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ARTICLE INFO ABSTRACT

Keywords: Crude glycerol, a by-product of biodiesel production, has drawn considerable attention to the importance of
Glycerol glycerol valorization through dry reforming reaction to obtain syngas. The selection of suitable catalysts is
Dry reforming significantly important to enhance the catalytic activity in glycerol dry reforming (GDR) reactions. Hence, Ru
;};r;grzsgen with different loadings (i.e. 1%, 2%, 3%, 4%, 5%) doped in 15% Ni-extracted AloO3(EA) was evaluated as

catalyst via GDR process in this study. The catalyst prepared by ultrasonic-impregnation assisted technique was
subjected to 8 h of CO4 reforming of glycerol. The reactant conversions and products yield was in the order of 3%
Ru-15%Ni/EA > 5%Ru-15%Ni/EA > 4%Ru-15%Ni/EA > 2%Ru-15%Ni/EA > 1%Ru-15%Ni/EA > 15%Ni/EA,
while the quantity of carbon deposited was in the order 15%Ni/EA > 1%Ru-15%Ni/EA > 2%Ru-15%Ni/EA >
4%Ru-15%Ni/EA > 5%Ru-15%Ni/EA > 3%Ru-15%Ni/EA. 3%Ru-15%Ni/EA attained the greatest glycerol
conversions of 90%, H; yield of 80% and CO yield of 72% with the lowest carbon deposition of 7.38%. The
dispersion of Ni particles on EA support evidently improved after the promotion step with Ru, which minimized
the agglomeration of Ni and smaller crystallite size. In addition, the introduction of Ru increased the oxygen
storage capacity which significantly reduced the formation of carbon during the reaction. GDR’s optimal reaction
temperature obtained over 3%Ru-15%Ni/EA catalysts was at 1073 K (i.e. 93% glycerol conversion; 87% Hy
yield; 79% CO yield). Over a 72 h time on stream at 1073 K, 3%Ru-15%Ni/EA catalyst had superior catalytic
activity and stability. Overall, 3%Ru-15%Ni/EA catalyst was more coke-resistant than other promoted catalysts
due to its accessible structure, higher oxygen storage capacity, moderate basicity, uniformly dispersed Ni phase
and stronger Ru/Ni-EA interaction.

Ni-based catalyst
Nobel-metal promoter

successfully produced by the reaction, which is suitable for Fischer-
Tropsch (FT) production. [5]. Despite those mentioned advantages,

1. Introduction

Nowadays, the high usage of non-renewable fuel sources (i.e. natural
gas, petroleum, and coal) has lead to the oil reserves depletion and
global warming effects [1,2]. A significant efforts have been taken to
mitigate these related problems by replacing these sources with syngas
(i.e. mixture of Hy and CO).

Currently, glycerol dry reforming (GDR) reaction has gained signif-
icant attention due to the reaction’s ability to convert a greenhouse
gaseous (CO3) and biodiesel by-product (glycerol) into valuable product
like syngas [3-5]. Syngas with molar ratio less than two has been
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deactivation of catalyst triggered by carbon deposition and active metals
sintering are the major problems in GDR reaction [6,7]. As a result of
these drawbacks, research in this area has been directed toward the
development of effective catalysts that can improve catalytic perfor-
mance while also minimizing carbon entrapment.

Nickel (Ni)-based catalysts have been widely used in the reforming
process. It has been demonstrated that Ni has a significant impact on the
syngas generation process by enhancing water gas shift (WGS) reactions
and the reproduction of syngas. [8]. Besides that, this type of catalyst

Received 30 March 2021; Received in revised form 18 November 2021; Accepted 23 December 2021

0016-2361/© 2021 Elsevier Ltd. All rights reserved.


mailto:sumaiya@ump.edu.my
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2021.123050
https://doi.org/10.1016/j.fuel.2021.123050
https://doi.org/10.1016/j.fuel.2021.123050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2021.123050&domain=pdf

N.A. Roslan et al.

can effectively break C-H and C-C bonds [7,9,10]. Additionally, Ni-
based catalysts have been widely used due to its high activity, wide-
range application and low-cost [11-13]. However, due to poor ther-
mal stability, Ni-based catalyst is easily deactivated during the reaction.
At elevated reaction temperatures (>1073 K), metal sintering occurs
easily, impeding the reforming reaction and catalytic activity [14,15].
The stability and activity of supported Ni-based catalysts have previ-
ously been reported to be enhanced by altering the catalyst’s synthesis
process and surface modification with promoters [15].

The utilization of noble metals as a promoter in reforming processess
such as Ir, Ru, Rh, Pt and Pd [16-18] has been widely evaluated due to
their effectiveness in enhancing the stability, catalytic activity and
excellent resistance against carbon deactivation. De Caprariis et al. [19]
investigated the utilization of different active metals such as Ru, Rh and
Pt in producing perovskite-type oxide catalysts. All catalysts were
capable of achieving high reactant conversions (>80%), and interest-
ingly, both Rh and Ru catalysts demonstrated negligible catalyst deac-
tivation after 65 h of reforming, thereby proving the catalyst’s high
stability. Among these noble metals, Ru is preferred due to its high
stability and display of high catalytic activity [20-22]. In addition, the
implementation of Ru as dopants over Ni catalysts has gained much
interest due to its ability to suppress carbon formation. Recently, the use
of Ru as a promoter has piqued researchers’ interest in reducing carbon
formation and improving catalyst stability; however, using Ru alone is
not cost effective. Furthermore, while the catalytic activity of Ru as a
mono-metallic catalyst is lower than that of Ni, the addition of Ru to the
Ni-based catalyst as a promoter increases the reducibility of Ni and in-
hibits deactivation [23-26]. Thus, the addition of Ru noble metal as
catalyst promoter could be a better option to enhance the catalytic ac-
tivity and inhibit the carbon formation. Even though Ru has demon-
strated a great physicochemical properties and catalytic performance in
reforming processes, the influence of Ru as a promoter over Ni-based
catalysts in GDR has not been explored. According to Nisa et al. [27],
the performance of Ru can be improved by using basic support with
good redox properties. Basic supports are able to provide anionic species
(i.e. OH or O) that can spread onto the Ru surface and oxidize the carbon
species during the reaction. In addition, tuning the support property can
change the activities of both Ni and Ru [28].

