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ZSM-5 with hierarchical pore structure was synthesized by a simple two-step hydrothermal crystalliza-
tion from silica fume without using any organic ammonium templates. The synthesized ZSM-5 were oval
shaped particles with a particle size about 2.0 um and weak acid-dominated with proper Brensted (B)
and Lewis (L) acid sites. The ZSM-5 was used for catalytic co-cracking of n-octane and guaiacol, low-
density polyethylene (LDPE) and alkali lignin (AL) to enhance the production of benzene, toluene, ethyl-
benzene and xylene (BTEX). The most significant synergistic effect occurred at n-octane/guaiacol at 1:1

l;iel}i’:;offrsr;e and LDPE/AL at 1:3, under the condition, the achieved BTEX selectivity were 24% and 33% (mass) higher
ZSM-5 than the calculated values (weighted average). The highest BTEX selectivity reached 88.5%, which was
Catalytic co-cracking 3.7% and 54.2% higher than those from individual cracking LDPE and AL. The synthesized ZSM-5 exhibited
Plastics superior catalytic performance compared to the commercial ZSM-5, indicating potential application
Lignin prospect.

© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Monocyclic aromatic hydrocarbons (MAHs) such as benzene,
toluene, ethylbenzene and xylene (BTEX) are important industrial
chemicals, and are widely used in the production of chemical fiber,
plastic and rubber [1,2]. By far, the production of BTEX mainly
depends on petroleum resources via naphtha catalytic reforming
and pyrolysis gasoline hydrogenation approaches [3,4]. However,
the increasing shortage of oil resource and demand for BTEX neces-
sitates developing an alternative source to produce BTEX. As the
sole renewable carbon resource, biomass has attracted much
attention of researchers [5,6]. Strenuous efforts have been made
to produce BTEX via rapid pyrolysis and catalytic cracking of bio-
mass [7,8]. Nevertheless, due to the complicated chemical struc-
ture and high oxygen content (35%—50% (mass)) in biomass, the
rapid deactivation of catalysts due to coking and low selectivity
of target products could be the bottleneck problem countered in
the large-scale application. Catalytic cracking of biomass are prone

* Corresponding author.
E-mail address: zhixiali@gxu.edu.cn (Z. Li).

https://doi.org/10.1016/j.cjche.2023.07.006

to produce toxic polycyclic aromatic hydrocarbons (PAHs) and
phenolics [9,10]. To resolve this issue, many studies carried out
catalytic co-cracking of a co-feedstock of biomass and plastics (as
a hydrogen-rich material), demonstrating a notable effect on
enhancing BTEX production compared to the individual cracking
of biomass [11,12].

It is well known that biomass consists of cellulose, hemicellu-
lose and lignin. Every year about 50 million tons of lignin waste
residue is produced from pulp engineering, which becomes a cheap
under-utilized raw material [13]. Pyrolysis and co-pyrolysis are
suitable for lignin conversion due to its highly complex and recal-
citrant features. Even though pyrolysis of lignin is difficult (due to
easily forming coke) but lignin has the highest theoretical value to
obtain BTEX due to its rich phenyl in its chemical structure. There-
fore, a lot of research work for improving BTEX production were
conducted on catalytic co-cracking of lignin and plastics. Zhang
et al. [14] conducted catalytic co-cracking of black-liquor lignin
and different plastics, found that co-cracking with polystyrene pro-
duced the maximum aromatics yield (55.3%), while co-cracking
with polyethylene produced the maximum olefin yield (13%). Bu
et al. [15] reported that the addition of low-density polyethylene
(LDPE) into the pyrolysis process of microwave-torrefied lignin

1004-9541/© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights reserved.



H. Fu et al./Chinese Journal of Chemical Engineering 65 (2024) 92-105 93

enhanced aromatic hydrocarbon production (yield increased from
1.94% to 22.83%), promoted thermal degradation of lignin and
improved the reaction rate. Development of novel catalysts and
research on pyrolysis process for lignin are now in full swing.

ZSM-5 tends to be common catalyst used in the catalytic crack-
ing of biomass due to its uniform micropores, tunable acidity and
high hydrothermal stability [16]. However, ZSM-5 is generally pre-
pared by pure chemicals, e.g. tetraethyl orthosilicate and sodium
silicate as the silica sources, and aluminum sulfate and sodium alu-
minate as the alumina sources, as well as organic structuring agent
(OSDA). This increases the manufacturing cost and causes environ-
mental pollution (due to the released toxic waste during the
removal process of templates). Hence, it is necessary to find a
ZSM-5 synthesis method with low-cost materials and without
using an organic template. New synthesis pathway of ZSM-5 have
been developed using low-cost fly ash, kaolin and rice husk ash
[17-19]. However, these methods could not avoid the use of the
expensive OSDA [20,21].

Silica fume (SF) is a kind of primary industrial solid waste from
the smelting process during the production of elemental silicon
and ferrosilicon alloys [22]. SF is a largely amorphous form of sili-
con dioxide, and typically exhibits a light weight, large specific sur-
face areaq, fine grained (particle size < 1 pum) and high activity. It is
difficult to deposit and treat, and can’t be used efficiently. This
results in the waste of resources and environmental pollution. At
present, SF is mainly applied in concrete and refractory materials
[23,24]. Only a few of studies were carried out to use SF to produce
mesoporous silicate materials [25] and microporous zeolite SSZ-13
[26]. The potential of SF as the silica source to synthesize zeolite
catalysts needs to be explored in depth.

