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Catalytic Pyrolysis of Nonedible Oils for the Production of
Renewable Aromatics Using Metal-Modified HZSM-5 Catalysts
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ABSTRACT: Catalytic pyrolysis of triglycerides to aromatics over zeolites is an advanced technology for a high value-added
utilization of renewable biomass resources. Therefore, in this research, the catalytic performance of M/HZSM-$ catalysts (M = Zn,
Ga, In, Ni, and Mo) during the pyrolysis process of glycerol trioleate and the effect of the compositional difference of several woody
oils and waste oils on aromatic formation were investigated. Results revealed that Zn/HZSM-$ with appropriate acidity and metal
sites reached the maximum aromatics yield (56.13%) and significantly enhanced the catalytic stability. In addition, these renewable
nonedible oils were effectively converted to aromatics over the Zn/HZSM-S catalyst, the aromatic yield of jatropha oil reached up to
50.33%, and the unsaturation and double bond number of feedstocks were crucial for the production of aromatics. The utilization of
biomass resources to produce high value-added aromatics can alleviate the problems caused by the shortage of fossil resources and
achieve sustainable green development.

Non-edible oils Aromatics

1. INTRODUCTION

Aromatics, especially benzene, toluene, and xylene, are very

in low product yields. In this case, an alternative route for the
production of bioaromatics by catalytic pyrolysis of liquid lipid

vital raw materials in the petrochemical industry because they
can be widely used in the production of different chemicals,
such as polymers, organic solvents, drugs, and dyes.'”* In
addition, these aromatics are essential components in the
formulation of advanced biofuels within the gasoline range and
jet fuel due to an increasing octane number. The traditional
aromatics production technologies mainly include the high-
temperature dry distillation of coal, hydrogenation of gasoline,
aromatization of light hydrocarbons, and catalytic reforming of
naphtha,” all of which are heavily dependent on fossil resources
and cause environmental pollution by emitting greenhouse
gases.’ Furthermore, the growing concern about the potential
shortage of fossil resources and environmental problems have
motivated the interest in developing renewable feedstocks to
produce sustainable and bio-based aromatics.”

Numerous Iilgnocellulosic biomass feedstocks™ and model
compounds'”'" have been used for catalytic pyrolysis to obtain
bioaromatics. Nevertheless, the technoeconomic feasibility of
aromatics production from solid woody biomass is still under
debate due to its complex structure and high oxygen, resulting
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resources is of a great interest. Biomass-derived oils are mainly
composed of triglycerides, which have the key advantages of
excellent fluidity, high energy density, and a similar molecular
structure to fossil resources. Nonedible oil resources, such as
jatropha oil, waste cooking oil, and algae, bridge the gap in raw
material supply and are preferred as feedstock rather than
edible resources to avoid food versus fuel problems.'””"
Utilization of these low-cost renewable oils for the production
of aromatics not only alleviates the problem of resource
shortage but also improves the economic viability of
bioaromatics. A brief overview of the catalytic conversion of
vegetable oil and model compounds to aromatics was given in
Table 1. Aromatics yields vary with the type of vegetable oil
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and model compounds; this could be due to the differences in
the fatty acid composition of oils and reaction conditions.

Table 1. Aromatics Production from Vegetable Oils and
Model Compounds

feedstock catalysts aromatics yield (%) ref
oleic acid Ni—008NaSZM-$ 87.46% 41
oleic acid HZSM-5/AlL,0,4 22 C % 42
canola oil 4%Zn/ZSM-5 42.6% 43
methyl
ester
canola oil 4%Mo/HZSM-$ 38.9% 44
methyl
ester
palmitic acid Y, Hp, HZSM-5 43.9 C % (HZSM-5) 45

vegetable oils  equilibrium FCC rapeseed oil: 26%, palm oil: 46

3 types) 22%, soybean oil: 24.5%
vegetable oils HZSM-$ algal oil: 2.9%, coconut oil: 47
3 types) 28% peanut oil: 48%
soybean oil  La—Fe/Si-MCM-41  25% 48
rapeseed oil  Ga/ZSM-5, Ga/ZSM-5: 43% 49
Zn/ZSM-5

rubber seed  alkali-treated ZSM-S
oil catalyst

BTX selectivity: 78% S0

Catalytic pyrolysis is considered the most simple and
promising approach to producing bioaromatics as a result of
feedstock flexibility, a low operational cost, and compatibility
with existing petrochemical infrastructure. In fact, the catalyst
is the soul of a catalytic conversion, and studies must find ways
to ensure better selectivity, a high catalytic activity, and a long
service life. Most catalytic cracking and aromatization
processes for the production of aromatics have used zeolite
catalysts with different pore sizes, such as HZSM-5, AI-MCM-
41, beta, USY, and Al-SBA-15."*">* Because the HZSM-S has
an appropriate acid site, a high specific surface area, and an
appropriate pore size, it has a better conversion efficiency.”*~>°
However, the most important problem of HZSM-S as a
catalyst is the low yield and the selectivity of the target
product, which is related to the relatively narrow pore size and
the inappropriate acidity.”’ > Many studies have proposed
aromatization and coaromatization of lignocellulosic biomass
or light hydrocarbons as feed over metal-modified HZSM-5
catalysts to improve the selectivity of HZSM-S toward
aromatics.”*° Aromatization of ethylene has been explored
over HZSM-S modified by the addition of Ag, Mo, Ni, Ga, or
Zn due to the presence of metallic species and acid active sites
that promote ethylene conversion and aromatization.”” In the
study reported by Vichaphund et al.,*® the synthesized metal/
HZSM-S$ catalysts improved the aromatic selectivity up to 91—
97% and decreased the undesirable oxygenates, which loaded
metals including Co, Ni, Mo, Ga, and Pd. The dehydrocycliza-
tion cracking of soybean oil was tested using Zn-exchanged
ZSM-5—AL,0; composite-supported Pt/NiMo sulfide cata-
lysts, where the addition of zinc promoted the formation of
aromatics; however, leaching of sulfur may reduce the catalyst
activity and cause contamination of products.”” The trans-
formation of jatropha oil into aromatics using a bimetallic
ZSM-5 catalyst was investigated in a continuous downflow
reactor; the 10ZnSCo5Ce/ZSM-5 catalyst showed an 87.6%
oil conversion with 81.9% total aromatics.’ These results
provide a practical way to prepare catalysts with a high catalytic
performance in biomass-derived oil aromatization.

