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Rh catalysts with low Rh content were prepared by incipient wetness impregnation using

[NH4]3[RhCl6]$3H2O or RhCl3$3H2O as precursor salts, on CaOeSiO2 supports. All solids

showed a high stability after 48 h on stream for the dry reforming of methane with low

carbon content, which made them suitable for obtaining ultrapure hydrogen in a mem-

brane reactor. The methane conversion and hydrogen recovery were measured increasing

the sweep gas flow rates to rise the driving force for hydrogen permeation. The catalyst

with 0.36 wt.% of Rh showed a slight deactivation. However, the Rh(0.6)/CaOeSiO2 solid, in

which the Rh impregnation was performed using [NH4]3[RhCl6]$3H2O, exhibited an increase

on CH4 conversion of 77% and a hydrogen recovery equal to 84%.

Nanoparticles of about 1.4e1.7 nm surface average diameter were detected for the

reduced and used solids indicating that Rh is well dispersed and sintering was not pro-

duced after the catalytic tests. Rh particle sizes calculated by CO chemisorption were

coincident with those measured by Transmission Electron Microscopy. Characterization by

this technique and Laser Raman Spectroscopy of the solids used in membrane reactor

revealed the formation of scarce carbon filaments. However, a surface re-oxidation was

detected in the low loading catalyst used in the membrane reactor suggesting that it is the

main cause for the decrease in the activity of the highly dispersed catalyst.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The production of synthesis gas from the dry reforming of

methane (DRM) is becoming an attractive topic due to the

chemical utilization of greenhouse gases such as carbon
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dioxide and methane. This reaction has a potentially impor-

tant role in the generation of syngas with H2/CO ratios more

suitable for various oxo-syntheses [1e4]. The practical use-

fulness of this endothermic reaction could also be improved

by combining with an exothermic one such as the partial
evier Ltd. All rights reserved.
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oxidation of methane [5], frequently called combined

reforming of methane (CRM).

In recent years, this reaction has been investigating in

membrane reactors using various types of membranes and

catalysts to produce high purity hydrogen [5e8]. The proposal

of the production and purification of hydrogen by using a

membrane reactor has received a great attention in the last

decades applying several equilibrium-limited reactions

[9e12]. The hydrogen thus obtained would be appropriate for

use in fuel cells. The most important factors usually consid-

ered that affect the behavior of membrane reactors are per-

centage of conversion enhancement, H2 recovery, H2 purity

and catalyst and membrane stability [6,9,13]. On the other

hand, catalysts used in the methane reforming reactions can

be deactivated due to carbonaceous deposits and/or poisoned

with sulfur and other impurities present in the feed. This

would be harmful as it would prevent their use in membrane

reactors. In addition to catalyst deactivation, carbon deposits

could cause the deterioration of the membrane [7].

In the case of dry reforming of methane temperatures

above 1023 K and CH4/CO2 ratios less than unity should be

used to avoid the formation of carbon deposits. However, from

an industrial point of view it is desirable to operate at lower

temperatures and with CH4/CO2 ratios close to unity [14,15].

Therefore, many studies of the CO2 reforming reaction focus

on the development of new catalysts which inhibit the for-

mation of carbon deposits within the operating range where

the formation of those deposits are favorable.

The formation of carbonaceous deposits depends on

several parameters, such as themetal used as active phase, its

crystal structure, metal-support interactions or the basicity of

the support. The catalytic activity of various noble and non-

noble metals supported on several oxides [1] has demon-

strated that most noble metals (Rh, Ru, Pt, etc.) reduce the

formation of carbonaceous deposits and show high activity in

the reforming reactions but their high cost prevents their use

in large-scale applications. Nickel catalysts, conventional

catalysts for steam reforming, are more suitable from an

economic point of view, however, the major concerns of Ni-

based catalysts for DRM include sintering of Ni particles and

coke deposition. Both the control of Ni particle size and a

proper metal-support interaction may help to prevent Ni

sintering and carbon formation [16,17].

The nature of the support affects metal catalytic activity as

it modifies the active surface area and the acidebase proper-

ties of the catalyst. Since dry reforming involves the adsorp-

tion and dissociation of CO2 acid gas, the catalyst basic

character could promote the reaction. For this reason, the

addition of alkaline earth oxides such as MgO or CaO over a

support such as SiO2 could prevent the formation of carbon

deposits and also hinder the sintering of metal particles [1,15]

as we have reported in a previous study of Rh supported on

CaOeSiO2 binary systems [18]. The best formula of the binary

support, 27 wt.% of CaO on SiO2, yields the proper interaction

with the supported Rh nanoparticles (0.6 wt.%) which would

prevent carbon formation.

Therefore, once we found the best composition for the bi-

nary support, our next goal was to synthesize catalyst for-

mulations containing less than 0.6 wt.% Rh, which are stable,
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selective and avoid low carbonaceous deposits. Moreover, the

use of very low amounts of Rh would reduce the catalyst cost.

