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Abstract—Ni/ZSM-5 catalyst is one of the promising catalysts to improve the catalytic steam reforming of waste cook-
ing oil (WCO) for hydrogen production. Furthermore, the introduction of lanthanum (La) plays a huge role in inhibit-
ing metal sintering and carbon deposition and improving the stability and activity of the catalyst. This study investigated
the effects of reaction temperature (600-800 °C), steam to carbon molar ratio (S/C), n Ni/ZSM-5 (n=5, 10, and 15 wt%),
and the addition of promoter (La) on the experimentally generated hydrogen yield and carbon deposition. Results
showed that the experiment used 6 wt% La-10 wt% Ni/ZSM-5 at 0.1 MPa, 700 °C, space-time (7)=0.56 guapsh/gwcor
and S/C=5.25, which obtained the yield of H, was 154.12 mol/kg, carbon deposition was 5.38%. Therefore, Ni-modi-
fied catalyst added La to improve the catalyst coking resistance and prevent carbon formation. Moreover, La can fur-
ther promote the dispersion of nickel on the surface of the carrier and improve the catalytic performance of the catalyst

for steam reforming reaction.
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INTRODUCTION

Most of the chemical and physical properties of waste cooking
oil (WCO) are attributed to their fatty acid composition, which
makes its composition different from that of general crude oils [1].
Generally; as an environmental pollutant, WCO is discharged through
the public sewage system, which can seriously pollute the water and
atmosphere. Some illegal traders even process it into gutter oil and
re-enter the market, which endangers peoples health. WCO improp-
erly used can even cause disease [2,3]. The redevelopment of WCO
is changed from hazardous waste to valuable raw materials for indus-
trial applications. First, the use and treatment of WCO could sig-
nificantly reduce the cost of water treatment caused by discharging
it directly into the sewer. Secondly, WCO can be used as the primary
raw material in many industrial processes without special treat-
ment. In addition, WCO has shown great potential as a hydrogen
supplier.

Hydrogen is an ideal clean, high-energy fuel, and energy carrier
with considerable potential in the future global economy [4]. Hydro-
gen is used widely in chemical, fertilizer, food, and metallurgical
industries as an essential raw material chemical [5]. Most hydro-
gen is produced on an industrial scale from heavy oil fractions by
catalytic steam reforming fossil fuels such as natural gas, coal, and
naphtha. Since carbon dioxide is produced in large amounts during
the production of hydrogen by steam reforming hydrocarbons, its
utilization can cause environmental degradation if the consump-
tion of fossil fuel resources must meet the demand for hydrogen.
Therefore, hydrogen can be obtained from clean and renewable
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energy sources, which can realize the true potential of hydrogen
energy systems [6]. Hydrogen production from steam reforming
of WCO can be improved by adding Ni-modified catalysts. How-
ever, the carbon deposition problem is severe. Therefore, it can be
achieved by the introduction of lanthanum (La).

The steam reforming process is viable for producing renewable
energy [7]. The carbon deposits generated by the cracking of WCO
will block the active center of the catalyst, which can reduce the
catalysts reactivity and the production of H,. Therefore, steam re-
forming is used to reduce the carbon deposition produced by the
experiment. In the steam reforming reaction, the organic mole-
cule (C,H,,0,) is converted into carbon monoxide and hydrogen
according to reaction (1). Carbon monoxide and hydrogen then
react to form methane and carbon dioxide through the equilib-
rium reactions (2) and (3). Thus, the gas mixture composition at
the reactor outlet almost reachesa equilibrium [8]. The main reac-
tions are as follows:

C,H, O+ (n-k)H,0<>nCO+(n+m/2—k)H, (1)
@)
©)

Then complete steam reforming is described by the following reac-
tion:

CO+H,0-H,+CO,

3H,+CO«>CH,+H,0

C,H,,O+(2n—-k)H,0<>nCO,+[2n+m/2—k]H, 4)

Ni has been extensively used as an active metal for steam reform-
ing oxygenates due to its high activity for C-C bond rupture and
H, formation from H atoms [9,10]. Chen et al. [11] researched
steam reforming of bio-oil with an emphasis on catalyst develop-
ment. They found that the nickel-loaded catalyst has high reactiv-
ity in C-C and C-H bond cleavage. Yan et al. [12] used Ni/ZSM-5
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catalyst for the aqueous reforming of phenol. The results showed
that the Ni/ZSM-5 catalyst with Ni content of 16 wt% and Si/Al
molar ratio of 25 had better catalytic performance. Awadallah et
al. [13] used Ni-Mo/ALQ; as a catalyst for the direct decomposi-
tion of methane. When the Ni content was 40% and the Mo con-
tent was 6.5%, the maximum hydrogen yield was about 90%. Gutta
et al. [14] investigated the effect of loaded Ni (10-50 wt%) on
MCM-41 and found that 50 wt% Ni/MCM-41 exhibited higher
hydrogen yield and lifetime. However, nickel-based catalysts are
thermodynamically liable to active site sinter and carbon deposi-
tion [15]. Therefore, catalysts introduced La to adjust the acidity
and improved the anti-carbon deposition ability of the catalysts,
which effectively enhanced the catalytic activity and stability [16-18].