While the performance of the metal-modified catalyst in the
conversion of lignocellulosic biomass or light hydrocarbons has
been widely reported, few studies have reported the use of
nonedible oils as a source of bioaromatics over metal-modified
zeolites, and there is no comprehensive comparison of the
performance of these catalysts. The reported studies did not
consider the variation in product selectivity and yield with the
time on stream (TOS) and catalyst stability (lifetime), which
are critical to determining the technoeconomic potential of
vegetable oil synthesis of bioaromatics. In addition, oils
obtained from different sources have different fatty acid
compositions, which are difficult to compare under different
setups and reaction conditions. The use of model compounds
such as oleic acid and fatty acid methyl ester have also been
widely investigated. In this research, glycerol trioleate was first
used as a model compound for the production of aromatic
hydrocarbons; one mole of glycerol trioleate is equivalent to
three moles of oleic acid, which is more similar in structure to
triglycerides from animal fats and vegetables.

Previous studies have found that the impregnation of Ni,
Mo, Zn, Ga, and In into zeolite can effectively reduce the
content of oxygenated compounds and improve the yield and
selectivity of aromatic compounds. Therefore, the HZSM-§
(25) modified with Zn, Ga, In, Ni, and Mo catalysts was
prepared by the wet impregnation method, and the
physicochemical properties were characterized by different
techniques. Glycerol trioleate (GT) was selected as the model
compound, Jatropha curcas oil (JCO), rubber seed oil (RSO),
tung oil (TO), waste cooking oil (WCO), and waste acidified
oil (WAO) were selected as the feedstocks for the production
of green aromatics by a catalytic pyrolysis process. In this
research, the catalytic activity and catalytic lifetime of different
metal-supported catalysts in the conversion of GT were
evaluated. In addition, the effect of the composition difference
in several woody oils and waste oils representing triglycerides
in the formation of aromatics was also comprehensively
analyzed.

2. RESULTS AND DISCUSSION

2.1. Characterization of Materials. In our previous work,
the properties of these five nonedible oils, such as the acid
value, saponification value, iodine value, fatty acid, and
elemental composition, were studied.>’ As can be seen from
Table 2, there were great differences in the composition of
these oils. The acid value of waste oil was remarkably higher
than that of woody oil, especially the WAO (148.89 mg KOH/
g) because it contained a large number of free fatty acids. In
addition, these five oils contained a large amount of
unsaturated long-chain fatty acids, accounting for 70—94%.
Among them, TO contained up to 94% unsaturated fatty acids,
mainly eleostearic acid, which is a unique fatty acid with three
conjugated double bonds, whereas RSO contained 20%
linolenic acid. Elemental analysis showed that these five oils
had a high carbon and hydrogen content and a low oxygen
content, indicating these feedstocks have an excellent potential
in the production of biofuels and chemicals. As shown in the
Fourier transform infrared (FT-IR) spectrum of feedstock
(Figure S2), the peak at 1745 cm™ indicated the presence of
C=O0 stretching in —COOR and the C=O stretching
vibration of 1710 cm™" indicated the appearance of carboxylic
acid, which confirmed the presence of free fatty acids in these
oils.
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Table 2. Physicochemical Properties of JCO, RSO, TO,
WAOQ, and WCO

physicochemical
properties JCo RSO TO WAO WCO
density (g/L) 0.85 0.92 091 0.94 0.93
acid value 5.42 22.96 3.78 148.89 99.10
(mg KOH/g)

saponification value 183.86  192.70  182.94  188.86  185.99
(mg KOH/g)

iodine number 89.42 102.38 141.77 95.02 88.67
(8 1,/100 g)
fatty acid
composition (%)
palmitic (C,5:0) 14.29 9.76 254 1442 19.58
stearic (C4:0) 6.62 9.85 2.52 4.54 6.91
oleic (Cyg:1) 4113 2411 741 2458 3407
linoleic (C,5:2) 37.04 35.86 8.35 44.83 3091
linolenic (Cyg:3) 2041 5.98 348
eleostearic acid 78.31
(C18:3)
others 0.92 0.01 0.88 5.65 5.05
total unsaturated 78.17 80.38 94.07 75.39 70.65
fatty acids
elemental analysis
(%)
C 76.47 76.59 77.74 76.22 76.41
H 11.77 11.54 10.56 11.94 12.07
N 0.17 0.43 0.63 0.27 0.14
S 0.03 0.01 0.09 0.05 0.02
(0] 12.10 12.11 12.06 13.09 12.54

2.2. Catalyst Characterization. Crystallinity of different
metal-supported catalysts was measured by X-ray diffraction
(XRD). The XRD patterns of the parent and metal-modified
zeolite catalysts showed the characteristic diffraction peaks of
the HZSM-5 zeolite at 26 = 7—9° and 23—25°* The main
peaks of the prepared catalysts were presented at a 20 of 7.7,
8.9, 23.3, 23.9, and 24.2° (Figure 1). It can be seen that the

23.3°

r 23.9°
8.9° 24.2°

Mo/HZSM-5

Ni/HZSM-5

Intensity

Mdlisrin o IHZSMS

Ga/HZSM-5

Zn/HZSM-5
APt mn

HZSM-5

26 (degree)

Figure 1. XRD patterns of the parent HZSM-5 and M/HZSM-S.

metal-modified catalysts maintain the parent HZSM-S zeolite
structure. In addition, the characteristic diffraction peaks
corresponding to metal species were not noticed for any of
these M/HZSM-S catalysts, indicating the metal species that
were well-dispersed in the zeolite.

The changes in textural properties caused by the metal
introduction during the preparation process were determined
by N, physisorption. Table 3 lists the textural properties of all

Table 3. Textural Properties and Metal Content of the
Parent HZSM-S and M/HZSM-5

surface area pore volume

(m*/g) (em*/g)
catalysts S Smess Vo Vimeso  metal loading (wt %)

HZSM-§ 387 37 0.15 0.05

Zn/HZSM-5 410 63 0.15 0.09 1.39
Ga/HZSM-§ 398 74 0.14 0.10 091
In/HZSM-5 410 96 0.14 0.15 1.39
Ni/HZSM-§ 402 71 0.15 0.10 1.65
Mo/HZSM-5 406 69 0.15 0.09 1.03

the catalysts in terms of the total surface area (Sggy), mesopore
surfaces (Sye50), micropore and mesopore volumes (V.o and

Vieso)s and the contents of metal elements. From Figure 2, N,

Mo/HZSM-5

N/HZSM-5

In/HZSM-5

Ga/HZSM-5

Zn/HZSM-5

W

0.0 02 04 06 08 10
Relative pressure (P/P0)

