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omatic hydrocarbons from lignin
derivatives by catalytic cracking over a SiO2–Al2O3

catalyst†

Dequan Zhang,ac Xinghua Zhang, *b Han Yin,c Qingqi Zheng,a Longlong Ma,bc

Song Li, c Yuchun Zhang*a and Peng Fu *a

Catalytic cracking of phenolic compounds to aromatic hydrocarbons is vital to the utilization of lignin. In this

work, pristine amorphous SiO2–Al2O3 was used as a catalyst to produce aromatic hydrocarbons from

lignin-derived phenolics by catalytic cracking using methanol as the solvent. These catalysts were

characterized by various techniques (XRD, NH3-TPD, Py-IR, etc.) and evaluated on a fixed bed reactor

using guaiacol as a model compound. The effects of reaction temperature, the flow of carrier gas, the

molar ratio of guaiacol to methanol, and WHSV were investigated. 33-SA (SiO2–Al2O3 with the SiO2

content of 33%) exhibited the best catalytic activity due to its high content of Lewis acid sites (168.47

mmol g−1). Co-feeding with methanol promoted the removal of oxygen atoms and improved the

reaction system H/Ceff. Under the optimal conditions of 400 °C, 25 mL min−1 N2, a molar ratio of

methanol to guaiacol of 25, and WHSV of 8/3 h−1, the yield of aromatic hydrocarbons reached 57.93%.

The deactivating species in the transformation of guaiacol into aromatic hydrocarbons on catalysts were

also studied.
1. Introduction

Lignin is the only plant resource with a benzene ring structure
and has been investigated as a promising alternative energy
source for the production of biofuels,1–3 aromatics,4,5 mono-
meric phenols6,7 and other derived chemicals. Fast pyrolysis is
considered one of the most promising methods for converting
lignin into liquids (bio-oil). However, the application of bio-oil
is limited due to its high oxygen content, poor stability, low
caloric value and high corrosiveness. Therefore, pyrolysis oil
must be catalytically upgraded before it can be used in the fuel
industry. Guaiacol is a typical lignin derivative containing the
major functional groups of lignin-derived phenols, such as
hydroxyl and methoxy groups. The catalytic upgrading of
guaiacol to aromatic hydrocarbons is essential to improve the
quality of bio-oil.

Many methods such as thermal cracking, catalytic cracking,
and hydrogenation, have been developed to transform bio-oil.8,9
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tion (ESI) available. See DOI:

0839
Direct cracking of bio-oil produces a low yield of aromatic
hydrocarbons and causes signicant carbon deposition. It is
available to improve the quality of pyrolysis oil signicantly
through hydrogenation, but this requires a high-pressure
operating environment.10 Catalytic cracking of bio-oil is
a promising method for improving quality. However, the low
yield of the target product and severe coking are the main
defects in the cracking process.11–14 Zhang et al. introduced the
concept of (H/Ceff) and pointed out that serious carbon deposits
will occur when the raw materials H/Ceff are lower than 1.15

During pyrolysis, a large number of free radical fragments will
be generated as a result of the complex structure of biomass.
Without hydrogen donors, these unsaturated components will
undergo polymerization and rearrangement reactions to form
oligomers, and further polycondensation will generate carbon
deposits, reducing aromatic hydrocarbon yield.16 Presently,
hydrogen donors are provided for the cracking process in two
main ways: (1) hydrotreat the feedstock before cracking.17 (2) co-
cracking with some hydrogen-rich compounds during
cracking.18 Valle et al. found that due to co-feeding with meth-
anol, the conversion rate of bio-oil in raw materials was 90%,
and the selectivity of aromatics was 40%.19 By changing the ratio
of methanol to rawmaterial, Zhang et al. found that it promoted
the deoxidation of furan ring, thus increasing the aromatic
hydrocarbon yield and reducing the generation of coke.10

