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Abstract

The synthesis of the nickel-loaded sulfated zirconia catalyst (Ni-SZ) and its application for the hydrocracking process have been
carried out. This work has been conducted to determine the activity and selectivity from various Ni concentrations loaded on sulfated
zirconia (SZ) in the hydrocracking of used palm cooking oil. The synthesis technique was preceded by sulfation of ZrO, through
incipient wetness impregnation method using H,SO, solution and then continued with the impregnation of Ni via hydrothermal
method employing NiSO, - 6H,0 precursor salt. The hydrocracking process was performed in a fix-bed microreactor at the optimum
temperature (350 °C). The SZ loaded with 3 wt% of Ni (Ni-SZ 3) successfully produced the highest liquid product (44.25 wt%) and

selectivity on gasoline (100 %). Besides, the gasoline fraction in the liquid product was dominated by unwanted aromatics compounds.

The excellent performance of Ni-SZ 3 due to it has high acidity value, specific surface area, and Ni content.
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1 Introduction
Cooking oil is commonly used in food processing, and its
production increase along with the population and food pro-
cessing facilities [1]. A large amount of used cooking oil
triggers complex problems when not handled carefully [2].
There are several methods to process used cooking oil into
biofuels, such as thermal, hydro, and catalytic cracking.
Hydrocracking has more moderate operating conditions than
thermal cracking and a longer catalyst lifetime than catalytic
cracking, so this method is more economically feasible [3].
Hydrocracking is a combination of catalytic cracking and
hydrogenation that converts large to smaller compounds [4].
The effectivity of the hydrocracking process is affected by
the types and characteristics of the catalysts used [5—7].
Nanoparticle materials are an excellent candidate for cat-
alyst purposes due to their large surface area and highly
active catalytic properties [8]. Nanozirconia (ZrO,) is

an oxide-based nanoparticle material that has the poten-
tial to be employed as a hydrocracking catalyst due to its
acidic sites, high thermal stability, high melting point, high
chemical stability, high ionic conductivity, and low thermal
conductivity [9, 10]. The stability and catalytic performance
of ZrO, can be increased by coating its surface with sul-
fate to produce SZ [11]. Furthermore, the addition of sulfate
increase the number of Bronsted and Lewis acid sites in the
ZrO, structure [12, 13]. The stability, acidity, and catalytic
performance of SZ depend on some factors, such as prepa-
ration method, surface area, source of zirconia, source of
sulfate, processing pH value, temperature, aging time, cal-
cination temperature, and environment of storage [14—16].
Several studies have shown that SZ has high cata-
lytic activity only at the beginning of the reaction, and it
can be overcome by a modification technique using noble
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metals [17]. The application of noble metals that are rela-
tively expensive can reduce economic feasibility, so apply-
ing other alternative metals is considered necessary. Nickel
is a metal potentially to replace the role of noble metals due
to its high hydrogenation activity, and in terms of cost, it is
cheaper [18]. Several studies show that modifications of cat-
alysts with Ni could increase the hydrogenation reactivity,
the acidity value, and the number of hydrocracking prod-
ucts [19, 20]. Several studies also proved that modification
catalyst using Ni is potentially applied in the hydrocracking
of isopropyl benzene, crude oil coal, and petroleum sludge
waste [21]. The Ni-SZ catalyst is very potential to be used
in the conversion of used palm cooking oil into biogasoline
through hydrocracking. Because in this catalyst, there is SZ
which provides acidity (plays a role in the cracking process)
and Ni which has hydrogenation activity (for the hydroge-
nation process). The conversion of used palm cooking oil
to biogaoline can occur through several reaction stages,
starting from the saturation of unsaturated triglycerides,
followed by the decomposition of triglycerides into fatty
acids. Furthermore, there are hydrodeoxygenation, decar-
boxylation and hydrodecarbonylation processes to produce
hydrocarbons. The existing hydrocarbons then undergo
cracking to produce biogasoline and other fractions [22].
Although its potential for hydrocracking of use palm cook-
ing oil is there, however it has not yet been reported.

This work presents the synthesis of Ni-SZ with vari-
ous Ni concentrations loaded on sulfated zirconia (SZ)
for hydrocracking of used palm cooking oil to produce
gasoline. This study aims to determine the nickel concen-
tration that produces the highest activity and selectivity
on the hydrocracking of used palm oil.

