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Nanoscale Ce-ZrO2, synthesized by cationic surfactant-assisted method, has useful
partial oxidation activity to convert palm fatty acid distillate (PFAD; containing C16–
C18 compounds) to hydrogen-rich gas with low carbon formation problem under mod-
erate temperatures. At 1123 K with the inlet O/C ratio of 1.0, the main products from
the reaction are H2, CO, CO2, and CH4 with slight formations of gaseous high hydro-
carbons (i.e., C2H4, C2H6, and C3H6), which could all be eliminated by applying
higher O/C ratio (above 1.25) or higher temperature (1173 K). Compared with the
microscale Ce-ZrO2 synthesized by conventional coprecipitation method, less H2 pro-
duction with relatively higher C2H4, C2H6, and C3H6 formations are generated from
the reaction over microscale Ce-ZrO2. The better reaction performances of nanoscale
Ce-ZrO2 are linearly correlated with its higher specific surface area as well as higher
oxygen storage capacity and lattice oxygen mobility, according to the reduction/oxida-
tion measurement and 18O/16O isotope exchange study. VVC 2010 American Institute of

Chemical Engineers AIChE J, 57: 2861–2869, 2011
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Introduction

Hydrogen-rich gas is the major fuel for solid oxide fuel
cell, which can be readily produced from the reactions of
several hydrocarbons, i.e., methane, methanol, ethanol, lique-
fied petroleum gas, gasoline, and other oil derivatives with
oxygen-containing coreactants, i.e., O2, H2O, and CO2. Par-

tial oxidation, steam reforming, and the combination of both
reactions (as called autothermal reforming) have been known
as feasible processes to produce hydrogen-rich fuel from
several hydrocarbons.1,2 Steam reforming is currently the
most common process for producing hydrogen1; however, it
has a disadvantage of slow startup, which makes it more
suitable for a stationary system rather than for a mobile sys-
tem.2 Recently, catalytic partial oxidation3–6 and autothermal
reforming7,8 appear to have attracted much interest. The par-
tial oxidation consists of substoichiometric oxidation of
hydrocarbons, whereas the autothermal reforming integrates
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partial oxidation with steam reforming. Theoretically, both
partial oxidation and autothermal reforming offer significant
lower energy requirement and higher gas-space velocity than
steam reforming reaction.9

Focusing on fuel selection, because of the current oil crisis
and shortage of fossil fuels, the development of H2 produc-
tion process from biomass-based feedstock attracts much
attention. Among them, palm oil is one of the current attrac-
tive feedstocks that has widely been converted to transporta-
tion fuel (e.g., biodiesel via transesterification process).
Generally, crude palm oil (CPO) always contains high
amount of free fatty acid (FFA), and the presence of too
high FFA could easily result in high amounts of soap pro-
duced during the transesterification reaction. To avoid this
reaction, FFA must be initially removed from CPO (as called
palm fatty acid distillate or PFAD). The conversion of this
PFAD to valuable products, e.g., hydrogen-rich gas would
provide the great benefit in terms of energy and environmen-
tal aspects as well as reducing the cost of biodiesel produc-
tion, enabling biodiesel to compete economically with con-
ventional petroleum diesel fuels. Practically, PFAD consists
mainly of palmitic acid (C16H32O2: CH3(CH2)14COOH),
oleic acid (C18H34O2: CH3(CH2)7CH¼¼CH(CH2)7COOH),
and linoleic acid (C18H32O2: CH3(CH2)4CH¼¼CHCH2CH¼¼
CH(CH2)7CO2H) with various ratios depending on the source
of oils. These high hydrocarbon compounds should be effi-
ciently used as the feedstock for H2 production. Nevertheless,
until now, only a few works have presented the catalytic
reforming or cracking of acetic acid and/or heavy hydrocar-
bons to H2.

10-12 Theoretically, the major difficulty to reform
the heavy hydrocarbon compounds like PFAD is the possible
degradation of catalyst due to the carbon deposition as PFAD
can homogenously decompose to several gaseous hydrocarbon
elements, which could further decompose to carbon species
and deposit on the surface of catalyst.

