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omatic hydrocarbons from
catalytic fast pyrolysis of microalgae over Fe-
modified HZSM-5 catalysts

Xinyun Wang, *a Chuan Li,a Jiliang Yang,a Yefeng Liu,a Jinpei Hei,a Shiqi Huangb

and Daming Gaob

In this study, catalytic fast pyrolysis of themicroalgaC. pyrenoidosa over Fe-modified HZSM-5 catalysts was

performed to produce aromatic hydrocarbons using analytical pyrolysis-gas chromatography/mass

spectrometry (Py-GC/MS). Fe-modified HZSM-5 catalysts were prepared using wet impregnation and

characterized through X-ray diffraction (XRD), scanning electron microscopy (SEM), N2 adsorption–

desorption and temperature-programmed desorption of ammonia (NH3-TPD) analysis. The effect of Fe

loading (3, 5, 8, and 12 wt%) and pyrolysis temperature (450, 500, 550, 600 °C) on the content of

pyrolysis products and the content and selectivity of aromatics was examined. Results showed that the

parent HZSM-5 catalyst structure remained intact upon increasing Fe loading, although its specific

surface area, micropore volume and average pore diameter decreased. In addition, its external specific

surface area and total pore volume increased. The modification of Fe metal increased the total acid

amount, especially strong acid sites, which were highest when Fe loading was 8 wt%. The prepared Fe-

modified HZSM-5 catalysts exhibited pronounced deoxygenation and denitrogenation effects, which

significantly decreased the acid, aldehyde, ketone, furan and nitrogenous compounds, thus improving

the production of monocyclic aromatic hydrocarbons (MAHs) while effectively suppressing the formation

of polycyclic aromatic hydrocarbons (PAHs). The highest content of aromatic hydrocarbons was

obtained with an Fe loading of 8 wt% and pyrolysis temperature of 500 °C, which was 42.5%. As Fe

loading increased, benzene selectivity decreased, while the selectivity of toluene and xylene first

increased and then decreased. With an increase in pyrolysis temperature, benzene selectivity increased,

whereas toluene and xylene selectivity increased at first and then decreased. Reaction mechanisms for

the formation of aromatic hydrocarbons during the catalytic pyrolysis of microalgae are put forward. This

research revealed that catalytic fast pyrolysis of microalgae over Fe-modified HZSM-5 catalysts is an

effective method to produce MAHs.
1. Introduction

Aromatic hydrocarbons, in particular, MAHs such as benzene,
toluene and xylene (BTX), are important platform chemicals in
the petrochemical industry and are widely used as gasoline fuel
additives and chemical feedstocks for producing plastics,
synthetic bers and medicines.1 Aromatic hydrocarbons are
traditionally derived from petroleum. Considering the rapid
depletion of fossil fuels and increasing environmental prob-
lems, producing aromatic hydrocarbons from renewable and
environmentally friendly biomass resources has attracted
increasing attention worldwide.2 Biomass energy resources,
mainly including lignocellulosic and algal biomasses, are
ring, Chaohu University, Chaohu 238024,

gineering, Hefei University, Hefei 230601,

36979
abundant on the earth.3 Algal biomass mainly consists of
proteins, lipids and carbohydrates, which are easy to be pyro-
lyzed compared with lignocellulosic biomass, which is mainly
composed of cellulose, hemicellulose and lignin. Algal biomass
has been considered one of the most potential biomass energy
sources for third-generation biofuels and high value-added
chemicals. Microalgae have received growing interest recently
as a source for biofuel production because of their fast growth
rate, no competition for arable land and high carbon seques-
tration efficiency.4

Catalytic fast pyrolysis (CFP) is a promising technology that
can directly convert biomass feedstocks into valuable aromatics
because of the green and sustainable characteristics of biomass.
Among various catalysts, HZSM-5 zeolite is themost widely used
catalyst owing to its moderate pore structure, strong acidity, and
high hydrothermal stability.5 The HZSM-5 zeolite catalyst has
shown a signicant effect in reducing oxygenated compounds
or nitrogenous compounds and increasing the production of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The proximate and ultimate analyses of C. pyrenoidosa

Proximate analysisa (wt%) Ultimate analysisb (wt%)