2 Materials and methods

2.1 Materials

Zirconia powder (ZrO, ) was supplied from Jiaozou Huasu
Chemical Co., Ltd (particle size 60—70 nm, purity 99 %).
0.5;1.0; and 1.5 M of H,SO, solutions (E-Merck, analytical
grade), NH, solution 25 wt% (E-Merck, analytical grade),
NiSO, - 6H,0 (purity = 99 %, E-Merck, analytical grade),
H, gas (purity > 99 %) from PT. Samator, distilled water,
and used palm cooking oil from a fried chicken restaurant
in Yogyakarta with high availability and low price.

2.2 Methods

2.2.1 Synthesis of SZ

SZ was synthesized using an incipient wetness impreg-
nation method. 10 g of ZrO, was stirred with 50 mL
of 0.5, 1.0, and 1.5 M H,SO, solutions for 24 h at room

temperature. The obtained colloidal suspension was cen-
trifuged at 1800 rpm for 15 min. The solids that resulted
from centrifugation were dried at 110 °C for 24 h. The
resulting materials were labeled as SZ 0.5, SZ 1.0, and
SZ 1.5, respectively. SZ X with the highest acidity value
(SZ 1.5) was calcined at 500, 550, 600, 650, and 700 °C
for 5 h. After that, the catalyst was crushed and sieved at
150 mesh. The products were labeled SZ X-500; 550; 600;
650; 700, respectively.

2.2.2 The synthesis of Ni-SZ

Synthesis of nickel-loaded sulfated zirconia (Ni-SZ) was
carried out by the hydrothermal method. 5 g of calcined
SZ X with the highest acidity value (SZ 1.5-500) was
mixed with 50 mL NiSO, - 6H,O aqueous solution that
corresponded to 1, 2, 3 wt% Ni in stainless steel autoclave
without magnetic stirrer then heated in the oven at 110 °C
for 5 h. The solids obtained were dried at 100 °C for 24 h
and then calcined at 500 °C for 4 h (rate of heating and
cooling is 25 °C/min). The next step was the reduction of
4 g catalyst sample in the reduction reactor under H, gas
flow rate 20 mL/min, and the reactor was set up at 400 °C
for 4 h. Then, the catalyst was crushed and sieved at
150 mesh. The obtained catalysts were labeled Ni-SZ 1,
Ni-SZ 2, and Ni-SZ 3, respectively.

2.2.3 Characterization methods

The identification of the functional groups in the catalysts
was carried out using a Fourier Transform Infrared spec-
trometer (FTIR, Shimadzu FTIR 8201 PC) equipped with
the data station in the range of 400—4000 cm™' with a KBr
disc technique. The acidity of the catalysts was determined
by the gravimetric method based on NH, gas adsorption
and followed by FTIR analysis. The crystallinity and
crystal size were characterized by X-Ray Diffractometer
(XRD, Shimadzu Model XRD 6000, A = 1.54 A, 40 kV,
30 mA) with the source of Cu Ko radiation (Ni filtered),
patterns were recorded from 4—80° (26), step size 0.017°
26, scan step time 10.1500 s. Crystal size was estimated by
Scherrer equation: D = (K1)/(f cosf); where D is the aver-
age of crystallite size (nm), K is Scherrer constant (0.89), 4
is the X-ray wavelength, S is the observed angular width at
half maximum intensity of the peak and 6 is Bragg's angle.
Surface morphology, composition, and elements distri-
bution in the catalysts were characterized by Scanning
Electron Microscope-Energy Dispersive Spectrometer
mapping (SEM-EDS Mapping, JEOL JED 2300 Analysis
Station, 15 kV). The concentration of Ni within Ni-SZ was
analyzed by an Inductively Coupled Plasma spectrometer



(ICP, ICPE-9820). Sample preparation for analysis of ICP
was done with 0.5 g sample was added with 15 mL of
aquaregia. The suspension was then stirred on the heating
plate for 3 h. The resulting solution was diluted to 100 mL,
and the concentration of Ni determine by calibration curve
(r = 0.99964). Meanwhile, the specific surface area, total
pore volume, average pore diameter, and pore distribution
were analyzed by Gas Sorption Analyzer (GSA, Quadra
Sorb Station 2 7.01). For each GSA analysis, 0.3 g of sam-
ple was used. The sample was thoroughly outgassed for
2 h, at 300 °C, bath temperature of —195.85 °C, and equil-
ibration time of 120/variable sec (ads/des), then the weight
of the outgassed sample was used in calculations.