In this work, Ce-ZrO2 was applied as oxidative catalyst
because ceria-based materials were known as an alternative
reforming catalyst, which can reform hydrocarbons and oxy-
hydrocarbons efficiently with high resistance toward carbon
formation because of their high oxygen storage capacity
(OSC) and redox property.13–19 The addition of zirconium
oxide (ZrO2) to ceria has also been known to improve the
specific surface area, the OSC, the redox property, the ther-
mal stability and the catalytic activity of ceria.20–26 In this
study, Ce-ZrO2 was mainly prepared by cationic surfactant-
assisted method because we previously reported the achieve-
ment of nanoscale material with high surface area and good
stability from this preparation technique, which is mainly
due to the interaction of hydrous oxide with cationic surfac-
tants under basic condition.27,28 It is noted that the perform-
ances of Ce-ZrO2 prepared by this method in terms of partial
oxidation activity, resistance toward carbon formation, and
the redox properties (i.e., OSC and lattice oxygen mobility)
were also compared with those of Ce-ZrO2 synthesized by
the typical coprecipitation method.

Experimental

Raw material

PFAD was obtained from Chumporn Palm Oil Industry
Public Company, Thailand. It consists of 93 wt % FFA

(mainly contains 46% palmitic acid, 34% oleic acid, and 8%
linoleic acid with small amount of other fatty acids, i.e., ste-
aric, myristic, tetracosenoic, linolenic, ecosanoic, ecosenoic,
and palmitoleic acid). The rest of the elements are triglycer-
ides, diglycerides, monoglycerides, and traces of impurities.

Catalyst preparation and characterization

Ce-ZrO2 was chosen as an oxidative catalyst in this work.
The materials with different Ce/Zr molar ratios were pre-
pared by coprecipitation of cerium nitrate (Ce(NO3)3�H2O)
and zirconium oxychloride (ZrOCl2�H2O) (from Aldrich) in
the presence of 0.1 M cetyltrimethylammonium bromide so-
lution (from Aldrich) as a cationic surfactant. The ratio
between both solutions was altered to achieve Ce/Zr molar
ratios of 1/3, 1/1, and 3/1, whereas the molar ratio of
(([Ce]þ[Zr])/[cetyltrimethylammonium bromide] was kept
constant at 0.8. The solid solution was formed by the slow
mixing of this metal salt solution with 0.4 M urea. After
preparation, the precipitate was filtered and washed with
deionized water and ethanol to prevent an agglomeration of
the particles. It was dried overnight in an oven at 383 K and
then calcined in air at 1173 K for 6 h. According to the
preparation of Ce-ZrO2 by coprecipitation method, similar
procedure as described above without adding of cetyltrime-
thylammonium bromide solution was applied. From the
preparations, high specific surface area Ce-ZrO2 (with the
specific surface area of 46.5, 47, and 49 m2 g�1 for the cata-
lysts with Ce/Zr of 3/1, 1/1, and 1/3, respectively) and aver-
age particle size of 50–80 nm (less than 100 nm; so-called
nanoscale Ce-ZrO2) can be achieved from the surfactant-
assisted method, whereas relatively lower specific surface
area (20, 20.5, and 22 m2 g�1 for the catalysts with Ce/Zr of
3/1, 1/1, and 1/3, respectively) with average particle size of
100–150 lm was obtained from the coprecipitation method.
It is noted that the average catalyst particle sizes were esti-
mated by the nanosizer and the particle size analyzer. To
investigate the OSC and lattice oxygen mobility of synthe-
sized catalysts, the reduction/oxidation measurement and
18O/16O isotope exchange study were applied; details of
these studies are described in Section ‘‘reactivity of Ce-ZrO2

toward partial oxidation of PFAD.’’
It is noted that, for comparison, Ni/Ce-ZrO2 (with 5 wt %

Ni) was also tested for steam reforming reaction in this
work. They were prepared by impregnating Ce-ZrO2 with
Ni(NO3)2 solution (from Aldrich). The catalysts were cal-
cined at 1173 K and reduced under H2 flow at 573 K for 6 h
before use. After treatment, the catalysts were characterized
by several physicochemical methods, i.e., the weight con-
tents of Ni were determined by X-ray fluorescence analysis;
the reducibility of catalyst was calculated from the degree of
H2 uptakes from the temperature-programed reduction test-
ing; the dispersion percentage was identified from the volu-
metric H2 chemisorption measurement using chemisorption
analyzer; and the catalyst specific surface area was obtained
from BET measurement. According to these characteriza-
tions, the catalyst consists of 5.01% Ni loading content with
the reducibility and Ni dispersion of 92.6 and 8.95%, respec-
tively. Furthermore, the specific surface area was observed
to be 41.5 m2 g�1.
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Apparatus and procedures