M V A FC C H N S O
6.62 70.41 6.28 16.69 47.28 7.38 8.45 0.82 29.79

a Air dry basis. b Dry ash-free basis.
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aromatic hydrocarbons from pyrolysis of biomass.6–15 However,
HZSM-5 zeolite is easily and rapidly deactivated during the
catalytic pyrolysis process of biomass due to the formation of
coke on the catalyst surface, which results in a decrease in the
catalytic activity and yield of aromatic hydrocarbons, thus
restricting the conversion of aromatics.16

Metal-modied HZSM-5 is effective as it tunes the channel
and acid active sites of the catalyst to relieve catalyst deactiva-
tion and improve the aromatics yield in the CFP of biomass.
Previous studies have shown that the impregnation of certain
metals (Ni, Co, Ga, La, Zr, Ce, Mg, Cu, Zn, Fe) into HZSM-5 can
enhance the production of aromatic hydrocarbons and reduce
the amount of oxygenated compounds in bio-oil as well as coke
formation.16–27 Among these selected metals, Fe is one of the
most commonly used metals for the production of aromatic
hydrocarbons from the catalytic pyrolysis of lignocellulosic
biomass.16,20,21,26,27 Moreover, Fe is cheaper compared other
metals. Mullen et al. studied the production of aromatic
hydrocarbons from the catalytic pyrolysis of biomass over
different Fe-loaded modied HZSM-5. Results showed that
1.4 wt% Fe/HZSM-5 produced the highest increase in the
production of MAHs from the catalytic pyrolysis of cellulose,
cellobiose and lignin.16 Sun et al. investigated the catalytic fast
pyrolysis of poplar sawdust over Fe-modied ZSM 5 catalysts to
produce MAHs and found that the 15 wt% Fe/ZSM-5 catalyst
displayed the highest yield of MAHs, indicating that the coor-
dination effect between Fe metal active sites and ZSM-5 acid
sites promoted the production of MAHs and hindered the
formation of PAHs.20 Chai et al. reported that Fe-modied ZSM-
5 can increase the yield of aromatics from the catalytic pyrolysis
of corn stalk, and the incorporation of Fe into ZSM-5 increased
the yield of MAHs and decreased the yield of PAHs.21

As reviewed above, although several studies have been con-
ducted on the production of aromatic hydrocarbons from the
catalytic fast pyrolysis of lignocellulosic biomass over Fe-
modied HZSM-5 catalysts, which exhibited excellent catalytic
performance and signicantly enhanced the yield of MAHs and
suppressed the formation of PAHs, there are few studies on
microalgae pyrolysis using transition metal Ni-loaded
HZSM5catalysts,28,29 suggesting that the addition of Ni metal
increased the catalytic activity for the aromatization of HZSM-5
and signicantly promoted the deoxidation, denitrication and
aromatization to produce more aromatic hydrocarbons. To date,
there is no literature on the catalytic fast pyrolysis of microalgae
over Fe modied HZSM-5 catalysts for aromatics production.

Therefore, in order to evaluate the catalytic performance of
Fe-modied HZSM-5 catalysts for the production of aromatic
hydrocarbons from the catalytic pyrolysis of microalgae, this
work conducted the fast catalytic pyrolysis of microalgae C.
pyrenoidosa over Fe-modied HZSM-5 catalysts prepared by the
wet impregnation method and characterized by XRD, SEM, N2

adsorption–desorption and NH3-TPD analyses using Py-GC/MS
and systematically investigated the effect of Fe loading (3, 5,
8, 12 wt%) and pyrolysis temperature (450, 500, 550, 600 °C) on
the content of pyrolysis products as well as the content and
selectivity of aromatics. The reaction mechanisms of aromatic
hydrocarbons' formation from the catalytic pyrolysis of
© 2024 The Author(s). Published by the Royal Society of Chemistry
microalgae were proposed. The study on the catalytically-
oriented pyrolysis of microalgae for producing aromatic
hydrocarbons is benecial for theoretical reference and guid-
ance for the high value-added utilization of microalgae.

2. Experimental
2.1 Materials

The feedstock of microalgae C. pyrenoidosa with a green food
grade was provided by Wudi Lvqi Bioengineering Co. Ltd
(Shangdong Province, China). The proximate analysis was per-
formed according to the Chinese National Standard GB/T
28731-2012 to determine the contents of moisture (M), volatile
matter (V) and ash (A), and the xed carbon (FC) content was
calculated by the difference. The elemental contents of C, H, N
and S were determined by an elemental analyzer (Vario EL,
Elementar, Germany). O content was calculated by the differ-
ence. The results of proximate analysis and ultimate analysis of
the microalgae sample are presented in Table 1.