In this work, the surface and structural properties of low

loading and well-dispersed Rh catalysts supported on

CaOeSiO2, prepared from different chloride-based precursor

salts, have been investigated by using X-ray diffraction (XRD),

CO chemisorptions, Transmission electron microscopy

(TEM), Fourier Transmission Infrared Spectroscopy as well as

X-ray photoelectron spectroscopy (XPS). The catalysts, with

Rh nanoparticles of about 1.4e1.7 nm, prepared employing

[NH4]3[RhCl6]$3H2Owere themost active, stable ones and free

of carbon deposits in the conventional reactor for the dry

reforming of methane. To further investigate their catalytic

properties, they were also evaluated in a membrane reactor

using different operation conditions for the production of

ultrapure hydrogen.
Experimental

Preparation of catalysts

SiO2 (Aerosil 200) previously calcined at 1173 K was employed

to synthesize the CaOeSiO2 binary support by incipient

wetness impregnation with Ca(NO3)2$4H2O (Merck). A CaO

loading of 27 wt.% was used. After the impregnation, the solid

was kept at room temperature for 2 h and then dried in an

oven at 353 K overnight. Finally, it was calcined in flowing air

at 823 K for 6 h. Themetal impregnation (0.36 or 0.6wt.% of Rh)

was performed using [NH4]3[RhCl6]$3H2O or RhCl3$3H2O (Alfa

Aesar) as precursor salts following the same procedure

detailed above.

Samples were denoted as Rh(X)/CaOeSiO2, where X is the

wt.% nominal content of Rh. NCl and Cl indicate that

[NH4]3[RhCl6]$3H2O or RhCl3$3H2O were used as precursor

salts.

Characterization techniques

The BrunauereEmmetteTeller (BET) surface area of the

calcined solids was determined using a Micromeritics Gemini

VII instrument after degassing during 1 h at 423 K.

The Rh dispersion of the reduced catalysts was determined

by static equilibrium of CO adsorption at room temperature in

a conventional vacuum system. More details can be found in

previous publications [7,18].

The CO adsorption experiments followed by Fourier

Transform Infrared Spectroscopy (FTIR) were performed with

a Shimadzu spectrometer. The samples were mounted on a

transportable infrared cell. After reduction at 823 K, evacua-

tion at 473 K and cooling to 298 K, different CO pressures were

admitted. FTIR spectra were recorded following adsorption

and evacuation steps at different temperatures [18].

X-ray photoelectron spectroscopy (XPS). Amulti-technique

system (SPECS) was employed to carry out XPS measure-

ments. All samples were reduced ex situ at 823 K during 2 h.

The XPS analyses were performed on the reduced solids after

treatment with H2 at 673 K in the reaction chamber of the

spectrometer. All spectra were referenced to the Si 2p binding
anoparticles with high activity for the dry reforming of methane,
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energy at 103.5 eV. The data treatment was performed with

the Casa XPS program (Casa Software Ltd, UK) [18].

Transmission electron microscopy (TEM) images of the

reduced catalysts were acquired using a JEOL 2100F field

emission gun electron microscope equipped with an energy

dispersive X-ray spectroscopy (EDX) system. The Raman

spectra of the used solids were recorded using a LabRam

spectrometer (Horiba-Jobin-Yvon). The excitation wavelength

was in all cases 532 nm. Each Raman spectrum was collected

for ~240 s using a laser power of mW. In order to quantify the

carbon deposits, Thermogravimetric analysis (TGA) were

performed in a Mettler Toledo TGA/SDTA (Model 851) system.

Catalytic tests

The catalysts were ground and sieved down to 150 mm

(100 mesh) prior to be loaded in the tubular quartz reactors.

They were heated in flowing Ar and then reduced in H2 at

823 K for 2 h. After the in situ reduction, the feed gas mixtures

were fed to the reactors.

Three different reactor configurations were employed:

i) For the reaction rate measurements, 15 mg of catalyst

dilutedwith 50mg of inert powder quartz were loaded to

the differential reactor (inner diameter, 5mm). A catalyst

mass/total flow ratio (W/F) equal to 4.5 � 10�6 g h ml�1

was employed to obtain conversions lower than 10%.

From these values, the net and forward reaction rates

were calculated to verify differential conditions, as pro-

posed by Iglesia and co-workers [19]. The reactant

mixture composition was CO2:CH4:Ar ¼ 1:1:1.2 [6,7].

ii) For the equilibrium measurements, the catalysts

(200 mg) were loaded into a tubular quartz reactor

(inner diameter, 16 mm). For the DRM reaction, the

[CH4:CO2:Ar] ratios were [1:1:1.2] and [1:1.9:0.3] and

when 10% O2 was fed, the [CH4:CO2:O2:Ar] ratios were

[1:1:0.3:0.9] and [1:1.9:0.3:0]. In a previous work [5], we

have studied the effect of the oxygen addition on the

catalytic behavior of Rh catalysts supported on La based

oxides, in which the best result was obtained with 10%

O2 which corresponds to a CH4/O2 ratio of 3.3.

iii) The tubular membrane reactor (MR) was built with a

commercial dense PdeAg alloy membrane (REB

Research and Consulting). The catalysts (1.5 g), diluted

with quartz chips (2.5 g), were packed in the outer

annular region to achieve a membrane area of

8 � 10�4 m2. For these experiments, a W/F equal to

1.5 � 10�3 g h ml�1 was used. Further details have been

reported elsewhere [18,20].

In all cases, the reaction temperature was 823 K to preserve

the useful life of the Pd based membrane.
0,0 0,2 0,4 0,6 0,8 1,0
0

30

Rh(0.6)/CaO-SiO2-NCl

Rh(0.36)/CaO-SiO2-NCl

Relative pressure (P/P0)

Fig. 1 e Adsorptionedesorption isotherms of N2 at 77 K of

SiO2, CaOeSiO2 and Rh/CaOeSiO2 catalysts.
Results and discussion

Structural and textural properties

The X-ray Diffraction (XRD) patterns of Rh(X)/CaOeSiO2

calcined samples (Fig. S1 in Supplementary Information) are
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similar to those of the SiO2 support calcined at 1073 K [18].

