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Catalytic autothermal reforming of diesel fuel for hydrogen
generation in fuel cells

II. Catalyst poisoning and characterization studies
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Abstract

Hydrogen for use in fuel cells is produced in a fuel processor by the catalytic reforming of hydrocarbons. Experimental results from
synthetic diesel and JP8 autothermal reforming activity tests performed over a commercial Pt/ceria catalyst was presented in part I of this
paper. A reversible–irreversible poisoning phenomenon affected the catalyst’s activity. The objective of this paper is to present the results of
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haracterization studies on these catalysts. Temperature programmed reduction (TPR) studies suggest that the oxidation–reducti
f ceria are affected by poisoning. Temperature programmed desorption (TPD) and XPS analysis confirmed the formation of ch
ulfur entities (irreversible poisoning). Based on these findings, a global deactivation mechanism is proposed. Experiments confirm
oisoning is reversible and is enhanced at higher temperatures in presence of a reducing environment.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen generation by reforming hydrocarbon based
ransportation fuels, such as gasoline, diesel, jet fuel and nat-
ral gas has been the focus of research in the past few years.
otential applications include both stationary and mobile fuel
ell based power generation units. It is necessary for fur-
her research to develop more energy-efficient and compact
nits for on-board fuel processing[1–4]. Since the focus of
ur work is fuel reforming, some of the related issues in the
eforming processes are addressed.

Catalyst deactivation due to carbon formation is a well-
nown problem in reforming of hydrocarbon fuels in syn-
as plants[5,6], particularly for hydrocarbon fuels with two
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or more carbon atoms in the main chain. Heavier hy
carbons in the jet fuels and diesel fuels can form ca
deposits even at relatively lower temperatures of 450◦C due
to fuel pyrolysis[7]. Fuels with higher aromatic conce
tration (e.g. diesel) will have a higher tendency of car
formation.

Hydrocarbon feeds contain sulfur at different concen
tions and it is the main force for deactivation of pre-reform
and reforming catalysts[8]. For fuel cell applications, ultra
clean fuels are needed[9], and thus most of the rece
discussions in literature on desulfurization of conventio
refinery streams to make clean fuels[8] also apply to th
fuels for fuel cells. While, coking can be controlled w
excess steam and/or oxygen injection, the high sulfur
els in these fuels will require sulfur removal upstream
the reformer[8], if conventional reforming catalysts a
employed.

Part I of this paper presented the results of the de
dation processes over a 1% Pt/ceria catalyst. This ca
exhibited good stability for the autothermal reforming (AT
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.04.011
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of synthetic diesel fuel but was severely poisoned by S
containing fuel, JP8. Individual effects of some of the sul-
fur surrogates, such as SO2 and H2S, were also discussed.
A reversible–irreversible adsorption of sulfur species was
observed during the activity/poisoning studies[10].

It is important to study the impact of sulfur and coke con-
tamination on the performance of ATR catalysts. In this study,
we correlated the effect of carbon and sulfur and the nature
and location of the deposits with a variety of characterization
methods (BET, TPR, TPD, XPS, XRD and TGA, etc.). With
the aid of these techniques, a global deactivation mechanism
is proposed and a concept to effectively counteract catalyst
degradation by sulfur poisoning is evaluated.

2. Experimental

ATR catalysts that were used in the activity and poisoning
studies discussed in part I were characterized to understand
the reaction and/or mechanism/behavior. A description of
each of these techniques is given below.

2.1. BET and CO chemisorption measurements

BET surface area of the catalysts was analyzed by nitro-
gen adsorption–desorption technique. CO chemisorption at
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2.4. NH3-TPD experiments

Ammonia TPD studies were also carried out on the Chem-
BET 3000 instrument. In a typical experiment,∼4 g of cata-
lyst was taken in a U-shaped quartz tube. Prior to TPD studies,
the catalyst was pre-treated by passing high purity helium
(40 cm3 min−1) at 250◦C for 2 h. The catalyst was then sat-
urated by passing∼50 cm3 min−1 of high purity anhydrous
ammonia at 25◦C, and subsequently flushed at room tem-
perature for 2 h to remove the physisorbed ammonia. TPD
analysis was carried out from ambient temperature to 600◦C
at a heating rate of 20◦C min−1. The ammonia concentra-
tion in the effluent stream was monitored with the thermal
conductivity detector.