Mentzel et al. diluted the small molecules of bio-oil with
methanol. They observed that the conversion capacity of the
catalyst could be increased by 10 times, and the presence of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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methanol extended the service life of the catalyst.20 Therefore,
usingmethanol as a co-cracking reactant can increase the H/Ceff

of the reactant and suppress the coke formation.
The excellent catalytic performance and economic efficiency

of SiO2–Al2O3 have been widely reported in the catalytic conver-
sion of biomass. In the reaction of diphenyl ether hydro-
deoxygenation, Yang et al. found that Ni/SiO2–Al2O3 showed
a better deoxygenation effect and benzene selectivity than Ni/
Al2O3 (60 vs. 47%).21 The alkylation reaction of phenol and 1-
octene was investigated byMehraban et al. using SiO2–Al2O3 with
different Si/Al ratios. The results indicate that SiO2–Al2O3 with
a Si/Al ratio of 25 shows the highest activity and monoalkyl
phenol selectivity.22 The Si/Al ratio of catalysts signicantly
impacts their physical properties (e.g., surface area and pore size)
and acidic strength, resulting in different catalytic properties
exhibited in the reactions. Considering the deoxygenation effect
and alkylation ability of SiO2–Al2O3, we selected SiO2–Al2O3 with
different SiO2 content and g-Al2O3 to investigate their effects on
the catalytic co-cracking of guaiacol with methanol.

This work studied the conversion of guaiacol to aromatic
hydrocarbons by co-pyrolysis with methanol. The relationship
between acidity and catalytic performance and the positive
effect of methanol co-feeding were emphasized. The conversion
of anisole, phenol, and guaiacol mixtures was studied. In
addition, the possible reaction paths of guaiacol were deduced
by the characterization results and product distribution of the
catalysts.
2. Material and methods
2.1 Materials

Guaiacol, phenol, anisole, and 1,3,5-trimethoxybenzene, and g-
Al2O3 were purchased from Macklin Biochemical Co., Ltd
Fig. 1 Flowchart of the experimental setup.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(Shanghai, China). Acetone and methanol were obtained from
the Guangzhou Chemical Reagent Factory. These chemicals
were directly used without any pretreatment. SiO2–Al2O3 was
purchased from Shanxi Juhua New Material Technology Co.,
Ltd, which was named x-SA (x is the SiO2 content). All catalysts
were pressed and sieved to 40–60 mesh before use and calcined
at 550 °C for 3 hours.
2.2 Catalyst characterization

XRD analysis of the catalyst was carried out by X'Pert Pro MPD
X-ray diffraction with a scanning step length of 0.02° and
a scanning speed of 2° min−1. The texture structure of catalysts
were measured by N2 adsorption and desorption on a QUAD-
RASORB SI-MP-10 automatic adsorption apparatus. Before the
N2 adsorption test, the catalyst samples were degassed at 300 °C
for 12 hours.

The acidity of the catalyst was analyzed by NH3 temperature
programmed desorption (NH3-TPD) on a QuantachromeChem-
Star TPx chemisorption analyzer. To remove the moisture and
impurities adsorbed on the surface of catalyst, a 100 mg sample
was puried with helium (60 mL min−1) at 400 °C for 60
minutes, cooled to 100 °C, and exposed to 10% NH3/He (60
mL min−1) for 60 minutes. Aerwards, the sample was ushed
with He gas for an hour at 100 °C. Then, the temperature was
increased to 850 °C at a rate of 10°C min−1 and the desorbed
NH3 was monitored on-line by thermal conductivity.

Pyridine IR analysis was conducted by Brucker's Tensor-27
FTIR. Under a high vacuum condition, the catalyst sample
was pretreated at 350 °C for 2 hours. Pyridine was introduced in
the IR cell when the catalyst sample was cooled to room
temperature. The temperature was then raised to 150 °C and
held for 5 minutes to collect the spectra.
RSC Adv., 2023, 13, 10830–10839 | 10831
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Fig. 2 Wide-angle XRD spectrum.

Fig. 3 Pore size distribution.

