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Steam Catalytic Cracking of n-Dodecane to Light Olefins over
Phosphorous- and Metal-Modified Nanozeolite Y
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ABSTRACT: Nanozeolite Y was synthesized without a template
and modified with phosphorous (P) and metals. P was introduced
via impregnation with different weight loadings (0.5, 1, and 2 wt
%), while ion exchange was developed to introduce zirconium (Zr)
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and cobalt (Co). The physicochemical properties of the catalysts il'.\‘\.’
were characterized with X-ray diffraction (XRD), N, adsorption— ll.l ‘-‘III
desorption, temperature-programmed desorption of ammonia ‘7.\',!
\-’ Modification with

(NH;-TPD), and *Al and *'P solid-state nuclear magnetic Low olefin

resonance (NMR). The parent nanozeolite Y showed an identical Metal (Zr) \.W selectivity

XRD pattern to that of a previous study, and the modified

nanozeolite Y showed a lower crystallinity. The introduction of P altered tetrahedral Al to an octahedral coordination, which affected
the catalyst acidity. Then, the catalyst was evaluated to produce olefins from n-dodecane at 550, 575, and 600 °C. The conversion,
gas yield, and olefin yield increased with increasing temperature. The maximum olefin yield (63%) was achieved with the
introduction of 1 wt % P with the highest selectivity to ethylene. The Co-modified nanozeolite altered the zeolite structure and
exhibited similar activity to the P-modified one. Meanwhile, Zr-modified nanozeolite Y caused excessive metal distribution, blocked
the porous structure of the zeolite, and then reduced the catalytic activity.

Nanozeolite Y

1. INTRODUCTION

Increasing global population and living standards have
expanded the demand for chemicals, including olefins. Light
olefins such as ethylene and propylene are essential feedstocks
in polymer production, while butene is a backbone in styrene-
butadiene manufacturing.' The main route for olefin
production was steam cracking of petroleum, which consumed
around 40% of energy in the petrochemical industry, as it

chains typically used zeolite as a catalyst. Even though the
microporous zeolites show excellent activity, their performance
for long-chain hydrocarbons was limited to slow mass transfer
and rapid coking. This type of hydrocarbon required a large
pore size and high surface area. There are some methods to
hinder this limitation, namely, by modification to mesoporous
zeolites,® hierarchical zeolites,” and nanozeolites.'” Konno et
al. reported that nanosized zeolite was more stable in naphtha

operated above 750 °C.” The declining petroleum deposit and
increasing public awareness to the petrochemical pollution
motivated many researchers to develop cleaner technologies
and alternative sources for olefin production.

Methane is one of the alternative feedstocks to olefins.
Oxidative coupling of methane (OCM) is a direct production
of olefins from methane. Nevertheless, this process is highly
exothermic and challenging due to the reactor design and high
investment. Another process was methanol to olefins (MTO)
that produces olefins from methanol.”> However, MTO
released 6—10 times CO, as compared to traditional naphtha
crackers.* Therefore, its crucial to develop alternative processes
to support worldwide initiatives to reduce the emission of
greenhouse gases.

N-dodecane is a long-chain paraﬂin that is generally used as
an organic solvent in power plants.”® Additionally, dodecane
was also reported as a jet fuel that could also be converted to
other valuable chemicals such hydrogen and light hydro-
carbon.” The conversion of long-chain hydrocarbons to lower
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cracking with a higher olefin yield than microsized zeolite.""
Additionally, the nanozeolite was also more eflicient in several
reactions such as methanol to hydrocarbon, acetone to olefins,
and naphtha cracking.12 Thus, these results triggered more
studies on the potential of nanosized zeolite in catalytic
cracking of heavy hydrocarbon.

