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olysis of lignin to produce
aromatic hydrocarbons: optimal conditions and
reaction mechanism

Zhongyang Luo, * Kongyu Lu, Yi Yang, Simin Li and Guoxiang Li

Catalytic fast pyrolysis of lignin with zeolite catalysts is a promising method to produce aromatic

hydrocarbons. In this paper, alkali lignin was used as a model compound to pyrolyze with HZSM-5 (silica

to alumina ratio, SAR ¼ 23), HZSM-5(50), HZSM-5(80), HY and Hb. Non-condensable vapours and

condensable fractions were determined and quantified by GC/FID and GC/MS respectively. 7.63 wt% of

aromatic hydrocarbons and 3.34 wt% of C1–C4 alkanes and alkenes were acquired. The effects of

catalysts and pyrolysis parameters were studied in this work. Different reaction pathways were compared

and discussed by combining density functional theory (DFT) calculations. Cyclization reactions to form

aromatic hydrocarbons were thought to be the main reaction pathway, while direct demethylation,

demethoxylation and dehydration reactions were the secondary reaction pathway to convert phenolic

lignin monomers to non-oxygenated aromatic hydrocarbons.
1. Introduction

BTEX (benzene, toluene, ethyl benzene and xylenes), four
monocyclic aromatic hydrocarbons (MAH), are important
petrochemical materials in manufacturing numerous organic
chemicals, such as plastic resins, synthetic bres, solvents and
plasticizers.2 Polycyclic aromatic hydrocarbons (PAH), for
instance naphthalene and anthracene, are used as additives to
jet fuel. Nowadays, MAH and PAH are mainly obtained from
fossil petroleum. Catalytic fast pyrolysis of lignocellulosic
biomass with some zeolite catalysts has been proved to be
a renewable approach to produce aromatic hydrocarbons.1,3

Lignocellulosic biomass mainly consists of cellulose, hemi-
cellulose and lignin. Cellulose and hemicellulose are typical
carbohydrates, while lignin is an aromatic polymer. The
monomers of lignin are mainly p-coumaryl, coniferyl and
sinapyl alcohols.4 (Fig. 1) Therefore, lignin is oen designated
as H-lignin (p-hydroxyphenyl subunits), G-lignin (guaiacyl
subunits) or S-lignin (syringyl subunits). Because of the
aromatic structure of lignin itself, catalytic pyrolysis of lignin
should achieve a higher aromatic hydrocarbon yield than
cellulose and hemicellulose theoretically. However, some
previous works showed contrary results that cellulose and
hemicellulose could have a higher aromatic hydrocarbon yield
than lignin.5,6

As shown in Fig. 2, the whole process of lignin catalytic fast
pyrolysis with zeolite catalysts could be divided into mainly two
steps. Firstly, feedstock was thermally decomposed into smaller
lization, Zhejiang University, Hangzhou

el: +86-571-87952440

8

oxygenated molecules, such as acids, aldehydes, furans,
phenols, anhydrosugars and so on.7,8 All these intermediate
products then diffused into zeolite pores. Disagreements
aroused here. G. W. Huber9–12 believed that these intermediate
oxygenates would be deoxygenated rstly due to the acid sites
on zeolites to form dehydrate species like ethylene, propylene,
butylene and so on. The dehydrate species were called hydro-
carbon pool. These C2–C4 dehydrate products would go
through a route from olen to aromatics, to form the aromatic
hydrocarbons (Fig. 2 route 1). However, others13,14 believed
phenol, guaiacol and other aromatic oxygenates to be the
intermediate products. Aer demethoxylation reactions and
demethylation reactions with catalysts, these phenolic were
converted to phenol, cresol and ethylphenol.15 Finally, aer
dehydration reaction, benzene, toluene, xylene were acquired
(Fig. 2 route 2).
Fig. 1 Three lignin monomers.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Different reaction pathways for lignin catalytic fast pyrolysis.
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In order to achieve higher aromatic hydrocarbons yield in
catalytic fast pyrolysis of lignin, it is very important to gure out
the optimal pyrolysis parameters and illustrate the reaction
mechanism. In this paper, catalytic pyrolysis of lignin with ve
different zeolite catalysts were compared. Inuences of cata-
lysts, catalyst to lignin ratio (CLR), heating rate, pyrolysis
temperature on both aromatic hydrocarbons and C1–C4
gaseous hydrocarbon were studied. Different reaction pathways
were compared and discussed by combining density functional
theory (DFT).
2. Experimental setup
2.1 Feedstock