Volume adsorbed

Figure 2. N, adsorption—desorption isotherms of the parent HZSM-§
and M/HZSM-S.

adsorption—desorption isotherms of the metal-modified
HZSM-5 were similar to the parent HZSM-S, and all catalysts
exhibited a steadily increasing adsorption amount at a low
pressure of about 0.05, which corresponded to the transition of
nitrogen in the pore of the zeolites from monolayer to
multilayer adsorption, which is characteristic of microporous
zeolites. However, in the range of P/P, = 0.3—1.0, all catalysts
showed an apparent hysteresis loop, which revealed that the
mesopores were introduced into the zeolite micropore
structure. For the parent HZSM-S, the value of the total
specific surface area, mesopore specific surface area, and size
were 387 m’/g, 37 m®/g, and 0.05 cm®/g, respectively. With
the impregnation of Zn, the pore volume increased distinctly
to 0.24 cm®/ g. In/HZSM-S exhibited a maximal pore volume
of 0.29 cm?®/g. As expected, the addition of metal species into
the HZSM-S zeolite increased the specific surface area and
pore volume of the catalyst to facilitate the mass transfer,
which could be attributed to the formation of new pores and
surface area during the ion exchange, metal substitution, and
calcination process. This phenomenon was also reported by
Karnjanakom.”” The decrease in the micropore area may be
due to metal species blocking the pore channels. However, the
textural of M/HZSM-$ catalysts showed that the impregnated
metals have a limited influence on the specific surface area and
the pore size, probably due to the low content of the loaded
metal.

The acid properties of different catalysts were probed by
ammonia temperature-programmed desorption (NH;—TPD)
analysis, and the resultant profiles are shown in Figure 3a. To

https://doi.org/10.1021/acsomega.2c02011
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Figure 3. (a) NH;—TPD profile and (b) Py-IR spectra of the parent HZSM-S and M/HZSM-S catalysts recorded at 150 °C.

further investigate the acidity changes, the specific peak
position of the acid, and amount of acid were quantified and
presented in Table 4. From Figure 3a, it can be found that, the

Table 4. Distribution of Acid Sites in the Parent HZSM-5§
and M/HZSM-5 Catalyst

peak tempera-

ture, °C amount of desorbed NH;, mmol/g
catalysts I 1I weak acid  strong acid  total acid
HZSM-5 234 425 0.18 0.20 0.38
Zn/HZSM-5 253 428 0.20 0.12 0.32
Ga/HZSM-$ 238 424 0.17 0.18 0.35
In/HZSM-5 241 424 0.17 0.18 0.35
Ni/HZSM-$ 248 421 0.22 0.16 0.37
Mo/HZSM-§ 241 422 0.19 0.16 0.35

low-temperature peak at about 234 °C and the high
temperature peak at around 425 °C can be attributed to
NH; desorption from weak and strong acid sites, respectively.
The NH; desorption peaks corresponding to weak acid sites of
all catalysts except the Zn-supported ones were shifted
gradually toward a higher temperature, while the desorption
peaks of strong acid sites were shifted slightly toward lower
temperature. It can be seen from Table 4 that the amount of
the total acid sites of the M/HZSM-S catalyst decreased
compared with that of the parent HZSM-S, which was mainly
due to the decrease in the strong acid amount. Zn/HZSM-5
presented the lowest strong acid amount and total acid amount
of 0.12 and 0.32 mmol/g, respectively, but the amount of weak
acid increased marginally (0.2 mmol/g). Ni/HZSM-5
displayed the maximum weak acid content (0.22 mmol/g),
reduced the content of strong acid (0.16 mmol/g), and
moderately decreased the total acid content (0.37 mmol/g).
The metal species of Ga and In had a little effect on the
strength of acidity and led to a slight loss in the total acidity.
The change in the acidity of the catalyst is mainly attributed to
the coverage of acidic sites and the interaction of metal species
with protonic acids or other groups on the external surface or
in the channels; besides, this interaction can convert strong
acids to medium or weak acids.”>**

To further distinguish the Bronsted and Lewis acid sites,
pyridine-adsorbed infrared spectroscopy (Py-IR) was applied.
Figure 3b shows the absorption peaks in the range of 1400—
1550 cm™" in the parent HZSM-S and M/HZSM-5 catalysts;
the detailed distribution results of B and L acid sites are listed
in Table 5. As shown in Figure 3b, three absorption peaks were
detected for all catalysts. The absorption peaks at around 1451

18956

Table S. Analysis of Acid Properties of the Parent HZSM-$
and M/HZSM-5 Catalysts Recorded at 150 °C

total acid B acid L acid

catalysts (umol/g) (umol/g) (umol/g) B/L
HZSM-S 522.70 47391 48.79 9.71
Zn/HZSM-5 440.05 217.12 22292 0.97
Ga/HZSM-5 51191 445.72 66.18 6.73
In/HZSM-5 474.25 408.74 65.51 6.24
Ni/HZSM-5 551.30 321.94 229.36 1.40
Mo/HZSM-5 464.34 366.95 97.39 3.77

cm™! can be attributed to the absorption of pyridine molecules
by L acid sites, and the absorption peaks at 1490 cm™' are
simultaneously associated with both B acid sites and L acid
sites; moreover, the absorption peaks at 1540 cm™' are
assigned to the B acid sites.”” Besides, the quantified B acid
sites and L acid sites of the parent HZSM-S were 473.91 and
48.79 pmol/g, respectively. As can be observed from Table 5,
the incorporation of metals obviously enhanced the L acid sites
and regulated the B/L ratio. In the metal-modified HZSM-5,
the B acid sites of Zn/HZSM-S (217.12 pmol/g) and Ni/
HZSM-S (321.94 umol/g) were decreased considerably, while
the L acid sites were obviously increased (222.92 and 229.36
umol/g, respectively). This may be related to the fact that B
acid sites were ion-exchanged with metal species or covered by
more Zn and Ni species, resulting in a significant reduction in
the concentration of B acid sites. It has been reported that the
metal cation could interact with Si—OH—AI in HZSM-5 to
form new L acid sites;**"” this may also be responsible for the
change in L acid sites. Interestingly, the amount of B acid sites
of Zn/HZSM-5 was comparable to the L acid sites with a B/L
ratio of 0.97. In addition, the impregnation of Ga and In had a
similar effect on the acidity of the catalyst, but the B acid sites
of Ga/HZSM-S were higher than those of In/HZSM-5. The
modification of Mo also had a more pronounced effect on
acidity compared to Ga and In, and the B/L ratio decreased
further. The Py-IR results revealed that the distribution of B
and L acid sites were significantly different due to the different
interactions between the metal species and HZSM-S zeolite.
On the whole, compared with the parent HZSM-S, the number
of B acid sites of M/HZSM-5 was decreased, while the number
of L acid sites was increased, and the B/L ratio was reduced.