To the best of our knowledge, there are only a few studies
on n-dodecane cracking with nanozeolites. Ji et al."’ used
ZSM-5 for dodecane cracking under supercritical conditions,
which is challenging for commercialization. Meanwhile, Hao et
al. utilized ITQ_zeolite, but it requires high pressure to work
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efficiently.'* Zeolite Y is a potential catalyst in catalytic
cracking due to its high acidity, porosity, and stability. Radman
et al. synthesized nanozeolite Y in the absence of a template
and found that the metal salt affected its size and pore
characteristics.”” The n-dodecane catalytic cracking is an
endothermic reaction, which is favorable at high temperatures.
Previously, several studies have shown that the olefin selectivity
of zeolite was enhanced by post-treatment with phosphorous'®
and metals.'” In addition, Deng et al. reported that the cation
position affected acidity and stability of the zeolite structure'®
and previously reported that the zeolite acidity influenced the
activation energy of hydrocarbon cracking.'” The introduction
of Zr to zeolite Y increased Brensted acid density and
increased heavy oil conversion,”” while incorporation of Co
decreased the amount of coke.”’ Previously, we have reported
morphology—activity dependence in n-dodecane cracking.”” In
this study, nanozeolite Y and modified nanozeolite Y with
phosphorous and metals were synthesized without a template.
The physicochemical properties of the catalysts were
characterized. Then, these catalysts were evaluated to produce
olefins from n-dodecane at several reaction temperatures.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation and Characterization. The
parent nanozeolite Y was synthesized without a template with

Table 1. Details of the Catalysts in this Study

catalyst names details

P parent zeolite for P modification
H-P parent sample for metal modification
P1 P-modified with 0.5 wt % P

P2 P-modified with 1.0 wt % P

P3 P-modified with 2.0 wt % P

CoY H-P ion exchange with 0.2 M Co
ZrY H-P ion exchange with 0.2 M Zr

the following molar composition: 9 Na,O: 0.7 Al,O5: 10 SiO,:
160 H,O. Sodium hydroxide (NaOH, Sigma Aldrich, 97%)
was dissolved to 38% in water followed by addition of
aluminum powder (Al 325 mesh, Loba Chemie, >98%). This
suspension was stirred at 700 rpm until completely dissolved

and named as aluminate solution. Meanwhile, the silicate
solution was prepared by stirring 71 g of colloidal silica
(Ludox-HS 30, Sigma Aldrich, 40 wt % SiO,) with microwave
irradiation at 100 °C. After that, the aluminate solution was
added slowly to the silicate solution with a ratio of 10:1. This
suspension was left for aging for 24 h at room temperature
with stirring at 700 rpm. The suspension was then placed in an
autoclave for hydrothermal treatment at 50 °C for another 24
h. Finally, the slurry was washed and centrifuged three times to
ensure the removal of impurities and then dried overnight at
105 °C.

In this study, the as-prepared nanozeolites were modified
with either addition of phosphorous (P) or metals. Various
contents of P (0.5, 1, and 2 wt %) were added to the parent
nanozeolite by the conventional impregnation method. A
certain concentration of phosphoric acid was added to 15 mL
of water containing 15 g of nanozeolite Y. The mixture was
then dried at 110 °C for S h and calcined at 600 °C for 3 h. For
metal modifications, the as-synthesized nanozeolite was
calcined at 550 °C for 4 h to obtain protonated parent zeolite
(H-P). The metal modification was carried out by dissolving
02 M Co(NO;),(H,0)s (Sigma Aldrich) or oxynitrate
hydrate Zr(NO;), (Sigma Aldrich) to an aqueous solution of
H-P (1 g in 30 mL of water) at 65 °C for 15 min. After that,
the suspension was dried and calcined at 600 °C for 12 h. The
details for the catalyst in this study are listed in Table I.
Thereafter, the crystallinity of the sample and catalyst acidity
were identified with X-ray diffraction (XRD) and ammonia
temperature-programmed desorption (NH;-TPD). Then, the
textural properties of the sample were elucidated with N,
adsorption—desorption. The surface area and pore volume
were determined with the Brunauer—Emmett—Teller (BET)
model in the range of P/Po of 0.001—0.015 and 0.99,
respectively. The pore size was calculated with the t-plot
method. Lastly, the structures of Al and P were studied with
solid-state nuclear magnetic resonance (NMR).

