PEER-REVIEWED ARTICLE b | oresources.com

Catalytic Pyrolysis of Corn Stalk for the Production of
Aromatics: The Effects of Wet Torrefaction and Zn/Ni-
HZSM-5 on Pyrolysis Behavior
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The pyrolysis of corn stalk (CS) was carried out to investigate the effect of
wet torrefaction (WT) pre-treatment and Zn/Ni-HZSM-5 on the production of
bio-oil characteristics. The synergy between WT and the loaded metal
catalyst was also analyzed. The oxygen content of the CS was reduced from
50.5% to 40.8% with WT, and hemicellulose was almost removed. WT
pretreatment also significantly reduced the oxygenated compounds of bio-oil
and increased the selectivity of phenols, aromatics, and anhydro-sugars. The
addition of catalyst improved the deoxygenation, oligomerization, and
aromatization during pyrolysis. The loading of Zn and Ni could optimize the
pyrolysis reaction path and increased the relative content of monocyclic
aromatics (MAHSs) from 3.58% to 9.67% and 6.44% during the pyrolysis of
CS-WT, respectively, and bimetallic catalyst further enhanced the relative
content of MAHSs to 11.1%. The relative content of aromatics below C9 was
higher than other groups (14.8%). Thus, the WT pretreatment of raw
materials and synergistic effect of catalysts can jointly optimize the biomass
pyrolysis reaction.
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INTRODUCTION

With the rapid growth of the global economy, the demand for energy fuels is
increasing. However, fossil fuels are facing the double pressure of energy shortage and
environmental pollution. Lignocellulosic wastes have received attention for their abundant
reserves, renewability, carbon neutrality, and suitability for conversion into liquid fuels and
chemical feedstock (Wang et al. 2017). Because of the short reaction time and higher
conversion rates, fast pyrolysis is a research hotspot. However, biomass has the problem
of complex structure, low volumetric energy density, and high oxygen content. These
negative properties have resulted in quality problems of bio-oil such as poor product
selectivity, high acidity, and complicated reaction processes (Lu et al. 2009).

Pretreatment of biomass feedstocks is important to optimize biomass composition.
In wet torrefaction (WT), also known as hydrothermal pretreatment, biomass is heated in
a hot compressed water environment to optimize the structure of its components (Bach et
al. 2015). In WT, the hemicellulose in the biomass is turned almost completely into water-
soluble compounds, and the sealing property of the lignin is broken, while most cellulose
and lignin structures are preserved (Zhang et al. 2018). WT pretreatment can reduce the
proportion of inorganic matter in the raw material and transfer it to the liquid phase product,
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thereby reducing the ash content in the solid phase product (Danso-Boateng and Achaw
2022). WT can greatly reduce the oxygen content and acidity of bio-oil, and increase the
fuel value of bio-oil (Xu et al. 2022). Ge et al. (2020) showed that due to pyrolysis of
eucalyptus produces bio-oil, the yields of acids and ketones decreased significantly, and
the yields of aromatics and L-glucose increased with the WT pre-treatment of the biomass.
Xu et al. (2018) studied the composition distribution of the pyrolysis products of Camellia
oleifera shell after WT, finding that the acid yield of the bio-oil decreased from 34.5% to
13.2% and the phenols were enriched (from 27.2% to 60.0%). Therefore, the pretreatment
of WT could optimize the quality of bio-oil for biomass, by reducing the acid yield of bio-
oil and generating aromatics and phenols.

Another way to improve the quality of pyrolyzed bio-oils is to use catalysts to target
the components of bio-oils. Zeolite catalysts represented by HZSM-5 have high specific
surface area, uniform pore distribution, good shape selectivity, and a large number of
strong acid sites, which have been widely used for biomass pyrolysis. Metal loading on
HZSM-5 could optimizes the performance of the catalyst while reducing the coking of the
reaction, and different loaded metals have different changes in the pyrolysis reaction
pathway (Liu et al. 2021). Among them, Zn and Ni have higher selectivity for aromatics
in bio-oil. Liang et al. (2017) used Ni, Co, and Zn modified ZSM-5 to catalyze the pyrolysis
of dry straw and found that Ni and Zn enhanced the yield of guaiacol (from 6.25%
t010.91%) and hydrocarbons (from 6.51% to 6.68%) in bio-oil, respectively. Dai et al.
(2019) used NaOH-treated Ni-HZSM-5 catalyst to pyrolyze the torrefy corncob. The result
was that Ni reduced the surface area, micropore volume, and acidity of the catalyst, and it
enhanced the aromatic yield. Huang et al. (2020) studied the effect of Ga/Zn-HZSM-5 on
the pyrolysis products of Masson pine and found that Ga and Zn had a significant
synergistic effect on the selectivity improvement of benzene series products. Xu et al.
(2019) studied the effect of Zn/Fe modified catalyst on the catalytic pyrolysis of Eucalyptus
to aromatics; under the catalysis of 1% Zn-4 % Fe/HZSM-5, the yields of benzene, toluene,
xylene, and naphthalene were 98.3%, 80.9%, 26.4%, and 49.0% higher than those
catalyzed by HZSM-5, respectively. A synergistic effect was found between different
metals, which can effectively improve the selectivity of single-ring aromatics and reduce
the generation of coke compared with the single-metal modified catalysts.

