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ARTICLE INFO ABSTRACT

Keywords: In this study, glycerol as an abundant green feedstock was used as a hydrogen source to investigate the reaction of
Microwave water-glycerol solution decomposition by microwave-assisted catalytic to produce hydrogen over NiO/zeolite
Glycerol catalyst. The catalyst was prepared by inception wetness and then characterized through X-ray diffraction (XRD),
E{gjgfzﬁtznergy scanning electron microscopy (SEM), Energy diffraction X-ray (EDX), and transmission electron microscope

(TEM) measurements. The conversion process of glycerol into hydrogen was performed in a fixed-bed microwave-
assisted reactor. Effect of microwave power, NiO content, and feed flow rate (FFR) on glycerol conversion and
hydrogen selectivity were studied. The results of XRD and EDX measurement showed that NiO crystalline exists
on the catalyst sample. The particle size of NiO/zeolite was determined in the range of 30-300 nm, and the
particle was found well dispersed on the zeolite surface as confirmed by TEM. Furthermore, the maximum
conversion rate can achieve about 96.67 %, while the highest hydrogen production was found up to 73.5 % with
the condition of 20% of NiO as an active site on natural zeolite. It was found that the NiO content of 20% gave the
best glycerol conversion at the microwave power of 600 W and FFR 0.5 ml/min. Microwave-assisted catalytic
irradiation of glycerol appears to be a promising candidate for the production of H from an aqueous glycerol
solution.

1. Introduction

Sustainable energy and a clean environment are two important con-
cerns of modern society nowadays, although, in fact, the primary source
of energy still depends on fossil fuels [1, 2, 3]. Declining oil reserves and
increasing environmental issues have stimulated energy experts to seek a
new alternative fuel sources to replace petroleum-based fuels [4, 5, 6]. A
pressing need has thus emerged to exploit alternative energy sources, i.e.,
energy that will be both renewable and environmentally friendly [7, 8].

Hydrogen is one of the energies which can be produced from clean
and renewable sources [9]. Renewable hydrogen sources are known as
secondary energy since they can replace fossil fuels in generating heat or
electricity for the combustion systems [10]. This idea has attracted the
attention of scientists to discover a new feedstock that is renewable and
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sustainable [11, 12]. Currently, it faces two serious problems: reduced
raw materials and environmental pollution resulting from its use. Based
on its importance, researchers have attempted to investigate many
methods to produce hydrogen and searching the raw materials [13, 14,
15, 16, 17].

Several studies have studied the use of renewable sources such as
water and glycerol [18], methanol [19], ethanol [20] (biomass de-
rivatives) to produce hydrogen with alternative technologies that are
cheaper, energy-efficient, and environmentally friendly. Considering the
large source of glycerol, a byproduct from the biodiesel industry, it will
be worthwhile to utilize renewable sources for hydrogen production [21,
22]. To this end, waste biodiesel, with its high source of 10 wt.% glycerol
[25], is a promising raw material for the production of hydrogen. Pro-
ducing Hj from glycerol is another approach that is being investigated in
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this work. Several processes have been reported to convert glycerol into
hydrogen, such as steam reforming process [23, 24, 25], pyrolysis [26],
photocatalytic [27], and microwave heating [28]. The glycerol steam
reforming process takes place according to the following stoichiometric
equation:

C3HgO3 + 3H,0 — 3CO; + 7H, (AH®) +346.4 kl/mol) (€D)

Currently, most of the works have been carried out via steam
reforming and water electrolysis. The drawback of this reaction requires
large amounts of energy [29]. Still, it uses fossil-based materials as fuel in
its process. In addition, the process also produces pollutants as a source of
greenhouse gas emission, i.e., CO, from steam reforming reaction can
contribute to the global warming effect. Besides, the water electrolysis
method uses renewable sources [30], which require a large amount of
electrical energy. The high price of raw material cause to lead the overall
processing cost and makes the process uneconomical [31].

Microwave irradiation is one of the most promising methods to
accelerate the reaction in the catalytic area [32]. The microwave-assisted
catalytic (MAC) offers many advantages with the conventional heating
process, including internal fast and uniform heating of all solutions, no
need for solution agitation, rapid start-up and ease of control, and energy
cost saving. Microwave irradiation can decrease reaction time from hours
to minutes. During the heating process, the rapid rise of temperature by
rapid rotation of dipole by the electric field and catalyst is the key to the
fast increase in chemical reaction rates by using microwave [33, 34, 35].
Shi et al. [36] employ a microwave-assisted combination with carbon as a
catalyst to accelerate reaction biomass into hydrogen energy. The yield of
gaseous products was obtained, ranging from 73 to 76 wt.% at 600-800
°C, and a hydrogen product reaches 55.7 vol.%. Deng et al. [37] have
successfully applied the MAC technique to process ethanol decomposi-
tion over residue of sewage sludge catalyst to produce hydrogen. The
microwave was adjusted from 300-560 W. The reaction in the microwave
is much more beneficial than conventional heating. The ethanol con-
version increased with the increase of microwave power. The ethanol
conversion reaches 98.4% at optimum temperature. In a previous study,
Fernandez et al. [38] investigate pyrolysis of pure glycerol using carbo-
naceous catalysts in a microwave. The experiments were performed at
400, 500, 600, 700, 800, and 900 °C, produce the synthesis gas up to 81
vol.%.

