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Abstract
The catalytic partial oxidation (CPOX) of transportation fuels into synthesis gas (H2 + CO) for fuel cells is complicated by the large quantities

of aromatics and sulfur-containing compounds commonly found in these fuels. Traditional supported metal catalysts are easily poisoned by these

species which adsorb strongly onto the electron-rich metal clusters. The use of noble metal and/or oxide based catalyst systems may offer higher

activity and stability, but only if the metal can be bound into a thermally stable structure. To that end, Rh metal was substituted into the structure of a

lanthanum zirconate (LZ) pyrochlore to give La2RhyZr(2�y)O(7-j,) (LRZ) to produce a strongly bound, well-dispersed metal which is active for

CPOX. A second catalyst was prepared in which Sr was substituted for a portion of La in the LRZ structure, producing La(2�x)SrxRhyZr(2�y)O(7-j)

(LSRZ). Each of these pyrochlore catalysts, including the unsubstituted LZ, were characterized and screened for activity in the CPOX of n-

tetradecane (TD), which is a surrogate for linear paraffins typical of diesel fuel. Results were compared to a commercial Rh/g-Al2O3 catalyst.

X-ray diffraction patterns of both the LZ and LRZ showed that each had the cubic unit-cell pyrochlore structure. However, substitution of Sr

resulted in a binary perovskite-pyrochlore phase with a defect SrZrO3 phase. Hydrogen pulse chemisorption and temperature programmed

reduction studies confirmed that Rh metal was substituted into the structure of the LRZ and LSRZ, and was reducible. Activity screening with the

CPOX of TD showed that the Rh substituted in both LRZ and LSRZ is able to retain activity-producing essentially equilibrium synthesis gas yields,

as was the Rh/g-Al2O3. Temperature programmed oxidation experiments performed after the CPOX of TD demonstrated that the amount of carbon

was quantitatively similar for each catalyst (roughly 0.3 gcarbon/gcatalyst after each run), with the exception of LSRZ, which had significantly less

carbon (0.17 gcarbon/gcatalyst). It is speculated that improved oxygen ion mobility in the LSRZ material, which resulted from Sr substitution, was

responsible for the reduction in carbon formation on the surface.

Published by Elsevier B.V.
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1. Introduction

Fuel cells provide a clean, efficient alternative to conven-

tional energy conversion processes. However, widespread use

of fuel cells requires a production and distribution network for

the hydrogen-rich gas stream that these units require. Although
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such a network does not yet exist [1–3], widely available

logistic fuels, like diesel, can be readily reformed into a

hydrogen-rich gas that can be used directly in fuel cells [4,5].

Solid oxide fuel cells (SOFCs) operate at temperatures

sufficiently high that a gas stream consisting of both H2 and CO

can be used. This allows the use of reformate from hydrocarbon

fuels to be used directly in SOFCs without CO removal steps.

SOFCs have been targeted by the U.S. Department of Energy

and others for near term commercialization [6–11], and the

development of catalysts for reforming of diesel (and other

liquid fuels) is essential for these fuel cells to become widely

used.

Three main catalytic reforming reactions can be used to

convert liquid fuels into synthesis gas (H2 + CO) for fuel cells:

steam reforming (SR), catalytic partial oxidation (CPOX), and
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Fig. 1. General structure of A2B2O7 pyrochlore. Figure adapted from [39].
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autothermal reforming (ATR).

SR : CnHmþH2O ! H2þCOx DH > 0

CPOX : CnHmþO2 ! H2þCOx DH < 0

ATR : CnHmþO2þH2O ! H2þCOx DH � 0

CPOX is considered a practical reforming method to be used

for remote and logistical purposes [1,12]. Because the reaction

is exothermic, the reformer does not need to be as optimized for

heat transfer, like SR and ATR, and can be lighter and more

compact [13]. The high reaction temperatures associated with

CPOX minimize carbon and sulfur poisoning [5], improve

response to transients in the feed flow rate [14], and allow for

rapid start-up. In addition, no water storage or delivery system

is required, which makes the reforming system less complex

and reduces its cost [14,15].

As advances in SOFC design bring the technology closer to a

commercial product, a long-life CPOX reformer is required. An

analysis of the CPOX reformer shows that it should be capable

of 5000 h of continuous operation before it can be used for

practical applications [16]. Recent literature shows that the

CPOX of higher hydrocarbons is capable of producing high

synthesis gas yields with high conversion of fuel with an

appropriate catalyst [17–25]. However, long-term CPOX

reaction experiments are hindered by the deactivation of the

catalyst by the aromatic and sulfur compounds commonly

found in diesel fuel [5,21].