Previously, it has been proven that the catalyst’s supports such as
Al,03, MgO and SiO have a great capability to enhance the active metal
dispersion and improve thermal stability of the catalyst [19]. Among
these, Al;03 has been widely used due to the high surface area, ability to
inhibit catalyst sintering, and good metal dispersion [29-32]. Besides,
Al,O3 is able to ensure the synthesized catalyst was thermally stable
even at high reaction temperature [33]. Recently, Li et al. [34] inves-
tigated the advantages of the confinement effect owned by support to-
wards bi-metallic catalysts (i.e. Ni-Fe). Ni-Fe catalyst with Fe-loading <
0.7 wt% showed a stable catalytic activity in 24 h reaction time with low
carbon deposition and no apparent sintering of active metal. In addition,
the confinement effect of these supports effectively reduced the sintering
of metal, which could lead to the catalyst’s deactivation [34,35].
Though, there is a limited number of researches that are focused on the
employment of catalyst support in GDR from industrial waste. Lee et al.
[36] investigated the incorporation of Ni onto the cement clinker sup-
port in GDR reaction. High reactant conversion ranging from 70 — 80%
at a CGR of 1-1.67 was observed. Recently, our research team has
conducted a study on the utilization of extracted AlyO3 (EA) from
aluminum dross (AD) as a catalyst support in GDR reaction [37]. Besides
having a high specific surface area and enhancing the Ni dispersion, EA
contributed in reducing the carbon formation during the reaction.

To the best of our knowledge, the combination of EA as a catalyst
support and Ru’s utilization as a promoter in GDR reaction has not been
reported previously. Therefore, the impact of Ru promoter towards the
physicochemical properties of Ni/EA catalyst was evaluated in this
study. In addition, the correlations between catalytic activity and
physicochemical properties of Ru-Ni/EA catalyst in GDR are elucidated,
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and the effect of promoter loading and reaction temperature was also
investigated. Finally, catalysts’ stability was evaluated in a continuous
dry reforming reaction for 72 h.

2. Experimental procedure
2.1. Support preparation

The acid leaching approach was employed for the preparation of
Al;03 from AD. This method was adopted and modified from a study by
How et al. [38] and Roslan et al. [37]. In this study, AD was collected
from one of the waste collection centre in Malaysia. Firstly, AD was
washed several times with distilled water to eliminate the chloride
content. The chloride content in the remaining solution was tested using
Mohr’s method, and the process was repeated 3-4 times until all the
chloride content was eliminated. Then, in a 500 mL beaker containing
50 g of washed dross, 200 mL of sulphuric acid was added, and the so-
lution was continuously stirred (400 rpm) and heated (343 K) for 2 h and
left to settle for 12 h. Two-layer solution was obtained which consist of a
clear solution at the top and solid residue at the bottom. To collect the
clear solution, the solid residue was filtered. Leftover insoluble particle
was removed and the filtrate (i.e., clear solution) was used in the co-
precipitation process. In this stage, 10 % ammonia solution was added
dropwise to obtain a solution with pH of 6.0. Then, ultrasonication was
introduced into the resulting solution for 15 min. The product obtained
was centrifuged for 20 min and washed with deionized water until pH
7.0 solution was obtained. Finally, the sample was air-dried overnight at
383 K and air-calcined for 6 h at 873 K. The extracted product was
denoted as EA.

2.2. Catalyst preparation and characterizations

1%Ru-15%Ni/EA and 15%Ni/EA catalysts were prepared by
ultrasonic-impregnation assisted technique. 15%Ni/EA was first pre-
pared by adding nickel (II) nitrate hexahydrate (Merck, 99%) solution
into a beaker containing EA. The solution was placed in an ultra-
sonication water bath at 353 K for 4 h. The collected particles were air-
dried for 12 h at 383 K followed by the calcination process for 5 h at
1223 K. After that, 1 wt% of ruthenium (III) chloride hydrate (Sigma
Aldrich, 99.98%) was prepared by adding Ru solution into a beaker
containing 15%Ni/EA particles and placed under ultrasonic irradiation
for 4 h. These collected powders were air-dried in an oven for 12 h at
383 K and calcined at 823 K. The same technique was used to synthesize
X%Ru-15%Ni/EA (X = 1,2,3,4,5). All synthesized catalysts were char-
acterized by X-ray diffraction (XRD), Hjtemperature-programmed
reduction (Hy-TPR), COo-temperature programmed desorption (COs-
TPD) and N physisorption analyses. Meanwhile, the used catalysts were
characterized by X-ray photoelectron spectra (XPS), transmission elec-
tron microscopy (TEM) and temperature-programmed oxidation (TPO).

2.2.1. X-ray diffraction (XRD)

To analyze the crystal structure of the EA, fresh and used catalysts,
XRD were performed using Rigaku Miniflex II instrument. The analysis
employs the Cu monochromatic anode as a source of X-ray radiation
with a wavelength of A = 1.5418 A at 30 kV and 15 mA. XRD patterns
were examined within 26 range of 10°- 80° with low scan speed of 1° per
min and stride size of 0.02°.

2.2.2. Hj temperature programmed reduction (Hz-TPR)

Hy-TPR measurement was carried out using Micromeritics
AutoChem I1-2920 chemisorption unit to evaluate the reducibility of the
synthesized catalysts. In this study, 0.1 g of catalyst sample was initially
treated under a He gas flow (50 mL min~1) for 30 min at 373 K to
eliminate any moisture and volatile compounds. Then, the H, reduction
process was conducted. The sample was exposed to 50 mL min~! of gas
mixture (10%Hy/Ar) from 373 to 1173 K with a heating rate of 10 K
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min~!. The reduction temperature was maintained at 1173 K for 30 mins
before the samples are cooled down to complete the reduction process.
Thermal conductivity detector (TCD) was used to determine the
hydrogen consumption, while the amount of Hy uptake in the reduction
process was estimated by integrating Hy-TPR profiles.

2.2.3. COgy-temperature programmed desorption (CO2-TPD)

The basicity of the catalysts was computed using CO»-TPD, carried
out on a TP-5000 system. 50 mg of sample was loaded in a quartz reactor
and treated using He flows at 473 K for 30 min. Then, the sample was
degassed over CO, for 1 h and purged with helium to remove the
adsorbed CO,. Finally, the sample was heated from room temperature to
1173 K at a ramping rate of 10 K min~! and CO,-TPD was monitored
using a TCD.

2.2.4. X-ray photoelectron spectra (XPS)

XPS was conducted to study the chemical state and elemental
composition of the used catalysts using ULVAC-PHI 500 (Versa Probe II).
The analysis was conducted using multi-channel detector with analyzer
pass energy of 10 eV and energy resolution of < 0.65 eV. The narrow
spectra obtained from XPS measurement was interpreted using CasaXPS
Version 2.3.16 and calibrated using the peak energy of adventitious
carbon at 284.5 eV.