2.2. Catalytic Evaluation. The catalytic evaluation was
carried out in a fixed-bed reactor as illustrated in Figure 1.
Prior to the reaction, the catalyst was preheated under N, with
a flow rate of 30 cm®/min for 1 h and used as a gas carrier
during the reaction. N-dodecane and water were pumped to
the reactor with a ratio of 9—1 and fixed liquid hourly space
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e
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Figure 1. Schematic diagram of the catalytic studies.
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velocity (LHSV) at 6 h™". The reaction was conducted at
various temperatures (550, 575, and 600 °C) for 120 min.
Then, the effluent was sent to a cold trap (—10 °C) to separate
the liquid and gas fractions. The gas was sent directly from the
cold trap to the GC-RGA (GC-FID-TCD), and the liquid
fraction was weighed, which contained the water and
hydrocarbon layers. The hydrocarbon layer consists of
converted and unconverted C12, which was then further
analyzed with GC. The hydrocarbon conversion and selectivity
were calculated, respectively, with eqs 1 and 2

C12,
X 100%
12, (1)

Product
C12,, — C12,

C,, conversion (wt %) = 1 —

product selectivity (wt %) = X 100%

)

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of the Catalysts.
Figure 2 shows the X-ray diffraction (XRD) pattern of the

P2

Intensity (a.u)

5 10 15 20 25 30 35 40 45 50
26(°)

Figure 2. XRD pattern of phosphorous-modified nanozeolite Y with
P1 (0.5 wt %P), P2 (1 wt % P), and P3 (2 wt % P).

catalyst after modification with P in a series of weight loadings
(0.5, 1, and 2 wt %). The XRD pattern of the parent zeolite as
reported in our previous studies™ displays that the nanozeolite
Y was grown in the (111) and (733) planes, which is similar to
another report.'” The pattern in this study exhibits the same
peak position but with different intensities. This implies that
addition of P does not alter the crystal structure, attributed to
the amorphous form of P in the nanozeolite. The observed
intensity reduction after addition of P was attributed to typical
crystallinity loss and lattice defects as a result of deal-
umination.”* Meanwhile, zirconium-modified nanozeolite Y
shows a characteristic peak located around 34°, indicating the
existence of ZrO,.”> Additionally, the strong hydrolysis of
zirconium in aqueous solution may destroy the zeolite
structure to some extent.”’

The parent nanozeolite Y was also modified with metal, and
the XRD pattern is shown in Figure 3. This XRD pattern
exhibits different characteristics for parent and P-modified
nanozeolites, which may be attributed to the different crystal

Intensity [a.u]

(b) ZrY

5 10 15 20 25 30 35 40 45 50
26[°]

Figure 3. XRD pattern of metal-modified nanozeolite, (a) CoY and
(b) ZrY.

structures. The nanozeolites modified with Co may transform
to a cobalt—aluminate spinel after ion exchange.”® Meanwhile,
Zr*" is a type of hard acid that is difficult to be exchanged with
protons in the nanozeolite. Steaming and high temperature
could help to penetrate into the framework but may result in
uncontrolled distribution of metals inside the zeolitic frame-
work.””

The textural properties of the catalysts were elucidated with
nitrogen adsorption—desorption, and the results are presented
in Figure 4a and tabulated in Table 2. The adsorption—
desorption pattern of the catalysts followed type V isotherms
according to the IUCPAC classification with hysteresis. The
pore size distributions of the catalysts as presented in Figure 4b
were dominantly in the range of 3—6 nm, which agrees to the
N, adsorption—desorption isotherm. The introduction of 0.5
wt % P decreased the surface area and pore volume
significantly. This phenomenon occurs probably due to pore
blockage and significant loss of crystallinity, as could be
inferred by XRD patterns. Then, at a higher content of P (1.5
wt %), the external surface area is higher than that of the
parent zeolites with decreasing trends of pore size. This is an
indication of the excessive amount of P deposited in the
nanozeolite surface after blocking some internal pores. Finally,
at a higher content of P (2 wt %), the surface area and pore
volume increased again, which might be due to the deposition
of P on the surface of the nanozeolite. Meanwhile, for the
metal-modified nanozeolite, the crystal transformation to
spinel after Co modification caused reduction of the surface
area, as reported by Wang et al.*® In addition, the ion exchange
with Zr at high calcination temperature may cover the zeolite
surface or pore structure”” with loss of the zeolite structure as
evidenced by XRD.