2.2.4 Total acidity test of catalyst

The acidity test was performed by heating the empty por-
celain cup at 150 °C for 2 h then weighed; the mass was
noted as . A total of 0.1 g of sample was put into the
porcelain cup, then heated at 150 °C for 2 h and weighed.
The mass of porcelain cup+sample was noted as W,.
The porcelain cup with a sample was put into a desiccator
that contains NH, gas and allowed for 24 h. The porce-
lain cup+sample that has adsorbed the NH, gas was then
weighed and noted as W,. The calculation of total acidity

of the catalyst was calculated with Eq. (1).

W, -W
(W, =W, )x Mr NH,

Total acidity (mmol g ) = (1)

2.2.5 Hydrocracking process

The hydrocracking process was performed in a fix-bed
microreactor system. Scheme of the reactor was depicted
in Fig. 1 [23].

Before the hydrocracking process was carried out, the
determination of optimum temperature must be performed
by thermal cracking of used cooking oil at 325, 350, and
375 °C (heating and cooling rate were 20 °C/min) under H,

gas flow condition at 10 mL/min for 1 h. The product was
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Fig. 1 Scheme of the hydrocracking reactor [23]
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collected in the cold trap for 1 h. Optimum temperature
was the temperature that produces the highest liquid prod-
uct. The hydrocracking process of used cooking oil with
catalysts ZrO,, SZ X-Y (X= 1.5, Y=500), Ni-SZ 1, Ni-SZ 2,
and Ni-SZ 3 was carried out under H, gas flow conditions
at 10 mL/min, in optimum temperature (heating and cool-
ing rate were 20 °C/min) and the mass ratio of catalysts
and used cooking oil was 1:100 (catalyst mass was 0.1 g
and feed mass was 10 g) for 1 h. The product collected in
the cold trap for 1 h were weighed and characterized by gas
chromatography-mass spectrometry (GC-MS Shimadzu
QP 2010S), and Rtx 5 column (30 m length, 0.25 mm inter-
nal diameter), Helium (He) as the carrier gas, and electron
ionization detector. Set up method in this analysis was the
column oven temperature: 50.0 °C, injection temperature:
310.00 °C, injection mode: split flow control mode: pres-
sure, pressure: 13.0 kPa, total flow: 40.0 mL/min, column
flow: 0.55 mL/min, linear velocity: 26.8 cm/sec, purge
flow: 3.0 mL/min, split ratio: 66. The conversion of feed to
yield was calculated with Egs. (2)—(6):

WLP

Liquid Yield (wt%) = x100 %, Q)
WF
Residue (wt%) = WR x100 %, 3)
WF
Coke (wt%) = KFWFCX 100 %, )

WF —(WLP + WR + WC)

Gas Product (wt%) = x100 %,
WF
®)
Selectivity of liquid yields
_ % area GC-MS fraction Cx—Cy <100 % 6)

% total area GC-MS

Explanations are:
* WLP: Weight of Liquid Product
* WR: Weight of Residue
* WUC: Weight of Used Catalyst
» WFC: Weight of Fresh Catalyst
* WC: Weight of Coke
* WF: Weight of Feed.

3 Results and discussion

3.1 Fourier Transform Infrared (FTIR)

The FTIR spectra of ZrO, that sulfated with 0.5 M; 1.0 M;
1.5 M H,SO, are depicted in Fig. 2. All of these mate-
rials show bands at 424-471, 1627-1635, and 3400 cm™!,
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Fig. 2 FTIR spectra of (a) ZrO,; (b) SZ 0.5; (¢) SZ 1.0; (d) SZ 1.5

which correspond to Zr-O-Zr stretching vibration, H-O-H
bending vibration, and O-H stretching vibration, respec-
tively [24, 25]. In the SZ spectra, there are bands at 1018—
1126 cm™ that corresponded to sulfate vibration mode
groups [9]. These bands indicate that sulfate has already
impregnated on the ZrO,. The higher H,SO, concentra-
tion that was used, the band at 1018-1126 cm™ becomes
sharper that indicates the increase of the amount of sul-
fate in the SZ.