They show an amorphous pattern and a broadening in the 2q

region between 20� and 35�, which could correspond to the

incipient formation of CaO, CaCO3 and/or Ca2SiO4. These re-

sults suggest that CaO could be highly dispersed in the

amorphous silica, which acts as a barrier inhibiting crystallite

growth, as reported elsewhere [18].

Fig. 1 shows the adsorptionedesorption isotherms of N2 at

77 K for CaOeSiO2 support and Rh(X)/CaOeSiO2 calcined

samples. The solids show isotherms of type II according to

IUPAC classification [21]. This type of isotherm is character-

istic of samples with no pores in which nitrogen condensation

occurs. However, they shownarrowH3hysteresis loopswhich

are originated by the adsorption of aggregates of plate-shaped

particles forming slit-shaped pores.

The corresponding t-plots can be adjusted to straight lines

passing approximately through the origin, and from the

slopes of these straight lines, the external surface areas St are

calculated (Fig. 2 and Table 1). The differences observed be-

tween the values of SBET and St may be considered within the

experimental error, given the difficulty of establishing a suf-

ficiently tight extrapolation of t representation. Upward de-

viations in the t-plots are due to adsorption and condensation

in wide diameter pores, ascribed to mesoporous solids.

Values of the specific surface areas of the samples, as

determined following the BET method [22] are included in

Table 1. The specific surface area (SBET) decreases sharply

when SiO2 (219 m2 g�1) is impregnated with 27 wt.% of CaO

(Table 1). This can be explained considering that the binary

support undergoes structural changes with the addition of

CaO and the formation of CaO, CaCO3 and/or Ca2SiO4 is sug-

gested by XRD.

However, the SBET specific surfaces remain almost un-

changed in the calcined and reduced catalysts in which the

binary support was impregnated with 0.36 or 0.6 wt.%

rhodiumusing RhCl3$3H2O or [NH4]3[RhCl6]$3H2O as precursor

salts (Table 1).

Particle sizes and metal-support interaction

The Rh particles and nanocrystalline structures in the reduced

catalysts were characterized through TEM. In a previouswork,
anoparticles with high activity for the dry reforming of methane,
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Fig. 2 e t-Plots for the adsorption of N2 of CaOeSiO2,

Rh(0.36)/CaOeSiO2eNCl and Rh(0.6)/CaOeSiO2eNCl.

Table 1 e Specific surface areas of the calcined samples.
SBET, BET method, St, t-plot method.

Sample SBET (m2g�1) St (m
2g�1)

SiO2 219 e

CaOeSiO2 73 69

Rh(0.6)/CaOeSiO2eCl 65 66

Rh(0.6)/CaOeSiO2eNCl 70 64

Rh(0.6)/CaOeSiO2eNCla 74 66

Rh(0.36)/CaOeSiO2eNCl 67 65

a Reduced sample.
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we studied the CaO(X)eSiO2 binary supports with different

CaO contents, 15, 20, 27 and 50 wt.% [18]. EDX mapping of

oxygen, silicon and calcium revealed that CaO was uniformly

distributed on SiO2, in all the supports and Rh/CaOeSiO2eCl

catalysts. Moreover, the Si/Ca atomic ratios were always close

to the nominal values.

Histograms showing themetal particle size distribution for

all the samples are displayed in Figs. 3e5 with representative

TEM images of the catalyst as an inset. The Rh surface average

particle sizes, calculated using Eq. (2) (Table 2), were between

1.4 nm and 1.7 nm. These particle sizes indicate that Rh is well

dispersed on the catalyst surface and no agglomeration was

observed in the TEM images.

The Rh dispersions measured after reduction at 823 K by

CO chemisorption were 94 and 75% for the Rh(0.36) and

Rh(0.6)/CaOeSiO2eNCl catalysts, respectively. From these

values, the metal particle sizes were calculated and are

included in Table 2. Note that the average Rh particle sizes

were coincident with the corresponding size measured from

TEM images (Figs. 3e5) for all catalysts synthesized employing

two different chloride-based salt precursors.

Force et al. [23], studied ceria-supported rhodium samples

prepared from two different rhodium precursors (Rh (III)

chloride and nitrate) to compare their behavior toward

hydrogen reduction treatments. Results of FTIR and NMR

techniques revealed that the presence of chloride ions delayed

rhodium reduction and favored a higher dispersion of

rhodium particles at the catalyst.

The characteristics of Rh surface species and their inter-

action with the binary support were investigated by CO

adsorption followed by FTIR. Fig. 6 presents the spectra of the

reduced Rh/CaOeSiO2eNCl solids exposed at different CO

pressures, where three main CO adsorbed features can be

observed. The bands at about 2067 cm�1 are assigned to line-

arly adsorbed CO on metallic Rh (Rh0eCO); the bands

appearing at 2097 and 2030 cm�1 correspond to Rhþ(CO)2 gem-

dicarbonyls [24,25] and the broad features at about 1995 cm�1

are assigned to bridged-bonded CO [25,26].
Fig. 3 e TEM image and metal particle distribution of

Rh(0.36)/CaOeSiO2eNCl (Surface average

diameter ¼ 1.4 nm). At least 150 particles were counted to

obtain each distribution histogram.
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Fig. 4 e TEM image and metal particle distribution of

Rh(0.6)/CaOeSiO2eNCl (Surface average

diameter ¼ 1.6 nm). At least 150 particles were counted to

obtain each distribution histogram.

Fig. 5 e TEM image and metal particle distribution of

Rh(0.6)/CaOeSiO2eCl (Surface average diameter ¼ 1.7 nm).

At least 150 particles were counted to obtain each

distribution histogram.
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In a previous work, we reported the spectrum of CO

adsorbed at room temperature on Rh supported on SiO2 [18].