WT can optimize biomass feedstock composition and have a positive effect on the
selectivity of aromatics in the catalytic pyrolysis of biomass; metal-loaded catalysts can
improve the directional selectivity of bio-oil product components (Liang et al. 2017; Xu et
al. 2018; Liu et al. 2021). However, the synergistic effect of WT and loaded HZSM-5 in
the pyrolysis process requires clarification. The selectivity of loaded metals to different
components of biomass before and after WT is also unclear.

In this study, modified HZSM-5 (Zn and/or Ni loaded) were prepared and
characterized. They were used to pyrolyze corn stalk (CS) and wet-torrefied corn stalk (CS-
WT) to produce aromatics. The uncatalyzed pyrolysis and HZSM-5 catalytic pyrolysis
were used as the control group. The objectives of this study were to understand the
characteristics of CS and CS-WT, the effect of WT on the reaction path of catalytic
pyrolysis, and the role of HZSM-5 loaded with Zn and Ni in the pyrolysis reaction of CS-
WT. Furthermore, the synergistic effects of bimetallic catalysts versus monometallic
catalysts were explored. This study was aimed to promote the targeted optimization of the
reaction of biomass pyrolysis to improve the selectivity of target products.

Zhang et al. (2023). “Catalytic pyrolysis of corn stalk,” BioResources 18(3), 4897-4915. 4898



PEER-REVIEWED ARTICLE b | oresources.com

EXPERIMENTAL

Materials

Corn stalks were collected from Zibo, Shandong Province, China. The feedstock
was pulverized to 40- to 60-mesh and dried at 105 °C. The HZSM-5 catalyst
(Si02/Al203=38) was purchased from The Catalyst Plant of Nankai University, and was
calcined in a muffle furnace at 550 °C for 10 h before use. Ni(NOz)2:6H.0 and
Zn(NOs3)2:6H20 were purchased from YuanDong Chemical Reagent Company.

Catalyst Synthesis

The Ni/Zn metal modified HZSM-5 was prepared by the wet impregnation method
(Tursunov et al. 2019). First, 10 g of HZSM-5 and Ni(NO3)2-6H20 / Zn(NO3)2-6H20 with
calculated mass were dissolved in 50 mL of deionized water, and stirred for 10 h in a water
bath at 60 °C. The stirring speed was 100 r/min. The mixture was calcined oxygen-free at
600 °C for 10 h in a muffle furnace to obtain Ni/Zn-loaded HZSM-5. The loadings of the
modified metals were 8% Zn, 8% Ni, and 4% Zn+4% Ni, which were denoted as Zn-
HZSM-5, Ni-HZSM-5, and Zn/Ni-HZSM-5, respectively.

Preparation of Samples

WT was carried out in a stainless-steel autoclave. The mixture (corn stalk:
deionized water = 1:10) was put into the autoclave, the autoclave was sealed, and then
normal pressure nitrogen was passed through as the reaction atmosphere. The autoclave
was heated from ambient temperature to 220 °C and kept for 10 min, during which the
stirring speed was 100 r/min. After the completion of the reaction, cooling water was
passed into the autoclave to cool it, and the reactants were collected and filtered. The
collected solid phase was dried in an oven at 105 °C overnight, then weighed. The yield
was calculated; the liquid phase was stored at -4°C. The corn stalk before and after WT
was denoted as CS and CS-WT, respectively.

Catalyst Characterization

The crystal structure of the catalyst was evaluated using a polycrystalline X-ray
diffractometer (Bruker AXS D8 Advance, Karlsruhe, Germany). Cu-Ka radiation was
generated at 40 kV and 50 mA, with 26 ranging between 3°and 50° at 0.02°/min.

An ASAP 2020 analyzer (Micromeritics, Norcross, GA) was used to characterize
the specific surface area, pore volume, and pore size characteristics of the catalyst. The
catalyst was first degassed at a temperature of 300 °C for 3 h, and then it was subjected to
a nitrogen adsorption test at a temperature of -196 °C. The specific surface area was
calculated by the Barrett-Emmett Teller (BET) method, and the pore volume and average
pore diameter were calculated by the Barrett-Joyner-Halenda (BJH) method.

An AutoChem 11 2920 (Micromeritics, Norcross, GA) apparatus was used for the
NHs-TPD analysis to measure the acid properties of the catalyst. A sample of 50 mg was
preheated at 550 °C with a He flow (30 mL/min) for 30 min to remove the adsorbed
moisture from the sample. The sample was cooled to 100 °C and allowed to adsorb NH3 at
100 °C for approximately 60 min until saturation. Finally, after obtaining a stable baseline,
under the purge of He gas, the sample was heated to 700 °C at a rate of 10 °C/min for
desorption. The desorbed NH3 was monitored using a thermal conductive detector (TCD)
during the TPD process.
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Biomass Analysis

According to Van Soest, a Semi-automatic cellulose Analyzer (A200i, ANKOM,
USA) was used for the determination of cellulose, hemicellulose, and lignin in feedstock.
The element analysis was performed on the Vario EL cube type element analyzer
(Elementar, Langenselbold, Germany). The test temperature was 1000 °C, while oxygen
and a high temperature oxidizer were used as additives; each sample was tested twice.