Usually, to accelerate the reaction rate of hydrogen production, noble
metal-based catalysts are frequently used and present high activity.
However, it offers some disadvantages, e.g., it promotes the coke for-
mation at high temperature [39]. Nickel-based [40, 41, 42] are the most
promising catalyst, high activity, and low-cost compared to noble metals
[43, 44]. Our previous work [45] employed nickel on NaTaOs for pho-
tocatalytic methanol and glycerol/water systems to hydrogen produc-
tion. Based on literature study, a microwave-assisted water-glycerol
system combined with a NiO/Zeolite catalyst for hydrogen production
has been further developed. NiO-supported zeolite (NiO/Zeolite) cata-
lysts were used as an active site in this work. Nickel is acting as an active
site which leads to significantly accelerates hydrogen production from
water in the presence of glycerol as a sacrificial electron donor. Although
microwave technology has been investigated for biofuel production, so
far, limited literature studies were found to report on the effect of the
NiO/Zeolite catalyst over microwave heating to produce hydrogen from
water-glycerol solutions are very limited explored.

This study aims to investigate a detailed examination of microwave
heating on the decomposition of water-glycerol solution into hydrogen
over NiO/zeolite catalyst. The microwave setup combines with NiO/
Zeolite catalysts to improve reforming reaction in terms of conversion
and selectivity. For this purpose, nano-catalyst NiO/Zeolite was synthesis
via the inception wetness method. NiO/Zeolite catalysts were charac-
terized by various techniques such as XRD, SEM, TEM, and EDX. The
effects of operating parameters such as microwave power, feed flowrate,
and also the loading NiO/Zeolite were investigated in detail.
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2. Experiments
2.1. Materials

The natural zeolite used in this study was collected from Ujung Pancu,
Banda Aceh, Indonesia. Prior to use, the crushed natural zeolite was
placed into the oven to reduce the water content. The Ni(NO3).6H;0
(Merck), AgNO3 (Merck), Glycerol, and HCl (Merck) were purchased
from PT. Rudang Jaya, Medan, and used as received. Nitrogen (N3) and
oxygen gases with purity 99.0% were purchased from a local Gas Com-
pany, Serikat Gas, Banda Aceh, Indonesia. Distilled water was supplied
from Chemical Engineering Development Laboratory at Syiah Kuala
University, Banda Aceh, Indonesia.

2.2. Preparation of natural zeolite

Natural zeolites were crushed and sieved with a 250-mesh sieve of
particle size. The particle was washed using distilled water and dried ata
temperature of 120 °C. Zeolite was activated by inserting it into 3M of
HCI solution. The mixture was filtered and washed with distilled water
until was neutral and showing a negative test to the presence of Cl-ions
using an AgNOs solution. The residue was dried in an oven at tempera-
tures of 100-120 °C. The dried zeolite was sieved again until a homo-
geneous zeolite was obtained. The sample was labelled as acid-activated
natural zeolite.

2.3. NiO/zeolite catalyst preparation

Nickel as an active site was loaded on the surface zeolite powder to
accelerate conversion of reactant and promote Hy production. To eval-
uate the effect of catalyst NiO: Zeolite content on conversion and selec-
tivity, in brief, the Ni(NO3)2.6H20 (Merck; 99.0%), eg. 5%, 10%, 15%,
and 20 wt% were first mixed in appropriate amount of distilled water.
The solution was loaded on zeolite surface through the inception wetness
method. The mixture was stirred at a room temperature for six hours.
Then the catalyst was dried at 110 °C for 12 h in an oven. The nickel-
loaded zeolite was calcined at 500 °C for two hours in the air to form
NiO oxide. The dried catalyst was then calcined at a temperature of 500
°C for three hours in a tube furnace. The powder was cooled in the
desiccator and store in the glass bottle.

2.4. Catalyst characterization

X-ray diffraction (XRD) were measured using a Siemens D5005
diffractometer using Cu-Ka radiation (k = 1.5418 A and operating at 30
kV and 20 mA). To investigate the morphology of the structure, a scan-
ning electron microscopy (SEM, JEOL JSM-5600L). Elemental composi-
tion of the NiO/zeolite was obtained from energy dispersive x-ray
spectroscopy (EDS) which was assembled on the SEM instrument. The
microstructures were characterized using transmission electron micro-
scope (TEM, JEOL 2010 TEM instrument) USM Malaysia.