Alkali lignin, an important by-product of pulp and paper
industry, was commonly used as a model compound of
lignin.16,17 In this work, alkali lignin (low sulfonate content,
Sigma Aldrich, USA) was used as pyrolysis feedstock. Ultimate
analysis and industrial analysis of the raw material have been
carried out in previous work.17 The ultimate analysis result (ash
free) of alkali lignin was presenting as C of 62.46%, H of 3.72%,
O of 32.37%, N of 0.26%, and S of 1.19%. The proximate anal-
ysis result (dry basis) of alkali lignin was presenting as volatiles
of 64.66%, xed carbon of 32.47%, and ash of 2.87%. Prior to
the experiment, alkali lignin was dried at 105 �C for more than
4 h to remove moisture.
Fig. 3 Diagram of CDS 5250 Pyroprobe connected with GC-MS and
GC-FID.
2.2 Catalysts preparation and characterization

HZSM-5(23), HZSM-5(50), HZSM-5(80), HY, Hb, purchased from
Tianjin Nankai catalyst company, were used as catalysts in these
catalytic pyrolysis experiments. Prior to all experiments and
characterization, all catalysts were dried at 120 �C for 16 h.

To obtain surface area and pore size distribution of the
catalysts, nitrogen adsorption/desorption isotherms were
This journal is © The Royal Society of Chemistry 2019
acquired from a chemical station (Micromeritics ASAP-2010).
All samples were degassed in vacuum at 220 �C over 24 hours
before physisorption. The surface areas were derived from
a standard Brunauer–Emmett–Teller (BET) equation. The
average pore diameters were calculated using Barret–Joyner–
Halenda (BJH) analysis.18

To compare the acidity of HZSM-5 with different silicon to
aluminium ratio (SAR), temperature programmed desorption of
ammonia (NH3-TPD) was performed in an AutoChem II 2910
with a mass spectrometry (MS). In a typical run, aer degassing
at 550 �C in a ow of He (50 ml min�1), 0.1 g catalyst was
exposed in a ow of NH3 (15% NH3 + 85% He, 50 ml min�1) at
60 �C for 1 hour. Aer that, to remove the physically absorbed
NH3, the catalyst sample was ushed by He (50 mL min�1) at
100 �C for 2 hours. Then the sample was heated up to 700 �C
(10�C min�1). The amount of chemical adsorbed NH3 was
recorded by MS.19

2.3 Catalytic pyrolysis procedure and products analysis

2.3.1 Catalytic pyrolysis of lignin. Experiments were carried
out by a microscale pyrolysis unit, CDS Pyroprobe 5250 (CDS
Analytical Inc., USA), which was able to control the pyrolysis
parameters (heating rate, pyrolysis temperature, resident time).
The structure of the Pyroprobe was shown in Fig. 3. For non-
catalytic pyrolysis experiments, about 0.50 mg of alkali lignin
was placed between quartz wool in a quartz tube. For catalytic
pyrolysis experiments, catalysts and alkali lignin were premixed
at a certain mass ratio. A certain amount of the mixture was
placed between quartz wool to ensure approximately 0.50 mg
alkali lignin to be pyrolyzed. For each sample, ve or more
replicates were done. Pyrolysis proceeded by setting the Pyrop-
robe at 600 �C at a heating rate of maximum 10000 K s�1. The
heating wire would heat up the quartz tube, thus lignin would
pyrolyze. To ensure that all the reactions took place thoroughly,
a hold time of 30 s was set. During the reaction, a stream of 20
ml min�1 helium was used as carrier gas to purge out both non-
condensable gases and condensable fractions. A trap setting at
40 �C was designed to separate non-condensable gases and
condensable fractions. Non-condensable gases were directly
purged through the trap to a GC-FID, while condensable frac-
tions were captured by the trap. Then the trap was heated up,
condensable fractions were purged into GC-MS by carrier gas
for identication.

