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Abstract 

Bio-oil from pyrolysis of microalgal biomass tends to exhibit high oxygen and nitrogen content, which is challenging 
for the commercial application of algae-based fuels. This study started with wet torrefaction of Chlorella to improve 
its fuel properties, and then Zeolite Socony Mobile-5 (HZSM-5) was used to synthesize HZSM-5 coated biochar 
(HZSM-5@biochar) catalyst for catalytic pyrolysis. During the process, up to 96.06% of aromatics with benzene, tolu-
ene and xylene (BTX) selectivity of 83.24% and a yield of 94.64 mg g−1 was obtained under specific conditions (wet 
torrefaction at 200 °C, pyrolysis at 500 °C, catalyst-to-feedstock ratio of 20:1). Meanwhile, the content of oxygenates 
and nitrogenates was reduced from 82.14% under non-catalytic condition to 3.26%. The catalytic conversion pathway 
was hypothesized by catalytic experiments with model compounds. The transformation process of oxygen- and nitro-
gen-containing functional groups was probed by XPS and in situ DRIFTS to help elucidate the deoxygenation 
and denitrogenation mechanism during the catalytic pyrolysis of Chlorella. Besides, the excellent stability of HZSM-5@
biochar was demonstrated by six-cycle experiments. The composite catalyst also showed lower yield of coke (0.33%) 
with less aromaticity after a single use compared to HZSM-5, whose coke yield was 1.87%. Scanning electron micros-
copy analysis revealed that compared to HZSM-5@biochar, the used HZSM-5 formed more amorphous components 
suspected to be coke.

Highlights 

•	 Wet torrefaction enables preliminary deoxygenation and denitrogenation of microalgae.
•	 HZSM-5@biochar exhibits outstanding catalytic performance (96% aromatic selectivity) and stability.
•	 Biochar in  the  composite catalyst preferentially breaks unstable bonds, thereby suppressing catalyst coking 

and deactivation.
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Graphical Abstract

1  Introduction
Continuously increasing energy demand in today’s world 
emphasizes the importance of developing renewable 
energy sources. Biofuel, as a renewable energy source 
that meets about 35% of energy demand in many devel-
oping countries and with global consumption risen to 
13% (Hou et al. 2024), has been highlighted as a possible 
alternative to fossil fuels in various applications. Com-
pared to lignocellulosic biomass, microalgae as a third 
generation biomass fuel has a high CO2 fixation rate and 
short growth cycle and its cultivation does not need to 
occupy arable land (Bach and Chen 2017; Niu et al. 2022; 
Wang et  al. 2019; Zhang et  al. 2022). It mainly consists 
of lipids, proteins, and carbohydrates, which can be con-
verted into bio-oil, biochar, and gas by pyrolysis. How-
ever, the presence of oxygen and nitrogen in microalgae 
leads to disadvantages such as high viscosity, instability, 
and low calorific value of the bio-oil (Kumar et al. 2022). 
At the same time, the nitrogen-containing compounds 
in bio-oils may also contribute to nitrogen-related pol-
lution such as photochemical smog, ozone depletion, 
and greenhouse effect during combustion as a fuel 
source  (Hou et  al. 2024). Therefore, it is imperative to 
improve the quality of bio-oil through further deoxygena-
tion and denitrogenation.

The application of catalysts facilitates the production 
of high-quality microalgae bio-oil by enhancing hydro-
carbon selectivity and effectively removing oxygen and 
nitrogen (Nikkhah et al. 2020). Common catalysts include 

metal oxides, molecular sieves (such as HZSM-5), and 
biochar. Among these, metal oxides are prone to sinter-
ing and deactivation, and have weak removal capacity 
for nitrogenates. HZSM-5 zeolite can efficiently catalyze 
deoxygenation and denitrification, but its microporous 
structure is easily blocked by carbon deposits and ash 
metals, thus also facing the issue of easy deactivation (Ke 
et al. 2025). Biochar with a large specific surface area and 
a mesoporous structure showed the anti-coking poten-
tial (Liu et al. 2023), but it possesses fewer catalytic sites. 
Recent research has primarily focused on catalyst modi-
fication to enhance performance. For instance, Wu et al. 
demonstrated that metal-impregnated HZSM-5 signifi-
cantly improved biomass deoxygenation and increased 
aromatic yield, while still facing rapid coking and cata-
lyst deactivation when treating nitrogen-rich microalgal 
feedstocks  (Wu et  al. 2025). Meanwhile, biochar-based 
composite catalysts emerge as promising options due to 
their cost-effectiveness and abundant pore structures. 
Their abundant functional groups were beneficial for 
the adsorption of some macromolecules, thereby facili-
tating the further catalytic reforming. Research by Guo 
et  al. (2025)  showed that the Ni-Ce biochar catalyst 
achieved good deoxygenation activity in lignocellulosic 
pyrolysis, exhibiting high tar cracking activity (64.5% 
hydrocarbons) and good selectivity for monoaromatics 
(57.1%) (Guo et al. 2025). However, microalgae pyrolysis 
tends to produce large amounts of stubborn nitrogen-
containing heterocycles such as pyrrole and indole, as 
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well as long-chain fatty acids (Leng et al. 2020). The fun-
damental understanding of how such composite catalysts 
promote simultaneous removal of oxygen and nitrogen 
heteroatoms during pyrolysis of complex biomass like 
microalgae remains limited. Specifically, detailed reaction 
pathways and the role of catalyst acid sites interacting 
with the biochar support remain poorly elucidated. Eluci-
dating this mechanism is crucial for guiding the rational 
design and performance optimization of low-cost cata-
lysts, as well as advancing the practical application of 
biochar-based catalysts. To address this knowledge 
gap, this study focuses on mechanistic investigations of 
catalytic pyrolysis using a composite catalyst (HZSM-5 
coated biochar, HZSM-5@biochar). Its hierarchical pore 
structure optimizes mass transfer and alleviates coking-
induced deactivation of HZSM-5. Simultaneously, the 
strong acidic sites of HZSM-5 compensate for the cata-
lytic performance limitations of biochar. Thus, the deox-
ygenation and denitrogenation capacity of HZSM-5@
biochar for the conversion of algal biomass deserves to be 
explored. Particularly, the conversion mechanism needs 
to be comprehensively revealed by investigating the con-
version of the model components including protein, lipid, 
and carbohydrate. In addition, advanced strategies, such 
as in  situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) and coke characterization were 
employed to help elucidate the mechanism.

Microalgae biomass exhibits a relatively high moisture 
content, and pre-treatment is required prior to pyrolysis. 
The conventional torrefaction pretreatment at tempera-
tures of 200–300  °C requires high energy consumption 
and is ineffective  (Dai et  al. 2019). In recent years, wet 
torrefaction has attracted much attention as a pretreat-
ment method that does not require the drying process. 
Wet torrefaction is a high-pressure thermal pretreat-
ment method that operates in an inert environment at 
150–260  °C in hot compressed water  (Gan et  al. 2018). 
This pretreatment method helps to pre-remove mois-
ture and reduce the volume of microalgae. Compared to 
direct drying, the process of wet torrefaction can reduce 
energy consumption (Milanese et al. 2024). Additionally, 
during wet torrefaction, microalgal protein and carbohy-
drate undergo hydrolysis and decarboxylation reactions, 
enabling pre-deoxygenation and pre-denitrogenation of 
microalgae (Liu et al. 2022), which is beneficial for subse-
quent catalytic pyrolysis to produce high-quality bio-oil.