Table 1 The texture structure of different catalystsa

Catalyst SBET (m2 g−1) Vtotal (cm
3 g−1) DPore (nm)

33-SA 379.05 1.26 6.64
44-SA 279.58 0.81 5.76
50-SA 267.63 0.76 5.70
80-SA 215.44 0.89 8.25
g-Al2O3 196.84 0.49 4.99

a SBET: specic surface area; VTotal: total volume; DPore: average pore size.
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2.3 Catalytic pyrolysis test

Catalytic pyrolysis of lignin-derived phenolics compounds was
conducted on a xed bed (see Fig. 1). In a typical procedure,
equal volumes of quartz sand (40–60 mesh) and catalyst (40–60
mesh, 0.3–0.9 g) were mixed in the middle of the reaction tube.
The reactor was heated to a desired temperature by an electric
furnace, then carrier gas (N2, 50 mL min−1) and feedstocks (the
mixtures of methanol and phenolics compounds) were quanti-
tatively introduced into the reaction tube, and the catalytic
pyrolysis experiment was started. The products and unreacted
reactants were collected by double cold traps (−10 °C) using
acetone as an adsorbent.

Liquid product composition was analyzed qualitatively by
GC-MS (TRACE 1300ISQ) with HP-Inowax capillary column (30
m × 0.25 mm × 0.25 m). 60 °C (holding for 2 min) was set as
the initial temperature. It was heated to 250 °C at a rate of 10 °
C min−1 and maintained for 10 minutes. The quantitative
analysis was conducted by gas chromatography (GC, Shimadzu-
2014) equipped with a ame ionization detector (FID) and an
HP-Inowax capillary column. The program of column temper-
ature was consistent with the qualitative analysis of GC-MS. The
spent catalyst was analyzed using an AVANCE III HD 600 MHz
solid-state 13C nuclear magnetic resonance spectrometer (NMR)
and a Waters SDT650 thermogravimetric analyzer (TG).

The conversion of the reactants was calculated based on
eqn (1).

C ¼
�
1� nðreactantÞout

nðreactantÞin

�
� 100% (1)

where n(reactant)in represents the fed moles of reactants, and
n(reactant)out represents the moles of reactants aer reaction.

The yield of aromatic product i can be calculated based on
eqn (2).

Y ¼ ni

nreactant
� 100% (2)

where ni represents the moles of aromatic i and nreactant repre-
sents the initial moles of phenolic compounds.

3. Result and discussion
3.1 Catalyst characterization

The XRD patterns of the aluminum silicate and g-Al2O3 are
shown in Fig. 2. The peaks centered at about 37.5°, 48.3° and
65.8° were clearly observed, which can be attributed to the
characteristic peaks of g-Al2O3.23 For the aluminum silicate, the
characteristic peaks of Al2O3 disappeared while the broad
dispersion peak (centered at about 22°) was observed for all
samples.

Fig. 3 presents the pore size distributions of catalysts. The
diameters of these catalysts are primarily concentrated in the
range of 6–50 nm. The most probable aperture distribution of
catalyst sample moves to the direction of large size with the
increase of SiO2 content.

The texture structure of catalysts is exhibited in Table 1. The
specic surface area, pore volume, and average pore size of SA
are better than that of g-Al2O3. This result suggests that the
10832 | RSC Adv., 2023, 13, 10830–10839
addition of SiO2 can improve the texture structure of g-Al2O3. In
addition, the specic surface area decreased with the increasing
of SiO2 content.

Based on the desorption peak of NH3-TPD prole shown in
Fig. 4a, two prominent peaks, namely the weak acid peak in the
low-temperature region (60–320 °C) and the strong acid peak in
the high-temperature region (430−780 °C) were observed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Acidity of catalysts: (a) NH3-TPD curves, (b) Py-IR curves.
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clearly. As the SiO2 content in the catalysts increased to 80%,
the strong acid peak shied towards the high temperature
direction and the peak areas became smaller. According to the
areas of the desorption peak, 33-SA had the highest number of
acid sites.

As shown in Table 2, the total acid sites of g-Al2O3 is 820.7
mmol g−1, while that of 33-SA is 1290 mmol g−1. This suggests
that the addition of SiO2 can increase the number of acid sites.
However, the number of acid sites decreased with increasing
SiO2 content. The number of acid sites of aluminum silicate is
lower than that of g-Al2O3 when the content of SiO2 increased to
80%. This is similar to the results obtained by Hernandez et al.
who pointed out that the number of acid sites decreased when
the Si/Al of the SiO2–Al2O3 was increased from 0.25 to 20.24 The
acid sites of the catalyst originated from the unsaturated coor-
dination of aluminum atoms. Namely, the acid sites are related
to the Al–O–Al and Al–O–Si structures, while the Si–O–Si is an
inactive structure. Therefore, it is plausible that the inactive Si–
O–Si structure of aluminum silicate increased with the increase
of SiO2 content, leading to a decrease of acid sites.