The FTIR spectra of SZ 1.5 that calcinated at 500 °C;
600 °C; 650 °C; 700 °C are showed in Fig. 3. Based on
Fig. 3, the spectra of calcined SZ 1.5 show the decreas-
ing band intensity at 1002-1126 c¢cm™ (sulfate vibration
mode groups) when the calcination temperature increase.
These results indicate that the increasing temperature
decomposes the sulfate group more intensely [26]. The sul-
fate that weakly bonded with surface hydroxyl group will
be loss when increasing the calcination temperature [27].
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Fig. 3 FTIR spectra of (a) SZ 1.5-500; (b) SZ 1.5-550; (c) SZ 1.5-600;
(d) SZ 1.5-650; (e) SZ 1.5-700

The FTIR spectra of SZ 1.5-500, SZ 1.5-500 that loaded
with 1 wt% of Ni (Ni-SZ 1), 2 wt% of Ni (Ni-SZ 2), and
3 wt% of Ni (Ni-SZ 3) are depicted in Fig. 4. Spectra in
Fig. 4 show that impregnation of Ni reduces the intensity
at 1002, 1056, 1126, and 1219 cm™'. These results reflect
the decrease of the sulfate group caused by heat treatment
in the reduction catalyst step. The intense band at 1103
and 1141 cm™ appears in the Ni-SZ catalyst. These two
bands indicate the presence of the solid superacid struc-
ture. The bands that appear around 1103 and 1141 cm™
correspond to the symmetry O-S-O stretching of biden-
tate persulfate ion coordinated with Ni [28]. The intensity
band at 1103 and 1141 cm™ increase with increasing Ni
concentration. This is indicated that the bidentate persul-
fate ion that coordinated with Ni increase.

3.2 Acidity test

Determination of the catalyst total acidity values is carried
out by the gravimetric method based on the adsorption of
ammonia (NH,) gas, shown in Table 1. The acidity of
ZrO, comes from Zr*" that acts as Lewis acid [17]. Based
on the data shown in Table 1, the higher H,SO, concentra-
tion for ZrO, modification increases the acidity value due
to the formation of polydentate surface SO, species, con-
ferring significant Bronsted acidity [28, 29].

The other results show that a higher calcination tem-
perature causes the decrease of acidity value because of
the sulfate decomposition as a consequence of the decrease
Brensted and Lewis acid site in the SZ catalyst [30].
The amount of Ni that load in SZ 1.5-500 affects the acid-
ity because Ni can increase the acidity of the catalyst.
The partially-charged orbitals of Ni are effective in accept-
ing an electron pair (Ni increase Lewis acid site) [11, 31].

Transmitance (a.u)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 4 FTIR spectra of (a) SZ 1.5-500; (b) Ni-SZ 1; (c) Ni-SZ 2;
(d)Ni-SZ 3



Table 1 The acidity of catalysts

Catalyst Acidity (mmol g)
Zr0O, 0.355 + 0.004
SZ 0.5 1.188 £ 0.052
SZ 1.0 1.304 + 0.009
SZ 1.5 2.004 £0.011
SZ 1.5-500 3.639 + 0.029
SZ 1.5-550 3.410+0.016
SZ 1.5-600 2.755 +0.030
SZ 1.5-650 2.258 £0.016
SZ 1.5-700 2.024 £ 0.053
Ni-SZ 1 3.905 £+ 0.025
Ni-SZ 2 4.061 +0.085
Ni-SZ 3 4.235+0.072

The acidity test results are also confirmed by FTIR char-
acterization. Fig. 5 shows the FTIR spectra of ZrO, and SZ
in different concentrations of H SO, solution used for sulfa-
tion after the acidity test These spectra show bands at 1118
and 1404 cm™'. The vibration at 1118 cm™ indicates the pres-
ence of NH, coordinated by Lewis acid sites, and asymmet-
ric stretching vibration at 1404 cm™ shows the presence of
ions formed by proton transfer from the Brensted acid site
to NH, [32]. Fig. 5 shows that the band intensities at 1118
and 1404 cm™ become sharper when the H,SO, solution
concentrations get higher. These results indicate that the
higher H,SO, concentration is able to increase the number
of Bronsted and Lewis acid sites in the catalysts.