The thermogravimetric analysis of CS and CS-WT was analyzed via simultaneous
thermal analyzer (STA449F5, NETZSCH, Germany). The test temperature was 45 to 900
°C, the carrier gas was He, and each sample was tested twice.

The composition of the bio-oil was analyzed via gas chromatography-mass
spectrometry (8890-5973, Agilent, Santa Clara, CA). A DB-1701 capillary column (60 m
X 0.25 mm x 0.25 um) was used to separate the bio-0il components. The temperature of
the injector and the AUX were set to 280 and 230 °C, respectively. The GC oven was
heated from 40 to 240 °C at a rate of 5 °C/min and then maintained at that temperature for
5 min. The carrier gas was high purity helium (99.999%), and the constant flow rate was 1
mL/min. The mass spectrometry analysis was carried out in EI mode. The ionization energy
was 70 eV, and the scanning range was (m/z) 12 to 750 amu. Based on the NIST 17 library,
the detailed chemical information corresponding to the chromatographic peak was
determined.

In each experiment, the chromatographic peak area of each product was recorded,
and then the relative content (peak area %) was calculated by dividing the peak area (target
product) by the total peak area (all tested products). The peak area % was used to represent
the selectivity of the product.

Pyrolysis Process of Biomass

A pyrolysis device is primarily composed of a carrier gas device, horizontal tube
horizontal reactor, temperature controller, and cooling system. The pyrolysis reactor used
in this work was a quartz tube (700mm*®60mm*3mm). The cooling system consisted of
two cold traps and a cooling box. The cooling medium was mixture of ethylene glycol and
water (volume ratio 1:2) at a temperature of -10 °C. The pyrolysis temperature was 550 °C,
and the ratio of raw material to catalyst was 1:3. Nitrogen was used as the pyrolysis carrier
gas, and the flow rate was 800 ml/min.

Four different catalysts (HZSM-5, Zn-HZSM-5, Ni-HZSM-5, and Zn/Ni-HZSM-
5) were mixed with CS and CS-WT for pyrolysis, respectively, while the feedstocks were
used for pyrolysis alone as a control. Before each pyrolysis experiment, the tubular reactor
was purged with high-purity nitrogen for a period of time. Once the reactor temperature
reached the set value (550 °C), the quartz boat was immediately pushed into the pyrolysis
zone. The process lasted for 10 min. Finally, the reactor was cooled to room temperature
in a nitrogen atmosphere.

The quartz boat and cold trap before and after the reaction were weighed, and the
yields of biochar and bio-oil were calculated, and the yields of non-condensate gas were
calculated via mass balance calculation. Each experiment was repeated twice to ensure the
reproducibility of the experiment.
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RESULTS AND DISCUSSION

Properties of Modified Catalysts
XRD analysis

The XRD patterns of the HZSM-5 catalyst and modified HZSM-5 (Zn-HZSM-5,
Ni-HZSM-5, and Zn/Ni-HZSM-5) are shown in Fig. 1. The HZSM-5 catalyst had five
typical characteristic diffraction peaks at 26=7.92°, 8.81°, 23.06°, 23.88°, 24.34°, which
were in line with the topology and standard characteristics of molecular sieve catalysts
(Balasundram et al. 2017). The diffraction peak positions of the metal-loaded catalyst did
not change, indicating that the lattice structure of the catalyst was maintained after the
metal loaded. No characteristic peak of ZnO crystal phase were found at 26=34.5°and
36.3°. Similarly, there were no characteristic peaks of NiO crystal phase at 26=37.2°and
43.2° (JCPDS 65-2901). These indicated that both Zn and Ni were dispersed in the surface
or in the pores of the molecular sieve in the form of amorphous or highly dispersed small
particle morphology (Cheng et al. 2017). The peak intensity of the catalyst decreased as
the metal was loaded. The reason is that the precursor of loaded metals can slightly damage
the molecular sieve framework.

MMHW‘ “ ZniN-HZSM-5
M Ni-HZSM-5
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Fig. 1. X-ray diffraction spectra of HZSM-5 and modified HZSM-5

BET analysis

The structural properties of the catalysts were investigated by N2 physisorption and
desorption isotherm curves, as shown in Fig. 2. Table 1 shows the surface area, pore
volume, and pore size of the catalysts. The adsorption-desorption curves of all catalysts
were of type 1V, with obvious hysteresis loops, and the shape of the curves did not change
after the metal was loaded, indicating that all of the molecular sieve catalysts had graded
micropores and mesopores (Bjgrgen et al. 2008). The hysteresis loops of all catalysts were
reduced after metal loading. The order of hysteresis loop size was HZSM-5>Zn/Ni-HZSM-
5>Ni-HZSM-5>Zn-HZSM-5, which indicated that the metal occupies part of the pore
channels, resulting in the reduction of the pore volume (Zheng et al. 2017). Zn is easily
deposited in the pores of HZSM-5, while Ni is more loaded on the surface of the catalyst
(Foster et al. 2012; Gao et al. 2021).
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Fig. 2. Porosity characteristics of HZSM-5 and modified HZSM-5