2.2.5. Transmission electron microscopy (TEM)

TEM analysis was performed to study the surface morphology of the
used catalyst. The images were captured using a Philips CM 12
(Netherlands) transmission electron microscope with a tension voltage
of 120 kV. The powder sample was suspended in 100% ethanol under an
ultrasonic process for 30 mins. After that, a drop of the solution was
taken and placed on the TEM copper grid. The sample was then dried for
5 mins before being viewed under the TEM microscope for analysis.

2.2.6. Temperature-programmed oxidation (TPO)

TPO analysis is a common method to evaluate the nature of carbo-
naceous species accumulated on the used catalyst surface. This analysis
was performed on the used catalyst using a TGA Q500 (TA Instruments).
For complete removal of moisture and volatile compounds, a sample was
initially preheated at 373 K with a 10 K min ! heating rate for 30 mins in
N, flow at 100 mL min~'. Then, the temperature was raised to 1023 K
with different heating rates of 10, 15, and 20 K min~! in the gas mixture
of 105: 4 Ny (100 mL min~') for 30 mins and kept isothermally. Sub-
sequently, the sample was cooled down at room temperature in the same
gas mixture. The obtained results showed the weight changes versus
temperature profile.

2.3. GDR evaluation

The performance of 15%Ni/EA and X%Ru-15%Ni/EA in GDR reac-
tion was evaluated for 8 h under atmospheric pressure. About 0.2 g of
catalyst was inserted inside the fixed bed reactor. Before the reaction, a
mixture of 50% Ny and 50% H, gas was fed into the reactor for the in-
situ catalyst reduction (50 mL min~') at 973 K. After 1 h, CO, gas and
glycerol were fed into the reactor with a 120 mL min " of total flow rate.
To regulate the inlet gaseous flowrate, a mass flowmeter controller was
located at the reactor. Meanwhile, to allow only gaseous products flow
into the effluent stream, a water-trap was built in the system. The
collected products was then analyzed using TCD gas chromatograph. To
evaluate the catalytic performance in GDR reaction, values of reactant
conversion, products yield and H,:CO ratio were calculated based on
Egs. (1)-(5).

Conversion of glycerol to gaseous product:

_ 2Fy, x 4Fcn,

Xg = x 100 (€]

8F C3HgO3

The yield of carbon-containing species:
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Fig. 1. X-ray diffractograms of (a) 15%Ni/EA, (b) 1%Ru-15%Ni/EA, (c) 2%Ru-
15%Ni/EA, (d) 3%Ru-15%Ni/EA, (e) 4%Ru-15%Ni/EA, (f) 5%Ru-15%Ni/EA.
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where, i= Hp, CH4, CO2 and CO; y;= dry basis composition of
producti; F; 5,4, = molar flow rate of component i (mol s’l); W= weight
of catalyst (g)

Product ratio:

Ti
Ry = B )

J

where, r= product formation rate; i = Hy, j = CO
3. Results and discussions
3.1. Characterization of the catalyst

Fig. 1 depicts the X-ray diffractograms of all the synthesized catalysts
including the unpromoted (i.e. 15%Ni/EA) catalyst. All the synthesized
catalysts displayed phase reflection of y-Al;O3 at 20 = 19.8°, 32.9°,
36.4°, 39.1°, 45.9°, 60.8°, and 67.3° (JCPDS No: 00-029-0063), which
matched with the spectrum of y-AloO3 support as reported by Yin et al
[39]. In addition, the NiO crystalline spectrum was observed at 20 =
37.4°, 43.5° and 63.3° (JCPDS card No: 01-073-1519) for all unpro-
moted and promoted catalysts. The promoted and unpromoted catalysts
also exhibited the characteristic peaks of spinel NiAl;04 at 26 = 37.4°
and 75.5° (JCPDS No: 00-010-0339) as illustrated in Fig. 1(b) - (f),
which indicates strong Ni-EA interaction. It is noteworthy that all the
promoted catalysts (i.e. 1%Ru-15%Ni/EA, 2%Ru-15%Ni/EA, 3%Ru-
15%Ni/EA, 4%Ru-15%Ni/EA and 5%Ru-15%Ni/EA) displayed diffrac-
tion line of RuO at 20 = 28.37°, 35.57° and 54.82° (JCDPS card No:
01-088-0322). The presence of RuO elements indicates that the Ru
particles were effectively dispersed on the 15%Ni/EA catalyst.

The crystallite size of the unpromoted and promoted catalysts were
calculated using Scherer equation at XRD peak of 20 = 43.5° and
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Table 1
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Physical properties of EA, 1%Ru-15%Ni/EA, 2% Ru-15%Ni/EA, 3% Ru-15%Ni/EA, 4%Ru-15%Ni/EA and 5%Ru-15% Ni/EA.

Catalyst BET surface area (m?g~!)  Average pore volume (cm® g~!)  Average pore diameter (nm)  Average NiO particle size Deactivation degree, Dq (%)
(nm)
Fresh®  Used”

EA 267.53 0.85 16.2 - - -

15%Ni/EA 165.36 0.64 18.3 5.67 6.23 3.45

1%Ru-15%Ni/EA 148.81 0.60 17.6 5.32 6.12 0.63

2%Ru-15%Ni/EA  136.16 0.58 16.9 5.29 5.42 2.29

3%Ru-15%Ni/EA  125.32 0.57 16.5 5.23 5.36 0.56

4%Ru-15%Ni/EA 119.91 0.55 16.3 5.25 5.41 0.57

5%Ru-15%Ni/EA  108.32 0.53 15.8 5.27 5.42 2.60

3The crystallite size of the synthesized catalyst was calculated using XRD analysis.
“Deactivation degree, D4 (%)= (X1n -Xgn)/X1n X 100 where X is conversion value of glycerol.

b The average crystallite size was calculated using TEM analysis.

summarized in Table 1. The NiO crystallite size for 15%Ni/EA was 5.67
nm and after the addition of promoter, the value of catalyst’s crystallite
size was reduced in the following order: 15%Ni/EA (5.67 nm) > 1%Ru-
15%Ni/EA (5.32 nm) > 2%Ru-15%Ni/EA (5.29 nm) > 5%Ru-15%Ni/
EA (5.27 nm) > 4%Ru-15%Ni/EA (5.25 nm) > 3%Ru-15%Ni/EA (5.23
nm). This can be attributed to the improvement in dispersion of NiO
particles with the presence of Ru promoter. Indeed, Paviotti et al. [40]
and Hossain et al. [41] observed a similar trend in the size of Ni crys-
tallites after promoter was added to synthesized catalysts. Both studies
discovered that incorporating a promoter improved the interaction be-
tween metal and support by preventing metal particle agglomeration on
the catalyst surface.