X-ray photoelectron spectroscopy (XPS) was applied in
order to understand the chemical state of different metal
species in the HZSM-S (Figure 4). According to the literature,
the active Zn species existing in the form of Zn**, [ZnOH]",
and [Zn—0—Zn]*">® are connected to the zeolite framework.
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Figure 4. (a—e) XPS spectra and (f) UV—vis spectra of the parent HZSM-S and M/HZSM-5.

Pure ZnO (2p,, and 2p;/,) shows peaks at binding energy of
1021.9 and 1045.0 eV.”” The peak appearing at a binding
energy of 1022.1 eV for the Zn/HZSM-S catalyst was ascribed
to the ZnO species, and the energy spectrum peak at a high
binding energy of 1023.3 eV belonged to the [ZnOH]*
species.”’ The increase in the binding energy was probably
ascribed to that Zn species and was affected by the oxygen
group with a stronger electronegativity than O*~.°" It was
reported that the intercrystalline size of the Ga species is larger
than the pore size of the HZSM-5 zeolites.”' Thus, Ga species
mainly exist in the form of Ga,O; on the external surface of
HZSM-5 instead of ion-exchange sites, as observed by the
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impregnation method. The XPS spectrum of Ga/HZSM-5
showed only the Ga,O; species at 1118.1 €V.°> There were
two characteristic peaks of In at 440.7—448 and 448—455.2
eV, both being ascribed to In,0;.°* The fitting peaks of the Ni
2p region were NiO (857.1—860.8 eV for Ni 2p,, and 875.0—
878.5 eV for Ni 2p, ;) and satellite peaks (862.2—864.0 eV for
Ni 2p;,, and 880.8—882.5 eV for Ni 2p,,,).** Molybdenum
species have many chemical states in zeolite after hydrogen
reduction, but only MoOj is present by oxidation treatment,
and the peaks emerging at 232.9 and 235.9 eV were attributed
to MoO;.*> According to the XPS spectrum of M/HZSM-S,
the metal species mainly existed in the form of metal oxides in
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Figure 5. Effect of different catalysts on the product yield with TOS, (a) parent HZSM-5, (b) Zn/HZSM-S, (c) Ga/HZSM-S, (d) In/HZSM-S, (e)
Ni/HZSM-S, and (f) Mo/HZSM-S. Reaction conditions: a catalyst loading of 2 g, a catalyst bed temperature of 515 °C, atmospheric pressure, a N,

flow of 50 mL/min, WHSV of GT of 2.7 h™..

HZSM-S, and a part of [ZnOH]"* also existed in the Zn/
HZSM-5 catalyst.

The coordination states of the prepared catalysts were
investigated by the UV—visible diffuse reflectance spectrum
(Figure 4). All prepared catalysts exhibited a large broad
absorption peak at 200—400 nm. However, the characteristic
peaks of each catalyst also appeared. The peak at 370 nm
corresponded to ZnO crystallites.”® The absorption peak at
260 nm was the characteristic peak of the Ga,O; valence band
to conduction band electronic transition, which indicated that
in the Ga/HZSM-S catalyst, gallium existed in the form of
Ga,0,.%” The spectrum of In/HZSM-S was represented by an
absorption peak in the UV region with an extended absorption
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edge at about 200—260 and around 300 nm. These peaks can
be associated with the bulky In,O; species located on the
external surface of the zeolite crystallites.”® The spectra of the
nickel-containing catalyst show a wide peak around 710 nm,
which may be due to the contribution of the nickel oxide
species.”” In the spectrum of Mo/HZSM-5, a peak at 315 nm
was detected and assigned to the crystalline MoO; phase.”’
Both the UV—visible diffuse reflectance spectrum (DRS) and
XPS results confirmed that the metal species mainly existed in
the zeolite in the form of metal oxides.

2.3. Catalytic Pyrolysis of Nonedible Oil. The catalytic
performance of different metal-supported catalysts for GT was
investigated in a fixed-bed reactor. In addition, the effect of the
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composition difference of several renewable woody oils and
waste oils on the formation of aromatics was also
comprehensively analyzed.

2.3.1. Effect of Different Catalysts on the Product Yield in
the Catalytic Pyrolysis of Glycerol Trioleate. The effect of the
catalyst on the product yield and the yield of total aromatic
hydrocarbons (TAHs) was evaluated (Figure S). The
composition of the organic liquid products versus TOS was
determined by FT-IR (Figure S3) and GC—MS analysis
(Figures S4 and SS). At the TOS of 240, 300 min, the peaks at
1745 and 1710 cm™' appeared in the FT-IR spectrum,
indicating that the formation of aromatics became negligible
and abundant oxygenated macromolecules were generated. GT
and other oxygenated hydrocarbons were typically not present
in the liquid phase at an early stage of reaction, indicating the
strong catalytic cracking ability of the catalysts and a complete
conversion of the feedstock.

The liquid hydrocarbons, noncondensable gas, and coke
obtained by the catalytic pyrosis of GT with different metal-
loaded catalysts are shown in Figure 5. The metal-modified
catalysts (except In), especially the Zn modification,
significantly enhanced the generation of liquid hydrocarbon
products at the expense of gaseous products compared to the
parent HZSM-S. At a TOS of 60 min, higher liquid yields were
achieved for the Zn/ZSM-5 and Ga/HZSM-S catalysts of
60.17 and 53.40%, respectively. In/HZSM-S produced the
lowest liquid yields compared with the parent HZSM-S, which
decreased by 40.47%. This is because of the remarkable
dehydrogenation and deoxygenation of Ga and Zn, which
facilitate the pyrolysis rection of oils and direct degradation of
large molecular substances into smaller molecules. Meanwhile,
the metal-loaded catalyst (except Ni) could effectively decrease
the coke deposit. This may be due to the fact that the metal
loading introduced more mesopores to facilitate the diffusion
of primary products. The B acid sites are the main active site
for cleavage, deoxygenation, and aromatization reactions.
When the catalyst was modified, the B acid sites and the
strong acid content were decreased, thus preventing excessive
aromatization and inhibiting coke deposition.