The FTIR spectra of SZ 1.5 with various calcination
temperatures after the acidity test are presented in Fig. 6.
These FTIR spectra show the decreasing intensity at 1118
and 1404 cm™ in higher calcination temperatures, indicat-
ing the decrease of Bronsted and Lewis acid sites.

Transmitance (a.u)
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Fig. 5 FTIR spectra of (a) ZrO,; (b) SZ 0.5; (c) SZ 1.0; (d) SZ 1.5
after acid test
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Fig. 6 FTIR spectra of (a) SZ 1.5-500; (b) SZ 1.5-550; (c) SZ 1.5-600;
(d) SZ 1.5-650; (e) SZ 1.5-700 after the acid test

Fig. 7 represents the FTIR spectra of Ni-SZ 1, Ni-SZ 2,
and Ni-SZ 3 after the acidity test. These spectra show that
the band intensity at 1118 and 1404 cm™ is sharper when
the concentration of Ni gets higher, indicating there are
increasing in the number of Breonsted and Lewis acid sites.

3.3 X-Ray Diffraction (XRD)

Diffractograms of the ZrO,, SZ 1.5-500, SZ 1.5-550,
SZ 1.5-600, SZ 1.5-650, and SZ 1.5-700 are depicted in
Fig. 8. Diffractograms of ZrO, and SZ 1.5 that calcinated
at various temperature show three dominant peaks at
20=28.21°(d ), 31.56° (d,,), and 50.22° (d,,,
ing the presence of ZrO, in the monoclinic phase (JCPDS
93-0944). The absence of a significant peak shift of SZ
indicates that sulfation followed with calcination does
not change the crystal phase of ZrO,, and SZ 1.5-500 has
a lower intensity of the three dominant peaks than ZrO, .

), indicat-

Transmitance (a.u)

T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 7 Spectra FTIR of (a) Ni-SZ 1; (b) Ni-SZ 2; (c) Ni-SZ 3
after the acid test
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Intensity (a.u)

Fig. 8 Diffractogram of (a) ZrO,; (b) SZ 1.5-500; (c) SZ 1.5-550;
(d) SZ 1.5-600; (e) SZ 1.5-650; (f) SZ 1.5-700

This data also shows that the higher calcination tempera-
ture can increase the intensity of these three peaks because
of the decomposition of sulfate on the ZrO, surface at high
temperatures.

Diffractograms of SZ 1.5-500, Ni-SZ 1, Ni-SZ 2,
Ni-SZ 3 are presented in Fig. 9. Ni-SZ diffractogram
shows that Ni impregnation decreases the peaks intensity
at 20 = 28.16°; 31.42°, and 50.05° because of the Ni cov-
erage on the SZ 1.5-500 surface. The peak of Ni was not
detected because the amount of Ni on the surface of the
catalyst relatively low.

The crystal size calculation of the particle is carried out
by the Scherrer equation are listed in Table 2. The result
shows that sulfation followed by calcination and nickel
impregnation process change the average crystal size of the
ZrQ,. The data indicate that higher calcination temperature
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3 ©
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Fig. 9 Diffractogram of (a) SZ 1.5-500; (b) Ni-SZ 1; (c) Ni-SZ 2;
(d)Ni-SZ 3

Table 2 Crystal size of catalysts

Catalyst Crystal size (nm)
ZrO, 54.38
SZ 1.5-500 69.92
SZ 1.5-550 48.95
SZ 1.5-600 48.94
SZ 1.5-650 44.51
SZ 1.5-700 34.96
Ni-SZ 1 69.92
Ni-SZ 2 48.95
Ni-SZ 3 48.94

and Ni loading can decrease the crystal size. These phe-
nomena are occurred due to crystal defect that caused by
high sulfation, and followed by calcination and Ni loading.

3.4 Scanning Electron Microscopy-Energy Dispersive
Spectrometry (SEM-EDS) mapping

The SEM images with magnitude 5000x present in
Fig. 10 indicate that all the catalysts have a rough surface
and irregular shape. The modification of ZrO, with sul-
fation and Ni loading does not change the surface struc-
ture significantly. The characterization of EDS based on
the overall map listed in Table 3 shows that the sulfation
process increases the mass percent of S, likewise with
the impregnation of Ni, which increases Ni mass percent.