2.5. Experimental setup and procedure

The reaction of glycerol decomposition for hydrogen generation was
carried out in a quartz glass reactor under microwave irradiation. The
output power can be manually regulated at 300, 400, 500, and 600W. Feed
flow rate was set at 0.25, 0.5, 0.75, and 1.0 ml/min to explore the effect of
feed flow rate, microwave heating on conversion and selectivity. All the
experimental tests were repeatability of is three times. A quartz glass
reactor (40 cm length, 1.0 cm i.d.) filled with 1 g of catalyst was inserted
into the microwave oven. Liquid glycerol: water was injected into the
reactor with ratio of 1:10. The flowrate of glycerol was precisely controlled
by a micro-syringe. Before the microwave started, the air inside the reactor
was evacuated by flowing nitrogen as a carrier gas. After a certain time,
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liquid products were condensed after passing through the condenser. The
non-condensable gas product passed through the top of the condenser and
headed straight to Gas Chromatography to test gas component was formed.
The amount of hydrogen production, which is the test parameter in this
study, was measured using gas chromatography (Porapax N column and
molecular sieve 5A, PDHID detector with helium gas). The schematic of the
conducted reaction system is shown in Figure 1.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Diffractometer X-ray (XRD) analysis

Figure 2 shows an XRD pattern of the NiO/zeolite catalysts. The
patterns indicated the formation of a crystalline phase indexed by a single
cubic phase (NiO) and a-natural zeolite phase; no crystalline impurities
or metallic nickel was observed.

From Figure 2, it can be seen that there was an addition of a few peaks
after the impregnation of NiO on the natural zeolite. Peak generated from
the catalyst NiO/zeolite was found similar to the primary structure of
zeolite diffraction pattern along with some additions of NiO peak.
Compared with the calcined zeolite catalyst, there was no significant
change in the structure of the natural zeolite, indicating that zeolite has
higher thermal stability. The peaks at 37.21°, 43.24°, and 62.81° indicate
the formation of a nickel phase characteristic, which are related to the
NiO crystal faces of (111) and (200), respectively. The existence of the
NiO on the surface of natural zeolite could attribute to the higher activity
of the catalyst for hydrogen production [45].

3.1.2. Scanning electron microscope (SEM-EDX) analysis

SEM-EDX analysis is used to identify the particle size, the structure of
the catalyst morphology and the composition of the catalyst atoms, as can
be seen in Figure 3.

Figure 3 shows the morphology of the catalyst NiO/Zeolite that has an
irregular shape, and some of them approached the square. The white
particles of NiO were distributed on the surface of the support and form a
reinforced composition. However, the NiO particles did not clearly
appear on the support surface. This finding could be the particle size of
the zeolite support was in nano size. The catalyst has an average particle
size ranging from 50-200 nm. It is worth pointing out that white particle's
distribution indicates the metal has succeeded bearer of zeolite surface.

The EDX spectra of synthesized NiO/Zeolite nanoparticle are shown
in Figure 4 and Table 1. The element content of NiO/zeolite catalyst is

Figure 1. A schematic diagram of microwave-assisted catalytic (MAC) experi-
mental setup (1: microwave oven; 2: quartz glass reactor; 3: catalyst; 4: pump; 5:
N, gas; 6: condenser; 7: cooling water; 8: liquid product; 9: gas collector; 10:
silica gel; 11: gas flow meter; 12: gas chromatography; 13: recorder).
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Figure 2. XRD patterns of natural zeolite and NiO/zeolite.
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Figure 3. SEM micrograph of NiO/Zeolite catalyst.

shown in Table 1 and Figure 4. It is clearly seen that the NiO/zeolite
catalyst is composed from Al,O3, O, SiO, K20, and NiO, respectively.
The elemental analysis by EDX shows that impregnation of NiO on the
zeolite support successfully obtained NiO about 56.61%. This fact is in
accordance with the SEM, TEM, and XRD data that NiO is successfully
produced and deposited on the surface zeolite support. A good distri-
bution of the catalyst is a key requirement to achieve high conversion
efficiency for high catalytic sites.

3.1.3. Transmission electron micrographs (TEM) analysis

Transmission electron micrographs of the NiO/zeolite catalysts are
shown in Figure 5. The morphologies of all the catalysts are irregular
with slight agglomeration. The particle size of the catalysts is in the range
of 30-200 nm, in agreement with the particle size calculated from the
SEM image.

The insert picture clearly shows a good dispersion of NiO species on
the entire surface of zeolite support. It also indicates that the particle size
of NiO around 5 nm has a high dispersion due to the large surface area.
These results are consistent with the XRD patterns presented above as
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Figure 4. EDX analysis of the elements in the NiO/zeolite catalyst.

well. Based on previous research [46], good catalytic activity is enabled
by the preservation of the support material after catalyst preparation. In
addition, the metal oxide species must be highly distributed upon the
surface of the support.