Table 1. Surface and Pore Properties of the Catalysts

Area (m2/g) Volume (cm?3/g) Average pore
catalysts Micro : diameter (nm)
pore | External Surface | Micropore | Mesopore
HZSM-5 240.47 109.81 0.1186 0.0758 2.22
Zn-HZSM-5 234.15 109.38 0.1153 0.0741 2.21
Ni-HZSM-5 219.75 121.51 0.1084 0.0823 2.23
Zn/Ni-HZSM-5 | 229.53 114.04 0.1140 0.0797 2.25

Compared with HZSM-5, the pore volume and specific surface area of the metal-
loaded catalyst were decreased, and the average pore size was increased. After loading,
part of the metal oxides were deposited in the pores of the catalyst to block the internal
channels of the molecular sieve, whereas others were attached to the surface of the catalyst
(Cheng et al. 2018). Zn and Ni were evidently different in the load position: Compared
with the uniform loading of Zn on micropores and mesopores, the micropore area and
micropore volume of the Ni-modified catalyst decreased greatly, while the external surface
area and mesopore volume increased significantly. This was consistent with the changing
trend of the hysteresis loops. Ni tends to agglomerate and block micropores, and forms new
mesoporous structures at high loading concentrations (Gao et al. 2021). Compared with
Zn-HZSM-5 and Ni-HZSM-5, the agglomeration effect of Zn/Ni-HZSM-5 was weakened
due to the decrease of the respective loadings of Zn and Ni, and the distribution of loading
sites became more balanced. Zn/Ni-HZSM-5 reduced the effect of loading on micropores
while increasing the external surface area and mesopore volume, which might play an
important role in improving the yield of aromatics in catalytic pyrolysis (Qiao et al. 2019).
In conclusion, compared with Zn or Ni, the Zn+Ni composite modification could optimize
the pore size distribution of HZSM-5 better and make it have better surface properties.
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NHs-TPD analysis

NHs-TPD was used to characterize the strength of acid sites in catalysts. As shown
in Fig. 3, HZSM-5 had two desorption peaks at 130 to 250 °C and 280 to 430 °C,
corresponding to the weak acid and strong acid sites of the catalyst, respectively. After the
metal supporting, the areas of the strong acid peak and the weak acid peak of the catalyst
decreased, and the positions of the peaks moved to the low temperature direction.
Numerous studies had concluded that when the number of acid sites was sufficient, the
acid protons on the Brgnsted acid were substituted by Zn?* and Ni?*to become Lewis acids,
resulting in a decrease in the surface acidity of HZSM-5 (Zhao et al. 2015), which is
consistent with the conclusion of Fig. 3. Generally, Brgnsted acid and Lewis acid can
facilitate the formation of carbocation and hydrogen transfer, respectively. Bransted acid
can promote alkene cyclization, decarbonylation, and decarboxylation reactions, but also
improve coke yield. In addition, Lewis acid can promote the formation of olefins and
MAMHSs, inhibit polycyclic aromatics (PAHS), and also promote the dehydration reaction
(Rostamizadeh et al. 2018).

—— HZSM-5
Zn-HZSM-5
—— Ni-HZSM-5
Zn/Ni-HZSM-5

NH; Intensity(a.u.)

400
Temperature (°C)
Fig. 3. Ammonia desorption curve of HZSM-5 and modified HZSM-5

T
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Figure 3 shows that the weak acid peaks of Zn-HZSM-5, Ni-HZSM-5, and Zn/Ni-
HZSM-5 were close, but the variation range of the strong acid peaks were very different,
which indicated that the metal loading mainly affected the strong acid. The strong acid
peak, weak acid peak, and the peak area of Ni-HZSM-5 were the lowest, indicating that
the blockage of catalyst pores by Ni was more serious than that of Zn (Vitale et al. 2013).
The strong acid peak of Zn-HZSM-5 had the smallest decrease and was adjacent to the
weak acid peak, showing that Zn was uniformly loaded on the acidic site of HZSM-5,
converting Brgnsted acid to Lewis acid (Cheng et al. 2017). The weak acid peak of Zn/Ni-
HZSM-5 was higher than that of Zn-HZSM-5 and Ni-HZSM-5, and the strong acid peak
was between Zn-HZSM-5 and Ni-HZSM-5. It confirms the effect of Ni on the strong acid
sites, while indicating that Zn?* and Ni?* would convert it into a weak acid. The acidity
reduction of Zn/Ni-HZSM-5 was suitable when the oxygen content of biomass decreased,
and low acidity catalysts could inhibit the formation of PAHSs (Qiao et al. 2019).

Zhang et al. (2023). “Catalytic pyrolysis of corn stalk,” BioResources 18(3), 4897-4915. 4903



PEER-REVIEWED ARTICLE b | oresources.com

Effects of WT on the Feedstock
Physicochemical properties

The elemental analysis and lignocellulosic analysis of CS and CS-WT are shown
in Table 2. After WT, the hemicellulose content decreased from 29.2% to 3.98%, while the
cellulose and lignin increased from 36.5% and 3.07% to 57.8% and 10.1%, respectively.
These findings indicated that hemicellulose was almost completely decomposed during
WT, while the structure of cellulose and lignin remained stable, which is in accorded with
other research findings (Wang et al. 2018). The study of Danso-Boateng showed that
hemicellulose was almost decomposed at 220 °C, while cellulose was only partially
decomposed. Lignin has a stable phenolic structure, and the decomposition temperature is
close to 250 °C (Danso-Boateng et al. 2022). Zheng et al. (2015) found that hemicellulose
is composed of short-chain heteropolysaccharides, exhibits an amorphous and branched
structure, has a low degree of polymerization, and is easily decomposed under mild WT
conditions.