CPOX catalysts typically consist of Ni [14] or Group-VIII

noble metals [17,18,23,26,27] incorporated onto various high

surface area oxide substrates such as g-Al2O3, SiO2, and more

recently, mixed metal oxides [21,28]. From the literature

[19,25,29,30], Rh has been identified as the superior metal for

CPOX due to its high selectivity to H2 and CO. This behavior is

believed to be directly related to the high bond strength of Rh

metal with surface oxygen, which prevents the undesirable

reaction between surface oxygen and dissociated hydrogen

atoms on the surface to form hydroxyl radicals, and eventually

water [25]. Also, Rh has shown a high resistance to carbon

formation compared to other metals [18,21,31].

However, carbon formation and deactivation by sulfur are

key challenges for CPOX catalysts. It has been shown that

catalyst poisoning by sulfur and/or carbon is a structure

sensitive reaction [22,32]. Specifically, the deactivation

mechanism by carbon and sulfur is influenced by the cluster

size of the active metal. For example, larger metal clusters have

a much stronger interaction with carbon and sulfur, than

smaller, well-dispersed metal particles [32–34]. This problem

becomes worse at the high reforming temperatures of CPOX,

because conventional supported metals tend to sinter and

agglomerate into even larger particles.

The development of a catalyst with spatially distributed

active metal components in a structure that can tolerate the high

temperatures of CPOX may provide a more durable catalyst

compared to simple supported metal clusters. Dispersing the

metal throughout the structure may avoid the formation of

larger metal clusters at the surface that are favorable sites for

sulfur poisoning and carbon deposition, and thus may make the
catalyst less susceptible to deactivation. Mixed metal oxides

have become increasingly popular because of the ability to

substitute different metals into their structure and maintain

catalytic activity [22,35,36]. For example, Gardner et al. [22]

demonstrated the ability to effectively incorporate Ni into the

hexaaluminate structure ANi0.4Al11.6O19-d (A = La, Sr, and Ba)

and successfully partially oxidize n-tetradecane with reduced

carbon formation. Liu and Krumpelt [35] have shown that the

incorporation of Ru into a perovskite type structure (LaCr0.95-

Ru0.05O3) is catalytically active for the ATR of n-dodecane

while exhibiting sulfur tolerance.

Yet, the substitution is not exclusively limited to transition

metals. To complement the catalytic activity, additional, lower

valence elements (typically rare earth metals) can be

substituted into the structure to create oxygen vacancies which

increase oxygen ion mobility in the bulk material [35,37,38].

Oxygen mobility has been identified as a mechanism that can

reduce carbon accumulation on the surface in reforming

reactions. Erri et al. [37] reported that the addition of Ce to a Ni-

containing perovskite (La0.6Ce0.4Fe(1�x)NixO3) greatly reduces

carbon formation in ATR of JP-8 military fuel. The defects

cause oxygen anions to become more weakly bound in the

crystal lattice, and these anions can then oxidize adsorbed

carbon and its precursors.

Another class of mixed oxides, known as pyrochlores,

shows potential to incorporate noble metals and other elements

to form a catalyst with reduced carbon forming properties and

high activities. A pyrochlore is a derivative of the fluorite

structure. It is composed of 1/2 trivalent cations and 1/2

tetravalent cations in a cubic unit cell structure, shown in

Fig. 1, with the general stoichiometry A2B2O7 [38]. The A-site

is usually a large cation (typically rare earth elements) and is

coordinated with eight oxygen anions. The B-site cation has a

smaller radius (usually transition metal) and is coordinated

with six oxygen atoms. In order to form a stable pyrochlore, A

and B cations must have an ionic radius ratio between 1.4 and

1.8 [39].

In choosing an appropriate material for CPOX, the

pyrochlore must maintain chemical and thermal stability at
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reaction conditions. As a catalyst for CPOX, the lanthanum

zirconate, La2Zr2O7 (LZ) pyrochlore is of considerable interest.