To date, although the catalytic pyrolysis of microalgae 
has been extensively studied, the mechanism of catalytic 
pyrolysis of microalgae for deoxygenation and denitro-
genation to hydrocarbons has been rarely reported. In 
this study, HZSM-5@biochar was used for the catalytic 
pyrolysis of Chlorella pretreated with wet torrefaction. 
In addition, soybean protein, rapeseed oil, and glucose 

were selected as representatives of the three major com-
ponents of algae (protein, lipids, and carbohydrates) for 
catalytic pyrolysis. Characteristic products from non-
catalytic pyrolysis of Chlorella (1-nonadecene, hexade-
canamide, n-hexadecanoic acid, isovaleraldehyde, and 
1,3-dimethyl-2-imidazolidinone) were selected as pyroly-
sis model compounds for catalytic pyrolysis to investigate 
the catalytic pyrolysis pathway of algal biomass. X-ray 
Photoelectron Spectroscopy (XPS) and in  situ DRIFTS 
analysis of the catalysts were performed to investigate 
the mechanism of deoxygenation and denitrogenation 
of Chlorella. Furthermore, the stability of HZSM-5@
biochar was evaluated through cycling experiments and 
coke deposition studies.

2 � Materials and method
2.1 � Materials
Chlorella was purchased from Zhengzhou Best Food 
Additives Company, (Zhengzhou, China). Soy protein 
and glucose were purchased from Xilong Science Co, Ltd. 
(Shantou, China) and rapeseed oil was purchased from 
Dao Dao Quan Grain Oil Co, Ltd. (Yueyang, China). 
1-nonadecene, hexadecanamide, n-hexadecanoic acid, 
isovaleraldehyde, and 1,3-dimethyl-2-imidazolidinone 
were all purchased from Shanghai Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China).

2.2 � Wet torrefaction pretreatment
The wet torrefaction for Chlorella is as follows (Fig. 1a): 
A 100-mL batch reactor (Parr 4848 series-4590) was 
charged with 10  g Chlorella powder and 50  mL pure 
water at a 1:5 (w/v) solid–liquid ratio. Before heating, the 
gas tightness of the reactor was checked by holding about 
1.0 MPa of N2 for 10 min. The reactor was then heated 
at 4  °C  min−1 to target temperatures (160  °C, 180  °C, 
200  °C, 220  °C) and kept for 30 min with the stirrer set 
at 120  rpm. The resulting solid products were collected 
after cooling, filtering, drying, and grinding, and labeled 
as Chlorella-x (x = 160, 180, 200, 220).

The elemental composition was analyzed using an Ele-
mental Analyzer (Elementar, Vario Macro Cube). The ash 
content was tested according to the National Standard of 
China (GB/T 28731–2012). Specific steps are detailed in 
supplementary material. The contents of oxygen (O) were 
calculated by difference. The detailed methods for deter-
mining the total lipid and protein content of the samples 
are provided in the supplementary material. Carbohy-
drate content was calculated by difference (Carbohy-
drates = 100% – Ash – Lipids – Proteins) (Su et al. 2022).

2.3 � Catalyst preparation
The preparation of HZSM-5@biochar is as fol-
lows (Fig.  1b): biochar was prepared from soybean 
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straw—chosen for its ability to form a structurally robust 
carbon support compatible with the HZSM-5 coat-
ing  (Dong et  al. 2023)—by phosphoric acid impregna-
tion (10 wt% H3PO4 solution, 12 h) followed by pyrolysis 
at 700 °C for 2 h under an inert atmosphere. The result-
ing biochar was washed to neutrality and dried. The 
HZSM-5@biochar was obtained by hydrothermal syn-
thesis (Hu et al. 2024). The precursor gel was prepared by 
sequentially adding TEOS to a mixture of TPAOH, NaCl, 
NaAlO2, and H2O (molar ratios: 2.16:5.62:3.43:0.13:1000 
for TPAOH:TEOS:NaCl:NaAlO2:H2O). Biochar (0.5 g) 
was added to the gel, aged at room temperature for 4 h, 
and then subjected to hydrothermal treatment at 167 °C 
for 48 h. This coating process was repeated three times. 
The solid product was calcined at 700 °C for 4 h under N2 
flow, followed by ion exchange with NH4Cl solution. The 
product was calcined again for 4 h to obtain HZSM-5@
biochar. The successful synthesis of HZSM-5@biochar 
composites was confirmed through X-ray diffraction, 
scanning electron microscopy (SEM), and EDS elemental 
mapping techniques (Fig. S1).

2.4 � Catalytic pyrolysis experiments
The experiments were conducted using a fast pyrolyzer 
(Py-3030D, Shimadzu, Japan) coupled with gaschro-
matography-mass spectrometry (GC/MS, QP2010 SE, 
Shimadzu, Japan). Prior to pyrolysis, a microanalytical 
balance was used to precisely weigh (0.5 ± 10%) mg of 
biomass (m1), which was then put in a sample cup. The 
catalyst was introduced at a 20:1 mass ratio relative to 
the feed. A quartz wool layer was placed to segregate the 
two components. The relatively high catalyst-to-feed-
stock ratio was due to the ex-situ catalysis mode, which 

required sufficient catalyst packing in the sample cup to 
ensure adequate vapor-catalyst contact and reaction. The 
sample cup, which contained feedstock, quartz wool, and 
catalyst, was weighed before and after the reaction, with 
the weights recorded as m2 and m3, respectively. Follow-
ing helium purging of the thermal probe system, the sam-
ple cup was placed in the fast pyrolyzer and pyrolyzed by 
ramping to 500 °C at 600 °C min−1 and holding for 2 min. 
Evolving pyrolysis vapors were swept by helium into the 
GC/MS, which was operated using parameters described 
elsewhere  (Fan et al. 2020). During this process, pyroly-
sis products were directly and online introduced into the 
GC/MS system for separation and identification. There-
fore, this experimental procedure did not involve the col-
lection and condensation of liquid bio-oil. The feedstock 
conversion was subsequently calculated using Eq. (1).

