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� Production of H2-rich syngas from glycerol.

� Extraction of Al2O3 from aluminum dross waste.

� Ni-based catalyst supported on extracted Al2O3 was prepared.

� The effect of Ni loading, and reaction temperature are discussed in detail.

� Syngas with H2:CO ratio less than 2.0 was obtained.
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The performance of Ni-based catalyst supported on g-Al2O3 for glycerol dry reforming

(GDR) reaction was investigated in the current study. g-Al2O3 was prepared from aluminum

dross (AD) before use as catalyst support. Al2O3 was extracted using three different tech-

niques assisted with ultrasonication: acid leaching with ammonia precipitation, acid

leaching with re-precipitation of HCl, and alkaline leaching with ammonium hydrogen

carbonate. The results show that extracted g-Al2O3 3 (EGA3) with the highest purity and the

surface area of 267.5 m2 g�1 was produced from acid leaching with ammonia precipitation

technique at a calcination temperature of 800 �C. A series of Ni/EGA3 (5%, 10%, 15% and

20%) catalysts were tested and it was found that the catalytic activity was increased in the

order of 5%Ni/EGA3 < 10%Ni/EGA3 < 20%Ni/EGA3 < 15%Ni/EGA3. 15%Ni/EGA3 catalyst has

the highest catalytic activity due to the excellent distribution of Ni on the EGA support,

high specific surface area of the support and high catalyst’s basicity. In addition, the strong

Ni-EGA3 interaction of the 15%Ni/EGA3 catalyst suppressed the carbon formation with the
ical Engineering, College of Engineering, Universiti Malaysia Pahang, Lebuhraya Tun Razak,
.
.Z. Abidin).

ons LLC. Published by Elsevier Ltd. All rights reserved.
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Dry reforming
Aluminum dross
catalyst having the lowest carbon deposition value of 25.51% during the GDR reaction

carried out for 8 h. Studies on the GDR reaction catalytic activities revealed that 15%Ni/

EGA3 achieved the maximum catalytic activity with 56.7% glycerol conversion, 44.7% H2

yield, and 40.6% CO yield at 800 �C and CGR of 1:1. The H2:CO ratio obtained in this study

was approximately 1.2e1.5 throughout the reaction, depicting a relatively rich H2 syngas

product. Overall, the strong interaction between Ni and EGA3 ensured stable Ni particles

that can mitigate carbon deposits, thereby enhancing the catalytic activity.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
ability to breakdown CeC and CeH bonds, thereby promoting

Introduction

In recent years, rapid growth in the biodiesel production by

transesterification reactions has led to an excessive supply of

glycerol by-product. Usually, biodiesel is produced from ani-

mal or vegetable-based oil. During this reaction, about 10% of

glycerol is generated as a by-product [1]. This amount of

glycerol is obviously in excess supply since glycerol has a low

demand at less than 0.5 megatons [2]. This has led to

increased studies on alternative glycerol conversion routes to

more valuable products such as glycerol carbonate [3], which

is well documented. Another very promising route that has

aided the utilization of abundant glycerol is syngas production

via glycerol reforming [4e6].

Syngas or synthetic gas, which mainly consists of H2 and

CO gas, can be produced from glycerol using many reacting

agents (i.e., steam and CO2 (dry)). Among these techniques,

dry reforming of glycerol (GDR) has gainedmore attention due

to the advantage ofmitigating one of the abundantly available

greenhouse gases via this route [7]. Reports have shown that

the uncontrolled increasing emission of CO2 into the atmo-

sphere has led to critical environmental concerns [8] thus,

making the glycerol steam reforming (GSR) route less favor-

able than GDR. Besides that, GDR reaction can produce H2-rich

syngas with H2:CO molar ratio <2, thereby satisfying the feed

conditions for Fischer-Tropsch (FT) synthesis [9,10]. Thus, the

adoption of GDR as an alternative reforming route to produce

H2-rich syngas is more beneficial since H2 is a major source of

clean energy. The overall GDR reaction presented in Eq. (1)

shows that to produce syngas, 1 mol of CO2 was required for

each mole of glycerol consumed [11,12].

C3H8O3 þ CO2 ¼ 4COþ 3H2 þH2O DH
� ¼ 292 kJ=mol (1)

It should be noted that in this process, catalysts are gener-

ally introduced to enhance the overall production of syngas

and optimize the process. In the reforming process, two types

of catalysts have been widely reported: noble-based and Ni-

based catalyst. The application of noble metals (i.e., Pt, Rh) in

reforming processwas unfavorable due to their rarity andhigh

cost, even though they were reported as very reactive and

highly coke resistant catalyst [9,13,14]. The Ni-based catalyst

has been reported to be a better option since it can produce

similar catalytic activity at a lower price compared to the noble

metal catalyst. Basedonrecent literature, theNi-basedcatalyst

is known to be a highly available, highly reactive, and cost-

effective catalyst [15e18]. Ni is also known to have a high
the water gas shift reactions and boosting H2 and CO produc-

tion [19,20]. However, the Ni catalyst commonly suffers from

severe deactivation because of the sintering of Ni metallic

clusters and high production of carbon during the reaction

[21,22]. This has led to the introduction of catalyst support (i.e.,

ZrO2, Al2O3) that can provide an alternative mechanism and

reaction route to utilize the deposited carbon and eradicate

metal sintering [23]. Strong interaction between active metal

and support could reduce the carbon formation and promote

catalyst’s stability and reducibility [24].

The support selection is generally dependent on the physi-

cochemical properties that are to be enhanced (i.e., surface

basicity, thermal stability, oxygen storage capacity, pore char-

acteristics and surface area). These properties will prevent

catalyst sintering, increase active particles’ dispersion, provide

better interaction between metal and support, facilitate cata-

lyst reduction, and provide alternative carbonaceous species

routes [25,26]. One outstanding catalyst support combination

that is commonly utilized for hydrocarbon-based reforming is

Ni catalysts supported on Al2O3 [27e29] This catalyst is known

to possess high surface area, small pores, high ability to inhibit

catalyst sintering, and good metal dispersion, Al2O3 as catalyst

support ensures the synthesized catalyst remains thermally

stable even at high reaction temperature. Hence, it is respon-

sible for the additional mass transfer limitation experienced by

the reactants [30e33].

