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Abstract: The impact of ZrO2 as a catalytic promoter for
nickel-based alumina supported catalysts has been studied
for the hydrogen synthesis via glycerol steam reforming.
Hydrogen is a promising contender of clean fuel and has a
key significance in the quest of an environment-
preservation, low emission and more sustainable energy
approach. Glycerol is a by-product produced during pro-
duction of biodiesel by trans-esterification of vegetable oils.
The higher hydrogen content in glycerol makes it the po-
tential renewable feedstock for hydrogen production. Steam
reforming process is the best method available which is
highest in energy efficiency and most importantly most
economical. The production of catalysts was based on the
wet impregnation and co-precipitation methods. The ma-
jority of the bulk and surface properties of different syn-
thesized catalysts were considered and determined by
several characterization techniques like X-ray diffraction
technique, BET surface area and scanning electron micro-
scopy. The performance of catalyst is based on glycerol
conversion and hydrogen yield obtained from the steam
reforming process taking place in the fixed bed catalytic
reactor. The effect of different operating conditions like
contact time, temperature, metal loading, and steam to
glycerol ratio were investigated to produce maximum
hydrogen and glycerol conversion. The results show that the
incorporation of promoter 2 % ZrO2 improved the activity of
Ni/Al2O3 catalysts significantly resulting 96 % glycerol con-
version, 84 % hydrogen production and greater stability at
contact time = 15 kg cat s/mol, temperature = 800 °C, steam to
glycerol ratio = 9:1 mol/mol, and pressure = 1 atm.
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1 Introduction

International organizations such as the European Commis-
sion and United Nations Industrial Development Organiza-
tion and International Energy Agency, predict that the world
will alter from a fossil fuel-based economy to a decarbonized
hydrogen-oriented economy [1]. To make the following
transition, there would be a high demand for the production
and the distribution channel of hydrogen, along with the
development and deployment of fuel cells and hydrogen
systems. Hydrogen as a fuel plays a significant role as a fuel
because of its highly promising and advanced characteristics
like clean, efficient and carbon free fuel [1]. Hence, it is safe
to assume that hydrogen will play a critical part in energy
demand in the future [2]. Innovation for new and non-
conventional methods and devices that can be utilized in the
hydrogen synthesis sector needs to be focused upon for
reaching sustainable development goals, high-yield, high-
purity hydrogen production and reduction in carbon foot-
print [3].

Glycerol is one of the best renewable sources of energy
which can be converted into hydrogen. This contains high
energy content and can be utilized for the electricity pro-
duction through the fuel cells. As a result, researchers and
industries have gained interest in finding new uses of glyc-
erol. The steam reforming process is found to be the most
favorable for hydrogen production as it produces 7 mol of
hydrogen which requires a mole of glycerol and it is highly
endothermic in nature and carried out at atmospheric
pressure [4, 5].

Overall desired reaction:

C3H8O3+3H2O ↔ 3CO2+7H2 ΔH° = +128 kJ/mol

In the steam reforming process for hydrogen produc-
tion, the catalysts based on nickel over alumina are the best
choice as they are easily available for the commercial pur-
pose andwidely used in the sector. They possess good carbon
resistance and high thermal stability. Nickel is efficient in
breaking carbon–carbon, carbon–hydrogen and carbon–
oxygen bonds and help in removal of carbon monoxide
absorbed on the surface by water gas shift reaction [6].
Zirconia despite having smaller surface areas compared to

*Corresponding author: Sanjay Patel, Chemical Engineering
Department, Institute of Technology, Nirma University, Ahmedabad
382481, India, E-mail: sanjay.patel@nirmauni.ac.in
Narasimha Reddy Ravuru and Amit Kumar, Chemical Engineering
Department, Institute of Technology, Nirma University, Ahmedabad
382481, India

Int. J. Chem. React. Eng. 2024; 22(1): 87–95

https://doi.org/10.1515/ijcre-2023-0002
mailto:sanjay.patel@nirmauni.ac.in


Al2O3 exhibits higher strength and toughness. To improve
the catalyst stability and to reduce the metal particles sin-
tering in the presence of water at very high temperature, the
ZrO2 is added to the alumina [7]. The catalyst performance
was analyzed to evaluate various parameters that can affect
hydrogen production. The performance of catalyst is
completely dependent on the glycerol conversion and
hydrogen yield.