Table 2. Elemental Analysis and Lignocellulosic Analysis of CS and CS-WT

Materials Element (%) Component (%) HHV

C H ®) N Hemicellulose | Cellulose | Lignin | (MJ/KQ)
Cs 42.92 | 5.62 | 5047 |0.77 | 29.19 36.50 3.07 17.101
CS-WT 51.94 | 5.88 | 40.83 | 0.88 | 3.98 57.77 10.10 | 20.765

After WT, the carbon content of CS-WT increased from 42.9% to 51.9%, the oxygen
content decreased from 50.5% to 40.8%, and the hydrogen content did not change
significantly. This was because the oxygen element was removed by decarboxylation and
dehydroxylation during the WT process (Li et al. 2020). The branched chains of
hemicellulose contain a large amount of uronic acid and acetyl groups, from which it is
easy to generate oxygen-containing compounds, which is not conducive to the directional
regulation of products (Wang et al. 2017). In this experiment, WT removed most of the
hemicellulose, weakening the compositional complexity of the pyrolysis reaction
feedstock, which could reduce the acidity and oxygen content of the bio-oil. The reduction
of acetyl and oxygen elements also means that the need for the decarboxylation and
deoxidation capacity during pyrolysis was reduced, which in turn mitigated the effect of
catalyst acidity and surface properties reduction on pyrolysis. Related research has shown
that coke is mainly generated from lignin and is positively correlated with the number of
strong acid sites (Zheng et al. 2014; Zhou et al. 2017). Accordingly, the increase of lignin
in CS-WT requires the reduction in catalyst acidity, thereby reducing coke formation. The
hydrogen-carbon effective ratio (H/Ceff) of CS and CS-WT were -0.19 and 0.17,
respectively. This would promote the aromatization reaction of the pyrolysis process and
generate more-C-C-bonds and benzene ring structures. The calorific value of CS-WT
increased from 17.10 to 20.77 MJ/kg. This means that there was an increase in the energy
density of CS-WT, which might increase in the fuel value of bio-oil.

TG analysis

The thermal decomposition behavior curves of CS and CS-WT are shown in Fig.
4. It is shown that the decomposition of CS was accelerated after 163 °C, while the
decomposition rate of CS-WT increased after 228 °C. After WT, cellulose and lignin were
enriched, and the polymerization degree and thermal stability of CS-WT were improved
(Zheng et al. 2015). The decomposition temperature range of CS was 163 to 362 °C, and
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the weight loss peak was at 321 °C; while the decomposition temperature range of CS-WT
was 228 to 386 °C, the weight loss peak was at 350 °C, and CS had a small shoulder at 258
°C, while CS-WT did not. This result suggests that WT not only can remove hemicellulose,
but it also can change part of the structure of lignin and cellulose to make it more thermally
stable, such as increasing the crystallite size (Cortés and Bridgwater 2015). The peak
weight loss of CS-WT reached 10.85%/min, while that of CS was only 8.70%/min. The
enrichment of cellulose and lignin in CS-WT resulted in a more concentrated
decomposition interval. Figure 4 shows that the TG curve of CS-WT was always higher
than that of CS, and the decomposition continued after 380 °C, which is because the
pyrolysis of lignin is continuous and indistinguishable (He et al. 2016).

12

TG(%)
DTG/(%/min)

0 200 400 600 800
Temperature (°C)
Fig. 4. TG and DTG curves of CS and CS-WT

Mass Fraction of Pyrolysis Products

The vyields of products produced by pyrolysis of CS and CS-WT with different
catalysts are shown in Fig. 5. After adding the catalyst, the bio-oil and biochar yields of
CS and CS-WT were improved, and the mass fraction of non-condensable gas was reduced.
The reason for the increase of bio-oil yield is that the catalyst promotes the decomposition
reaction of biomass raw materials and generates more condensed gas. The reason for the
increase of biochar yield is that excessive catalyst leads to excessive pyrolysis reaction,
which causes the polymerization of small molecular products and the formation of
macromolecular coke products. During pyrolysis of CS, the yield of biochar increased with
the loading of metal on the catalyst, while it changed little during pyrolysis of CS-WT. It
is speculated that the acidity of the catalyst has a great influence on the distribution of
pyrolysis products during the pyrolysis of CS. However, when the biomass was pretreated
by WT, the effect of catalyst acidity on the pyrolysis reaction pathway was weakened due
to the removal of hemicellulose. Only Ni-HZSM-5 had higher bio-oil yield during
pyrolysis of CS-WT than that of CS. This is because Ni-HZSM-5 has the weakest acidity,
which can not only promote biomass pyrolysis to form small molecules, but also minimize
the promotion of bio-oil polymerization to form coke.
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Fig. 5. The mass fraction of pyrolysis products of CS and CS-WT

