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Abstract Catalysts of rhodium supported on pure oxides and modified alumina

with 50, 75 and 100% of ZrO2 were prepared by the impregnation method, to be

tested in the reaction of dry reforming of methane in order to study the effect of the

metal-support interaction on the reaction rate. The catalysts were characterized by

N2 adsorption isotherms, CO chemisorption, TEM, temperature programmed

reduction, XRD and XPS. The reaction rate for CH4 conversion was measured at

500–700 �C, in the absence of transport limitation. The average Rh cluster size in

catalysts with modified supports resulted similar as compared with the catalyst Rh/

0%ZrO2–Al2O3, so that the modification of the support had no effect on the dis-

persion of Rh, which is associated with the similarity in the BET surface area of the

pure and modified alumina. The Rh-support interaction is determined by the degree

of coverage of alumina with zirconia and by the nature of ZrO2 phase formed in the

grafted supports. The higher coverage of alumina with zirconia leads to a lower Rh-

support interaction. However, the interaction of Rh with the monoclinic phase

seems to be weaker than with the tetragonal phase of zirconia, the latter more

abundant as the loading of ZrO2 is increased in the grafted supports. Consequently,

the Rh-support interaction increases with the content of ZrO2. Despite the different

Rh-support interaction, the structural sensitivity of dry reforming of methane on Rh

catalysts was still evidenced, i.e., the DRM reaction rate is mainly determined by

the coordination degree of Rh atoms on the catalyst surface.
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Notation
X Conversion

a, b, c, d Stoichiometric coefficient

A, B, C, D Reaction component

w Catalyst weight (g)

FA0 Initial A reactant flow (mol s-1)

rA Observed (net) reaction rate (mol gcat
-1 s-1)

rf Forward reaction rate (mol gcat
-1 s-1)

g Approach to equilibrium

k Constant rate (mol gcat
-1 s-1 kPa-1)

Pi Partial pressure of species (kPa)

Keq Equilibrium constant

R Universal gas constant (8.3145 J mol-1 K-1)

Introduction

The negative effects of the primary greenhouse gases CO2 and CH4 on the

environment have been widely evidenced [1, 2]. However, the mitigation of these

pollutants is still a crucial challenge for governments, industrialists and scientists.

Fortunately, carbon dioxide is being increasingly considered as a valuable feedstock

for the chemical industry and fuel companies rather than a waste with a high cost of

disposal, in addition to the many benefits that it means in terms of positive image for

the companies [2, 3].

Among the different options to covert CO2 into valuable products (methane,

methanol, hydrocarbons, syngas), the dry reforming of methane (DRM) to produce

CO and H2 represents a scientifically interesting and technically attractive

alternative, especially for the use of natural gas deposits, where CO2 and CH4 are

present together. The DRM process is thus useful to simultaneously consume both

greenhouse gases and produce syngas, which is considered a commodity since it is a

feedstock for the production of higher hydrocarbons by the Fischer–Tropsch

synthesis (FT) and for carbonylation processes [1, 4–7]. In addition, DRM

represents an advantageous route for the storage of renewable energy source due to

its high reaction enthalpy [5].

Al3O2-supported Ni catalysts have shown high activity for DRM, but the major

drawback observed is the high carbon formation, resulting in a fast catalyst

deactivation [1, 6]. In fact, it is considered that the catalyst reactivity and stability

for the dry reforming of CH4 strongly depend on the catalyst’s resistance to carbon

deposits, which could lead to the blockade of active sites [8]. The replacement of Ni

by noble metals has shown to lead to very high activity and lower catalyst

460 Reac Kinet Mech Cat (2017) 120:459–475

123



deactivation, despite their higher cost. Even though Rh is considered one of the most

effective noble metals for DRM [1, 2, 4, 5, 8, 9], the interaction between Rh

particles and the support may affect the catalytic activity and stability for long term

reaction conditions [10, 11]. Specifically, Al2O3-supported Rh catalysts have shown

high activity for DRM since alumina provides a large and mechanically

stable surface area where Rh particles can properly disperse [1, 5, 11]. However,

the high temperatures needed for DRM reaction (500–700 �C) lead to severe

catalyst deactivation, due to the strong interaction between rhodium oxide and

alumina, which drastically decreases the reducibility of rhodium atoms at the

surface [8, 9].

To avoid this problem, grafting of ZrO2 over alumina prior to the impregnation

of Rh precursor has been used with dual purpose: (i) ZrO2 acts as a barrier to

decrease the Rh-alumina interaction [9] by avoiding the formation of metal

aluminate (rhodium aluminate) [4], and (ii) ZrO2 can play an important role in the

oxidation of carbon deposit since it is considered a so-called oxy-transporter

support, thus allowing a higher stability of the catalysts [4, 12]. Additionally,

because of its redox properties, this kind of support is reported to actively

participate in the catalytic reaction by oxidizing or reducing reaction intermediates

[2]. The grafting method is very advantageous, since it leads to a great number of

high quality contacts between the support and the metal oxides incorporated on its

surface, with high dispersion, high resistance to sintering and good mechanical

properties [7, 13].