3.2. Catalytic tests of glycerol decomposition

3.2.1. Influence of MAC power on glycerol conversion at different feed flow
rate (FFR)

Figure 6 shows the relationship between the MAC power and flow
rate on glycerol conversion. As observed in Figure 6, the glycerol con-
version did not reduce with an increase in FFR from 0.3 to 0.5 ml/min. A
further increase in FFR from 0.75 to 1.0 ml/min could decrease the
glycerol conversion. This finding is in accordance with Deng et al. [39]
that the decrease in glycerol conversion was mainly due to reduced
resident time.

The microwave power has also a significant influence on glycerol
decomposition (Figure 6). An increase in microwave power could in-
crease the glycerol conversion. At a microwave power of 300 W, with a
FFR of 0.5 ml/min, glycerol degradation reached 86.95%. Further in-
crease of microwave up to 400 W result increased in glycerol conversion
of 89.23%. The higher microwave power gave a greater rate of glycerol
conversion. The maximum glycerol conversion was 96.67% for NiO/
zeolite loaded 20% at the microwave power of 600 W. According to
Hossain et al., the greater power will increase energy supply to the
process of water-glycerol degradation. The greater energy that can add to
hot spots in the reaction can increase the number of collisions between
molecules; hence the catalytic activity and the reaction rate increased the
degradation of water-glycerol [32].

3.2.2. Influence of MAC power on glycerol conversion at different NiO
loading

Figure 7 shows the influence of MAC power on glycerol conversion at
different NiO loading. It appears that the glycerol conversion increases
significantly with the increase in NiO loading level and MAC power. In
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Figure 5. TEM image of NiO/Zeolite catalyst.

this reaction, glycerol also acts as an excellent “sacrificial” hydrogen
source [47]. Additional nickel content on the zeolite support surface can
improve the catalytic activity at the lower reaction temperature. Mean-
while, microwave power increases the microwave temperature, leading
to an incredible catalytic reaction.
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Figure 6. The influence of microwave power and feed flow rate on the glycerol
conversion using the catalyst NiO/zeolite of NiO content of 20%.

Table 1. The content of the elements in the catalyst NiO/Zeolite.

Element % mass % atom Elements/compounds cations K
(0] 59.2 73.64 (0] 16.97

Al 1.94 0.98 Al05 2.84

Si 12.19 11.79 SiO, 21.10

K 1.11 0.38 K0 2.48

Ni 28.55 13.21 NiO 56.61
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Figure 7. The influence of microwave power and nickel loading level on the
glycerol conversion at feed flow rate of 0.5 ml/min.

Higher temperatures also indicate increased reactant conversion. This
fact can be due to the reaction could produce more energy so that it can
speed up the reaction. Higher temperatures also indicate increased con-
version. This is because at higher temperatures it produces more energies
so it can speed up the reaction [48]. Nickel plays an important role in
tremendously improving the catalytic activity of glycerol decomposition
and H, selectivity. Higher content of NiO in the zeolite generated a
higher rate of hydrogen gas. Ni metal serves as an active phase (hydrogen
evolution site), which provides a reaction, thereby producing hydrogen
catalysis process is effective because the Ni metal can lower the activa-
tion energy. The interactions between MAC and the heterogeneous nickel
catalyst particles generate electrostatic discharges that can lead to active
site formation in the reaction media [49].

3.2.3. Influence of NiO content on hydrogen generated at different MAC
power

In the present study, we first observed the effect of the amount of
nickel loading on the natural zeolite catalysts on hydrogen production.
Figure 8 illustrates the results of the molar fraction of the hydrogen and
CO2 product obtained in the tests in the range of MAC power and nickel
loading on zeolite. As can be seen from Figure 8, the preparation of NiO/
Zeolite was investigated at various Ni loading levels: the highest Hj
production was obtained at a microwave power of 600 W. It can be seen
that the selectivity of hydrogen at a NiO content of 5%, 10%, 15%, and
20% and a microwave power of 600 reaches 56%, 61%, 68%, and 73.5%,
respectively. The NiO/Zeolite at low nickel loading show the lowest level
of hydrogen production. In addition, the catalyst with a NiO content of
20% has a higher selectivity of hydrogen. This finding in accordance with
reported by other group work on hydrogen production at different nickel
loadings generation [50]. Additionally, the activities increased with
increasing microwave power, reaching the maximum Hj; at a microwave
power of 600 W and nickel loading 20 wt%.

In contrast, the CO, selectivity at a selected power did not increase
with increasing microwave power. The selectivity of carbon dioxide was
unstable, some appeared to be decreasing, and there was also an increase.
Although CO; selectivity remained constant at 20% NiO content,
hydrogen production increased dramatically at higher NiO content. The
selectivity of CO appeared to be stable upon the use of catalyst with 15%
NiO content.