Until recently, Al2O3 is extracted from bauxite by the Bayer

process, which requires a complicated extraction technique at

high cost. A unique and cheaper alternative route to obtain

high purity Al2O3 can be achieved via the extraction of alumina

from aluminium wastes and scraps. Aluminum dross (AD), a

waste produced from the aluminium industry has a high con-

tent of Al2O3, approximately around 60e90% depending on the

type of dross [34,35]. AD is formed on a molten aluminum

surface exposed to high temperatures in the furnace during

primary and secondary processes. The aluminum industry

generates >1 � 106 tons/annum of AD and approximately 95%

of itwas dumped in the factories vicinity [36]. Usually, the dross

was discarded in landfills which poses hazard to the environ-

ment [37]. Several value-added products such as hydrotalcite

[38], AD-derived concrete blocks [39], and mullite-zirconia

composites [40] are produced and extracted from AD to ach-

ieve zero hazardous waste. Due to the high content of Al2O3 in

AD with different phases (i.e., a, b, and g), research on the

extraction of Al2O3 from AD has been extensively investigated

and reported in literature [41e43]. Since these Al2O3 from AD
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shows favorable and comparable properties, it could be

extensively used in many industries (i.e., medical, ceramic) to

replace the conventional Al2O3. Interestingly, the utilization of

extracted Al2O3 from AD for catalysis has not well been

established in literature. Also, reports on the application of

extracted products from AD is still lacking, especially in areas

such as preparation techniques, physicochemical properties,

and preliminary studies of the products.

Therefore, this study focuses on the production of Al2O3

from AD and further utilization as a catalyst support in the

GDR reaction. The research is divided into three stages, (i) the

extraction and characterizations of Al2O3 from AD; (ii) the

preparation and characterizations of Ni catalyst supported on

extracted Al2O3, and (iii) the catalytic evaluation in GDR re-

action. Herein, Al2O3 was produced from three different

techniques: acid leaching with ammonia precipitation, acid

leaching with re-precipitation of HCl, and alkaline leaching

with ammonium hydrogen carbonate. A modification has

been made for those three techniques by introducing an

ultrasonication process during Al2O3 preparation to enhance

the separation process and therefore increase the specific

surface area. Then, the metal-support interaction between Ni

(at 5%, 10%, 15%, and 20%) and extracted Al2O3 was investi-

gated to evaluate the performance of Ni catalyst and extracted

Al2O3 in the GDR reaction (i.e., catalytic evaluation and sta-

bility test). Previously, our research team prepared Ni-based

catalyst by wet-impregnation technique using extracted

Al2O3 as a catalyst support [44]. Due to low catalytic perfor-

mance in the previous study, a current work introduced an

ultrasonication-assisted technique during the catalyst’s

preparation to enhance the catalyst’s surface area and metal-

support interaction. In addition, the correlations between

catalytic performance and physicochemical characteristics of

the synthesized catalysts were elucidated. Based on the cur-

rent state of research in reforming, this study establishes a

unique work, which combines the production of Al2O3 from

AD, which was further used in the development of Ni-based

Al2O3 catalyst for the recovery of H2-rich syngas from GDR.
Experimental

Materials

AD was obtained from a waste collection center in Malaysia.

Hydrochloric acid (37%), sulphuric acid (98%), sodium hy-

droxide (99%) and ammonium hydrogen carbonate (99%) were

purchased from Sigma Aldrich, Malaysia. Meanwhile,

ammonia solution (30%) and nickel (II) nitrate hexahydrate

(99%) were supplied by Merck, Malaysia.

Experimental procedure

The experimental work is divided into three main stages,

which are: (a) preparation and characterizations of extracted

Al2O3, (b) preparation and characterizations of Ni-based
catalyst supported on extracted Al2O3, and (c) catalytic eval-

uation in GDR reaction.

Preparation of extracted Al2O3

Extracted Al2O3 (EA) was prepared by three different tech-

niques, which are: (i) acid leaching with ammonia precipita-

tion, (ii) acid leaching with re-precipitation of HCl, and (iii)

alkaline leaching with ammonium hydrogen carbonate. The

procedure for the acid leaching method was adopted from a

study by How et al. [45]. Meanwhile, the acid leaching with re-

precipitation of HCl method was originally adopted from a

study by Mahinroosta et al. [46] and alkaline leaching with

ammonium hydrogen carbonate method was adopted from

Miskufova et al. [47]. A slight modification using the ultra-

sonicationprocesswas introduced into these three techniques.

Details of these methods can be found in the supplementary

data. The Al2O3 extracted from acid leaching with ammonia

precipitation, acid leaching with re-precipitation of HCl and

alkaline leaching with ammonium hydrogen carbonate were

denoted as EA1, EA2 and EA3, respectively.
Preparation and characterizations of Ni-based catalyst
supported on extracted Al2O3

In the current study, a Ni-based catalyst supported on EA was

synthesized via the ultrasonicated impregnation method.

Firstly, Ni (NO3)2$6H2O (Merck, �98%) was accurately weighed

(i.e., 0.2 g) and dissolved in distilled water for about 5min. The

solution was placed in a beaker containing 1 g of extracted

Al2O3 and placed for 4 h in an ultrasonication water bath (i.e.,

80 �C). The resulting product was dried (110 �C, 12 h) before

calcined for 5 h at 950 �C. The sample was denoted as 5 %Ni/

Al2O3. The same technique was employed to synthesize all the

X%-Ni/Al2O3 catalyst (with X¼ 5, 10, 15, 20). The samples were

further characterized by X-ray diffraction (XRD), CO2- tem-

perature programmed desorption (CO2-TPD), transmission

electronmicroscopy (TEM), X-ray photoelectron spectra (XPS),

BET surface area, and H2 temperature programmed reduction

(H2-TPR).
Catalytic evaluation in GDR reaction

GDR reaction was conducted in a fixed-bed reactor for 8 h

time-on-stream (TOS). The reactor tubing with length,

L ¼ 30 cm and internal diameter, ID ¼ 0.95 cm, was vertically

positioned in a furnace. 0.2 g of the prepared catalyst was

weight and placed in themiddle of the reactor tube. Before the

reaction, H2 gas (9.9 ml min�1) was introduced to reduce the

catalyst for 1 h at 700 �C. Then, the reactant gas (i.e., CO2) and

glycerol were fed into the reactor. The outlet gas passed

through a drierite bed to remove humidity before it was

collected for analyses. The product was analyzed using Agi-

lent 6890 gas chromatography (GC). The glycerol conversion

H2 yield, and carbon-containing species were calculated using

Eqs. (2)e(4).

Glycerol conversion:
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XG ¼2 FH2
� 4FCH4

8 FC3H8O3

� 100 (2)

Hydrogen yield:

YH2
¼ 2 FH2

8 FC3H8O3

� 100 (3)

The yield of carbon-containing species

Yi ¼ Fi

3� FC3H8O3

� 100 (4)

where i ¼ CO, CO2, and CH4, Fi ¼ outlet flow rate.
Results and discussion

Characterizations of EGA

(a) X-ray fluorescence

Table 1 represents the XRF analysis of AD, EA1, EA2, and

EA3. All the extracted Al2O3 have a purity ofmore than 97wt%.

The results show that EA1 synthesized by acid leaching with

ammonia precipitation has the highest purity with 100 wt%

Al2O3. Meanwhile, for the second and third extraction tech-

niques, EA2 and EA3 have Al2O3 purity of 98.4 wt% and 97wt%,

respectively, with the presence of SiO2 traces. According to

Mahinroosta et al. [48], Species of Si(OH)4 are contained in

aluminum hydroxide precipitate residue after EA extraction.