HZSM-5 zeolite catalyst with Si/Al ratio of 46 was purchased
from the Catalyst Plant of Nankai University (Tianjin, China).
Fe(NO3)3$9H2O was purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China).

2.2 Catalyst preparation and characterization

Before the experiment, the original HZSM-5 powders were
calcined in air at 550 °C for 4 h to obtain the parent HZSM-5
catalyst. The Fe-modied HZSM-5 zeolite catalysts were
prepared by the wet impregnation method. In this work, Fe
loading based on the mass ratio of Fe metal to parent HZSM-5
was 3, 5, 8, 12 wt% and the corresponding catalysts were deno-
ted as 3Fe/HZSM-5, 5Fe/HZSM-5, 8Fe/HZSM-5 and 12Fe/HZSM-5,
respectively. The preparation procedure of the Fe-modied
HZSM-5 catalyst is as follows: a certain amount of Fe(NO3)3-
$9H2O weighed was dissolved into 100 mL deionized water to
prepare the aqueous solution, and then 10 g of the parent HZSM-
5 was added and magnetically stirred at 80 °C for 4 h. Aer that,
themixture was dried at 105 °C for 12 h. Lastly, the obtained cake
was calcined at 550 °C for 4 h in an ambient atmosphere and
pulverized and sieved by passing through an 80-mesh screen
aer cooling to obtain the 3Fe/HZSM-5, 5Fe/HZSM-5, 8Fe/HZSM-
5 and 12Fe/HZSM-5 catalyst. The preparation processes of Fe-
modied HZSM-5 catalysts are illustrated in Fig. 1.

The phase structure of the parent and Fe-modied HZSM-5
catalysts was characterized by powder X-ray diffraction (XRD)
on an X-ray diffractometer (D/MAX-2500PC, Rigaku, Japan) with
CuKa (l = 1.5406 nm) radiation and operating at 40 kV and 40
mA. The scanning rate was set at 5° min−1 in the 2q range of 5°–
RSC Adv., 2024, 14, 36970–36979 | 36971
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Fig. 1 Preparation processes of Fe-modified HZSM-5 catalysts.
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80°. The morphology of the parent and Fe-modied HZSM-5
catalysts were analyzed by scanning electron microscopy
(SEM) on a eld-emission scanning electron microscope
(Quanta 450 FEG, FEI Company, USA). The textural property of
the parent and Fe-modied HZSM-5 catalysts were measured by
N2 adsorption and desorption isotherms on an automatic
specic surface area and aperture analyzer (Autosorb-IQ3,
Quantachrome Instrument, UAS). The samples were degassed
for 8 h under N2 at 300 °C prior to the measurements. The N2

adsorption–desorption experiments were conducted at −196 °
C. The multipoint Brunauer–Emmett–Teller (BET) method was
used to calculate the specic surface area (SBET). The micropore
specic surface area (Smicro) and volume (Vmicro) were deter-
mined by the t-plot method, while the external specic surface
area (Sexternal) was calculated by difference. The total pore
volume (Vtotal) was derived from the amount of N2 adsorbed at p/
p0 = 0.9. The average pore diameter (Daverage) was obtained from
the adsorption branch of the isotherm using the Barrett–Joy-
ner–Halenda (BJH) method. The acidity of the catalysts was
estimated by the temperature-programmed desorption of NH3

(NH3-TPD) on a chemisorption instrument (AutoChem II 2920,
Micromeritics Instrument Corporation, USA) equipped with
a thermal conductivity detector (TCD). The sample was
degassed at 400 °C and an He ow rate of 50 mL min−1 for 1 h.
Aer pretreatment, the sample was cooled to ambient temper-
ature and saturated with NH3 gas in 10% NH3/He for 1 h. The
physically absorbed NH3 was then blown out at an He ow rate
of 50 mL min−1 for 1 h. The temperature was raised from 50 °C
to 600 °C at a heating rate of 10°C min−1. The NH3-TPD signal
was recorded by a thermal conductivity detector (TCD).
Fig. 2 XRD patterns of the parent HZSM-5 and Fe-modified HZSM-5
catalysts.
2.3 Catalytic fast pyrolysis by Py-GC/MS