The introduction of lanthanum into the catalyst can not only
improve the catalytic activity of the catalyst, but also effectively reduce
carbon deposition. Adamu et al. [19] and Chowdhury et al. [20]
investigated the effect of La modified Ni/ALO; catalyst on glucose
SCWG, and their results showed that the catalyst exhibited good
performance in enhancing H, production. Boudjeloud et al. [21]
found that La-added in Ni/ALO; promoted the formation of the
Ni-La-Al structure and caused highly dispersed nickel particles,
which enhanced the dissociative adsorption of CHx species. Lu et
al. [22] studied that after loading a small content of metal elements
such as Fe and La on Ni-based catalysts, adding La will promote
the dispersion of NiO nanoparticles. The carbon deposition pro-
duced during the experiment has been the reason for affecting the
catalytic activity of the catalyst. Since reactions (5) and (6) occurred,
La, O, will react with CO, to form like La,0,CO; and then inter-
act with carbon deposits (C) to release CO and regenerate La,O,
which controls the carbon accumulation rate and reduces carbon
deposition [17,23-26].

La,0,+CO,<>La,0,CO; (5
La,0,CO;+C>La,0,+CO (6)

Although there is much research on supported La catalysts, lit-
tle research has used the La-loaded catalyst to produce hydrogen
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Table 1. The elemental analysis of WCO
Elemental analysis (wt%)

Sample Carbon Hydrogen Oxygen Nitrogen
1 75.99 10.02 13.2 0.79
2 76.62 9.73 12.8 0.85
3 75.37 9.64 143 0.69
Standard deviation 0.63 0.20 0.78 0.08

in the experiment of catalytic steam reforming of WCO. This paper
studied the effects of temperature (600-800 °C), steam to carbon
molar ratio (5/C=0.64-10.95), H-ZSM-5, nickel-loaded (n Ni/ZSM-
5 (n=>5, 10, and 15wt%)) and the introduction of La on hydrogen
production from cracking of WCO to enhance H, yield and reduced
carbon deposits.

EXPERIMENTAL SECTION

1. Materials and Catalyst Preparation

The experimental raw materials were mainly from waste oil
after fried food in local restaurants in Wuhan. The H-ZSM-5 used
in the experiment was produced by Zoran Environmental Protec-
tion Technology (Dalian) Co., Ltd, with a silicon-aluminum ratio
of 45 and a white spherical shape. Nickel nitrate (Ni(NOs),-6H,0)
was purchased from Shanghai Wo Biotechnology Co., Ltd., and
lanthanum nitrate (La(NO;);-6H,0) was purchased from Wuhan
Yiruisi Technology Co., Ltd. The elemental analysis results of WCO
are shown in Table 1. From the elemental analysis of WCO, the
chemical formula of WCO was determined to be CH; 50 14N 000-

We used H-ZSM-5 as the carrier to prepare the n Ni/ZSM-5
(n=5, 10, and 15 wt%) and 6 wt% La-10 wt% Ni/ZSM-5 by the im-
pregnation method. In a typical synthesis, taking 5 wt% Ni/ZSM-5
catalyst as an example, 1.24 g of nickel nitrate hexahydrate Ni(NO;),-
6H,0 was dissolved in excess deionized water to make a nickel
nitrate solution. 5g of H-ZSM-5 was weighed and mixed with
nickel nitrate solution, placed in ultrasonic reaction for 4 hours,
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Fig. 1. Diagram of the experimental system.
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and then dried in an oven at 105 °C for 12 hours. The dried sam-

ples were calcined in a muffle furnace at 550 °C for 4 hours. Then,

the catalyst was reduced to a metal state by passing H, into it at

600 °C. The above method prepared the 10 wt% Ni/ZSM-5, 15

wt% Ni/ZSM-5, and 6 wt% La-10 wt% Ni/ZSM-5 catalysts.

2. Reaction Equipment and Operating Conditions

The experimental equipment is shown in Fig. 1. The injection
device adopted was the model TJ-3A syringe pump produced by
Baoding Lange Constant Current Pump Co., Ltd. to complete the
injection of WCO. The model of the adjustable closed electric fur-
nace in the device used in the gasification chamber is FL-1, which
was produced by Beijing Yongguang Medical Equipment Factory.
The water flow regulated device was a peristaltic pump of model
YZ1515X produced by Baoding Lange Constant Current Pump
Co,, Itd.

Before the start of the experiment, the catalyst was loaded into
the fixed-bed reactor (inner diameter: 20 mm; outer diameter: 25
mm). The reactor was purged with nitrogen at a flow rate of 50 mL/
min, which kept the reactor under an inert atmosphere. Then, the
WCO was injected into the reactor through a syringe pump, and
steam was introduced simultaneously. After 30 min of reaction, the
outlet gas was collected and analyzed by GC. The experiments were
carried out under the following conditions:

(a) The effect of temperature (600-800°C) on hydrogen produc-
tion from cracking of WCO was investigated under the condi-
tion of 0.1 MPa.

(b) The effect of steam-to-carbon molar ratio (S/C) is 0.64-10.95
on hydrogen production from steam reforming of WCO was
studied under the conditions of 0.1 MPa and 700 °C.

(c) The effect of S/C (0.64-10.95) on hydrogen production from
catalytic steam reforming of WCO was investigated under the
conditions of 0.1 MPa, 700 °C, space-time (7)=0.56 &_ah/gwco»
and added H-ZSM-5.

(d) The effects of the addition of n Ni/ZSM-5 (n=5, 10, and 15
wt%) on hydrogen production from catalytic steam reforming
of WCO were investigated under the conditions of 0.1 MPa,
700 °C, space-time (7)=0.56 &..as)/gwoo» and S/C=5.25.

(e) The effects of temperature (600-800 °C) on hydrogen produc-
tion from catalytic steam reforming of WCO were studied
under the conditions of 0.1 MPa, space-time (7)=0.56 gah/
Zweo S/C=5.25, and added 6 wt% La-10 wt% Ni/ZSM-5.