It has been shown that the kinetically relevant step for DRM is the C-H bond

activation on the catalyst surface. This is a structure sensitive reaction favored in

stepped and kinked surfaces with prevalence of low-coordinated atoms, which are

proportionally more abundant in small particle clusters [14–16]. It has also been

reported that the support nature has practically no effect on the CH4 reforming rate

on Rh particles, as similar cluster sizes on different supports have shown similar

activities; however, the effect of Rh-support interaction on the specific Rh activity

has not been directly evaluated.

In this work, we use the grafting technique to incorporate ZrO2 over Al2O3 in

order to modify the interaction between support and Rh, incorporated by

impregnation of rhodium precursor on the grafted supports. The change in the

Rh-support interaction as Al2O3 is modified with ZrO2 is experimentally evidenced,

and the CH4 reforming rate on Rh catalysts with different extent of metal-support

interaction is measured and compared in terms of forward CH4 conversion rate. The

reaction rates are measured in a differential reactor and finally corrected by the

approach to equilibrium factor; for CH4 conversion higher than 10% (integral

reactor) the forward reaction rate is calculated from integration by considering a

first-order kinetics on CH4 pressure [15]. The effect of Rh-support interaction on the

well-reported structure sensitivity of DRM reaction is properly evaluated and

discussed.

Reac Kinet Mech Cat (2017) 120:459–475 461

123



Experimental

Catalysts preparation

Supports

The alumina modified with zirconia was prepared by the method of grafting coating.

The grafting procedure was carried out by adding the c-Al2O3 support (Alfa Aesar,

SBET = 72 m2 g-1) to a solution of zirconium(IV) n-propoxide (Merck, 99.8%) in

n-propanol (Merck 99.8%). The amount of Zr precursor required to form a ZrO2

theoretical monolayer on the alumina surface, was calculated by considering a

conventional stoichiometry of one ZrO2 molecule to one hydroxyl group, and that

the ZrO2 molecule has a circular projection with a radius equal to 0.226 nm [7]; this

amount corresponds to 9.6 wt% of ZrO2 in the c-Al2O3 support). After stirring for

2 h at room temperature and connected to a vacuum rotary evaporator at 30 �C
under reduced pressure for slowly removing the solvent, the material was dried in an

oven for 16 h at 110 �C. The ZrO2 coating percent were: 50, 75 and 100%. The pure

and modified supports were calcined at 500 �C in air for 5 h with a heating rate of

10 �C min-1.

Rh catalysts

The metal phase, 1% Rh, was incorporated into the supports by wet impregnation of

ammonium hexachloroiridate (Alfa Asear, 28 wt% of Rh). The precursor dissolution

in deionized water added to the previously prepared support and stirred for 2 h at

room temperature, the solvent was evaporated in rotavapor at 35 �C under reduced

pressure followed by drying in an over at 110 �C and calcined in air at 700 �C for

4 h at a heating rate of 10 �C min-1.

Catalysts characterization

The specific area was measured by N2 (Indura S.A,[99.9%) adsorption isotherms at

77 K (temperature of liquid N2) on a Micromeritics Gemini 2360 instrument. The

sample is previously out-gassed under vacuum at 300 �C for 24 h. The specific area

was calculated according to the BET method and the total pore volume (VP) was

taken at a relative pressure of 0.99.

Rh dispersion was measured by irreversible CO (Indura S.A., [99.9%) pulse

chemisorption in a Chem BET Pulsar TPR/TPD (Quatachrome Instruments). Then

the catalyst is reduced in pure hydrogen (30 mL min-1) by heating up to 700 at

10 �C min-1. Reached 700 �C, this temperature is maintained for 2 h. It is assumed

a stoichiometry of adsorption CO/Rh = 1 (CO adsorbed to surface Rh-atoms ratio).

TEM micrographs were obtained in a Jeol JEM-1200 EX II microscope. The

samples were prepared by the carbon replica technique, in an evaporating unit,

evacuated and carbon evaporated onto the solid by passing a high current between

two carbon rods. After a thick film of carbon coats on the sample, it is placed in a
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60HF/40HClO4 dissolution enough time to remove the mixed oxides by a chemical

attack. Consequently, the observed particles correspond to Rh nanoparticles, and the

differences in contrast are attributed to electrons scattered outside the objective

aperture.