Py-GC/MS experiments were carried out using an analytical
pyrolyzer (EGA/EY3030D, Frontier Laboratories, Japan) coupled
with gas chromatograph-mass spectrometer (GCMS-2010, Shi-
madzu, Japan). 0.5% ± 2% mg sample (microalgae, even
amixture ofmicroalgae and catalyst with amass ratio of 1 : 5) was
wrapped in a ferromagnetic foil and pyrolyzed in each experi-
ment. The experiments were performed at different temperatures
(450–600 °C) for 10 s with a heating rate of 20 °C ms−1. The
separation analysis of the volatile products was performed using
an Agilent DB-5MS capillary column (30 m length × 0.25 mm
inner diameter × 0.25 mm lm thickness). High purity (99.999%)
helium (He) was used as the carrier gas with a ow rate of 1.0
mL min−1. The temperature of the injector was kept at 270 °C
with a split ratio of 60 : 1. The temperature of the transfer line was
36972 | RSC Adv., 2024, 14, 36970–36979
set at 280 °C. The initial oven temperature was set at 40 °C and
maintained for 2 min and raised with a heating rate of 10 °
C min−1 to 300 °C and held for 2 min. MS was operated in the
electron ionization (EI) mode in the range of 50–400 m/z at an
ionization voltage of 70 eV. The ion source temperature was kept
at 260 °C. The pyrolysis vapour products were identied by
comparison with the National Institute of Standards and Tech-
nology (NIST) mass spectral data library.

Since the relative content of each component in the pyrolysis
vapour products is proportional to the chromatographic peak
area, the relative content of each composition was determined
by calculating the chromatographic area percentage. The
selectivity of a specic identied aromatic hydrocarbons was
calculated as follows.

S ¼ R
P

R
(1)

where S is the selectivity of a certain kind of aromatic hydro-
carbons, such as benzene, toluene, xylene and naphthalene, R is
the relative content of a specic identied aromatic hydrocar-
bons, and

P
R is the total relative content of all aromatic

hydrocarbons.
3. Results and discussion
3.1 Characterization of the catalyst

The XRD patterns of the parent HZSM-5 and Fe-modied
HZSM-5 catalysts are shown in Fig. 2.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06815g


Fig. 3 SEM micrographs of the catalyst: (a) parent HZSM-5, (b) 3Fe/HZSM-5, (c) 5Fe/HZSM-5, (d) 8Fe/HZSM-5, and (e) 12Fe/HZSM-5.
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It is apparent that the patterns of all the catalysts were
consistent with the MFI structure of the HZSM-5 parent, with
characteristic diffraction peaks observed at 2q = 7.8, 8.8, 9.0,
13.8, 14.7, 23.2, 23.6, and 29.9°, which indicates that the
modication of Fe metal does not change the structure of the
HZSM-5 parent catalyst. It can be seen that there is no charac-
teristic diffraction peaks of the Fe oxide crystals shown in the
XRD patterns of the Fe-modied HZSM-5 catalysts, indicating
that the Fe metal oxides are more evenly dispersed on the
external surface of the HZSM-5.30 However, for the Fe-modied
HZSM-5, the intensities of the characteristic peaks of HZSM-5
decreased. Moreover, with an increasing Fe loading, the inten-
sities of the characteristic peaks of HZSM-5 decreased contin-
uously, which is consistent with the previous literature
reports.31,32 This result can be attributed to Fe ions, which could
enter into the framework structure of HZSM-5 well, resulting in
the reduction of the crystallinity of the HZSM-5 catalyst support.

The SEM micrographs of the parent HZSM-5 and Fe-
modied HZSM-5 catalysts are shown in Fig. 3. As can be
Fig. 4 Pore structure parameters of catalysts: (a) N2 adsorption–desorp

© 2024 The Author(s). Published by the Royal Society of Chemistry
seen, the morphology of the Fe-modied HZSM-5 is similar to
that of the parent HZSM-5, which suggests that Fe metal oxide
particles are also uniformly dispersed on the HZSM-5 support,
which is in accordance with the abovementioned XRD analysis
results.

The N2 adsorption–desorption isotherms and the corre-
sponding pore dimeter distributions of different catalysts are
illustrated in Fig. 4, and the textural properties of the HZSM-5
parent and Fe-modied HZSM-5 catalysts are listed in Table 2.