To calculate the peak area yield (g−1 feedstock), the 
ratio of the measured peak area to the initial feedstock 
mass was adopted. The proportion of each compound’s 
chromatographic area was used to calculate the product 
selectivity. Benzene, toluene, and xylene (BTX) yields 
were quantitatively analyzed using external standard 
procedures. At least three runs of each experiment were 
carried out, and the presentation of the data includes 
the mean and standard deviations (SD) values. Cata-
lytic pyrolysis of soy protein, rapeseed oil, and glucose 
as algal components were also conducted following the 
aforementioned steps. A six-cycle stability test was con-
ducted to evaluate the HZSM-5@biochar catalyst’s dura-
bility. The procedure for each catalytic pyrolysis run was 

(1)Conversion (%) =
m2 −m3

m1

× 100

Fig. 1  Flowchart of a wet torrefaction pretreatment for Chlorella and b preparation of HZSM-5@biochar catalyst
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identical to the detailed steps described above. After each 
reaction, the spent catalyst was recovered, regenerated 
by calcination at 700 °C for 2 h under a N2 atmosphere, 
and then reused in the next cycle. HZSM-5 was used as 
a control. To quantitatively evaluate catalyst deactiva-
tion during cycling, the deactivation parameter D was 
introduced and calculated for each cycle n (n = 1, 2, …, 6) 
using the following equation: Dn = Xn–X6, where Xn is the 
peak area yield of the product after cycling the catalyst 
for n times.

2.5 � Conversion of oxygen‑ and nitrogen‑containing 
functional groups of pyrolysis products

The changes in the chemical structure and elemental 
composition of the catalysts before and after use were 
investigated by XPS (Kratos AXIS SUPRA + , Japan)  (Li 
et  al. 2023) and Elemental Analyzer (Elementar, Vario 
Macro Cube), respectively. The conversion pathways of 
oxygen- and nitrogen-containing functional groups of 
pyrolysis products over different catalysts were probed 
using in  situ DRIFTS (PerkinElmer Spectrum 3, USA). 
Specific procedures are detailed in the reference  (Liu 
et  al. 2024b), with the detection process conducted 
at 500  °C. The catalysts after the catalytic pyrolysis of 
1-nonadecene (HZSM-5@biochar-1N), hexadecanamide 
(HZSM-5@biochar-H), n-hexadecanoic acid (HZSM-5@
biochar-nH), isovaleraldehyde (HZSM-5@biochar-I), 
1,3-dimethyl-2-imidazolidinones (HZSM-5@biochar-DI) 
were also examined with XPS.

2.6 � Coke analysis
Based on thermogravimetric (TG) data, the coke yield 
was derived from the differential mass loss observed 
between the fresh and used catalysts. Additionally, the 
characteristics and structure of the coke were revealed 
using Raman spectroscopy and SEM. The specific charac-
terization parameters are provided in elsewhere (Hu et al. 
2024).

3 � Results and discussion
3.1 � Effect of wet torrefaction on catalytic pyrolysis 

of microalgae
In terms of the high peak area yield and chemical selec-
tivity of aromatics, catalyst-to-feedstock ratio of 20:1 
(Fig. S2) and pyrolysis temperature of 500  °C (Fig. S3) 
were chosen for the following catalytic pyrolysis runs. 
The impacts of wet torrefaction temperature and catalyst 
type on Chlorella pyrolysis were explored, using non-
catalytic pyrolysis as the control. Table  S1 lists detailed 
product selectivity for various catalyst-to-feed ratios 
and classifies the products into six categories: BTX, 
other mono-aromatics (other MAHs), polycyclic aro-
matic hydrocarbons (PAHs), oxygenates, nitrogenates, 

and aliphatics. Figure  2 displays the feedstock conver-
sions, peak area yields and selectivity for each category. 
In the non-catalytic pyrolysis control experiments, the 
feedstock conversion decreased slightly with increasing 
wet torrefaction temperature (Fig. 2a), which was due to 
the increase in the mass density of the feedstock by the 
severe pretreating process (Wang et al. 2018). Simultane-
ously, the total peak area yield of each product exhibited 
an initial increase followed by a decline (Fig.  2b). This 
trend can be explained by the elimination of inorganic 
and volatile substances during wet torrefaction tempera-
ture elevation, which enhances energy density (Bach And 
Skreiberg 2016). However, excessively high tempera-
tures result in elevated ash content and significant mass 
loss (Kostyniuk And Likozar 2024), causing a decrease in 
total peak area yield. In addition, among the non-cata-
lytic pyrolysis products, almost no BTX were produced, 
and most were nitrogenates and oxygenates, whose total 
selectivity ranged from 80.74% to 84.29% (Fig.  2c). The 
selectivity for oxygenates decreased slightly with increas-
ing wet torrefaction temperature, which is attributed to 
the preliminary deoxygenation of the feedstock during 
wet torrefaction pretreatment (supplementary mate-
rial, Fig. S4). The product distribution from the catalytic 
pyrolysis with HZSM-5@biochar is shown in Figs. 1d–f. 
Due to the effect of wet torrefaction on the mass density 
of the feedstock, the feedstock conversion also showed a 
decreasing trend (Fig. 2d). As the wet torrefaction tem-
perature increased, the total peak area yield and BTX 
peak area yield gradually increased and stabilized until 
200  °C (Fig.  2e). Meanwhile, it can be observed from 
Fig. 2f that the selectivity of each product showed almost 
no change with increasing wet torrefaction temperature. 
However, the HZSM-5@biochar catalyst dramatically 
reduced the total selectivity of oxygenates and nitrogen-
ates from 80.74–84.29% under non-catalytic conditions 
(Fig. 2c) to 2.14–6.34% (Fig. 2f ), while enhancing aromat-
ics selectivity to 90.94–97.84% (Fig. 2f ). Notably, the cat-
alytic of Chlorella-200 yielded a peak BTX selectivity of 
83.24% (Fig. 2f ) and yield of 94.64 mg g−1 (Fig. S5).

Compared to the control groups with HZSM-5 and bio-
char as the catalyst, the catalytic pyrolysis of HZSM-5@
biochar possessed the highest feedstock conversion 
(92.83%, Fig.  2g), BTX peak area yield (3.20 × 1012  g−1, 
Fig.  2h) and selectivity (83.24%, Fig.  2i), and the lowest 
content of oxygenates (1.87%) and nitrogenates (1.40%). 
In contrast, the biochar and HZSM-5 catalyzed pyrolysis 
products still contained significant amounts of nitrogen-
ates and oxygenates. This observation correlates with the 
limited number of acidic sites of biochar  (Eibner et  al. 
2017), which made it difficult to completely degrade 
oxygen-containing and nitrogen-containing compounds. 
Although HZSM-5 has strong acidity, its pore size is 
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usually 5.5 × 5.1 Å (Hu et al. 2020), and once large mole-
cules containing oxygen and nitrogen compounds gener-
ated from biomass pyrolysis enter into the pore channels, 

the HZSM-5 channels will be easily clogged, resulting 
in the deactivation of the catalyst  (Wang et  al. 2020). 
HZSM-5@biochar combined the advantages of both; 
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Fig. 2  Effect of wet torrefaction temperature and catalyst type on biomass pyrolysis: feedstock conversion, product peak area yield, and selectivity 
of organic compound groups for non-catalytic pyrolysis (a, b, c), HZSM-5@biochar-catalyzed pyrolysis (d, e, f) at varying wet torrefaction 
temperatures, and pyrolysis with different catalysts (g, h, i)
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the biochar in the catalyst could initially adsorbed and 
decomposed the large molecule pyrolysis products, and 
the obtained small molecules were further converted into 
HZSM-5 to produce the aromatic products. This process 
reduced the possibility of large molecules entering and 
clogging the HZSM-5 channels, and thus the catalyst 
showed excellent catalytic performance along with satis-
factory stability.