Table 1 presents the physical characteristics of the synthesized sup-
port and catalysts. From the table, a reduction in the BET surface area
and pore volume was found in the order; EA support > Ni/EA > 15%Ni/
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EA > 1%Ru-15%Ni/EA > 2%Ru-15%Ni/EA > 3%Ru-15%Ni/EA > 4%
Ru-15%Ni/EA > 5%Ru-15%Ni/EA. This pattern is attributed to the pore
structure of the EA support and the presence of NiO on the catalyst’s
surface. Interestingly, the pore diameter was slightly increased upon
addition of Ni into the EA support which implied agglomeration of Ni in
the pore, leading to pore expansion. However, the addition of promoter
onto the 15%Ni/EA catalyst reduced the catalyst’s pore diameter. This
demonstrates a uniform distribution of Ni metal across the surface and
pores of the EA support. Based on IUPAC sorption isotherms, all the
synthesized catalysts showed type H2 hysteresis loop from type IV curve.
This type of isotherm represents the mesoporosity of the synthesized
material. In addition, H2 type hysteresis loop suggests that mesoporous
particles undergoes a capillary condensation phenomenon [42].

Fig. 2 (). illustrates the Ho-TPR profile of 1%Ru-15%Ni/EA, 2%Ru-
15%Ni/EA, 3%Ru-15%Ni/EA, 4%Ru-15%Ni/EA and 5%Ru-15%Ni/EA
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Fig. 3. CO,-TPD of (a) 15%Ni/EA, (b) 1%Ru-15% Ni/EA, (c) 2%Ru-15%Ni/EA, (d) 3%Ru-15%Ni/EA, (e) 4%Ru-15%Ni/EA, (f) 5%Ru-15%Ni/EA.

catalysts. Peak appeared for 15%Ni/EA at temperature range of 573
K-1151 K representing the reduction of NiO species to Ni° metallic
phase with weak interaction between support and metal [43,44]. The
second peak located at a reduction temperature of 833-1151 K was due
to the NiO particles reduction located in the bulk EA support with a
strong metal-support interaction (i.e., Eq. (6)).

NiO +H, = Ni+H,0 (6)

Peak appearing at reduction temperature > 923 K represents the
reduction of NiAl,04 spinel structure, which is probably due to the high
diffusion of Ni into the EA support [45,46]. The incorporation of Ru
promoter over 15%Ni/EA catalyst shifted the peaks towards lower
reduction temperature (<800 K) as against the peak for the 15%Ni/EA
catalyst. This demonstrates the effect of a second metal, Ru, on the NiO
particle reduction point due to the spillover of H dissociated on NiO and
Ru [47]. The addition of Ru also enhance the level of surface oxygen
mobility, hence, lowering the reduction ability of Ni [48]. The decrease
in reduction temperature is due to the presence of the Ru promoter,
which restricts the migration of Ni ions into the EA support structure
while also reducing the Ni-Al;O3 interaction. Hossain et al. [48] re-
ported a similar trend whereby the reduction peak of Ni shifted to a
lower point after the addition of promoter into Ni/Al»O3 catalyst. From
Fig. 2(b), all the prepared promoted catalysts exhibited two main
deconvoluted reduction peaks. The main peak depicts the reduction of
RuOs, to metallic Ru [49,50,51]. From the deconvulated peaks, the low
temperature reduction peaks (i.e. 400-470 K) can be ascribed to the
reduction of well dispersed RuO; species. Meanwhile, higher reduction
temperature peaks (i.e. 490-800 K) can be attributed to the reduction of
oxidized Ru [52] or Ru dissolution in the spinel lattice, as suggested by
Bossola et al. [51]. Additionally, higher reduction temperature suggests
good stabilization of oxidized Ru in the catalyst matrix. The peak of the
promoted catalysts shifts to a higher temperature from 1%Ru-15%Ni/

EA to 3%Ru-15%Ni/EA catalysts. This indicates a strong interaction of
the support and active phase. Based on the Hy-TPR profile presented in
Fig. 2, as the loading of Ru increased, the reduction temperature shifts to
a higher reduction temperature region, indicating a strong interaction
between metal and support [53]. The higher metal-support interaction
was most likely caused by the uniform dispersion of smaller NiO crys-
tallite sizes on the surface of the EA support, which resulted in higher
metal-support interaction [54]. However, at 4%Ru-15%Ni/EA and 5%
Ru-15%Ni/EA, the reduction was slightly reduced. At 3% there is suf-
ficient Ru molecule available to create the required metal to metal bond
which is needed to interact with the support at the molecular level. That
is at below or above 3% the Ru molecules are insufficient or in excess of
the required amount needed to create the ideal metal-support interac-
tion which would enhance the catalytic performance during reaction.
Hence, it can be concluded that Ru significantly affected the reducibility
of the Ni species in the synthesized catalysts.

Fig. 3 represents CO2-TPD profile of 15%Ni/EA, 1%Ru-1% Ni/EA,
2%Ru-15%Ni/EA, 3%Ru-15%Ni/EA, 4%Ru-15%Ni/EA and 5%Ru-15%
Ni/EA. Two distinct peaks were observed for the 15% Ni/EA at tem-
perature ranged 533-1000 K and 739-1177 K representing medium and
strong basic sites. Meanwhile, two peaks were visible for all promoted
catalysts at 531-700 K and 531-900 K. This indicates that all promoted
catalysts have higher medium strength basicity to adsorb COy gas. Me-
dium basicity of all the promoted catalysts probably due to the
replacement of Al ions in the brucite layers by Ru ions [55]. In this study,
3%Ru-15%Ni/EA had the highest capacity to adsorb CO» (129.65 pmol
g 1) onto its surface. High amount of CO, adsorbed by the catalyst
suppresses the carbon formation during the reaction [36] and thus, in-
creases the catalytic performance. The promoted catalyst’s basicity was
in the order of 3%Ru-15%Ni/EA > 4%Ru-15%Ni/EA > 5%Ru-15%Ni/
EA > 2%Ru-15%Ni/EA > 1%Ru-15% Ni/EA.
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Fig. 4. Catalytic evaluation of unpromoted catalyst and promoted catalysts at various loading on; (a) glycerol conversion, (b) H; yield, (c) CO yield and (d) Ha:

CO ratio.