2 Experiment

2.1 Preparation of catalyst

In the present study, Ni/Al2O3 catalysts doped with ZrO2 were prepared
by the use of methods such as wet impregnation and co-precipitation.

2.1.1 Catalyst preparation by usingwet impregnationmethod:Nickel
based catalysts are prepared by using different-different compositions
of promoters which are prepared by the use of wet impregnation
method which uses a pelletized γ – Al2O3 which is supplied by the
(IPCL, India) as basic supportive element and in addition with salts of
nitrates which are supplied by (Merck, CDH, Finer and HPLC Grade).
The preparation of a hydrated solution of nickel nitrate, zirconyl ni-
trate, is based on the mixing of a significant amount of chemicals and
double distilled water [8]. It is desirable to reduce the size of alumina
pellets by crushing below 1 mm before using them for the impregna-
tion process [9]. For the purpose of uniform deposition, the crushed
particles were soaked for the time duration of 4 h under continuous
stirring in nitrate solutions. Then pellets dried at 110 °C for 12 h in an
oven followed by calcination at 500 °C in the presence of air for 4 h in a
muffle furnace in order to convert into oxides from nitrates [10]. The
reduction is carried out in the presence of hydrogen and nitrogen as an
inert gas [11]. The hydrogen to nitrogen gas ratio is maintained is 15/
85 % V/V along with the increment in temperature of 10 °C per minute,
where the dwelling temperature of the process is maintained at 500 °C
for the 2 h of duration [12]. The same method was used for the prep-
aration of different types of catalysts by the method of wet impreg-
nation [13].

2.1.2 Catalyst preparation by using co-precipitation method: The
preparation of a hydrated solution of nickel nitrate, zirconyl nitrate is
based on the mixing of the significant amount of chemicals and
distilled water to which is used to prepare Ni/ZrO2/Al2O3 catalysts. The
flask containing the solution is maintained at a temperature of 70 °C in
a heater. The 1 M Na2CO3 solution was added drop by drop in the
solution of nitrates to attain the value of pH 10 at room temperature or
normal atmospheric conditions [12]. Now the formed precipitates were
subjected for 1 h of aging at room temperature along with the stirring.
Afterwards the filtration process takes place followed by the washing
with distilled water in a repeated manner in order to attain a value of
pH 7 at room temperature or normal atmospheric condition [8]. Drying
process of washed precipitate was carried out within an oven in which
hot air is passed at a temperature of 110 °C for a time duration of 12 h.
This fine powder is then sent for calcination with the use of a muffle
furnace. The temperature maintained in muffle furnace is 650 °C with

increment of 10 °C/min ramp for the total time duration of 4 h [14]. The
catalysts of various compositions were prepared by the same pro-
cedure [15].

2.1.3 Catalyst characterization: In the current study, catalyst charac-
terization was conducted using various techniques like (BET) area of
surface, size of pore and volumetric analysis, X-ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy, Scanning Electron Micro-
scopy (SEM). The Brunauer – Emmett Teller (BET) method is used to
measure the specific surface area and pore volume of various types of
catalysts. The BETmethod is based on thenitrogen adsorption at−196 °C.
First the samples were degassed at high temperature of 150 °C and in the
vacuum condition for the time period of 6 h prior to the nitrogen
adsorption-desorption measurements. The X-ray diffraction method is
used by X’pert – MPD system to obtain the phase analysis. The X’pert –
MPD system is operated at voltage of 40 kV and 30mA current using
CuKα radiation which has a wave of length of 1.5406 Å. Spectra were
recorded with a gap of 0.050 for 2θ in between 20 and 990. The “LEO
44 I (JEOL)” is used to retrieve the morphology and the size of the
catalyst. The system is operated at 10 kV. The FTIR 6000 series type A
spectrometer is used to measure FTIR spectra. The FTIR 6000 series
type A spectrometer collects high resolution spectral data of 4 cm−1

with a spectral range of 400–6000 wavenumbers [16]. Ultrahigh pure
gases were used for analysis purposes. The main objective of the
characterization is to set up an identification as well as classification
of synthesized catalysts, developing its physiochemical parameter
data along with the study of its structure as well as surface
morphology [17].