At high calcination temperature (i.e., >200 �C), the removal of

physiosorbed water from Si (OH)4 species occurred. In addi-

tion, at high temperature, any remaining silanol species will

be condensed by removal of water particle [49]. Thus, the

remaining SiO2 will remain as an impurity in the extracted

products. The reaction represented in Eq. (5) occurred as

follows.

Si(OH)4 ¼ SiO2 þ 2H2O (5)
Table 1 e AD and EA compositions obtained from XRF
analysis.

Chemical
compositions

AD
(wt.%)

EA1
(wt.%)

EA2
(wt.%)

EA3
(wt.%)

Al2O3 64.7 100 98.4 97

CO2 10.8 e e e

N2 9.58 e e e

SiO2 3.36 e 1.6 3

B2O3 3.22 e e e

Fe2O3 2.06 e e e

MgO 1.92 e e e

Na2O 1.07 e e e

Cl 0.387 e e e

CuO 0.271 e e e

TiO2 0.236 e e e

SO3 0.151 e e e

Others 2.245 e e e
The chemical reaction that occurred during these three

extraction techniques are presented in supplementary data.

(b) X-ray diffraction

The X-ray diffractogram (XRD) of AD, EA1, EA2, and EA3

are shown in Fig. 1. The diffractogram depicts the presence

of various elements in AD such as Al (JCPDS No: 00-004-0787),

Al2O3 (JCPDS No: 00-042-1468), MgO (JCPDS No: 00-004-0829),

spinel MgAl2O4 (JCPDS No: 00-005-0672), SiO2 (JCPDS No: 00-

046-1045), aluminum nitride (AIN) (JCPDS card No: 00-025-

1133), NaCl (JCPDS No: 00-005-0628), Fe2O3 (JCPDS No: 00-039-

1346) and KCl (JCPDS No: 00-004-0587). Meanwhile, the XRD

results of EA1, EA2, and EA3 confirm the presence of g-Al2O3

in each sample at 2q ¼ 19.8�, 32.9�, 36.4�, 39.1�, 45.9�, 61.3�,
and 67.3� (JCPDS No: 00-029-0063) which corresponded to

(311), (400) and (440) planes. Additional peak which indicates

the existence of SiO2 species are observed at 2q ¼ 42.8� (JCPDS

card No: 00-046-1045) for EA2 and EA. These XRD analyses

corroborated with the XRF data tabulated in Table 1. In

agreement with this study, How et al. [45] also reported that

g-Al2O3 is produced when AD is calcined at 900 �C and pH

between 5 and 9.

(c) Textural properties (BET)

The textural properties of AD and EA is tabulated in Table 2.

There is a significant increment in the BET surface area when

EAwas extracted fromAD. The low surface area of the ADwas

due to pore blockage by metals on the Al2O3 surface. Various

metals in the AD block the pore of Al2O3 and therefore reduced

the surface area. The main element in EA after the extraction

process was g-Al2O3 with no significant presence of trace

metals. Almost all metals were eliminated from the Al2O3

surface. The BET surface area of EA1 was highest at

163.51 m2 g�1, while EA2 and EA3 had 126. 35 m2 g�1 and

119.25 m2 g�1, respectively. However, the average pore diam-

eter of AD was much higher compared to all synthesized EA

because of the aggregation and formation of variousmetals on

porous structure of the Al2O3. According to the IUPAC sorption

isotherms, all the synthesized EA exhibits type H2 hysteresis

loop from type IV curve. This type of isotherm represents the

mesoporosity of the synthesizedmaterial. In addition, type H2

hysteresis loop suggests that mesoporous particles undergoes
Fig. 1 e X-ray diffractograms of AD, EA1, EA2, and EA3.



Table 2 e Properties of AD and EA.

Particles BET surface area
(m2 g�1)

Average pore volume
(cm3 g�1)

Average pore diameter
(nm)

The crystallite size
(nm)a

AD 8.00 0.23 61.47 7.80

EA1 163.51 0.62 15.6 5.57

EA2 126.35 0.56 15.2 5.60

EA3 119.25 0.51 14.7 5.63

a Crystallite size of Al2O3 phase calculated using themost intense Al2O3 line at 2q of 67.3� (i.e. correspond to plane (440)) using Scherer Equation.
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a capillary condensation phenomenon [50]. The adsorption-

desorption isotherms and pore size distribution of the AD

and all prepared EA were presented in the supplementary

data. The crystallite size was around 5 nm for all synthesized

EA. The larger crystallite size of AD (i.e., 7.8 nm) was observed

probably due to the presence of various Al2O3 phases. The

calculated crystallite size obtained in this study can be clas-

sified as a nanocrystalline powder, and it is comparable with

commercialized Al2O3.

(d) Field emission scanning electron microscopy

Themorphology of AD and as-synthesized EA is illustrated

in Fig. 2. The morphology of AD with several particles’ shapes

such as rounded-corner-shaped and long stick-shaped, in-

dicates the existence of various metals on the Al2O3 surface.

Fig. 2(bed) show a smoother surface. More specifically,

Fig. 2(b) shows the consistent flake-like shape particles, indi-

cating the presence of Al2O3 [51,52]. The morphology of the

EA2 and EA3 shows small spherical-like particles with dense

agglomerates on the particle’s surface. These particles are

from impurities of SiO2, as previously discussed in the XRD

and XRF analyses. Similar morphology of SiO2 under FESEM

analysis was also found by Hindryawati et al. [53]. The

spherical-like SiO2 particles with clumpy shape was consis-

tent with findings from this study. The smoothest surface of

EA1 had the highest surface area (clear pore), and the messy

surface of AD indicated the presence of various metals on the

EA surface, resulting in lower surface area.

Effect of calcination temperature

EA1with the highest Al2O3 content was selected for the studies

on the effect of calcination temperature. The study was con-

ducted based on the characterization studies from the XRD and

BET surface area analysis. The experimental work centers on

determining the type and presence of alumina phases in the
Fig. 2 e FESEM image of (a) AD, (b) EA1, (c) E
extracted samples and ensuring the alumina structure are

consistency at different operating temperatures. Also, this

study was carried out to prove that gamma alumina was stable

at the investigated reaction temperature (800 �C). Eq. (6) rep-
resents the reaction that occurs during the calcination process.

2Al(OH)3(S) ¼ Al2O3(S)þ3H2O(l) (6)

Four calcination temperatures with a heating rate of 5 �C
min�1 were introduced, i.e., 600 �C, 700 �C, 800 �C, and 900 �C.
The synthesized g-Al2O3 at 600 �C, 700 �C, 800 �C, and 900 �C
calcination temperature was denoted as EGA1, EGA2, EGA3

and EGA4, respectively. Since EGA3 showed the highest spe-

cific surface area, it was used in this study as catalyst support

in GDR reaction. Details of the effects of calcination temper-

ature can be found in the supplementary section.

Characterizations of Ni/EGA3

Four catalysts with different loading were prepared to inves-

tigate the interaction between Ni (metal) and as-synthesized

EGA3 (support).