2.5. XPS studies

XPS data were obtained using a Kratos Axis 165 with an
Al anode as the X-ray source. These studies were performed
on fresh and spent catalysts to identify the changes in surface
properties after subjecting the catalysts to activity/stability
tests.

2.6. Thermo-gravimetric analysis (TGA)
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80◦C was utilized to measure the dispersion of these
ysts using the pulse technique; this method is know to a
o some extent the spillover phenomenon which affects a
acy of the data[11].

.2. Temperature programmed reduction (TPR)
xperiments

Temperature programmed reduction was performe
U-tube quartz reactor using a ChemBET 3000 app

us manufactured by Quantachrome, provided with the
onductivity detector (TCD). Pellets (∼0.4 gm) or fine pow
er (∼0.25 gm) was used. To remove any water and2
dsorbed on the surface, the catalysts were prehea
50◦C for 2 h followed by purging and cooling in heliu
hen a reducing gas mixture consisting of 5% H2 in helium
as passed through the catalyst and the temperatur

amped from 25 to 800◦C at a heating rate of 20◦C min−1.

.3. Temperature programmed desorption (TPD)
xperiments

TPD of catalysts was carried out in the ChemBET app
us described above. In all the TPD experiments, the cata
ere preheated to 250◦C in helium for 2 h to remove resi
al H2O and CO2. After cooling down to room temperatu

n helium, the catalysts were fed with corresponding g
o study the reactivity. TPD data were acquired in helium
oom temperature with a heating rate of 20–600◦C min−1.
he flow rate of the gas was typically 70 cm3 min−1.
For gravimetric measurements, a Perkin-Elmer the
ravimetric balance was used. The catalysts were acti
nder helium atmosphere and the temperature was incr

rom 25 to 400◦C until a plateau was obtained for the weig

.7. X-ray diffraction (XRD)

Powder X-ray diffraction patterns were collected in ai
Philips Powder Diffractometer using Cu K� radiation with
nickel filter.

. Results and discussion

.1. BET surface area and XPS studies

Surface area data of the catalysts used in the ac
tudies[10] is presented inTable 1. The fresh catalyst ha
surface area of 68 m2 g−1, which decreased significan

own to 33 m2 g−1 when used for ATR of synthetic dies
uel for 56 h. However, surface area of the catalysts that
sed in presence of sulfur[10] was even lower (<15 m2 g−1),

able 1
urface area of the fresh and spent Pt/ceria catalysts used for the auto

eforming of synthetic diesel and JP8 fuel

atalyst Surface area (m2 g−1)

resh catalyst 67.7
pent (synthetic diesel ATR) 33.6
pent (JP8 ATR) 10.2
pent (SO2, synthetic diesel ATR) 14.6
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Fig. 1. XPS characterization, Ce 3d spectra of fresh and S-poisoned
catalysts.

possibly due to coking in addition to sintering at these operat-
ing conditions. Deposition of carbon species was evidenced
in the C1s XPS spectra of all the spent samples (not shown).
In addition, the presence of sulfur was also noticed on the
catalysts utilized in the sulfur poisoning studies (S 2p spec-
tra, 170 eV, not shown). Elemental analysis from XPS studies
also showed more carbon on the surface of sulfur-poisoned
catalysts compared to that utilized in synthetic diesel ATR.
This indeed suggests that the surface area loss is probably due
to excess carbon (coking), probably induced by the presence
of sulfur-poison.