The spectrum showed only two bands, one band at 2041 cm�1

corresponding to terminally bonded CO, and a broad band at

1916 cm�1 assigned to bridged-bonded CO. The dicarbonyl

species were not observed on the Rh/SiO2 catalyst, as previ-

ously reported by Dumesic and co-workers [24].

Themodification of the silica support with CaO produced a

shift to a higher wavenumber of linearly bonded CO bands

(Fig. 6). A similar effect was reported by Knozinger and co-

workers [27] after the addition of promoter oxides to Rh sup-

ported on SiO2. The authors attributed this slight shift to a

particle size effect due to the fact that the smaller particles

present a higher fraction of edge and corner atoms, which are

electron deficient. The effect of V, Nb and Ta oxides were also

ascribed to the polarization of the small Rh clusters that
Please cite this article in press as: Faroldi B, et al., Well-dispersed Rh n
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electronically influences the stretching frequency of linearly

bonded CO [27]. The band shift observed in our catalysts could

be produced by both effects, taking into account their high Rh

dispersion.

On Rh supported catalysts, the Rhþ(CO)2 gem-dicarbonyls

could be formed from highly dispersed metallic rhodium by

an oxidation process involving isolated acidic OH groups of

the support [27]. In our solids, the OeH wavenumbers of

silanol groups were not modified by the adsorption of CO

suggesting that Rh gem-dicarbonyls are placed directly on the

promoter oxide and not on the silica oxygen. For ex-chloride

Rh/CeO2 samples, Force et al. [23] have considered that CO

adsorption on the smaller particles can proceed by an oxida-

tive rupture process of CO adsorbed, producing Rhþ(CO)2, in

which the Rh oxidation might be favored by the presence of

chloride.

In order to correlate CO adsorption features with the sur-

face properties of the catalyst, the FTIR spectra were decom-

posed in the characteristic bands of the adsorbed CO species

(In Supplementary files, Fig. S2 shows the curve fitted spec-

trum for Rh/CaOeSiO2eNCl solids) and their integrated in-

tensities were determined to calculate the intensity ratios

(Table 2). The signal intensities were normalized to the pellets

weight to take into account the variation in the pellet thick-

ness [27]. Note that the linear to gem-dicarbonyl (L/G) in-

tensity ratio exhibits the lowest values for the Rh(0.36)/

CaOeSiO2eNCl catalyst, being the solid with the smallest

particle size. The higher concentration of the Rhþ(CO)2 gem-

dicarbonyl species could be related to the small particle size

that would favor the oxidation of these nanoparticles.

The spectra obtained for Rh catalysts after CO adsorption

at 298 K and stepwise heating at 373, 473, 573 and 673 K are

shown in Fig. 6A and B. Following the desorption steps, similar

changes were observed in both catalysts. However, in the

Rh(0.6) sample, the spectra variation was more appreciable.

After evacuation at 298 K, the linear RheCO band decreases

noticeably and shifts to a lower wavenumber indicating a

lower density of adsorbed CO species which results in a

weaker dipolar coupling. Both modifications (intensity and

band position) increase when the temperature is increased

and the RheCO signal disappears at about 573 K for Rh(0.6)

and at 473 K for Rh(0.36) catalysts. At these temperatures, the

signals assigned to Rhþ(CO)2 gem-dicarbonyls are the only

ones observed and disappear above 673 K for both catalysts.

Reaction rates for the dry reforming methane

In the last few years, there have been several reports focusing

on the dry reforming of methane reaction with the purpose of

producing synthesis gas at high temperatures (>873 K)

[2,16,17]. However, few of them have studied this reaction at

temperatures lower than 873 K [18,28,29]. When the aim is to

produce ultrapure hydrogen using membrane reactors, low

temperatures are required to operate this type of reactors [18].

Table 3 shows the catalytic results of the Rh(X)/CaOeSiO2

solids, in comparison with those reported in the literature for

Rh supported catalysts in this temperature range. Note that

the reaction rates of the Rh(X)/CaOeSiO2 catalyst were higher

than those of the Rh and Ru catalysts supported on

La2O3eSiO2 [18,30]. In addition, Table 3 shows the turnover
anoparticles with high activity for the dry reforming of methane,
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Fig. 6 e Thermal stability of the adsorbed CO species: FTIR spectra obtained from (A) Rh(0.36)/CaOeSiO2eNCl and (B) Rh(0.6)/

CaOeSiO2eNCl catalysts reduced in hydrogen at 673 K following different CO adsorptions at 298 K, (a: PCO ¼ 1.3 £ 102 Pa, b:

PCO ¼ 1.3£ 103 Pa, c: PCO ¼ 6.5£ 103 Pa and, d: PCO ¼ 1.3£ 104 Pa). Also FTIR spectra obtained after stepwise heating under a

dynamic vacuum at 298 K, 373 K, 473 K, 573 K and 673 K were included.

Table 2 e CO adsorption results, particles sizes and surface atomic concentration of reduced Rh catalysts.