An experimental system was designed and constructed as
shown elsewhere.27 The feed gases, i.e., He (as carrier gas), O2

and H2 (used to reduce Ni/Ce-ZrO2) were controlled by three
mass flow controllers, whereas PFAD and water were intro-
duced by the heated syringe pump (with the reactant feed flow
rate of 2.54 cm3 h�1) and vaporized by our designed quartz va-
porizer-mixer system. These gaseous feed was introduced to
the 10-mm-diameter quartz reactor, which was mounted verti-
cally inside a tubular furnace. A Type-K thermocouple was
placed into the annular space between the reactor and furnace.
This thermocouple was mounted on the tubular reactor in close
contact with the catalyst bed to minimize the temperature dif-
ference between the catalyst bed and thermocouple. Another
Type-K thermocouple was inserted in the middle of quartz
tube to recheck possible temperature gradient; this inner-sys-
tem thermocouple is covered with small closed-end quartz rod
to prevent the catalytic reactivity of thermocouple during reac-
tion. The recorded values showed that maximum temperature
fluctuation during the reaction was always �1.0�C or less
from the temperature specified for the reaction. It is noted that
all experiments were carried out at isothermal condition after
the system temperature was raised up to its setting temperature
and waited until reaching steady state.

Catalysts (50 mg) were diluted with SiC (to obtain the total
weight of 500 mg) to avoid temperature gradients and loaded
in the quartz reactor. Preliminary experiments were carried out
to find suitable conditions in which internal and external mass
transfer effects are not predominant. Considering the effect of
external mass transfer, based on the results from our previous
publications,27,28 the total flow rate was kept constant at 100
cm3 min�1 under a constant residence time in all testing. The
suitable average sizes of catalysts were also verified to confirm
that the experiments were carried out without the effect of in-
ternal mass transfer limitation. After the reactions, the exit gas
mixture was transferred via trace-heated lines to Porapak Q
column Shimadzu 14B gas chromatograph (GC) and mass
spectrometer (MS). The MS in which the sampling of exit gas
was done by a quartz capillary and differential pumping was
used for transient and carbon formation experiments, whereas
the GC was applied to investigate steady-state condition
experiments and to recheck the results from MS. It should be
noted that, in this work, the reactivity was defined in terms of
PFAD conversion and product distribution. PFAD conversion
can be calculated based on the percent difference between
PFAD in the feed and in the final product. Regarding the prod-
uct distribution, the gaseous products from the reaction include
H2, CO, CO2, CH4, C2H6, C2H4, and C3H6; the yield of H2 pro-
duction (YH2

) was calculated by hydrogen balance defined as
molar fraction of H2 produced to total H2 in the products.
Other byproduct selectivities (i.e., SCO, SCO2

, SCH4
, SC2H6

,
SC2H4

, and SC3H6
) were calculated by carbon balance, defined

as ratios of each product mole to the consumed moles of
hydrocarbon, accounting for stoichiometry; this information
was presented in terms of (relative) fraction of these byproduct
components, which are summed to 100%.

Measurement of carbon formation

To investigate the amount of carbon formed on catalyst
surface, the oxidation reaction was carried out by introduc-

ing 10% O2 in He (with the flow rate of 100 cm3 min�1)
into the system at isothermal condition (1173 K), after being
purged with He; the amount of carbon formation was deter-
mined by measuring the CO and CO2 yields. The calibra-
tions of CO and CO2 productions were performed by inject-
ing a known amount of these calibration gases from a loop
in an injection valve in the bypass line. It is noted that the
spent sample was further tested with TGA-MS (PerkinElmer,
USA) at the maximum temperature of 1273 K to ensure that
no carbon formation remains on the surface of catalyst, and
no weight loss or CO/CO2 productions were detected from
all catalysts after oxidation reaction.