In the present work, ZSM-5 zeolite was prepared using SF as sil-
ica source via a simple two-step crystallization method without
using any OSDA. The catalytic performance was evaluated by co-
catalytic cracking of LDPE and alkali lignin (AL), as well as their
pyrolysis vapor model compounds (n-octane and guaiacol) to aim
for enhancing the BTEX production from co-cracking of plastics
and biomass.

2. Materials and Methods
2.1. Chemicals and pretreatment of SF

Sodium hydroxide (NaOH, >96%), ammonium chloride (NH4Cl,
>99.5%), sodium sulfate (Na,SO4, >99%) and sodium aluminate
(NaAlO,, >50%) were purchased from Guangdong Guanghua Sci-
Tech Co., Ltd, China. Hydrogen chloride (HCl, 36%—38% (mass))
was supplied by Chengdu Chron Chemicals Co., Ltd, China. LDPE
(M, and M,, of LDPE are 93952 and 17898, respectively) was pur-
chased from Shandong Shenhua Chemical Technology Co., Ltd,
China. AL, n-octane (99%) and guaiacol (99%) were purchased from
Shanghai Macklin Biochemical Co., Ltd, China. All chemicals were
used as received. Commercial ZSM-5 (CZ, SiO,/Al,03 = 27) was
purchased from Nankai University Catalyst Co., Ltd, China. SF was
purchased from Henan Hengyuan New Material Co., Ltd, China.

The chemical composition of SF analyzed by X-ray fluorescence
spectrometry (XRF) is shown in Table 1. Virginal SF is mainly com-
posed of SiO, with a small amount of Fe,03, Al;05 and MgO, etc. In
order to decrease the inhibitory action of the impurity in SF on the

synthesis of ZSM-5, SF was washed with 10% (mass) HCl aqueous
solution (at a SF/HCI mass ratio of 1:4) at 90 °C for 6 h under stir-
ring. The acid-washed solid sample was filtered, washed, dried and
calcinated at 550 °C for 6 h, and named as SF-A. As shown in
Table 1, the Fe,03 content in SF-A obviously reduced, but the con-
tents for other metal oxides slightly increased after acid washing.

2.2. Preparation of ZSM-5 from SF-A

ZSM-5 with a SiO,/Al,03 molar ratio of 30 was prepared by a
two-step crystallization method. Firstly, 4.56 g SF-A, 0.5 g NaAlO,,
and 0.1 g NaOH were dispersed in 10 g H,O and stirred for 1 h at
room temperature. The mixture was transferred into a Teflon-
lined autoclave and maintained at 180 °C for 12 h (first step).
Secondly, after cooling to room temperature, the obtained colloidal
solid sample was mashed by using a pestle to form a smooth paste,
and then mixed with a certain amount of NaOH and 20 g H,0, and
further stirred for 1 h at room temperature. The resultant mixture
was transferred into a Teflon-lined autoclave and crystallized at
180 °C for different times (second step). The obtained solid parti-
cles were filtered, washed and dried, followed by ion exchange
twice with 1 mol-L~! NH,4CI solution (at a solid/liquid ratio of
1/15 (g-ml™')) at 90 °C for 3 h. The obtained solid product was
filtered, washed, dried and calcined at 550 °C for 6 h to obtain
the SF-based ZSM-5 (SFZ). The samples were tabled, crushed and
meshed to 20-40 mesh (0.425-0.850 mm) for subsequent catalytic
cracking experiments. Here, the effects of the addition amounts of
NaOH (x) and crystallization time (t) in the second step on the
crystallinity of samples were investigated. The obtained samples
were named as SFZ-xNaOH and SFZ-t, respectively.

2.3. Characterization of catalysts

The chemical composition of the samples was analyzed by XRF
with an ARL Perform X4200W spectrometer. The crystalline
characteristics of the samples were analyzed using a Rigaku
D/max 2500v X-ray diffractometer (XRD). The microstructure of
the samples was observed using a ZEISS Sigma 500 scanning
electron microscope (SEM). The Fourier transform infrared
spectroscopy (FTIR) measurement was carried out on a Nicolet
6700 spectrometer. N, adsorption-desorption experiments of all
samples were carried out by a NOVA 2200e instrument. Prior to
adsorption, all samples were degassed at 300 °C for 3 h. The
Brunauer—Emmett—Teller (BET) surface area was calculated with
the relative pressure ranging from 0.04 to 0.25. The total pore
volume was derived from the adsorbed amount at P/Py = 0.99.

The acidity of zeolites was analyzed by temperature pro-
grammed desorption of NH3 (NH5-TPD), which was performed on
an AMI-300Lite chemisorption apparatus. The detail about deter-
mination was revealed in our recent study [27]. The types of acid
sites on zeolites were analyzed by in situ pyridine adsorption infra-
red spectroscopy (Py-IR) on a Tensor II FTIR spectrometer. The
sample was pretreated at 300 °C under argon atmosphere for
2 h. After cooled to 30 °C, the pyridine was adsorbed for 10 min
(pyridine was brought in using an argon flow at a flow rate of
10 ml-min~'). The sample was heated up to the demand tempera-
ture and remained at this temperature for 5 min, and then the IR
spectrum of the sample was recorded.