Catalysts L/Bd L/Gd Rh(%)
(XPS)

DCO
e

(%)
dpf

CO

(nm)
dpg

TEM

(nm)Adsorption
(PCO ¼ 1.3 � 104 Pa)

Desorption
(298 K)

Adsorption
(PCO ¼ 1.3 � 104 Pa)

Desorption
(298 K)

Rh(0.36)/CaOeSiO2eNCla 6.5 3.6 2.2 1.6 0.14 94 1.2 1.4

Rh(0.6)/CaOeSiO2eNCla 14.0 6.7 3.7 2.6 0.30 75 1.5 1.6

Rh(0.6)/CaOeSiO2eClb 10.0 3.8 2.8 1.8 0.21 69 1.6 1.7

Rh(0.6)/La2O3eSiO2eClb,c 13.8 e 5.6 e 0.18 79 1.4 1.3

a Precursor: [NH4]3[RhCl6] 3H2O.
b Precursor: RhCl3$3H2O.
c From Ref. [7].
d From FTIR CO spectra, linearly (L), dicarbonyl (G) and bridge (B) bonded CO.
e Metal dispersion calculated from CO chemisorption.
f Rh particle size calculated using the equation dp ¼ 6$vm

D$am
(Eq. 1), ym ¼ 13.78 � 10�3 nm3 for Rh, am ¼ 7.58 � 10�2 nm2 [20].

g Surface average metal particle size calculated from the micrographs d ¼
P

nid
3
iP

nid2i
(Eq. 2), ni is the number of particles. The number of particles

counted was at least 150 in all the cases.
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frequency values (TOF) calculated taking into account the Rh

dispersion determined by CO chemisorption of the solids

reduced at 823 K. It can be observed that the catalysts studied

in this work present the higher activity per gram of catalyst

and per mol of active site (TOF). Catalysts Pd(1.6%)/

ZrO2eLa2O3 and Rh(0.8%)/CeO2, evaluated in the dry reform-

ing and steam reforming of methane respectively, exhibited

an activity comparable with our catalysts.

An increase in CH4 conversion with metal particle disper-

sion was reported by several authors [19,31,32]. Rh catalysts

supported on CeO2, CeZrO2, ZrO2 and SiO2 were studied by
Please cite this article in press as: Faroldi B, et al., Well-dispersed Rh n
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Ligthart et al. [32] for steam methane reforming. The initial

intrinsic surface atom reaction rate increased linearly with

the Rh dispersion and it is not affected by the type of support.

In agreement, Iglesia et al. [19] concluded that the methane

turnover rates do not depend on the support of Rh catalysts. In

a recent work, Yamaguchi and Iglesia [33] found similar

turnover rates on Pd clusters on various supports (Al2O3, ZrO2

and ZrO2eLa2O3) independently of Pd dispersion over a nar-

row range of 3.5e8.9%. They sustain that the supports

with low reactivity for CO2 activation can reverse the forma-

tion of carbon overlayers and inhibit deactivation, but do not
anoparticles with high activity for the dry reforming of methane,
.1016/j.ijhydene.2017.04.070
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Table 3 e Catalytic behavior of noble metal based catalysts for the dry reforming of methane at low temperature.

Catalysts D (%) Temperature (K) CH4 reaction ratea

(Mol g metal�1 h�1)
TOF (s�1) Stability (h) Carbon formation

(g gcat�1)
Ref

Rh(0.36)/CaOeSiO2eNCl 94 823 194 5.9 48 Non detected This work

Rh(0.6)/CaOeSiO2eNCl 75 823 121 5.1 48 Non detected This work

Rh(0.6)/CaOeSiO2eCl 69 823 57 2.4 48 Non detected [18]

Rh(0.6)/La2O3eSiO2eCl 79 823 45.3 1.6 72 Non detected [7]

Ru(0.6)/La2O3eSiO2 24 823 36 4.2 72 Non detected [30]

Rh(0.4%)/Al2O3 37.2 873 54.6 4.2 0.3 Not reported [19]

Pd(1.6%)/ZrO2eLa2O3 5.3 823 18 10 0.2 Not reported [33]

Rh(0.8%)/CeO2
b 51 773 252 14.1 15 0.33 [32]

a CH4 reaction rates measured after 1 h on stream. The values are reported at a ±95% confidence interval.
b Evaluated in the steam reforming of methane reaction.
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contribute to steady-state catalytic reforming rates. In our

case, the high activity of the catalysts could be related not only

to the active site but also to the support used. The CaO and

La2O3 binary SiO2 support could affect the turnover rates on

Rh nanoparticles due to their reactivity with CO2.

In the proposed mechanism for lanthanum based cata-

lysts, CO2 rapidly reacts with La2O3 to generate oxycarbonate

which then reacts slowly with carbon to produce CO [34,35]. A

bifunctional mechanism has also been described for Ni/

ZrO2eLa2O3 catalysts promoted with calcium oxide. In this

case, methane is activated on the Ni particles while CO2 in-

teracts with the CaO to form carbonates which scavenge

carbon at the NieOeCa interphase, thus explaining the

enhanced stability of these solids [36].

Fig. 7 shows the stability and H2/CO ratio results for the

studied solids. After the activity measurements, the catalysts

were kept under reaction with methane and carbon dioxide

conversions close to equilibrium values employing a high W/F

value (2.67 � 10�5 g h ml�1) during 48 h. To compare the

catalyst stabilities, the W/F was decreased at 4.5 � 10�6

g h ml�1 just to measure the reaction rates (conversions were

lower than 10% in all cases). Both catalysts were stable and

selective to hydrogen. The catalyst with a lower content of Rh

presented a higher CH4 reaction rate, expressing the reaction

rate per gram of catalyst. Note that in all cases the H2/CO ratio

was always less than unity, which is due to the simultaneous
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Fig. 7 e Stability tests for Rh/CaOeSiO2eNCl catalysts

carried out in the conventional fixed-bed reactor during

48 h.
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occurrence of the reverse water gas shift reaction (RWGS) and

the dry reforming reaction [7,37]. On the other hand, regarding

the use of non-noble metal catalysts, in the literature there are

many reports that study Ni-based catalysts at high tempera-

ture (T � 973 K). However, few of them report catalytic results

at low temperatures (773e873 K) [28,38,39]. Rodemerck et al.