As shown in Fig. 4(a), the parent HZSM-5 and Fe-modied
HZSM-5 catalysts showed type IV isotherms with remarkable
hysteresis loops appearing at higher relative pressures. Fig. 4(b)
shows that the pore diameter distribution was found centered
at approximately 3–6 nm. As it can be seen from Table 2, the
impregnation of Fe metal decreased the SBET, Smicro, Vmicro and
Daverage of the Fe-modied HZSM-5 because that the Fe oxides
were adsorbed in the HZSM-5 surface or enter into the chan-
nels, thus blocking the pore channel. However, the Sexternal and
Vtotal of the Fe-modied HZSM-5 increased. This phenomenon
tion isotherms and (b) pore diameter distributions.

RSC Adv., 2024, 14, 36970–36979 | 36973
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Table 2 Textural and porous properties of the catalysts

Catalyst SBET (m2 g−1) Smicro (m
2 g−1) Vtotal (cm

3 g−1) Vmicro\ (cm
3 g−1) Daverage (nm)

HZSM-5 295.446 253.499 0.1588 0.104 3.865
3Fe/HZSM-5 291.625 241.470 0.1809 0.100 3.862
5Fe/HZSM-5 275.599 226.011 0.1707 0.094 3.860
8Fe/HZSM-5 268.248 176.107 0.2033 0.076 3.856
12Fe/HZSM-5 254.109 181.572 0.1745 0.077 3.859
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can be attributed to the formation of oligomeric FexOy clusters
on the catalyst surface, which may promote the increase in
mesopores,33 resulting in the increase in Sexternal and Vtotal. In
summary, catalysts modied by Fe metal can decrease the
surface area, micropore volume and average pore size but
increase the external surface area. These indicate that the
incorporation of Fe metal plays a role in modifying the HZSM-5
catalyst surface and pore channel.

The NH3-TPD results of parent HZSM-5 and Fe-modied
HZSM-5 catalysts are presented in Fig. 5. As can be seen from
Fig. 5, all the NH3-TPD proles exhibited two typical desorption
peaks of ammonia located at about 120 °C and 400 °C. The
desorption peak temperature represents the strength of the acid
sites. The low peak temperature corresponds to the weak acid
sites, which is related to the Lewis acid, while the high peak
temperature corresponds to the strong acid sites, which is
related to the Brønsted acid.34 The peak area represents the acid
amount, and the smaller peak area is less than the larger peak
area.34
Table 3 Peak temperatures and acid amount of the catalysts

Catalyst

Weak acid Strong

Peak temperature (°C) Acid amount (mmol g−1) Peak t

HZSM-5 124.3 0.56 395.6
3Fe/HZSM-5 126.4 0.59 391.2
5Fe/HZSM-5 127.1 0.57 389
8Fe/HZSM-5 120 0.56 412
12Fe/HZSM-5 126.3 0.49 431.3

Fig. 5 NH3-TPD of the parent HZSM-5 and Fe-modified HZSM-5
catalysts.

36974 | RSC Adv., 2024, 14, 36970–36979
The peak temperature and acid amount of the all catalysts
are listed in Table 3. In comparison with parent HZSM-5, the
strength and amount of weak acid sites of Fe-modied HZSM-5
showed almost no change except for a decrease for 12Fe/HZSM-
5, while the strength and amount of strong acid sites increased
signicantly. When the Fe loading reached 8 wt%, the amount
of strong acid sites was the maximum, and when the Fe loading
further increased, it then decreased. Furthermore, the amount
of total acid of Fe-modied HZSM-5 increased signicantly,
which reached the maximum with increasing Fe loading up to
8 wt%. On further increasing the Fe loading, the total acid
amount of Fe-modied HZSM-5 showed less improvement
compared with that of the parent HZSM-5, which is in agree-
ment with the previous results.35,36 This may be because the
higher Fe loading made Fe ion replace H+ on the HZSM-5
surface, thus reducing its acid amount.37

The above characterization results of catalysts show that the
addition of metal Fe to HZSM-5 zeolite modies its textural and
acid properties and improves the strong acid sites and the total
amount of the catalyst, which lead to a high yield of aromatic
hydrocarbons.38
3.2 Effect of Fe loading

Fe loading plays an important role in the formation of aromatic
hydrocarbons. Thus, in this study, the catalytic pyrolysis
experiments of microalgae were performed with different Fe
loadings (3, 5, 8, 12 wt%) at a pyrolysis temperature of 500 °C.
The effect of Fe loading on the content of pyrolysis products and
the content and selectivity of aromatic hydrocarbons were
investigated.