The nature of the catalyst acidity was determined with
ammonia temperature-programmed desorption (NH;-TPD) in
the range of 125—625 °C. Typically, the acid strength could be
deduced by desorption temperature, which was divided into
three categories, namely, 200, 200—400, and 400 °C
corresponding to weak, medium, and strong acid, respectively.
In this study, the desorption peak centered at around 200—400
°C presented in Figure S indicates the medium acid site. The
peak area of the catalysts was 465, 571, 796, and 806 ymol/g
for P, P1, P2, and P3, respectively. The introduction of P
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Figure 4. (a) N, adsorption—desorption isotherm and (b) pore size distribution of parent and phosphorous-modified nanozeolite Y.

Table 2. Textural Properties of the Catalysts

surface area

external surface area  pore volume  pore size
catalysts (m*/g) (m*/g) (cm®/g) (A)
P 278 204 0.68 197
P1 247 181 0.38 126
P2 277 205 0.47 141
P3 301 243 0.50 156
ZrY 47 40
CoY 61 50 0.03 93
0.05
0.04 1
- —p
= 0.03 1
3 —PI1
a P2
700214 —P3
0.01 1
0

125 225 325 425 525 625
Temperature (°C)

Figure 5. NH;-TPD profile of parent and phosphorous-modified
nanozeolite Y.

clearly increased the overall acidity of the catalyst. However,
the maximum P content (2 wt % P) comprises a less acidic site
with similar total acidity compared to 1.5 wt % P, unlike
significant acid evolution after addition of 1 and 1.5 wt % P.
This phenomenon occurs due to alteration of the P structure
with phosphate polycondensation at a high amount of P, as we
will discuss in the NMR section.”®

Nuclear magnetic resonance (NMR) is a tool to estimate the
atom position in a certain framework. Figure 6a shows the *’Al
MAS spectra of the parent and modified nanozeolites. The
parent nanozeolite exhibits strong and low signals at around 60
and 6 ppm, respectively. These two peaks are attributed to
tetrahedrally and pentahedrally coordinated Al in the zeolitic

30810

framework. Then, when the parent nanozeolite was modified
with phosphorous, there was a new peak at 0 ppm, which was
assigned to the octahedrally coordinated framework. The
introduction of 0.5 wt % P increased the peak at 60 ppm
significantly, implying the increase of Al in the tetrahedral
framework. However, at a higher P content (1 and 2 wt % P),
the amount of Al in the tetrahedral framework decreased and
transformed to octahedral Al as indicated by the new peak at 0
ppm. The existence of aluminum phosphate may cause zeolite
dealumination, as it formed after the removal of tetrahedral Al
and in the absence of octahedral Al before P modification.’!

The nature of P in nanozeolite Y at various contents was
observed with *'P MAS NMR. There are several possibilities
for the phosphorous location in the zeolite. P could be
incorporated to the zeolitic framework with acid protonation
with the zeolite hydroxyl group or interaction with the surface
aluminum framework as presented in Figure 6b. Generally,
there are three categories of P location, namely, P end chain,
middle group and polymeric phosphate chains, and condensed
phosphate chains located at —6, —14, and —23 ppm,
respectively.’”” In this study, only peaks at —14 and —23
ppm were observed as presented in Figure 6b. Then, the
magnification of the chemical shift ranging from —15 to —25
ppm evidenced shifting and different peak intensities, as can be
seen in Figure 6¢c. This was attributed to the P species as
middle group and polymeric phosphate chains. With increasing
content of P from 0.5 to 2 wt %, the intensified peak at 18.90
ppm 9 indicated the increase of the middle group site due to
more severe hydrolysis of phosphate acid that aligns with the
27Al NMR result. From this NMR result, it could be deduced
that the structure of the P-modified nanozeolite is as presented
in Figure 6d.%