It is worth noting when the GT underwent catalytic
pyrolysis by Zn/HZSM-S (Figure Sb) at a TOS of 60 min,
the yield of OLPs reached 60.17%, and the yield of aromatics
achieved a maximum of 56.13%, which were 16.91 and 18.01%
higher than those of the parent HZSM-S catalyst (43.26 and
38.12%, respectively). The aromatization process is considered
to be a series of extremely complicated steps, including the
steps of alkanes activation, oligomerization, cyclization, and
dehydrogenation. The acidity of the catalyst plays an essential
role in this process, with the B acid sites promoting the
formation of cycloalkanes and the formed cycloalkanes being
transferred to the L acid sites for deoxygenation and
aromatization steps to generate aromatics. It has been
demonstrated that the yield of aromatics is directly propor-
tional to the number of L acid sites, and there is a linear
relationship between the amount of the [ZnOH]* species and
the selectivity of aromatics over Zn/ZSM-5 catalysts.’””'
According to Py-IR results, Zn/HZSM-5 exhibited sufficient
acid sites, L and B acidic sites were in balance, and the B/L
ratio was 0.97. Based on the XPS results, it is clear that the Zn
species in Zn/HZSM-5S were presented in the form of ZnO
and [ZnOH]* (as L acid sites), which not only facilitated the
acidity regulation but also promoted the dehydrogenation
reaction as a metal active site. These may be two reasons for

the Zn/HZSM-S catalyst enhanced production of liquid
products and aromatics. In addition, Ga species as a
dehydrogenation active center has a synergistic effect with
the acid center of HZSM-S, so the addition of Ga can promote
the dehydrogenation and cyclization reactions of olefins, thus
increasing the aromatics yield to 44.62%. It was reported that
the isolated Ga,O; on the outer surface of the HZSM-S zeolite
has a limited exchange of proton acid with zeolite, and the
hydrogen pretreatment leads to the formation of new catalytic
centers (Ga-Lewis), which favor the formation of aromatics.””
The introduction of Ga reduced the content of B acid while
increasing the L acid content distinctly; however, the difference
in the content of L acid and B acid was so considerable that
reactions occurring at the L acid site would be inhibited. Thus,
Ga/HZSM-5 without hydrogen reduction could not have
enough catalytically active centers and contributed less to the
aromatic formation than the Zn-containing catalyst.

Compared with that of the parent HZSM-S, the aromatiza-
tion ability of Mo/HZSM-5 (Figure Sf) was slightly improved
(44.40%) and that of In/HZSM-S (Figure 5d) has no obvious
promotion effect. This may be explained by a lower cracking
activity of Mo and In-containing catalysts compared to the
other metal-containing catalysts. In addition, from the
characterization results of the catalysts, the pore structure,
and L acid properties of HZSM-S modified with Ga and In
were similar, but the cracking and aromatization ability of Ga
was stronger than that of In, which indicated that the catalytic
performance was related to the synergistic effect of the metal
type, B acid sites, and L acid sites. This finding could be
attributed to the introduction of In by impregnation in the
form of indium oxide dispersed on the external surface of
HZSM-5; these indium oxide species were unable to act as
metal active sites and thus reduced the role of cracking and
aromatization reactions.

A different phenomenon is that for the catalytic pyrolysis of
GT over Ni/HZSM-S (Figure Se), where the aromatization
ability dropped sharply after 60 min of the reaction, and the
yield of aromatics was almost negligible after 180 min.
Moreover, Ni/HZSM-S had a higher coke yield (2 wt %)
compared to the parent HZSM-S. After the excessive Ni-
modified HZSM-S, the Lewis acid also became excessive,
which promoted the continuation of the dehydrogenation
reaction to form aromatics; however, the excess dehydrogen-
ation resulted in a large amount of polycyclic aromatic
hydrocarbons (PAHs) and coke deposits blocking the zeolite
pores, and reducing the yield of aromatics. To sum up, in the
catalytic pyrolysis of GT over M/HZSM-$ catalysts, a higher
yield of the organic liquid products formation was found in the
following order: Zn/HZSM-5 > Ga/HZSM-5 > Mo/HZSM-$
> Ni/HZSM-5 > HZSM-5 > In/HZSM-S, and the order of the
aromatization effect of different loading metals was as follows:
Zn/HZSM-5 > Ga/HZSM-5 > Mo/HZSM-5 > HZSM-S > In/
HZSM-S > Ni/HZSM-5.

At prolonged TOS, the yield of OLPs increased from the
initial 45 to 75%, while the yield of TAHs gradually reduced
from 57 to 2%, which was due to the weakening of the catalytic
ability. According to GC—MS results (Figure S4), saturated
and unsaturated hydrocarbons with a carbon chain length of
6—16 and oxygen-containing macromolecules were found in
the products at a later stage of reaction, which was also the
reason why the yield of the organic liquid products increased
with the increasing TOS. When the decarboxylation and
dehydration reaction degrees were reduced, the oxygen-
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Figure 6. Effect of different catalysts on the fraction of aromatic products with TOS, (a) parent HZSM-S, (b) Zn/HZSM-S, (c) Ga/HZSM-S, (d)
In/HZSM-S, € Ni/HZSM-S, and (f) Mo/HZSM-S. Reaction conditions: a catalyst loading of 2 g, a catalyst bed temperature of 515 °C,
atmospheric pressure, a N, flow of 50 mL/min, and WHSV of GT of 2.7 h™".

containing compounds increased. At the same time, excessive
oxygen-containing macromolecules covered the external sur-
face of the catalyst and hindered the accessibility to the active
sites. As a result, the catalytic efficiency was reduced, and the
aromatic content was decreased. The Zn/HZSM-§ catalyst was
deactivated after a TOS of 300 min, the Ni/HZSM-5 catalyst
was deactivated after a TOS of 180 min, and the other catalysts
were deactivated after a TOS of 240 min. This indicates that
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the Zn species significantly prolonged the catalytic lifetime and
enhanced the catalytic stability probably due to the
introduction of an appropriate amount of mesopores and
modulation of the catalyst acidity.