The gas yield of hydrogen was calculated according to Eq. (7):

Py (mol)
Myyco(kg)

where, Yy, is the yield of H,, and Py, is moles of production H,, and
is mass of WCO.

The steam-to-carbon molar ratio (S/C) was calculated according
to Eq. (8):

S/C—( m, O)/( mSO) _ m (mol) ®
S \myyee/ Mo/ 1.86x(myyco)(mol)

where, m, refers to the moles of steam, and my,, refers to the
moles of WCO, and st refers to the stoichiometry.

3. Analytical Techniques
Inductively coupled plasma emission spectrometry (ICP-OES)

Y, (mol/kg) = @)
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was used to determine the actual load of nickel on the catalyst. The
model of the instrument used for analysis is the Agilent ICPOES730.
Approximately 0.01-0.038 g of the sample was removed, homoge-
nized and placed into a hot block tube. Trace metal-grade hydro-
chloric (0.75 ml) and nitric (2.25 ml) acids were added to each tube,
placed in the hot block, and refluxed for 3 h at 95 °C. The samples
were cooled and brought to the final volume of 25ml with DI
water. All samples were analyzed at 50x dilution due to the very
high levels of the target elements. Standard quality assurance pro-
cedures were employed, including analyzing initial and continuing
calibration checks and blanks, duplicate samples, preparation blanks
(Blank), postdigestion spiked samples, and laboratory control sam-
ples (LCS).

XRD was used to observe carbon residue and crystal form changed
after loading metal. The X-ray diffractometer (XRD) used in this
experiment was produced by Bruker, Germany, model Bruker D8
Advance. XRD operated at 45kV and 40 mA via the Cu Ko radi-
ation, and the diffraction (26) was carried out in the range from 5°
to 80° with a scan rate of 10°/min.

Electron microscopy (SEM) was performed to visualize the mor-
phology of the catalyst. A minute quantity sample was taken directly
to the conductive adhesive and used the Oxford Quorum SC7620
sputter coater to spray gold for 45 s, and the gold spray was 10 mA.
Then, the sample morphology was photographed using a Zeiss
Gemini SEM 300 scanned electron microscope produced by Carl
Zeiss, Germany, under an accelerated voltage of 3kV.

The O,-TPO experiments were executed in order to find the
nature and/or type of coke deposits over spent catalysts. The exper-
iment was conducted on an AutoChem1 II 2920 apparatus manu-
factured by Micromeritics. In a U-type tube loaded with 50-100
mg sample and dried and pretreated by increasing the tempera-
ture from room temperature to 300 °C at a rate of 10 °C/min. And
then, the samples were purged for 1 hour under a He atmosphere
(30-50 ml/min) to remove moisture from the models. After cool-
ing to 50 °C, the samples were bubbled into a 10% O,-He gas mix-
ture (30-50 ml/min) for 1hour to adsorb O, to saturation. After
saturation, the residual O, was purged at 30-50 ml/min for 1 hour
in a He flow until the outlet gas could not detect O,. Finally, the tem-
perature of the samples was raised to 600 °C at a heating rate of 10°C/
min under a He atmosphere for NH, adsorption measurement, and
a thermal conductivity detector (TCD) detected the desorbed gas.

The strength and number of acid sites in the catalyst were ana-
lyzed by temperature-programmed desorption of NH,-TPD on an
AutoCheml1 1T 2920 apparatus manufactured by Micromeritics.
The method is the same as TPO, except that the gas mixture used
is the NH;-He gas mixture.

The studies of the mixture of WCO and catalyst were carried out
through Py-GC/MS technique to analyze the pyrolytic vapor. Pyroly-
sis experiments were performed through Multi-Shot Pyrolyzer EGA/
PY-3030D pyrolyzer. The pyrolyzer was combined with a Clarus
560 GC/MS instrument produced by PerkinElmer, USA. The pyroly-
sis products were chromatographically separated on an HP-5MS
elastic quartz capillary column (30 mx0.25 mm id., 0.25 mm film
thickness). In this study, Py-GC/MS was carried out in a single shot
analysis mode at 700 °C. Helium (99.999%) as a carrier gas, which
was used at a constant flow rate of 1.5 ml/min with a split ratio of
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1: 80. The initial temperature was set at 200 °C with a heating rate
of 6°C/ min and then 250 °C by employing a higher heating rate
of 15°C/min. WCO and catalyst were mixed at 1: 1, and approxi-
mately 1 mg of the sample was taken for each test. Each experiment
was repeated three times to ensure reproducibility.

Furthermore, the relative abundance (R anee) 0f pyrolytic prod-
ucts and the selectivity of aromatics (Smaic) are calculated as [27]:

Pi

5 ©

abundance = P
total

where, P; is the peak area of certain identified product, and P,,,
is the total peak area under certain condition.

A gas chromatograph (GC), model GC-9280, produced by Bei-
jing Purui Analytical Instrument Co., Ltd, was used to analyze the
volume fraction of gas produced by the experiment of catalytic steam
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reforming of WCO. The instrument maintained the column tem-
perature at 120 °C, used high-purity Argon as the carrier gas, adopted
a molecular sieve chromatographic column, and the detector TCD
was the thermal conductivity detector. The device could detect
CO, CH,, H,, and CO,. The experiment was repeated three times
and then calculated the average value of the volume content of the
four gas components (H,, CH,, CO, CO,).