3.2 � Mechanism of deoxygenation and denitrogenation 
of microalgae into aromatics

3.2.1 � Catalytic conversion of model compounds
To explore the deoxygenation and denitrogenation 
mechanism in microalgae catalytic pyrolysis, three typi-
cal microalgae model compounds (soybean protein, 
rapeseed oil, and glucose) were employed as they can 
represent the primary components (proteins, lipids, and 
carbohydrates) of Chlorella. Among these, soy protein 
was selected to represent protein due to its amino acid 
composition, which closely resembles that of microal-
gae (Ziyue et al. 2023). Rapeseed oil was chosen to rep-
resent lipids, as its fatty acid profile is highly analogous to 
that of microalgal triglycerides (Suarez Ruiz et al. 2022). 
Monosaccharides (such as glucose) are the basic units of 

carbohydrates, linked by glycosidic bonds  (Wang et  al. 
2017b). Simultaneously, corresponding catalytic pyrolysis 
experiments were carried out on these three model com-
pounds under varying catalyst-to-feedstock ratios (5:1, 
10:1, and 20:1). Figure 3 displays the product selectivity 
and peak area yields. Moreover, highly selectivity char-
acteristic products from non-catalytic pyrolysis of Chlo-
rella-200, including 1-nonadecene, hexadecanamide, 
n-hexadecanoic acid, isovaleraldehyde, and 1,3-dime-
thyl-2-imidazolidinone, were identified. These were 
subsequently subjected to catalytic conversion as model 
pyrolysis compounds. The obtained product distribution 
is presented in Fig. 4.

As depicted in Fig.  3, when the ratio of catalyst-to-
feedstock was low (5:1), the catalytic pyrolysis of soy-
bean protein produced nitrogenates and oxygenates 
as the prominent products, with selectivity of 46.32% 
and 33.76%, respectively. A further increase in the cat-
alyst-to-feedstock proportion to 20:1 led to a signifi-
cant decline in nitrogenates and oxygenates selectivity 
to 6.32% and 20.51%, respectively, while the BTX selec-
tivity and peak area yield increased from 9.45% and 
1.68 × 1011 g−1 to 59.50% and 5.08 × 1011 g−1, respectively. 
It was because the presence of the catalyst resulted in 
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the denitrogenation of nitrogen-containing heterocy-
cles by strong acid sites, thereby promoting aromatiza-
tion. A similar trend was observed for rapeseed oil and 
glucose. Under the action of the catalyst, long-chain 
fatty acids produced from rapeseed oil were decarboxy-
lated to form straight-chain alkenes, which subsequently 
converted to aromatics through cyclization and dehy-
drogenation (Cheng et al. 2017). Glucose was converted 

into furfural through dehydration, followed by Diels–
Alder cycloaddition to form cyclic alkenes, and finally 
aromatized to benzene and toluene  (Zhang et  al. 2025). 
However, as shown in the radar chart, when the catalyst-
to-feedstock ratio was 20:1, the BTX peak area yield of 
rapeseed oil (2.87 × 1012  g−1) was significantly higher 
than that of soybean protein (5.08 × 1011 g−1) and glucose 
(6.67 × 1011 g−1). This may be because rapeseed oil had a 

Fig. 4  Selectivity (pie chart) and peak area yield (radar chart) for 1-nonadecene, hexadecanamide, n-hexadecanoic acid, isovaleraldehyde, 
and 1,3-dimethyl-2-imidazolidinone catalytic pyrolysis at 500 °C across various catalyst-to-feedstock ratios



Page 9 of 21Hu et al. Biochar            (2026) 8:91 	

relatively high hydrogen content, and its oxygen elements 
mainly existed in the form of ester groups, making the 
deoxygenation pathway simple. During the soybean pro-
tein pyrolysis, some nitrogen could be escaped as HCN, 
causing carbon loss and poisoning the acid sites, thereby 
inhibiting aromatization efficiency (Guo et al. 2024). Dur-
ing the catalytic pyrolysis of glucose, PAHs with a selec-
tivity of 22.33% (Fig.  3) were produced, which blocked 
the catalyst pores and impaired catalytic performance. 
In addition, it is noteworthy that aliphatics existed in the 
catalytic pyrolysis of soybean protein and rapeseed oil, 
and their selectivity tended to decrease with the increase 
of the catalyst addition, indicating the crucial intermedi-
ate product during the catalytic pyrolysis process.

During the catalytic pyrolysis of 1-nonadecene at a 
catalyst-to-feedstock ratio of 5:1, the product with the 
highest selectivity was alkenes (53.11%), followed by 
1-nonadecene (36.56%) and alkane (10.00%) (Fig.  4). 
This result corresponds to the left part of Path 1 in Fig. 5, 
indicating that the catalyst promoted the cracking of 
1-nonadecene, resulting in lighter short-chained olefins 
and paraffins, such as 2-pentene, 2-ethyl-2-butene, and 
1-hexene. As the catalyst-to-feedstock ratio rose to 20:1, 
1-nonadecene was further consumed, and new products 
(alicyclic hydrocarbons and BTX) were produced, whose 

selectivity reached 54.61% and 24.86%, respectively. This 
shift aligns with the subsequent pathway depicted in 
Fig. 5 (Path 1), originating from alkene and alkane inter-
mediates: alkenes and alkanes underwent cyclization to 
form alicyclic hydrocarbons, followed by further aro-
matization to form BTX  (Vogt et  al. 2023). In addition, 
bimolecular reactions (e.g., cross-linking, Diels–Alder 
reaction, etc.) occurred between alkenes, alkynes, and/
or dienes to form (poly) aromatics  (Abbas-Abadi et  al. 
2023).

During the catalytic conversion of hexadecanamide, 
depicted in Fig.  4, hexadecanenitrile was the primary 
product, exhibiting a high selectivity of 41.94% (cata-
lyst-to-feedstock ratio of 5:1). However, as the catalyst 
ratio further increased, the hexadecanenitrile selectiv-
ity gradually decreased. As shown in Path 2 of Fig.  5, 
this could be attributed to the dehydration of hexa-
decanamide, forming the hexadecanenitrile interme-
diate  (Anand et  al. 2017), after which this substance 
underwent further cracking to form other short-chain 
nitriles. In addition, it has been reported that the cycli-
zation of amide/amine forms nitriles and N-heterocy-
clics (Tang et al. 2021), among which nitriles would be 
further converted to alkanes and alkenes (Fig.  5, Path 
2), and finally produced aromatics after a series of 

Fig. 5  Aromatic conversion pathways of 1-nonadecene, hexadecanamide, n-hexadecanoic acid, isovaleraldehyde, 
and 1,3-dimethyl-2-imidazolidinone
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reactions (Fig. 5, Path 1). During the reaction process, 
other nitrogenates (e.g., heptanonitrile, octanenitrile 
and 2-nitropyridine) (Fig. 4) functioned as nitrogenous 
intermediates. Their concentrations initially increased 
and subsequently decreased gradually as these interme-
diates were consumed in further reactions.