Table 1

Chemical composition of SF and SF-A analyzed by XRF (% (mass))
Sample Si0, Al,03 Fe,03 Ca0 TiO, K,0 MgO
SF 96.05 0.162 0.197 0.0162 0.0188 0.0179 0.0744
SF-A 96.84 0.171 0.021 0.0241 0.0222 0.0254 0.0811
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2.4. Catalytic cracking tests

Firstly, n-octane and guaiacol were selected as the model com-
pounds in the pyrolysis vapor of LDPE and AL, respectively, and
catalytically cracked in a fixed bed quartz tube reactor (inner diam-
eter: 10 mm; length: 400 mm). In a typical run, 0.3 g of catalysts
was loaded into reactor, and heated to a desired temperature
(450 °C to 600 °C) in N, stream (flow rate: 30 ml-min~'). The feed-
stock (0.3 g) was then injected into the reactor by a syringe pump
(weight hourly space velocity (WHSV) = 6 h™') and reacted for
8 min. After flowing out from reactor, the cracked products were
cooled at a cooling bath (—10 °C). The gaseous product was col-
lected with the drainage method and analyzed according to the
method described in our previous study [28]. The liquid product
was weighed and analyzed by GC-MS (gas chromatography —
mass spectrometer, Agilent 5975C) and GC-FID (gas
chromatography — flame ionization detector, GC-17A, Shimadzu).

In addition, LDPE and AL (the total mass: 0.3 g) were catalyti-
cally cracked to produce BTEX. In this case, solid samples were
filled in a quartz basket, and slowly pushed into the reactor and
reacted for 8 min at the given temperature. In order to improve
the AL conversion and BTEX selectivity, catalytic cracking of co-
feedstock of LDPE and AL was conducted at different LDPE/AL mass
ratios (0:1, 0.25:0.75, 0.5:0.5, 0.75:0.25 and 1:0).

The liquid yield (Yy), solid residue yield (Ysg), coke yield (Ycoke)
and gas yield (Yg) were calculated by the following equations.
The relative content of specific component in liquid determined
by the peak area normalization method was considered as the
selectivity (Eq. (5)). The yield of each component was obtained
by multiplying the selectivity with the Y; (Eq. (6)). The hypotheti-
cal value of BTEX selectivity during co-cracking reaction was calcu-
lated by Eq. (7) [29]. It is inferred that when the experimental
value is higher than the calculated value, a synergistic effect
between two feedstock occurs during co-cracking reaction.

M
YL:M—gxloo% (1)
M
Yo = WS; x 100% @)
Yeoke = Ma ~ Mo 100% (3)
MCO
YG =1- YL - YSR - Ycoke (4)
SBTEX = Xbenzene T Xtoluene + Xethylbenzene + Xxylene (5)
Yi=xixYL (6)
Suptex = ¥ % Stope + (1 —¥) x SaL (7)

where M, is the mass of liquid product, My is the mass of the raw
material; Msg is the mass of solid residue; M.y and M,; are the mass
of the catalyst before and after reaction; x; is the area percentage of
each component in the liquid determined by the peak area normal-
ization method; Sy_prex is the hypothetical value of BTEX selectivity,
y is the mass fraction of LDPE in the co-feedstock; S;ppg and Sy, are
the experimental BTEX selectivity when LDPE and AL are individu-
ally cracked.

The use stability of catalyst was determined by cracking the co-
feedstock of LDPE and AL (LDPE/AL = 0.5:0.5) for ten times (feed
0.3 g and react for 8 min every time) over the catalyst at 550 °C,
followed by regenerating the catalyst via calcination in air atmo-
sphere. Such ten times’ reactions-regeneration circles were
repeated for three times.

3. Results and Discussion
3.1. Characterization of catalysts

3.1.1. Crystallization and morphology of samples

Both XRD patterns of SF-A and SF were similar and showed a
broad amorphous feature (the figures are not shown here), demon-
strating that SF-A and SF mainly contain amorphous silica. SEM
images (Fig. S1 in Supplementary Material) showed that both SF
and SF-A were spherical particles, and SF-A exhibited more smooth
grain surface, indicating that those small impurity particles have
been removed away by acid washing.

The XRD patterns of the samples undergoing the first step
crystallization are shown in Fig. 1(a). As can be seen, after 12 h’s
crystallization, the sample (S1-12) exhibited slight characteristic
peaks at 20 = 7.8°, 8.8°, 23.1°, 23.7° and 24.2°, indicating the
appearance of crystal seed of ZSM-5 (PDF-43-0321) [30]. As seen
in Fig. 1(b), the diffraction peaks due to MFI structural characteris-
tics became sharp and intense after the second step crystallization.
SFZ-0.5NaOH achieved the highest crystallinity of ZSM-5 and no
impurity peaks were observed, confirming that 0.5 g is the suitable
addition amount for producing ZSM-5. When NaOH was added
exceeding 0.6 g, the high alkalinity led to the formation of a more
stable quartz phase [31].