[39] studied Ni catalysts supported on mixed ZnO/Al2O3 at

673 K. However, the authors reported high initial activity fol-

lowed by deactivation. Coperet et al. [38] investigated Ni/SiO2

catalysts with different particle sizes, which deactivated dur-

ing the first few minutes of reaction.

A LaeNiMgAlO catalyst, obtained by calcination of a

hydrotalcite precursor, was evaluated in dry reforming of

methane at different temperatures. At 973 K the catalyst

showed no sign of deactivation during 200 h, however, when

the temperature was decreased at 923 K, the methane and

carbon dioxide conversions decreased from the beginning of

the test [40].

Catalytic behavior in an integral reactor

The Rh(X)/CaOeSiO2eNCl catalysts were evaluated for dry

methane reforming without and with oxygen addition (CRM),

using the same total flow that would be employed in the

membrane reactor. Fig. 8 shows the methane and carbon di-

oxide conversions measured at different feed compositions.

For both Rh catalysts, values close to equilibrium were ach-

ieved in DRM conditions, when CO2/CH4 was equal to 1. When

this ratio was 1.9, the methane conversions increased

although the equilibrium values could not be achieved, how-

ever the Rh(0.6) catalyst showed the highest value.

When oxygen was added to the reactant mixture, CH4

conversions were higher than those obtained under the DRM

conditions, whereas the CO2 conversion decreased, in agree-

ment with the equilibrium conversion values. In this case, the

partial and the total oxidation of methane reactions might

occur in parallel with the dry reforming and water gas shift

reaction. The theoretical values (calculated employing UniSim

software) could not be reached, themethane conversion being

always lower than the equilibrium ones. This behavior could

be due to the Rh re-oxidation that occurs when oxygen was

added to the reactant mixture. Note that the presence of

carbonaceous deposits in the used catalysts could not be

detected through TGA.
anoparticles with high activity for the dry reforming of methane,
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Fig. 8 e Catalytic behavior in an integral fixed-bed reactor

for the dry reforming of methane with (CRM) and without

oxygen addition (DRM). Catalyst mass ¼ 0.2 g,

W/F ¼ 2 £ 10¡4 g h ml¡1, reaction temperature ¼ 823 K.

Equilibrium conversions were calculated using UniSim

Design Software considering a Gibbs reactor [20].
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Catalytic behavior in a membrane reactor

The more active and stable solids were evaluated in a mem-

brane reactor. To compare the behavior of the catalyst-

membrane system, we have defined a s parameter consid-

ering variables (methane flow fed and sweep gas flow) that are

directly related to the ability of the reactor to permeate

hydrogen [6,9,41,42]. The methane flow fed is related to the

space velocity and consequently to the catalyst ability to

restore the equilibrium when hydrogen is removed from the

reaction system.

Fig. 9 shows the effect of the s parameter (Sweep gas

ratio ¼ Sweep gas flow rate/CH4 flow fed) on methane con-

version and hydrogen recovery. It can be observed that the

methane conversions are higher than those of the equilibrium

conversions in the sweep gas range studied for all catalysts. At

lower sweep gas ratio, there is no significant difference in the
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conversion enhancement produced by both solids, Rh(X)/

CaOeSiO2eNCl (X ¼ 0.36 and 0.6). When the sweep gas ratio

increases, the conversion of the Rh (0.6) solid is higher,

showing that the catalyst activity affects the performance of

the membrane reactor.

However, when the sweep gas is higher than 50 ml min�1

(s � 9.6), the conversion enhancement of Rh(0.36) is lower in

comparison with the solid of higher metal load. The lower

activity observed in the catalyst with low Rh content could be

due to the partial deactivation of the catalyst, the membrane,

or a combination of both. In either case, the activity loss could

be due to an excessive carbon deposition, metal sintering and/

or metal oxidation. The latter could be explained taking into

account that for high values of sweep gas the hydrogen re-

covery increases, reducing the hydrogen partial pressure on

the retentate side and increasing the CO2 concentration [6].

For the solid prepared from RhCl3$3H2O precursor salt, a

progressive increase of the conversion is observed with s

ratio.

Fig. 9 shows the hydrogen recovery as function of s. For

lower values of s, the H2 recovery is in agreement with the

order of activity previously mentioned, while at higher values

of s it results in a lower hydrogen separation ratio for themore

active catalyst with 0.36 wt.% of Rh. However, at higher values

of s, this membrane reactor (high selective membrane and

active catalyst) was able to recover 80 percent of the hydrogen

produced with high purity.

Some authors studied the dry reforming of methane

employing membrane reactors. In an earlier work of dry

reforming over a Pt (1.2 wt.%)/Al2O3 catalyst, we studied the

effect of increasing the sweep gas flow rate using a porous

mullite membrane [8]. We found a reasonable conversion

enhancement and also a maximization of hydrogen selec-

tivity because the progress of the secondary reverse water gas

shift reaction is hindered as the sweep gas flow rate grows.

Gallucci et al. [41] using Ni/Al2O3 as catalyst analyzed different

operation variables such as temperature, pressure and reac-

tion time. Using a dense PdeAg membrane, they found that

the hydrogen recoverywas only 25% at 723 K and a pressure of

2 � 105 Pa. The authors reported that the important carbon

formation affects the stability of the catalyst and can also

reduce the lifetime of the membrane. On the other hand,

Oyama et al. [42] employing a Rh/Al2O3 catalyst coupledwith a

silica-based membrane studied the pressure effect on

methane conversion and H2 recovery in a pressure range of

100 kPa-2 MPa at 973 K. In the case of the dry methane

reforming, the authors found that at pressures higher than

500 kPa, the hydrogen yield decreases since the reverse water

gas shift reaction is favored. In a previous work [18], we re-

ported the effect of pressure on methane conversion and

hydrogen recovery in a range between 100 and 200 kPa in a

dense Pd membrane reactor. An increase in the hydrogen re-

covery at pressure lower than 190 kPa was observed. The ef-

fect of pressure on the reactant conversion can be explained

considering two opposite effects, a negative one owing to the

thermodynamics of the reaction and a positive one related to

the increase of hydrogen permeation through the dense

palladium membrane.