SEI_ 15k WDtmm S840
LPPT UGM

Fig. 10 Surface morphology of (a) ZrO,; (b) SZ 1.5-500; (c) Ni-SZ 1;
(d) Ni-SZ 2; (¢) Ni-SZ 3



Table 3 Elements on the catalyst surface
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Table 4 Percentages of Ni in SZ

Mass (Wt%)

Catalyst

Zr (¢} S Ni
Zr0, 78.00 22.00 - -
SZ 1.5-500 75.52 26.66 0.82 -
Ni-SZ 1 71.24 26.69 1.20 0.61
Ni-SZ 2 71.07 26.74 0.66 1.12
Ni-SZ 3 70.23 26.87 1.18 1.72

These results indicate that sulfate and Ni impregnation
have been successfully carried out. The amount of Ni
detected by EDS in all Ni-SZ is lower than the amount
of Ni that impregnated. This phenomenon occurred due
to inadequate mixing between Ni precursor and SZ as
a result of the absence of a stirring process during the
impregnation process. The distribution of S on SZ 1.5-500
and Ni on Ni-SZ is present in the mapping images shown
in Fig. 11. Based on the mapping result, it can be seen that
sulfur on SZ 1.5-500 and Ni on Ni-SZ 1, Ni-SZ 2, Ni-SZ 3
are equally dispersed on the catalyst surface.

3.5 Inductively Couple Plasma (ICP)

The data of the Ni percentage analysis using the ICP
method are listed in Table 4. Based on the ICP analy-
sis, it can be known that the impregnation of Ni in the
SZ 1.5-500 matrix with the hydrothermal method is suc-
cessfully carried out with an average loading value of
60 %. This data shows that the concentration of impreg-
nated Ni is smaller than the initial concentration used.

These results may be due to inadequate mixing between

(©
Fig. 11 The mapping of (a) S on SZ 1.5-500; (b) Ni on Ni-SZ 1; (c) Ni
on Ni-SZ 2; (d) Ni on Ni-SZ 3

Catalyst Ni percentage (Wt%)
Ni-SZ 1 0.59
Ni-SZ 2 1.23
Ni-SZ 3 1.80

Ni precursor and SZ 1.5-500 due to the absence of the stir-
ring step during the impregnation process. Besides that,
Utami et al. [23] explain that the lower metal contents than
the initial concentrations are caused by metal competition
to bind in the catalyst. Some of the weakly bonded metal
will be released from SZ 1.5-500 matrix [23].

3.6 Gas Sorption Analysis (GSA)

The specific surface area, total pore volume, and average
pore diameter of catalysts are listed in Table 5. The BET
isothermal nitrogen (N, ) adsorption-desorption method is
applied to derive the specific surface area data, and the
BJH desorption method has been used to calculate the
average pore diameter. SZ 1.5-500 has a lower surface
area than the ZrO, catalyst because of the sulfate agglom-
eration in the pore of the catalysts [23]. On the other hand,
the impregnation of Ni increases the specific surface area
of the catalysts as a consequence of Ni dispersion in the
pore and SZ surface. The average pore diameter of Ni-SZ
drops significantly as a result of pore-blocking by Ni
impregnation. The isotherm curves of N, adsorption-de-
sorption are presented in Fig. 12.

The isotherm curves of all catalysts follow the isotherm
curve type 4. This type of isotherm presents a hysteresis
loop related to capillary condensation in mesopores and
has a limiting uptake over a range of high p/p . In addi-
tion, this isotherm curve has four types of hysteresis
loops showing the characteristics of pore material [33].
The shape of ZrO, and SZ 1.5-500 isotherm curves show
hysteresis type 3 that does not exhibit adsorption limits
at high p/p , and there is an aggregate of plate-like parti-
cles forming slit-shaped pores. For Ni-SZ 1, 2 and 3 cata-
lysts are classified to hysteresis type 4 suggests the pres-
ence of narrow pore in the material. The difference in pore

Table 5 Textural properties of catalyst

Catalyst Specific S}lrf?ce
area (m*g')

Total pore
volume (cc g™)

Average pore
diameter (nm)

Zr0O, 5.63 0.04 30.72
SZ 1.5-500 4.04 0.04 35.84
Ni-SZ 1 7.09 0.06 3.82
Ni-SZ 2 8.75 0.05 3.82
Ni-SZ 3 11.68 0.05 3.82
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Fig. 12 Isotherm curves of (a) ZrO,; (b) SZ 1.5-500; (c) Ni-SZ 1;
(d) Ni-SZ 2; (e) Ni-SZ 3

shape between Ni-SZ 1, 2, 3, and ZrO,, SZ 1.5-500 may
be caused by the dispersion of Ni narrowing of the pore.
The pore size distribution curve based on BJH desorption
method presented in Fig. 13 shows the catalysts pore pre-
dominantly of mesopores (2—-50 nm).