As shown in Fig. 1(c) and (d), the relative crystallinity of
samples (calculated based on the sum of peak areas between
20 = 7.8°-25° from XRD pattern of samples compared to that of
commercial ZSM-5) increased significantly with extending crystal-
lization time before 24 h, and then gradually increased after 24 h
(the crystallinity was 65.8% at 24 h and 85.6% at 72 h). This could
be due to the decreased available silica-alumina raw materials in
crystallization liquid.

As shown in Fig. 2(a) and (b), sample before crystallization reac-
tion (S1-0) was spherical particles. After the first step crystalliza-
tion reaction (S1-12), the interfaces between spherical SF
particles became blurred, and these spherical particles trended to
agglomerate into larger aggregates with some small particles
adhering to the surface of larger aggregates. These results indicate
that the original SF particles could be first corroded and softened,
and then agglomerate into larger particles, accompanied by the
formation of the crystal nucleus of ZSM-5 framework. In fact, the
crystallization liquid became more and more sticky with extending
crystallization time, consequently producing paste product after
the first-step crystallization.

Fig. 2(c)-(f) show the SEM images of samples from the second
crystallization step for different crystallization times. As can be
seen, a core-shell structured oval shaped particles were formed
during crystallization process. The activated SF gel particles could
compose the core, and the newly formed aggregates of the small
crystals compose the shell. With extending crystallization time,
the core disappeared gradually and the shell grew more complete,
consequently leading to the formation of oval shaped particles
with diameter of about 2.0 pm.

Fig. 3(a) shows FTIR spectra of samples from the first and sec-
ond step crystallizations. The absorption bands at 450 cm,
790 cm~!, 1100 cm™! result from Si—O—Si bending vibration,
T—O stretching vibration (T represents Al or Si), and Si—O0-—Si
asymmetric stretching vibration, respectively. The bands at
3620 cm~' and 3721 cm™! are attributed to the vibrations of
framework bridging OH groups (Si—OH—AIl) and the terminal
Si—OH groups, respectively [32,33]. The bands at 450 cm™! and
3620 cm~! are observed in S1-12 and SFZ-24, but absent in the ini-
tial mixture of materials (S1-0), indicating that the crystal nucleus
precursor of aluminum silicate zeolites have been produced during
the first step crystallization [34]. The band at 550 cm ' and
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Fig. 1. XRD patterns of samples: the effect of crystallization time in the first step (a), different NaOH amounts (b) and crystallization time in the second step (c), (d) is the
relative crystallinity of samples in the second step with extending crystallization time.

1221 cm! are identified as the double five-membered ring vibra- aggregating on the surface of colloidal particles, therefore, we
tion of ZSM-5 framework and the asymmetric stretching vibration inferred that the crystallization reaction likely follows an in-situ
of four chains of the five-membered ring structure, respectively solid hydrogel transformation mechanism [36]. The presence of
[32,35]. The results confirmed the MFI crystal structure of the pre- Na* helped to form the primary aluminosilicate species of five-
pared zeolites. membered structures in the gel particles, and subsequently facili-

The 2’Al MAS NMR spectroscopy was measured to analyze the tate the condensation or rearrangement of the primary structure
environment of Al species in zeolites. As can be seen in Fig. 3(b), building units, consequently leading to the formation of spherical
S1-0 displayed two sharp peaks at 54 (framework tetrahedral Al ZSM-5 particles which are actually aggregates of small cubic
species, AIFW) and around 7 (extra-framework octahedral Al spe- crystals.

cies, AIEFW), while SFZ-24 showed only a sharp peak at 54, demon-
strating that the most of AIEFW have been transferred into AIFW 3.1.2. Acidity analysis

during crystallization process. NH;5-TPD profiles of samples are shown in Fig. S2. All samples
Combining the above analysis, a possible route for the forma- showed two desorption peaks centered about 230 °C and 450 °C,
tion of ZSM-5 via the simple two-step crystallization method is which are generally attributed to the adsorbed ammonia on weak
proposed in Fig. 4. In the first step, the SF and sodium aluminate and strong acid sites, respectively [37]. The acidity amount and
were firstly hydrolyzed, and then condensation reaction occurred acidity strength distribution were obtained by integrating the
between the resultant Si—OH and Al—OH groups to produce a vis- two peak areas. As can be seen from Table 2, all samples were weak
cous silica—alumina gel containing Si—O—T (T = Si or Al) structure. acids-dominated materials, and the total acid amount increased,
Crystal nucleus precursor of zeolite could be formed in this stage, companied by the decrease of SiO,/Al,03 ratio of the samples with
as evidenced by formation of the five-membered ring of ZSM-5 extending the crystallization time. These results indicate that more
from FTIR analysis. In the second step, the gel precursor was aluminum atoms entered the framework of zeolites with extend-
ground and mixed with a certain amount of NaOH aqueous solu- ing crystallization reaction, and thus produced more acidic sites
tion, a colloidal suspension was produced. Afterwards, ZSM-5 [38].
framework was gradually formed via in situ self-assembly on the Py-IR spectra from different samples are shown in Fig. 5. The
surface of colloidal particles with extending crystallization time. bands around 1537 cm™' and 1448 cm™! are attributed to the