3 Catalyst performance testing

3.1 Catalytic activity

In an atmospheric fixed bed reactor activity tests of various
catalysts were carried out. The illustrative experimental
setup diagram has been shown in Figure 1. Using peristaltic
pump glycerol and water was pumped to the vaporizer
which is maintained at 250 °C [18]. The flow of the simulated
gas of for pre-treatment process. The pre-reduction process
was regulated with the help of a rotameter. The dimensions
of the reactor are: outer diameter (O.D.) 1.905 cm, inner
diameter (I.D.) 1.805 cm and length (L) 50 cm. Thematerial of
construction of the reactor is stainless steel 316. The reactor
is also equipped with flow controllers and a heating system.
The reactor had the capacity of 25 cm3 and it operated at a
max pressure of 1 atm and 1000 °C temperature. Condensers
and separators were used to collect gases. The temperature
of the furnace was measured using ‘K’ type thermocouple
and controlled using a PID controller. The gas chromatog-
raphy (GC) Shimadzu GC 2010 is used to analyze the gaseous
product. The method is equipped with a Shin Carbon ‘micro-
packed’ column, provided by Restek’s thermal conductivity
detector (TCD). The µTCD is operated at a current of 90 mA.
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Helium is used as the carrier gas at a flow rate of 30 ml/min.
The liquid product formed might be of various types from
acetic acid, lactic acid, acetaldehyde, acrolein and hydroxy
acetone [19]. The performance of catalyst is presented in
terms of glycerol conversion and hydrogen yield:

Glycerol conversion % =moles (CO+ CO2 + CH4) generated
glycerol in feed× 3

%Hydrogen yield= moles of Hydrogen generated
7 ×moles of glycerol fed

× 100

4 Results and discussion

4.1 Characteristics of catalyst

Catalyst characterization was based on various technical
methods like (BET) area of surface, size of pore and volu-
metric analysis, Scanning Electron Microscopy (SEM), X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy.

4.1.1 BET analysis

The surface area along with the size of pore and volume of
various types of catalysts were estimated by Brunauer–
Emmett–Teller (BET) technique are given in Table 1.

The surface morphology & surface area of catalysts can
vary as a result of a differentmethod of preparation [20]. The
catalyst prepared by wet impregnation had a higher surface
area and the surface area along with pore volume decreased
by an increase in loading of nickel as the pores on alumina
support were partially covered. In the light results of activ-
ity, it can be settled that the promoter enhanced the con-
version and stability even if the catalyst surface area
decreased compared to that of the unprompted catalyst. For

the catalysts obtained by the wet impregnation method,
optimum loading of nickel and zirconia as a promoter
resulted in a higher surface area [21].

4.1.2 Scanning electron microscopy (SEM)

The morphology of surface and size of catalysts were
retrieved by “LEO 44 i (JEOL)” operated at 10 kV voltage.
The SEM analysis has revealed that the preparation of the
morphology of the catalyst is based on the wet impregna-
tion and co-precipitation varied. SEM micrographs of 10 %
Ni/90 % Al2O3 were larger in size and their surface is
rough. The catalyst made by wet impregnation is in the
range of 7.8–7.9 mm, while those prepared by co-
precipitation were in the range of 5.1–5.2 mm. Agglomer-
ation of particles to a major extent was observed with
regular shapes from the SEM micrograph. Small white
beads appeared by the addition of zirconia on the alumina
base [22]. SEM results of freshly prepared and spent cata-
lysts as shown in Figures 2 and 3 indicate that the particle
size of the used catalyst increased as a result of deposition
of coking and sintering.

Figure 1: Illustrative diagram of fixed-bed
tubular reactor system.

Table : Physical properties table for calcined catalysts.

Catalytic
composition %
(w/w)

Catalyst
designation

BET
surface

area
(m/gm)

Volume of
pore

(cm/gm)

Diameter
of pore

(nm)

% Ni/%
AlO

WNA  . .

% Ni/%
AlO

PNA  . .

 Ni%/%
ZrO/% AlO

WNZrA  . .