3.2. Catalytic evaluation in glycerol dry reforming

3.2.1. Effect of catalyst loading

The catalytic activity of the promoted and unpromoted catalysts at
973 K for 8 h with feed ratio of CO; to glycerol (CGR) =1 is presented in
Fig. 4 (a). Metallic Ni sites showed a positive role in GDR reaction which
was proven by the higher catalytic performance of 15% Ni/EA catalyst
(i.e. 56% glycerol conversion, 45% H, yield and 40% CO yield) as
against the EA support only (i.e. 5.2% glycerol conversion). As repre-
sented in Fig. 4, the glycerol conversion significantly increased after the
adoption of Ru promoted catalyst due to the fine NiO dispersion and
greater oxygen vacancies of the promoter. The reactant conversion and
product yield increased in the order of 3%Ru-15%Ni/EA (90%) > 4%
Ru-15%Ni/EA (86%) > 5%Ru-15%Ni/EA (84%) > 2%Ru-15%Ni/EA
(81%) > 1%Ru-15%Ni/EA (79%) > 15%Ni/EA (56%). The enhance-
ment of the Ni/EA catalysts activity via the addition of Ru promoter was
consistent with literature (Paviotti et al. [40]; Hossain et al. [41]; Pau-
letto et al. [56]).

To investigate the stability of the catalyst, the deactivation degree of
the catalyst was determined by measuring a decrease in glycerol con-
version (i.e. Table 1). It was found that the degree of catalyst deacti-
vation calculated for all synthesized catalysts were in the following
order: 3%Ru-15%Ni/EA (0.55%) < 4%Ru-15%Ni/EA (0.57%) < 5%Ru-
15%Ni/EA (0.63%) < 2%Ru-15%Ni/EA (2.23%) < 1%Ru-15%Ni/EA
(2.60%) < 15%Ni/EA (3.45%). These findings were related to the redox
properties exhibited by Ru [57]. Oh et al. [58] explored the redox
properties of Ru in Ni-based catalysts for the production of syngas. Ac-
cording to the authors, redox properties did not only improve the sta-
bility of catalyst, but also enhanced the gasification of carbon and
thereby hindering the catalyst deactivation.

Fig. 4(a) - (c) shows the overall catalytic activity of unpromoted and
promoted catalyst during 8 h GDR reaction. It was found that 3%Ru-15%
Ni/EA catalyst had the highest product yield (i.e. H (80%) and CO yield

(72%)), compared to the other catalysts. As presented in Fig. 4(b) and 4
(c), the yield values were slightly improved in the order of 3%Ru-15%
Ni/EA > 4%Ru-15%Ni/EA > 5%Ru-15%Ni/EA > 2%Ru-15%Ni/EA >
1%Ru-15%Ni/EA > 15%Ni/EA. As a result of these findings, it was
demonstrated that the incorporation of promoter was critical in
increasing the catalytic activity of GDR, which can be attributed to its
ability to improve the distribution of active metal and suppress carbon
deposition. Interestingly, in this study, H, produced by all the synthe-
sized catalysts was higher than CO in terms of yield.

Fig. 4(d) represents the profile of Hy:CO ratio during GDR at 973 K.
Results show that the H,:CO ratio of 15%Ni/EA catalyst was low
(1.2-1.25), which can be ascribed to the accumulation of CO produced
by the water gas shift reaction (WGS). The incorporation of Ru as pro-
moter slightly reduced the Hj:CO ratio to about 1, suggesting that the
incorporation of Ru could lessen the rate of reverse water gas shift
(RWGS) reaction. A similar conclusion was reached by Chen et al. [59],
who discovered that the Hy:CO ratio was approaching stoichiometric
values when a promoter was used in conjunction with Ni/SiO5 catalyst.
In terms of Hy:CO ratio stability, 15%Ni/EA and 1%Ru-15%Ni/EA
exhibited a declining trend, whereas the other catalysts exhibited a
nearly stable trend over the course of the 8 h reaction. This trend cor-
relates to the coke resistant nature of the catalyst. Moreover, space time
yield (STY) in mmolggj min~"! for H, (STYH) and CO (STYCO) followed
similar trend of reactant conversions; 3%Ru-15%Ni/EA (STYH = 7.1,
STYCO = 6.9) > 4%Ru-15%Ni/EA (STYH = 6.5, STYCO = 6.3) > 5%Ru-
15%Ni/EA (STYH = 5.9, STYCO = 5.3) > 2%Ru-15%Ni/EA (STYH =
5.5, STYCO = 5.6) > 1%Ru-15%Ni/EA (STYH = 5.3, STYCO = 5.5) >
15%Ni/EA (STYH = 5.1, STYCO = 4.9). The effective enhancement of
the catalytic activity by the addition of Ru results from the positive
changes in the properties of the catalyst, such as oxygen vacancies and
metal dispersion. 3%Ru-15%Ni/EA had larger STY values compared to
the other catalysts due to the small particle size and fine dispersion of



N.A. Roslan et al.

90

%)

o

o

— —=¢--CGROS
—e—CGR1

Glycerol Conversion (

<eeodeees CGR 2
—&- - CGR3
— @ —CGR4
—h: = CGR 5

0 T T T T T T
850 900 950 1000 1050 1100 1150 1200
Temperature (K)

(@)

Fuel 314 (2022) 123050

100
90
80
70
60
50

40

H, Yield (%)

==#==CGRO0.5
30 —— CGR 1
2 <oeodeess CGR 2
= —&- - CGR3
10 — ® —CGR4

—a- = CGR 5
0

850 900 950 1000 1050 1100 1150 1200
Temperature (K)

(b)

CO Yield (%)

50 A ‘—~—-—"-."‘{‘~;-,=_[.—-~-—-_.

'-t.'.'.-‘/....y:‘

=-=4=-=CGRO0.5
—&— CGR 1
=-=&==CGR2
—=& - CGR3
- ® - CGR4
—a: =CGR 5

850 900 950

1050 1100 1150 1200

Temperature (K)

Fig. 5. Effect of reaction temperature at various CGR ratio on (a) glycerol conversion, (b) H yield and (c) CO yield.

metal. Besides that, 3%Ru-15%Ni/EA had strong interaction between Ni
and EA support as discussed in TPR and BET analyses.

In the representation of the catalytic performance of all the synthe-
sized catalysts presented in Fig. 4, the utilization of 3%Ru promoter on
15%Ni/EA effectively enhanced the catalytic activity of Ni/EA due to
the strong metal support interaction, well dispersion of Ni and smaller
particle size. Furthermore, the 3%Ru-15%Ni/EA catalyst having high
capacity to store or release oxygen proved beneficial for the gasification
of carbon since the catalyst had the lowest rate of deactivation and
carbon deposition.