The products from the pyrolysis of n-hexadecanoic 
acid in the presence of catalyst contained 23% of other 
oxygenates (Fig.  4), among which methyl vinyl ketone 
was remarkable. As shown in Path 3 of Fig.  5, this is 
presumed to result from the ketonization and crack-
ing of n-hexadecanoic acid  (Wang et  al. 2017a). As 
the catalyst-to-feedstock ratio gradually increased to 
20:1, no other oxygenates were present in the prod-
ucts, while the selectivity and peak area yields of alk-
enes (42.9% and 2.59 × 1012  g−1) and BTX (41.89% and 
2.53 × 1012  g−1) were most dominant (Fig. 4). This phe-
nomenon might stem from the further decarbonyla-
tion of oxygen-containing compounds like methyl vinyl 
ketone, generating alkanes and alkenes as intermedi-
ates (Fig.  5, Path 3). These intermediates were then 
efficiently converted to aromatics via subsequent aro-
matization catalyzed by HZSM-5@biochar.  (Tian et al. 
2022). Catalytic pyrolysis of isovaleraldehyde revealed, 
as shown in Fig. 4, a gradual decrease in its selectivity 
from 45.77% to 4.99% with increasing catalyst load-
ing. Concurrently, the content of alkenes progressively 
increased. These trends indicate that the conversion 
pathway of isovaleraldehyde is analogous to that of 
ketones. As described in Path 4 of Fig.  5, isovaleral-
dehyde first dehydrated in the zeolite channel of the 
catalyst to produce unsaturated olefins (hydrocarbon 
pools), and then the aromatic ring structure was con-
structed by the Diels–Alder reaction (Liu et al. 2024a).

The extent of catalytic conversion of 1,3-dimethyl-
2-imidazolidinone was dramatically lower than that of 
the other model compounds. Even at the highest catalyst 
loading (20:1), 71.28% of the feed remained unconverted, 
which was determined by the high thermal stability of the 
heterocyclic nitrogen contained in the substance (Zheng 
et  al. 2020). Nevertheless, the selectivity and peak area 
yields of 2-amino-N-ethylpropanamide, BTX, and other 
oxygenates gradually rose with rising catalyst loading. 
This could be attributed to the attack of H radicals gener-
ated during catalytic pyrolysis on the N site of the het-
erocyclic N. This attack weakened the C–N bond in the 
imidazolidone ring, leading to ring-opening of the het-
erocycle and promoting the conversion of 1,3-dimethyl-
2-imidazolidone to 2-amino-N-ethylpropanamide  (Gu 
et  al. 2019). Subsequently, the intermediate underwent 
C–N bond cleavage and C–C bond cleavage to yield 
small-molecule alkenes. These alkenes ultimately con-
verted into aromatics via aromatization. This reaction 

pathway is elucidated in Fig.  5 (Path 5). Meanwhile, 
1,3-dimethyl-2-imidazolidinone isomerized to produce 
other nitrogenates such as 2,3,5-trimethyl-1H-pyrrole 
and creatinine (Costil et al. 2017).

3.2.2 � Conversion pathway of oxygen‑ 
and nitrogen‑containing functional groups

Understanding the oxygen- and nitrogen-containing 
functional groups on HZSM-5@biochar is the key to 
elucidating the catalytic conversion mechanism of 
microalgae. Their characteristics in the catalyst were 
firstly detected by XPS. Subsequently, elemental analy-
sis assessed the macroscopic changes in the elemental 
composition of the catalyst before and after the reaction. 
The conversion pathways of these functional groups were 
subsequently tracked using in situ DRIFTS spectroscopy.

XPS analysis provided direct evidence for under-
standing the surface chemistry of catalysts and its evo-
lution during reactions. Firstly, the comparative XPS 
survey spectra of HZSM-5@biochar and biochar (Fig. S6) 
revealed that HZSM-5@biochar exhibited characteristic 
Si 2p and Al 2p peaks originating from the zeolite frame-
work structure of HZSM-5  (Oseke et  al. 2021), which 
were absent in the pristine biochar. Simultaneously, 
compared to biochar, the intensity of the C 1 s peak was 
reduced in HZSM-5@biochar, while the O 1  s intensity 
increased. These changes could be attributed to HZSM-5 
coating the biochar support within the catalyst, introduc-
ing significant Si, Al, and O elements while suppressing 
the C signal from the biochar. The successful synthesis 
of the HZSM-5@biochar catalyst was thus confirmed 
(consistent with prior XRD and SEM characterization), 
establishing the foundation for subsequent studies. 
More importantly, changes in the chemical structure of 
catalysts before and after catalyst action were analyzed 
using XPS. Seven and three Gaussian and Lorentzian 
peaks were used to fit the C 1s and N 1s curves (Ayiania 
et al. 2020a; Li et al. 2023, 2017; Shi et al. 2016), respec-
tively, and representative deconvolution C 1s spectra and 
N 1s spectra are shown in Fig. S7 and Fig. S8. Table S2 
and Table  S3 list the typical functional groups for C 1s 
spectra and N 1s spectra, respectively. The content of 
each functional group in the C 1 s spectrogram is listed 
in Table  1. It can be observed that the decrease in the 
peak II (associated with aromatic C–C/C–H bonds) 
intensity of all spent catalysts implied a reduction in the 
aromatic carbon structures exposed on the catalyst sur-
face. Since the aromatic ring system serves as an active 
site (Li et al. 2023), this suggested that some active sites 
may have been covered after catalyst use. Meanwhile, the 
intensities of C–Clow and C–Chigh, which separately rep-
resent disordered and defective carbon structures, were 
enhanced, indicating that the catalyst produced defects 
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when interacting with the model compounds  (Ayiania 
et  al. 2020a). Additionally, compared with fresh 
HZSM-5@biochar, the intensities of C=O and C(O)–O 
in the spent catalysts were reduced in different degrees, 
which could be ascribed to the fact that the catalytic pro-
cess promoted the oxygen-containing functional groups 
reaction. It was also reported that the steady disappear-
ance of unstable oxygen-containing functional groups 
indirectly promoted the condensation reaction of aro-
matic hydrocarbon (Du et al. 2024).

The N 1  s spectra are partitioned into 3 peaks: pyri-
dinic (Peak I), graphitic (Peak II), and N-oxide (Peak 
III) (Ayiania et al. 2020a; Shi et al. 2016), and the intensi-
ties of peaks are presented in Table 2. A notable reduc-
tion in the Peak II intensities of HZSM-5@biochar-DI 
and HZSM-5@biochar-H was observed relative to 
HZSM-5@biochar. The graphitic nitrogen represented by 
this peak is strongly associated with the acidic sites (Shi 
et  al. 2016); thus, the reduction of its intensity may be 
caused by the structural change of graphitic nitrogen 
with the action of acidic sites. Besides, the increases in 
peak I and peak III intensities may be due to the transfor-
mation of graphitic nitrogen. Some pyrrolic nitrogen may 
be produced in this process. It can be decomposed by a 
disproportionation reaction to produce stable structures 
(e.g. pyridinic nitrogen, graphitic nitrogen) and contrib-
ute to the production of NH3, HCN, and NO.