2.3.2 Condensable fractions. Condensable fractions were
separated and identied by a GC-MS (Thermal Fisher
TRACE2000-DSQII, USA).The GC used a HP-5 column (Agilent,
USA). A detailed temperature control program was the same as
our previous study.19

In this study, C6–C10 + PAH were identied and quantied
(C6-benzene; C7-toluene; C8-xylene, ethyl benzene; C9-trimethyl
RSC Adv., 2019, 9, 31960–31968 | 31961
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Table 1 Structure properties of the catalysts by nitrogen adsorption/
desorption

Catalyst
BET Surface
area (m2 g�1)

Pore size
(nm)

Pore volume
(cm3 g�1)

HZSM-(23) 357.74 0.501 0.184
HZSM-(50) 315.08 0.498 0.157
HZSM-(80) 259.71 0.510 0.132
HY 660.42 0.511 0.338
Hb 527.31 0.767 0.405
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benzene, methyl ethyl benzene, indane, indene; C10 + PAH-
naphthalene, methylnaphthalene, anthracene, phenanthrene).
Identication of products was to compare the mass spectra of
the peaks with NIST library (version 2014). Pure compounds
(Sigma Aldrich, USA) of aromatic hydrocarbons mentioned
above were used to conduct the quantication by external
standards with a ve-point calibration curve.

2.3.3 Non-condensable gases. Non-condensable gases were
separated and identied by a 7890A GC-FID (Agilent, USA). Gases
were separated in the column. Then alkanes and alkenes from
pyrolysis reactions and catalytic reactions were detected by FID.
Pure standard gases were used to conrm all the alkanes and
alkenes. Quantication of alkanes and alkenes was performed
using external standards by a ve-point calibration curve.

2.4 Calculation of pyrolysis reactions and catalytic reactions

In order to gure out the mechanism of catalytic pyrolysis of
lignin, some calculation was carried out using the Gaussian 03
suite of program. 1-(3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)
propane-1,3-diol (DMPD, Fig. 4), a typical b-o-4 ether linkage
lignin dimer, contains a G-lignin monomer and a S-lignin
monomer.20 In this calculation part, DMPD was designed as the
initial lignin dimer to compare the route1 and route2 reaction
pathways. The equilibrium geometries of reactants, intermedi-
ates, transition states, and products were optimized using density
functional theory (DFT)methods employing B3LYP/6-31G(d), and
then single point energies were evaluated with a larger 6-
311++G(d, p) basis set at the same level of theory. The transition
states were located by the TS method and were conrmed by
visual inspection of the imaginary frequency using Gauss view
and by performing intrinsic reaction coordinate (IRC) calcula-
tions. The reactants, intermediates, and products had no imag-
inary frequencies, whereas each transition state had only one
imaginary frequency. Activation energies (the reaction energy
barriers) of reaction were estimated based on the energy differ-
ence, including the zero-point energy correction, between the
transition state and the reactant. For free–radical reactions, the
bond dissociation energies were employed as approximations of
the activation energies.

3. Results and discussion
3.1 Catalyst properties

Table 1 shows the comparison of nitrogen adsorption/
desorption properties of the catalysts used in this paper.
Fig. 4 Structure of 1-(3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)
propane-1,3-diol.