3.2. Catalytic Evaluation of Nanozeolite Y. The n-
dodecane conversion over nanozeolite Y and modified
nanozeolite Y at different temperatures is shown in Figure
7a. There are two product phases in this reaction, namely, gas
and liquid fractions. The remaining n-dodecane in the liquid
fraction is indicated as unconverted feed in Tables 3 and 4.
The parent nanozeolite Y showed higher conversion than that
of all modified nanozeolites at 550 °C. Then, increasing
temperature to 600 °C caused a significant increase of n-
dodecane conversion to 97% with phosphorous-modified
nanozeolite Y (1.5 wt % P). The n-dodecane conversion was
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Figure 6. (a) *’Al MAS NMR, (b) *'P MAS NMR, and (c) magnification of *'P MAS NMR at —25 to —15 ppm of parent and phosphorous-
modified nanozeolite Y and (d) proposed structure of phosphorous-modified nanozeolite Y.
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Figure 7. (a) n-Dodecane conversion and (b) gas yield at several temperatures.

mp
mPl
uP2
P3
uCoY
nZrY

then decreased with the introduction of 2 wt % P as a result of
P removal during steam cracking of n-dodecane, as also
reported by Yamaguchi et al.** Meanwhile, the Co embedded
on nanozeolite Y showed similar activity as P-modified
nanozeolite, as also reported to enhance activity in Fischer—

30811

Tropsch synthesis.”> As for Zr-modified nanozeolite Y, the

catalytic activity decreased due to the existence of ZrO,

damaging the zeolite structure to a certain extent as reported

in XRD. The modification of zirconium resulted in higher

https://doi.org/10.1021/acsomega.2c02119
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Table 3. Product Distribution of n-Dodecane Cracking with P-Modified Nanozeolite Y

P1 P2 P3

product distributions 550 °C 575 °C 600 °C 550 °C 575 °C 600 °C 550 °C 575 °C 600 °C
gas (wt %) 35.0 62.8 92.0 36.2 70.0 96.4 32.0 73.0 86.0
liq (wt %) 65.0 37.2 8.0 63.8 30.0 3.6 68.0 27.0 14.0
unconverted feed (wt %) 56.6 34.6 7.0 55.5 27.9 32 62.6 24.7 12.5
converted liquid (wt %) 8.5 2.6 1.0 8.3 2.1 0.4 54 2.3 1.5
conversion (wt %) 43.5 65.4 93.0 44.5 72.1 96.8 374 75.3 87.5
P/E (-) 0.7 1.0 0.7 0.7 0.5 0.4 0.6 0.5 0.5
olefins (wt %) 23.70 43.92 62.86 25.20 45.92 60.43 21.70 49.54 58.77
C,”~ (wt %) 10.6 17.1 30.0 11.5 26.7 39.9 10.8 26.3 34.7
C;™ (wt %) 7.4 16.5 21.3 8.1 12.7 16.6 6.5 14.4 16.6
Cy (wt %) 57 10.4 116 5.6 6.5 39 44 8.9 7.5
CH, (wt %) 5.1 8.4 15.1 5.8 12.7 19.6 49 11.7 143
H, (wt %) 1.5 3.0 5.1 1.9 4.0 6.7 1.9 4.0 5.8

Table 4. Product Distributions of n-Dodecane Cracking over Parent and Metal-Modified Nanozeolite Y
B CoY ZrY