GC-MS Analysis of Bio-oil

The bio-oil samples were analyzed by GC-MS to study the changes of bio-oil
components. Due to the existence of a large number of isomers in the components, they
were classified according to differences in functional groups. The main chemical
components in bio-oil can be divided into acids, alcohols, esters, ketones, furans, aliphatic
hydrocarbons (AHCs), MAHSs, PAHS, phenols, and anhydro-sugars.
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Fig. 6. Comparison of pyrolysis bio-oil of CS and CS-WT

Effects of WT and HZSM-5 on the selectivity of pyrolysis products

The bio-oil components of direct pyrolysis and catalytic pyrolysis with CS and CS-
WT are shown in Fig. 6. After WT, the relative content of oxygen functional groups in bio-
oil was significantly reduced. The relative peak area of acids decreased from 18.8% to
7.27%, and the furans also decreased from 11.5% to 6.24%. The main acid product was
acetic acid, which is mainly produced by the cleavage of acetyl groups in hemicellulose,
and furans were derived from the cleavage of glycosidic bonds in cellulose and
hemicellulose (Yogalakshmi et al. 2022). The decomposition of hemicellulose during WT
led to the decrease of acetic acid and furans in the bio-oil (Xu et al. 2018). For alcohols
and esters, the effect of WT was minimal. The increase of ketones relative content was due
to an increase in the cellulose content of the feedstock. Another product that changed
greatly was AHCs. In both direct pyrolysis and catalytic pyrolysis of CS, AHCs could be
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detected (relative contents were 3.23% and 0.40%, respectively), but could not be detected
at all after WT. This indicates that the formation of alkanes is related to the side chain
structure of hemicellulose.

After WT, the relative content of anhydro-sugars in bio-oil increased significantly
(from 0.97% to 16.93%). There were two reasons: The first is that the cellulose content
increased, of which the glycosidic bonds were broken to generate anhydro-sugars (Wu et
al. 2016). Another reason is that alkali metals and alkaline earth metals were removed,
which can catalyze the cleavage of the C-C bond of anhydro-sugars to form small
molecular compounds and permanent gases; therefore, the anhydro-sugars generated by
pyrolysis were not further decomposed (Shimada et al. 2008). The peak area of phenols
increased from 5.98% to 11.3% after WT. This is related to the increase of lignin content
because phenols are generally generated by the cleavage of ether bonds in lignin (Li et al.
2020). In conclusion, in the biomass pyrolysis products after WT, the abundance of
oxygenates (especially acids) and furans was greatly reduced, while the abundance of
anhydro-sugars increased rapidly. This may mitigate the negative effects of reduced
catalyst acidity, make the catalyst more targeted in the selection of loaded metals, and
alleviate the carbon deposition.

Unlike direct pyrolysis, almost no oxygenates could be detected in the bio-oil after
catalytic pyrolysis of CS and CS-WT, and the components of bio-oil were mainly aromatics
and small number of phenols. Compared with direct pyrolysis of CS, the total relative
content of oxygenated organics in bio-oil dropped from 48.6% to 1.87% (including acetic
acid, propanol ethyl carbinol and butanol) with HZSM-5. The transformation pathways of
oxygenates during catalytic pyrolysis were as follows: Firstly, deoxygenations such as
decarboxylation, decarbonylation, dehydroxylation, and dehydration occurred on the
acidic site of the catalyst to generate oxygen-free short-chain alkanes or alkenes. Then
these alkanes and alkenes were diffused into the pores of the catalyst to polymerize and
undergo dehydroaromatization or Diels-Alder reactions, and finally generate oxygen-free
aromatics (Puertolas et al. 2015). In this study, HZSM-5 was able to almost completely
convert the oxygenates in the bio-oil of CS to aromatics. It can be speculated that HZSM-
5 is sufficient for the aromatization reaction when catalyzing an equivalent amount of CS-
WT. This made the reduction in surface properties and acidity acceptable after the catalyst
was loaded with metal. HZSM-5 resulted in a decrease in the relative content of anhydro-
sugars from 16.9% to 7.64% with CS-WT pyrolysis. The main saccharides produced by
cellulose pyrolysis were anhydro-sugars, mainly composed of 1,6-anhydro-B-D-
glucopyranose, which are important intermediates for the formation of aromatic
compounds in catalytic pyrolysis reactions (Zhang et al. 2012). Therefore, after catalytic
pyrolysis, anhydro-sugars is largely converted into aromatic products.