3.7 Analysis of hydrocracking products
Used palm cooking oil as feed has been transesterified
with methanol to form fatty acid methyl ester before ana-
lyzed with GC-MS. The spectrum data is shown in Fig. 14.
The data from GC-MS analysis and the distribution
of fatty acid of the triglyceride are presented in Table 6.
These analyses indicate that used palm cooking oil con-
tained C, and C, compounds. The distribution of fatty
acid of the triglyceride was calculated with Eq. (7).

Area of coumpound X

Distribution = x100 % (7
Total area
—o— 710,
(=] SZ 1.5-500
—4®— Ni-SZ 1
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Fig. 13 Pore size distribution curves of catalysts

The optimum hydrocracking temperature was determined
based on the thermal cracking temperature, producing the
largest conversion into liquid products. The thermal crack-
ing analysis (Fig. 15) indicates that the highest conversion to
liquid fuel is achieved at 350 °C. The temperature at 325 °C
gives the smallest amount of liquid fuel because of non-op-
timum feed evaporation, and this is proved by the large resi-
due that exists. Temperature 375 °C produces a lower liquid
yield than 350 °C. However, the increasing temperature until
375 °C decreases the liquid product because the evaporation
of feed is too fast, so it could not be adequately condensed.
The other reason is that coke formation increases, and it cov-
ers the active sites, consequently inhibit the mass transfer
of the feed to the active site of the catalyst, and it lowered
activity to form the liquid product [34]. The hydrocracking
reaction is applied with ZrO,, SZ 1.5-500, Ni-SZ 1, Ni-SZ 2,
and Ni-SZ 3 catalyst. The result of their catalytic activity test
is depicted in Fig. 16. Based on this activity test, SZ 1.5-500
produces the lowest liquid product conversion compared to
the other catalysts. This is due to its lowest surface area and
its properties that are easily deactivated by coke. Coke for-
mation on the SZ 1.5-500 blocks the active site and decreases
its activity to produce a liquid product [35]. The hydrocrack-
ing using Ni-SZ catalyst with a higher concentration of Ni
produces a higher liquid product due to the high specific sur-
face area and the acidity of Ni-SZ. The acidity of the catalyst
directly proportional to its catalytic activity for the hydroc-
racking reaction [36].

In general, liquid products from the hydrocracking of
used cooking oil consist of hydrocarbons and non-hydro-
carbons. The non-hydrocarbon products are the uncracked
feed, while the hydrocarbon products are derived from the
cracked fatty acids.

The selectivity of catalyst to light (C,~C,), gasoline
(C,~C,,), diesel (C,—C,), and non-hydrocarbon fraction
showed in Table 7. This analysis (Table 7) shows that the
liquid products of all catalysts predominantly by gasoline
fractions and the highest gasoline produced by Ni-SZ 3.
This phenomenon is due to Ni-SZ 3 having the highest
acidity, surface area, and stability of the catalysts.

Several treatments have been carried out to produce
gasoline from used cooking oil as listed in Table 8.

Based on Table 8, we can see that the activity of the
Ni-SZ 3 inferior against Ni-Mo Alumina [37] but it
more superior against ZSM-5 [38] and Mo-SBA-15 [39]
although a lower temperature operation was carried out.
This is indicated that Ni-SZ 3 is better catalyst to convert
used cooking oil to gasoline than Mo-SBA-15 and ZSM-5
while worse than Ni-Mo Alumina.
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Table 6 GC-MS results of used cooking oil 1. hydrogenolysis, forming fatty acids and propane;
peak  Retention  Area Compound Distribution 2. dehydrogenation of diene chains producing triene
time (min) (%) (%) .
fatty acids;
1 38.100 3479  Methyl Hexadecanoate 34.79 ’ . . . .
3. conjugation of double bonds system in triene chain;
2 41492 2534 Methyl 25.33 e -
‘ " 9,12-Hexadecedienoate : 4. migration of double bonds (conjugated system) along
the chain of fatty acid towards the terminus of hydro-
3 41624 3460 o OMedthyl 34.60 Aty . Y
-Octadecenoate carbon chain (carboxylic or methyl group);
4 42.093 5.28  Methyl Octadecenoate 528 5. deoxygenation of carboxylic groups in fatty acids;