As evident on a TEM image, NiO particle shows a good dispersion on
the surface support can accelerate a high catalytic activity for hydrogen
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Figure 8. The influence of NiO content on hydrogen generated at different MAC
power, and feed flow rate of 0.5 ml/min.

production. The synergic effect of NiO catalyst loading and microwave
power were the reasons that MAC irradiation as a candidate for the ac-
celeration of the NiO/zeolite-nanoparticle-catalyzed for hydrogen gen-
eration from aqueous glycerol solution. MAC irradiation of glycerol
appears to be a promising candidate for the production of Hy from
aqueous glycerol solution.

For comparison purposes, in Figure 8 is reported the best condition
was achieved at a reaction power of 600 W, feed flow rate of 0.5 ml/min,
and NiO content of 20% to enhance the highest glycerol conversion and
Hy selectivity. At this condition, the glycerol conversion achieved
96.67%, and Hy production reached 73.5%. This result is higher than
reported by Ni/SiO, catalyst was found to be active for glycerol
reforming reaction (GSR) with the highest Hj selectivity 70% and the
highest glycerol conversion to gaseous products 90% [51].

Deng et al. [37] studied pyrolysis of ethanol for syngas production of
the average hydrogen concentrations over activated carbon (AC). The
result shows that with the increase of microwave power, the average
hydrogen level increased from 49.4 vol% at 160 W to 53.8 vol% at 320 W
and 55.3 vol% at 560 W, respectively. Our result has higher hydrogen
selectivity about 1.33 times than reported by Deng et al. [39].

4. Conclusion

The catalytic reaction of water-glycerol solution as green feedstock
was successfully performed under microwave-assisted catalytic over
NiO/zeolite catalyst. Nanocrystalline nickel/Zeolite particles prepared
using a inception wetness method were investigated. The NiO/Zeolite
had a particle size is ranging of 30-200 nm. The NiO as an active site
appear a good dispersion on the entire surface of zeolite support. From
TEM images, tt also indicates that the particle size of NiO around 5 nm.
Rapid conversion of glycerol was achieved using microwave power, feed
flow rate, and NiO loading supported with the appropriate condition. The
best condition was achieved at a reaction power of 600 W, feed flow rate
of 0.5 ml/min, and NiO content of 20% to enhance the highest glycerol
conversion and Hj selectivity. At this condition, the glycerol conversion
achieved 96.67% and Hy production achieved 73.5%. At an appropriate
level, both microwave heating and NiO/Zeolite content show higher Hy
production, while microwave heating could accelerate the reaction rate,
and NiO is more effective in Hy generation from an aqueous glycerol
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solution. MW reaction should shorten the reaction time. The combining
microwave heating and NiO/Zeolite catalyst produced thus show great
potential for broad applications. Hopefully, this work will contribute to
developing a new and green process and has strong potential to be used
for fuel production.

Declarations
Author contribution statement

Husni Husin: Conceived and designed the experiments; Contributed
reagents, materials, analysis tools or data; Wrote the paper.

Mahidin Mahidin: Contributed reagents, materials, analysis tools or
data; Wrote the paper.

Komala Pontas: Conceived and designed the experiments; Analyzed
and interpreted the data; Wrote the paper.

Ahmadi Ahmadi, Muhammad Ridho, Fahrizal Nasution & Fikri Has-
fita: Conceived and designed the experiments; Performed the
experiments.

Erdiwansyah Erdiwansyah: Analyzed and interpreted the data; Wrote
the paper.

M. Hazwan Hussin: Conceived and designed the experiments;
Analyzed and interpreted the data.

Funding statement

This work was supported by the Ministry of Higher Education and
Technology under Fundamental Research Grant Scheme (PDUPT) No.
215/SP2H/LT/DPRM/2020/2021.

Data availability statement

Data included in article/supp. material/referenced in article.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information
No additional information is available for this paper.

References

[1] H. Husin, M. Mahidin, Y. Yunardi, F. Hafita, Visible light driven photocatalytic
hydrogen evolution by lanthanum and carbon-co-doped NaTaO3 photocatalyst, Key
Eng. Mater. 659 (2015) 231-236.

[2] H. Husin, M. Mahidin, Z. Zuhra, F. Hafita, H2 Evolution on Lanthanum and Carbon
Co-doped NaTaO3 Photocatalyst, 2014 heterogeneous catalyst 2014-08-01.

[3] E. Can, R. Yildirim, Data mining in photocatalytic water splitting over perovskites
literature for higher hydrogen production, Appl. Catal. B Environ. 242 (2019)
267-283.

[4] M. Abdel-Basset, A. Gamal, R.K. Chakrabortty, M.J. Ryan, Evaluation of sustainable
hydrogen production options using an advanced hybrid MCDM approach: a case
study, Int. J. Hydrogen Energy (2020).

[5] M.R. Hani, M. Mahidin, H. Husin, H. Hamdani, K. Khairil, Oil palm biomass
utilization as an energy source and its possibility use for polygeneration scenarios in
Langsa City, Aceh Province, Indonesia, IOP Conf. Ser. Mater. Sci. Eng. 334 (1)
(2018), 012003.