RESULTS AND DISCUSSION

1. Characterization of Catalysts
1-1. ICP-OES Analysis

Table 2 shows the ICP-OES results of the actual Ni and La load-
ing on the catalyst. The results indicate that Ni and La were success-
fully impregnated in the catalyst, and the actual loading rate was
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Fig. 2. XRD patterns of H-ZSM-5, 10 wt% Ni/ZSM-5, and 6 wt% La-10 wt% Ni/ZSM-5: (a) Fresh catalysts; (b) The catalysts after-use; (c) The

catalysts after-use (20-30°).
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Table 2. Ni and La loading percentage of catalysts used in this study

Ni concentration La concentration
Sample Measured by Theoretical Measured by Theoretical
ICP-OES (wt%) value (Wt%) ICP-OES (wt%) value (Wt%)
5 wt% Ni/ZSM-5 439 5 - -
10 wt% Ni/ZSM-5 10.11 10 - -
15 wt% Ni/ZSM-5 14.94 15 - -
6 wt% La-10 wt% Ni/ZSM-5 10.14 10 6.28 6
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Fig. 3. SEM images of (a) Fresh H-ZSM-5, (b) Used H-ZSM-5, (c) Fresh 10 wt% Ni/ZSM-5, (d) Used 10 wt% Ni/ZSM-5, (e) Fresh 6 wt% La-
10 wt% Ni/ZSM-5, and (f) Used 6 wt% La-10 wt% Ni/ZSM-5.
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close to the theoretical value.
1-2. XRD Analysis

The X-ray diffraction patterns of the fresh and after-used cata-
lysts are shown in Fig. 2(a) and (b). All catalysts exhibited charac-
teristic peaks of H-ZSM-5 at angles (26) of 14.6°, 23.4°, and 45.2°
(PDF card #38-195). The characteristic peak of the H-ZSM-5 molec-
ular sieve remained after an addition of different content of Ni on
the H-ZSM-5 carrier, indicating that its structure was not damaged
during metal impregnation treatment [28]. This phenomenon indi-
cates that H-ZSM-5 has commendable stability to maintain its crys-
tal structure unchanged after the metal is loaded or the addition to
promoter and calcination process [26,29,30]. The catalyst of Ni-mod-
ified ZSM-5 showed the NiO phase peaks exhibited at degrees (26)
of 37.3%,43.3°, and 62.9° (PDF card #47-1049) [31].

The characteristic diffraction peaks of La,O; phases were not
detected after in addition to 6 wt% La on 10 wt% Ni/ZSM-5 cata-
lyst. The possible reasons were the La,O; was highly dispersed on
the surface of the 10 wt% Ni/ZSM-5 catalyst or formed the micro-
morphological grain below the XRD’s detection limit [32-34]. Note
that all strengths of the peaks corresponding to the 6 wt% La-10
wt% Ni/ZSM-5 have a decreasing tendency compared with all Ni-
loaded catalysts. This phenomenon illustrates that the molecular
sieve interacted with the nickel species and the promoter [35,36].
It also means that the La-added could further form more active
centers, which improves the catalytic performance of the catalyst
for steam reforming reaction [37].

It can be seen from Fig. 2(c) that after the catalysts, a character-
istic peak of carbon was detected at a degree (26) of 26.66° (PDF
card # 26-1077). The carbon peak in 6 wt% La-10 wt% Ni/ZSM-5
was not apparent, which indicated that it did not produce carbon
or formed the micromorphological grain below the XRD’s detec-
tion limit.

1-3. SEM Analysis

The SEM images in Fig. 3 depict the morphology of the fresh
and after-use H-ZSM-5, 10 wt% Ni/ZSM-5, and 6 wt% La-10 wt%
Ni/ZSM-5 catalysts. In Fig. 3(a), the H-ZSM-5 presents dispersed
particles, from which one can observe that the crystalline grains
grow into cubic shapes. H-ZSM-5, 10 wt% Ni/ZSM-5, and 6 wt%
La-10 wt% Ni/ZSM-5 have similar morphologies. The loaded Ni
and La via the impregnation method did not change zeolite mor-
phology [38]. As shown in Fig. 3(b), the particle size of H-ZSM-5
slightly increased after participating in the catalytic steam reforming
experiment of WCO. The surface became rough in the H-ZSM-5,
and the fragmented substances can be seen. These fragments may
be carbon generated during the reaction. In Fig. 3(c), it can be
observed that the 10 wt% Ni/ZSM-5 catalyst has a uniform mor-
phology; the surface is more compacted, and the gap is smaller than
H-ZSM-5. 1t is attributed to grain size with surface Gibbs free energy
and catalyst power appearing in the aggregation due to the inter-
connection, which covers the catalyst surface [39,40]. In Fig. 3(e), the
degree of aggregation of La-loaded catalyst particles is small because
the La,O; improved the electronic state of Ni or modified an appro-
priate interaction of NiO-La,O; and Ni-ZSM-5. Hence, La,0; was
vital in suppressing particle aggregation [41,42]. However, the dis-
advantage of using SEM in this experiment is that there is no appar-
ent carbon deposit on the surface of the used catalyst.