Elemental analysis was employed to investigate changes 
in the elemental composition of HZSM-5@biochar after 
pyrolysis using different model compounds. As shown 
in Table  3, the N content in the HZSM-5@biochar 
increased significantly (from 0.36% to 0.61%) following 
catalytic pyrolysis using 1,3-dimethyl-2-imidazolidinone 
as the feedstock. This was due to the stable N-heterocy-
clic structure in this compound, which was difficult to 
fully convert on the catalyst, leading to nitrogen reten-
tion. This finding not only corroborated the significant 
enhancement of the pyridine nitrogen signal in the N 1 s 
spectra (Table 2) but also aligned with the phenomenon 
observed in Fig. 4, where 1,3-dimethyl-2-imidazolidinone 
exhibited poor convertibility. Interestingly, hexadecana-
mide, also a nitrogen-containing compound, exhibited 
only a modest increase in nitrogen content (from 0.36% 
to 0.42%). This might be attributed to the highly effi-
cient denitrogenation of amide functional groups on the 
HZSM-5@biochar, which prevented nitrogen deposition 
on the catalyst surface. Furthermore, compared to fresh 
HZSM-5@biochar, all spent catalysts showed increased 
C and H content. This indicated that hydrocarbon dep-
osition (coking) occurred during the catalytic pyrolysis 
process.

Table 1  XPS C 1 s deconvolution results of fresh and spent catalysts (peak composition, %)

HZSM-5@biochar-1N, HZSM-5@biochar-H, HZSM-5@biochar-nH, HZSM-5@biochar-I, and HZSM-5@biochar-DI represent catalysts obtained from catalytic pyrolysis of 
1-nonadecene, hexadecanamide, n-hexadecanoic acid, isovaleraldehyde, and 1,3-dimethyl-2-imidazolidinones, respectively

Peak I II III IV V VI VII
C–Clow C–Cprimary C–Chigh C–O C=O C(O)–O π – π*

HZSM-5@biochar 8.18 38.99 21.72 12.19 10.12 6.56 2.24

HZSM-5@biochar-1N 8.56 41.95 22.14 14.56 9.11 2.79 0.89

HZSM-5@biochar-H 12.92 29.33 22.92 16.03 8.69 4.77 5.34

HZSM-5@biochar-nH 14.67 28.45 25.45 14.70 10.23 5.47 1.03

HZSM-5@biochar-I 29.10 36.97 18.39 5.53 2.62 6.35 1.05

HZSM-5@biochar-DI 9.77 30.44 28.99 12.14 8.75 6.11 3.79

Table 2  XPS N 1 s deconvolution results of fresh and spent 
catalysts (peak composition, %)

HZSM-5@biochar-H and HZSM-5@biochar-DI represent catalysts obtained from 
catalytic pyrolysis of hexadecanamide and 1,3-dimethyl-2-imidazolidinones, 
respectively

Peak I II III
C=N–C C–(NC)–C O=N–C

HZSM-5@biochar 27.22 40.91 31.88

HZSM-5@biochar-DI 46.10 22.09 31.81

HZSM-5@biochar-H 36.09 27.49 36.43

Table 3  Elemental composition (CHNS) of the HZSM-5@biochar 
before and after reaction with different model compounds

HZSM-5@biochar-1N, HZSM-5@biochar-H, HZSM-5@biochar-nH, HZSM-5@
biochar-I, and HZSM-5@biochar-DI represent catalysts obtained from 
catalytic pyrolysis of 1-nonadecene, hexadecanamide, n-hexadecanoic acid, 
isovaleraldehyde, and 1,3-dimethyl-2-imidazolidinones, respectively

Sample N (%) C (%) H (%) S (%)

HZSM-5@biochar 0.36 17.62 0.86 0.04

HZSM-5@biochar-1N 0.39 19.11 0.92 0.03

HZSM-5@biochar-H 0.42 19.84 0.83 0.00

HZSM-5@biochar-nH 0.40 20.77 0.85 0.04

HZSM-5@biochar-I 0.41 22.25 0.96 0.05

HZSM-5@biochar-DI 0.61 20.96 0.91 0.03
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To deeply explore the catalytic conversion mechanism 
of O and N-containing functional groups of primary 
pyrolysis compounds on HZSM-5@biochar, isovaleralde-
hyde and propionamide were selected for in situ DRIFTS 
spectra determination, and HZSM-5 was used as the 
control.

As presented in Figs. 6a and b, at the beginning of the 
detection (T = 250  s), peaks appeared only at around 
1730 cm−1 (peak 2), 2710 cm−1 (peak 3), and 2950 cm−1 
(peak 6), which resulted from the C=O stretching vibra-
tion, C–H stretching vibration of aldehydes, and asym-
metric stretching vibration of aliphatic-CH3  (Wang 
et  al. 2017c; Yu et  al. 2023), respectively, indicating the 
structure of isovaleraldehyde. With further reaction of 
isovaleraldehyde, a broad peak (peak 7) representing 
OH stretching was produced at 3450  cm−1 at 2100  s, 
indicating the formation of abundant bridges of hydro-
gen (Orrego-Restrepo et al. 2022), and its intensity grad-
ually declined over time. This phenomenon is possibly 
because the C=O group of isovaleraldehyde was attacked 
by activated H atoms of HZSM-5@biochar, converting 
it into an alcohol intermediate (isoamyl alcohol) which 
subsequently underwent further reactions. In addi-
tion, new peaks also appeared at near 1500  cm−1 (peak 
1), 2850  cm−1 (peak 4), and 2870  cm−1 (peak 5). Peak 1 
represented the aromatic C = C stretching vibration, 