W denotes wet impregnation and P denotes the co-precipitation method.
Similarly, N is used for the nickel catalyst and A is for the alumina support.
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4.1.3 X-ray diffraction

The X-ray Diffraction was carried out by using X’pert –MPD
system (Philips) with the help of copper radiation with
wavelength, λ = 1.5406 Å to determine the phase analysis of
catalysts. From the XRD spectra, the catalyst crystal size was
calculated using Scherrer equation XRD analysis of 10 % Ni/
90 % Al2O3.

In Figure 4 the XRD pattern of 10 % Ni/90 % Al2O3 pre-
pared by wet impregnation method shows intense diffrac-
tion of NiO (2θ = 37°, 44°, 45°, 60°, 76°), Al2O3 (2θ = 46°, 52°, 67°).
In this catalyst, five crystalline phases of nickel, three phases
of gamma-alumina were found. There was an increase
observed in the ratio of NiO intensity to Al2O3 intensity as
nickel loading was increased. There was an average size of
8 nm recorded for nickel crystallites which is a result of
stronger interactions between alumina support and nickel.

In Figure 5. The XRD pattern of 10 % Ni/2 % ZrO2/88 %
Al2O3 prepared by wet impregnation reduced and used
catalyst is displayed. Intense diffraction line of Ni
(2θ = 28°, 57°), NiO (2θ = 47°, 65°, 76°), Al2O3 (2θ = 40°, 50°), a
small peak of Ni Al2O4 (2θ = 59°) and ZrO2 (2θ = 35°) is
observed in XRD pattern for reduced used catalyst. The
relatively small amount of nickel oxide reacts or combines
with alumina to form a nickel aluminate composite layer
which in turn reduces the deposition of carbon as it indicates
the stronger interactions between alumina and nickel which
originates from small crystallites of nickel. In the XRD
pattern of reduced catalyst, it is seen that most NiO is con-
verted into Ni. Nickel oxide crystals are distinguished in the
nickel catalyst due to enhancement in the crystallinity of

Figure 2: SEMmicrogram of 10 % Ni/90 % Al2O3 prepared by (a) wet impregnation and (b) co-precipitation methods respectively and calcined at 550 °C.

Figure 3: SEM micrograph of 10 % Ni/2 % ZrO2/88 % Al2O3 calcined at
600 °C obtained by wet impregnation method.

Figure 4: X-ray diffraction pattern of 10 %Ni/90 % Al2O3 prepared by wet
impregnation method.
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the structure caused by the addition of the ZrO2 promoter.
The sharp edges of crystals act as anchoring sites for the
nickel–metal and it also helps to improve the metal disper-
sion over the alumina [23].

4.1.4 Fourier transform infrared spectroscopy

Themeasurement of FTIR spectra were carried out by FT/IR
6000 series type A spectrometer which collected high-
resolution spectral data of 4 cm−1 over a spectral range of
400–6000 wavenumbers. The composition of the catalyst
under FTIR observation i.e., was 10/2/88 and the prepara-
tion took place with the help of wet impregnation method.
As shown in Figure 6, peak numbers 1, 2 and 3 i.e., at
positions 482.117, 563.112 and 829.241 are related to Ni–O
stretching vibration mode [24]. The ϒ – AlO4 vibrations is
achieved by the wavelength of 829.241 cm−1. Peak numbers
4 and 5 at 1060.66 and 1153.22 cm−1 are aligned with the type
of bending vibrations of the group of O–Hmolecules, bound
to the zirconia [25]. Peak numbers 7 and 8 at 1542.77 and

1886.04 cm−1 are related to the type of bending vibration for
H–O–H.

4.2 Evaluation of catalyst performance

4.2.1 Catalytic activity comparison and stability factor of
steam reforming process of glycerol

The various catalysts that were developed by wet impreg-
nation, as well as co-precipitation methods were compared
for their use in the process steam reforming of glycerol. The
different properties such as contact time W/F as 15 (kg
catalyst/molar flow rate), temperature range maintained in
between the range of 600 and 800 °C, and the Steam/Glycerol
ratio = 9:1 mol/mol [26]. Glycerol degradation occurs at a
higher temperature, producing more hydrogen. The overall
process of glycerol steam reforming is endothermic due to
which increasing the temperature can result in more glyc-
erol conversion and increment in yield of hydrogen [27].
Decomposition of glycerol and water gas shift reaction
favors the formation of carbon monoxide at high tempera-
tures. The moles of methane also increase due to the con-
version of carbon monoxide to methane by the methanation
process [28].