Fig. 1shows the Ce 3d spectra of fresh and sulfur-poisoned
catalysts. Ce 3d peaks were assigned in accordance with Pfau
[12]. Ce 3d envelope for the SO2 poisoned catalyst is quite
similar to that of the fresh catalyst. However, higher V and
U intensities in the JP8 poisoned catalyst indicate increased
conversion of Ce4+ to Ce3+ states in this catalyst. The change
in oxidation state could be due to the reduction of ceria
according to the reaction:

6CeO2 + 3SO2 → Ce2(SO4)3 + 2Ce2O3 (1)

Fig. 2 shows the Pt 4f XPS spectrum of the fresh and
spent catalysts. A positive shift in the Pt 4f7/2 peak is clearly

F alysts.

Table 2
CO-chemisorption data of fresh and spent catalyst; percentage of metal dis-
persion on the fresh and S-poisoned catalysts

Catalyst Dispersion (%)

Fresh catalyst 51
Spent (synthetic diesel ATR) 41
Spent (JP8 ATR) 35

evident in the spent catalysts. The shape of the peak in the
S-poisoned catalysts was similar, although a difference in the
intensity and the peak position can be noticed, with the JP8-
poisoned catalyst showing higher signal. The excess metallic
Pt intensity in the sulfur-poisoned catalysts may correspond
to the formation of surface PtS[13].

Initial evaluation from the XPS studies clearly shows the
deposition of carbon and sulfur on the catalyst’s surface. It
is important to identify these compounds and their location
on the catalyst and ways to regenerate the poisoned catalyst
by reversing the poisoning mechanism. Further characteri-
zation studies were, hence, carried out on these catalysts as
discussed in the following sections.

3.2. XRD and CO-chemisorption analysis

An estimation of the X-ray diffraction patterns (not shown)
of the fresh and spent catalysts suggests no sintering of the
metal under the conditions tested. No evidence of Pt metallic
peaks was observed in any of the catalysts tested, and it may
be concluded that the average crystallite size of metal for all
the catalysts was smaller than 20 nm[14].

Table 2shows the percentage of metal dispersion of these
catalysts. Metal dispersion of the spent catalysts was rela-
tively smaller compared to the fresh catalyst. Since no sinter-
ing phenomenon was observed over the tested catalysts, the
d erage
b
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ig. 2. XPS characterization, Pt 4f spectra of fresh and S-poisoned cat
ispersion loss may be associated with the surface cov
y C and S.

.3. Temperature programmed reduction studies

H2-TPR is a convenient way to investigate
eduction/oxygen-storage properties of CeO2. It gives infor-
ation on the steps involved in reduction processes a

ery sensitive to changes in textural, morphological and s
ural properties of the oxide[15]. Thus, TPR of ceria was us
o characterize the fresh and spent ATR catalysts and
iated effects (spillover, metal/support interaction). TPR
eria is well studied[15] and it typically shows two peak
ne at 500◦C due to the reduction of the most easily reduc
urface-capping oxygen of ceria followed by a second o
00◦C due to the removal of bulk oxygen. Also, the prese
f noble metals is known to strongly modify these featu
ue to hydrogen activation by the metal, and conseq
igration to the support (spillover) favoring reduction of

eria surface at lower temperature[16].
Temperature programmed reduction profiles of the f

nd spent catalysts are shown inFig. 3A–D. For all the cat
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Fig. 3. Temperature programmed reduction profiles of fresh and used cata-
lysts, 5% H2/N2 at a temperature ramp of 20◦C min−1.

alysts, the reduction profiles are similar, although there are
some differences in both intensity and peak position. Three
primary features are associated with the catalyst: a peak in
the range 100–125◦C due to the reduction of surface metal
oxide; a broad peak in the range 200–600◦C and another one
above 600◦C are due to the reduction of bulk ceria support,
in agreement with the literature[15]. The peak intensities are
smaller in case of spent catalysts suggesting the loss of active
sites on the surface. The area of the low-temperature peak
(200–600◦C) follows the order: fresh (Fig. 3A) > synthetic
diesel ATR (Fig. 3B) > SO2 poisoned catalyst (Fig. 3D) > S-
poisoned (from JP8) catalyst (Fig. 3C). This data exactly
reflects the activity behavior of these catalysts for ATR of
diesel fuel (activity studies in part I,[10]).