Although we are not aware of any studies of this material for

reforming purposes, it has shown remarkable physical proper-

ties (e.g., thermal and chemical stability) that suggest it is an

attractive option as a CPOX catalyst. The material is currently

being investigated as an alternative to yttrium stabilized

zirconia (YSZ) as a thermal barrier coating for turbine engines

because it has a high melting point and chemical stability [40–

43]. It also has shown the mechanical strength needed to

accommodate the substitution of metals that improve oxygen

ion conductivity [42].

However, before deactivation studies can be performed, it is

necessary to understand the physical properties of the

pyrochlore catalysts and to ensure they are active catalysts

for CPOX. Thus, the purpose of this study is to evaluate a

La2Zr2O7 pyrochlore substituted with (a) Rh only, and (b)

Rh + Sr for the CPOX reforming reaction. The catalysts are

characterized to verify whether the Rh metal can be substituted

into the structure and also to correlate the reforming activity

with the physical and chemical properties of the substituted

material. Finally, each catalyst is tested for activity by the

CPOX of model compound n-tetradecane (TD), which is

intended to be a surrogate for the linear paraffins typical of

diesel fuel. Paraffins are also the most reactive compounds in

logistic fuel mixtures and they make-up the largest portion of

the fuels, roughly 40 wt% [44]. A temperature programmed

oxidation (TPO) is performed after the activity study to analyze

the formation of carbon on each catalyst. The results are

compared to a conventional supported 0.5 wt% Rh/g-Al2O3

catalyst to investigate the effects of substitution on catalytic

properties of the Rh metal.

2. Experimental

2.1. Catalyst synthesis

The pyrochlore catalysts shown in Table 1 were prepared

using a variation of the Pechini method [45–48], which

produces highly uniform non-substituted and substituted

catalyst crystals. Metal nitrates La(NO3)3�6H2O (GFS Chemi-

cals), ZrO(NO3)2�nH2O*, Rh(NO3)3�2H2O*, and Sr(NO3)2*

(*Alfa Aesar) were used as metal precursors. The nitrates salts

were dissolved separately in de-ionized water, and then

combined with a citric acid (CA) solution in a 1:1 molar ratio

of CA:metal. The solution was then heated to 75 8C while being

stirred to ensure complete metal complexation. Once at 75 8C, a

40:60 molar ratio of ethylene glycol (EG) to CA was added the
Table 1

Composition and Rh content of pyrochlore catalystsa

La2Zr2O7 (LZ) La2R

Oxygen adjustment (y) 0 0.05

Rh content (wt%) 0 2.0

a Based on amounts of metals used in the preparation process.
solution. The solution was left stirring on the hot plate until

most of the water had evaporated and a transparent, viscous gel

remained. At this point, the stir bar was removed from the

beaker, and the gel was left on the hot plate (at 75 8C) to

promote the polyesterification reaction between EG and CA

and ultimately formed the organic polymeric network [49].

During this time, the gel began frothing and bubbling violently

while large plumes of NOx were emitted due to the

decomposition of the nitrate precursors. The foam-like mass

that remained was then placed in an oven at 110 8C to dry

overnight. Following drying, the organic precursors were

oxidized by calcination at 900 8C for 5 h to form the catalyst

powders. The Rh/g-Al2O3 (0.5 wt% Rh on 3 mm alumina

pellets) catalyst was obtained commercially from Alfa Aesar

(Stock # 42507).

2.2. Catalyst characterization

2.2.1. X-ray diffraction

Phase analysis of powder samples was examined using a

PanAnalytical X’pert Pro X-ray diffraction system (model

number PW 3040 Pro). The device consisted of a ceramic

diffraction X-ray tube containing Cu Ka radiation at a wave

length of Ka 1.54184 Å. Power requirements during

operation were 45 kV and 40 mA. The divergence slit angle

for the incident X-ray beam was set to 0.58 and the anti-

scatter slit was 0.208. The receiving slit of the diffracted

beam was 28. PDF-2, Release 2004 was used as the pattern

identification database.

2.2.2. Temperature programmed reduction and H2 pulse

chemisorption

Temperature programmed reduction (TPR) and H2 pulse

chemisorption analyses were conducted with a Micromeritics

Autochem 2910 unit. Before the start of the TPR, the catalyst

was oxidized at 900 8C for 0.5 h under a 2% O2/He mixture to

burn off any impurities or residual material that may have

remained on the surface from the synthesis. After the sample

had cooled, it was ramped from 100 to 950 8C by 5 8C/min

under the 5% H2/Ar mixture and held at 950 8C for 30 min.