1-4. O,-TPO Analysis

Normally, several types of carbon deposition can occur over Ni-
based catalysts, for instance atomic carbon, amorphous carbon and
graphitic carbon. These carbons can be gasified to CO and/or CO,,
under an oxidative atmosphere, at different temperatures: atomic
carbon (C,)<250 °C, amorphous carbon (Cj) 250-600 °C and gra-
phitic carbon (C,)> 600 °C). The first two types are active as com-
pared to graphitic; moreover, atomic and amorphous carbon has
slower deactivation rate while graphitic, being more inactive, has a
rapid deactivation rate [43]. In Fig, 4 is the TPO diagram of the spent
catalyst in the catalytic steam reforming experiment of WCO at
700 °C. It can be seen that amorphous carbon deposition was de-
tected at 500-600 °C for all catalysts. The TPO curve of the used
6 wt% La-10 wt% Ni/ZSM-5 catalyst had less carbon deposition at
500-600 °C than that of other used catalysts, which indicated that
its coking resistance was strong. This aligns with its better and more
stable performance in the experimental hydrogen production pro-
cess by catalytic steam reforming of WCO. This shows that the
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Fig. 4. O,-TPO curve of after-used catalysts.
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Fig. 5. NH,-TPD profiles of the H-ZSM-5, n Ni/ZSM-5 (n=5, 10,
and 15 wt%), and 6 wt% La-10 wt% Ni/ZSM-5.
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Table 3. The acidity of H-ZSM-5, n Ni/ZSM-5 (n=>5, 10, and 15 wt%), and 6 wt% La-10 wt% Ni/ZSM-5

Temperature at Quantity Peak
Catalysts maximum (°C) (mmol/g) concentration (%)

Weak Strong Weak Strong Weak Strong
H-ZSM-5 1152 377.9 3.78434 0.69542 1.32723 0.47792
5 wt% Ni/ZSM-5 110.0 505.0 4.00579 0.96629 0.92166 0.56356
10 wt% Ni/ZSM-5 117.8 500.7 4.24661 0.75997 1.06647 0.73431
15 wt% Ni/ZSM-5 1154 492.3 4.30895 0.76532 1.03173 0.76185
6 wt% La-10 wt% Ni/ZSM-5 110.5 521.6 3.91500 1.02297 0.98386 0.66095

introduction of lanthanum into nickel-based catalysts can activate (@) /\/ /\/\

the oxidation of carbon species, and the interaction between car-
bon and nickel particles will affect the oxidation temperature of
carbon species.
1-5. NH;-TPD Analysis

In Fig. 5, the NH;-TPD spectrum has two NH; desorption peak
ranges, located at low temperature (100-240°C) and high tempera-
ture (330-550 °C), referred to as weak and strong acid sites, respec-
tively [44,45]. Compared with H-ZSM-5, in all Ni-modified ZSM-
5 and adding La to the catalyst, the formation of the strong acid
peak was pronounced at about 500 °C. Moreover, the peak posi-
tion of the weak and strong acid sites shifted to a higher tempera-
ture [31]. In general, the higher the temperature at the peak position,
the stronger the acid site of the catalyst. It is worth noting that the
increase of acid strength on all Ni-modified ZSM-5 was due to the
protonation of H+ ions (reaction (10)) after the reduction of NiO
to form vital conjugated acid species, nickel sites. Previous studies
have shown that Lewis and Brensted acid sites help increase the
catalysts cracking capacity, which reduces the isomerization reac-
tion [46,47].

Ni**+H,=Ni+2H" (10)

The catalyst of adding lanthanum compared with the Ni-modi-
fied ZSM-5 showed no apparent migration phenomenon of the
weak acid sites, which were still at about 108 °C. This phenome-
non indicated that the lanthanum introduction does not consider-
ably change the strength of weakly acidic sites [48]. However, the
strongly acidic sites shifted to a higher temperature, which reflected
that loaded La significantly affected the surface acid type of the
10 wt% Ni/ZSM-5 catalyst and the number of surface acid sites.
Loading the lanthanum on the 10 wt% Ni/ZSM-5 changed the acid
amounts of the catalyst: with the addition of lanthanum, the acid
amounts of the strongly acidic sites of the 10 wt% Ni/ZSM-5 catalyst
increased from 0.75997 to 1.02297 mmol/g [30,49,50]. The acid
amounts of the catalyst are shown in Table 3.

2. PY-GC/MS Analysis and the Possible Reaction Pathways
2-1. PY-GC/MS Analysis

Fig. 6(a) and (b) depict the relative abundance and the aromat-
ics selectivity (%) of the products from catalytic cracking of WCO
by the H-ZSM-5, n Ni/ZSM-5 (n=5, 10, and 15 wt%), and 6 wt%
La-10 wt% Ni/ZSM-5. After La loading, the relative abundance of
olefins increases significantly to 96.92%. With the increase in nickel
loading, the relative abundance of olefins shows an increasing trend,
which is 84.51%, 90.99%, and 93.84% for 5 wt% Ni-ZSM-5, 10 wt%
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Fig. 6. The PY-GC/MS analysis and relative abundance from cata-
Iytic cracking of WCO by the H-ZSM-5, n Ni/ZSM-5 (n=5, 10,
and 15 wt%), and 6 wt% La-10 wt% Ni/ZSM-5: (a) The PY-
GC/MS analysis; (b) The relative abundance of the products.

Ni-ZSM-5, and 15 wt% Ni-ZSM-5, respectively. The main prod-
ucts of olefins are propylene and butylene, so they could be regarded
as the signal for the catalytic cracking of WCO. With the addition
of nickel and lanthanum, the intensity of the peak decreases grad-
ually, which indicates that the addition of metal could promote the
cracking of WCO. The relative abundance of aromatics in H-ZSM-
5 is 16.4%. The deoxygenated products, which perform as hydro-
carbon precursors, can get access to the acidic sites in micropores
of H-ZSM-5. The deoxygenated products, which perform as hydro-



Hydrogen production by catalytic steam reforming of waste cooking oil over La-Ni/ZSM-5 catalyst

2181

Q
H,C—O—C—R,
o)

H,, CO, CO,

Catalystic steam reforming

<&
<

wCo HClj—O—g—Rz

]
H,C—O—C—R,

Random

scission @ CO»

Oxygenates

®

Dehydration
Decarboxylation (2)
Decarbonylation
Catalytic cracking

xPgoo

Wonces CH,4 /\/\
B—scission Diels-Alder
/\/ / reaction
@ ) .
NN AN
Fig. 7. The possible reaction mechanism.
Table 4. Experimental conditions for cracking WCO
Experimental condition

Temperature (°C) 600-800 Space-time () (Zuatatysrh/Gweo) 0

S/C 0 Filling height (cm) 8

Pressure (MPa) 0.1 Reaction time (min) 30

carbon precursors, can get access to the acidic sites in micropores
of H-ZSM-5 [51,52].