3.2.2. Effect of reaction temperature

A study on the effect of reaction temperature at various CGR ratio
ranging from 873 K to 1173 K was conducted using 3%Ru-15%Ni/EA.
Fig. 5 represents the reactant conversion and products yield (Hz and CO)
in the order (i.e. highest to lowest) of CGR 1 > CGR 0.5 > CGR 2 > CGR
3 > CGR 4 > CGR 5. The results indicates that the best reaction tem-
perature for GDR reaction using 3%Ru-15%Ni/EA was at 1073 K. At
CGR of 1, the conversion obtained at 873 K, 973 K, 1073 K and 1173 K
were 87%, 88%, 93% and 91% respectively. It was observed that
although these differences are minimal, there is a direct relationship
between temperature and glycerol conversion which is coherent with
the Arrhenius characteristics. As the reaction temperature increased, the
reactant conversion increased mainly due to the endothermic nature of
GDR reaction. In addition, the slight differences observed in conversion
as temperature increased is due to the dominance of various side re-
actions at different reaction temperatures. However, at 1173 K, the
glycerol conversion slightly decreased because of the thermodynami-
cally favored glycerol reforming as against the Boudouard reaction (BR)
which is most likely to occur at high reaction temperature. This section
will analyze in detail various side reactions (i.e., Boudouard reaction
(BR) and reverse water gas shift (RWGS)) that drive the GDR reaction.

3.2.3. Water gas shift (WGS) reaction effects in relation to Temperature.
The WGS is an equilibrium process that occurs according to the
stoichiometric reaction represented in Eq. (7). [60,61].

CO +H:0() < COsg) +Hay) @

The forward reaction which is exothermic in nature converts CO and
H0 to Hy and CO»,. The WGS is dominant at lower temperature range
(below 973 K). At temperatures of 1073 K and 1173 K, the net WGS
reaction is slow and negligible. Above 1473 K, the backward reaction
which is the RWGS represented in Eq. (8) becomes dominant.

COsg) + Hag) < CO(y) + Hy Oy AHopg e = 41 kjmol™ €)

Therefore, in GDR reaction, to significantly minimize the effect of the
WGS or RWGS reaction, the reaction should be conducted at 973-1173 K
temperature range. This is to avoid the side reaction utilizing any
valuable products such as CO at low temperatures (<973 K) or Hy at
higher temperatures (>1173 K). Furthermore, H,O molecules from the
glycerol cracking reacts with CO or incomplete oxidized carbon in WGS
reaction to produce CO; and Hj, thereby shifting the product selectivity
towards Hy at lower reaction temperatures. The effect of the WGS re-
action may not always be observed at temperatures between 973 K and
1073 K because of the presence of other catalytically dominant reactions
such as glycerol cracking and GDR, which is the primary reaction. Also,
the Hy produced at lower temperature may take part in the complete
reduction of the metallic catalyst during the GDR reaction. WGS reaction
can also be affected by certain catalyst types. For instant, WGS reaction
is fast on alkalized iron catalysts, but its effect is negligible on cobalt
catalysts [62]. Though, it is essential to note that the WGS reaction is
important in the analysis of chemical reaction that involves syngas.
Amongst all the reactions involving syngas, the WGS reaction equilib-
rium is less sensitive to variation in temperature/temperature effects,
hence, its equilibrium constant is least strongly dependent on temper-
ature changes.
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3.2.4. Boudouard reaction (BR) effects in relation to temperature
The BR referred to as the gasification of char is represented in Eq. (9).
[63,64].

2CO(g) < COyy + Cs) AH" 955 = — 172kjmol™" ©)]

At low temperatures (<973 K), CO decomposes to C and CO; (i.e.
BR). Due to the large enthalpy at this temperature, the equilibrium does
not favor the formation of CO. However, when the entropy term starts to
dominate and the free gibbs energy becomes negative, the reverse BR
takes effect. At lower temperatures, the BR can be regarded as a prin-
cipal source of carbon formation since the reaction is thermodynami-
cally favored at these temperature, whereas at higher temperature,
glycerol cracking is dominat and hence, the main source of carbon for-
mation [65,66]. At high temperatures (>1273 K), almost all the avail-
able CO; reacts with C to form CO gas (reverse BR). When the reaction
temperature is between 873 K and 1173 K, a significant amount of CO
and CO, are present during the reaction. Furthermore, CO is naturally
unstable which make it difficult to exist at lower temperature, hence it is
easily oxidizes to CO,. Therefore, when GDR reaction is carried out at
873-1173 K reaction temperature, the reaction has significant amount
of CO, and CO due to the limiting effects of various side reactions. Hp:CO
ratio > 1 indicates the occurrence of the BR or glycerol cracking where
CO is used up, whereas Hy:CO ratio < 1 indicates the existence of RWGS

Fuel 314 (2022) 123050

Table 2
Binding energies, atomic ratios and oxygen vacancies values obtained from the
XPS analysis of all used catalysts.

Catalysts Binding energy (eV) Atomic ratio Ov
Ni/Al (%)
2p3/ 2p3 Cls Ols
2
15%Ni/EA 856.0 870.0 2845 531.0 0.15 24.5
1%Ru-15%Ni/ 856.0 874.0 284.5 531.0 1.97 56.9
EA
2%Ru-15%Ni/  855.5 8735 2845 531.5 214 62.4
EA
3%Ru-15%Ni/ 856.5 874.5 284.5 532.0 2.98 81.4
EA
4%Ru-15%Ni/  855.5 8740 2845 531.0 274 78.7
EA
5%Ru-15%Ni/  856.0 8745 2845 531.0 2.58 67.5
EA

reaction where Hy and CO» is consumed [66].

In this study, the increment in reactant conversion was majorly due
to the endothermic nature of GDR reaction. 3%Ru-15%Ni/EA catalyst
exhibited greater conversion of glycerol than other catalysts due to their
greater coking resistance. However, at 1173 K, the conversion slightly
decreased for all synthesized catalysts. This is due to the dominance of
the thermodynamically favoured glycerol cracking reaction as opposed
to the BR reaction, which is less likely to occur at high reaction tem-
peratures [63 67].

3.3. Post reaction characterizations

The diffractogram for all the used catalysts after 8 h GDR reaction are
shown in Fig. 6. All used catalysts revealed the presence of graphitic
carbon at value 20 = 26.69° (JCDPS card No. 75-0444) [68]. Interest-
ingly, according to Fig. 6, the graphite X-ray reflection for all the pro-
moted catalysts was reduced with the incorporation of Ru when
compared to the 15% Ni/EA catalyst. This can be attributed to the high
oxygen availability for the gasification of carbon in the promoted cat-
alysts. The reduction in the intensity of the graphite peak was in the
order of 15%Ni/EA > 1%Ru-15%Ni/EA > 2%Ru-15%Ni/EA > 5%Ru-
15%Ni/EA > 4%Ru-15%Ni/EA > 3%Ru-15%Ni/EA indicating the su-
periority of 3%Ru-15%Ni/EA in inhibiting the formation of carbon.
Meanwhile, the diffraction line recorded at 20 = 38.25° and 44.82°
corresponded to NiO (JCDPS card No. 01-073-1519). The existence of
these peaks indicates the re-oxidation of Ni° by CO2 during the GDR
reaction. The intensity of spinel NiAl,O4 was observed at 260 = 38.25°,
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Fig. 7. Ni 2p XPS spectra of used promoted and unpromoted catalysts after 8 h GDR at T = 973 K, WHSV = 36 L gcat’! h™! and CGR of 1.
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77.54° (JCDPS card No: 00-010-0339) which is lower compared to
spinel NiAl,O4 presented in Fig. 1.