2.3.2. Effect of Different Catalysts on the Aromatic
Selectivity in the Catalytic Pyrolysis of Glycerol Trioleate.
The main components of aromatic hydrocarbons obtained by
the catalytic pyrolysis of GT over the parent HZSM-S and M/
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HZSM-S were detected by GC (Figure 6). In the catalytic
pyrolysis process, a wide range of hydrocarbons such as
alkanes, alkenes, monocyclic aromatic hydrocarbons (MAHs),
and PAHs were found in the OLPs. It was more encouraging
that a large number of hydrocarbons were concentrated in the
range of aromatic hydrocarbons (~96%), especially C4—C,
MAHSs. These were benzene, toluene, ethylbenzene, xylene,
trimethylbenzene, naphthalene, 1-methylnaphthalene, 2-meth-
ylnaphthalene, and other aromatics. At the TOS of 60 and 120
min, these M/HZSM-5 catalysts generated mainly toluene with
ayield of 15—25%, while the yield of benzene was 8—13%, and
the yield of xylene was 7—14%. With a longer TOS, the
selectivity of the catalyst to aromatics decreased gradually. At a
TOS of 60 min, Zn species mainly promoted the formation of
benzene (13.50%), toluene (25.04%), and xylene (11.64%), Ga
mainly increased the yield of benzene (10.82%) and toluene
(17.34%), In had no obvious promotion effect, Ni inhibited
the formation of BTX, while Mo had a little influence on the
information of MAHs except toluene. On the other hand, Zn,
In, and Mo species inhibited the formation of PAHs. These
findings were related to the pore size and acidity of the catalyst.
The Ga and Zn species were highly dispersed in HZSM-S,
which allowed the pyrolysis intermediates to come into full
contact with the metal active sites and the acidic sites of
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HZSM-S, and further reactions resulted in a pronounced
improvement in the selectivity of the aromatics. When Ga was
loaded, the strong acid and the B acid sites content were higher
compared to other metal species, which promoted the
polymerization of light aromatics to form PAHs. When the
Ni/HZSM-5 catalyst was used, the pore size of the catalyst was
decreased owing to enrichment of more nickel species,
hindering the transfer of light aromatics. The Ni/HZSM-$§
catalyst had the highest total acid and L acid site content,
enhancing the cyclization and polymerization of intermediates
to form PAHs. PAHs such as biphenyl, anthracene, and
phenanthrene are one of the causes of coke formation and lead
to catalyst deactivation, so the generation of PAHs should be
avoided. From the above results, benzene, toluene, and xylene
(BTX) are the main aromatics, and different metal species have
different selectivity for aromatics due to the synergistic effect of
acidity and metal active sites, and Zn, In, and Mo species
possess the ability to inhibit the formation of PAHs.

2.3.3. Effect of Different Catalysts on the Gas Products in
the Catalytic Pyrolysis of Glycerol Trioleate. Within a TOS of
60 min, the gas product distribution of catalytic pyrolysis of
GT over the prepared catalyst was also evaluated. All gas
products contained CO, CO,, H,, and light hydrocarbons
(CH,, C,H,, C,H,, C;Hg, and C3H,, C,—Cs). According to
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Figure 9. Reaction pathways for the aromatics production from GT over metal-modified HZSM-S catalysts.

Figure 7a, the addition of metal into the HZM-S zeolite had
various degrees of change in the distribution of light
hydrocarbons, which were mainly reflected in a decrease in
the ethylene and propylene yields. It was worth noting that this
effect was quite more pronounced for the Zn and Ga
modification, and the olefins yields were about half of those
obtained over the parent HZSM-5. However, the reduction in
olefins was not accompanied by an increase in ethane and
propane production, indicating that it was not caused by the
hydrogenation pathway of olefins. The decrease in light olefin
production may be due to the cracking reaction or the
consumption of ethylene and propylene through the
oligomerization, cyclization, and aromatization reaction.
Compared to other metal loadings, the formation of C,—C,
alkanes and C,—C, alkenes were favored over the Ni-
impregnated catalyst. The oxygen present in the GT can be
removed by decarbonylation, decarboxylation, and dehydra-
tion, which lead to the formation of CO, CO,, and H,O(ALP),
respectively.”” Starting with the parent HZSM-S, the B acid
sites rather enhanced the decarbonylation more than the
decarboxylation reaction,’® resulting in a high amount of CO
and a lower amount of CO,. Compared with the parent
HZSM-5, the CO, and H,0 yield increased obviously over M/
HZSM-5 catalysts, indicating that the addition of metals and
the change in acidity for the HZSM-5 catalyst were beneficial

for the deoxygenation. Other multiple chemical reactions such
as deoxidation and dehydrogenation caused the production of
hydrogen and light hydrocarbons.'””> The above results
indicated that the loading of metal to HZSM-S facilitated the
reactions including decarbonylation, decarboxylation, dehy-
drogenation, and aromatization during the catalytic pyrolysis
process.

2.3.4. Effect of Different Catalysts on Coke in the
Catalytic Pyrolysis of Glycerol Trioleate. 1t is well-known
that coke deposition is the main cause of catalyst deactivation.
Coke in zeolite is formed mainly from heavy hydrocarbons,
which may be located on the externals and also inside the
channels of zeolite.”* As can be seen from the Figure 8a, the
weight loss was mainly at 100—200 and 400—600 °C. The
former was due to evaporation of the adsorbed water in the
catalyst, whereas the latter could be related to the combustion
of coke deposited on the active metal and support. In the case
of the parent HZSM-5, the total amount of coke was 12.23%,
referred to as the tested catalyst. The metal-modified HZSM-5
catalysts (except for the nickel loading) were all shown to
reduce the coke content. Zinc loading slightly reduced the
coke amount, while nickel loading increased the coke amount
by 2%. This result was in agreement with a previous work,”’
which indicated that the presence of nickel promote the
formation of coke over the zeolite catalyst, which was
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Figure 10. Effect of the different feedstock on the product yield and the properties of OLPs over the Zn/HZSM-S catalyst: (a) FT-IR spectra of
OLPs, (b) yield of products and TAHs, (c) composition of OLPs based on GC—MS, (d) aromatic hydrocarbon distribution of OLPs based on GC,
(e) distribution of the light hydrocarbon gas product, and (f) fraction distribution of gas products. Reaction conditions: the Zn/HZSM-S catalyst of
2 g, a catalyst bed temperature of 515 °C, atmospheric pressure, a N, flow of 50 mL/min, and WHSV of feedstocks of 2.7 h™".

responsible for the rapid deactivation of the impregnated nickel
catalyst. Figure 8b shows the weight loss peaks for each type of
catalyst at different temperatures, indicating that there were
important variations in terms of the nature and location of
coke.”® From a smaller DTG peak of Zn/HZSM-S, it is evident
that the zinc metal species could mitigate the formation of
coke. A very large DTG peak was presented in Ni/HZSM-S,
and the peak position shifted to a higher temperature,

18963

indicating the formation of a more difficult to remove coke,
possibly from the polymerization of more PAHs. For the Ga-
and In-containing catalysts, the peaks were at 600 °C,
indicating the formation of hard coke that needs a higher
temperature to be removed or that these cokes were located on
metal sites.”