(a) X-ray diffraction

The diffractogram of calcined EGA3 as catalyst support and

synthesized Ni/EGA3 catalyst are presented in Fig. 3. The

presence of g-Al2O3 is detected in each sample at 2q ¼ 19.8�,
32.9�, 37.4�, 39.6�, 45.9�, 61.3� and 67.3� (JCPDS No: 00-029-

0063). The addition of Ni into the EGA3 support produced two

additional peaks; NiO at 2q ¼ 37.4�, 43.5� and 63.3� (JCPDS No:

JCPDS card No: JCPDS 01-073-1519) and spinel NiAl2O4 at

2q ¼ 37.4� and 75.5� (JCPDS No: JCPDS 00-010-0339). The spinel

phase formation possesses strong metal-support interaction

because of the high calcination temperature employed [54]. As

presented in Fig. 3, the peak intensity was increased when Ni

loading increased from 5 to 20% Ni/EGA3. This was indicative
A2, and (d) EA3 at 20 k magnification.



Fig. 3 e X-ray diffractograms of (a)EGA3, (b)5%Ni/EGA3, (c)

10% Ni/EGA3. (d)15%Ni/EGA3 and (e)20%Ni/EGA3.
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of more NiO species which existed on the exterior surface of

EGA3 support at higher loading of Ni. This data was consistent

with the findings reported by Shafiee et al. [55] They reported

that the high peak intensity of the NiO as Ni metal loading

increased was indicative of larger metal deposited on the

catalyst’s surface.

The crystallite size of NiO for all the synthesized catalyst

were calculated via Scherrer equation at 2q ¼ 43.5� as tabu-

lated in Table 3. Referring to the tabulated data, the NiO’s

crystallite size increased with the addition of Ni in the order

5%Ni/EGA3 (11.53 nm) < 10%Ni/EGA3 (12.59) < 15%Ni/EGA3

12.63 nm) < 20%Ni/EGA3 (12.77). These results indicate a good

metal dispersion at lower Ni loading. Larger crystallite size of

20%Ni/EGA3 was probably due to the suppression of Ni ions

migration into the EGA3 structure, which limits the Ni-EGA3

interaction. This result was in conformity with previous

study by Takenaka et al. [56] which reported a decrement in

NiO dispersion with an increment of NiO crystallite size.

Nevertheless, the crystallite sizes for all catalysts were still

smaller than the support pore diameter, indicating a well-

dispersed metal on the support surface.

(b) Textural properties (BET)

The physical properties of EGA3 and Ni/EGA3 catalyst

employed in GDR reaction are tabulated in Table 3. EGA3

prepared at 800 �C calcination temperature possessed the

highest BET surface area of 267.53m2 g�1. Addition of NiO’s led

to a reduction in the BET surface area from 267.53 m2 g�1 to
Table 3 e Properties of EGA3 and Ni/EGA3.

Particles NiO crystallite size (nm) BET surface
(m2 g�1)Fresha Spentb

EGA3 e e 267.53

5%Ni/EGA3 11.53 13.81 230.79

10%Ni/EGA3 12.59 13.73 210.81

15%Ni/EGA3 12.63 13.11 165.36

20%Ni/EGA3 12.77 13.22 143.14

a Crystallite size of NiO calculated using the most intense NiO line at 2q
b Crystallite size was measured using TEM.
143.14 m2 g�1, indicative of the successful diffusion of active

metals on the surface of the catalyst. This is because of the

partial pore blockage by NiO metal diffusion into EGA sup-

port’s porous surface. The average pore diameter of the EGA3

support has increased slightly with the introduction of Ni

metal. This could be due to the decomposition of Ni (NO3)2
during the calcination process which results in the develop-

ment of Ni/EGA3 with lower number of pores and higher pore

diameter. Nevertheless, the catalyst’s pore volume was still

lower than the supporting material. The adsorption-

desorption isotherms and pore size distribution of all syn-

thesized catalysts were presented in the supplementary data.

(c) Transmission electron microscopy

The surface morphologies of the EGA3 and synthesized

Ni/EGA3 catalysts are shown in Fig. 4. The Ni metal

appeared as small dark dots, while EGA3 support was

detected as a grey surface. The existence of the dark spot

was seen in Fig. 4(b)e(e), indicative of the existence of Ni

metals on the EGA3 surface. As the loading increased, many

dark spots were seen on the surface of the EGA3. This shows

that Ni was dispersed well on the EGA3 support surface. The

presence of ultrasonic waves during the preparation tech-

nique drives the uniformity of Ni collision with EGA3,

thereby plugging Ni particles into the channels of EGA3

support. There is a correlation between these findings and

the XRD analysis, where larger Ni particle size was observed

at higher Ni loadings. In comparison with other synthesized

catalysts, 15%Ni/EGA3 catalyst represented in Fig. 4(d)

shows the most consistent Ni dispersion and uniform par-

ticle size. For 20%Ni/EGA3, a few agglomeration spots were

spotted on the EGA3 surface which resulted in larger particle

size of Ni (i.e., 12.7 nm).

(d) X-ray photoelectron spectroscopy

Fig. 5 shows the X-ray photoelectron spectra of all syn-

thesized catalysts. The Ni 2p3/2 binding energy of 855 eV was

observed for 5%Ni/EGA3, 10%Ni/EGA3, and 20%Ni/EGA3.

Whereas, for 15%Ni/EGA3, the peak shifted slightly to 857 eV.

This binding energy obtainedwas described as oxidation state

of Ni2þ [57], which agrees with the study by Peck and Langell

[58]. The study stated that the standard Ni 2p3/2 located at 854

and 857.2 eV was ascribed to pure NiO and spinel NiAl2O4

phases, respectively. Moreover, it correlates well with the XRD

analysis obtained in this study, which showed the presence of
area Average pore volume
(cm3 g�1)

Average pore diameter
(nm)

0.85 16.2

0.79 17.5

0.75 18.0

0.64 18.3

0.56 18.9

of 43.5�.



Fig. 4 e TEM images of (a)EGA3, (b)5%Ni/EGA3, (c)10%Ni/EGA3, (d)15%Ni/EGA3 and (e)20%Ni/EGA3.

Fig. 5 e XPS spectra of fresh catalysts.
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NiO and NiAl2O4. Based on the result, 15%Ni/EGA3 possesses

the highest binding energy for Ni 2p3 peak, suggesting that the

NiO particles and EGA3 support had a strong interaction. The

intense binding energy is due to the small Ni particle size,

where it can promote its interaction with EGA3 support.

However, when 20% Ni loading was employed, results

demonstrated that Ni loading varied inversely with the bind-

ing energy. This was because the quality of metal-support

interaction significantly dropped due to excess supply of Ni

particles. Excess of Ni metals produced larger Ni particles

which do not support uniform dispersion therefore, resulting

in the sintering of the tightly bonded Ni particles. In addition,
the available surface area of the support was insufficient for

proper metal support interaction. This resulted in the

agglomeration of metal particles during synthesis and weaker

bond formation which led to reduction in the binding energy.