31962 | RSC Adv., 2019, 9, 31960–31968
HZSM-5, as typical microporous catalysts, had an average pore
size from 0.498–0.510 nm with different SAR. The BET surface
area and the pore volume of different HZSM-5 decreased from
357.74 m2 g�1 to 259.71 m2 g�1 and 0.184 cm3 g�1 to 0.132 cm3

g�1 respectively, with the increase of SAR. It implied that, with
a higher SAR, the reaction activities of HZSM-5 decreased. HY
had a similar pore size as HZSM-5 of 0.511 nm, a larger surface
area of 660.422 m2 g�1 and a larger pore volume of 0.338 cm3

g�1. Hb had the largest pore size and pore volume among all the
ve zeolite catalysts. The pore size of three HZSM-5 catalysts
and HY were similar to MAHs, which might promote the cycli-
zation reactions (route1). On the other hand, Hbwith a pore size
of 0.767 nm might be suitable for demethoxylation reactions
and demethylation reactions to convert phenolic oxygenates to
aromatic hydrocarbons (route2).

Fig. 5 showed the NH3 desorption amounts of HZSM-5 cata-
lysts with different SAR in NH3-TPD. The NH3 desorption curves
illustrated the strength and amount of acid. The curves of three
HZSM-5 all had a peak located around 200 �C, which represented
weak acid sites. Another peak related to strong acid sites was
about 370 �C. With the increase of SAR, the amount and strength
of acid sites from HZSM-5 catalyst decrease obviously, which
results in the decrease of peak height, peak area and the shi of
peak point to low temperature. This phenomenon has been re-
ported in many literatures related to HZSM-5 catalysts.
3.2 Inuence of catalyst

3.2.1 Comparison between catalytic pyrolysis and non-
catalytic pyrolysis. Table 2 illustrated the condensable
Fig. 5 NH3 desorption amount of HZSM-5(23, 50, 80) NH3-TPD.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Condensable fractions distribution comparison between
non-catalytic pyrolysis and catalytic pyrolysis

Category Non-catalytica Catalyticb

Acid 7.31%c N/Ad

Furan 11.39% N/A
Sugar 2.42% N/A
Phenol 68% N/A
MAHs N/A 64.23%
PAHs 3.31% 31.53%

a Non-catalytic: direct pyrolysis of lignin, pyrolysis temperature 600 �C,
heating rate 10000 K s�1, resident time 30 s. b Catalytic: catalytic
pyrolysis of lignin with HZSM-5(23), lignin to catalyst ratio 1 : 5,
pyrolysis temperature 600 �C, heating rate 10000 K s�1, resident time
30 s. c Based on relative peak area percentage in GC-MS spectra. d N/
A: not detected.

Fig. 7 Hydrocarbon gas yield of catalytic pyrolysis with different
catalysts.
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fractions distribution comparison between non-catalytic and
catalytic pyrolysis of lignin with HZSM-5(23). The main
condensable fractions of non-catalytic pyrolysis were acetic acid
(acid), furfural, HMF, (furan), phenol, guaiacol, cresol, dimethyl
phenol, ethyl phenol, (phenol) and levoglucosan (sugar). Only
a few naphthalene and methylnaphthalene (PAH) could be
detected. None MAH could be detected. The results were similar
to previous study.21 However, with the existence of catalyst, the
condensable fractions were completely different from non-
catalytic pyrolysis. The main products became benzene,
toluene, ethylbenzene, xylene, trimethyl benzene, indane,
indene, (MAHs) naphthalene and methylnaphthalene (PAHs).
The completely different results showed that the catalytic
pyrolysis of lignin had the potential to produce both MAH and
PAH.22

3.2.2 Comparison between different catalysts. In this
section, to compare the effect of different catalysts, 0.5 mg
lignin was mixed with ve different catalysts (2.5 mg) respec-
tively and pyrolyzed at 600 �C at a heating rate of 10000 K s�1.

HZSM-5, HY, Hb are zeolite catalysts with some acid sites
and have high activity in deoxygenation reaction. As shown in
Fig. 6, deoxygenation reactions produced mainly alkanes and
Fig. 6 None-condensable gases from catalytic pyrolysis with different
catalysts.