XPS analysis was conducted to determine the atomic composition
and oxidation state of the used unpromoted and promoted catalysts.
Fig. 7 represents the XPS spectra measurement, and the calculated
values of the binding energy (BE) are summarized in Table 2. As pre-
sented in Fig. 7, the Gaussian deconvolution peak of Ni 2p3 spectra
apperead for all used catalysts. There are two deconvoluted peaks
located under Ni 2p3/2 region between 856.5 and 870.5 eV, which were
attributed to NiO, Ni° and NiAl;04 [56,57,58]. Two deconvulated peaks
were also detected under Ni 2p3 region at 793.5 -793.4 eV, 795.3
-795.5 eV and 796.6-796.9 eV which belonged to metallic Ni° and
NiAl,04. Meanwhile, peak at 803.1-803.2 eV represents NiO and sat-
ellite of Ni 2p3 region [69,70]. The existence of Ni species was also
consistent with the XRD findings as presented in Fig. 6. To investigate
the effect of promoter on the dispersion of Ni over EA support, the
atomic ratios of Ni/Al was calculated by XPS and summarized in Table 2.

The Ni/Al atomic ratios increased in the order: 15%Ni/EA (0.15%) < 1%
Ru-15%Ni/EA (1.97%) < 2%Ru-15%Ni/EA (2.14%) < 5%Ru-15%Ni/
EA (2.58%) < 4%Ru-15%Ni/EA (2.74%) < 3%Ru-15%Ni/EA (2.88%).
This trend is related to the enhanced dispersion of Ni with the incor-
poration of the Ru promoters. The enhancement in the atomic ratio of
Ni/Al with the addition of promoter was also described by Meng et al.
[71] to indicate a positive impact of promoter on the metal dispersion.
The largest Ni/Al atomic ratios of 3%Ru-15%Ni/EA corroborates with
the smaller particle size and strong Ni-EA interaction exhibited by the
catalyst. This is in agreement with the findings from the BET and TPR
analyses. These properties has resulted in superior performances of the
3%Ru-15%Ni/EA catalyst within 8 h of GDR compared to other
catalysts.

Fig. 8 represent two main deconvolution peak of O 1s spectra as
shown in Fig. 8 at BE of 527-533 eV and 527-537 eV. The first peak (i.e.
527-533 eV) represents lattice oxygen (O) which is related to Al;03 and
NiO. Meanwhile, the second peak (i.e. 527-537 eV) was ascribed to
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catalysts after 8 h GDR at T = 973 K, WHSV = 36 L gcat'lh’1 and CGR of 1.

surface adsorbed oxygen (Op) [72]. Previously, the number of oxygen
vacancies (Oy) was calculated based on the peaks integrated area ratio
for O and Op, (Oy (%) = (Aoa/(Aoa + Aor)) x 100(%)) [73]. As sum-
marized in Table 2, 3%Ru-15%Ni/EA catalyst possesses the highest Oy
of 81.4% followed by 4%Ru-15%Ni/EA, 5%Ru-15%Ni/EA, 2%Ru-15%
Ni/EA, 1%Ru-15%Ni/EA and 15%Ni/EA. The high oxygen vacancies in
3%Ru-15%Ni/EA catalyst aided carbon gasification with the support
(EA) acting as an active site to activate CO, during GDR reaction. This
findings corroborated with the high catalytic activity and low rate of
deactivation exhibited by 3%Ru-15%Ni/EA. As illustrated in Fig. 9, the
spectra of C 1s of all the promoted catalysts represents the carbon spe-
cies generated via BR. The curve at BE of 284.5 eV belonged to nonre-
active and ordered graphitic carbon [74]. The structure of the carbon
deposited using XPS analysis was in agreement with the TPO analyses. In
addition, the spectra of C 1s for all the promoted catalysts indicated
smaller peaks compared to the unpromoted 15%Ni/EA catalyst, which
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further confirmed the Ru promoter’s ability to resist carbon formation.
The total amount of carbon produced during 8 h GDR reaction was
estimated through TPO analysis. From Fig. 10, peaks found around
800-1073 K represents the derivative weight profile which indicates the
oxidation of carbon. According to Xin et al. [75], these peaks represent
the removal of crystalline graphitic carbon during the reforming pro-
cess. Based on literatures, the carbon species accumulates on the surface
of the catalyst from the side reactions, either via CH4 cracking (CH4 =
2H, + C(s)) or Boudouard (2CO = CO3 + C(s)) [66,67]. Notably, the
promoter incorporation significantly reduced the graphitic peak in-
tensity. This result corroborates with the XRD analysis where the peak of
graphite carbon reduced with the addition of the promoter (Fig. 6).
Furthermore, the percentage weight loss reduced with the incorpo-
ration of the promoter in the order of 15%Ni/EA (25.31%) > 1%Ru-15%
Ni/EA (12.07%) > 2%Ru-15%Ni/EA (10.92%) > 5%Ru-15%Ni/EA
(10.77%) > 4%Ru-15%Ni/EA (9.36%) > 3%Ru-15%Ni/EA (7.38%).
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The results revealed that Ru promoter reduced the deposition of carbon
on the surface of catalyst during GDR reaction due to its multi-functional
properties such as strong basic attributes and high oxygen vacancies.
Interestingly, the trend from the percentage of weight loss and crystallite
size was similar. According to Xin et al. [75], the increase in crystallite
size promotes the carbon deposition rate. Therefore, this further verifies
the small amount of carbon formation exhibited by 3%Ru-15%Ni/EA
after 8 h GDR reaction.