Programmed reduction temperature (H2-TPR) assays were carrying out in a

ChemBET Pulsar TPR/TPD equipped with a TCD. The change in the gas thermal

conductivity was registered as a function of temperature. Typically, 150 mg of

sample was heated at 10 �C min-1 from ambient temperature up to 700 �C, in

30 mL min-1 of 5% H2/Ar gas mixture (Indura S.A., [99.9%). After reaching

700 �C, the reducing conditions were maintained for 2 h. The amount of H2

consumed is quantified by using a calibration curve, previously obtained from a

calibration test with CuO in the same operating conditions.

X-ray photoelectron spectra were obtained for calcined and tested samples with a

SSI-X-probe (SSX-100/206) spectrometer equipped with a monochromatized

microfocused Al Ka X-ray source, operating at 10 kV and 12 mA. After outgassing

under vacuum (10-5 Torr) overnight, the samples were placed in the analysis

chamber where the residual pressure was of about 10-7 Torr. The charging effect

was adjusted using flood gun energy at 8 eV and a fine-meshed nickel grid, placed

3 mm above the sample surface. The pass energy was 150 eV, and the spot size was

1000 lm. The angle between the normal to the sample surface and the direction of

electron collection was 55�. The binding energy scale of the spectrometer was

calibrated with respect to the Au 4f7/2 peak of gold, fixed at 83.98 eV, and the

binding energies of O 1s, Al 2p, Zr 3d, and Rh 3d were referenced to the C–(C,H)

component of C 1s band, fixed at 284.8 eV.

In order to obtain surface atomic concentrations, relative areas of corresponding

peaks were normalized by sensitivity factors based on Scofield cross-sections. Peak

decomposition was performed using the CasaXPS program (Casa Software, UK),

assuming an 85/15 Gaussian/Lorentzian product function and a Shirley non-linear

sigmoid-type baseline. The ‘percentage of monolayer dispersion’ of supports was

estimated according to the model proposed by Kerkhof et al. [17], which considers

cubic particles ‘p’ deposited over support sheets ‘s’. The thickness (t) of these sheets

is obtained from the support density (qs) and surface area (SBET,s), as shown below:

t ¼ 2

qsSBET ;s
: ð1Þ

According to this model, the theoretical XPS (p/s)m atomic ratio expected for a

monolayer dispersion of particles on the support is given by:

p

s

� �
m
¼ p

s

� �
bulk

GðepÞ
GðesÞ

rp

rs

1

2

t

ks�s

� �
1 þ expð�t

�
kp�sÞ

1 � expð�t
�
kp�sÞ

; ð2Þ

Here G functions of the electron kinetic energies (e) correspond to the spectrometer

efficiencies and can be approximated as e-1 [18]. rp and rs are the relative pho-

toelectron cross sections provided by Scofield [19]. kp and ks correspond to the

escape depths of photoelectrons from the particles and support through the support,
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and can be determined by the Tanuma et al. [18] algorithm, using the QUASES-

IMFP-TPP2M software [20].

(p/s)bulk is the nominal bulk atomic ratio, calculated from the nominal mass (mj)

and atomic or molecular mass (Mj) of the particles and support materials, as follows:

p=sð Þbulk¼
mpMs

2msMp

: ð3Þ

The ‘percentage of monolayer dispersion’ of particles ‘p’ on the support ‘s’ is

then expressed as the experimental ratio relative to the calculated one, as follows:

% of monolayer dispersion ¼
p=sð Þexp

p=sð Þm

� 100: ð4Þ

It is noteworthy that this is not a direct measurement of dispersion, defined as the

fraction of ‘p’ atoms exposed at surface, from the total amount of ‘p’ atoms present

in the catalyst, which is inversely proportional to the particle size. According to the

Kerkhof model (assuming cubic supported particles), the ‘percentage of monolayer

dispersion’ as a function of the particle size (d) is expressed as follows:

p=sð Þexp

p=sð Þm

¼
1 � exp �d

�
k p�p

� �

d
�
kp�p

: ð5Þ

Catalytic activity

The steady-state CH4 conversion rates were measured in a tubular packed-bed

quartz reactor (8 mm inner diameter) with plug-flow hydrodynamics under

differential (XCH4\ 15%) or integral (XCH4[ 15%) conditions. 50 mg of the

catalyst (dp 104–180 lm) are supported on a quartz frit and two K-type

thermocouples located in the center of the furnace and inside the reactor near the

bed control and measure the reaction temperature, respectively. In all experiments,

both temperatures were similar. Previous tests define the reaction conditions to

ensure the absence of heat and mass transport limitations [7, 21].

Before performing the reaction, the catalyst is reduced in situ in pure H2 (Air

Liquide S.A., 99.99%) flow (80 mL min-1) increasing the temperature since room

temperature to 700 �C for 2 h. Then, the system is purged in He (Air Liquide S.A.,

99.999%) for 30 min.