Another species whose selectivity decreased with HZSM-5 was phenols. The
phenolic relative content of CS and CS-WT decreased from 5.98% and 11.28% to 2.51%
and 4.42%, respectively. The phenols in biomass pyrolysis mainly come from the cleavage
of ether bonds on the benzene ring structure in lignin. HZSM-5 can promote the
decomposition of lignin, but the generated phenols will further undergo dehydroxylation
at the acid site. Studies had shown that the phenol generated in the pyrolysis reaction is
difficult to convert into aromatic hydrocarbons, which only occurred when there are a large
number of strong acid sites (Ma et al. 2014). Therefore, in this experiment, the production
of phenols after catalytic pyrolysis of HZSM-5 was reduced relative to that of direct
pyrolysis. In the above reaction, the main reaction direction of furans and saccharides is
deoxyaromatization. Therefore, aromatics were the most important products of CS and CS-

Zhang et al. (2023). “Catalytic pyrolysis of corn stalk,” BioResources 18(3), 4897-4915. 4907



PEER-REVIEWED ARTICLE b | oresources.com

WT pyrolysis with HZSM-5, and their relative contents reached 52.1% and 45.1%,
respectively. However, PAHs were the majority, which is higher than reported by Wang et
al. (2020). There were two reasons for this difference: 1. The ratio of reaction feedstock to
catalyst was high, and a large number of strong acid sites led to overreaction, which
oligomerized MAHSs and converted them into PAHSs; 2. The benzene ring generated by
pyrolysis stayed in the pores of the catalyst for too long and was not desorbed in time, and
therefore the cyclization reaction occurred again with small molecular alkanes or alkenes
(Vichaphund et al. 2015).

Effects of loaded metal on bio-oils of CS and CS-WT

The main bio-oil components of co-pyrolysis of CS and CS-WT with four catalysts
are shown in Fig. 7. The order of the abundance of alcohols was Ni-HZSM-5 > Zn-HZSM-
5 > Zn/Ni-HZSM-5 > HZSM-5, but the yields were very small. When the catalyst was
loaded, the selectivity decreased the most for phenols. For CS, Zn/Ni-HZSM-5 could
completely convert phenols, while the other three catalysts had phenolic relative content
between 1.85% and 2.51%. When pyrolyzing CS-WT, the relative content of phenols was
4.42% with HZSM-5, which was much higher than other catalysts. In direct pyrolysis, the
phenolic yield of CS was lower than that of CS-WT, indicating that WT created favorable
reaction conditions for lignin cracking to generate phenols. However, when using metal-
loaded catalyst, the phenolic abundance of CS-WT decreased more greatly, which might
be related to the priority of the catalyst deoxygenation reaction. During pyrolysis, the
dehydroxylation of phenols has a lower priority than decarboxylation, decarbonylation and
other reactions. However, WT reduced the small molecule oxygenates and the acid content
of bio-oil, so that the priority of the dephenolic hydroxyl reaction in the pyrolysis process
was raised (Ma et al. 2014). The loaded metals also promote aromatization of phenols: The
metal active sites formed by Ni can promote the dehydrogenation of phenols to form
olefins, and it is also possible to directly crack phenols into aromatics (Maia et al. 2010).
Meanwhile, Zn loading can promote dehydrogenation and aromatization reactions, and
convert phenols to hydrocarbons through hydrogenolysis reactions, thereby reducing the
phenolic content (Cheng et al. 2018). In the pyrolysis reactions of CS and CS-WT, Zn/Ni-
HZSM-5 had the best conversion effect on phenols compared to Ni-HZSM-5 and Zn-
HZSM-5, which proves the interaction between Zn and Ni.
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The bio-oil of CS-WT with HZSM-5 contained 7.65% anhydro-sugars, but they
were not detected with three metal-loaded catalysts. Compared with direct pyrolysis of CS-
WT, HZSM-5 promotes the cleavage of anhydro-sugars in bio-oil. Zn and Ni further
promote the cleavage of anhydro-sugars into small molecules such as furans, and convert
furans into smaller alkene molecules. Polycondensation, aromatization, and cyclization are
carried out to generate aromatics (Rezaei et al. 2014). In the pyrolysis experiments of CS-
WT, HZSM-5 reduced the production of phenols and anhydro-sugars, and completely
converted them with metal loading. In the pyrolysis reaction of CS, the optimization of
catalysts was not obvious. This indicated that WT optimized the biomass feedstock
composition. Therefore, the promoting effect of Zn and Ni on the deoxygenation and
aromatization reactions were more obvious. In the bio-oil of catalytic pyrolysis, the most
important products are aromatics. The roles of Zn and Ni in the pyrolysis reaction of CS
and CS-WT are different, and their selectivities to aromatics are also different. In CS
pyrolysis bio-oil, the peak areas of MAHs/ PAHSs corresponding to HZSM-5, Zn-HZSM-
5, Ni-HZSM-5, Zn/Ni-HZSM-5 were 3.16%/ 48.95%, 2.64%/ 40.86%, 3.48%/ 48.18%,
2.89%/ 56.00%, respectively. By comparison, in CS-WT pyrolysis bio-oil the above data
were 3.58%/ 41.48%, 9.67%/ 55.71% , 6.44%/ 52.99%, and 11.14%/ 53.13%, respectively.
The catalytic effect of Zn and Ni was obvious in the pyrolysis of CS-WT. Compared with
HZSM-5, Zn/ Ni/ Zn/Ni increased the relative content of MAHSs by 6.09%/ 2.86%/ 7.56%,
respectively; Zn promoted aromatization more than Ni and inhibited the oligomerization
of monocyclic aromatic hydrocarbons. However, when the CS was pyrolyzed, Zn and Ni
did not improve the abundance of MAHS, but produced more alcohols and acids. This
indicates that loaded metal replaced some of the strong acid sites, which reduced the acidity
of HZSM-5, resulting in incomplete aromatization of oxygenated compounds (Chen et al.
2018). The different roles of loaded metals in CS and CS-WT illustrated that WT
pretreatment optimized the composition of biomass and provided conditions for the
catalysis of loaded metals. When catalyzing CS, Zn/Ni-HZSM-5 had the highest total
aromatic relative content, which might reflect the synergistic effect of Zn and Ni in the
catalytic pyrolysis (Xu et al. 2010; Cheng et al. 2018). This synergy was more evident in
the catalytic pyrolysis of CS-WT, which increased the peak area of MAHs to 11.1%.
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The aromatics carbon number distribution of bio-oils is shown in Fig. 8. Among
the aromatics produced by catalytic pyrolysis of CS, C10, and C11 compounds were the
main ones. The relative content of various aromatics changed little, and the catalytic effect
of loaded metals was inconspicuous. This was because the CS bio-oil directly pyrolyzed
had high acidity and oxygen content.