This journal is © The Royal Society of Chemistry 2019
alkenes. Methane had the highest yield due to the demethoxyl
reactions from G and S type lignin monomers. HY tended not to
break C–C bond, which resulted in a higher selectivity of
propylene and butylene when compared to the other catalysts.
Comparatively, HZSM-5(23), with the strongest acid sites among
three HZSM-5 type catalysts, produced the most alkanes and
alkenes (Fig. 7).

According to Fig. 8, all these ve catalysts produced different
amount of MAH and PAH in condensable fractions. HY had the
lowest reaction activity for aromatic hydrocarbon production.
From C7 to C10 + PAH, HY all had the lowest yield. HZSM-5(23)
achieved all the highest yield from C6 to C10 + PAH, due to both
its strong acid sites and high selectivity in aromatic production
reaction. With the increase of HZSM-5 SAR, the yields for MAH
and PAH both decreased signicantly. HZSM-5 (23) had stron-
gest acidity, which results in higher yield of alkanes and
alkenes. Further conversion of these alkanes and alkenes under
suitable conditions was able to produce more MAHs by poly-
merization and cyclization reactions. Fig. 9 showed the
Fig. 8 Aromatic hydrocarbon yields of catalytic pyrolysis with different
catalysts (C6-benzene; C7-toluene; C8-xylene, ethyl benzene; C9-
trimethyl benzene, methyl ethyl benzene, indane, indene; C10 + PAH-
naphthalene, methylnaphthalene, anthracene, phenanthrene.).

RSC Adv., 2019, 9, 31960–31968 | 31963
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Fig. 9 Aromatic hydrocarbon selectivity of catalytic pyrolysis with
different catalysts.

Fig. 10 None-condensable gases from catalytic pyrolysis with
different CLR.

Table 4 Hydrocarbon gas yield of catalytic pyrolysis with different
CLR

Catalyst to
lignin ratio

Alkane
yield

Alkene
yield Total

5 : 1 1.55% 1.79% 3.34%
1 : 1 0.49% 0.60% 1.09%
1 : 5 0.62% 0.26% 0.88%
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selectivity from C6 to C10 + PAH. HZSM-5 series catalysts
produced lots of MAHs such as C7 and C8. When the carbon
chain continued to increase, HZSM-5 tended to produce more
C10 + PAH rather than C9. For Hb, the selectivity of C6 to C10 +
PAH was similar due to its relatively large pore size. In total,
HZSM-5(23) produced 5.75% MAH and 1.88% PAH respective-
ly.(Table 3)

3.2.3 Inuence of catalyst to lignin ratio (CLR). In this
section, 0.5 mg lignin was mixed with HZSM-5(23) with three
different mass ratio 5 : 1, 1 : 1, 1 : 5. Then the mixture was
pyrolyzed by the Pyroprobe at 600 �C with a heating rate of
10000 K s�1 and a resident time of 30 s.

As shown in Fig. 10, with the decrease of CLR, fewer alkenes
were produced due to fewer acid sites. However, when CLR
decreased from 1 : 1 to 1 : 5, the yields of methane and ethane
increased slightly. The reason was not clear but possible
explanation might be easier diffusion of gases and fewer coke
formation with less catalyst. When CLR decreased from 5 : 1 to
1 : 1, total hydrocarbon gas yield decreased from 3.34 wt% to
0.88 wt%, as shown in Table 4.

The decrease of CLR resulted in less deoxygenation reaction
and less aromatic hydrocarbon formation (Fig. 11), and all the
aromatic hydrocarbon yields decreased. On the other hand,
MAHs and alkenes were thought to be precursors of C10 + PAH.
With a lower CLR, the unstable intermediate products were
more dispersed. Thus, the intermediate products were less
possible to react with each other to increase the carbon chain,
which implied that the increasing of carbon chain becamemore
Table 3 Aromatic hydrocarbon yields and selectivity of catalytic pyrolys