Next, the reactor is cooled down in He to 500 �C to start the isothermal catalytic

tests, the temperature is increased 50 �C from 500 to 700 �C, and finally the starting

point is repeated at 500 �C in order to evaluate catalyst deactivation. The reaction is

carried out in a flowing mixture (100 mL min-1) of CH4/CO2/He (10/20/70 vol%)

and a space velocity of 1.2 9 105 mL h-1 gcat
-1. A high dilution in helium allows to

manage the rate of heat production, avoiding cold spots that could promote

undesirable reactions such as the reverse Boudouard reaction (2CO ? C ? CO2)

[7].
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The concentrations of CH4, CO, CO2 and H2 in the inlet and outlet streams are

measured by using a GC PERKIN ELMER 8700 GC equipped with a thermal

conductivity detector (TCD), a flame ionization detector (FID) and a Carboxen

adsorption column 80/60 (Supelco). For reactor operation under differential

conditions, the measured CH4 conversion rate is directly calculated from Eq. 6.

For the integral reactor performance (XCH4[ 10%), the reaction rate constant is

calculated from Eq. 25 (numerically solved using MATLAB 8.0000) by considering

a first order dependence on the CH4 pressure as previously reported [15], then the

reaction rate was calculated by Eq. (11) and the forward CH4 conversion rates are

calculated using the approach to equilibrium parameter [Eq. 23] and normalized by

exposed Rh atoms.

rCH4
¼ X

W � FCH40ð Þ ; ð6Þ

Mathematical treatment of the integral reactor

The dry reforming reaction of methane, Eq. 7a and the general expression by

Eq. 7b:

CH4ðgÞ þ CO2ðgÞ $ 2COðgÞ þ 2H2ðgÞ; ð7aÞ

aA(g) þ CO2ðg) $ 2CO(g) þ 2H2ðg); ð7bÞ

Considering the equation for a packed bed reactor, Eq. 8 and the reaction rate

[15, 22], Eq. 9:

W ¼ FA0

Zx

0

dx

�rA

; ð8Þ

�rA ¼ rf 1 � gð Þ; ð9Þ

Substituting Eq. 9 into Eq. 8:

W ¼ FA0

Zx

0

dx

rf 1 � gð Þ; ð10Þ

Is has been reported for dry reforming of methane, the reaction rate depends only on

the partial pressure of methane [14, 15], Eq. 11.

rf ¼ k � PCH4
; ð11Þ

And the approach to equilibrium (g) is a relationship between the pressures of the

products, reactants and the equilibrium constant [15], by Eq. 12.
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g ¼
P2

CO � P2
H2

P2
CO � P2

CH4

� 1

Keq

; ð12Þ

The concentrations in a gas flow system of constant volume can be calculated by the

following expressions [23]:

CA ¼ CA0

1 � X

1 þ e � X
� T0

T

� �
� P

P0

� �
; ð13Þ

CB ¼ CA0

hB � b=a
� �

X

1 þ e � X
� T0

T

� �
� P

P0

� �
; ð14Þ

CC ¼ CA0

hC � c=a
� �

X

1 þ e � X
� T0

T

� �
� P

P0

� �
; ð15Þ

CD ¼ CA0

hd � d=a
� �

X

1 þ e � X � T0

T

� �
� P

P0

� �
; ð16Þ

Considering the stoichiometry for the reaction of dry reforming of methane, there is

a change in volumetric flow as a result of the change in the number of total moles

that exit with respect to the total moles of reactants. Therefore,

d ¼ d
aþ c

aþ b
a þ 1 ¼ 2; e ¼ d � yCH4;0

, and e = 0.2 for the experimental system, by

using the initial concentration of the limiting reactant A.

Considering an isobaric and isothermal system: T0

T

� �
¼ 1; P

P0

� �
¼ 1.

Also hi ¼ Ci;0

CA;0
¼ yi;0

yA;0
¼ Pi;0

PA;0
, then hB = 2, hC = hD = 0.

Substituting in Eqs. 13–16 is obtained:

CA ¼ CA0

1 � X

1 þ e � X
; ð17Þ

CB ¼ CA0

hB � b=a
� �

X

1 þ e � X
; ð18Þ

CC ¼ CA0

hC � c=a
� �

X

1 þ e � X
; ð19Þ

The ideal gas law ðCC ¼ Pi

R�TÞ is used to express concentrations of Eqs. 17–19 in

terms of the partial pressure of methane for all reaction components, leading to

Eqs. 20–22:

PCH4
¼ PCH4;0

� 1 � X

1 þ e � X
; ð20Þ

466 Reac Kinet Mech Cat (2017) 120:459–475

123



PCO2
¼ PCH4;0

� 2 � X

1 þ e � X
; ð21Þ

PCO ¼ PH2
¼ PCH4;0

� 2X

1 þ e � X
; ð22Þ

Substituting Eqs. 20–22 into Eqs. 12 and 11 gives:

g ¼
PCH4;0

� 2X
1þe�X

� �2

� PCH4;0
� 2X

1þe�X

� �2

PCH4;0
� 2�X

1þe�X

� �
� PCH4;0

� 1�X

1þe�X

� � � 1

Keq

g ¼ 16 �
P2

CH4;0

Keq

� X4

ð1 � XÞð2 � XÞ ð1 þ e � XÞ2
; ð23Þ

rf ¼ k � PCH4;0
� 1 � X

1 þ e � X
; ð24Þ

Substituting Eqs. 23 and 15 into Eq. 9 leads to Eq. 25:

k ¼ FA0

W � PCH4;0

ZX

0

1 � X

1 þ e � X
� 16 �

P2
CH4;0

Keq

� X4

ð2 � XÞ ð1 þ e � XÞ3

 !�1

dx ð25Þ

The equilibrium constant at reaction condition, Keq (T), is determined from van’t

Hoft equation [Eq. 27], while the equilibrium constant at standard condition (1 atm,

298.15 K) is calculated from Eq. 26. Working with the van’t Hoft equation and

assuming that the change in the enthalpy of reaction (DH�r) is independent of

temperature, the equilibrium constant at a given temperature is determined from

Eq. 27. The value of DH�r is determined from the normal enthalpies of formation at

standard conditions [24, 25] and taking into account the stoichiometry of DRM

reaction [Eq. 7a].

DG0 ¼ �R � T � ln K0
EQ

� �
; ð26Þ

KeqðT) ¼ K0
EQ �Exp

DH0

R

1

T0
� 1

T

� �	 

; ð27Þ

Results and discussion

Catalytic activity

Table 1 shows the conversion of methane during DRM performed on supported Rh

catalysts, at 500–700 �C and steady state reaction conditions. The two non-

modified-supported Rh catalysts (Rh/ZrO2 and Rh/0%ZrO2–Al2O3) lead to

Reac Kinet Mech Cat (2017) 120:459–475 467

123



significantly different CH4 conversions: CH4 conversion on Rh/0%ZrO2–Al2O3 is

about one order of magnitude higher than on Rh/ZrO2, both measured under similar

reaction conditions and equal mass of catalyst in the fixed bed reactor (50 mg).

Similar methane conversions are observed for the non-modified Rh/0%ZrO2–Al2O3

and the ZrO2–Al2O3-supported Rh catalysts. Rh/100%Zr–Al2O3 catalyst shows the

highest activity among grafted-support catalysts.

The conversion at the initial reaction condition (500 �C) was double-checked at

the end of each set of catalytic tests (about 9 h in continuous operation, from 500 to

700 �C) in order to evaluate the deactivation of the catalysts; results of this final

measurement are also included in Table 1. No significant differences are observed

between the initial and final measurements, and the deactivation of catalysts can be

therefore excluded. Additionally, reproducibility was confirmed by repeating the

catalytic tests at a given reaction condition, after flushing the catalytic bed with He

overnight, at room temperature (not shown). The excellent reproducibility for CH4

conversion (differences below 2%) was confirmed for all measurements.

Textural and structural properties of catalysts

The addition of zirconia to Al2O3 via the grafting procedure does not significantly

affect the specific surface area of the support (Table 2), which suggests that the

ZrO2 (SBET = 4 m2 g-1) is properly dispersed over alumina surface and it does not

block the pores of the support structure. Moreover, the thermal treatment used in the

synthesis of grafted supports (500 �C in air for 5 h) seems not to cause sintering of

the support. However, the grafting procedure provokes a change in the nature of

ZrO2 phases (Fig. 1). In fact, the formation of tetragonal ZrO2 phases (peaks at

2h & 30.2�, 50.2� and 60�) increases with the content of zirconia in the grafted

support while the monoclinic phase (2h & 24�, 28.2�, 31.5� and 41�) predominates

in the commercial ZrO2 oxide used as pure support in Rh/ZrO2 catalyst.

The SBET values decrease in more than 15% after impregnation of the active

phase (1% Rh) on both non-modified and grafted supports and subsequent

calcination at 700 �C for 4 h. This is mainly attributed to the sintering process that

occurs due to calcination at high temperatures (700 �C). Additionally, the higher

peaks associated to the tetragonal ZrO2 phases observed for the catalysts (Fig. 1b)

Table 1 Catalytic activity of supported Rh catalysts for the DRM at 500–700 �C, 10 kPa CH4/20 kPa