The 10 % Ni/90 % Al2O3 catalyst prepared by wet
impregnation method gave only 45 % glycerol conversion
which is due to the quick deactivation of the catalyst at
temperature above 800 °C. The nature of the catalyst affects
the deactivation process. The reason behind that is the
carbonaceous deposits take place on the surface of the
catalyst. The 10 % Ni/2 % ZrO2/88 % Al2O3 prepared by wet
impregnation method gave 96 % glycerol conversion and

Figure 5: X-ray diffraction pattern of 10 % Ni/2 % ZrO2/88 % Al2O3

prepared by wet impregnation method of reduced fresh and used
catalyst.

Figure 6: FTIR spectra of 10 % Ni/2 % ZrO2/88 % Al2O3 catalyst.
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84 % hydrogen conversion. The use of ZrO2 as a promoter
can help in improving the performance of the glycerol steam
reforming process by increasing the hydrogen yield. This
also favors the catalyst capacity intermediate products
reformation, which is necessary to suppress the secondary
reactions taking place due to enhancement of water activa-
tion [28]. These improvements are in association only
because of the formations of ZrO2 and Al2O3 species. This
facilitates the reduction of Ni+2 ions formations. ZrO2 also
helps in the sintering of the metallic active sites or particles
in the presence of water at very high temperature. The cat-
alysts synthesized by the co-precipitation technique resulted
in less enhanced activity due to the increased loading of
nickel. The 10 % Ni/2 % ZrO2 /88 % Al2O3 prepared by
co-precipitation method gave 84 % glycerol conversion and
68 % hydrogen conversion [29].

4.2.2 Time on steam performance (stability)

The properties desirable of a commercial catalyst for the
steam reforming process are improved stability, low cost,
high activity and resistance to deactivation as shown in
Figure 7, for the catalyst 10 % Ni/2 % ZrO2/88 % Al2O3 pre-
pared by wet impregnation and 10 % Ni/2 % ZrO2/88 % Al2O3

prepared by co-precipitation method. The glycerol conver-
sion is decreased marginally for first 9 h and then it became
almost constant for the next 5 h. This is due to formation of
stable monodentate carbonate species resulting slight
reduction in the glycerol conversion over a period due to
deactivation of catalyst. The coke deposition takes place due
to dehydration, cracking reactions taking place on acidic
sites of alumina at high temperature resulting coke
formation.

4.2.3 Effect of contact time

The range of the feed stream contact time is maintained
in between 7 and 15 kg cat h/mol. Figure 8 illustrates the
impact of contact time on the conversion of glycerol
along with the product yield. An increment in the glycerol
conversion has been found with an increment in contact
time at a variety of temperatures which makes it pro-
portional to the influence of contact time. Since the con-
tact time increases, the passing time of the gases in the bed
also increases due to which catalytic activity/perform-
ability is increased and this is why the conversion in-
creases. Once the contact time increases, more active sites
are available for the reactants to increase the glycerol
conversion [30].

4.2.4 Effect of metal loading

As the nickel loading increases from 5 % to 10 % glycerol
conversion and hydrogen yield increases and decreases as it
increases from 10 % to 15 %. The 5 % nickel loading has low
activity due to lesser metal active sites available while the
10 % has high glycerol conversion and hydrogen yield
compared to 15 % nickel loading because as the nickel
loading increases, reduction in support’s surface is found
since it blocks the pores of the support [31]. Hence 10 %nickel
loading is the optimum one and it also leads to energy saving
if it is operated at lower temperatures. The optimum per-
centage of ZrO2 used in the present studies is 2 %. From
various studies gradual increment in the percentage of ZrO2

content on Al2O3 can reduce the BET area and 2 % ZrO2

seemed to be optimum to reduce the interaction between
support and Ni+2 resulting more nickel active sites [32].
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Figure 7: Stream stability test time of catalysts
for steam reforming of glycerol.
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4.2.5 Effect of temperature