The amount of accessible Rh metal was determined by H2

pulse chemisorption. Before chemisorption experiments, the

catalyst was reduced under H2, then purged under argon and

cooled to 50 8C to begin chemisorption. At 50 8C, the catalyst

was dosed with 0.5377 scc 5% H2/Ar for 2 min. The dosing

process was repeated until the metal surface was saturated with

dissociated hydrogen. For H2 dispersion, a 1:2 stoichiometric

ratio of H2:metal was used [50,51].
h0.11Zr1.89O7�y (LRZ) La1.5Sr0.5Rh0.10Zr1.90O7�y (LSRZ)

5 0.30

2.0



D.J. Haynes et al. / Catalysis Today 136 (2008) 206–213 209
2.3. CPOX activity measurements

2.3.1. Reactor setup

The reactor configuration used for the catalyst activity

screening as well as its detailed description is documented

elsewhere [21]. In short, catalyst testing took place in a fixed-

bed continuous-flow reactor (Autoclave Engineers, Model no.

BTRS Jr). The catalyst was placed in an 8 mm i.d. tubular

reactor and diluted with quartz sand (5 g silica per 1 g catalyst)

of the same particle size as the catalyst, to minimize

temperature gradients and channeling throughout the bed.

Heat was supplied via a split-tube furnace, which encapsulated

the tubular reactor. Bed temperature was measured by an

axially centered thermocouple and was controlled by a

programmable controller. External heating was required to

ensure a uniform temperature distribution throughout the

catalyst bed. Although the CPOX reaction is highly exothermic,

the reactant flow rates were too low for the reaction to sustain

itself because of the significant heat losses caused by the

systems size.

2.3.2. CPOX studies

n-Tetradecane (TD) was the surrogate diesel fuel used in this

study. The CPOX of pure TD for 5 h was performed to examine

the catalyst activity and product selectivity. Experimental

conditions are detailed below in Table 2. After CPOX

experiments a temperature programmed oxidation (TPO)

was performed to determine the amount of carbon deposited

on the spent catalyst. The carbon was oxidized by passing a 5%

mixture of O2/N2 over the catalyst while it was heated from 200

to 900 8C by 1 8C/min. The catalyst was left at 900 8C
overnight and cooled to ambient in the morning.

2.3.3. Product analysis

The dry gas products: H2, CO, CO2, CH4 and N2 were

analyzed continuously by means of an online Thermo Onix

mass spectrometer (Model no. Prima db, a 200 a.m.u. scanning

magnetic sector). Larger hydrocarbon products were analyzed

with an HP5890 gas chromatograph equipped with a flame

ionization detector. Carbon balances for all experiments were

100 � 10%.

The following Eqs. (4.1)–(4.3) were used in the analysis of

the experimental data. The yield of each dry gas product, i.e.
Table 2

Experimental conditions for CPOX experiments

Feed concentration mmol/L mol%

N2 36.0 80.1

O2 8.0 17.8

TD 0.95 2.1

O/C 1.2

GHSV (scc gcatalyst
�1 h�1) 50,000

Pre-heat (8C) 375

Temperature (8C) 900

Catalyst bed (mg) 480

Pressure (MPa) 0.23
H2, CO, CO2, and CH4 was calculated by Eq. (4.1).

Yield of A ð%Þ ¼ Moles of A produced� 100

N �moles of TD fed to the reactor
(4.1)

where N is the number of moles of H2 per mole of hydrocarbon

for H2 yields and is the number of moles of carbon in the

hydrocarbon fuel for yields of carbon containing products.

Hydrocarbon (HC) yields were determined using Eq. (4.2).

HC yield ð%Þ ¼ Moles of HC produced� i� 100

N �moles of TD fed to the reactor
(4.2)

where i is the number of moles of carbon per mole of hydro-

carbon in the product (i.e. i would be 2 for ethane) and N is the

number of moles of carbon in the hydrocarbon fuel.

A carbon balance was determined by Eq. (4.3).

Carbon balance ð%Þ ¼ ðCOþ CO2 þ
Pi¼1�6

i iCiHrÞ � 100

N �moles of TD fed to the reactor

(4.3)

where i is the number of moles of carbon per mole of hydro-

carbon in the product (i.e. i would be 2 for ethane), N is the

number of moles of carbon in the hydrocarbon fuel and r is the

number of hydrogen atoms contained in the hydrocarbon

product.