It is known that in the ceria supported catalysts, the reac-
tion mechanism involves oxygen transfer from ceria reacting
with molecules, such as CO, CH4 and other reducing species
adsorbed on the metal (Pt) sites. It has been shown that such
a mechanism has lower activation energy than the normal
oxidation of these molecules on group VIII metals, where
reducing species and oxygen adsorb competitively[13,17].
The obvious interpretation of the data from TPR profiles is
that sulfur poisoning prevents ceria from transferring oxy-
gen to the metal, so that only the metal function as explained
above is observable. The oxidation–reduction properties of
ceria probably allow the sulfur-poison to be oxidized which
e em-
i lays

Fig. 4. Variation of catalyst weight with time in presence of SO2 and an
excess of O2 at 400◦C.

an important role in the autothermal reforming of hydrocar-
bons, since it is clear from the figure that the oxygen transfer
decreases in the same order as the activity of these catalysts
[10].

It is also known that most of the hydrogen consumed in
the low-temperature region is associated with the removal
of the readily available surface oxygen adjacent to the metal
through a spillover mechanism[16]. It has been shown[18]
that the rate of spillover decreases dramatically in presence
of residual species, such as Cl, S, etc. This clearly explains
the differences in H2 uptake as seen inFig. 3. From the above
discussion, it may be concluded that lower hydrogen uptake
in the case of low-activity catalysts is possibly due to the
hindrance of oxygen mobility in presence of residual sulfur
and carbon compounds on the catalytic surface.

3.4. Thermo-gravimetric analysis

ATR experiments in presence of sulfur-laden fuels (JP8,
[10]) and sulfur surrogates (SO2 and H2S,[10]) showed activ-
ity loss with time. Characterization studies performed over
the fresh and spent catalysts suggest the deposition of sulfur
entities leading to a loss of active sites and the modifica-
tion of surface properties of ceria. To analyze the deposition
behavior of these species during the reaction more accurately,
T n the
c f
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f at
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les,
f -
g nds
t ts
p plots
a asily.

fated
s
f h to
o 12 h
a pport.
ither block the oxygen transfer or affect the redox ch
stry of ceria. It seems that the redox property of ceria p
GA was performed by accumulating sulfate species o
atalyst formed by introducing SO2 with a large excess o
xygen at 400◦C until reaching a constant weight. For s

ate reduction studies, 20% H2 in helium was introduced
oom temperature followed by heating either at increa
emperature or at 400◦C.

Fig. 4 shows the increase in weight of the two samp
resh Pt/ceria and ceria support, at 400◦C in presence of oxy
en after introduction of SO2. The mass increase correspo

o total adsorption and oxidation of SO2 on both the catalys
ossibly forming sulfate species on the surface. The two
re very similar and suggest that the support poisons e

The curves of the mass loss due to the reduction of sul
upport and catalyst are illustrated inFig. 5. It is obvious
rom the plot that Pt makes the sulfate reduction easier: 3
btain a constant weight for the Pt/ceria catalyst, while
re necessary using the same conditions for the ceria su
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Fig. 5. Variation in the weight of sulfated catalysts (SO2 and O2 at 400◦C)
with time during reduction and re-oxidation steps by hydrogen and oxygen,
respectively.

It also shows the re-oxidation of the reduced catalysts. Re-
oxidation by oxygen addition at 400◦C in the thermo-balance
leads to a weight gain again possibly due to the formation of
sulfur entities from the unreduced species.