The steam reforming process favors higher temperatures
because it is endothermic in nature. The conversion of
glycerol increases with an increase in temperature and as a
result production of hydrogen also increases as it is pro-
duced by direct glycerol decomposition along with the help
of water–gas shift reaction [32]. 10 % Ni/2 % ZrO2/88 % Al2O3

catalyst which is prepared by the method of wet impregna-
tion with contact time of 15 kg cat h/mol resulted in 96 %
conversion of glycerol along with the 84 % hydrogen yield at
a temperature of 800 °C (Figure 9). If the temperature in-
creases beyond the limit of 800 °C then direct decomposition
of glycerol takes place and it produces the carbonmonoxide.

4.2.6 Effect of steam to glycerol ratio

The effect and the influence of the steam to glycerol ratio for
the production of hydrogen has been shown in Figure 10. The
glycerol conversion increases initially as the steam/glycerol
ratio increases and remains constant from the steam to
glycerol ratio (S/G) 9:1. Hence the optimum ratio of S/G was
9:1. To reduce glycerol decomposition and catalyst deacti-
vation excess steam can be used. Since the cost of

vaporization is high at an industrial scale the amount of
water used should not be high [33]. If the steam to glycerol
ratio is on a higher level than the excess water consumption
takes place which can help in shifting the equilibrium to-
wards right which favors the more hydrogen production
according to the Lechleiter’s principle. The optimum ratio of
S/G is 9:1 and if this is increased to a certain level then it has
negligible effect on the carbon monoxide formation but it
dilutes the product stream and increases the load on the
reactor. The amount of water should be optimumand should
not be excess as it will affect the vaporization cost at in-
dustrial scale.

5 Conclusions

The impact of promoter addition 2 % ZrO2 was found to
have an improving effect on the performance as well as
physicochemical properties of the Ni/Al2O3 catalyst systems
for the steam reforming process of glycerol. Incorporation
of the zirconia by using wet impregnation method was
found to have the largest BET surface area amongst
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exhibiting the presentive effect of higher active sites for
catalysis over the Ni/Al2O3 catalysts. The method of catalyst
preparation also affected the catalytic activity. It has been
observed that by increasing reaction temperature the
conversion of glycerol and hydrogen increases as steam
reforming of glycerol is an endothermic process in nature.
The effect of process variables such as contact time, metal
loading, temperature, steam to glycerol ratio, and stability
test were investigated. The addition of 2 % ZrO2 helps the
catalyst to stay active without getting deactivated, increase
the stability of catalyst and inhibit sintering of metallic
active sites in the presence of water at high temperature.
10 % Ni/2 % ZrO2/88 % Al2O3 prepared by wet impregnation
method exhibited 96 % conversion of glycerol with
hydrogen yield 84 % (5.9 mol out of 7 mol theoretically) at
contact time = 15 kg cat s mol−1, T = 800 °C, S/G = 9:1 mol/mol,
P = 1 atm.

Research ethics: The research ethics and research integrity
has been followed by all the authors.
Author contributions: All authors have accepted respon-
sibility for the entire content of thismanuscript and approved
its submission. Narasimha Reddy Ravuru: conceptualization,
methodology, investigation, data collection and analysis,
writing original draft and revisions, proof reading and
editing of final version. Sanjay Patel: intellectual content,
interpretation of data, validation, supervision. Amit Kumar:
formal analysis, review and editing.
Competing interests: There are no conflicts of interest.
Research funding: None declared.
Data availability: Data will be made available on request.

References

[1] F. Y. Chang, F. C. Fei, and R. H. Rong, United Nations. Industrial
Development Board, and United Nations Industrial Development
Organization. 2003, Vienna, United Nations office, 2010.

[2] B. Imelik and J. C Vedrine, Catalyst Characterization Physical Techniques
for Solid Materials, vol. 3, 1st ed. France, Wiley, 1994.

[3] J. M. Silva, M. A Sora, and L.M.Maderia, “Challenges and strategies for
optimization of glycerol steam reforming process,” Renewable
Sustainable Energy Rev., vol. 42, no. 3, pp. 1187–1213, 2015.

[4] P. D Vaidya and A. E Rodrigues, “Glycerol reforming of hydrogen
production: a review,” Chem. Eng. Technol., vol. 32, no. 10, pp. 1463–
1469, 2009.