In comparison with data reported in the literature, high

values of conversion enhancement and H2 recovery were
anoparticles with high activity for the dry reforming of methane,
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Fig. 9 e Effect of s (sweep gas ratio ¼ sweep gas flow rate/

CH4 flow fed) over methane conversion (A) and H2 recovery

(hydrogen permeated/hydrogen retentate ratio) (B) using a

membrane reactor for Rh/CaOeSiO2 catalysts. W/F:

1.5 £ 10¡3 g ml¡1 h, membrane area: 8 £ 10¡4 m2, T: 823 K,

P: 101 kPa. The reactant mixture composition was

CO2:CH4:Ar ¼ 1:1:1.2. The dashed line represents the

equilibrium value for CH4 conversion.
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Fig. 10 e Laser Raman spectra of Rh/CaOeSiO2 catalysts

used in the integral fixed-bed and membrane reactors.
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obtained in this work operating at 100 kPa and using a sweep

gas flow to maintain the driving force between both sides of

the membrane.

Carbon formation and surface oxidation states

In order to understand the different catalyst behavior at

higher s values, the solids used in the integral fixed-bed and

membrane reactors were characterized by laser Raman

spectroscopy, TEM and XPS. Fig. 10 shows the Raman spectra

of the used catalysts in the region assigned to graphitic carbon

(1200e1800 cm�1). It can be observed that the solids prepared
Please cite this article in press as: Faroldi B, et al., Well-dispersed Rh n
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with the [NH4]3[RhCl6]$3H2O precursor and evaluated in the

membrane reactor present less intense bands corresponding

to carbonaceous deposits (1340 and 1600 cm�1) in comparison

with the solids prepared with RhCl3$3H2O. However, all cata-

lysts were stable for at least 48 h in the conventional fixed-bed

reactor. In addition, through Thermogravimetric Analysis, it

was not possible to quantify the carbon deposits, suggesting

that the carbon content was below the detection limit (0.1 mg/

mg of catalyst) of the TGA equipment. The formation of scarce

carbon filaments of different sizes and length was also

detected by TEM in the catalysts after being exposed 48 h on

stream (Fig. S3). Therefore, these results suggest that the

cause of the partial activity loss in the membrane reactor

could not be related to carbon formation. No modifications in

the texture of the CaOeSiO2 were observed by TEM in the used

catalysts. In addition, the distribution and the average Rh

particle sizes (not shown) were similar to those obtained for

the catalysts before reaction, suggesting that Rh particle sin-

tering was not produced.

XPS analysis was performed on the catalysts after reduc-

tion at 823 K, in order to analyze variation on Rh surface

concentration and oxidation states.

The XPS fractional concentrations are given in Table 4 for

the Rh(X)/CaOeSiO2eNCl solids reduced in situ. The C1s, O1s,

Si 2p, Ca 2p and Rh 3d spectra were analyzed and no signifi-

cant changes in binding energies (BEs) were observed between

the different samples. For both reduced solids, the C1s spectra
anoparticles with high activity for the dry reforming of methane,
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Table 4 e XPS fractional atomic concentrations for the reduced and used Rh/CaOeSiO2eNCl catalysts.a

Catalysts Rh Ca Si O532
b O530

c C283/Si O532/Si CO3
]/Si

Rh(0.36) reduced 0.0015 0.09 0.40 0.45 0.07 0.37 1.10 0.01

Rh(0.6) reduced 0.0032 0.08 0.40 0.45 0.07 0.27 1.10 0.01

Rh(0.36) used IRd 0.0023 (26/74)e 0.04 0.33 0.60 0.02 0.08 1.81 0.02

Rh(0.6) used IRd 0.0022 (41/59)e 0.04 0.33 0.61 0.02 0.10 1.85 0.03

Rh(0.36) used MR 0.0020 (0/100)e 0.06 0.29 0.55 0.10 1.13 1.90 0.01

Rh(0.6) used MR 0.0022 (22/78)e 0.02 0.32 0.62 0.03 0.88 1.90 0.02

a Calculated considering Rh, Ca, Si and O.
b O atomic concentration for the BE peak at 532 eV.
c O atomic concentration for the BE peak at 530 eV.
d Used in an integral reactor.
e Surface Rh0/Rhnþ intensity ratio determined through curve fitting of Rd 3d spectrum (Fig. 10).
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show twomain peaks at 284.6 and 289.2e288.3 eV. The low BE

peak corresponds to the CeH carbon (taken as binding energy

reference) while the very low intensity peak at 289e288.3 eV

was assigned to carbon from CO3
] species [43].

The spectra of O1s from the reduced samples show a main

peak that appears at 532.0 ± 0.1 eV and could be attributed to

SieO bonds. One additional peak located at the low BE side

(530 ± 0.1 eV) with lower intensity has to be considered

(Fig. S4). This peak is attributed to CaeO bonds. Note that for

bulk crystalline CaCO3, a main peak, symmetric and sharp,

whose given BE is about 531.2 eV, was assigned to the O bonds

in a CO3
] species [43].