In short, the characterization results of the modified catalysts
showed that the incorporation of metals had a limited
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influence on the structure but caused a significant change in
acid properties. However, the change in acid properties and
meatal species played a vital role in the aromatization ability
and stability of the catalyst. A simplified summary of the
reaction pathways for the observed relativities is presented in
Figure 9.5%4077/78

2.3.5. Catalytic Pyrolysis of Woody Oils and Waste Oils.
Five different nonedible oils (JCO, RSO, TO, WCO, and
WAO) were selected as triglyceride feedstocks to produce
aromatics through the catalytic cracking and aromatization of
the Zn/HZSM-S catalyst, and the effect of feedstock
composition on the product yield and properties of the
organic liquid product were investigated.

In the FT-IR spectra of OLPs obtained by Zn/HZSM-5
(Figure 10a), a vanishing band was observed at 1745 and 1710
cm™!, which confirmed the complete conversion of feedstocks
and a higher degree of deoxygenation. The peaks at 1603,
1034, 784, and 739 cm™! confirmed the abundant aromatic
hydrocarbons in the OLPs.

Figure 10b showed that the catalytic pyrolysis of all these
five oils resulted in high yields. The yield of OLPs obtained by
TO was the highest (58.43%), the aromatics yield accounted
for 45.17%, the yield of OLPs obtained by WAO was the
lowest (49.14%), the aromatics yield accounted for 41.76%, the
yield of OLPs and aromatics obtained by WCO reached 49.20
and 44.73%, respectively, the yield of OLPs obtained by JCO
accounted for 52.57%, the aromatics yield was the highest
(50.33%), and the yield of aromatics obtained by RSO was
lower than JCO. The order of decrease in the liquid product
yield was TO > RSO > JCO > WCO > WAOQ, and the order of
decrease in the TAHs yield was JCO > RSO > TO > WCO >
WAO. As can be observed from Figure 10b, the liquid products
and aromatics obtained from woody oil were higher than those
from waste oil, which may be due to the high percentage of
free fatty acids in waste oil. It is difficult to compare these
yields with the literature data as large differences in reaction
conditions and reactor types are applied. However, the overall
yields of aromatics in this study were in the range within or
even higher than those reported for canola oil, coconut oil,
palm oil residue, and wasted cooking oil (30—40%).*
Compared to other oils, the catalytic pyrolysis of TO produced
fewer aromatics, which may be attributed to its peculiar fatty
acid with three conjugated double bonds. It is also found that
the Zn-modified catalysts can enhance the liquid product and
aromatics formation compared with the parent HZSM-5
catalyst (39.28—58.43 and 36.68—50.33%, respectively). It
can be concluded that the Zn/HZSM-S catalyst has a wide
range of applications for triglyceride feedstocks and that these
nonedible oils can be used to produce aromatics.

The composition and distribution of OLPs was based on
GC—MS analysis, and the liquid products were mainly C4—C,,
hydrocarbons, including about 95% aromatics and a small
fraction of alkanes and alkenes, of which monocyclic aromatics
accounted for 50—70%. Compared to other oils, the TO
catalytic conversion produced more PAHs, including naph-
thalene, methylnaphthalene, and others, which may be due to
the polymerization of unsaturated macromolecules. The
percentage distribution of aromatics based on GC is shown
in Figure 10d, where BTX were the main components, with
toluene accounting for 18—22%, benzene for 9—13%, and
xylene for 7—10%. The Zn species greatly enhanced the
formation of monocyclic aromatics. In the catalytic cracking

and aromatization reaction of JCO over Zn/HZSM-5, the
maximum yield of BTX was 44.86%.

The gas product distribution of five oils’ catalytic conversion
are shown in Figure 10e,f. Compared with the parent HZSM-S,
the gas yield of Zn-supported catalyst catalytic pyrolysis was
reduced, and the yield of light hydrocarbons was not much
different, but the yield of hydrogen and carbon dioxide
increased observably, indicating that the zinc modification
enhanced the dehydrogenation and deoxygenation capabilities.
The existence of H, was beneficial for the hydrocracking of the
pyrolysis intermediates and stabilizing the pyrolytic fraction,
which could prevent polymerization from coking. In the
catalytic pyrolysis of JCO on the parent HZSM-S catalyst,
methane, ethane, and propane were the main light hydro-
carbon components, of which propane accounted for the
largest percentage (14.7%). The gas product distributions
obtained from JCO and RSO were similar over the Zn/HZSM-
S catalyst, and the ethylene content was lower than that of light
alkanes.

In summary, in the presence of the Zn/HZSM-S catalyst,
these nonedible oils were well-converted into aromatics. When
using JCO as the raw material, the aromatic yield reached
50.33%. The degree of unsaturation and the number of double
bonds of feedstock were of significant importance to regulate
the product distribution and aromatics selectivity. These
results are potentially attractive for the implementation of
processes for the commercial production of aromatics from
teedstocks of different origins, which can alleviate the problems
caused by fossil resource shortages, reduce our dependence on
fossil resources, and achieve sustainable development of green
biomass resources.

3. CONCLUSIONS

In this study, the catalytic cracking and aromatization
performance of the metal-modified HZSM-S catalyst in the
pyrolysis of GT to generate aromatics and the effect of the
nonedible oil composition on the products were investigated.
The results revealed that metal species and acidity have a vital
effect on the formation of aromatics, and Zn/HZSM-5 with an
appropriate acidity and metal sites was favorable for catalytic
cracking and aromatization of triglycerides to produce
aromatics. In addition, nonedible oils were well-converted
into aromatics by Zn-supported catalysts, and the degree of
unsaturation and the number of double bonds of feedstock
were of vital importance to the synthesis of aromatics.

At present, the production of bioaromatics by the catalytic
pyrolysis of oils is not available on a commercial scale, which is
related to the availability of feedstocks and suitable catalytic
systems and catalytic reactors. The addition of metal species
into zeolites is proposed to modify the acid and textural
properties of the support improving its catalytic performance.
Future research work will also continue to focus on the
development of highly selective catalysts. The catalyst design
should be improved by suitable modifications and optimization
with the ultimate goal of the new catalyst to produce a higher
selectivity for value-added biofuels or aromatics.

4. EXPERIMENTAL SECTION

4.1. Materials. GT was selected as the triglyceride model
compound. JCO, RSO, TO, WCO and WAO were selected as
the triglyceride feedstocks for the production of aromatics by
the catalytic pyrolysis process. GT (Sinopharm Chemical
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Reagent Co., Ltd, CP,60%) and TO were obtained
commercially, JCO and RSO were extracted from their seeds
using a pressing method, and WCO and WAO were obtained
from restaurants and industrial source.