[5] A Esleban, A SanchezMiguel, D Angelo Raul, and A Comelli, “Hydrogen
production from glycerol on Ni/Al2O3 catalyst,” Int. J. Hydrogen Energy,
vol. 35, no. 2, pp. 5902–5907, 2010.

[6] B. Dou, C.Wang, Y. Song, H. Chen, and Y. Xu, “Activity of Ni-Cu-Al based
catalyst for renewable hydrogen production from steam reforming of
glycerol,” Energy Convers. Manage., vol. 78, pp. 253–259, 2014.

[7] S. Adhikari, S. D. Fernando, and A Haryanto, “Hydrogen production
from glycerin by steam reforming over nickel catalysts,” Renewable
Energy, vol. 33, no. 5, pp. 1097–1100, 2008.

[8] M Campanati and G Fornasari, “Fundamentals in the preparation of
heterogenous catalyst,” Catal. Today, vol. 77, no. 4, pp. 299–314,
2003.

[9] S. Zhang, L. Lin, and K. Ashok, Materials Characterization Techniques,
Boca Raton, London, CRC Press, Taylor and Fancis Group, 2009.

[10] W.-S. Dong, S. Shao, A.-W. Shi, C.-L. Liu, and R.-Z. Yand, “Hydrogen
production from steam reforming of glycerol over Ni/CeZrO catalysts
fuel processing technology,” Fuel Process. Technol., vol. 125, pp. 1–7,
2014.

[11] J. T. Richardson, Principles of Catalyst Development, New York, USA,
Springer, 1989.

[12] J. D. Holladay, J. Hu, D. King, and Y. Wang, “An overview of hydrogen
production technologies,” Catal. Today, vol. 139, no. 4, pp. 244–260,
2009.

[13] N. Reddy Ravuru, S. Patel, and P. Shah, “Sustainable hydrogen
production via glycerol steam reforming using Ni/CeO2/ZrO2/Al2O3

catalysts,” Mater. Today: Proc., vol. 67, no. 6, pp. 905–911, 2022.
[14] B. Imelik and J. C. Vedrine, Catalyst Characterization: Physical Techniques

for Solid Materials, France, Springer Science & Business Media, 2013.
[15] A. Kumar, A. K. Thakur, G. K. Gaurav, and N. Reddy Ravuru,

“Experiments on liquid film thickness around taylor finger,” Int. J.
Chem. React. Eng., vol. 20, no. 9, pp. 947–954, 2022.

[16] A. K. Thakur, R. Kumar, N. Banerjee, P. Chaudhari, and A. Kumar,
“Simulation of ethylene polymerization in continuous slurry reactors,”
Mater. Today: Proc., vol. 57, no. 4, pp. 1462–1467, 2022.

[17] G Etrl, H Knozinger, and J Weitkamp, Handbook of Heterogeneous
Catalysis, vol. 8, KGaA, Wiley – VCH, 1997.

[18] N. B. Ivan, F. Pompeo, G. F. Santori, and N. N. Nichio, “Nickel catalysts
applied in steam reforming of glycerol for hydrogen production,”
Catal. Commun., vol. 10, no. 13, pp. 1656–1660, 2009.

[19] W. S Dong, H. S Roh, K. W Jun, S. E Park, and Y. S. Oh, “Methane
reforming ove Ni/Ce-ZrO2 catalysts: effect of nickel content,” Appl.
Catal., A, vol. 226, no. 1–2, pp. 63–72, 2002.

[20] M. Che and J. C Vedrine, “Characterization of solid materials and
heterogeneous catalysts: from structure to surface reactivity,” Wiley‐
VCH Verlag GmbH & Co. KGaA, vol. 1, 2012.

[21] N. Banerjee, P. Sukichandran, P. Chaudhari, A. K. Thakur, and
R. Kumar, “Energy analysis and feasibility studies for algal biomass
and biofuels,” Mater. Today: Proc., vol. 57, no. 4, pp. 1448–1454, 2022.

[22] E. N. Kaufmann, Characterization of Materials, vol. 2, Argonne, IL, Wiley.
Inter Science, 2003.