Due to the oxidative properties of ceria, SO2 oxida-
tion occurs even without oxygen and at a relatively low-
temperature (∼100◦C) [19]. Literature shows that sulfate
reduction under hydrogen flow leads to H2S formation[20],
but the amount of hydrogen introduced under these condi-
tions may not reduce the entire sulfate formed on the catalyst.
Some residue sulfur, certainly as cerium sulfide/oxysulfide or
as PtS on the catalyst could be the reason for the weight gain
during the re-oxidation step. This may possibly explain the
difference between reversible and irreversible adsorption of
sulfur species as observed in part I[10]. It is possible that
after the source of sulfur is removed, the hydrocarbon feed
and reducing environment at high temperature removes some
of the sulfur entities resulting in a partial revival of the activ-
ity leaving behind some of the permanently adsorbed sulfate
species. This may be one of the reasons why the original
activity was hard to restore.

3.5. Temperature programmed desorption study

Chemisorption and reactivity of SO2 on fresh and spent
c d des-
o the
p the
r rease
i and-
i po-
s s or
s

ated
t
A cat-
a r
1
r nd
t

Fig. 6. Temperature programmed desorption profiles of fresh and spent cat-
alysts: (A) TPD in helium; (B) SO2 desorption in He; (C) SO2 adsorption on
O2 pre-covered sample and (D) SO2 adsorption on CO pre-covered sample.

oxygen pre-covered catalyst shown inFig. 6C; (3) SO2 at
room temperature for 1 h followed by flushing in He, and
then CO at room temperature for 1 h, for CO reactivity with
SO2 pre-covered catalyst shown inFig. 6D.

TPD data were acquired in helium at room temperature
with a heating rate of 20–600◦C min−1. The flow rate of all
the gases was typically 70 cm3 min−1. Fig. 6A shows desorp-
tion profile over the fresh catalyst, this can be treated as the
base line for the rest of the experiments. No desorption peaks
were observed over the temperature range tested. Two SO2
desorption features are observed in the TPD spectra obtained
after SO2 chemisorption on clean Pt catalyst. The presence
of pre-adsorbed oxygen leads to the appearance of a new fea-
ture, which can be attributed to that of SO3 desorption[21].

Fig. 6B and C shows TPD spectra obtained after saturation
doses of SO2 at room temperature on clean and oxygen pre-
covered catalysts. SO2 adsorption at room temperature yields
atalysts have been studied by temperature programme
rption. It is already clear from the TPR profiles that
oison affects the ability of ceria to donate oxygen for
eaction of reducing species, leading to a significant dec
n the catalytic activity. TPD study was aimed at underst
ng the mechanism involved in the formation and decom
ition with temperature of various compounds (sulfate
ulfites) on the catalytic surface.

In all the TPD experiments, the catalysts were prehe
o 250◦C in helium for 1 h to remove residual H2O and CO2.
fter cooling down to room temperature in helium, the
lysts were covered with: (1) SO2 at room temperature fo
h, for SO2 desorption studies shown inFig. 6B; (2) O2 at

oom temperature for 1 h followed by flushing in He, a
hen SO2 at room temperature for 1 h, for SO2 reactivity with
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Fig. 7. SO2 desorption from a fresh Pt/ceria catalyst at different adsorption
temperatures.

a desorption feature at∼120–140◦C followed by a small
desorption peak in case of the clean catalyst and a broad peak
in case of the oxygen pre-covered catalyst, both at 300◦C.
We assign the first peak at to SO2 desorption and the 300◦C
peak to SO3 desorption[21]. The huge difference in size of
the SO3 desorption peak can be explained by the difference
in the amount of oxygen coverage over the two catalysts.

The adsorbed SO2 molecule can also react with CO, H2 or
CH4 following the dissociative chemisorption of SO2 [22],
and therefore we investigated the reactivity of SO2 towards
CO. The result of this experiment is shown inFig. 6D and
it is relevant to understanding the SO2 induced inhibition
of the autothermal reforming reactions. Experiments were
performed at room temperature by dosing with CO on SO2
pre-covered catalyst, which yielded two desorption features,
the first one at∼140◦C due to SO2 desorption followed by
a broad peak at∼220◦C due to CO2 desorption[22].