3.2.1 Effect of Fe loading on the content of pyrolysis
products. The content of pyrolysis products with different Fe
loadings is shown in Fig. 6. Pyrolysis products from microalgae
are a very complex product containing a mixture of organic
compounds, such as oxygen-containing compounds of
acid

Total amount (mmol g−1)emperature (°C) Acid amount (mmol g−1)

0.31 0.87
0.41 1.00
0.42 0.99
0.46 1.02
0.39 0.88

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Content of aromatics with different Fe loadings.

Fig. 6 Pyrolysis product content with different Fe loading.
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aldehydes, ketones, alcohols, esters, carboxylic acids and
furans, nitrogen-containing compounds of amides, amines
nitriles and N-heterocyclic compounds, as well as hydrocar-
bons. Pyrolysis products can be divided into nine categories,
such as acids, aldehydes, ketones, alcohols, esters, furans,
aliphatic hydrocarbons, aromatic hydrocarbons and nitroge-
nous compounds.

It was found from Fig. 6 that the main pyrolysis products
with no catalyst were oxygenated compounds (45.1%), followed
by nitrogenous compounds (38.9%) and aliphatic hydrocarbons
(10.2%), with relatively few aromatic hydrocarbons, accounting
for only 5.8%. With the addition of the parent HZSM-5 catalyst,
the content of acids, aldehydes, ketones and furans signicantly
decreased, while that of nitrogenous compounds decreased to
a certain extent. At the same time, the aromatic hydrocarbons
signicantly increased up to 22.5%. The results indicate that
the HZSM-5 catalyst has good deoxygenation and limited
denitrication effects. In general, HZSM-5 zeolite possesses
a large number of acid sites, signicantly promoting the deox-
ygenation by H2O, CO, CO2, cracking, alkylation, cyclization and
aromatization of oxygenated pyrolysis vapors and producing
high aromatic hydrocarbons.39,40 Meanwhile, HZSM-5 can
promote nitrogen removal by NH3 and HCN during the pyrol-
ysis of nitrogenous compounds and promote the conversion of
nitrogen-containing compounds derived from protein pyrolysis
into aromatic hydrocarbons.41,42

Compared with the parent HZSM-5, the Fe-modied HZSM-5
catalysts showed more benecial deoxygenation and denitri-
cation effect and can better improve the production of aromatic
hydrocarbons. The incorporation of Fe can signicantly reduce
the contents of acids, aldehydes, ketones, furans and nitrogen-
containing compounds, resulting in an increase in the aromatic
hydrocarbon content. As the Fe loading increased, the content
of aromatic hydrocarbons increased and then decreased. The
content of aromatic hydrocarbons was 30.1, 38.3, 42.5 and
33.3%, respectively, when the Fe loading was 3, 5, 8 and 12 wt%,
respectively. The decrease in the aromatic hydrocarbons
content is because the higher Fe metal loading reduces its
amount of total acid and strong acid sites, decreasing its
© 2024 The Author(s). Published by the Royal Society of Chemistry
cracking and activity43 and aromatic hydrocarbons content. The
above results demonstrate that the combination of Fe and the
acid sites of HZSM-5 allowed the oxygenated compounds of
pyrolysis vapors to come into contact with the active sites on the
surface and channels of the catalyst, resulting in the formation
of aromatic hydrocarbons through a series of dehydration,
cracking, decarboxylation, decarbonylation and oligomeriza-
tion reactions, followed by cyclization and aromatization reac-
tions.44 The acidity of catalysts has been considered to play
a vital role in the formation of aromatic hydrocarbons during
catalytic pyrolysis.44 On the one hand, Lewis acid sites play an
important role in the dehydration reaction. On the other hand,
Brønsted acid sites play a signicant role in cracking, cycliza-
tion and aromatization reactions.26 According the above NH3-
TPD analysis, Fe modication increases the strong acid sites
and the total acid amount of the catalysts. As the Fe loading was
8 wt%, the total acid amount was maximized. Therefore, it can
be concluded that the greater the total acid amount and the
strong acid sites, the higher the content of aromatic hydrocar-
bons. This result is similar to the ndings of the previous
study.16,18,31