In this paper, PY-GC/MS analysis provides a theoretical basis
for the research on the experiments of catalytic cracking of WCO
and the possible reaction mechanism. In the PY-GC/MS analysis
results, it can be found that the products after pyrolysis of WCO
contained aromatics and olefins. After the steam was introduced
in the experiment, olefins could react with water to form alcohols
in the presence of the catalyst. The aromatics and alcohols could be
converted into H,, CO, and CO, due to the steam reforming reaction.
2-2. The Possible Reaction Pathways

In Fig. 7, the WCO is partly converted to waxes and oxygenates
through random scission during the thermal conversion process
(1). Catalytic cracking of long-chain hydrocarbons into small mol-
ecules by catalyst is associated with hydrogen transfer, fscission,
and termination [53]. The acidic sites of the catalysts could abstract
hydrogen atoms from aliphatic hydrocarbons to generate carban-
ions, which are unstable and prone to fscission to form short olefins
(3). WCO can be directly decomposed into hydrocarbons through
decarboxylation to release CO, or decomposed into long-chain alde-
hydes and ketenes because the catalysts can provide acidic protons
(H") (2). The cracking of ketenes and partial alkenals will produce
small hydrocarbon molecules, which include CH, and short-chain
hydrocarbons [54]. In other words, they are converted into hydro-
carbons by releasing CO through a decarbonylation reaction. At the
same time, decarboxylation, dehydration and other reactions would
also generate CO, and H,0. Aromatic hydrocarbons were formed
by the Diels-Alder reaction (4) [55,56]. Finally, aromatics would be
converted into H,, CO, and CO, through steam reforming reac-

tion (5). Steam reforming of benzene and toluene can be carried out
by steam reforming reactions (Reactions (11)-(14)). In addition, the
water-gas shift reaction (Reaction (2)) may occur and affect the distri-
butions of the product. Xu et al. [57] believed that both the steam
reforming reaction (Reactions (11)-(14)) and the water-gas shift reac-
tion (Reaction (2)) occurred in parallel [58,59].

Steam reforming of toluene:

C¢Hs— CH;+7H,0—»7CO+11H, (11)

C¢Hs— CH;+14H,0—7CO,+18H, (12)
- 3000
> [ H,
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8-4 —a— Volume contents of gasj - g
Q ~
- (. co, | 2000 &

. )
260 [ ] Carbon deposit -
El 5]
o . - —8 2
'% ~ 1500 §
= ol 2
2 o
3 - 1000 2
£ E
2 )
g 20 |
= - 500 -
o
>
wn
<
&} 0 | f 1 |
600 650 700 750 800

Temperature (°C)

Fig. 8. Effects of the volume fraction of gas, carbon deposition rate,
and volume content of gas (600-800 °C).
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Table 5. Experimental conditions with or without H-ZSM-5 in WCO catalytic cracking experiment

Experimental condition

Catalyst H-ZSM-5 Space-time (7) (8uuuyh/Bwco) 0.56

Temperature (°C) 700 Filling height (cm) 8

S/IC 0.64-10.95 Reaction time (min) 30

Pressure (MPa) 0.1
Steam reforming of benzene: The volume fraction of CH, and CO, decreased with the tempera-

ture increase, while H, increased. After 700 °C, the reaction system

CeHs+6H,0—>6CO+9H, (13) remained in equilibrium. Tt can be seen that the increase in tem-
C.H+12H,0-56CO,+15H, (14) perature was beneficial to the preparation of H,.

3. The Experiment of Hydrogen Production by Catalytic Steam
Reforming of WCO

3-1. Influence of Temperature

The experimental conditions are shown in Table 4.

Fig. 8 shows that with the temperature changed, the volume con-
tent of gas by cracking of WCO would also change to a certain extent.

(a) o0

o+ wi
(=] o

Gas volume fraction (%)
w
o

20

0 2 4 6 8 10 12
S/C
(b) so |- —=—H,
—e—CO
—aCH,

(=
(=]
T

Gas volume fraction (%)
&
T

[
o
T

S/C

Fig. 9. Effects of S/C on gas volume fraction in the catalytic cracking
experiment of WCO with or without H-ZSM-5: (a) Without
H-ZSM-5; (b) Adding H-ZSM-5.
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3-2. Influence of the Addition of H-ZSM-5

The experimental conditions are shown in Table 5.

This experiment set the gasification temperature at 700 °C and
the pressure at 0.1 MPa. Fig. 9(a) represents that with the increase
of S/C, the volume fraction of CH, and CO gradually decreased,
while CO, and H, increased. Among them, the volume fraction of
H, reached the commanding height after S/C=5.25, and then the
volume fraction of H, remained unchanged.