[6] F.T. Yani, R. Ulhaqi, W.P. Pratiwi, K. Pontas, H. Husin, Utilization of water
hyacinth-based biomass as a potential heterogeneous catalyst for biodiesel
production, J. Phys. Conf. 1402 (2019), 055005.

[7] H. Husin, T.M. Asnawi, A. Firdaus, H. Husaini, I. Ibrahim, F. Hasfita, Solid catalyst

nanoparticles derived from oil-palm empty fruit bunches (OP-EFB) as a renewable

catalyst for biodiesel production, IOP Conf. Ser. Mater. Sci. Eng. 358 (1) (2018),

012008.

S. Al Bacha, A. Thienpont, M. Zakhour, M. Nakhl, J.L. Bobet, Clean hydrogen

production by the hydrolysis of magnesium-based material: effect of the hydrolysis

solution, J. Clean. Prod. (2020) 124498.

H. Husin, Adisalamun, Y. Sy, T.M. Asnawi, F. Hasfita, Pt nanoparticle on

La0.02Na0.98Ta03 catalyst for hydrogen evolution from glycerol aqueous solution,

AIP Conf. Proc. 1788 (1) (2017), 030073.

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Heliyon 7 (2021) e07557

M. Pudukudy, Z. Yaakob, M. Mohammad, B. Narayanan, K. Sopian, Renewable
hydrogen economy in Asia — opportunities and challenges: an overview, Renew.
Sustain. Energy Rev. 30 (2014) 743-757.

X. Wei, J. Feng, W. Cao, Q. Li, L. Guo, Photo-biological hydrogen production by a
temperature-tolerant mutant of Rhodobacter capsulatus isolated by transposon
mutagenesis, Bioresour. Technol. 320 (2021) 124286.

H. Husin, et al., Pd/NiO core/shell nanoparticles on Lag goNag 9gTaOs3 catalyst for
hydrogen evolution from water and aqueous methanol solution, Int. J. Hydrogen
Energy 38 (31) (2013) 13529-13540.

D. Karatza, et al., Hydrogen production through water splitting at low temperature
over Fe304 pellet: effects of electric power, magnetic field, and temperature, Fuel
Process. Technol. 211 (2021) 106606.

H. Song, et al., A novel hybrid energy system for hydrogen production and storage
in a depleted oil reservoir, Int. J. Hydrogen Energy (2020).

L. Zhao, et al., Residue cornstalk derived biochar promotes direct bio-hydrogen
production from anaerobic fermentation of cornstalk, Bioresour. Technol. 320
(2021) 124338.

S. Al-Salihi, R. Abrokwah, W. Dade, V. Deshmane, T. Hossain, D. Kuila, Renewable
hydrogen from glycerol steam reforming using Co-Ni-MgO based SBA-15
nanocatalysts, Int. J. Hydrogen Energy 45 (28) (2020) 14183-14198.

H. Husin, K. Pontas, Y. Sy, S. Syawaliah, S. Saisa, Synthesis of nanocrystalline of
lanthanum doped NaTaO3 and photocatalytic activity for hydrogen production,

J. Eng. Technol. Sci. 46 (3) (2014) 318-327.

N.D. Charisiou, C. Italiano, L. Pino, V. Sebastian, A. Vita, M.A. Goula, Hydrogen
production via steam reforming of glycerol over Rh/y-Al203 catalysts modified
with CeO2, MgO or La203, Renew. Energy 162 (2020) 908-925.

H. Husin, et al., Green fabrication of La-doped NaTaO3 via H50, assisted sol-gel
route for photocatalytic hydrogen production, Appl. Catal., B 102 (1-2) (2011)
343-351.

Y.C. Sharma, A. Kumar, R. Prasad, S.N. Upadhyay, Ethanol steam reforming for
hydrogen production: latest and effective catalyst modification strategies to
minimize carbonaceous deactivation, Renew. Sustain. Energy Rev. 74 (2017)
89-103.

N. Fitriana, et al., Synthesis of K20/Zeolite catalysts by KOH impregnation for
biodiesel production from waste frying oil, IOP Conf. Ser. Mater. Sci. Eng. 334
(2018), 012011.

F. Fitriani, et al., Waste peel of durian as solid cataysts for biodiesel production, IOP
Conf. Ser. Mater. Sci. Eng. 845 (2020), 012033.

J. Sui, Z. Chen, C. Wang, Y. Wang, J. Liu, W. Li, Efficient hydrogen production from
solar energy and fossil fuel via water-electrolysis and methane-steam-reforming
hybridization, Appl. Energy 276 (2020) 115409.

A. Tamosiunas, P. Valatkevicius, D. Gimzauskaité, V. Valinc¢ius, M. Jeguirim,
Glycerol steam reforming for hydrogen and synthesis gas production, Int. J.
Hydrogen Energy 42 (17) (2017) 12896-12904.

A. Tulianelli, et al., Sustainable H2 generation via steam reforming of biogas in
membrane reactors: H2S effects on membrane performance and catalytic activity,
Int. J. Hydrogen Energy (2020).