(e) CO2 temperature-programmed desorption

CO2-TPD profile represented in Fig. 6(a) shows three

distinct peaks of EGA3 support and Ni/EGA3 catalysts, indi-

cating three types of basic sites. The low-temperature peak

between 50 and 150 �C indicates weak basic sites, which rep-

resents the removal of adsorbed moisture. The peak



Fig. 6 e CO2-TPD profile of (a) EGA3, (b) 5%Ni/EGA3, (c) 10%

Ni/EGA3, (d) 15%Ni/EGA3 and (e) 20%Ni/EGA3.
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appearing between 450 and 600 �C represents medium basic

sites. Meanwhile, peak found between 600 and 800 �C in-

dicates the strong basic sites which depicts adsorption on low

coordinates of O� sites [59]. A summary of the amount of CO2

desorbed from the catalyst’s surface is presented in supple-

mentary data. 15%Ni/EGA3 shows the highest value of CO2

desorbed (i.e., 199.6 mmol g�1) and the highest amount of

strong basic site with a value of 108 mmol g�1. This result in-

dicates that 15%Ni/EGA3 catalyst has the highest capacity to

adsorb acidic CO2 onto its surfaces compared to the other

catalysts. This could reduce the carbon formation during the

reaction [60] and thus increase the catalytic performance. For

the 20% Ni loading catalyst, a drop in CO2 adsorption capacity

was observed. During the catalyst synthesis, the amount of Ni

nanoparticles outnumbered the active support surface area

available for metal-support interaction. Therefore, the excess

Ni metals agglomerate and formed larger particles which do

not support uniform dispersion. The agglomerated Ni parti-

cles caused by insufficient support surface (due to excess

supply of 20%Ni) resulted in agglomeration and sintering

during synthesis, hence reducing the overall efficiency of the
Fig. 7 e H2-TPR of EGA3, 5%Ni/EGA3, 10%Ni/EGA3, 15% Ni/

EGA3, and 20%Ni/EGA3.
catalysts. Hence, the CO2 adsorption capacity of the 20% Ni

catalyst drop.

(f) H2 temperature-programmed reduction

The TPR profile of the pure Al2O3 represented in Fig. 7 is flat,

which indicates its inertness towards reduction of H2. The

reduction of NiO particles with H2 as a reducing agent is

widely reported as a single step for converting NiO to the

metallic Ni phase [61]. Fig. 7 shows the results of H2-TPR for all

samples, and from the result, three reduction peaks are seen.

The peaks appeared at temperature range of 200e450 �Cwhile

550e650 �C presents the reduction of NiO species to Ni�

metallic phase with weak interaction between support and

metal [62,63]. The third peak located at a reduction tempera-

ture range of 650e900 �C was ascribed to the reduction of NiO

particles located in the bulk EGA support. (i.e., Eq. (7)).

NiOþH2¼NiþH2O (7)

Therefore, approximately 700 �C was selected as the cata-

lyst reduction temperature to ensure all NiO species located

on the catalyst surface are reduced to Ni� metallic phase.

According to Oemar et al. [64], the reduction temperature of

NiO also depends on the strength between metal and support

(i.e. metal-support interaction). Based on the H2-TPR profile

represented in Fig. 7, as the loading of Ni increases, the

reduction temperature of NiO phase shifts to a higher tem-

perature region, thereby increasing the metal-support inter-

action. The higher metal-support interaction for Ni-based

catalysts resulted from uniform dispersion of smaller NiO

crystallite size on the surface of the EGA3 support. However, at

20%Ni/EGA3, NiO’s reduction was lower, and the reduction of

spinel NiAl2O4 was at its highest. This is probably because of

the lower thermal stability and weaker metal-support inter-

action exhibited by the 20%Ni/EGA3 when compared to the

15%Ni/EGA3 catalyst.

Catalytic evaluation of GDR reaction

Nickel loading
The catalytic activity of the Ni/EGA3 catalyst in GDR was

conducted for 8 h time-on-stream (TOS), CO2 to glycerol ratio

(CGR) of 1, WHSV ¼ 3.6 � 10�4 mlg�1h�1 STP and 700 �C reac-

tion temperature. Four different loadings were evaluated to

investigate the interaction between Ni metallic particle and

EGA3 support: 5%Ni/EGA3, 10%Ni/EGA3, 15%Ni/EGA3, and 20%

Ni/EGA3. The reaction performance parameters which

include, glycerol conversion, products yield (i.e., CO and H2)

and ratio of H2 to CO (H2:CO) are represented in Fig. 8. This

section will discuss the catalyst behavior at different loadings

to fully comprehend the effect of Ni metal loading and its

interactionwith EGA3 support. Results from the study showed

that Ni loading varied directly with glycerol conversion, from

5% to 15% and then an inverse relationship is observed from

15% to 20% (Fig. 8(a)). During the CO2 glycerol reforming re-

action, the metallic catalyst (e.g., Ni) can either be affected by

excess carbon deposits or metal sintering. According to Lui-

setto et al. [65], Ni-based catalyst is very active, but they are



Fig. 8 e Effect of catalyst loading on (a)Glycerol conversion, (b)H2 yield, (c)CO yield, and (d)H2:CO ratio.
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prone to carbon attacks due to their ability to breakdown CeH

bonds, which are present in hydrocarbons such as glycerol.

(a) Glycerol dry reforming over 5%Ni/EGA3

At low Ni loading (5%), Ni availability is limited at the

catalyst surface. As reactants are continuously supplied to the

reaction, the limited available Ni at the surface is not suffi-

cient to break large amount of glycerol during the reforming

reaction. Therefore, a sizeable amount of glycerol remains

unconverted over 8 h TOS. The glycerol conversion, H2 yield

and CO yield achieved was 26%, 13% and 8%, respectively.

Nonetheless, studies by Bac et al. [11] revealed that 5 wt %was

the optimumNi loading (from comparative studies carried out

at 1, 5 and 10 wt% metal loading) for Ni/AZT catalyst in the

GDR reaction. Ni loading greater than 5 wt% had inhibiting

effects on the metal dispersion; a condition also reported by

Koc and Avci [66]. However, this finding is not in agreement

with our study probably due to the outstanding effect of the

EGA3 support which provided larger surface area for more Ni

nanoparticle to be embedded and interact with CeH bonds

thereby resulting in better cracking of glycerol and catalytic

performance. Furthermore, at this Ni loading (5%), sintering is

not observed during reaction because the support provides
sufficient surface area for the metal to be dispersed; hence,

agglomeration which leads to metal sintering did not occur.