SO2 adsorption at higher temperatures gives further
insight in to the nature of the adsorption and desorption
behavior of the surface species. In order to study this behav-
ior, SO2 was adsorbed at temperatures varying from 25 to
200◦C. The results of this experiment are shown inFig. 7.
It can be noticed that the desorption temperature is directly
proportional to the adsorption temperature. Due to the high
operating temperatures inside the autothermal reformer, and
hence higher SO2 adsorption temperature, desorption can
o n of
s veri-
fi alyst
w e.
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r that
c
C
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p ,
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c d on
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T

Fig. 8. TPD of fresh catalyst and SO2 and O2, pre-covered catalyst.

The peak at 820◦C corresponds to the simultaneous
decomposition/desorption of Ce2(SO4)3 and CeOSO4 in
agreement with the literature[23]. Distinction between differ-
ent sulfur compounds of cerium is well studied[23,25], based
on these observations, it can be concluded that the less stable
surface species, such as S2O7

2− decompose atT < 450◦C,
however, other species such as CeOSO4 and Ce2(SO4)3 are
still present at 800◦C[26]. Analysis of the above experiments
clearly shows that some of the sulfur species associated with
the support can be decomposed at 450◦C and most of it can be
removed at higher temperatures. Also, from the TGA results
it was concluded that in a reducing atmosphere most of the
poison species could be removed. If this is true, the deacti-
vated catalyst should retain most of its initial activity when
subjected to a reducing atmosphere at temperatures above
800◦C.

We followed upon this observation from the TPD and
TGA analysis that the S-poison (Ce2(SO4)3) from deac-
tivated catalysts decompose in a reducing environment at
higher temperatures (T > 800◦C). An experiment was con-
ducted to reactivate the S-poisoned (JP8) spent catalyst. A
fresh Pt catalyst was utilized in the ATR of JP8 fuel until
a significant decrease in the activity was observed followed
by a regeneration treatment at 800◦C under a constant flow
of 20% hydrogen for 30 min. This catalyst was then tested
for its autothermal reforming activity under the same condi-
t in
F tely

F alyst
a

ccur at higher temperatures resulting in the formatio
ulfate species that are difficult to desorb. This may be
ed by comparing the desorption profiles of the used cat
ith that of a fresh catalyst at a higher temperature rang
Decomposition of different commercial sulfates w

eported as a function of temperature and it is known
ertain cerium sulfites and sulfates, such as Ce2(SO4)3 and
eOSO4, decompose at temperatures above 700◦C [23].
ig. 8 corresponds to temperature programmed desor
rofiles of fresh, pre-adsorbed (with SO2 and O2) catalyst
oth of which were pre-treated to remove residual water
O2. There was no sign of desorption peaks over the f
atalyst. However, four distinctive peaks were observe
he pre-adsorbed catalyst. The lower temperature pea
ue to dioxide and trioxide desorption as discussed a
he peak at 350◦C can be attributed to Ce2(SO4)3 [24].
ions as reported in part I[10] and the results are shown
ig. 9. It can be noticed that the Pt catalyst was comple

ig. 9. ATR activity of Pt/ceria catalyst after treating the poisoned cat
t 800◦C in 20% H2 in helium for 30 min.
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Table 3
Acidity measurements on fresh and spent Pt/ceria catalysts during the NH3-
TPD analysis

Catalyst Intermediate acidity Strong acidity

Fresh catalyst Yes Yes
Spent (synthetic diesel ATR) Yes Yes
Spent (JP8 ATR) Yes (low) None

reactivated, hydrogen yield improved to a value of 69%
compared to 56% from the poisoned catalyst. However, the
hydrogen yield decreased later during the experiment again
because of the poisoning effect. This experiment indeed con-
firms the fact that the poisoning is reversible and is enhanced
at higher temperatures in presence of a reducing environment.

3.6. NH3-temperature programmed desorption study

It is well-known that the acid–base properties of the cata-
lysts play a role in chemical reactions (activity, selectivity and
stability). Temperature programmed desorption of ammo-
nia is a well-known method for the determination of acidic
strength of catalysts. TPD curves suggest a reasonable picture
of the distribution of the acid sites on the catalyst surface. In
the present study, the acidity measurements have been carried
out by ammonia TPD method.