As observed in SEM images, the particles size at 8 h, 24 h and adsorption of pyridine on the Brensted (B) and Lewis (L) acid sites,
48 h were almost similar, and the newly formed small crystals respectively [39]. The band at 1484 cm™! is due to the vibration of
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Fig. 2. SEM images of samples from the first and second step crystallization, S1-x (the first step), x = 0, 12 h; SFZ-x (the second step), x = 8, 24, 48, 72 h, representing different
crystallization times.

b
®) —SI1-0
——SFZ-24
54
: z
= a
< Pt
E
‘
:
! ! e
1 1
I 1
L ll T T T T T Il L ’l — T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 150 100 50 0 -50 -100 -150
Wavenumber/cm™' Chemical shift

Fig. 3. FTIR spectra (a) and 2’Al MAS NMR spectra (b) of samples after the first and second step crystallization.
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Fig. 4. Possible pathways for the synthesis of SFZ zeolites.

Table 2
Acid property of samples from different crystallization times.
Samples Si0,/Al,03® Acid amount/mmol-g~! S/W@ B/L B/L
Total acidity Strong acidity Weak acidity (150°C) (350°0)
(74 27.00 1.62 0.66 0.96 0.69 - -
SFZ-4 28.08 0.38 0.13 0.25 0.52 0.74 0.99
SFZ-24 26.04 1.02 0.34 0.68 0.50 0.95 1.44
SFZ-48 25.39 1.11 0.39 0.72 0.54 1.06 1.65
SFZ-72 25.01 1.11 0.39 0.72 0.54 0.74 1.30
@ Analyzed by XRF.
@ Determined by NH3-TPD (S represents strong acidity; W represents weak acidity).
(a) ——SFZ-4 ——SFZ-24 —— SFZ-48 ——SFZ-72 (b)——SFZ-4 ——SFZ-27 —— SFZ-48 ——SFZ-72
L
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Fig. 5. Py-IR spectra of samples desorbed at 150 °C (a) and 350 °C (b).

the pyridine ring on both the B and L acid sites. As can be seen,
both bands for B and L acid sites increased with extending crystal-
lization time, indicating that the crystallization degree of samples
was improved. However, the band intensity for L acid significantly
decreased after desorption at 350 °C while the intensity of B acid
sites remained unchanged, indicating that the B acid sites are
mainly responsible for the strong acidic sites [40]. The B/L value
of samples (calculated by integrating the peak area of the adsorp-
tion bands) desorbed at 150 °C and 350 °C were 0.74-1.06 and
0.99-1.65 (Table 2), indicating that the as-prepared ZSM-5 is a
weak acid-dominated catalyst with abundant B and L acid sites.

3.1.3. Textural properties of zeolites

The N, adsorption/desorption isotherm curves are shown in
Fig. 6(a). As can be seen, the CZ was typical I-type isotherms with-
out any hysteresis loop even at a high relative pressure, indicating
that the CZ is micropore-dominant material. The synthesized zeo-
lites were IV-type isotherms with a H4 hysteresis loop at 0.45P/P,,
indicating that the synthesized zeolites are a micro- and meso-
pores coexisting structure. In addition, the absorption isotherms
indicate that the mesopores are connected to the micropores sur-
face, causing capillary condensation effect on the intracrystalline
channels and surface of zeolite [41]. Fig. 6(b) showed the pore size
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Fig. 6. N, adsorption-desorption isotherms (a) and pore size distributions (b) of the as-synthesized zeolites.

distribution of the synthesized zeolites, centered at about 2.5 nm
with a small amount of mesopores about 11 nm. As shown in
Table 3, the specific surface area (Sggr), the mesopores volume
(Vimes) and average pore diameters (D,yer) Of the samples increased
with increasing crystallization time. These could be attributed to
the growth of crystals and the aggregation of small crystals, lead-
ing to forming more intra-crystals microspores and inter-crystals
voids (mesopores).

3.2. Catalytic performance

3.2.1. Catalytic cracking of n-octane and guaiacol

n-Octane and guaiacol were selected as the model compounds
in pyrolysis vapor of LDPE and lignin, respectively, and cracked
at different temperatures on SFZ-48 (with the highest acid
amount). As shown in Fig. 7(a), The Y, from cracking n-octane
retained around 10% at the tested temperature range from 450 to
600 °C, while the BTEX selectivity significantly increased with
the rise of reaction temperature and reached the maximal value
at 600 °C (85.1%). The BTEX products at 600 °C contained toluene
(45.3%), m,p-xylene (24.4%), benzene (6.0%), o-xylene (7.0%) and
ethylbenzene (2.5%). A high temperature about 550-600 °C is
favorable for producing BTEX from cracking n-octane.

As shown in Fig. 7(b), the liquid products from cracking guaiacol
mainly consisted of indene, phenols and naphthalenes with a small
amount of benzene and toluene. The phenols decreased with
increasing reaction temperature, accompanied by a significant
increase in the selectivity to polycyclic aromatic hydrocarbons
(PAHs) e.g. naphthalenes and indene. Even though the selectivity
to benzene and toluene was improved at a higher temperature,

however, the high temperature led to a lower Y, and a high PAH
selectivity, therefore, 550 °C could be the ideal temperature for
producing BTEX from cracking guaiacol.