3. Results/discussion

3.1. Characterization

3.1.1. X-ray diffraction

The X-ray diffraction (XRD) patterns for the pyrochlore

catalysts after calcination are shown in Fig. 2. The XRD of LZ

demonstrates a single-phase, cubic unit cell structure distinctive

to the pyrochlore and resembles similar patterns seen in the

literature [42,52]. The similar diffraction pattern for LRZ

indicates the metal loading of Rh (2 wt%) is low enough that

substituting for the B-site Zr4+ ions does not result in any peak

shifts or phase changes in the bulk crystalline properties of the
Fig. 2. XRD patterns illustrating the structural changes on LZ after substitution

of Rh only, and Rh and Sr. (*) Peaks from La2Zr2O7 pyrochlore; (~) peaks

from SrZrO3 perovskite.
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material. The substitution of the larger ionic radius Sr2+

(0.126 nm in 8-fold coordination) for the smaller La3+

(0.116 nm in 8-fold coordination) expands the lattice parameter

of the pyrochlore structure [53,54]. This is evident in Fig. 2 as

the pyrochlore peaks in LSRZ are shifted to slightly higher 2u

values compared to LZ. In spite of this, it appears only some of

Sr was substituted into the structure, as a separate SrZrO3

perovskite phase forms in addition to the pyrochlore. This is

consistent with two studies involving Zr-pyrochlores [53,54].

In a study to determine the durability of La2Zr2O7 pyrochlore to

encapsulate simulated high-level nuclear waste products Ce

and Sr, Hayakawa and Kamizono [53] found Sr to be only

2.5 mol% soluble in the structure, while excess Sr would lead to

the formation of SrZrO3. In a similar study Patwe and Tyagi

[54] found that only 1.2 mol% Sr can be substituted into the

structure of Gd2Zr2O7 pyrochlore before the SrZrO3 phase

forms. Thus, with the amount of Sr used in this study, the LSRZ

is likely a composite material with a contiguous mixture of Rh-

doped La2Zr2O7 and SrZrO3. It should be noted that as there are

two phases present, both phases may contribute to the observed

catalytic activity. The extent of activity that can be attributed to

each phase is unknown in this study, and will be subject of

further research.

3.1.2. Temperature programmed reduction

TPR profiles for the catalysts used in this study are shown in

Fig. 3. The reduction of Rh/g-Al2O3 shows two peaks (136 8C
and 260 8C). These can be attributed to the reduction of two

different rhodium oxide species (RhOx) [55–58], although the

exact peak reduction temperatures observed here differ slightly

from literature values [55,57], likely due to the extent of

interaction between the rhodium and alumina support.

Reduction of the LZ exhibits a single, broad peak at 527 8C.

LRZ and LSRZ each show high temperature peaks similar to

the LZ, at 549 8C and 540 8C, respectively. The peak is shifted

to a slightly higher temperature, compared to LZ, probably as a

result of the substitution of Rh and Sr into the LZ structure.

After Rh substitution, a distinct, low temperature peak

(280 8C for LRZ and 274 8C for LSRZ) occurs. This peak
Fig. 3. TPR results illustrating the change in reduction properties of LZ after

the addition of Rh only (LRZ), or Rh and Sr (LSRZ) and compared to Rh/g-

Al2O3.
appears to be qualitatively similar to the high temperature peak

(260 8C) of the Rh/g-Al2O3, only shifted to a slightly higher

temperature, likely due to the interaction of Rh with

surrounding elements in the pyrochlore structure. This is an

indication that even though Rh is substituted throughout the

structure, some Rh atoms are accessible at the surface and can

be reduced. The two peaks are likely the result of the reduction

of a small amount of partially coordinated surface Rh atoms to

their metallic state. Fig. 3 also shows that the low-temperature

reduction peak seen for the Rh/g-Al2O3 (136 8C) is not present

in either of the Rh-substituted pyrochlores. This shows that the

Rh in the pyrochlores is present in a different, less easily

reduced state in the Rh/g-Al2O3.

3.1.3. H2 pulse chemisorption

Table 3 shows that the amount of accessible Rh metal at the

surface of the pyrochlores is less than that for the Rh/g-Al2O3.

Although low dispersion values for the LRZ and LSRZ might

suggest that large Rh metal clusters may have formed on the

surface, the lack of a low temperature reduction peak (136 8C)

for Rh in the pyrochlores in Fig. 3 (which is seen for the Rh/g-

Al2O3), indicates that most of the metal is contained within the

structure.