Results and Discussion

Reactivity of Ce-ZrO2 toward partial oxidation of PFAD

The partial oxidation of PFAD over nanoscale Ce-ZrO2

prepared by surfactant-assisted method (with Ce/Zr ratios of
1/3, 1/1, and 3/1) was first studied at 1123 K by feeding
PFAD and O2 with O/C molar ratio of 1.0. It can be seen in
Figures 1a–c that, at this condition, H2, CO, CH4, and CO2

are the main products with small amount of C2H4, C2H6,
and C3H6 generated from the reaction. Furthermore, the con-
versions of PFAD and O2 are always close to 100%, and
small amount of water formation (\1%) is observed. For
comparison, the homogeneous (noncatalytic) partial oxida-
tion of PFAD was also investigated by feeding PFAD and
O2 with O/C molar ratio of 1.0 to the quartz tube filled with
500 mg of SiC at 1123 K. It was found that more than 90%
of PFAD are converted; nevertheless, the main gaseous prod-
ucts formed are hydrocarbon compounds (i.e., CH4, C2H4,
C2H6, and C3H6 with the selectivities of 27.7, 23.3, 22.7,
and 10.5%, respectively) with slight formations of CO and
CO2 (12.8% SCO and 3.0% SCO2

). Furthermore, significant
amount of carbon was also detected in the blank reactor after
exposure for 6 h.

The results from Figures 1a–c reveal that Ce-ZrO2 with Ce/
Zr ratio of 3/1 shows the best performance in terms of its high
H2 production with lowest C2H4, C2H6, and C3H6 formations.
Furthermore, according to the postreaction oxidation experi-
ment, the amount of carbon formation on the surface of Ce-
ZrO2 with Ce/Zr ratio of 3/1 after reaction (48 h) was rela-
tively lower than other two ratios (3.4 mmol g�1

cat compared
with 4.3 and 4.7 mmol g�1

cat observed over Ce-ZrO2 with Ce/Zr
ratios of 1/1 and 1/3, respectively). For comparison, the partial
oxidation of PFAD over microscale Ce-ZrO2 prepared by
coprecipitation method (with Ce/Zr ratios of 1/3, 1/1, and 3/1)
was also carried out at the same operating conditions (1123 K
with O/C molar ratio of 1.0). As shown in Figure 2, less H2

production with relatively higher C2H4, C2H6, and C3H6 for-
mations was observed over this microscale Ce-ZrO2. In addi-
tion, the postreaction oxidation also detected significantly
higher amount of carbon formation over this catalyst (4.2, 4.9,
and 5.6 mmol g�1

cat over Ce-ZrO2 with Ce/Zr ratios of 3/1, 1/1,
and 1/3, respectively). These results strongly indicate the bet-
ter reaction performance for nanoscale Ce-ZrO2 (with Ce/Zr
molar ratio of 3/1); hence, this catalyst was chosen for further
studies and analyses.

The effect of inlet O2 content on the catalytic reactivity
was then studied by introducing PFAD and O2 with O/C
molar ratios of 0.5, 0.75, 1.0, 1.25, and 1.5 to the catalytic
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reactor. At steady-state condition, H2 production and the dis-
tribution of all gaseous byproducts (i.e., hydrocarbons, CO,
and CO2) were measured as shown in Figure 3. It can be
seen that H2 and CO increased with increasing O2 content
until inlet O/C ratio reached 1.25. On the contrary, these
products decreased when the ratio was higher, whereas the
distribution of CO2 grew up. This is mainly due to the com-
bustion of H2 and CO by O2 in the feed. With increasing O2

content, the conversions of C2H4, C2H6, and C3H6 increased
and reached 100% at O/C molar ratio of 1.25. For CH4 for-
mation, it increased when inlet O/C molar ratio changed
from 0.5 to 1.25 but slightly decreased at higher O2 content.
These behaviors are related to the decompositions of C2H4,
C2H6, and C3H6 to CH4 at low inlet O2 concentration and
the further conversion of CH4 to CO, CO2, and H2 at higher
O2 content. We previously reported the efficient decomposi-
tion of C2H6 and C2H4 to CH4 in this range of temperature
studied.28