J. Barco-Burgos, U. Eicker, N. Saldana-Robles, A.L. Saldana-Robles, V. Alcantar-
Camarena, Thermal characterization of an alkaline electrolysis cell for hydrogen
production at atmospheric pressure, Fuel 276 (2020) 117910.

H. Husin, K. Pontas, M. Zaki, D. Darmadi, A. Masna, Enhance photocatalytic of
hydrogen production from water-glycerol solution over RuO2-loaded, J. Phys. Conf.
1402 (2019), 055008.

D. Czylkowski, B. Hrycak, M. Jasiniski, M. Dors, J. Mizeraczyk, Microwave plasma-
based method of hydrogen production via combined steam reforming of methane,
Energy 113 (2016) 653-661.

N.A. Burton, R.V. Padilla, A. Rose, H. Habibullah, Increasing the efficiency of
hydrogen production from solar powered water electrolysis, Renew. Sustain.
Energy Rev. 135 (2021) 110255.

G. Kakoulaki, I. Kougias, N. Taylor, F. Dolci, J. Moya, A. Jager-Waldau, Green
hydrogen in Europe — a regional assessment: substituting existing production with
electrolysis powered by renewables, Energy Convers. Manag. 228 (2021) 113649.
F. Barbir, PEM electrolysis for production of hydrogen from renewable energy
sources, Sol. Energy 78 (5) (2005) 661-669.

M.A. Hossain, J. Jewaratnam, P. Ganesan, J.N. Sahu, S. Ramesh, S.C. Poh,
Microwave pyrolysis of oil palm fiber (OPF) for hydrogen production: parametric
investigation, Energy Convers. Manag. 115 (2016) 232-243.

A.M. Parvez, T. Wu, M.T. Afzal, S. Mareta, T. He, M. Zhai, Conventional and
microwave-assisted pyrolysis of gumwood: a comparison study using
thermodynamic evaluation and hydrogen production, Fuel Process. Technol. 184
(2019) 1-11.

AM. Parvez, M.T. Afzal, P. Jiang, T. Wu, Microwave-assisted biomass pyrolysis
polygeneration process using a scaled-up reactor: product characterization,
thermodynamic assessment and bio-hydrogen production, Biomass Bioenergy 139
(2020) 105651.

G. Chehade, S. Lytle, H. Ishag, I. Dincer, Hydrogen production by microwave based
plasma dissociation of water, Fuel 264 (2020) 116831.

K. Shi, J. Yan, X. Luo, E. Lester, T. Wu, Microwave-assisted pyrolysis of bamboo
coupled with reforming by activated carbon for the production of hydrogen-rich
syngas, Energy Procedia 142 (2017) 1640-1646.

W. Deng, S. Liu, J. Ma, Y. Su, Microwave-assisted ethanol decomposition over
pyrolysis residue of sewage sludge for hydrogen-rich gas production, Int. J.
Hydrogen Energy (2018).

Y. Fernandez, A. Arenillas, M.A. Diez, J.J. Pis, J.A. Menéndez, Pyrolysis of glycerol
over activated carbons for syngas production, J. Anal. Appl. Pyrol. 84 (2) (2009)
145-150.


http://refhub.elsevier.com/S2405-8440(21)01660-1/sref1
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref1
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref1
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref1
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref1
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref2
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref2
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref3
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref3
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref3
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref3
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref4
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref4
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref4
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref5
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref5
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref5
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref5
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref6
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref6
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref6
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref7
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref7
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref7
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref7
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref8
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref8
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref8
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref9
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref9
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref9
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref10
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref10
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref10
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref10
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref10
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref11
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref11
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref11
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref12
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref13
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref13
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref13
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref14
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref14
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref15
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref15
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref15
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref16
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref16
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref16
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref16
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref16
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref16
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref17
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref17
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref17
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref17
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref17
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref18
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref18
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref18
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref18
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref18
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref19
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref20
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref20
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref20
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref20
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref20
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref21
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref21
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref21
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref22
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref22
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref23
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref23
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref23
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref24
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref25
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref25
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref25
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref26
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref26
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref26
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref26
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref26
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref26
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref27
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref27
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref27
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref28
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref28
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref28
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref28
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref28
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref29
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref29
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref29
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref30
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref30
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref30
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref30
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref30
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref31
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref31
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref31
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref32
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref32
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref32
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref32
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref33
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref33
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref33
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref33
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref33
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref34
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref34
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref34
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref34
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref35
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref35
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref36
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref36
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref36
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref36
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref37
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref37
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref37
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref38
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref38
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref38
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref38
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref38
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref38

H. Husin et al.

[39]

[40]

[41]

[42]

[43]
[44]

[45]

R.L.B.A. Medeiros, et al., One-pot microwave-assisted combustion synthesis of Ni-
Al203 nanocatalysts for hydrogen production via dry reforming of methane, Fuel
287 (2021) 119511.