(b) Glycerol dry reforming over 10%Ni/EGA3

At 10% Ni loading, the catalyst performance increased

slightly. The glycerol conversion, H2 and CO yield were 32%,

19% and 13%, respectively. The slight increment could be due

to the availability of more Ni metals at the surface to fill up

vacant pores in the EGA3 support. Therefore, with the

increased availability of Ni particles, more CeH bonds are

cracked at the surface, leading to higher conversion and

product formation rate. Although available data from this

study is insufficient to prove this, there could also be the

possibility of increased catalyst stability when comparing

longevity at 5 and 10% Ni/EGA3 catalyst. This is because more

Ni particles are available to interact with the EGA3 support,

thereby forming a strong catalytic pair required to convert the

hydrocarbon species. It is expected that the catalyst longevity

is dependent on the ability of the catalytic surface to

constantly remain free from either hydrocarbon or carbon

species. Although, literature on glycerol CO2 reforming using

10wt%Ni catalyst is scarce, several researchers have used 10%

Ni catalyst for hydrocarbon steam reforming. For instance,
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Feng et al. [67] used 10% Ni/CaO-modified attapulgite for the

production of H2 in steam reforming of glycerol. The authors

obtained glycerol conversion and H2 yield of 93.71% and

85.30%, respectively. This was attributed to improved metal

dispersion which aided the water-gas-shift (WGS) reaction,

thereby increases theH2 yield. Ismaila et al. [15] used 12%Ni on

Ce-modified g-Al2O3 to obtain conversion of glycerol and H2

yield of ca.77% and ca.62%, respectively. Moreover, Ni loading

between 8 and 16% hasmajorly been employed by researchers

for Ni catalysts formations to avoid metal agglomeration,

which could lead to sintering in-situ reaction [15].

(c) Glycerol dry reforming over 15% Ni/EGA3

A significant increase was observed in the catalyst perfor-

mance when the Ni loading on Ni/EGA3 was increased to 15%.

Glycerol conversion, H2 and CO yield were 42%, 29% and 23%,

respectively. This means that there is a direct relationship

between performance and Ni loading during the reaction

process. The EGA3 support provided the required surface area

for the Ni nanoparticle to be uniformly dispersed on. Also, the

increased activity can be linked to sufficient availability of Ni

particles at the surface (due to increased supply of Ni particles

at 15%), to breakdown CeH bonds supplied by the glycerol

feedstock which is known to have long hydrocarbon chain.

Hence, catalyst deactivation was highly controlled as there

was good interaction between the reactants flowing into the

reaction and the active Ni sites which were well dispersed on

the EGA3 support. This led to continuous breakage of CeH

bonds and conversion of reactants to products. Apart from

the catalyst’s deactivation due to the carbon deposition, sin-

tering from agglomeration of metal species can also hinder

the effectiveness of the catalyst in GDR. At 15%Ni catalyst

loading, due to increasing catalytic performance over the

time-on-stream, it can be deduced that the amount of sin-

tering was negligible or not significant. Therefore, the metal

loading was adequate for uniform dispersion on the available

support surface area.

Interestingly, all characterizations carried out supports

the higher performance of the 15%Ni/EGA3 catalyst. For

instance, TEM images represented in Fig. 4 showed that 15%

Ni/EGA3 catalyst was the most consistent in terms of Ni

dispersion and uniformity of the particle size. XPS spectra

(refer to Fig. 5) representing all Ni catalysts with different

loading showed that the peak representing the Ni 2p3/2 in 15%

Ni/EGA3 had shifted to higher binding energy of 857 eV,

whereas other catalysts had binding energy of 855 eV. Ac-

cording to Arcotumapathy et al. [57], and Peck and Langell

[58], this binding energy represents the oxidation of Ni2þ.
These results suggest strong NiO - EGA3 support interaction

and adequate surface area for uniform metal particle

dispersion. Ni loading also varied directly with the reduction

temperature of NiO phase, thereby, increasing the metal-

support interaction. CO2-TPD represented in Fig. 6 showed

that 15%Ni/EGA3 had the highest amount of CO2 desorbed

(199.6 mmol g�1) and the highest amount of strong basic site

(108 mmol g�1). The basicity possessed by 15%Ni/EGA3

contributed to the excellent conversion of glycerol and

product yield (i.e., H2 and Co), when compared to catalyst

with other Ni metal loading. 15%Ni/EGA3 catalyst had the
highest concentration of surface O2� basic sites compared to

the other catalysts. This surface O2� accelerated the adsorp-

tion process of CO2 molecule. Abdullah et al. [68] and Liu et al.

[69] also found that the catalyst’s basic sites could enhanced

the adsorption of acidic CO2 molecules.

The results from this study are strongly consistent with

results from existing literature by Arif et al. [7], Tavanarad

et al. [19] and Harun et al. [51] where 15%Ni loading is selected

as the ideal amount of Ni to be employed for the glycerol

reforming reaction. For instance, the study by Tavanarad et al.

[19] using Ni/Al2O3 catalyst revealed that glycerol conversion

increased in the order: 5%, 10%, 20%, 15% with the 15% Ni/

Al2O3 catalyst having glycerol conversion of approximately

80% at 700 �C.

(d) Glycerol dry reforming over 20% Ni/EGA3

Ni has very high tendencies to crack CeH bonds; therefore,

it is expected that as Ni loading increases from 15% to 20%, the

catalytic performance should reasonably increase since more

hydrocarbons are being converted. This was not the case for

the 20%Ni/EGA3 because the quality of metal-support inter-

action significantly dropped. When 20% Ni loading was

employed, results demonstrated that the increment in Ni

loading from 15% to 20% varied inversely with the catalyst

performance. At 20% Ni loading, the glycerol conversion, H2

yield and CO conversion were 37%, 24% and 18%, respectively.

During the catalyst synthesis, the amount of Ni nanoparticles

outnumbered the active support surface area available for

metal-support interaction. Therefore, the excess Ni metals

agglomerate and form larger particles which do not support

uniform dispersion. The agglomerated Ni particles caused by

insufficient support surface (due to excess supply of 20%Ni)

resulted in the sintering of the tightly bonded Ni particles

(agglomerated particles) at high reaction temperature. Metals

sintering leads to catalyst deactivation and drop in perfor-

mance. This is evident as TEM images shown in Fig. 4(e),

where visibly larger Ni particles with low dispersion can be

observed. The metal-support interaction can be judged to be

low because the dispersion is poor due to high rate of

agglomeration of themetal particles. However, result from the

XRD in Fig. 3 reveals that at 20% Ni loading the Ni species had

the most intense peaks, these had no effect on the perfor-

mance due to poor interaction existing between metals and

support. Also, at 20%Ni/EGA3, the reduction of NiO was lower

while that of spinel NiAl2O4 was at its highest probably due to

weaker metal-support interaction and lower thermal stability

when compared to 15%Ni/EGA3. It should be noted that for

20%Ni/EGA3, deactivation of catalyst resulting from accumu-

lation of carbon deposits still occurred over time but deacti-

vation due to metal agglomeration and sintering was

prevalent.

Few researchers have employed 20%Ni loading for glycerol

dry reforming [63,70]. Lee et al. [70] used a different kind of

support (cement clinker) for GDR and observed that 20% Ni

loading had the best performance in GDR when compared

with 5%, 10%, 15% and 20%. However, it is worth mentioning

that whisker and graphitic carbon type were observed during

the carbon study of the spent 20%Ni catalysts. Therefore, the

best metal loading for a given catalyst primarily depends on
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the metal’s properties, specific support employed and the

active surface area/pores available for interaction with the

metal. However, secondary variables like the amount of car-

bon atoms that form the carbon chain of the hydrocarbon

feedstock are also considered.