3.2. CPOX of TD-only

3.2.1. Thermodynamic equilibrium and blank reactor

The activity and selectivity of each catalyst was evaluated by

the CPOX of TD for 5 h. However, before catalytic testing,

thermodynamic equilibrium product yields were calculated at

reaction conditions to serve as a reference to judge catalytic

activity. Also, the CPOX of TD was performed in a blank

reactor to provide a reference for the catalytic reactions. These

results are presented in Table 4.

Equilibrium values were determined by a Gibbs free energy

minimization calculation using HSC Chemistry software [59].

The calculations were made assuming a mixture of 2 mol% TD,

18 mol% O2, and 80 mol% N2 (O/C = 1.2), 0.23 MPa and

900 8C. The thermodynamic equilibrium values indicate that, at

reaction conditions used in this study, equilibrium H2 and CO

yields are high, with a ratio of H2/CO slightly <1, with no C2–

C6 hydrocarbon formation.

Product yields from the CPOX of TD over inert quartz sand

(Table 4) are similar to a blank that was run previously in this

same system, under the same conditions, only at 850 8C [60]. It

can be seen that a significant amount of the TD is converted to

olefins and benzene (�23%), as well as lower hydrocarbons

such as methane (�8%), which are not predicted by

equilibrium. Ethylene is the main gas-phase reaction product
Table 3

Effective Rh content of each catalyst studied

Catalyst %Accessible

Rh/g-Al2O3 (0.51 wt% Rh) 72.6

LRZ (2 wt% Rh) 1.9

LSRZ (2 wt% Rh) 4.7



Table 4

Equilibrium and blank reactor (quartz sand) product yields, and carbon balance

for the CPOX of TD at O/C = 1.2, P = 0.23 MPa, 900 8C and

50,000 scc gcatalyst
�1 h�1

Equilibriuma Quartz sand (blank)

H2 yield (%) 90.0 17.0

CO yield (%) 92.0 42.0

CO2 yield (%) 8.5 17.0

CH4 yield (%) 0.1 8.0

Ethane yield (%) 0.0 0.70

Ethylene yield (%) 0.0 16.30

Propylene yield (%) 0.0 1.5

C4-ene yield (%) 0.0 1.0

Benzene yield (%) 0.0 3.90

Carbon balance (%) 100 90

a Equilibrium calculations were made using a Gibb’s minimization technique

in HSC Chemistry software. Calculations were made assuming a mixture of

2 mol% TD, 18 mol% O2, and 80 mol% N2.

Fig. 4. Carbon balance and yields of yields of H2, CO, CO2, and CH4 during the

CPOX of TD over LSRZ for 5 h at an O/C = 1.2, 0.23 MPa, 900 8C and

50,000 scc/gcatalyst/h. H2 ( ), CO ( ), CO2 ( ), CH4 ( ), and carbon balance

( ) (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of the article).
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that forms over the quartz, which is consistent with other results

[30,61]. Although these hydrocarbons contain H2, their

formation cannot account for the difference in H2 yields

compared to equilibrium values. A mass balance for

unconverted O2 and H2 atoms shows an H/O ratio of roughly

2.4 over the 5 h experiment, suggesting that water formation is

occurring (water was not quantitatively analyzed here).

3.2.2. CPOX catalysts

Reforming results for Rh/g-Al2O3 as well as those for the un-

substituted and substituted pyrochlores after the CPOX of TD for

5 h are shown in Table 5. Each catalyst exhibits steady reforming

yields over the 5 h experiment, with all catalysts showing>95%

conversion of TD to gaseous hydrocarbons products. The H2,

CO, CO2 and CH4 yields produced over the LSRZ are presented

in Fig. 4 to illustrate the activity over this time period.

The H2 and CO yields produced over Rh/g-Al2O3 were close

to equilibrium levels while olefin and benzene yields remained

low, which indicates Rh is highly active for the CPOX of higher

hydrocarbons. This activity is consistent with the results from

Schmidt’s group [17,23,24,27,62], who have reported high H2

and CO selectivities (>70%) for the CPOX (O/C = 1.2) of n-

decane [17,23] and n-hexadecane [17,62] over a Rh/g-alumina

coated onto an a-Al2O3 foam monolith.