Table 2 shows the results for the concentrations of Lewis
acid calculated from FTIR bands. As shown in Fig. 4b, a major
peak centered at about 1455 cm−1 was observed, suggesting the
presence of Lewis acid sites of SA catalyst. The weak peak
centered at about 1540 cm−1 can be assigned to the Brønsted
sites. The peak centered at 1490 cm−1 belongs to the
Table 2 Acidity properties of catalysts

Catalyst

(mmol NH3 g
−1)

(mmol
Pyrazine g−1)

Weak Strong Total Lewis

33-SA 699.43 — 590.57 1290 168.47
44-SA 599.26 — 363.14 962.4 133.42
50-SA 548.02 — 308.38 856.4 124.80
80-SA 390.95 190.87 317.88 709.7 87.64
g-Al2O3 366.17 — 454.53 820.7 146.69

© 2023 The Author(s). Published by the Royal Society of Chemistry
superposition peak of Brønsted acid and Lewis acid. From
pyridine adsorption spectra, the increase of SiO2 decreases the
amount of Lewis acid sites.25

3.2 Catalytic activity test

Pyrolysis of guaiacol was investigated over different solid acid
catalysts at 400 °C. As shown in Fig. 5, 33-SA catalyst promotes
the best yield of aromatic hydrocarbons and the best conversion
of guaiacol, closely related to its excellent specic surface area
and appropriate pore size distribution. However, the lowest
yield of aromatic hydrocarbons was not correspondingly ach-
ieved by g-Al2O3 with the lowest specic surface area but by 80-
SA, suggesting that the specic surface area of the catalysts did
not always correspond to the yield. As shown in Fig. 3, the pore
size of each catalyst was concentrated in the range of 6–50 nm.
Fig. 5 Product yield of guaiacol pyrolysis over different catalysts (PMB:
pentamethylbenzene, HMB: hexamethylbenzene, MG: methylated
guaiacol, MPs: methylated phenol, MCs: catechol and methylated
catechol,1,2-dim: 1,2-dimethoxybenzene.). Reaction conditions:
methanol to guaiacolmolar ratio= 25, temperature= 400 °C, reaction
time = 60 min, N2 flow rate = 50 mL min−1, WHSV = 4 h−1.

RSC Adv., 2023, 13, 10830–10839 | 10833
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The difference in pore size between g-Al2O3 and 33/44-SA is
small, but the catalytic performance of g-Al2O3 is superior to
that of 33/44-SA. Therefore, it was inferred that the pore size was
not the main reason for the difference in aromatic hydrocarbon
yield in the experiments, which was similar with the result of
reported ref. 26.

According to Fig. 5, the yields of aromatic hydrocarbons over
33-SA, 44-SA, 50-SA, 80-SA, and g-Al2O3 are 57.36%, 38.76%,
29.68%, 11.43%, and 44.46%, respectively. The 33-SA catalyst
with higher Lewis acidic sites (168.47 mmol g−1) is more cata-
lytically active. In response to an increase in SiO2 content, the
Lewis acid sites decreased, and reactants conversion rates and
aromatic hydrocarbons yields decreased signicantly. Lewis
acid is an efficient active site for cleaving C–O bonds in various
lignin compounds.27 Due to the Lewis acidity of aluminum
reagents, less reactive alkyl esters can be methylated, and aryl
methyl ethers can be converted to valuable products aer
cleavage of the C–O bond and alkylation.28,29 Moreover, Ma et al.
found that Ru/Nb2O5 with rich Lewis acid sites was crucial for
the cleavage of cresol C–O bonds and aromatic hydrocarbons
formation. The aromatic hydrocarbons yield positively corre-
lates with the Lewis content of niobium-based supports.30 The
reason for this is that Lewis acid can reduce the activation
energy required for a reaction and is very effective when it
Fig. 6 Effects of different parameters on catalytic cracking. Reaction co
molar ratio = 25; (b) temperature = 400 °C, WHSV= 4 h−1, methanol to g
methanol to guaiacol molar ratio = 25; and (d) temperature = 400 °C, N

10834 | RSC Adv., 2023, 13, 10830–10839
comes to demethylation and transalkylation.31 Accordingly, the
Lewis acid content is the main reason why 33-SA shows the best
catalytic performance in the coupled co-cracking of guaiacol
and methanol.