Catalyst MAH yield PAH yield

HZMS-(23) 5.75a% 1.88%
HZSM-(50) 1.61% 0.66%
HZSM-(80) 1.06% 0.27%
HY 0.51% 0.27%
Hb 1.54% 0.56%

a Weight percent of raw alkali lignin. b MAH selectivity¼MAH yield/(MAH

31964 | RSC Adv., 2019, 9, 31960–31968
difficult with the decrease of CLR. The evidence was that, as
shown in Fig. 12, the selectivity peak shied from C10 + PAH to
C8, with the decrease of CLR. 5 : 1 had a highest selectivity on
C10 + PAH, while 1 : 1 and 1 : 5 had the highest on C9 and C8
respectively. Due to the less possibility of carbon chain
increasing, MAH selectivity increased from 75.34% to 82.97%
with the decrease of CLR. While the PAH selectivity decreased
from 24.66% to 17.03%.(Table 5)
3.3 Inuence of pyrolysis parameter

3.3.1 Inuence of pyrolysis temperature. In this section,
0.5 mg lignin was mixed with 2.5 mg HZSM-5(23). Then the
mixture was pyrolyzed by the Pyroprobe with a heating rate of
10000 K s�1 at different temperature range from 450–700 �C.

As shown in Fig. 13, with the pyrolysis temperature
increased, feedstock was decomposed vigorously to produce
is with different catalysts

Total yield MAH selectivityb PAH selectivityc

7.63% 75.34% 24.66%
2.27% 70.81% 29.19%
1.32% 79.82% 20.18%
0.77% 65.61% 34.39%
2.10% 73.40% 26.60%

yield + PAH yield). c PAH selectivity¼ PAH yield/(MAH yield + PAH yield).

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Aromatic hydrocarbon yields of catalytic pyrolysis with
different CLR.

Fig. 12 Aromatic hydrocarbon selectivity of catalytic pyrolysis with
different CLR.

Fig. 13 None-condensable gases from catalytic pyrolysis with
different pyrolysis temperature.

Table 6 Hydrocarbon gas yield of catalytic pyrolysis with different
pyrolysis temperature

Pyrolysis temperature
Alkane
yield

Alkene
yield Total

450 �C 0.12% 0.28% 0.40%
500 �C 0.44% 0.55% 0.99%
550 �C 0.83% 1.09% 1.92%
600 �C 1.11% 1.42% 2.54%
650 �C 1.55% 1.79% 3.34%
700 �C 1.77% 1.77% 3.54%

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
10

:4
0:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
more alkanes and alkenes. 22 However, at 650 �C, C3 (propane,
propylene) and C4 (butane, butylene) achieved the highest yield.
When the pyrolysis temperature increased to 700 �C, although
the average value of C3 and C4 decreased, when considering the
standard deviation presented, these values were statistically
similar.(Table 6)

The effects of pyrolysis temperature on condensable frac-
tions were shown in Fig. 14. For all C6–C10 aromatic hydro-
carbons, the yield increased from 450 �C to 600 �C, then
decreased aer 600 �C. As mentioned above, during the catalytic
pyrolysis process, lignin was thermally decomposed to produce
pyrolysis vapours. With a higher temperature, feedstock was
decomposed more severely. Thus more intermediate products
Table 5 Aromatic hydrocarbon yields and selectivity of catalytic pyrolys

CLR MAH yield PAH yield T

5 : 1 5.75% 1.88% 7
1 : 1 1.99% 0.55% 2
1 : 5 1.02% 0.21% 1

This journal is © The Royal Society of Chemistry 2019
would take deoxygenation reactions, and more aromatic
hydrocarbons would be generated. When the temperature
became higher than 600 �C, it would cause the second decom-
position reaction of the intermediate products (acid, furan,
phenol and sugar) and nal products (MAH and PAH) to form
more coke.(Table 7) However, at 600 �C, 7.63 wt% of aromatic
hydrocarbon was produced.(Fig. 15)

3.3.2 Inuence of heating rate. In this section, to compare
the effect of heating rate, 0.5 mg lignin was mixed with 2.5 mg
HZSM-5(23). Then the mixture was pyrolyzed by the Pyroprobe
at 600 �C with different heating rate range from 10–10000 K s�1.
Aer achieving 600 �C, the pyrolysis system would be held for
30 s for reaction.