In comparison to the Rh/g-Al2O3, LZ is less selective

towards synthesis gas, which is to be expected in the absence of

a noble metal. The carbon balance shows all carbon is

accounted for within experimental error, but the LZ pyrochlore
Table 5

Product yields and carbon balance for Rh/g-Al2O3 and pyrochlores after 5 h

reforming of TD at O/C = 1.2, 0.23 MPa, 900 8C and 50,000 scc gcatalyst
�1 h�1

0.5 wt% Rh/g-Al2O3 LZ LRZ LSRZ

H2 yield (%) 85 65 83 86

CO yield (%) 79 68 83 89

CO2 yield (%) 20 21 7 4

CH4 yield (%) 1 8 5 1

Olefin yield (%) 0.2 3.0 1.0 n.d.a

Carbon balance (%) >99 >99 >96 >95

a n.d. – not detected.
produces a noticeably larger quantity of methane, as well as C2–

C3 hydrocarbons than Rh/g-Al2O3. It is the formation of these

products that results in lower H2 and CO yields and a synthesis

gas ratio (H2/CO) �1. A mass balance of hydrogen-containing

species in the product stream of LZ shows the equivalent yield

of H2 contained in these hydrocarbons to be between 10 and

11% over the 5 h of the experiment. This indicates that the

lower H2 formation between LZ and Rh/g-Al2O3 can be

accounted for by the increase in formation of CH4, and C2–C3

hydrocarbons (mainly ethylene).

The substitution of Rh in LZ and LSZ shows comparable

synthesis gas and olefin yields to Rh/g-Al2O3 for the CPOX of

TD. This confirms that the available Rh retains its high activity

and selectivity after it is substituted into the structure. The

activity likely results from the atomically dispersed Rh metal at

the surface that are only partially coordinated with oxygen

atoms, rather than fully coordinated within the structure. This is

consistent with TPR results for LRZ and LSRZ that were

presented earlier, in Fig. 3, where a low temperature reduction

peak indicates that a small amount of Rh is accessible at the

surface and is reducible. In this case, the partial coordination of

rhodium permits the metal to readily react with TD (or

secondary hydrocarbon products) and oxygen at the surface. A

similar behavior was reported by Liu and Krumpelt [35] for the

ATR of surrogate diesel fuel mixture using a ruthenium

substituted perovskite catalyst. They reported that the most

active sites for ATR activity were surface ruthenium atoms

distributed at the B-site. The results here also suggest that a

catalyst containing only the partially coordinated Rh at the

surface of the pyrochlore structure would be active for CPOX.

Such a catalyst would avoid the added cost of Rh that is

contained within the catalyst, but which does not apparently

contribute significantly to the activity. Further, the addition of

Sr to the LRZ pyrochlore (forming the LSRZ) improves the

activity slightly (Table 5), and significantly reduces methane

and olefin yield. The latter is important because olefins are

considered the precursors to the formation of carbonaceous
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deposits on the catalyst [5], and their presence suggests that

eventual deactivation by carbon is likely.

3.2.3. Carbon formation

As in all hydrocarbon reforming reactions, the CPOX of TD is

accompanied by the formation of carbon. Guisnet and Magnoux

[63] reported that for hydrocarbon reforming reactions above

350 8C, the adsorbed carbon species generally consist of

polyaromatic compounds, which are also known as coke.

Therefore, as the CPOX of TD in this study takes place at 900 8C,

or higher, it is probable that the carbon formed on each catalyst

contains these types of compounds. The carbon/coke content for

each catalyst was quantified by a TPO after each 5 h CPOX

experiment, and these results are shown in Fig. 5 and Table 6.

The carbon deposited on the surface of the quartz sand is

formed as a result of the thermal cracking of TD. Thermal

decomposition of TD involves the dehydrogenation of the

paraffins into olefins, then the subsequent breakage of C–C bonds

into radicals and smaller hydrocarbons [64]. Either of these steps

forms reactive products/intermediates that form carbon-contain-

ing deposits. These compounds then adsorb on the surface as

ordered compounds and require high temperatures for burn-off.