It is noted that the effect of temperature on the conversion

and product distribution was also carried out by varying the

operating temperatures from 973 to 1173 K while keeping

O/C molar ratio constant at 1.0. It was observed that H2,

CO, and CH4 increased with increasing temperature, whereas

CO2, C2H6, and C2H4 considerably decreased, as shown in

Figure 4. The decrease of CO2 is due to the influence of

reverse water–gas shift reaction (CO2 þ H2 ! CO þ H2O),

whereas the increases of CH4, CO, and H2 come from the

decomposition and (partial) oxidation of C2H6 and C2H4 at

higher temperature. Theoretically, the formations of gaseous

hydrocarbon (i.e., CH4, C2H4, C2H6, and C3H6) occur from

the decomposition of PFAD (Eq. 1), whereas H2, CO, and

CO2 are generated from both thermal decomposition and

partial oxidation reactions (Eqs. 2–4). It should also be noted

that, apart from thermal decomposition of PFAD, CH4 can

also be generated from methanation reactions (Eqs. 5 and 6).
Thermal decomposition of fatty acids

CxHyCOOH ! CnHmOk þ cokeþ gasesðH2;CO;CO2;CnHmÞ
(1)

Partial oxidation of gaseous hydrocarbons and possible
side reactions

2CnHm þ nO2 ! n2COþ 2mH2 (2)

2COþ O2 ! 2CO2 (3)

2H2 þ O2 ! 2H2O (4)

nCOþ 3nH2 ! nCH4þ nH2O (5)

nCO2 þ 4nH2 ! nCH4 þ 2nH2O (6)

We suggested that the good partial oxidation reactivity of
Ce-ZrO2 is related to the OSC of this material because we
previously reported that at moderate temperature, lattice oxy-
gen (OO

x) at ceria surface can oxidize gaseous hydrocarbons
(e.g., CH4).

27,28 In addition, the doping of CeO2 with Zr has
been observed to improve OSC as well as thermal stability
of the material.29–32 These benefits were associated with
enhanced reducibility of cerium (IV) in Ce-ZrO2 because of

Figure 1. Reactivities of nanoscale Ce-ZrO2 with vari-
ous Ce/Zr molar ratios toward the partial oxi-
dation of PFAD (at 1123 K with O/C molar
ratio of 1.0).

The variations in conversion and product distributions with
time from partial oxidation of PFAD over (a) Ce-ZrO2

(Ce/Zr molar ratio of 3/1), (b) Ce-ZrO2 (Ce/Zr molar ratio
of 1/1), and (c) Ce-ZrO2 (Ce/Zr molar ratio of 1/3).
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the high O2� mobility inside the fluorite lattice.26 During
partial oxidation reaction, the gas–solid reactions between
hydrocarbons present in the system (i.e., CH4, C2H4, C2H6,
and C3H6) and OO

x take place forming CO and H2 from
which the formation of carbon is thermodynamically unfav-
orable. The possible reaction pathway for partial oxidation
of PFAD over Ce-ZrO2 is illustrated below:

CnHm adsorption

CnHmþ ðnþ mÞ� ! ðCH�
xÞ þ ðH�Þ ! nðC�Þ þ mðH�Þ (7)

Coreactant (O2) adsorption

O2 þ 2� , 2O� (8)

Redox reactions of lattice oxygen (OO
x) with C* and O*

C� þ Ox
O ! CO� þ V��

o þ 2e0 (9)

V��
o þ 2e0 þ O� , OO

x þ � (10)

Desorption of products (CO and H2)

Figure 4. Product compositions from the partial oxida-
tion of PFAD over nanoscale Ce-ZrO2 (Ce/Zr
molar ratio of 3/1) at various temperatures.

Effect of temperature on the product compositions from the
partial oxidation of PFAD over nanoscale Ce-ZrO2 (Ce/Zr
molar ratio of 3/1).

Figure 2. Reactivities of nanoscale and microscale Ce-ZrO2 with various Ce/Zr molar ratios toward the partial oxi-
dation of PFAD (at 1123 K with O/C molar ratio of 1.0).

The variations in product distributions from partial oxidation of PFAD at steady state (after 24 h) over nanoscale and microscale Ce-ZrO2

with Ce/Zr molar ratios of 3/1, 1/1, and 1/3.

Figure 3. Partial oxidation of PFAD over nanoscale Ce-
ZrO2 (Ce/Zr molar ratio of 3/1) at various inlet
O/C molar ratios.