3.3 Reaction conditions optimization

As seen in Fig. 6a. It was challenging to pyrolyze guaiacol at
300 °C. The products consisted primarily of aromatic oxygen-
ates. The highest yield of PMB and HMB were achieved at
a reaction temperature of 400 °C, reaching 48.31%. By further
increasing the reaction temperature to 450 °C, the yield of PMB
and HMB decreased to 33.75%. Therefore, 400 °C is considered
a suitable temperature for the catalytic conversion of guaiacol.

The effects of N2 ow rate andWHSV are presented in Fig. 6b
and c. As the N2 ow rate gradually increased, from 25
mL min−1 to 100 mL min−1, the conversion rate of the guaiacol
and the yield of HMB and PMB both declined. In the case of N2

ow rate of 25 mL min−1, the yield of PMB and HMB was
54.36%. PMB and HMB yield increased from 13.68% to 48.31%
as WHSV decreased from 8 h−1 to 8/3 h−1. Reducing the WHSV
did not result in a signicant change in the yield of aromatic
hydrocarbons. Therefore, the optimal reaction condition of the
WHSV was 8/3 h−1. Generally, we believe that at lower amounts
of carrier gas ow, the less gas that passes through the catalyst
nditions: (a) N2 = 50 mL min−1, WHSV = 4 h−1, methanol to guaiacol
uaiacol molar ratio = 25; (c) temperature = 400 °C, N2 = 50 mLmin−1,

2 = 50 mL min−1, WHSV = 4 h−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Renewability experiment of the 33-SA catalyst.
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per unit of time, the more intermediates can be alkylated
effectively.32

The effect of the molar ratio of methanol to guaiacol on
catalytic performance was investigated at 400 °C with a N2 ow
rate of 50 mL min−1 and a WHSV of 4 h−1. It can be seen from
Fig. 6d that as the molar ratio of methanol to guaiacol increased
from 10 to 25, the yield of PMB and HMB increased from
16.47% to 48.31%. It is demonstrated that the addition of
methanol increases the H/Ceff in the reaction system, thus
causing guaiacol to be cleaved and alkylated into aromatic
hydrocarbons. However, when the molar ratio of methanol to
guaiacol was increased to 30, the yield of PMB and HMB
declined to 42.56%. In this case, it may be due to the increase of
H/Ceff, methanol and guaiacol competed for adsorption on the
active sites, and excessive dehydration reactions occurred,
which inhibited the cleavage of guaiacol C–O bonds and
alkylation.33
Table 3 Products distribution of guaiacol pyrolysis at different tempera

Reactant Guaiacol
Temperature 300
Conversion (%)
Guaiacol 66.03
Yield (%)
PMB 3.73
HMB 3.05
Methylated guaiacol 15.55
Benzene, 1,2-dimethoxy 7.82
Catechol and methylated catechol 4.87
Mesitylene —
Benzene, 1,2,4,5-tetramethyl —
Benzene, 1,2-diethyl-3,4-dimethyl —
Phenol, 2,6-dimethyl- 0.33
Phenol, 2,4,6-trimethyl- 2.07
Phenol, 2,3,5,6-tetramethyl 7.52
Phenol,2-(1,1-dimethylethyl)-3-methyl 9.47

a Reaction condition: catalyst = 33-SA, N2 = 50 mL min−1, WHSV = 4 h−

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 Stability of catalysts

As 33-SA showed the best catalytic activity, its stability and
recoverability were further investigated. During the continuous
reaction, the 33-SA catalyst was le untreated and continued to
be used under the reaction conditions shown in Fig. 5. To
determine the continuity of catalytic performance by measuring
the yield of HMB and PMB. Based on the experimental results
shown in Table S2,† the HMB and PMB yield of the catalyst
decreased signicantly when it was used for the second time,
indicating that it had become seriously deactivated during the
last continuous use. In Fig. S3,† TG curves of C1 and C2 cata-
lysts in the air were analyzed to conrm the cause of catalyst
deactivation. The weight loss rate of the catalyst aer one use is
30.98%, and the weight loss rate aer repeated use is 39.86%.