Two peaks arise during the TPO of Rh/g-Al2O3: a small

shoulder around 535 8C then a larger peak at 785 8C. These two

peaks suggest that carbon has deposited onto different parts of the

surface with different reactivities. Several studies have indicated

that the low temperature peak can be attributed to the carbon

deposited onto the metal, while the high temperature peak can be

associated with the more refractory carbon on the support or

metal-support interface [21,26,65]. Therefore, the low tempera-
Table 6

Carbon deposited after CPOX of TD for 5 h; O/C = 1.2, 0.23 MPa, 900 8C and

50,000 scc gcatalyst
�1 h�1

Catalyst Carbon accumulated (gcarbon/gcatalyst)

Blank 0.40

LZ 0.29

LRZ 0.32

LSRZ 0.17

Rh/g-Al2O3 0.27
ture shoulder, at 535 8C, is probably the carbon deposited on the

Rh metal surface. It is oxidized at a lower temperature because

the metal catalyzes the oxidation of the carbon. The high

temperature peak (observed �785 8C) is then a result of the

carbon deposited on or near the alumina support. This carbon is

much more stable, and thus is oxidized at a higher temperature.

The carbon formed on LZ material is qualitatively and

quantitatively similar to the carbon that accumulated on the Rh/

g-Al2O3 catalyst. This suggests that there are two parts of the

surface that adsorb carbon, and the reactivity of this carbon is

similar to that which adsorbs onto the Rh/g-Al2O3. The first

peak/shoulder, at roughly 575 8C, may be attributed to a more

hydrogenated form of coke, similar to that which adsorbs onto a

metallic surface [65]. The high temperature peak may then be

due to an unsaturated form of coke [65]. This type of coke

would take the form of a dehydrogenated polyaromatic

structure, which has a slow oxidation rate and requires a

higher temperature for burn-off.

Rhodium substitution alone does not reduce the amount of

carbon that accumulates on the pyrochlore material, as the

values in Table 6 show that the amount of carbon on LZ and

LRZ are relatively the same. However, no low temperature peak

is observed for the LRZ that would correspond either to carbon

deposited on rhodium metal (seen in the TPO for Rh/Al2O3) or

reactive coke seen on LZ. The carbon that does accumulate is

qualitatively similar to the high temperature carbon on LZ, but

there is more of it.

The substitution of lower valence elements into the A-site of

oxide catalysts has been shown to create structural defects which

lead to the movement of oxygen ions throughout the lattice

[35,37,66]. In the presence of a reforming metal, oxygen mobility

has been linked to lower carbon formation [35,37]. In the present

study, LSRZ has the lowest amount of carbon formed, compared

to the other three catalysts studied. This indicates that Sr addition

may create structural defects which enhance the oxygen mobility

in the material. This in turn, reduces the amount of carbon that is

able to form on the surface because carbon deposited on the

surface reacts with mobilized oxygen from the lattice to form CO

or CO2. It is unclear, however, whether the oxygen ion movement

would be caused by the substitution of Sr into the pyrochlore

structure, or a composite effect of the pyrochlore-perovskite

phases present. Still, the carbon deposited on LSRZ is

qualitatively similar to LRZ, but this catalyst has less carbon

(0.17 gcarbon/gcatalyst) than any other catalyst in Table 6 and

roughly half that of the non-Sr containing LRZ, (0.32 gcarbon/

gcatalyst). Again, there is no TPO peak at 535 8C corresponding to

carbon adsorbed on the rhodium, only a TPO peak resembling the

high temperature coke on the LZ.

4. Conclusions

Lanthanum zirconate, lanthanum-rhodium-zirconate, and

lanthanum-strontium-rhodium-zirconate catalysts were suc-

cessfully synthesized by a version of the Pechini Method [48].

XRD confirmed the formation of the pyrochlore phase for the

LZ and LRZ catalysts. However, the substitution of Sr into the

structure (LSRZ) resulted in a defect SrZrO3 perovskite phase
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in addition to the cubic pyrochlore phase. Temperature

programmed reduction and pulse chemisorption with H2

showed that the Rh metal was substituted into the pyrochlore

structure, with only a small portion of the total metal being

reducible.

During the CPOX of n-tetradecane, each Rh catalyst

produced synthesis gas yields close to equilibrium levels.

These high yields for the Rh-substituted pyrochlore catalyst

(LRZ and LSRZ) indicate that the Rh metal is able to maintain

activity after it is substituted into the structure. The activity of

the LRZ and LSRZ is attributed to partially coordinated Rh

atoms on the surface. The amount of carbon, or ‘‘coke’’ formed

on each catalyst after the CPOX of TD was quantitatively

similar for each catalyst, with the exception of LSRZ. It was

surmised that the substitution of Sr led to oxygen ion mobility

in the material which was responsible for the reduction in

carbon formation.
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