Previous study illustrated that, a higher heating rate was
effective to avoid coke formation as well as increase pyrolysis
vapour yield.23 Thus, more pyrolysis vapour would be deoxy-
genated to produce C1–C4 alkanes and alkenes due to HZSM-5
is with different CLR

otal yield MAH selectivity PAH selectivity

.63% 75.34% 24.66%

.54% 78.39% 21.61%

.23% 82.97% 17.03%

RSC Adv., 2019, 9, 31960–31968 | 31965
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Fig. 14 Aromatic hydrocarbon yields of catalytic pyrolysis with
different pyrolysis temperature.

Fig. 15 Aromatic hydrocarbon selectivity of catalytic pyrolysis with
different pyrolysis temperature.

Fig. 16 None-condensable gases from catalytic pyrolysis with
different heating rate.
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strong acid sites. As shown in Fig. 16, all the alkanes and
alkenes increased with a higher heating rate. However, for
different heating rate, real resident time was different. Take 10
K s�1 for example, the Pyroprobe was heated up from 20 �C
(room temperature) to 600 �C, which might be around 58 s.
Considering that the system would be held for another 30 s, the
whole reaction time was 88 s. For 100 K s�1 and 1000 K s�1, the
real resident time were 35.8 s and 30.6 s. This might be the
reason that the yield for 100 K s�1 and 1000 K s�1 were similar in
Fig. 16.

As mentioned above, higher heating rate resulted in an
increase of pyrolysis vapour yield. More pyrolysis vapour
generated more C6–C10 aromatic hydrocarbon as well as C1–C4
alkanes and alkenes. Results were shown in Fig. 17, for all C6–
C10 aromatic hydrocarbon, 10000 K s�1 produced themost. The
yield of 10 K s�1, 100 K s�1 and 1000 K s�1 were similar, which
might be inuenced by the “real resident time” issue.(Fig. 18,
Tables 8 and 9)
3.4 Reaction pathways to aromatic hydrocarbons over zeolite
catalyst

In order to discuss these different reaction pathways for lignin
catalytic pyrolysis, density functional theory were used in this
section. 1-(3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)
propane-1,3-diol (DMPD, Fig. 4), a typical b-o-4 ether linkage
lignin dimer, was used as lignin feedstock.20 DMPD was
decomposed rstly.24 Then, C2–C4 dehydrate species would go
Table 7 Aromatic hydrocarbon yields and selectivity of catalytic pyrolys

Pyrolysis temperature MAH yield PAH yield

450 �C 0.49% 0.18%
500 �C 1.17% 0.42%
550 �C 2.60% 0.66%
600 �C 5.75% 1.88%
650 �C 4.07% 1.21%
700 �C 3.13% 1.13%

31966 | RSC Adv., 2019, 9, 31960–31968
through the olen to aromatics route, to form the aromatic
hydrocarbons (Fig. 19 route 1). On the other hand, aer
demethylation reaction, demethoxylation reaction and dehy-
dration reaction, 2,6-dimethoxy-4-methylphenol was conversed
into xylene (Fig. 19 route 2). Bond dissociation energy (BDE) for
each step was shown in Fig. 19. As for route 1, the olen to
aromatics route, the BDEs for each step varied from
93.15 kJ mol�1 to 200.06 kJ mol�1. As for route 2, BDEs for
demethylation reaction, demethoxylation reaction and dehy-
dration reaction were 394.85 kJ mol�1, 370.63 kJ mol�1,
is with different pyrolysis temperature

Total yield MAH selectivity PAH selectivity

0.67% 72.54% 27.46%
1.58% 73.67% 26.33%
3.26% 79.82% 20.18%
7.63% 75.34% 24.66%
5.28% 77.04% 22.96%
4.26% 73.37% 26.63%

This journal is © The Royal Society of Chemistry 2019
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Fig. 17 Aromatic hydrocarbon yields of catalytic pyrolysis with
different heating rate.