Effect of inlet O/C molar ratio on the product compositions
from the partial oxidation of PFAD over nanoscale Ce-ZrO2

(Ce/Zr molar ratio of 3/1).
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CO� , COþ � (11)

2ðH�Þ , H2 þ 2� (12)

Based on the Kroger–Vink notation, V��
O denotes an oxy-

gen vacancy with an effective charge 2þ, and e0 is an elec-
tron which can either be more or less localized on a cerium
ion or delocalized in a conduction band. * is the surface
active site of ceria-based materials. During the reaction,
hydrocarbons adsorbed on * forming intermediate surface
hydrocarbon species (CHx* and eventually C* and H*) (Eq.
7). This C* later reacted with lattice oxygen (OO

x) (Eq. 9).
The steady-state rate is due to the continuous supply of oxy-
gen source by inlet O2 that reacted with the reduced-state
catalyst to recover lattice oxygen (OO

x) (Eqs. 8 and 10). It is
noted that, according to our previous studies, * can be con-
sidered as unique site or same site as lattice oxygen
(OO

x).27,28 During the reaction, hydrocarbons adsorbed on ei-
ther unique site or lattice oxygen (OO

x), whereas O2 reacted
with the catalyst reduced site to regenerate OO

x as well as
remove the formation of carbon species on the catalyst sur-
face. In this work, the amount of carbon formation (mmol
g�1
cat ) on the surface of Ce-ZrO2 after exposure to the partial

oxidation at several inlet conditions (various O/C molar
ratios and operating temperatures) was also determined, as
reported in Table 1. Clearly, the carbon formation decreased
with increasing temperature and oxygen content. Theoreti-
cally, the following reactions are the most probable reactions
that could lead to carbon formation during the partial oxida-
tion of PFAD

2CO , CO2 þ C (13)

CnHm , 0:5mH2 þ nC (14)

COþ H2 , H2Oþ C (15)

CO2 þ 2H2 , 2H2Oþ C (16)

At low temperature, reactions (15)–(16) are favorable,
whereas reactions (13) and (14) are thermodynamically unfa-
vored. The Boudouard reaction (Eq. 13) and the decomposi-
tion of hydrocarbons (Eq. 14) are the major pathways for
carbon formation at such a high temperature as they show
the largest decreased in Gibbs energy.33,34 Based on the

range of temperature in this study, carbon formation would
be formed via the decomposition of hydrocarbons and Bou-
douard reactions especially at low inlet O/C molar ratio. By
applying ceria-based catalysts, both reactions could be inhib-
ited by the redox reaction between surface carbon (C) and
lattice oxygen (OO

x) (Eq. 9), whereas the oxygen vacancy is
recovered via the reactions with supply of O2 source (Eqs. 8
and 10).

Oxygen storage capacity and lattice oxygen
mobility measurements

The higher reactivity with greater resistance toward car-
bon deposition for nanoscale Ce-ZrO2 with Ce/Zr ratio of 3/
1 compared with microscale Ce-ZrO2 and Ce-ZrO2 with Ce/
Zr ratios of 1/1 and 1/3 could be due to the better redox
properties (e.g., OSC) of this catalyst. To prove this explana-
tion, the OSC of all Ce-ZrO2 was determined by the isother-
mal reduction measurement (R-1), which was performed by
purging the catalysts with 5% H2 in He at 1173 K. The
amount of H2 uptake is correlated to the amount of O2

stored in the catalysts. As presented in Figure 5 and Table 2,
the amount of H2 uptake over nanoscale Ce-ZrO2 with Ce/Zr
of 3/1 is significantly higher than other Ce-ZrO2. The redox
reversibilities of these catalysts were also determined by
applying the oxidation measurement (Ox-1) followed by sec-
ond-time reduction measurement (R-2) at the same condi-
tions. The amounts of O2 chemisorbed and H2 uptakes (from
both R-1 and R-2) are presented in Table 2. From these
results, the amounts of H2 uptake from R-2 were approxi-
mately identical to those from R-1, indicating the reversibil-
ity of OSC for these synthesized Ce-ZrO2.

