount of carbon. Moreover,
Nandini et a.”? found that the addition of potassumto
aNi/AlLQO, catalyst for DRM decreasestheactivity at
low K contents, but higher loadsincreasetheactivity.
Alsothey found that in the K-containing catalyst the
amount of coke deposited waslow, while noticeable
coke coverage on the potassium-free catal yst was ob-
served. Regarding the coke structure, they found that
the SEM micrographs of the used catalysts (after 6 h
reaction at 700°C) show a well-defined fibrous con-
formation on the potassium-free catalyst, while
nonstructured coke seemsto have been formed onthe
Ni—K/ALQ, catalyst.

CONCLUSIONS

- A Ni-Al catalyst prepared by sol-gel processing
from both Ni and Al organometallic precursorsex-
hibited high activity, remarkablelong-term stability
and alow amount of carbon accumulation for meth-
anedry reforming.

- Inbrief, amassivecatdyst withasmal | and homo-
geneousnicke particlesizeand no sintering effect
was obtained. Thesevereca cination pretreatment
produced acatayst with high metd-aluminainter-
actionformingaspine of nickel auminate, which
after reduction markedly suppresses carbon depo-
gtion.

- Accordingto our results variable amounts of po-

[1]
[2]
(3]
[4]
[5]
[6]

[7]

8]
[9]
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tassum addition by incipient wetnessimpregnation
leadsto catalystswith lower activity than the po-
tassum-free catalyst but with animportant reduc-
tionin theamount of deposited carbon after 30 h
on stream. It seemsthat theincorporation of po-
tassium produces a partial blocking of the most
activesitesof thenickd surfacefor both methane
reforming and carbon formation reactions. Asare-
ault, thecata ytic activity, aswell ascarbon deposi-
tion, isreduced. Also, it iswell known that potas-
siumisagood catayst for carbon gasification.
Anincreasein carbon accumulation withahigher
potassium content was observed probably dueto
the fact that the rate of carbon deposition is not
constant withtime.

Our dataconfirm that theincorporation of potas-
sium hindersthe accumulation of carbon on the
catdyst surface, increasesthereducibility, probably
modifying themeta-support interaction, and modi-
fiesneither thesize nor the structure of thenickel
particles.

Our results showed that by adding less than 1%
potassiumitispossibleto obtain acatayst witha
very low carbon deposition. A minimum was ob-
served for the samplewith around 0.5wt.%K af-
ter 30 h on stream.
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