3.2.2 Effect of Fe loading on the content and selectivity of
aromatics. The content of aromatic hydrocarbons from the
catalytic pyrolysis of microalgae with different Fe loadings is
given in Fig. 7. It can be seen that aromatic hydrocarbon
product includes MAHs such as benzene, toluene and xylene. At
the same time, it also contains a certain amount of PAHs, such
as naphthalene, which promotes the formation of coke on the
catalyst surface and leads to catalyst deactivation, resulting in
a decrease in aromatic hydrocarbons production.45 With the
addition of Fe to HZSM-5 support, the benzene, toluene and
xylene content increased, while the naphthalene content
decreased. Fe metal enhances deoxygenation and hydrogena-
tion by promoting hydrogen transfer reactions, which can
restrain the secondary cyclization of MAHs, thus inhibiting the
formation of PAHs, eventually leading to an increase in MAHs
and a decrease in PAHs.20,30 These indicate that Fe-modied
HZSM-5 catalysts have excellent catalytic activity, which can
RSC Adv., 2024, 14, 36970–36979 | 36975
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Fig. 8 Selectivity of aromatics with different Fe loadings.

Fig. 10 Content of aromatics at different temperatures.
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enhance the production of MAHs and inhibit the formation of
PAHs. Previous studies have also found that the addition of Ni
and Fe into ZSM-5 can hinder the formation of PAHs, which
produce lower PAHs compared to the parent ZSM-5 catalyst.20,24

However, more Fe loading will increase the content of PAHs. At
an Fe loading of 8 wt%, the BTX and naphthalene content
reached the maximum value (39.5%) and the minimum value
(3%), respectively.

The selectivity of aromatics composed of benzene, toluene,
xylene and naphthalene is presented in Fig. 8. It can be seen
that toluene has the highest selectivity among the benzene,
toluene and xylene products, which indicates that HZSM-5 and
Fe-modied HZSM-5 catalysts can signicantly promote the
production of toluene from microalgae pyrolysis. As shown in
Fig. 8, it was also found that with an increase in Fe loading,
benzene selectivity decreased, while toluene and xylene selec-
tivity rst increased and then decreased. When the Fe loading
was 8 wt%, toluene and xylene selectivity was the maximum.
This may be because the Fe-modied HZSM-5 catalyst promotes
the alkylation of benzene.31,46 Moreover, with increasing the Fe
Fig. 9 Pyrolysis product content at different temperatures.

36976 | RSC Adv., 2024, 14, 36970–36979
loading up to 8 wt%, the selectivity of naphthalene rst
decreased and then increased, which indicates that the high
total acid amount inhibited the formation of PAHs.

3.3 Effect of pyrolysis temperature

In the study, the catalytic pyrolysis experiments of microalgae
were conducted at different temperatures (450, 500, 550 and 600
°C) over 8Fe/HZM-5. The effect of pyrolysis temperature on the
content of pyrolysis products and the content and selectivity of
aromatic hydrocarbons were researched.

3.3.1 Effect of pyrolysis temperature on the content of
pyrolysis products. The content of pyrolysis products at
different temperatures is shown in Fig. 9. It can be observed that
the contents of oxygen-containing compounds such as acids,
aldehydes, ketones, furans and nitrogenous compounds
signicantly decreased with the increase in the temperature up
to 500 °C, beyond which it increased. These indicate that the
deoxygenation and denitrication effect of the Fe-modied
HZSM-5 catalyst decreased at high temperature. The content
Fig. 11 Selectivity of aromatics at different temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Proposed reaction mechanisms for the formation of aromatic hydrocarbons from catalytic pyrolysis of microalgae.
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of nitrogen-containing compounds increased with higher
temperature (>500 °C), which is similar to that found in the
literature.29

It can be seen that from Fig. 9 that the content of aromatic
hydrocarbons signicantly increased with the increase in the
temperature up to 500 °C, aer which it evidently decreases.
When the pyrolysis temperature was 450, 500, 550 and 600 °C,
the content of aromatic hydrocarbons was 40.1, 42.5, 38.2 and
32.6%, respectively. At low temperature, the pyrolysis reaction is
not sufficient, resulting in less pyrolysis vapors; thus, the
production of aromatic hydrocarbon is less. At high tempera-
ture, Fe-modied HZSM-5 catalyst can promote the deoxygen-
ation and denitrogenation reaction of the pyrolysis vapors,47

thus accelerating the formation of aromatic hydrocarbons. The
decrease in aromatic hydrocarbons at higher temperatures of
more than 500 °C is attributed to the signicant secondary
cracking of pyrolysis vapors and formation of gaseous
products.47