In addition to the OSC, the 18O/16O isotope exchange
experiment was carried out to investigate the lattice oxygen
mobility of these Ce-ZrO2. The sample (200 mg) was placed
in the quartz reactor and thermally treated under the flow of
high-purity helium (99.995%) at the desired temperatures for
1 h. Then, 18O2 (in helium as carrier gas) was multiple times
pulsed to the system and the outlet gases were monitored by

Table 1. Effects of Temperature and Oxygen/Carbon Molar
Ratio on the Degrees of Carbon Formation Over Ce-zrO2

After Exposure to Partial Oxidation of PFAD

Catalyst
Temperature

(K)
Oxygen/Carbon
Molar Ratio

Carbon
Formation
(mmol g�1

cal )

Ce-ZrO2

(Ce/Zr ¼ 3/1)
1123 0.5 5.3 � 0.15
1123 0.75 4.2 � 0.09
1123 1.0 3.4 � 0.10
1123 1.25 2.9 � 0.24
1123 1.5 2.7 � 0.17
973 1.0 4.3 � 0.11

1023 1.0 3.9 � 0.02
1073 1.0 3.6 � 0.15
1173 1.0 3.0 � 0.19

Figure 5. Oxygen storage capacity measurement of
nanoscale Ce-ZrO2 with various Ce/Zr molar
ratios.

Isothermal reduction testing (at 1123 K) over nanoscale
Ce-ZrO2 with Ce/Zr molar ratios of 1/3, 1/1, and 3/1.
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the MS. According to our results, the productions of 16O2

and 18O16O for nanoscale Ce-ZrO2 with Ce/Zr of 3/1 were
18 and 14% at 600�C, whereas those for nanoscale Ce-ZrO2

with Ce/Zr of 1/1 and Ce-ZrO2 with Ce/Zr of 1/3 were 13
and 6% (Ce/Zr of 1/1) and 9 and 2% (Ce/Zr of 1/3) at the
same temperature. Thus, the higher oxygen mobility of Ce-
ZrO2 with Ce/Zr of 3/1 can be confirmed. As for the testing
over microscale Ce-ZrO2, the productions of 16O2 and
18O16O at 600�C for this Ce-ZrO2 with Ce/Zr of 3/1, 1/1,
and 1/3 were 11 and 7%, 9 and 5%, and 6 and 2%,
respectively.

It can be seen that the partial oxidation reactivity, the
OSC, and the lattice oxygen mobility of Ce-ZrO2 are in the
same trend (nanoscale Ce-ZrO2 \ microscale Ce-ZrO2; Ce-
ZrO2 with Ce/Zr of 3/1 [ Ce-ZrO2 with Ce/Zr of 1/1[ Ce-
ZrO2 with Ce/Zr of 1/3), indicating the strong impact of the
catalyst specific surface area, the OSC, and the lattice oxy-
gen mobility on the catalyst reactivity.

The application of Ce-ZrO2 as preoxidative catalyst

From Section ‘‘reactivity of Ce-ZrO2 toward partial oxida-
tion of PFAD,’’ the great benefit of partial oxidation over
nanoscale Ce-ZrO2 is its high resistance toward carbon depo-
sition; nevertheless, the remaining detectable of hydrocar-
bons (i.e., CH4, C2H4, C2H6, and C3H6) in the product indi-
cates the incomplete conversion of PFAD by this catalyst.
Therefore, we further studied the potential for applying Ce-
ZrO2 as preoxidative catalyst to initially convert PFAD to
light products; the product gas from this primary partial oxi-
dation part was then mixed with steam and simultaneously
fed to the secondary steam reforming over Ni/Ce-ZrO2 to
complete the hydrocarbon conversion and maximize H2

yield. In this experiment, the initial feed was PFAD and O2

with O/C molar ratio of 1.25. At the exit of the partial oxi-
dation reaction, the steam was then added with H2O/C molar
ratio of 3.0. It is noted that the carbon considered for this
H2O/C ratio is based on the amount of unconverted carbon
compounds (i.e., CH4, C2H4, C2H6, and C3H6) from the par-
tial oxidation part. Figure 6 presents the H2 yield and other
gaseous products from this coupling system at various tem-
peratures; it can be seen that H2 production is significantly
high, and the formations of hydrocarbons, i.e., CH4, C2H4,

and C2H6, are closed to 0 particularly at high operating tem-
perature. It was also revealed that CO and H2 increase with
increasing temperature, whereas CO2, C2H4, and C2H6