CO2/He balance; 1.2 9 105 mL h-1 gcat
-1

Catalyst % CH4 conversion Eap

500 �C 550 �C 600 �C 650 �C 700 �C 500 �C kJ mol-1

Rh/0%ZrO2–Al2O3 17 31 51 74 92 17 89.3

Rh/50%ZrO2–Al2O3 19 35 55 75 91 20 82.7

Rh/75%ZrO2–Al2O3 17 32 50 67 85 19 75.0

Rh/100%ZrO2–Al2O3 20 34 56 78 94 20 88.6

Rh/ZrO2 3 4 7 14 24 2 89.1
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as compared with their respective supports (Fig. 1a) suggest that larger tetragonal

ZrO2 crystals are formed as a consequence of Rh impregnation and calcination at

700 �C. These may obstruct the entrance of pores, thus reducing the support surface

area [7, 26]. Since the surface area of pure monoclinic ZrO2 is already very small

[7], the impregnation of Rh on this support, followed by calcination at 700 �C for

4 h, barely affects the catalyst surface area.

The XPS measurements indicate that the ZrO2 dispersion of modified supports

and catalysts increases with ZrO2 loading up to a maximum value for the 75%Zr–

Al2O3 and Rh/75%Zr–Al2O3, but further loading of zirconia into the grafted support

results in lower zirconia dispersion, as confirmed by the lower ZrO2 dispersion

observed for the 75%Zr–Al2O3 support and Rh/75%Zr–Al2O3 catalyst (Table 2;

Fig. 2). It is noteworthy that Rh impregnation on modified supports and calcination

at 700 �C slightly decrease the ZrO2 dispersion in the 75%Zr–Al2O3 and 100%Zr–

Al2O3 supports, but significantly increase the ZrO2 dispersion in the 50%Zr–Al2O3

support (Table 2). Nevertheless, the Rh dispersion estimated from CO chemisorp-

tion for the grafted-supported catalysts seems to be insensitive to the ZrO2

dispersion calculated from XPS measurements (Table 2). Fig. 2 also shows that the

long-time exposure of catalysts to the DRM reaction conditions does not affect the

ZrO2 dispersion in the catalyst supports, which evidences their high stability.

The grafted-supported Rh catalysts show similar Rh dispersion, and consequently

similar mean Rh cluster size, as compared to Rh/0%ZrO2–Al2O3 (d * 3.5 nm); the

percentage of Rh monolayer dispersion also shows the same trend (Table 2), even

though it overestimates the Rh dispersion measured from CO chemisorption and

TEM, as explained in the Sect. 2.2. On the other hand, the average Rh cluster size in

Rh/ZrO2 is significantly larger (d = 18.3 nm) than in alumina-containing catalysts.

The mean Rh cluster sizes for three selected catalysts were also measured by TEM

technique in order to confirm the values estimated by CO chemisorption and XPS,

and the results seem to be consistent (Table 2). Since identical calcination

Table 2 Textural properties for supports and supported Rh catalysts: Rh dispersion estimated by CO

chemisorption [DRh (ch)]; % of monolayer dispersion for Rh on catalyst [DRh (XPS)] and for ZrO2 on

grafted supports DZrO2
XPSð Þ½ �, calculated from XPS data; mean cluster size estimated from CO

chemisorption (dch) and measured by TEM (dTEM)

SBET

(m2 g-1)

Pore volume

(cm3 g-1)

DRh

(ch)

DRh

(XPS)

DZrO2

(XPS)

dch

(nm)

dTEM

(nm)

0%ZrO2–Al2O3 73 0.25 – – – – –

50%ZrO2–Al2O3 75 0.17 – – 14.5 – –

75%ZrO2–Al2O3 76 0.18 – – 29.1 – –

100%ZrO2–Al2O3 78 0.18 – – 12.3 – –

Rh/0%ZrO2–Al2O3 60 0.23 0.31 0.41 – 3.5 3.1

Rh/50%ZrO2–Al2O3 58 0.19 0.25 0.52 20.3 4.5 –

Rh/75%ZrO2–Al2O3 57 0.19 0.28 0.62 26.7 3.9 –

Rh/100%ZrO2–Al2O3 54 0.18 0.35 0.46 10.7 3.1 4.1

Rh/ZrO2 3 – 0.06 – – 18.3 13.9
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Fig. 1 XRD spectra:
a supports; b catalysts. (asterisk)
tetragonal ZrO2 phases

Fig. 2 XPS (Zr/Al) atomic ratio
as a function of the nominal (Zr/
Al) bulk atomic ratio in ZrO2–
Al2O3 supported Rh catalysts.
XPS (Zr/Al)m corresponds to the
theoretical monolayer dispersion
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procedures were used to prepare all supported Rh catalysts, the huge difference

between Rh dispersion on Rh/ZrO2 and the other catalysts is mainly attributed to the

differences in the specific surface area of supports.

The effect of cluster size and Rh-alumina interaction on DRM reaction rate

The CH4 conversion reported in Table 1 strongly depends on the exposed surface of

active phase available in each catalytic test. The catalytic activity in terms of

forward reaction rates is calculated according to the procedure detailed in Sect. 2.3,

using the Rh dispersion calculated from CO chemisorption, reported in Table 2.