Five main compounds from the liquid products are
listed in Table 9, and most of them are aromatic hydro-
carbons. The formation of aromatic hydrocarbon from tri-
glyceride occurred through nine interconnected reactions

6. intermolecular Diels—Alder reaction of conjugated

triene system forming a cyclohexene ring inside or

at the end of hydrocarbon chain;

of triglyceride molecules and intermediates: 9. isomerization of alkyl chains [40].
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Fig. 15 The results of the thermal cracking

. dehydrogenation of cyclohexene to aromatic ring;
. hydrocracking of alkyl chains;
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Table 9 Prediction of compounds in liquid product

Table 7 Result of catalyst selectivity test

Retention time Area Compound
(min) %) P

Peak

Catalyst

,) Non- hydrocarbon

,C’)

(Cy

Selectivity (wt%)

(Csfclz)

(C¢-C)

Catalyst

Benzene

6.82
10.38
4.27
4.84
9.93
6.13
7.27
3.64

2.968

1.57
2.54
33.25
0.00
0.00

19.26
28.15

77.31

1.86
1.93
0.00
0.00
0.00

ZrO,

Toluene

4.541

10
12
16
51

67.38

SZ 1.5-500
Ni-SZ 1
Ni-SZ 2
Ni-SZ 3

Octane

5.311
8.731

ZrO,

15.16
12.99
0.00

51.59

87.01
100.00

Nonane

Hexadecane

28.102
2.975

Benzene

Toluene

4.553

10
12

Table 8 Summary about hydrocracking of used cooking oil research

Octane

5.327

SZ 1.5-500

with different catalyst

Nonane
Hexadecane

491
15.61
5.25
3.35
3.49
3.06
2.83
17.19
6.41
5.52
8.10
7.60
6.29
14.18

8.745
28.123
4.507

5.023

6

1
41

Gasoline
product
(Wt%)

O

Operation
Temperature

Catalyst:Oil
Ratio

Catalyst

Toluene

Ni-Mo

59.50

1-octene

250

1:75

Alumina [37]

ZSM-5 [38]

Octane

5.262
8.351

7
10

29

Ni-SZ 1

13.41
42.46
44.25

1:8 400

1:100
1:100

1-nonene

500
350

Mo-SBA-15 [39]
This work

8-heptadecene

32.548
4.514
5.271

Toluene

Octane

Aromatic hydrocarbons are not expected to appear in

1-nonene

8.359
8.680
28.078
2.947
4.508

9
11

26

Ni-SZ 2

fuels because of their high combustion energy and tox-

Nonane

icity. Further research is needed to increase the conver-

Tetradecane

sion value of liquid products and reduce the content of

Benzene

aromatic compounds in the gasoline fraction of hydroc-

Toluene

racking products so that potentially be used in the future

Octane

4.43
4.38
6.08

5.263

7

Ni-SZ 3

as a safe, economical, and environmentally friendly fuel

1-nonene

8.351

10
12

source. One of the problems the cause of a large amount

Nonane

8.668

of aromatics product is the low hydrogenation activity of




the catalyst [41-43]. To solve this problem, we suggested
increasing the hydrogenation activity of the catalyst by
insert two kinds of metals that have high hydrogenation
activity to SZ to form a bimetallic catalyst.

4 Conclusions

Synthesis and application of Ni-SZ for the hydrocracking
process were successfully performed. The data showed
that sulfation on ZrO, increases the total acidity, but on the
other hand, this reduces crystallinity, average crystal size,
and specific surface area. The increase of calcination tem-
perature can decrease the acidity value, crystallinity, and
average crystal size. The impregnation of Ni can increase
the acidity value and specific surface area of the catalyst.
Furthermore, in the hydrocracking process, this impreg-
nation is able to increase the activity and selectivity in
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