In a typical experiment,∼400 mg of catalyst was utilized.
Prior to TPD studies, the catalyst was pre-treated by passing
pure helium at 250◦C for 2 h followed by saturation with
high purity anhydrous ammonia at 25◦C, and subsequently
flushed at room temperature for 2 h to remove the physisorbed
ammonia. TPD analysis was carried out from ambient tem-
perature to 600◦C at a heating rate of 20◦C min−1. The
ammonia concentration in the effluent stream was monitored
with the thermal conductivity detector.

TR)
a acid
s een
c vari-
a ted
i -
t
a enti-
fi
[ rature
r me-
d rt-up,
4 one
( sts
h these
o ation
o

lysts
t ter-
i talyst
( ith
d sites

Fig. 10. Results of temperature programmed desorption (TPD) of NH3 over
fresh and spent ATR catalysts.

in the temperature range 100–350◦C and strong acid sites
at temperatures above 600◦C. The other two used catalysts
exhibit similar distributions of acid strengths for the interme-
diate acidities. However, for the catalyst used in JP8 ATR, the
desorption peak associated with strong acidity totally disap-
peared suggesting a drop in the total acidity of the catalyst
w.r.t reference. Also, it is known that acid-type oxide carriers
provide further possibilities for stabilization of small metal
particles by their accommodation as metal-proton adducts.
This may be one of the reasons for the activity drop over
this catalyst, possibly caused by instable metal particles over
the less-acidic carrier/support. The catalyst used for synthetic
diesel ATR exhibited acid strength distributions close to the
reference in line with the activity data presented in part I[10].

These results show that the S-poison from the JP8 fuel
induces very important changes in the amount of acidity and
in the acid strengths distribution possibly due to the formation
of new species as evidenced in the TPD and XPS results. As
a result, we assume that strong acidities play a major role in
diesel autothermal reforming because they were significantly
modified by the presence of poisonous species.

4. Poisoning mechanism

XPS analysis confirmed an increased conversion of Ce4+

t be
d
g ecies
o l and
s s
o rature
p sure-
m rom
t

dif-
f , we
p e
f ata-
l and
B

Three catalysts viz. fresh Pt/ceria, spent (synthetic A
nd spent (JP8 ATR) were tested to find their respective
trengths. They were chosen to find out correlation betw
hange in activity and acidic strength of the catalyst. The
tion in ATR catalytic activity of these catalysts is repor

n part I [10]. It is well-known that a low/high NH3 desorp
ion temperature corresponds to weak/strong acid sites[27];
ccordingly, two classes of acid sites are currently id
ed: weak-intermediate (100–350◦C) and strong (>600◦C)
28,29]. These features are based on the reaction tempe
ange observed for the ATR of synthetic diesel fuel. Inter
iate acidity corresponds to the reactor temperature (sta
00◦C) and strong acidity to the maximum conversion z
most active reactions,∼800◦C). Since the tested cataly
ad different surface areas, only a qualitative analysis of
bservations is presented here and a quantitative estim
f the number of acid sites cannot be done.

Fig. 10presents the ammonia TPD profiles for the cata
ested andTable 3represents corresponding acidity charac
stic over each of the catalysts. The reference Pt/ceria ca
fresh) exhibits a broad distribution of acidic strengths w
esorption peaks corresponding to intermediate acid
o Ce3+ states in the spent catalyst, which may partially
ue to formation of sulfites according to reaction(1). It is
enerally assumed that the formation of poisonous sp
n the reducible oxides changes the surface, chemica
tructural characteristics[30]. This fits well with the result
bserved over the fresh and used catalysts in the tempe
rogrammed reduction profiles and surface area mea
ents, where a decrease in the mobility of oxygen (f

he support) was observed.
In light of the above results related to the adsorption,

usion and desorption of sulfur-poison on the catalyst
ropose a mechanism as shown inFig. 11that is responsibl

or the loss in partial activity of the ceria supported Pt c
yst. The characterization data from the XPS, TPR, TPD
ET analysis supports this hypothesis.
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Fig. 11. Reaction/poisoning mechanism (adsorption, diffusion, desorption) deduced from experimental results and surface characterization analysis.