[23] A Iriondo, “Effect of ZrO2 addition on Ni/Al2O3 catalyst to produce H2

from glycerol,” Int. J. Hydrogen Energy, vol. 37, no. 8, pp. 7084–7093,
2012.

[24] Q. Wang, K. L. Yeung, and M. A. Bañares, “Operando Raman-online
FTIR investigation of ceria, vanadia/ceria and gold/ceria catalysts for
toluene elimination,” J. Catal., vol. 364, pp. 80–88, 2018.

[25] S.-C. Ho and T.-C. Chou, “The role of anion in the preparation of nickel
catalyst detected by TPR and FTIR spectra,” Ind. Eng. Chem. Res., vol. 34,
no. 7, pp. 2279–2284, 1995.

[26] S Adhikari, S. D Fernando, and AHaryanto, “Production of hydrogen by
steam reforming of glycerin over alumina-supported metal catalyst,”
Catal. Today, vol. 129, no. 3–4, pp. 355–364, 2007.

[27] N. Pavlos and P. Andreas, “A comparative over view of hydrogen
production process,” Renewable Sustainable Energy Rev., vol. 67,
pp. 597–611, 2017.

94 N.R. Ravuru et al.: Experimental studies on renewable hydrogen production from glycerol



[28] J. R Rostrup-Nielsen and J Seshested, “Steam reforming for hydrogen.
The process and mechanism,” Fuel Chem., pp. 218–224, 2003. https://
doi.org/10.1021/ma0001180.

[29] A. K. Thakur, S. K. Gupta, and P. Chaudhari, “Modeling and
simulation of an industrial slurry phase ethylene polymerization
reactor: effect of reactor operating variables,” Iran. Polym. J., vol. 29,
pp. 811–825, 2020.

[30] L. Dong, C. Wu, H. Ling, J. Shi, P. T. Williams, and J. Huang, “Promoting
hydrogen production and minimizing catalyst deactivation from the
pyrolysis-catalytic steam reforming of biomass on nanosized
NiZnAlOx catalysts,” Fuel, vol. 188, pp. 610–630, 2017.

[31] S Therdthianwong, C Siangchin, and A Therdthianwong, “Improvement
of coke resistance Ni/Al2O3 catalyst in CH4/CO2 reforming by ZrO2

addition,” Fuel Process. Technol., vol. 89, no. 2, pp. 160–168, 2008.
[32] S Adhikari, S. D Fernando, and A Haryato, “Kinetics and reactor

modeling of hydrogen production from glycerol via steam reforming
process over Ni/CeO2 catalysts,” Chem. Eng. Technol., vol. 32, no. 4,
pp. 541–547, 2009.

[33] M. H Youn, J. G Seo, P Kimp, J. J Kim, H. I. Lee, and I. K Song, “Hydrogen
production by auto-thermal reforming of ethanol over Ni/Al2O3

catalysts: effect of second metal addition,” J. Power Sources, vol. 162,
no. 2, pp. 1270–1274, 2006.

N.R. Ravuru et al.: Experimental studies on renewable hydrogen production from glycerol 95

https://doi.org/10.1021/ma0001180
https://doi.org/10.1021/ma0001180

	Experimental studies on renewable hydrogen production by steam reforming of glycerol over zirconia promoted on Ni/Al2O3 cat ...
	1 Introduction
	2 Experiment
	2.1 Preparation of catalyst
	2.1.1 Catalyst preparation by using wet impregnation method
	2.1.2 Catalyst preparation by using co-precipitation method
	2.1.3 Catalyst characterization


	3 Catalyst performance testing
	3.1 Catalytic activity

	4 Results and discussion
	4.1 Characteristics of catalyst
	4.1.1 BET analysis
	4.1.2 Scanning electron microscopy (SEM)
	4.1.3 X-ray diffraction
	4.1.4 Fourier transform infrared spectroscopy

	4.2 Evaluation of catalyst performance
	4.2.1 Catalytic activity comparison and stability factor of steam reforming process of glycerol
	4.2.2 Time on steam performance (stability)
	4.2.3 Effect of contact time
	4.2.4 Effect of metal loading
	4.2.5 Effect of temperature
	4.2.6 Effect of steam to glycerol ratio


	5 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