Fig. 18 Aromatic hydrocarbon selectivity of catalytic pyrolysis with
different heating rate.

Table 8 Hydrocarbon gas yield of catalytic pyrolysis with different
heating rate

Heating rate
Alkane
yield

Alkene
yield Total

10 K s�1 1.01% 1.34% 2.35%
100 K s�1 1.17% 1.52% 2.69%
1000 K s�1 1.09% 1.44% 2.53%
10000 K s�1 1.55% 1.79% 3.34%

Fig. 19 Bond dissociation energy for different reaction pathways using
DFT method.
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361.09 kJ mol�1 and 408.79 kJ mol�1, which were signicantly
higher than route 1. Comparatively, route 1 was a more
favourable reaction pathway than route 2. However, C2–C4
Table 9 Aromatic hydrocarbon yields and selectivity of catalytic pyrolys

Heating rate MAH yield PAH yield

10 K s�1 2.49% 0.24%
100 K s�1 1.82% 0.64%
1000 K s�1 1.59% 0.68%
10000 K s�1 5.75% 1.88%

This journal is © The Royal Society of Chemistry 2019
dehydrate products in route 1 mainly came from substituents of
benzene ring. In some cases, 7.63 wt% of aromatic hydrocar-
bons and 3.34 wt% of C1–C4 alkanes and alkenes were
acquired. Obviously, route1 alone was not able to produce such
amount of hydrocarbon products. Thus, part of the aromatic
hydrocarbons were formed via route 2, especially when reaction
temperature was higher.

In section 3.1.2 HZSM-5 serious catalysts and Hb showed
a different products distribution. The pore size of HZSM-5
series catalysts is around 0.5 nm, which is suitable for BTEX
(C6, C7, and C8). So, it could be a reasonable speculation that
route 1 might be a primary reaction pathway for the pyrolysis
vapours with HZSM-5. Consequently, HZSM-5 had a high
selectivity in C7 and C8 and relatively low selectivity in C9
(Section 3.1.2 Fig. 9). On the contrary, the pore size of Hb is
around 0.767 nm, which is suitable not only for BTEX (C6, C7,
C8), but also for C9, C10 and some intermediate products in
is with different heating rate

Total yield MAH selectivity PAH selectivity

2.72% 91.29% 8.71%
2.46% 74.11% 25.89%
2.27% 70.20% 29.80%
7.63% 75.34% 24.66%

RSC Adv., 2019, 9, 31960–31968 | 31967
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route 2. Thus, there might be more intermediate products
taking demethylation reactions, demethoxylation reactions and
dehydration reactions in route 2 to produce more aromatic
hydrocarbons. This might be the reason that Hb had almost the
same selectivity for C7, C8, C9, C10 + PAH (Section 3.1.2 Fig. 9).
4. Conclusions

Pyrolysis experiment results proved that lignin catalytic fast
pyrolysis with HZSM-5, HY, Hb was a promising way to obtain
aromatic hydrocarbons. Among those catalysts, HZSM-5(23)
provided the desired acidity and shape selectivity for aromatic
hydrocarbon production. Higher CLR and higher heating rate
resulted in higher aromatic hydrocarbon yield. 600 �C was the
most suitable pyrolysis temperature for aromatic hydrocarbon
production. 7.63 wt% of aromatic hydrocarbons and 3.34 wt%
of C1–C4 alkanes and alkenes were acquired by lignin catalytic
fast pyrolysis.

DFT calculations showed that the BDEs for route 1 (cycliza-
tion reactions) were signicantly lower than route 2 (demethy-
lation, demethoxylation and dehydration reactions). Route 1
was a more favourable reaction pathway than route 2. Associ-
ated with experimental results, route 1 was the primary reaction
pathway in catalytic pyrolysis with HZSM-5 series catalysts. As
for the catalysts with larger pore size (such as Hb), both route 1
and route 2 were important reaction pathways.
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