The Pt with sulfating ceria support adsorbs SO2 and SO3
formed from sulfur contained in the diesel fuel (evident from
Pt 4f, S 2p XPS spectra). During the reactions, the support
interacts with SO3, protecting the active sites on the surface.
The adsorption of SO3 by the support (resulting in the for-
mation of cerium sulfates and sulfites as observed in the TPD
studies) decreases the rate of the reaction. When the poi-
sonous source is removed from the gas stream, SO3 desorbs
from the support, spills onto the active metal sites and con-
tinues the suppression of diesel reforming activity.

Combined with the TPD results, TGA analysis allow us to
deduce the following reaction pathway: SO2 adsorbed on the
ceria surface species close to Pt would be easily oxidized to
SO3 (as observed in the TPD, TGA results) leading to the for-
mation of sulfate species. These surface species then migrate
into the ceria bulk in the presence of SO3 excess. Pt, increas-
ing the SO3 formation favors the sulfate diffusion in the ceria
support (TGA results). A higher surface area leads to a larger
amount of adsorbed SO3 on ceria catalysts[31,32]. TPD anal-
ysis showed that some of the bulk like species disappear first
and are not present at lower temperatures (T < 450◦C) on
ceria, while some surface sulfate species are still adsorbed at
800◦C.

Table 4shows the free energy values for the formation and
dissociation of certain compounds proposed in the mecha-
nism. Even at temperatures of 400◦C, sulfates and sulfites

of ceria are easier to form. However, in a reducing atmo-
sphere, the sulfites are easier to dissociate than the sulfates
(free energy values), in line with the observations made dur-
ing TPD studies.

Finally, from TGA and TPD analysis it is clear that the
entire sulfate formed on the support was not removed even
in the presence of reducing environment (reaction gases, H2
and CH4) resulting in a permanent loss of some activity due
to the irreversible adsorption/chemisorption of sulfur entities
that impede the mobility of oxygen (from the support) to the
active sites (as observed in the TPR studies).

Finally, by combining the findings stated above, the fol-
lowing overall deactivation mechanism is proposed:

Pt + SO2 → Pt–SO2 (2)

Table 4
Free energy values for different compounds (formation, dissociation) pro-
posed in the mechanism

Reactants Products �G (kcal mol−1,
400◦C)

�G (kcal mol−1,
800◦C)

SO2, O2 SO3 −16.94 –
SO3, CeO2 CeOSO4 −18.43 –
SO3, CeO2 Ce2(SO4)3 −72.82 –
CeOSO4, H2 CeO2, H2S 182.5 103.09
Ce2(SO4)3, H2 CeO2, H2S 268.9 187.96
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2Pt–SO2 + O2 → 2Pt–SO3 (3)

4Pt–SO3 + 2CeO2 + 5
2O2

→ Ce2(SO4)3 + CeOSO4 + 4PtO (4)

(reaction rate high at higher temperatures)

CeOSO4 + H2 → CeO2 + SO2 + H2O (T ∼ 400◦C) (5)

Ce2(SO4)3 + 2H2 → 2CeO2 + 3SO2 + 2H2O (6)

(T > 750◦C, sulfur free environment)

5. Conclusions

Based on the results from the characterization studies on
fresh and spent catalysts used in autothermal reforming of
diesel fuel presented in part I, a global deactivation mecha-
nism responsible for activity loss is proposed. The deposition
and diffusion of certain poisoning compounds like carbon and
sulfates/sulfites of ceria was found to deactivate the catalyst.
Results from TPD and TGA suggest a regeneration technique,
according to which, the poisoning is reversible in a hydrogen
atmosphere and is enhanced at high temperatures.
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