In the catalytic pyrolysis of CS, the main factor is the acidity of the catalyst, rather
than the catalytic properties of the loaded metals (Zhou et al. 2017). However, during the
catalytic pyrolysis of CS-WT, the selectivity of light aromatics was significantly improved
with the metal loading of HZSM-5. Compared with HZSM-5, the yield of C6-C9 after
catalytic pyrolysis of Zn-HZSM-5/ Ni-HZSM-5/ Zn/Ni-HZSM-5 increased from 5.66% to
12.60%/ 9.02%/ 14.78%, respectively. This indicated that the optimization of biomass
components by WT was conducive to the catalytic effect of the supported metal, thereby
improving the selectivity of light aromatics.

It is worth noting that although both Zn and Ni contributed to improving the
selectivity of light aromatics, there was significant difference: The selectivity of Zn to C8
and C9 was higher than that of Ni, while the selectivity of Ni to C10 was higher. This is
related to the pore distribution of the catalyst: The micropore volume of Ni-HZSM-5 is
lower than that of Zn-HZSM-5, but the mesopore volume and pore size are higher, which
makes Ni-HZSM-5 have higher selectivity for macromolecular aromatics (Yu et al. 2012).
Whether in the pyrolysis of CS or CS-WT, the selectivity of Zn/Ni-HZSM-5 to light
aromatics was higher than that of Zn-HZSM-5 and Ni-HZSM-5. It presented that the
interaction between Zn and Ni during the pyrolysis process is beneficial to the upgrading
of pyrolysis bio-oil.

Effects of WT and metal-loaded catalysts on the pyrolysis pathway.

In this study, the direct pyrolysis process of CS has been described previously. After
WT, the removal of hemicellulose reduced the yields of acids and furans in the bio-oil,
while the enrichment of lignin improved the phenolic relative content. Since the alkali
metals and alkaline earth metals were removed, the cellulose was retained after being
decomposed into dehydrated sugars without secondary decomposition. Compared with
direct pyrolysis, HZSM-5 further optimized the pyrolysis reaction path of CS-WT.
Oxygenates (such as acids, ketones and furans) underwent deoxygenation at the acid sites
of the catalyst to generate short-chain alkanes or alkenes, which diffused into the pores of
the catalyst to undergo dehydroaromatization reaction or Diels-Alder reaction, finally
generated aromatics (Puertolas et al. 2015).

Another way to generate aromatics is the dehydroxylation of phenols. The
enrichment of lignin improved the relative content of phenols, WT raised the priority of
the dephenolic hydroxylation reaction (Ma et al. 2014). The anhydro-sugars were also
catalytically cracked into oxygenates by HZSM-5, which were further converted into
aromatics. After loading Zn and Ni, the anhydro-sugars and phenols were completely
converted, and the polymerization of MAHSs to form PAHs was inhibited. Compared to
pyrolysis CS, the supported metals have a stronger degree of optimization for the pyrolysis
reaction process of CS-WT. The catalytic effect of Zn/Ni-HZSM-5 in the pyrolysis reaction
of CS and CS-WT is higher than that of the two monometallic catalysts, which proved the
synergistic effect of Zn and Ni in the catalytic pyrolysis reaction.
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CONCLUSIONS

1. Wet torrefaction (WT) removed hemicellulose from corn stalk (CS) and enriched
cellulose and lignin. When pyrolyzing feedstocks to produce bio-oil, WT decreased
acidity and the selectivity of oxygen-containing small molecules, and phenols and
anhydro-sugars became important products.

2. As the yields of other oxygen-containing compounds (especially acids) decreased,
dephenolic hydroxylation was easier to react, and the catalytic effect of Zn and Ni was
more obvious. Compared with monometallic catalysts, Zn/Ni-HZSM-5 improved the
relative selectivity of single-ring aromatics from 9.67% and 6.44% to 11.1%, which is
due to the synergistic effect of Zn and Ni in the pyrolysis reaction.

3. With the same catalyst, the total relative contents of aromatics and monocyclic
aromatics (MAHS) selectivity of all CS-WT bio-oils were close to or even higher than
those of CS bio-oils, indicating that WT provides suitable conditions for the catalyst
and loaded metals to play a catalytic role.
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