product distributions 550 °C 575 °C 600 °C 550 °C 575 °C 600 °C 550 °C 575 °C 600 °C
gas (wt %) 46.3 61.6 88.6 18.0 68.0 88.6 18.0 43.0 67.0
liq (wt %) 53.7 384 114 82.0 32.0 114 82.0 57.0 33.0
unconverted feed (wt %) 483 33.0 9.8 78.5 259 8.8 71.3 53.0 29.0
converted liquid (wt %) 5.4 5.4 1.6 3.5 6.1 2.6 10.7 4.0 4.0
conversion (wt %) 51.7 67.0 90.2 21.5 74.1 91.2 28.7 47.0 71.0
P/E (-) 04 0.4 0.5 1.1 0.8 0.5 0.4 1.0 0.5
total olefins (wt %) 28.90 38.46 56.14 10.73 43.92 54.20 9.87 30.39 44.72
C,”~ (wt %) 17.7 22.9 33.8 4.2 18.4 30.6 6.0 10.6 24.8
Cy™ (wt %) 7.8 102 15.8 4.6 15.3 15.3 23 104 12.7
C, (wt %) 3.7 5.4 6.6 2.0 10.2 8.2 1.5 9.4 7.2
CH, (wt %) 8.4 10.1 16.1 2.0 8.9 15.0 2.6 47 11.1
H, (wt %) 2.5 2.8 46 2.1 7.4 10.9 0.8 2.3 49

conversion in catalytic cracking if it preserved the structure of
the zeolite and dispersed homogeneously in the zeolite.””*

Similar trends with n-dodecane conversion were also
observed for gas yield as presented in Figure 7b. The gas
yield of the modified nanozeolite drastically increased at
temperatures higher than 550 °C, with the P-modified
nanozeolite. The higher total acidity of the P-modified
nanozeolite might contribute to higher activity than that of
parent nanozeolite Y, as also reported by Nasser et al.>” The
introduction of transition metals into the zeolite did not
significantly impact the Bronsted acidity, but Lewis acidity
increased with addition of metals. The newly formed Lewis
acid acted as a new adsorption site of the formed olefins, while
remaining paraffin adsorbed on Bronsted acid sites, thus
increasing the olefin yield, if it preserved the zeolite structure
after addition of metals.’®*’

The parent and modified nanozeolite Y exhibited a good
olefin yield as presented in Figure 8a and Tables 3—4. The
olefin yield of parent nanozeolite Y was ca. 30% at 550 °C,
which increased to 38 and 55% at 575 and 600 °C,
respectively. The olefin yield of P-modified nanozeolite Y
increased to ca. 63% at 600 °C from ca. 23% at 500 °C.
Meanwhile, metal-modified nanozeolite Y only slightly
increased the olefin yield and reached a maximum value of
42% at 600 °C. The increasing olefin yield in the P-modified
zeolite was also obtained in several reports.”** In terms of
olefin distribution, the catalysts showed different behaviors at
different temperatures. In general, the olefin distribution
(Figure 8b) at all temperatures was ethylene> propene>
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butenes, implying that nanozeolite Y preferred ethylene as
indicated by the propene/ethylene (P/E) ratio, unlike BEA
zeolites, which favored butenes.”” Increasing temperature also
increased the ethylene selectivity and reached an optimum
value of ca. 40% with the introduction of 1 wt % P. To further
understand the product distribution, the catalyst activities in
terms of conversions, gas yield, olefin yield, and distribution
are presented in Figure 8c at 575 °C as a representative trend.
The optimum catalyst activity was for P2, signifying the
importance of phosphorous modification to obtain a higher
selectivity to olefins in n-dodecane-cracking systems.

4. CONCLUSIONS

In conclusion, nanozeolite Y was successfully synthesized and
modified with phosphorous (P) and metals. At 550 °C, the
modified nanozeolite Y has lower activity than the parent
zeolite, but it changed to higher activity at higher temperatures.
At first, phosphorous modifications resulted in higher catalytic
activity than that of the parent nanozeolite and reached an
optimum value with the addition of 1 wt % P. After that, the
activity decreased due to the formation of aluminum
phosphate and zeolite dealumination. Meanwhile, the Co-
modified nanozeolite showed a similar catalytic behavior as
parent nanozeolite Y but with a lower conversion and olefin
yield compared to 1 wt % phosphorous-modified nanozeolite
Y. Lastly, zirconium-modified nanozeolite Y exhibits lower
activity due to damage of the zeolite structure to some extent
and formation of ZrQO,.
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