while peaks 4 and 5 referred to the symmetric vibra-
tion of –CH2 and –CH3 in aliphatic hydrocarbons  (Yu 
et  al. 2023), which suggested that the resulting alcohols 
were most likely to be further deoxygenated to hydro-
carbons and ultimately converted to aromatics (Fig. 6c). 
In contrast, under the catalytic effect of HZSM-5, peak 
7 was of low intensity and a new peak (peak 8) appeared 
at about 1600 cm−1 (Fig. 7b), which can be attributed to 
the conjugated C=O stretching vibration (Yu et al. 2023). 
It suggested that HZSM-5, different from HZSM-5@
biochar, tended to convert isovaleraldehyde to butenal 
with conjugated structures and further to hydrocarbons. 
Moreover, peak 1 never appeared during the reaction on 
HZSM-5, verifying that aromatics were not produced 
during the process. The following reasons could explain 
the difference in the catalytic actions of the two catalysts. 
When isovaleraldehyde entered the HZSM-5@biochar, it 
preferred to react with the acidic sites of the biochar due 
to the adsorption and the mesoporous structure of the 
biochar in the catalyst and was more inclined to break 
the relatively unstable C=O bonds to be transformed into 
isoamyl alcohol (Fig. 6c). In the HZSM-5 catalyst, the sta-
ble C–C bond could be broken due to its strong acidity, 
but the easy deactivation of HZSM-5 made it difficult to 
reach the step of isovaleraldehyde conversion to generate 
aromatics (Fig. 7c).
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Figures  8 and 9 present the in  situ DRIFTS spec-
tra from the catalysis of propionamide. As shown in 
Fig. 8, the stretching vibration of C=C in aromatics was 
detected at 1500  cm−1 (peak 1). The adsorption bands 
at 1625  cm−1 (peak 2) and 1730  cm−1 (peak 3) were 
ascribed to the C=O stretching vibrations of amides and 
aldehydes, respectively  (He et  al. 2022). In addition, the 
stretching vibration of C≡N was observed at 2335  cm−1 
(peak 4) (Figueiredo et al. 2016), indicating the presence 
of nitrile. Its intensity first decreased and then increased 
with time. The first decrease could be because the nitrile 
was further reacted during the reaction process to reduce 
its content, and the second increase could be explained 
by the continuously production of nitrile with the entry 
of propionamide. The peaks at near 2930 cm−1 (peak 5), 
3270 cm−1 (peak 6), and 3384 cm−1 (peak 7) were derived 
from the methyl symmetric C–H stretching vibration in 
alkanes, C–H stretching in alkynes, and the stretching 
vibration of N–H in NH3, respectively  (Chhabra et  al. 
2020). The intensity of these peaks gradually rose with 
time, indicating that hydrocarbons as well as NH3 were 
produced during the conversion of propionamide. There-
fore, the catalytic conversion of propionamide under the 

action of HZSM-5@biochar can be hypothesized as fol-
lows (Fig. 8c): propionamide was first converted to nitrile 
by deoxygenation or aldehydes by denitrogenation, and 
then further hydrocarbons, such as alkanes, and finally 
aromatics as the end products. The result under the cata-
lytic action of HZSM-5 is illustrated in Fig.  9, in which 
there were only peaks 2, 3 and 4, showing that propiona-
mide may only be converted to nitrile and aldehyde under 
the catalytic action of HZSM-5, and then it would not be 
further reacted. The intensity of peak 4 was high at the 
beginning, but decreased rapidly, which may be due to 
the instantaneous combination of propionamide and the 
catalytic site of HZSM-5 to produce nitrile, but the site 
failed rapidly and no more new groups were produced. 
Meanwhile, the air flow took away part of the C≡N group 
and made the peak 4 intensity decreased.

3.2.3 � HZSM‑5@biochar catalytic microalgae pyrolysis 
mechanism

The catalytic pyrolysis pathway of microalgae is shown 
in Fig.  10. Microalgae primarily consist of carbohy-
drates, lipids, and proteins, which undergo gradual reac-
tions at high temperatures. Carbohydrates underwent 
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Fig. 10  Schematic illustration of the catalytic conversion of microalgae into aromatics
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depolymerization, dehydration, decarboxylation, and 
cleavage, forming oxygenates (such as alcohols, furans, 
phenols, carboxylic acids, ketones, and aldehydes). Lipids 
were decomposed through dehydration, decarboxylation, 
decarbonylation, and fatty acid formation. The result-
ing fatty acids were further decomposed into long-chain 
hydrocarbons, acids, and esters (Zhang et al. 2022). Pro-
teins were primarily decomposed through polymeriza-
tion, decarboxylation, dehydration, and deamination 
reactions, leading to N-heterocyclic compounds, nitriles, 
and amides. Additionally, nitrogen-containing heterocy-
clic compounds (e.g., pyrroles, indoles, pyridines) were 
produced in the Maillard reaction (Niu et al. 2022). Con-
sequently, the primary pyrolysis vapors generated by 
microalgal pyrolysis consisted of the above-mentioned 
large-molecule oxygenates and nitrogenates.

The subsequent stage involved contacting the primary 
vapors with a catalyst bed of HZSM-5@biochar. Initially, 
the biochar component in the catalyst utilized its excep-
tional adsorption properties and mesoporous structure 
to adsorb and retain these primary products. This pro-
cess led to the accumulation of most large-molecular 
compounds within the mesoporous structure of the bio-
char. Since the biochar was activated with phosphoric 
acid, its surface retained abundant functional groups 
(such as –COOH, quinone groups, –PO3H, etc.), which 
could pre-crack large-molecule oxygenates and nitro-
genates. For large-molecule oxygenates such as n-hex-
adecanoic acid, the catalytic pyrolysis process produced 
small-molecule ketone intermediates (Path 1 in Fig.  5). 
This occurred because the COOH groups on the bio-
char surface adsorbed n-hexadecanoic acid via hydrogen 
bonding (Dong et al. 2024), and the O–H bond broke to 
release H⁺. The released proton then protonated the car-
boxyl group, forming the metastable cation R-COOH2

+. 
Two adsorbed n-hexadecanoic acid molecules con-
densed at adjacent acidic sites to form ketone interme-
diates  (Pham et  al. 2013), which then decomposed into 
small-molecule ketones. Long-chain hydrocarbons such 

as 1-nonadecene had a terminal double bond that was 
adsorbed by electron-deficient quinone groups. This 
adsorption caused polarization of the double bond, form-
ing a carbenium ion. The carbenium ion underwent 
β-cleavage to yield short-chain alkenes and alkanes (Zuo 
et  al. 2025). For large nitrogenates such as hexadecana-
mide, the –PO3H functional groups on the biochar sur-
face served as weak Brønsted acid sites (Song et al. 2024). 
The O–H bonds in these groups broke and donated H⁺, 
driving the dehydration of amides to form nitriles. Addi-
tionally, hexadecanamide underwent hydrolysis to yield 
palmitic acid. However, due to the absence of strong 
acid sites on biochar, the dehydration pathway remained 
dominant. Subsequently, small molecules derived from 
pre-cracking (acids, aldehydes, ketones, short-chain alk-
enes, nitriles, etc.) entered the microporous structure of 
HZSM-5 and underwent deep catalytic conversion at its 
Brønsted acid sites (Si–OH-Al). For oxygenates such as 
aldehydes, H⁺ from acid sites protonated the carbonyl 
oxygen (Bondue And Koper 2019), triggering decarbon-
ylation that generated a carbenium ion. These carbenium 
ion then induced β-scission of C–C bonds (Cnudde et al. 
2018), yielding alkenes. The resulting alkenes underwent 
cyclization to form cyclic alkenes, followed by aromati-
zation via Diels–Alder reactions  (He et  al. 2023b). For 
nitrogen-containing compounds, H⁺ attacked nitrogen 
atoms in heterocycles, leading to C–N bond cleavage 
and ring opening, which produced amide intermediates. 
These amides were further denitrogenated and converted 
to hydrocarbons, ultimately undergoing aromatization to 
aromatic compounds.