The gas products from cracking both model compounds mainly
contained light alkanes (C;4) and light olefins (C54). However,
cracking n-octane obtained more propane while cracking guaiacol
produced more methane. The light olefins selectivity from both
model compounds increased with the rise of temperature, and
reached the maximal value at 600 °C, 36.4% for n-octane and
40.9% for guaiacol (Fig. 7(c) and (d)), respectively. These light ole-
fins are essential intermediate products to form aromatic hydro-
carbons via Diels-Alder reaction [42].

Based on the above analysis on gas and liquid products, it was
considered that the product distribution is strongly dependent on
the chemical structure of raw materials. Cracking n-octane on the
acid sites of catalysts can produce C;—C; fragments including light
alkanes and alkenes [43]. Especially due to the low bond energy
the middle C—C bond in the n-octane long chain can be easily bro-
ken at a high temperature, consequently leading to the formation
of more propane and propylene. BTEX can be produced via the
direct cyclization of Cs—C5, followed by dehydrogenation reaction,
and also via oligomerization and Diels-Alder reaction from light
olefins [44].

The methyl and methoxy groups of guaiacol are easily removed
at a high temperature, consequently producing methane in gas
product and phenols [45]. Phenols further react with methyl or
alkyl radicals to form alkylphenols (e.g. 2,4-xylenol, 2-
propylphenol). Meanwhile, phenyl radicals could be produced by
deoxygenation reaction (or dehydration) of phenols, and after-
wards probably transfer into benzene and toluene after combining

Table 3

Textural properties of the samples from N, adsorption-desorption experiments
Sample Surface area/m?.g ! Pore volume/cm?.g~! Daver/

> I nm
Ser® Smic? Sext Viotar® Vinic® Vines

cz 350.72 32717 23.55 0.204 0.161 0.043 1.8209
SFZ-4 68.76 50.68 18.08 0.045 0.020 0.025 2.2874
SFZ-12 270.03 246.66 23.37 0.122 0.093 0.029 1.7496
SFZ-24 290.07 266.08 23.99 0.151 0.117 0.034 1.7917
SFZ-36 321.01 292.30 28.71 0.137 0.101 0.036 1.8080
SFZ-48 358.57 311.19 47.38 0.176 0.122 0.054 1.9676
SFZ-72 356.84 309.95 46.89 0.173 0.121 0.052 1.9428

@ BET method.

2 t-Plot method.
@ Volume adsorbed at P/Py = 0.99.
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Fig. 7. The product yields and selectivity from catalytic cracking of n-octane (a, ¢) and guaiacol (b, d) at different temperatures.

active hydrogen or methyl radicals. Naphthalenes are formed by
the coupled reaction of phenyl radicals [46,47]. The formation of
a lot of indenes could be attributed to the oligomerization of ben-
zene with light olefins.

In addition, catalytic cracking of co-feedstock of n-octane and
guaiacol were carried out at 550 °C. As can be seen in Fig. 8(a), with
increasing the n-octane/guaiacol mass ratios (O/G ratio), the BTEX
selectivity, especially toluene and m,p-xylene, significantly
increased, while the Y, and the selectivity to PAHs (e.g. indene
and naphthalenes) substantially decreased. As shown in Fig. 8(b),
the propane selectivity obviously increased but those of methane,
propylene and ethylene significantly decreased with increasing the
O/G ratio. Meanwhile, the Y continued to increase with the rise of
0/G ratio. These results indicate that the presence of n-octane sig-
nificantly accelerated the formation of gas products (especially
propane) and promoted the BTEX selectivity in liquid products.
This result was consistent with those from individual cracking of
n-octane and guaiacol.

Fig. 8(c) shows a comparison between the calculated values (ac-
cording to the Eq. (7)) and the experimental values of BTEX selec-
tivity at different O/G ratios. The experimental values were always
higher than the calculated values, and the largest difference
between two values (24%) occurred at the O/G ratio of 0.5:0.5, indi-
cating that two materials have significant synergistic effect on
enhancing BTEX production during co-cracking process. The syner-
gistic effect could be attributed to several paths (Fig. 9): (i) crack-
ing n-octane can produce Cg—C; fragments, which can be
transferred into BTEX via direct cyclization and dehydrogenation
reaction. (ii) cracking n-octane can also produce a large number
of light olefins, which form a hydrocarbon pool, and thus facilitate
the Diels-Alder reaction, consequently leading to the formation of

BTEX [48]; (iii) guaiacol tends to transfer into phenol and catechol
after undergoing demethoxylation and demethylation reactions,
these phenols can further convert into phenyl radicals after under-
going deoxygenation reaction. These phenyl radicals could com-
bine with the methyl or ethyl groups (cracking intermediates
from n-octane) to produce toluene, xylene and ethylbenzene
[46], and/or transfer into benzene by combining active H radicals.
Besides, PAHs e.g. naphthalenes (as undesired products) can be
formed via coupled reaction of phenyl radicals.