Evaluate the recoverability of catalysts through regeneration
studies. The spent catalyst was calcined at 550 °C for three
hours in air atmosphere at a muffle furnace. Regeneration
reactions of the catalyst are consistent with those shown in
Fig. 5. A total of ve cyclic regeneration experiments are con-
ducted, numbered 1–5. It is shown in Fig. 7 that the conversion
of guaiacol and the yield of the HMB and PMB did not change
signicantly aer ve cyclic regenerations of the catalyst.
Consequently, 33-SA has very high reproducibility and a great
deal of commercial potential.
3.5 Reaction pathway discussions

Products distribution of guaiacol pyrolysis at different temper-
atures is shown in Table 3, and the transformation pathway of
guaiacol is proposed. According to Fig. 6a, the conversion rate
of reactants is low at 300 °C, and almost no aromatic hydro-
carbons are produced. Among these products are methylated
guaiacol (MG), methylated phenol (MPs), catechol and methyl-
ated catechol (MCs), and 1,2-dimethoxybenzene, whose yields
are respectively 15.55%, 19.39%, 4.87%, and 7.82%. Consid-
ering that the bond dissociation energy of C–O in guaiacol
(Caryl–OH: 414 kJ mol −1, Caryl–OCH3: 356 kJ mol −1, and Calkyl–
turesa

Guaiacol Guaiacol Guaiacol
350 400 450

86.89 99.86 98.43

4.66 9.49 7.79
16.45 38.92 25.96
8.42 — —
4.04 — —
3.19 — —
0.34 1.35 3.37
0.57 2.29 3.84
0.95 1.35 2.45
0.34 0.21 11.55
3.4 0.72 3.66

10.49 2.37 5.28
15.02 1.98 4.54

1, methanol to guaiacol molar ratio = 25.
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O: 245 kJ mol −1), the Calkyl–O is preferentially cleaved to
produce free radical fragments, which are then rearranged to
form catechol and 1,2-dimethoxybenzene.34 Caryl–OH requires
the highest bond dissociation energy, so the yield of phenolic
compounds containing Caryl–OH is the highest. As the temper-
ature increased from 300 °C to 350 °C, the yields of MG, MCs,
and 1,2-dimethoxybenzene decreased, whereas the yield of MPs
increased. When the temperature was raised further, the yields
of MG, MCs, 1,2-dimethoxybenzene, and MPs decreased, which
indicated that MG, MCs, and 1,2-dimethoxybenzene were con-
verted into MPs rst, andMPs was then converted into PMB and
HMB. The yield of PMB and HMB increased with increasing
temperature, and when the temperature reached 400 °C, the
yield of HMB reached 38.92%.

Based on the above results, a possible reaction pathway for
the coupled transformation of guaiacol and methanol is
proposed. Methanol is considered a source of H-species which
can provide more hydrogen for immobilizing aromatic ring
fragments.35 In the presence of methanol, guaiacol can be
directly methylated to MG and 1,2-dimethoxybenzene. Accord-
ing to Scheme 1, MCs can be generated in three ways. Since 33-
SA is an active catalyst during alkylation transfers, guaiacol can
be directly demethylated to catechol, as well as converted to
methylated catechol via methyl transfer. Furthermore, 1,2-
dimethoxybenzene can form MCs by methylation and methyl
transfer. According to a study on the generation of HMB by co-
pyrolyzing phenol and methanol, phenol is rst converted into
hydroxypentaxaethylbenzeneonium ion via hydrogen transfer.
Scheme 1 Possible reaction paths of guaiacol and methanol on 33-SA.

10836 | RSC Adv., 2023, 13, 10830–10839
Aerward, carbon ions are converted to PMB by extracting
hydride ions from methanol with one mole of water lost. Lastly,
PMB is converted to HMB by methylation.36 Thus, MCs undergo
the above reaction pathway and methylation to generate MPs,
and then MPs are dehydroxylated and methylated again to
generate polymethylbenzene. Since methanol provides suffi-
cient methyl groups, PMB and HMB are the main aromatic
products. Furthermore, methanol is cracked to CO and H2 aer
the hydrogen transfer reaction. Aside from the coupling
conversion with guaiacol, methanol also undergoes a side
reaction, which leads to the formation of DME, which can be
further decomposed into CH4, CO, and H2.