Fig. 9(b) represents that after H-ZSM-5 adding to the experi-

@ [ ]Blank
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a
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.g‘
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]
O
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Fig. 10. Effects of S/C and H-ZSM-5 on the carbon deposition and
volume contents of gas: (a) The effect of carbon deposition;
(b) The effect of the volume contents of gas.
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Table 6. Experimental conditions using n Ni/ZSM-5 (n=5, 10, and 15 wt%) in the experiment

Experimental condition

Catalyst n Ni/ZSM-5 (n=5, 10, and 15 wt%) Space-time () (guuayh/gwco) 0.56
Temperature (°C) 700 Filling height (cm) 8
S/IC 5.25 Reaction time (min) 30
Pressure (MPa) 0.1

ment, with increased S/C, the volume fraction of H, and CO, in-
creased, while CH, and CO decreased. It was finally found that H-
ZSM-5 significantly increased the volume fraction of H, from 41.20%
to 51.74%. It increased the yield of H, from 39.91 mol/kg to 71.47
mol/kg.

The results in Fig. 10(a) and Fig. 10(b) show that the experiment
added H-ZSM-5 to produce less carbon deposition than without
added H-ZSM-5. Moreover, H-ZSM-5 used in the experiment can
produce more volume content of gas than without H-ZSM-5.

3-3. Effects of Content of Nickel in Catalysts on Catalyst Perfor-
mance

The experimental conditions are shown in Table 6.

We determined that the optimum conditions for using H-ZSM-
5 for catalytic steam reforming of WCO to produce hydrogen were
700°C and the S/C=5.25. The work kept other conditions unchanged
and we researched the effects of the content of nickel in catalysts for
the experiment to produce hydrogen production of catalytic steam
reforming of WCO.

As can be seen in Fig. 11, the size of the volume fraction of H,
was: 10wt% Ni/ZSM-5 (64.43%)>5wt% Ni/ZSM-5 (45.61%)>
15wt% Ni/ZSM-5 (38.36%). And the carbon deposition was as
follows: 15wt% Ni/ZSM-5 (15.38%)>10 wt% Ni/ZSM-5 (7.8%)>
5wt% Ni/ZSM-5 (542%). In Fig. 9(b) and Fig. 10(a), the volume
fraction of H, of H-ZSM-5 at 700 °C and S/C=5.25 was 51.74%,
and the carbon deposition was 14.22%. The yield of H, at this time
was 71.47 mol/kg. For the catalyst of 10 wt% Ni/ZSM-5 compared

100

5,
[ co
CH - 7500
oL [ JcH,
—0O— Volume contents of gasfj
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[ co, ' Leono
(G| o [ | Carbon deposit
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o ™~ - 4500
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40 |
- 3000
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- 1500

Gas volume fraction and Carbon deposition (%)
\
\
A
\
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0 1 n
10 wt% Ni/ZSM-5

5 wt% Ni/ZSM-5

15 Wt% Ni/ZSM-5
Catalyst loaded with different contents of nickel

Fig. 11. Effects of gas volume fraction, carbon deposition and gas
volume content on hydrogen production after using n Ni/
ZSM-5 (n=5, 10, and 15wt%) by the experiment of cata-
Iytic steam reforming of WCO.

with H-ZSM-5, the yield of H, increased at 55.67 mol/kg, and the
carbon deposition decreased at 6.42%. Compared with H-ZSM-5,
the catalyst of 5wt% Ni/ZSM-5 reduced the yield of H, by 2.49
mol/kg and the carbon deposition by 8.8%. Compared with H-
ZSM-5, the 15 wt% Ni/ZSM-5 decreased the yield of H, at 17.66
mol/kg, and the carbon deposition increased at 1.16%. In contrast,
H-ZSM-5 formed more carbon deposits due to its strong acidity. The
strongly acidic center promoted a series of cyclization, oligomeri-
zation, and hydrogen transfer reactions [56].

Fig. 11 displays the experimental results of three catalysts that
catalyzed the steam reforming of WCO to produce hydrogen, and
showed that the 10 wt% Ni/ZSM-5 catalyst could promote the crack-
ing of WCO. The catalyst of 10 wt% Ni/ZSM-5 generated more
yield of H, and effectively reduced the amount of carbon deposi-
tion than the other two Ni-loaded catalysts. The hydrogen yield was
increased because the nickel sites on the zeolite framework facili-
tated the dehydrogenation reaction [47]. Moreover, the H-ZSM-5
introduced metals will enhance their catalytic activity and stability
by creating metal and acid sites [44,60]. The increased Ni content
promoted the C+CO,=2CO (Reaction (15)) reaction to proceed to
the right, accelerated the methane reforming reaction, and enhanced
the yield of H,. The reduction of carbon deposition was due to its
metal-support interaction effectively promoting the C+H,0=CO+
H, (Reaction (16)) reaction to the right. The yield of H, was 53.81
mol/kg, and the yield of CO was 67.59 mol/kg after the 15 wt%
Ni/ZSM-5 catalyst was used in the catalytic steam reforming of
WCO to produce hydrogen. Its acidity decreased when the con-
tent of nickel increased too much, so the CO+H,0=H,+CO, (Reac-
tion (2)) reaction proceeded to the left. In addition, the occurrence
of the carbon gasification reaction (Reaction (15)) also increased
the CO content [31,61].

C+C0,=2CO (15)
C+H,0=CO+H, (16)

It can be seen from the comprehensive comparison of experi-
ments that the 10 wt% Ni/ZSM-5 catalyst has a relatively good effect,
which can increase the yield of hydrogen and reduce carbon de-
position. However, the related carbon deposition problem is still
severe. So subsequent work applied La promoted 10 wt% Ni/ZSM-
5 catalyst to the experiment to further achieve high hydrogen yield
and low carbon deposition during catalytic steam reforming of
WCO.