decrease. The dependence of CH4 on the operating tempera-
ture was nonmonotonic, and the maximum production of
CH4 occurred at �1073 K. The increase of CH4 at low tem-
perature comes from the decomposition of all hydrocarbons
(PFAD, C2H4, and C2H6), whereas the decrease at higher
temperature could be due to the further reforming to CO and
H2; the increase in H2O conversion (from 41% at 1073 K to
45 and 48% at 1123 and 1173 K) strongly supports this ex-
planation. It is noted according to the postreaction oxidation
measurement that low carbon formation (in the range of 3.2–
4.7 mmol g�1

cat ) was observed from the spent catalysts; more-
over, the amount of carbon formation (as well as the per-
centage of CH4 in the end product) can be further minimized
by increasing the inlet steam content, as presented in Table
3 and Figure 7. For comparison, the steam reforming of
PFAD over Ni/Ce-ZrO2 (without preoxidation with Ce-ZrO2)
was also tested. Unstable profiles of H2 production, which

Figure 6. Preoxidation of PFAD with nanoscale Ce-
ZrO2 followed by the steam reforming over
Ni/Ce-ZrO2 at various temperatures.

Effect of temperature on the product compositions from the
preoxidation of PFAD with nanoscale Ce-ZrO2 followed by
the steam reforming over Ni/Ce-ZrO2.

Table 3. Effects of Temperature and Inlet Steam/Carbon
Molar Ratio on the Degrees of Carbon Formation After

Exposure to the Preoxidation of PFAD Over Ce-ZrO2

(with O/C Molar Ratio of 1.25) Followed by the
Steam Reforming Over Ni/Ce-ZrO2

Catalyst
Temperature

(K)
Steam/Carbon
Molar Ratio

Carbon
Formation
(mmol g�1

cat )

Ce-ZrO2 þ
Ni/Ce-ZrO2

973 3.0 4.7 � 0.29
1023 3.0 4.4 � 0.17
1073 3.0 3.9 � 0.11
1123 3.0 3.6 � 0.14
1173 3.0 3.2 � 0.06
1173 5.0 3.1 � 0.18
1173 7.0 2.9 � 0.10
1173 9.0 2.7 � 0.13
1173 11.0 2.7 � 0.07
1173 13.0 2.6 � 0.09

Table 2. Results of R-1, Ox-1, and R-2 Analyses of
Nanoscale and Microscale Ce-ZrO2 with Different

Ce/Zr Ratios

Catalyst

H2 Uptake
from R-1
(lmol g�1

cal )

O2 Uptake
from Ox-1
(lmol g�1

cal )

H2 Uptake
from R-2
(lmol g�1

cal )

Nanoscale Ce-ZrO2

(Ce/Zr ¼ 1/3)
2883 1423 2879

Nanoscale Ce-ZrO2

(Ce/Zr ¼ 1/1)
3692 1848 3687

Nanoscale Ce-ZrO2

(Ce/Zr ¼ 3/1)
5221 2620 5213

Microscale Ce-ZrO2

(Ce/Zr ¼ 1/3)
1087 551 1075

Microscale Ce-ZrO2

(Ce/Zr ¼ 1/1)
1701 709 1694

Microscale Ce-ZrO2

(Ce/Zr ¼ 3/1)
2625 1305 2621
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related to the high formation of carbon species on the sur-
face of catalyst, were observed. After purging in He, the
postreaction oxidation measurement detected significant
amount of carbon over the catalyst (8.4 mmol g�1

cat ). This
result indicates that Ni-based catalyst is inappropriate for the
direct reform of PFAD and highlights the great benefit of
nanoscale Ce-ZrO2 as preoxidative catalyst.

Conclusions

Nanoscale Ce-ZrO2 with Ce/Zr ratio of 3/1 has useful par-
tial oxidation activity for converting PFAD (with almost
100% conversion) to H2, CH4, CO, and CO2 with slight for-
mations of gaseous high hydrocarbon compounds, i.e., C2H4,
C2H6, and C3H6 under moderate temperature (1073–1173
K). The good reactivity was found to be closely related with
the high OSC and lattice oxygen mobility of this synthesized
catalyst, according to the reduction/oxidation measurement
and 18O/16O isotope exchange study. It was also revealed
that this nanoscale Ce-ZrO2 can be efficiently used as the
preoxidative catalyst to initially convert PFAD to light
hydrocarbons, from which the latter reforms with steam in
the presence of Ni-based catalyst to complete the hydrocar-
bon conversion and maximize H2 yield.
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