The effect of temperature on the rate constant of methane conversion rate for all

supported Rh catalyst is presented in Fig. 3. They confirm the exponential effect of

temperature on the rate constant of reaction, and allow calculating the activation

energy for the reaction on each catalyst. All catalysts with alumina-containing

support show very similar absolute value of rate constant for CH4 reforming

reaction, at each temperature, regardless the degree of zirconia grafting on alumina.

Rh/ZrO2 catalyst is the least active for DRM (it shows the lowest reaction rate

value), despite the similar apparent activation energies that are measured for all

catalysts tested at similar reaction conditions (Table 1).

The higher activity of catalysts with higher dispersions confirms the well-

reported structural sensitivity of CH4 dry reforming reaction [14, 16, 27]. The larger

mean Rh cluster size (d = 18.3 nm) in the Rh/ZrO2 catalyst explains the lower CH4

conversion rate observed on this catalyst, as compared with the significantly higher

rate values obtained on Zr-grafted supported Rh catalysts with an average cluster

size of *3 nm. In fact, experimental evidence and theoretical calculations

[14, 16, 27] have proved that the activation of the CH4 molecule is the rate

determining step for DRM. This elementary step is favored on smaller clusters,

where the percentage of Rh atoms occupying corner and edge positions (low

coordinated atoms) is higher than in large clusters. Then, the reaction rate measured

on the large rhodium clusters of Rh/ZrO2 mostly corresponds to the activity of

Fig. 3 Arrhenius plots for rate
constants of CH4 reforming
reaction. (circle) Rh/0%ZrO2–
Al2O3; (diamond) Rh/100%Zr–
Al2O3; (triangle) Rh/75%Zr–
Al2O3; (filled square) Rh/
50%Zr–Al2O3; (open square)
Rh/ZrO2. Reaction conditions:
10 kPa CH4/20 kPa CO2/He
balance; 1.2 9 105 mL h-1 gcat

-1
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highly coordinated Rh atoms that slowly activate methane molecules, thus causing a

low reaction rate.

TPR experiments were carried out for all catalysts, in order to evaluate the metal-

support interaction (Fig. 4) and the extent of reduction of rhodium oxides. The TPR

procedure strictly reproduces the pretreatment of catalyst activation performed in

each catalytic test, that is, a reduction of the catalyst under pure H2 and increasing

temperature (up to 700 �C), plus a further reduction at 700 �C for 2 h.

Fig. 4 shows only the dynamic heating stage of TPR assays and clearly evidences

the stronger Rh-support interaction for the Rh/0%ZrO2–Al2O3 catalyst, as compared

with the Rh/ZrO2 catalyst. Regarding the grafted-supported Rh catalysts, the TPR

profiles suggest an intermediate Rh-support interaction that is weaker than in Rh/

0%ZrO2–Al2O3, but slightly stronger than in Rh/ZrO2 catalyst. This suggests that

the alumina surface is not fully covered with zirconia via grafting method, which is

confirmed by the XPS results (Table 2; Fig. 2). Moreover, the XPS characterization

for fresh and tested Rh/0%ZrO2–Al2O3 and Rh/ZrO2 catalysts is reported elsewhere

[7] for similar reaction conditions. It is shown a higher Rh0 surface content on Rh/

ZrO2 than on Rh/0%ZrO2–Al2O3, which confirms the stronger Rh-support

interaction in the latter.

The peak at lower temperatures (100–200 �C) observed for all catalysts is

attributed to the isolated RhOx particles in weak interaction with the support [9, 28].

For the Rh/ZrO2 catalyst, the well-defined reduction peak at *90 �C indicates a

large extent of Rh reduction, meaning that practically all the supported Rh is

reduced at such a low temperature, which is consistent with a weak metal-support

interaction for this catalyst. In contrast, the TPR profile for Rh/0%ZrO2–Al2O3

shows a smaller low-temperature peak that appears at a higher temperature

(*180 �C), and an additional large H2 consumption at even higher temperatures

([200 �C). This TPR profile proves the strong Rh-alumina interaction, which is

consistent with previous reports [29]. The TPR analyses for grafted-supported Rh

catalysts show low-temperature peaks at 120–160 �C, which are mainly attributed to

the reduction of rhodium oxides located over the grafted zirconia, and broad peaks

Fig. 4 Temperature program
reduction profiles: a Rh/ZrO2;
b Rh/100%Zr–Al2O3; c Rh/
75%Zr–Al2O3; d Rh/50%Zr–
Al2O3; e Rh/0%ZrO2–Al2O3
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at higher temperatures ([400 �C), representing the reduction of Rh particles in

stronger interaction with alumina.