3.2.2. Catalytic cracking of LDPE and AL

Lignin is the most thermal stable and has the highest theoretical
yield to obtain BTEX among the three main components of bio-
mass. Here, cracking of alkali lignin (AL), LDPE and co-feedstock
of AL and LDPE were carried out to enhance the production of
BTEX. As shown in Fig. 10(a), the Y from cracking LDPE at the
tested temperature range varied from 11.6% to 22.0%, and the high-
est BTEX selectivity was 86.7% achieved at 550 °C, which included
toluene (43.5%), m,p-xylene (26.2%), benzene (7.1%), ethylbenzene
(3.1%) and o-xylene (5.2%). The Y, from LDPE was obviously higher
than that from n-octane (model compound), which could be due to
the pyrolysis vapor (with larger molecular) from LDPE merely
undergoing preliminary cracking on zeolites in a limited time, con-
sequently avoiding further cracking reaction to produce gas. How-
ever, the BTEX selectivity was similar to that of the n-octane,
indicating that LDPE and n-octane follow similar cracking reaction
mechanism.

The liquid product from individually cracking AL mainly con-
tained naphthalenes, m,p-xylene, toluene, o-xylene, indene and
2-methylbenzofuran (Fig. 10(b)). The Y; and BTEX selectivity were
obviously improved by increasing reaction temperature, however,
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the high temperature (550-600 °C) resulted in the increase of PAHs
such as naphthalenes and indenes. Compared to cracking guaiacol
(the main product were indenes 30% and phenols 20%), cracking AL
obtained a lower Y| (22% at 550 °C) but produced more naphthale-
nes (e.g. 35% at 550 °C) and xylenes (e.g. 27% at 600 °C), which
could be attributed to the difference on the chemical structure of
feedstocks. The side chains of benzene ring of guaiacol are methoxy
and hydroxyl groups, it is easy to form stable phenols (e.g. 2, 4-
dimethylphenol, 2-propyl phenol) via demethoxylation and
demethylation reactions. AL is a composite of dimer, trimer and
even polymer of phenyl propane, and thus during the cracking pro-
cess AL is firstly pyrolyzed into vapor, the vapor is then catalyti-
cally converted on the active sites of zeolites. A large amount of
phenyl and methyl radicals in pyrolysis vapor are active and easily
combine with each other to form methylnaphathalene, dimethyl-
naphathalene, toluene and xylenes.

As can be seen in Fig. 10, for both feedstock, the gas yields are
relatively lower while BTEX selectivity are relatively higher at
550-600 °C, indicating the 550-600 °C is the ideal temperature
range to obtain liquid product e.g. BTEX. Propane selectivity signif-
icantly decreased while that of ethylene increased with increasing
temperature, indicating that propane trends to crack into ethylene
at a high temperature. More propane and propylene were present
in the gas product from cracking AL compared to crack guaiacol,
indicating that gas products mainly derive from the breakage of
side chains of phenyl propane structural units.

Catalytic co-cracking of LDPE and AL was carried out at 550 °C,
and the product distribution from cracking the co-feedstock is
shown in Fig. 11. As can be seen, the Y, remain at about 20% at
any raw material ratios. The BTEX selectivity significantly

increased while the selectivity to naphthalenes obviously
decreased with increasing the LDPE/AL ratio, indicating that adding
a certain amount of LDPE in feedstock significantly restrains the
formation of the undesirable PAHs, but enhances producing valu-
able MAHSs. The highest BTEX selectivity (88.5%) was achieved at
a LDPE/AL ratio of 0.5:0.5, which was 3.7% higher than cracking
of LDPE and 54.2% higher than cracking of AL. The experimental
BTEX selectivity from cracking of co-feedstock were always higher
than those calculated values (Fig. 11(c)), indicating that LDPE and
AL have a strong synergistic effect on enhancing the BTEX produc-
tion during co-cracking process [11,49].

The products composition from cracking LDPE, AL and co-
feedstock at 550 °C is shown in Table S1. Cracking AL mainly
formed naphathalenes (including 1-methylnaphthalene and 2,7-
dimethylnaphthalene), m,p-xylene and toluene. The cracking prod-
ucts from LDPE and co-feedstock were similar, and mainly
included toluene, m,p-xylene and benzene. This indicates that the
formation of naphthalenes is restrained by mixing LDPE with AL.
By combining our studies with data published in literatures, the
reaction mechanism for catalytic co-cracking of AL and LDPE is
proposed in Fig. 12. At a high temperature, the ether bonds in
the AL break to form a large number of phenoxy and benzene rad-
icals while release methyl and methoxy radicals (Route 1); these
unstable radicals combine with each other to produce the desired
components e.g. toluene and xylene (Route 2) as well as the unde-
sired components e.g. naphthalenes (Route 3). Cracking LDPE pro-
duces a large amount of long and short-chain alkanes and olefins
(Route 4). The long chain alkanes and olefins above Cg can be
directly cyclized and dehydrogenated to produce aromatics (Route
5) when they pass through the catalyst bed. The short olefins form
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“hydrocarbon pools”, which undergo oligomerization reaction and
Diels-Alder reaction to grow the chains, followed by cyclization
and dehydrogenation to produce aromatics (Route 6) [50,51]. The
large amount of alkyl radicals (from cracking of LDPE) can combine

with phenyl radicals (from cracking of AL) to produce more
toluene and xylene (Route 7), consequently preventing coupling
reaction between phenyl radicals to form PAHs e.g. naphthalenes
and coke.
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Fig. 13. The yields and distributions of liquid and gas products with SFZ-48 and CZ in three consecutive reactions-regeneration cycles.