The surface morphologies from TEM analysis of all used catalysts for
GDR reaction are illustrated in Fig. 11. EA support presented as grey
colour while Ni particles exist as dark dots. In the TEM image of the used
15%Ni/EA (cf. Fig. 11(b)), it can be seen that the is agglomeration of Ni
metal particles, which results in larger Ni metal particle size (i.e. 6.23
nm). However, the Ni particle size was reduced in Fig. 11 (c)-(g) with
less agglomeration, which indicates that the addition of Ru as promoter
led to fine and narrow size distributions of Ni particles over EA support
(cf. Table 1). Apparently, the crystallite size of the synthesized catalysts
reduced in the order; 15%Ni/EA > 1%Ru-15%Ni/EA > 2%Ru-15%Ni/
EA > 5%Ru-15%Ni/EA > 4%Ru-15%Ni/EA > 3%Ru-15%Ni/EA, which
directly relates to the metal support interaction of Ni and EA as discussed
in TPR analysis. Therefore, strong Ni-EA interaction of the 3%Ru-15%
Ni/EA catalyst showed superior sintering resistibility than the other
catalysts. Also, 15%Ni/EA (i.e. Fig. 11 (b)) revealed the presence of a
filamentous (FC) and graphitic (GC) type carbon. Usually, Ni-based
catalyst used in reforming reactions lead to the formation of filamen-
tous carbon [76,77]. Previous reports shows that this type of carbon can
easily be gasified with CO; and thus does not give any negative impact
on the catalytic activity in the reforming process [78]. However, this
carbon could block the reactor faster and therefore limit the catalytic
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activity. On the other hand, it is apparent that GC type carbon (as
revealed by XRD analysis) was generated on the used catalysts (i.e.
Fig. 11(c)-(g)). This type of carbon covers the metal and support surface
thereby blocking reactants’ accessibility to the catalyst’s active sites,
hence, restricting the reaction from occuring. Nevertheless, Ru are more
carbon resistant than Ni, especially towards the formation of filamen-
tous carbon [78]. This is due to the dissolution of carbon into the lattices
of noble metals during the reaction, leaving the carbon species at the
surface of the catalyst to be converted into CO or CO5 [79].

3.4. Stability study

Catalytic performance of GDR for 15%Ni/EA and 3%Ru-15%Ni/EA
catalysts was evaluated in a 72 h time-on-stream (TOS) under the given
conditions (1 atm, stoichiometric feed ratio glycerol:CO, = 1:1, 1073 K).
The study was conducted to examine the influence of promoter on the
activity and stability of the 15%Ni/EA catalysts in the GDR reaction.
Fig. 12 (a) showed that the promoted catalyst was stable during the 72 h
TOS. As seen in Fig. 12 (a), a sharp drop was observed in the glycerol
conversion, Hy yield, and CO yield of the 15%Ni/EA catalyst with the
percentage of deactivation about 9.3%. The glycerol conversion
declined from about 56.7% to 49.1% after 30 h of reaction, and then the
conversion became stable until 72 h. The formation of larger crystallites
size or bulky NiO particles could be responsible for the distortion in
accessibility to the active sites. The addition of Ru to the catalyst gave a
superior catalytic activity and stability. For 3%Ru-15%Ni/EA catalyst,
(i.e. Fig. 12 (b)) there was a slight drop in glycerol conversion from 95%
to 92% after 6 h of reaction. The reactant conversion and product yield
were stable after 6 h with the percentage of deactivation only about
2.2%. Similar findings were observed in the thermogravimetric studies
for catalytic decomposition of methane using Ru-promoted Ni/Al2O3
catalyst [67]. The result revealed that the nucleation of graphitic carbon
was observed for the initial induction period, which leads to increase in
carbon formation. After reaching a plateau with respect to carbon con-
tent, the rate of carbon deposition begins to decline after a period of
time. It has been suggested that the amount of carbon nucleation for a
given catalyst depends mainly on the reaction temperature and gas-
phase composition.

As shown in Fig. 12, the Hy:CO ratio was lower than two for both
catalysts which is appropriate for downstream Fischer-Tropsh synthesis
that can produce long-chain hydrocarbons. In addition, the Ru doped
catalyst showed the highest product yield for H and CO of about 86.1%
and 76.7% respectively. The product yield decreased after 6 h TOS and
exhibited similar behaviour with the product ratio and reactant con-
version (see Fig. 12(a) and 10 (b)). Overall, incorporation of Ru as
promoter enhanced the Ni-EA interaction and therefore improved the
catalyst’s stability at high reaction temperature for a longer reaction
time.

4. Conclusions

The effectiveness of catalyst promoter (i.e. Ru) towards changing the
physicochemical properties and catalytic activity of Ni/EA catalysts in
GDR reaction was explored in this study. The promoter incorporation
reduced both the pore diameter and BET surface area of Ni/EA to 16.5
nm and 125.32 m2g ! respectively. This can be attributed to improved
dispersion of Ni particles on the EA surface and the reduction of the
crystallite size of Ni which are situated on the pore and surface of the EA.
In addition, Ho-TPR analysis showed that the small Ru crystallite size
increased Ni-EA interaction. From the catalytic evaluation conducted,
the reactants’ conversion increased after the addition of Ru promoter to
the Ni/EA catalyst in the order: 15%Ni/EA < 1%Ru-15%Ni/EA > 2%Ru-
15%Ni/EA > 5%Ru-15%Ni/EA > 4%Ru-15%Ni/EA > 3%Ru-15%Ni/
EA. 3%Ru-15%Ni/EA possessed the highest values at about 93% glyc-
erol conversion, 87% H; yield and 79% CO yield. The Ru promoter redox
properties reduced the deactivation degree from 4.21% (15%Ni/EA) to
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Fig. 11. TEM images of (a) EA support, (b), 15%Ni/EA, (c) 1%Ru-15%Ni/EA, (d) 2%Ru-15%Ni/EA, (e) 3%Ru-15%Ni/EA, (f) 4%Ru-15%Ni/EA, (g) 5%Ru-15%Ni/
EA catalysts for 8 h of GDR reforming ay 973 K reaction temperature and CGR of 1.
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Fig. 12. TOS profile of glycerol conversion, Hy yield and CO yield for 72 h, CGR of 1 and reaction temperature at 1073 K; (a) 15%Ni/EA; (b) 3%Ru-15%Ni/EA.

0.57% (3%Ru-15%Ni/EA). The highest Ni/Al atomic ratio for the 3%Ru-
15%Ni/EA catalyst (2.88%) obtained from XPS analysis suggests the
superior catalytic activity of 3%Ru-15%Ni/EA due to good dispersion of
Ni compared to the other catalysts. The TPO results showed a decrease in
the amount of carbon in the order of 15%Ni/EA > 1%Ru-15%Ni/EA >
2%Ru-15%Ni/EA > 4%Ru-15%Ni/EA > 5%Ru-15%Ni/EA > 3%Ru-
15%Ni/EA. Therefore, 3%Ru-15%Ni/EA was able to effectively gasifiy
carbon during the reaction and therefore enhanced the catalytic per-
formance. In summary, excellent catalytic performance in GDR reaction
was attained by 3%Ru-15%Ni/EA catalyst due to its high oxygen storage
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capability and excellent dispersion of Ni on EA support. This enhanced
catalytic characteristics promoted carbon gasification and subsequently,
increased the activity and stability towards Hp and CO productions.
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