Additionally, two typical phenolic compounds (phenol and
anisole) were pyrolyzed over 33-SA. A summary of the reactant
conversions and aromatic compounds yields is given in Table 4.
Interestingly, in a reaction at 300 °C, anisole appears in the
pyrolysis products of phenol, and phenol in the pyrolysis
products of anisole. This is due to the fact that under the action
of the Lewis acid sites, phenol can then be methylated to ani-
sole, and anisole can be demethylated to phenol.37,38 At the
same time, a large amount of MPs was detected in the product.
These evidences indirectly prove the transfer path of guaiacol
functional groups and the feasibility of schedule 1. As the
temperature was raised to 400 °C, the conversion of phenol and
anisole was close to 100%. During the pyrolysis of phenol/
anisole, aromatic hydrocarbons yield was higher than that of
guaiacol, suggesting that phenolic compounds with relatively
simple structures are more easily converted.
Red: detected products, blue: reactants.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Products distribution of other phenolics compounds at different temperaturesa

Reactant Phenol Anisole Phenol Anisole
Temperature 300 300 400 400
Conversion (%)
Phenol 63.34 — 99.28 —
Anisole — 59.4 — 98.7
Yield (%)
PMB 4.38 3.68 10.19 8.99
HMB 2.87 2.74 52.45 49.76
Methylated anisole — 10.72 — —
Mesitylene — — 0.71 0.82
Benzene, 1,2,4,5-tetramethyl — — 1.68 0.79
Benzene, 1,2-diethyl-3,4-dimethyl — — 2.07 3.32
Phenol — 8.83 — —
Anisole 7.6 — — —
Guaiacol — 2.38 — —
Phenol, 2,6-dimethyl- 7.12 3.89 0.76 1.42
Phenol, 2,4,6-trimethyl- 10.35 3.56 — 1.27
Phenol, 2,3,5,6-tetramethyl 5.54 2.83 0.52 0.23
Phenol, 2-(1,1-dimethylethyl)-3-methyl 8.32 6.54 1.42 —

a Reaction condition: catalyst = 33-SA, N2 = 50 mL min−1, WHSV = 4 h−1, methanol to phenolic compounds molar ratio = 25.

Table 5 The texture structure of spent catalystsa

Spent catalyst S*
BET (m2 g−1) V*

total (cm
3 g−1) D*

Pore (nm)

33-SA 217.21 0.58 10.61
44-SA 193.38 0.52 10.67
50-SA 175.11 0.49 11.08
80-SA 234.61 0.83 14.22
g-Al2O3 162.45 0.38 9.34

a S*
BET, V

*
total and D*

Pore represent respectively the specic surface area,
the total pore volume, and the average pore size of spent catalysts.
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3.6 Coke analysis

A TG/DTG curve for the spent catalyst is shown in Fig. 8. The
temperature was programmed to 800 °C at 10°C min−1 in an air
atmosphere. The TG curve indicates that 33-SA has obvious coke,
whereas g-Al2O3 exhibits less coke, which is inconsistent with
NH3-TPD results. It indicates that although the active center will
encourage more coke deposition, other factors (e.g., specic
surface area and pore structure) also play a decisive role.

According to this deduction, comparing the texture data of
fresh and spent catalysts (Tables 1 and 5), the specic surface
area and pore structure are indeed important factors affecting
carbon accumulation.39 As a result of the abundant Lewis acid
sites and the high specic surface area of 33-SA, it provides
conditions for the aggregation of macromolecules during
Fig. 8 TG/DTG curves of the spent catalysts (Reaction conditions of
catalysts coking: methanol to guaiacol molar ratio = 25, temperature
= 400 °C, reaction time = 60 min, N2 flow rate = 50 mL min−1, WHSV
= 4 h−1.).