The catalytic performance of SFZ-48 was compared with that of
CZ at 550 °C. As can be seen in Fig. S3, the SFZ-48 achieved a higher
Y: from cracking co-feedstock, and a slight higher BTEX selectivity
upon cracking three feedstocks compared to CZ. This could be
attributed to the proper acidity and novel porous structure of
SFZ-48. The weaker acidity and proper B and L acid sites distribu-
tion help to restrain coking of cracking vapor on the surface of cat-
alyst, while the hierarchical micro-/meso-pores coexisting
structure allows cracking vapor rapidly entering the micropores
of catalyst, consequently promoting the formation of BTEX. We
conducted control experiment via pyrolysis of the co-feedstock
(LDPE/AL = 0.5:0.5) with quartz (as heat-transfer medium) at
550 °C, and compared the cracking effect of different catalysts at
different catalyst dosages (0.3 g, 0.45 g and 0.6 g). As shown in
the Fig. S4, the order of liquid yields for three catalyst dosages
are SFZ-48 > CZ > quartz (for instance, 13% for quartz, 17.5% for
CZ and 21% for SFZ-48 at the catalyst dosage of 0.3 g); except for
quartz (BTEX selectivity remained about 73%), BTEX selectivity
increased with increasing catalyst dosage, reaching 90.6% for CZ
and 92.1% for SFZ-48 at a catalyst dosage of 0.6 g, which are 5.4%
and 4.6% higher than those from 0.3 g. The results show that the
increase of catalyst dosage improved the BTEX selectivity in pro-
duct, and SFZ-48 showed superior catalyst performance than the
commercial ZSM-5. In another study, alkaline immersing-treated
ZSM-5 (Si0O;,/Al,03 = 35) were used for co-cracking of milled wood
lignin and high density polyethylene with a fixed bed [52]. The
obtained BTEX selectivity was 71.8%, which was 15.7% lower than
that achieved in present study (87.5%). These results prove that the
prepared catalyst is comparable with the commercial ZSM-5, sug-
gesting the potential application prospects.

3.2.3. The stability of catalyst

As shown in Fig. 13(a), Y. increased with the rise of reaction
cycles, but BTEX selectivity significantly decreased with increasing
reaction times, especially in the third cycle. Yg significantly
decreased with increasing reaction times and cycles, accompanied
with the increase of light olefins (C3_4) selectivity regardless of CZ
or SFZ-48. The average Yo Of SFZ-48 and CZ after first, second
and third cycles reached 9.9%, 12.1%, 15.3%, and 10.9%, 13.8%,
16.5%, respectively. The formation of more coke on CZ is mainly
attributed to its strong acid sites [53]. Such variation trends of yields
and distributions of liquid and gas products could be attributed to
the structural damage and increasing coke deposition (especially in
the micropores) on catalysts, which lead to the decrease of catalytic

activity on cracking and aromatization reactions. Besides, it is note-
worthy that in each cycle, BTEX selectivity from SFZ-48 were always
higher than those from CZ, suggesting the better catalytic perfor-
mance of SFZ-48 for enhancing the production of BTEX.

After the first and second regeneration, BTEX selectivity recov-
ered about 80% and 60% of the initial value, but continuously
decreased as the reaction proceeded. The spent catalyst (after ten
time’s consecutive reactions) was analyzed by NHs-TPD and N,
adsorption—-desorption experiments (Fig. S5, Table S3). The total
acid amount of the used SFZ-48 dropped to 0.55 mmol-g ! and
was recovered to 0.89 mmol.g~! after regeneration, which were
lower than that of fresh SFZ-48 (1.11 mmol-g~!). The specific sur-
face area, pore volume and pore size of the used SFZ-48 decreased
significantly after cracking reaction, but increased after regenera-
tion. These results indicate that the use stability of catalyst needs
to be further improved via optimizing synthesizing process to pro-
mote the crystallization degree of zeolites.

4. Conclusions

ZSM-5 with hierarchical pore structure was synthesized by a
simple two-step hydrothermal crystallization from silica fume
without using any organic ammonium template. The resultant
ZSM-5 were oval shaped particles with a particle size about
2.0 pum consisting of the aggregate of small crystals, and had proper
acidity with abundant B and L acid sites. The resultant ZSM-5 was
used for catalytic co-cracking of n-octane and guaiacol, LDPE and
AL to enhance the BTEX production. The most significant synergis-
tic effect occurred at n-octane/guaiacol at 1:1 and LDPE/AL at 1:3,
as analyzed that the experimental BTEX selectivity were 24% and
33% higher than the calculated values. The highest BTEX selectivity
reached 88.5%, which was 3.7% and 54.2% higher than those from
cracking LDPE and AL alone, respectively. The alkyl radicals
(derived from cracking of LDPE) combine with phenyl radicals
(from cracking of AL) to produce more toluene and xylene, which
significantly contributes to the synergistic effect on enhancing
the BTEX formation. Our study developed a green process to syn-
thesize ZSM-5 from industrial solid waste and produce valuable
fine chemicals from co-cracking of biomass and waste plastics.
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