The different nature of the zirconia phases in contact with the supported Rh may

play an important role in the Rh-support interaction. As discussed above, XRD

characterization demonstrates that tetragonal ZrO2 phases are formed during the

grafting procedure and that the amount and size of these crystals increase with both

the loading of zirconia in the support and the high temperature used for the

calcination process; therefore, more Rh in contact with tetragonal ZrO2 is expected

to be in the grafted-supported Rh catalysts with higher zirconia content. All

supported Rh, however, is in contact only with monoclinic ZrO2 in the Rh/ZrO2

catalyst.

It is noteworthy that among the grafted catalysts, the TPR profile of Rh/50%Zr–

Al2O3 is the most similar to the Rh/ZrO2 profile, presenting the lowest extent of Rh-

support interaction. The catalysts with the larger degree of zirconia grafting (Rh/

75%Zr–Al2O3 and Rh/100%Zr–Al2O3) show the low-temperature reduction peak at

higher temperature, which indicates a higher Rh-support interaction, i.e., the

following order for Rh-support interaction is assumed (Fig. 4): Rh/0%ZrO2–

Al2O3[Rh/100%Zr–Al2O3[Rh/75%Zr–Al2O3[Rh/50%Zr–Al2O3[Rh/ZrO2.

On the other hand, the dispersion of ZrO2 on the grafted supports do not follows the

same trend (Table 2): Rh/75%Zr–Al2O3[Rh/50%Zr–Al2O3 & Rh/100%Zr–

Al2O3. It is important to note that this order observed for ZrO2 dispersion does

not necessarily means that the coverage of alumina with zirconia is similar in Rh/

50%Zr–Al2O3 and Rh/100%Zr–Al2O3 catalysts, in fact, is expected that higher

ZrO2 surface is available in the 100%Zr–Al2O3 support, therefore, more Rh

supported over zirconia should be in the Rh/100%Zr–Al2O3 than in Rh/50%Zr–

Al2O3.

These results suggest that both the coverage of alumina with zirconia and the

nature of ZrO2 phase formed in the grafted supports determine the degree of Rh-

support interaction in the ZrO2–Al2O3-supported Rh catalysts; a higher coverage of

alumina with zirconia leads to a catalyst with more Rh in contact with ZrO2 instead

of with Al2O3, which decrease the metal-support interaction. However, the results

also suggest that the interaction of Rh with the monoclinic phase is weaker than

with the tetragonal phase of zirconia, the latter more abundant as the loading of

ZrO2 is increased in the grafted supports, consequently, the Rh-support interaction

increases with the content of ZrO2 in the grafted supported Rh catalyst.

Regardless of the differences in Rh-support interaction between the studied

catalysts, it is noteworthy that this interaction has no significant effect on the

‘structure sensitivity’ feature of DRM reaction on Rh catalysts (explained above). In

fact, the reaction rates are similar for catalysts with similar mean Rh cluster size,

such as for Rh/0%ZrO2–Al2O3 and Zr–Al2O3 supported Rh catalysts (Fig. 3), in

spite of their differences in Rh-support interaction (Fig. 4). Moreover, the Rh/ZrO2

catalyst, having the weakest Rh-support interaction presented the lowest activity for

DRM, which is attributed to the larger average cluster size of Rh in this catalyst.

Therefore, the DRM reaction rate is determined by the coordination degree of Rh

atoms on the catalyst surface, which depends on Rh dispersion. However, the Rh-
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support interaction has no effect on the DRM reaction rate, unless it influences the

Rh dispersion or affects the degree of Rh reducibility in the catalysts.

Conclusions

The grafting of alumina with zirconia has no effect on Rh dispersion since it was

observed that grafted-supported Rh catalysts show similar mean Rh cluster size, as

compared with the Rh/0%ZrO2–Al2O3, which is attributed to the similar surface

area of supports where the Rh precursor was impregnated. In fact, the significantly

lower Rh dispersion on Rh/ZrO2 as compared with the rest of catalysts is

exclusively attributed to the differences in the specific surface area of supports.

The strong interaction between Rh-alumina can be decreased and controlled by

modifying the alumina with zirconia, prior to Rh precursor impregnation. The

coverage of alumina with zirconia and the nature of ZrO2 phase formed in the

grafted supports determine the degree of Rh-support interaction in the ZrO2–Al2O3-

supported Rh catalysts; the interaction of Rh with tetragonal ZrO2 phases seems to

be stronger than with the monoclinic phase. However, this interaction does not

affect the structural sensitivity of DRM on Rh catalysts. The CH4 conversion rates

result similar for catalysts with similar mean Rh cluster size, regardless their

different Rh-support interaction, which confirms that the reaction rate for DRM is

determined by the degree of Rh coordination on the catalyst surface, which is

inversely proportional to the Rh dispersion.
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