In the H2: CO ratio plot represented in Fig. 8(d); the GDR

reaction successfully produced H2-rich syngas mixture with a

ratio less than 2.0 over the whole process. The result suggests

that with respect to the Fischer-Tropsch (FT) synthesis, GDR

reaction is amore favorable pathway than steam reforming of

glycerol because it is ideal to produce syngaswith high yield of

H2.

(e) Summary of glycerol dry reforming over 5%, 10%, 15%

and 20% Ni/EGA3

In summary, H2 yield (Fig. 8(b)), and CO yield (Fig. 8(c))

increased when loading of Ni increased from 5%Ni/EGA3 to

15%Ni/EGA3. When higher loading of Ni was introduced, the

Ni metallic sites played a positive role in GDR reaction where

higher catalytic activity of Ni/EGA3 was achieved. Increasing

the Ni metal loading favored the GDR reaction until 15%Ni/

EGA3 and declined significantly at 20%Ni/EGA3 majorly

because of Ni metal sintering due to agglomeration of excess

Ni nanoparticles during synthesis. Studies have shown that Ni

has high affinity for carbon; hence, increasing the Ni content

beyond 15% (above the catalyst threshold) would mean

stronger Ni-carbon interaction at the surface due to the

availability of long-chain carbon to carbon bonds in glycerol.

Hence, more Ni-carbon interaction means more catalyst pore

blockage. This could lessen the number of active sites to

activate glycerol and CO2 reactants, leading to loss of activity.

One of the crucial parts in the GDR mechanism is the forma-

tion of CH4 as a by-product from the reaction. CH4 is produced

on the surface of catalyst while the activation of CO2 mainly

happens on the support’s surfaces. Thus, the competing re-

action between CH4 formation and CO2 activation can hinder

the reactant’s conversion.

Furthermore, the highest glycerol conversion of 42.1% was

achieved over 15%Ni/EGA3 catalyst while H2 and CO yield of

29% and 23% respectively were produced. 15%Ni/EGA3 pos-

sesses the highest catalytic activity due to the increase in the

number of Ni metal active sites that strongly optimizes the

metal-support interaction. The addition of Ni in the EGA3

support framework can potentially improve the interaction

between Ni and EGA3 and further enhance their catalytic

performance in GDR reaction. Several literatures have also

supported that the interaction between support and metal

plays a vital role in achieving excellent catalytic performance.

Zhang et al. [71] mentioned that the strong interaction be-

tween metals and support materials promotes better cata-

lyst’s stability and catalytic activity, while Jabbour et al. [72]

reported that the increase in the catalytic activity is associated

with the amount of active site.

Therefore, results from this study strongly suggests that an

excellent catalytic performance by 15%Ni/EGA3 can be credi-

ted to the adequate/high accessibility of metal active sites and

good support materials which favours an optimized interac-

tion between reactants and catalyst.
Effect of reaction temperature on GDR reaction
The effect of reaction temperature was conducted at various

CGR ratios (0.5, 1, 2, 3, 4, 5) and temperature ranging from600 �C
to 900 �C. 15%Ni/EGA3 catalyst was employed for all the

reforming reactions carried out. Fig. 9 represents the glycerol

conversion in the order (highest to lowest); CGR 1 > CGR

0.5 > CGR 2 > CGR 3 > CGR 4 > CGR 5. From the result, 15%Ni/

EGA3catalystexhibited thebest conversionof glycerol athigher

temperature. One of the reasons for the slight differences in

conversion as temperature increases is the dominance of

various side reactions at different reaction temperature.

The conversion obtained at 600 �C, 700 �C, 800 �C, and

900 �C were 50%, 53% 56%, and 55%, respectively. It was

observed that although these differences areminimal, there is

a direct relationship between temperature and glycerol con-

version which is coherent with the Arrhenius characteristics.

The increment in reactant conversion was majorly due to the

endothermic reaction of GDR and the Arrhenius reaction

characteristic. 15%Ni/EGA3 catalysts exhibited greater con-

versions of glycerol than other catalysts due to its better

ability to resist coking.

From the result, glycerol conversion peaks at 800 �C and

drops slightly when the temperature is increased to 900 �C, for
all synthesized catalysts. This is due to the dominance of the

thermodynamically favored glycerol cracking as against the

Boudouard reaction (BR) which is less likely to occur at high

reaction temperature [73,74]. Besides, with respect to the

catalyst, there is a reduction in the surface area of EGA3

support due to sintering at the support’s surface at 900 �C. This
could break the metal-support bonds and therefore limit the

reaction. Thus, 800 �C was chosen as the best reaction tem-

perature for the GDR reaction.

Post-reaction characterizations

(a) Transmission electron microscopy

Fig. 10(a)e(e) represents the surface morphologies of all

EGA3 supported spent catalysts after 8 h GDR reaction. A small

dark spot represents the Ni metal, a bigger dark spot repre-

sents carbon, and the grey area represents EGA3 support.

Nanofilament type carbon (FC) and encapsulated type carbon

(EC) were detected for all the spent catalyst as illustrated in

Fig. 10(a)e(e) after GDR reforming reaction. For the TEM image

of the spent 5%Ni/EGA3, 10%Ni/EGA3, 15%Ni/EGA3 and 20%Ni/

EGA3 (i.e., Fig. 10(a)e(d)), larger dark spots are observed over

the EGA3 support, resulting in larger size of the particles

(around 13.7 nm, 13.8 nm, 13.11 nm, and 13.22 nm respec-

tively). The larger dark spot is linked to the carbon attack on

the Ni particle. However, the Ni particle size for 15%Ni/EGA3

and 20%Ni/EGA3 catalysts were lower than the other catalysts

as represented in Fig. 10(c) and (d), respectively. This means

that the addition of more Ni allowed for better Ni-EGA3

interaction and better conversion, suggesting that the in-

crease in Ni loading created fine and narrow Ni particle size

distribution on EGA3. This agrees with the BET analyses (i.e.,

refer to supplementary data for the pore size distribution

data). The crystallite size and the carbon formation reduced in

the following order: 5%Ni/EGA3 > 10%Ni/EGA3 > 20%Ni/



Fig. 9 e Effect of temperature on (a)Glycerol conversion, (b)H2 yield, and (c)CO yield.

Fig. 10 e TEM image of spent (a)5%Ni/EGA3, (b)10%Ni/EGA3, (c)15%Ni/EGA3 and (d)20%Ni/EGA3, (e)EGA3, (f) FESEM image of

FC type carbon.
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Fig. 12 e TOS profile of glycerol conversion at 15%Ni/EGA3,

CGR of 1 and T ¼ 800 �C.
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EGA3 > 15%Ni/EGA3, which can directly be associatedwith the

strength of Ni-EGA as shown in the TPR analysis.