The Ca 2p3/2 core level spectrum from the reduced samples

shows a binding energy of 347 ± 0.1 eV, whichwas attributable
316 312 308 304 316 312

u.
a.

Rh (0.36) reduced 306.5 eV

Rh (0.6) reduced

u.
a.

Binding energy (eV)

Rh (0.36) used

Rh (0.6) used e

Binding e

Fig. 11 e Rh 3d XPS spectra from Rh(0.36) and Rh(0.6)eNCl cataly

the integral and membrane reactors. The labeled Rh 3d5/2 peak

Rhnþ at 308.1 eV.
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to CaO (BE ¼ 347.1 eV) [18,44], although the presence of CaCO3

and Ca2SiO4 could not be ruled out (BE ¼ 346.9 eV) [43]. Note

that the surface CO3
2�/Si ratio (0.01) is very low in comparison

with the Ca/Si surface ratio (varying between 0.2 and 0.22).

The concentration of the O species at 530.1 eV presents similar

values with respect to Ca concentration, with a Ca/O530 ratio

near 1, even in the catalysts after 48 h on stream. Similar re-

sults were discussed in a previous publication [18] and were

assigned to CaeO bonds, suggesting that CaO is evenly

distributed on the amorphous SiO2.

Fig. 11 shows Rh 3d XPS spectra from Rh(0.36) and Rh(0.6)

reduced at 673 K in situ and used at conversions near ther-

modynamic equilibrium on the integral fixed-bed or mem-

brane reactor.
316 312 308 304308 304

308.1 eV

Rh (0.6) used MR
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sts in situ reduced at 673 K and used under equilibrium in

s correspond to metallic rhodium at 306.5 eV and oxidized
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The XPS Rh 3d spectra of reduced solids show a signal at

306.5 eV assigned to metallic rhodium. However, the solids

used in an integral reactor also present another stronger

signal at 308.1 eV assigned to oxidized Rhnþ. In the spectrum

of the used Rh(0.36) solid in the membrane reactor only the

signal at 308.1 eV is observed, indicating the complete

oxidation of Rh in the near-surface region analyzed by the

XPS technique. In the case of Rh(0.6) solid used under the

same conditions, both Rh species are present (Table 4). XPS

data for Rh(0.6)/CaOeSiO2eCl were previously reported by

Múnera et al. [18]. For this solid, the complete reduction to

Rh0 was detected with a Rh 3d5/2 binding energy of 306.9 eV

for both, the reduced and the used solid in the integral

reactor.

Analyzing the outlet gas concentrations in both reactor

types (integral and membrane reactor), we could observe that

in the case of the membrane reactor the hydrogen molar

concentration in the reaction side is decreased from 10 to

3e5%when the sweep gas ratio increased from 0 to 17.3, while

the CO2 concentration is changed between 18 and 15%. These

values suggest that the reaction atmosphere would be more

oxidant in the membrane reactor. As a consequence, the

oxidation of Rh surface species would be favored. In the case

of the catalyst with lower metal loading and lower Rh particle

size, the surface Rh species was completely oxidized, being

the main cause of the activity loss at higher s values in the

membrane reactor.

Ligthart et al. [32] studied catalysts with Rh nanoparticles

between 2 and 9 nm and found that Rh particles smaller than

2.5 nm deactivate more strongly than catalysts with larger

nanoparticles under the steam reforming conditions. Through

the characterization of used catalysts by X-ray absorption

spectroscopy, they observed an increase in the fraction of

oxidic Rh aswell as an increase in the RheO coordination shell

for the catalysts with very small Rh particles. Thus, the

oxidation of very small Rh particles was proposed as the

explanation for catalyst deactivation.

In our catalysts, no correlation was found with the pres-

ence of very low amounts of carbon deposits (Fig. 10). Besides,

no agglomeration of the Rh nanoparticles was observed

through TEM characterization. These results suggest that the

main cause for the decrease in the activity of highly dispersed

Rh/CaOeSiO2eNCl catalysts is the oxidation of the small Rh

nanoparticles.
Conclusions

Low loading Rh catalysts supported on CaOeSiO2 with metal

particle sizes of about 1.4e1.7 nm were prepared employing

different precursor salts. This particle size range indicates

that Rh is well dispersed on the catalyst surface and that no

agglomeration exists.

For all solids, a high stability was observed after 48 h on

stream for the dry reforming of methane. In addition, all

solids presented a high methane reaction rate, Rh(0.36)/

CaOeSiO2eNCl being the most active and well-dispersed

catalyst. As a consequence, they were selected for their

application in amembrane reactor under different conditions.
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In the membrane reactor, the methane conversions were

higher than the equilibrium conversions for the sweep gas

range employed for all catalysts.

At lower sweep gas ratios, no significant difference was

observed in the conversion enhancement obtained with both

solids. However, when the sweep gas ratio increased, the

conversion of the Rh(0.36) solid was lower suggesting that the

partial deactivation of the catalyst has occurred. In order to

understand the different catalyst behavior at higher sweep

gas/methane fed ratios, the solids used in the integral fixed-

bed and membrane reactors were characterized by laser

Raman spectroscopy, TEM and XPS.

The formation of scarce carbon filaments without modifi-

cation of Rh particle sizes was observed by TEM in the cata-

lysts after being exposed 48 h on stream. In addition, it was

not possible to quantify the carbon deposits through TGA,

indicating that the partial activity loss in the membrane

reactor could not be related to carbon formation. However,

surface re-oxidation was detected through XPS measure-

ments, suggesting that the main cause for the decrease in the

activity of the highly dispersed Rh(0.36)/CaOeSiO2 catalyst

could be the oxidation of small Rh nanoparticles.
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