3.3.2 Effect of pyrolysis temperature on the content and
selectivity of aromatics. The content of aromatic hydrocarbons
at different temperatures is given in Fig. 10. It was found that
with increasing temperature, the content of MAHs increased at
rst and then decreased, while the content of PAHs initially
decreased and then increased. The highest content of MAHs
and the lowest content of PAHs were obtained at a pyrolysis
temperature of 500 °C, which was 39.5% and 3%, respectively.
PAHs generated from secondary reactions of benzene deriva-
tives increased with an increase in the pyrolysis temperature.
The high content of PAHs at a higher temperature (>500 °C) is
similar to that reported in previous ndings.48

The selectivity of aromatic hydrocarbons such as benzene,
toluene, xylene and naphthalene is presented in Fig. 11. It can
be seen that with increasing temperature, benzene selectivity
increased, while toluene and xylene selectivity rst increased
and then decreased. At the same time, naphthalene selectivity
rst decreased and then increased. Benzene and toluene could
be converted into xylene easily at low catalytic pyrolysis
temperature because alkylation is an exothermic process;22
© 2024 The Author(s). Published by the Royal Society of Chemistry
thus, toluene selectivity increased before a pyrolysis tempera-
ture of 500 °C. At a high temperature of 600 °C, the degradation
of monocyclic aromatic rings was promoted as well as their
recombination to produce naphthalene. Thus, naphthalene
selectivity increased, while that of toluene and xylene decreased.
3.4 Reaction mechanism for the formation of aromatic
hydrocarbons

Microalgae catalytic pyrolysis has been carried out widely,6–11

while the reaction mechanisms for aromatic hydrocarbon
formation from microalgae still need further research. Gener-
ally, the major constituents of microalgae are carbohydrates,
lipids and proteins.49–51 Low-molecular weight oxygenated
pyrolysis vapors, such as aldehydes, ketones and furans derived
from carbohydrates composed of monosaccharides connected
through glycosidic bonds, are deoxygenated and cracked into
olens.11,52,53 Lipids are commonly triglycerides.54 Triglycerides
are thermally decomposed to heavy oxygenated hydrocarbons,
such as long chain fatty acids, which undergo decarboxylation
coupled with decarbonylation and are then cracked into
olens.11,55 Proteins are made up of multiple amino acids con-
nected by peptide bonds.56 Nitrogenous organic compounds
such as amides, amines and N-heterocyclic compounds derived
from proteins pyrolysis through deamination are then cracked
into olens.57 These olens subsequently undergo a series of
oligomerization, cyclization and aromatization reactions over
Fe-modied HZSM-5 catalysts and are eventually converted to
aromatic hydrocarbons.11,52,53,55,57 Based on the literature and
our results, the possible reaction pathways for aromatic
hydrocarbon formation in the catalytic pyrolysis of microalgae
are depicted in Fig. 12.
4. Conclusions

The production of aromatic hydrocarbons from the catalytic fast
pyrolysis of microalgae over Fe-modied HZSM-5 catalysts was
investigated by Py-GC/MS. Fe-modied HZSM-5 catalysts were
RSC Adv., 2024, 14, 36970–36979 | 36977
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prepared by the wet impregnation method and were charac-
terized by XRD, SEM, BET and NH3-TPD analyses. Results
showed that the addition of Fe metal resulted in changes in the
physical structure of the parent HZSM-5 catalyst, including
decreases in the intensity of the characteristic peak, specic
surface area and average pore diameter and increases in the
total acid amount, especially the strong acid sites. The highest
content (39.5%) of MAHs and the lowest content (3%) of PAHs
were obtained with Fe loading of 8 wt% and at a pyrolysis
temperature of 500 °C. The existence of metal Fe on HZSM-5 led
to an enhanced production of MAHs and a decreased produc-
tion of PAHs. The aim of future research is to investigate the co-
pyrolysis of microalgae and waste plastics over Fe-modied
HZSM-5 catalysts in order to further improve the yield of
MAHs, showing high potential for use as high value-added
chemicals.
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