3-4. Effect of Promoter (La) Addition

Because nickel is the main transition metal component in steam
reforming reaction, nickel-based catalysts have attracted extensive
attention for their high cost-effectiveness, good C-C and C-O bond

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Table 7. Experimental conditions using 6 wt% La-10 wt% Ni/ZSM-5 in the experiment

Experimental condition

Catalyst 6 wt% La-10 wt% Ni/ZSM-5 Space-time () (Zatapysh/Gweo) 0.56
Temperature (°C) 600-800 Filling height (cm) 8
S/IC 5.25 Reaction time (min) 30
Pressure (MPa) 0.1
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Fig. 12. The effect of 6 wt% La-10 wt% Ni/ZSM-5 catalyst on the vol- Time (t/h)

ume fraction of gas, carbon deposition, and volume content
of gas (600-800 °C).

cracking and high thermal stability. To improve the yield of hydro-
gen in the catalytic steam reforming experiment of waste cooking
oil, we chose nickel as the load. However, although it can promote
the catalytic steam reforming experiment of waste cooking oil to
improve hydrogen yield, it will also produce a carbon deposit. Intro-
ducing lanthanum (La) into the catalyst can improve the catalytic
activity of the catalyst and effectively reduce carbon deposition.
Moreover, the catalyst added with La can increase the alkalinity
and prevent the formation of pyrolytic carbon. Therefore, lantha-
num was introduced into nickel-based catalysts. The experimen-
tal conditions are shown in Table 7.

In Fig. 12, the volume fraction of H, first increased and decreased
with the increased temperature by adding the 6 wt% La-10 wt%
Ni/ZSM-5 in the experiment. The yield of H, was as high as 154.12
mol/kg at 700 °C, and the carbon deposit waguglg[lsy 5.38%. Because
the steam reforming reaction C,H,0,+H,0——— H,+CH,+CO+
CO,+C (Reaction (17)) was endothermic, so the equilibrium pro-
ceeded to the right. Furthermore, La improved the mesoporous
structure and Ni dispersion of the 10 wt% Ni/ZSM-5 catalyst, which
can make the C+CO,=2CO (Reaction (15)) reaction proceed to the
right, and the methane reforming reaction was accelerated [62,63].
On the other hand, the steam reforming reaction CO+H,0=H,+
CO, (Reaction (2)) and the methanation reaction 3H,+CO=
CH,+H, (Reaction (3)) were exothermic. At higher temperatures,
the degree of reverse reaction of steam reforming was greater than
that of the methanation reaction. Moreover, a too high tempera-
ture will lead to catalyst sintering and subsequent loss of activity,
so the yield of H, decreased slightly after 750 °C [64].

September, 2023

Fig. 13. Catalytic performance of 6 wt% La-10 wt% Ni/ZSM-5 for
continuous reaction at 700 °C.

Catalysts

CH,0,+H,0—— > H,+CH+CO+CO,+C 17)

The Introduction of La to the catalyst can effectively promote the
reaction of C+H,0=CO+H, (Reaction (16)) to the right and reduce
carbon deposition. In La-modified catalysts, since reactions (5)
and (6) occurred, CO, adsorbed on La,0; to form La,0,CO; inter-
mediate, which can react with nearby carbon to generate CO to
facilitate carbon removal [65,66]. Indeed, this carbon removal im-
provement was concurred with by Siew et al. [67], concurring with
this carbon removal improvement in 2014 during their study of
the effects of catalytic performance of adding La in Ni-loaded ALO;
catalysts. The authors demonstrated that the alkalinity on the pro-
moter (La) minimized the catalysts acidity and reduced carbon
deposition during the reaction [68]. Thus, the catalyst added La
could increase the alkalinity and prevent the formation of pyrolytic
carbon [69,70].

The results illustrated that the 6 wt% La-10 wt% Ni/ZSM-5 cat-
alyst has a better effect on the catalytic steam reforming of WCO
to produce hydrogen at 700 °C and S/C=5.25.

3-5. Stability Test of 6 wt% La-10 wt% Ni/ZSM-5

A stability test of 6 wt% La-10 wt% Ni/ZSM-5 was carried out
according to the experimental conditions in Table 8. The results are
shown in Fig. 13.

As shown in Fig. 13, the volume fraction of H, fluctuated around
76% before the reaction at 10 hours. After 10 hours, the volume
fraction of H, began to decrease and stabilize at about 65%. There-
fore, it can be concluded that the catalytic activity of 6 wt% La-10
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Table 8. Experimental conditions for continuous use of 6 wt% La-10 wt% Ni/ZSM-5 catalyst

Experimental condition

Catalyst 6 wt% La-10 wt% Ni/ZSM-5
Temperature (°C) 700
S/IC 525
Pressure (MPa) 0.1

Space-time (7) (geatatysh/gwco) 0.56
Filling height (cm) 8
Reaction time (h) 17

wt% Ni/ZSM-5 catalyst is relatively stable.
CONCLUSION

The results in this study illustrated that the H, yield and anti-
carbon deposition performance of the 6 wt% La-10 wt% Ni/ZSM-
5 catalyst was better than the 10 wt% Ni/ZSM-5 catalyst in the exper-
iment by catalytic reforming steam reaction of WCO. La-promoted
10 wt% Ni/ZSM-5 catalysts were suitable additives for enhancing
H, yield and reduced the carbon deposition for hydrogen produc-
tion by catalytic steam reforming of WCO, which has better cata-
lytic properties and higher activity than bare 10 wt% Ni/ZSM-5
catalysts. As a consequence, La promoted 10 wt% Ni/ZSM-5 cata-
lyst was applied to produce hydrogen by the experiment of catalytic
steam reforming of WCO, which achieved high hydrogen yield
and low carbon deposition.
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