L. Chu, S. Gu, Q. Jin, P. Zhu, Y. Shen, P. Li, Hydrogen production from
formaldehyde steam reforming using recyclable NiO/NaF catalyst, Int. J. Hydrogen
Energy 45 (53) (2020) 28752-28763.

N.H. Zamzuri, R. Mat, N.A. Saidina Amin, A. Talebian-Kiakalaieh, Hydrogen
production from catalytic steam reforming of glycerol over various supported nickel
catalysts, Int. J. Hydrogen Energy 42 (14) (2017) 9087-9098.

N.A. Roslan, S.Z. Abidin, A. Ideris, D.-V.N. Vo, A review on glycerol reforming
processes over Ni-based catalyst for hydrogen and syngas productions, Int. J.
Hydrogen Energy 45 (36) (2020) 18466-18489.

S. Koc, A.K. Avci, Reforming of glycerol to hydrogen over Ni-based catalysts in a
microchannel reactor, Fuel Process. Technol. 156 (2017) 357-365.

B. Abdullah, N.A. Abd Ghani, D.-V.N. Vo, Recent advances in dry reforming of
methane over Ni-based catalysts, J. Clean. Prod. 162 (2017) 170-185.

H. Husin, et al., Photocatalytic hydrogen production on nickel-loaded LayNa; yTaO3
prepared by hydrogen peroxide-water based process, Green Chem. 13 (7) (2011)
1745-1754.

[46]

[47]

[48]

[49]

[50]

[51]

Heliyon 7 (2021) e07557

R. Mardian, H. Husin, K. Pontas, M. Zaki, T.M. Asnawi, Ahmadi, Hydrogen
production from water-glucose solution over NiO/La-NaTaO 3 photocatalyst, IOP
Conf. Ser. Mater. Sci. Eng. 334 (1) (2018), 012013.

M.J. Moran, et al., Glycerol: an optimal hydrogen source for microwave-promoted
Cu-catalyzed transfer hydrogenation of nitrobenzene to aniline, Front. Chem. 8
(2020), 34-34.

S. Adhikari, S.D. Fernando, A. Haryanto, Hydrogen production from glycerol: an
update, Energy Convers. Manag. 50 (10) (2009) 2600-2604.

F. Cai, D. Pan, J.J. Ibrahim, J. Zhang, G. Xiao, Hydrogenolysis of glycerol over
supported bimetallic Ni/Cu catalysts with and without external hydrogen addition
in a fixed-bed flow reactor, Appl. Catal. Gen. 564 (2018) 172-182.

P. Feng, et al., Ni supported on the CaO modified attapulgite as catalysts for
hydrogen production from glycerol steam reforming, Int. J. Hydrogen Energy 45
(15) (2020) 8223-8233.

C. ND, P. KN, S. G, G. LTM, Effect of active metal supported on SiOfor selective
hydrogen production from the glycerol steam ReformingReaction, BioResources 1
(2016) 10173-10189.


http://refhub.elsevier.com/S2405-8440(21)01660-1/sref39
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref39
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref39
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref40
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref40
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref40
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref40
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref41
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref41
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref41
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref41
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref42
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref42
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref42
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref42
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref43
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref43
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref43
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref44
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref44
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref44
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref45
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref45
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref45
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref45
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref45
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref45
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref46
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref46
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref46
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref47
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref47
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref47
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref48
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref48
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref48
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref49
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref49
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref49
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref49
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref50
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref50
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref50
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref50
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref51
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref51
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref51
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref51
http://refhub.elsevier.com/S2405-8440(21)01660-1/sref51

	Microwave-assisted catalysis of water-glycerol solutions for hydrogen production over NiO/zeolite catalyst
	1. Introduction
	2. Experiments
	2.1. Materials
	2.2. Preparation of natural zeolite
	2.3. NiO/zeolite catalyst preparation
	2.4. Catalyst characterization
	2.5. Experimental setup and procedure

	3. Results and discussion
	3.1. Catalyst characterization
	3.1.1. Diffractometer X-ray (XRD) analysis
	3.1.2. Scanning electron microscope (SEM-EDX) analysis
	3.1.3. Transmission electron micrographs (TEM) analysis

	3.2. Catalytic tests of glycerol decomposition
	3.2.1. Influence of MAC power on glycerol conversion at different feed flow rate (FFR)
	3.2.2. Influence of MAC power on glycerol conversion at different NiO loading
	3.2.3. Influence of NiO content on hydrogen generated at different MAC power


	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