4.2. Catalyst Preparation. The untreated HZSM-S zeolite
with a Si/Al ratio of 25 was obtained from the Catalyst Plant of
Nankai University. In order to remove impurities from the
untreated HZSM-S zeolite, an ion exchange was performed
with a NH,Cl solution to convert the H-type to NH,-type, and
NH," were removed and converted to the H-type by
calcination. 100 mL of a 1 M NH,CI solution was added
into the untreated HZSM-S zeolite (the ratio of zeolite mass to
volume of the NH,Cl solution was 1/20). The mixture of the
HZSM-S zeolite and NH,Cl solution was stirred at 25 °C for 2
h. After that, the zeolite was separated by filtration and washed
three times with deionized water in order to remove residual
chloride ions. The washed sample was dried at 120 °C for 8 h
and then calcined in oxygen atmosphere at a heating rate of 2
°C/min from room temperature to 550 °C for 2 h to obtain
the parent HZSM-5 catalyst.

The M/HZSM-5 (M = Zn, Ga, In, Ni, or Mo) catalysts were
prepared by wet impregnation methods. The theoretical mass
fraction of the load metal is 1.3%. In a typical impregnation
process, a certain concentration of an aqueous solution of Zn
(NO3)2; Ga (NO3)3; In (NO3)3; Ni (NO3)2; and
(NH,)¢Mo,0,, was added into the parent HZSM-S catalyst
of S g (the ratio of parent HZSM-S mass to volume of the
metal salt solution was 1/20) under stirring at 25 °C for 2 h,
then the mixture was continuously stirred and heated to
dryness at 85 °C. M/HZSM-S catalysts were obtained by
drying at 120 °C for 8 h and calcining in oxygen atmosphere at
a heating rate of 2 °C/min from room temperature to 550 °C
for 2 h.

4.3. Catalyst Characterization. The prepared catalysts
were characterized by powder XRD, N, physical adsorption—
desorption, XPS, UV—visible DRS (UV—vis DRS), NH;—
TPD, and Py-IR. The metal element contents of the prepared
catalysts were measured by inductively coupled plasma optical
emission spectrometry (ICP-OES). The amount of coke
deposited over the catalyst after the reaction experiments
was measured by thermogravimetric analysis (TGA). The
detailed instrument information and analysis methods are
listed in the Supporting Information.

4.4. Catalytic Pyrolysis of Nonedible Oils. The catalytic
pyrolysis of nonedible oils was carried out in a laboratory-scale
fixed-bed reactor. The fixed-bed reactor tube was made of
quartz with an inner diameter of 2 cm and a length of 60 cm.
The experimental setup included a water bath pot, a feedstock
tank and pump system, a nitrogen and oxygen cylinder with a
gas mass flow meter, a tubular fixed-bed reactor, and an electric
furnace with a temperature-control heating device. The catalyst
mass was 2 g for all experiments, and N, was used as the carrier
gas in order to eliminate the entrapped oxygen gas from the
reactor and was conducted under atmospheric pressure. The
quartz reactor tube was heated by the temperature-control
heating device, and the temperature of the catalyst bed was
measured using calibrated thermocouples. After the catalyst’s
bed temperature was stable at 515 °C, WHSV (weight hourly
space velocity) of the feedstock of 2.7 h™ was fed to the
reactor by a constant flow pump. The reactor outlet product
vapors were transformed to liquid by three groups of
condensers, namely a 10 °C water condenser, a 0 °C ice-
water bath, and a =190 °C liquid nitrogen trap. The major

products generated during the process were liquid, gaseous
hydrocarbons, and coke. The collected liquid products
consisting of aqueous and organic fractions were separated
by centrifugation. The amount of the organic liquid product
and the aqueous liquid product, namely OLP and ALP (H,O
was obtained from the reaction), were measured to give the
yield of OLP and ALP, respectively. Additionally, the coke was
determined from the difference in the weight of the reaction
tube before and after the reaction. Finally, the gas products
were collected by gas-collecting bags, and the yield was
calculated by an overall mass balance. After 60 min of feeding,
the feeding system was shut down, and nitrogen was used to
purge for another 20 min before sampling. The reaction was
repeated until the catalyst was deactivated.

4.5. Analytical Methods. The FT-IR (Thermo Fisher
Nicolet Summit FTIR Spectrometer) analysis of the feedstocks
and OLPs was performed in order to distinguish the
characteristic peaks of functional groups, especially the
oxygen-containing groups in the products. The wavenumber
range was 4000—500 cm ™.

The aromatic hydrocarbon content of the OLPs was
measured by gas chromatography—mass spectrometry (Agilent
7890A/5975C) and gas chromatography (Agilent 7890A)
equipped with a flame ionization detector (FID). Both GCs
were equipped with a DB-3S capillary column (30 m X 0.32
mm X 025 pum). The methods were as follows: the
temperature of the injector was set at 260 °C, the oven
temperature was programmed to keep at 40 °C for 2 min and
then increased to 90 °C at a rate of 10 °C/min and held at 90
°C for 2 min, after that heated to 180 °C at 5§ °C/min for 2
min followed by heating at 10 °C/min to 280 °C, and held at
280 °C for 10 min. The EI voltage of the mass ion sources was
70 eV, and the mass spectral scanning range was 50—550 Da.
An External standard was applied for the major aromatics such
as benzene, toluene, o-xylene, m, p-xylene, naphthalene, 1-
methylnaphthalene, 2-methylnaphthalene, and 2,6-dimethyl-
naphthalene.

The components of gaseous products (TOS of 60 min) were
determined using a gas chromatography system (Agilent
7890B). The gas chromatographic system consisted of three
detectors. An FID equipped with HP-AL/S and a DB-1
capillary column were used for the analysis of light hydro-
carbons (C;—C;). A thermal conductivity detector (TCD)
with helium as the carrier gas was used for the analysis of CO,
CO,, and N,, and another TCD with nitrogen as the carrier gas
was used for the analysis of H,. The initial temperature of the
oven was 60 °C and was maintained for 1 min and then
increased to 80 °C at a rate of 20 °C/min, and after that, it was
heated to 190 °C at a rate of 25 °C/min and maintained there
for 1 min. The external standard method was applied for the
quantification of gaseous products. Standard gas mixtures were
used for calibration to obtain the peak retention time, peak
area, and volume content. After the GC analysis of the gaseous
product, the peak retention time and peak area of components
were obtained. The relative content of components in the
gaseous product was determined based on the relationship
between the peak area and volume content.
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