© 2023 The Author(s). Published by the Royal Society of Chemistry
catalytic conversion.40 The maximum weight loss for SA cata-
lysts occurred around 530 °C and a gradual broadening of the
weight loss peak was observed between 33-SA and 80-SA, sug-
gesting that a range of different coke species (e.g. hydrocarbons
(CxHy), amorphous carbon and graphitic carbon) are deposited
on the aluminum silicate, all of which contribute to the catalytic
accumulation of carbon.39 Interestingly, the maximum weight
loss temperature of g-Al2O3 is 500 °C, which is different from
that of aluminum silicate.

As shown in Fig. 9, the C13NMR spectra of spent catalysts
indicated bands at 13 and 130 ppm corresponding to aliphatic
carbonaceous nuclei, especially –CH3 groups and aromatic
compounds. It has been conrmed that most of the coke
formed during the co-conversion of methanol and guaiacol
consists of aromatic species muti-substituted with –CH3

groups.41 The carbon bridge between aromatic rings did not
appear between 130–140 ppm, which indicates that no coke
product of PAHs exists. Additional bands were observed at
150 ppm and 180 ppm for g-Al2O3, corresponding to poly-
alkylaromatics and carboxylic acid groups in the coke.42 This
conrms that the carbon deposition in g-Al2O3 differs from the
carbon species in aluminum silicate.

The degree of graphitization of coke was analyzed using
Raman spectroscopy, as shown in Fig. S2.† A rst observation is
RSC Adv., 2023, 13, 10830–10839 | 10837
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Fig. 10 Raman spectrum of 33-SA.

Table 6 Intensities of the Raman bands corresponding to the 33-SA
catalysta

Spent catalyst VC–H D D3 G D2 ID/IG

33-SA 0.12 0.18 0.10 0.48 0.12 0.375
44-SA 0.06 0.17 0.09 0.44 0.24 0.387
50-SA 0.06 0.19 0.08 0.45 0.22 0.422
80-SA 0.08 0.15 0.18 0.38 0.21 0.395

a Reaction condition of catalysts coking: temperature = 400 °C, N2 = 50
mL min−1, WHSV = 4 h−1, methanol to guaiacol molar ratio = 25.

Fig. 9 NMR spectrum of spent catalysts (Reaction conditions of
catalysts coking: methanol to guaiacol molar ratio = 25, temperature
= 400 °C, reaction time = 60 min, N2 flow rate = 50 mL min−1, WHSV
= 4 h−1.).
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that all Raman spectra exhibit in-plane and out-of-plane C]C
bond vibrational features. These bands appear at 1350 cm−1 (D)
and 1600 cm−1 (G). In addition, the bands at 1260 cm−1,
1450 cm−1, and 1580 cm−1 are attributed to unique structures
in coke. The ve-band technique was used to t the rst-order
Raman spectra of all catalysts. The distribution of the ve
bands is shown in Table S1.† A typical 33-SA curve tting
diagram is shown in Fig. 10.42,43 The intensity of the above-
mentioned bands and the D/G band intensity ratio are shown
in Table 6. The values of G band intensities increase as the
content of SiO2 in aluminosilicate decreases. The results
demonstrate that the proportion of coke (band G) is related to
the amount of coke deposited on the catalyst.44 The 33-SA
catalyst exhibits the most signicant degree of graphitization.
10838 | RSC Adv., 2023, 13, 10830–10839
4. Conclusion

The conversion of lignin-derived phenolic compounds to
aromatic hydrocarbons by catalytic cracking was investigated
over aluminum silicates catalysts using methanol as a solvent.
The effect of aluminum silicates with different SiO2 contents on
the physical structure and catalytic performance was investi-
gated. The 33-SA catalyst exhibited the highest catalytic activity
for the conversion of phenolic compounds to aromatic hydro-
carbons. Polymethylbenzenes were the dominant product. This
is attributed to the alkylation of Lewis acid sites and sufficient
methyl groups provided by the solvent. In addition, methanol is
an effective hydrogen donor, which increases the H/Ceff ratio
and inhibits carbon deposition. There is evidence that the
content of SiO2 in the SiO2–Al2O3 has a remarkable effect on the
catalytic activity and deactivating species. 33-SA remained active
aer ve cyclic regenerations, demonstrating that 33-SA has
excellent commercial potential.
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