3.3 � Stability of the HZSM‑5@biochar
The stability of HZSM-5@biochar was evaluated through 
cyclic testing at a pyrolysis temperature of 500  °C and a 
catalyst-to-feedstock ratio of 20:1, using HZSM-5 cata-
lyst for comparison. The deactivation parameter D was 
used to assess the degree of deactivation of the catalyst. 
Figure  11 provides detailed data. The change of bubble 

Fig. 11  Results of cycling experiments of a HZSM-5@biochar and b HZSM-5
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color represents the change of D value, and the bubble 
size represents the peak area yield size, and the increase 
of D value means the increase of peak area yield.

During the cycling experiment of HZSM-5@biochar, 
the D value of BTX decreased with the increase of cycling 
number, from 7.27 to 0 (Fig. 11a), but the decrease was 
lower than that of HZSM-5 (from 10.07 to 0, Fig.  11b). 
Furthermore, both catalysts showed an increase in the 
D-value of oxygenates and nitrogenates in the prod-
ucts after six cycles, but it is obvious that the increase 
of HZSM-5@biochar is smaller than that of HZSM-5. In 
addition, the peak area yields of nitrogenates and oxy-
genates from HZSM-5 were basically larger than those 
from HZSM-5@biochar. After six cycles, the peak area 
yield of nitrogenates from HZSM-5@biochar increased 
from 3.02 × 1010  g−1 to 1.19 × 1012  g−1, and that of oxy-
genates increased from 1.02 × 1010  g−1 to 5.54 × 1011  g−1. 
Meanwhile, when using HZSM, the peak area yield of 
nitrogenates rose from 1.01 × 1012  g−1 to 3.10 × 1012  g−1 
and oxygenates increased from 4.54 × 1011  g−1 to 
2.29 × 1012  g−1. Hence, compared with HZSM-5, 
HZSM-5@biochar has more excellent catalytic perfor-
mance and stability, and its deoxygenation and denitro-
genation performance on microalgal biomass was better.

Additionally, three characterization methods (TG, 
Raman, and SEM) were employed to determine the 
amount and composition of coke generated on the cata-
lysts. The fresh catalysts and spent catalysts after 1 and 6 
cycles (namely, Run 1 and Run 6, respectively) were cho-
sen for analysis.

The coke yield was examined by calculating the dif-
ference in weight loss rates of the fresh and spent cata-
lyst, and it can be seen from Fig. 12a that the coke yield 
of HZSM-5 was higher than that of HZSM-5@biochar, 
indicating that HZSM-5@biochar was less prone to cok-
ing and deactivation than HZSM-5. In addition, attempts 
to analyze the coke composition by GC/MS, following 
the method of Li et  al. (2025), yielded chromatograms 
identical to the blank, implying that the coke was highly 
cross-linked/polymerized and insoluble. Regarding the 
Raman spectra, the obtained curves were fitted to nine 
Gaussian peaks (Table  S4) to further explore the type 
of coke  (Ayiania et  al. 2020b), and Fig. S9 illustrates an 
instance of curve fitting. The spectrograms appeared to 
have a G band caused by graphitic carbon and a D band 
caused by disordered carbon or defective graphitic struc-
tures  (Kumbhar et  al. 2021), and it was also associated 
with large aromatic ring systems (not less than 6 fused 
rings) in coke (Chen et al. 2021). The ratio of the intensi-
ties of these two bands, ID/IG, was utilized to study the 
carbon structure of the catalyst. The region of A1 and 
A2 in the spectra (Fig. S9) was connected to breathing 
modes of smaller aromatic ring systems (5 membered 

ring structures) as well as various vibrations due to the 
presence of heteroatoms (oxygen and nitrogen func-
tional groups) (Ayiania et al. 2020b). As seen in Fig. 12b, 
the ID/IG, IA1 and IA2 of HZSM-5@biochar and HZSM-5 
increased from Fresh to Run 6. In terms of ID/IG, the 
increase of HZSM-5@biochar (from 1.90 to 1.98) was 
much smaller than that of HZSM-5 (from 1.54 to 2.34), 
indicating that HZSM-5@biochar produced few defects, 
and the number of large aromatic ring systems (not less 
than 6 fused rings) in coke on HZSM-5@biochar was less 
than that on HZSM-5. As for IA1 and IA2, the increase 
of HZSM-5@biochar was larger than that of HZSM-5, 
implying the presence of more small aromatic ring sys-
tems (5 membered ring structures) or nitrogen and oxy-
gen functional groups in the coke of HZSM-5@biochar. 
SEM was used to examine the external morphologies of 
the catalysts, which are shown in Figs.  12c–h. The sur-
face morphology of HZSM-5 changed considerably after 
Run 6, and HZSM-5 particles could be observed in the 
fresh HZSM-5 catalyst, and as the number of cycles rose, 
a significant quantity of amorphous substance was found 
coating the HZSM-5 particle surfaces (Fig.  12d)  (He 
et  al. 2023a), making the HZSM-5 particles aggregated 
(Fig.  12e). The energy dispersive X-ray (EDX) elemental 
maps showed that the C element content on the surface 
of HZSM-5 particles gradually increased (yellow cir-
cle part), demonstrating that HZSM-5 produced more 
coke after use. In contrast, the surface morphology and 
the C content of the HZSM-5 particles in the HZSM-5@
biochar catalyst did not change significantly after Run 6 
(Fig. 12f–h).

4 � Conclusions
Chlorella was first wet torrefied to improve its fuel prop-
erties, and then the catalytic pyrolysis was carried out 
with HZSM-5@biochar. The preliminary deoxygenation 
and denitrogenation of Chlorella were achieved by the 
wet torrefaction pretreatment. When Chlorella-200 was 
catalyzed by HZSM-5@biochar, the selectivity of aromat-
ics in the pyrolysis products reached 96.06%, including 
BTX selectivity of 83.24%, with a yield of 94.64 mg  g−1. 
The content of oxygenates and nitrogenates decreased 
from 82.14% to 3.26%. The catalytic conversion experi-
ments of the model compounds showed that the sub-
stances produced by Chlorella pyrolysis underwent 
transformation into aromatics via a variety of reactions, 
including Diels–Alder reaction, decarboxylation, and 
decarbonylation. XPS analysis demonstrated that func-
tional groups in the HZSM-5@biochar interacted with 
pyrolysis vapors and thus changed the catalyst surface 
carbon structure. In situ DRIFTS further verified that the 
biochar component in HZSM-5@biochar improved the 
deoxygenation and denitrogenation effect of the catalyst 
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mainly in two ways: (1) Pyrolysis molecules tended to 
enter the weakly acidic biochar first and break relatively 
unstable chemical bonds such as C = O; (2) Due to the 
pre-cracking effect of the biochar on the heavy com-
pounds, the possibility of HZSM-5 blockage deactivation 
was decreased, allowing the reaction to continue up to 
the step of producing aromatics. In addition, the cycling 
experiments showed that the HZSM-5@biochar had 

superior stability to HZSM-5. Coke characterization (TG, 
Raman and SEM) illustrated that, compared to HZSM-5, 
HZSM-5@biochar exhibited lower coke yield and coke 
aromaticity degree, and its surface structure was not sig-
nificantly altered after cycling experiments.
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