Therefore, strong Ni-EGA3 interaction exhibited by 15%Ni/

EGA3 reveals its ability to resist Ni sintering better than other

catalysts. Earlier, filamentous carbon was reported to consist

of a hollow inner channel that can aid easy gasification with

CO2. This could negatively impact the catalytic performance

during the reaction [61]. Djinovic et al. [62] and Yang et al. [63]

reported that the spent catalyst of Ni/Al2O3 possessed a huge

amount of filamentous carbon, thus, inferring that the addi-

tion of Ni was able to excite the formation of filamentous

carbon. The presence of filamentous carbon and encapsulated

carbon in GDR using Ni/Al2O3 catalyst was also reported by

Harun et al. [39]. The FESEM image (i.e., Fig. 10(f)) represents a

clear version of filamentous carbon and encapsulated carbon

on the catalyst’s surface.

(b) Temperature programmed oxidation

The TPO was conducted to quantify the amount of carbon

formed in 8 h GDR reaction. The weight loss and derivative

weight profile are represented in Fig. 11. The total weight loss

follows the order of 5%Ni/EGA3 > 10%Ni/EGA3 > 20%Ni/

EGA3 > 15%Ni/EGA3. In the derivative weight profile, three

main peaks are seen between 200 and 550 �C. The initial

weight loss (<250 �C) represents the loss of humidity or water

content. Meanwhile, peak presence within 300e400 �C repre-

sents the oxidation of carbon deposited on the catalyst’s

surface [75]. Another peak found at high oxidation tempera-

ture (>400 �C) was assigned to graphitic oxidation, which

represents the deactivation of Ni/EGA3.

Based on literature, carbon can be formed in GDR via

various side reactions [12]. It was also observed that spent 15%

Ni/EGA3 catalyst had smaller particle size than that of spent

5%Ni/EGA3. This suggests that the carbon formation was

more obvious in the spent 5%Ni/EGA3 because of the weak

metal-support interaction. The larger particle size was due to

accumulation of carbon on the Ni species at the surface. The

smaller particle size of the spent 15%Ni/EGA3 was due to the

more effective cleansing mechanism of carbon at the surface.

Besides, the strong basic sites of 15%Ni/EGA3 supplied more

oxygen surface, which prevented the deposition of carbon.
Fig. 11 e TPO profile and weight loss of spent catalyst at

T ¼ 700 �C, WHSV ¼ 3.6 £ 10¡4 ml g¡1 h¡1 STP and CGR of

1.
Wang et al. [76] concluded that the reduction in carbon for-

mation was related to the metal dispersion on the support’s

surface. Poor dispersion of Ni particle in the 20%Ni/EGA3

catalyst compared to the 15%Ni/EGA3 catalyst can be linked to

metal agglomeration. The agglomerated metals occupied the

catalyst’s active sites thereby lowering the overall number of

active sites to interact with the reactants. Lower intensity of

graphite peak for 20%Ni/EGA3 catalyst supports this expla-

nation. Hence, it can be concluded that uniform Ni metal

dispersion on the EGA3 surface inhibits the rate of carbon

formation during the GDR and simultaneously improves the

catalytic activity and stability, which correlates with conclu-

sions reached in previous studies [19,64]. The result infers that

the incorporation of Ni on the EGA3 efficiently reduce the

formation of carbon because of the numerous advantages

(strong basic attributes and high oxygen vacancies) exhibited

by the synthesized Ni catalyst supported on EGA3 from

aluminum dross.

Longevity study

The longevity study was conducted using the best catalyst

(15%/NiEGA3) and reaction condition of CGR of 1, and reaction

temperature of 800 �C. As shown in Fig. 12, an initial sharp

drop was observed for glycerol conversion, H2 yield, and CO

yield. The glycerol conversion declined from about 56.7% to

49% after 30 h, and then remained stable until 72 h TOS.

Within the TOS, excess carbon likely enveloped the catalyst’s

active metal sites, thereby lowering the catalytic activity.

Overall, the glycerol conversion, H2 yield and CO yield peaked

at about 56.7%, 44.7% and 40.6%, respectively. The good

interaction between Ni and EGA enhanced the catalyst’s sta-

bility in GDR reaction for 72 h TOS.
Conclusions

The utilization of AD waste for the preparation of g-Al2O3 as

catalyst support in GDR reaction has been investigated in this

study. Firstly, Al2O3was prepared by three different extraction

techniques and it was found that the yield and BET surface

area increased in the order EA3 < EA2 < EA1. EA1was prepared
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by acid leaching with ammonia precipitation technique and,

was found to have the best purity (100%) and specific surface

area (163.51 m2 g�1) at 800 �C calcination temperature. The

introduction of ultrasonication process during the extraction

technique enhance the separation process to achieve higher

BET surface area and purity. Prior to its application as catalyst

support, EA1 was calcined at different calcination tempera-

ture to ensure the stability of the EA phase during high reac-

tion temperature. EGA3 produced with the highest specific

surface area (267.5 m2 g�1) at 800 �C calcination temperature

was selected to be used as catalyst support in GDR reaction.

Higher calcination temperature led to a reduction of BET

surface area due to sintering of support surface. EGA3 pro-

duced with the highest specific surface area (267.5 m2 g�1) at

800 �C calcination temperature was selected to be used as

catalyst support in GDR reaction. Four different loadings of Ni

(5 wt%, 10 wt%, 15 wt% and 20 wt%) were used to synthesize

the Ni/EGA3 catalyst via the ultrasonicated impregnation

method before evaluation in GDR reaction. The incorporation

of Ni reduced both pore diameter and BET surface area of the

synthesized catalyst, which was linked to enhanced Ni

dispersion and reduction in crystallite size of the EGA3 sup-

port. The reactant conversions increased in the order; 5%Ni/

EGA3 > 10%Ni/EGA3 > 20%Ni/EGA3 > 15%Ni/EGA3, with the

later achieving the highest glycerol conversion of about 56.7%

at 800 �C reaction temperature. The 15%Ni/EGA3 catalyst had

an excellent catalytic performance when compared to other

catalysts due to its strong basic site and high binding energy.

H2-TPR analysis proved that the large crystallite size of 20%Ni/

EGA3 weakened the metal-support interaction. TEM and TPO

analyses on the spent catalysts showed the existence of EC

and FC carbon type after 8 h GDR reaction. Addition of high Ni

loading (until 15 wt%) effectively reduced the formation of

carbon since TPO results revealed decrease in the amount of

carbon in the order; 5%Ni/EGA3 > 10%Ni/EGA3 > 20%Ni/

EGA3 > 15%Ni/EGA3. Therefore, g-Al2O3 from AD can be very

effective as catalyst support for Ni-based catalyst just like the

conventional Al2O3 support. The superior performance ach-

ieved by 15%Ni/EGA3 catalyst in GDR was due to its better Ni

metals dispersion on the EGA3 surface and strong interaction

between Ni-EGA3 compared to other catalyst synthesized in

this study.
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