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Corn stover can be converted into a high market value product via catalytic fast pyrolysis.

Specifically, through thermochemical conversion, corn stover can be converted into

biocrude oil with a high content of unstable phenols, most notably active phenols,

which can readily react with aldehydes to form phenolic resins. Therefore, the higher

the content of active phenols, the greater the economic value of biocrude oil. This is due

to the potential for active phenols to serve as value-added compounds in the form of

phenolic resins. Catalysts can be incorporated to improve the reaction rate and product

quality during fast pyrolysis. In this study, the effects of three solid catalysts, dolomite,

red mud and HZSM-5(25), on the production of active phenols were investigated. The

Folin-ciocalteu (FC) method and gas chromatography-mass spectrometry (GC-MS) were

utilized to quantify and classify the types of phenolic derivatives present within the bio-oil.

The results showed that active phenols with a content exceeding 70% constituted the

largest fraction of the phenol derivatives. The formation of active phenols, especially

B-phenols, was enhanced by the incorporation of the catalysts HZSM-5, red mud and

dolomite. HZSM-5 and dolomite exhibited the best catalytic effect on the production of

A-phenols and B-phenols, respectively. The highest content of C-phenols (47.16%) was

achieved when red mud was utilized as a catalyst. With regard to the total content of

active phenol derivatives, the catalytic effect of dolomite was better than that of HZSM-5

and red mud. The content of total phenols and active phenols increased as the reaction

temperature increased from 450 to 600◦C.

Keywords: phenols, catalytic pyrolysis, bio-oil, biomass, solid catalysts

INTRODUCTION

The development and utilization of agricultural residue is closely related to the sustainability
of agro-ecosystems, and it is gradually becoming an inevitable requirement for the agricultural
and rural social economy (Bi, 2010). Fast pyrolysis is a promising technology that can convert
agricultural residue into bio-oil under a temperature of 500◦C with a fast residence time of 1s
(Bridgwater, 2013).

Bio-oil contains a myriad of compounds, including phenols, organic acids, ketones, aldehydes,
etc. Bio-oil is regarded as a chemical material, and the phenols present within the bio-oil can be
used to prepare phenolic resins after enrichment and purification (Halil, 2016; Cui et al., 2017;
Halil et al., 2019). Phenolic resins have demonstrated excellent performance (adhesion strength and
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water resistance) when serving as a wood adhesive (Wen et al.,
2018). Currently, the phenols used during the production of
phenolic resins mainly come from the petrochemical industry.
The cost of phenols accounts for more than 70% of the cost of
adhesives in China, which is due to the high dependency placed
on petroleum imports (Wang et al., 2016). Thus, it is of great
economic benefit to find a way to replace the phenols from the
petrochemical industry with phenols from bio-oil.

The generation of phenolic substances in bio-oil is dependent
on the lignin components of the biomass. In order to obtain a
phenol-rich bio-oil, researchers have preferred to use lignin as the
rawmaterial (or main component) to carry out catalytic pyrolysis
research. The catalytic influence of solid catalysts, like soluble
metal salts, metal oxides and molecular sieves, on the production
of phenolic compounds has been previously investigated (Joshua
et al., 2015; Shantanu et al., 2015; Lei et al., 2018; Yi et al., 2019).
Wang et al. investigated the catalytic effects of three metallic
chlorides (KCl, FeCl3, and CaCl2) on the pyrolysis of alkali
lignin. The results showed that the yield of active phenols was
promoted, and the catalytic strength of the catalyst cations was
ranked as follows: Fe3+ > Ca2+ > K+ (Wen-Liang et al., 2015).
Three metal oxide nanoparticles (NiO, ZnO, and Cu2O) were
loaded onto a molecular sieve and used to catalyze pyrolysis of
broad-leaved lignin, and the results demonstrated that the NiO-
loaded catalyst exhibited the best performance to produce a high
content of phenols (Nevenka et al., 2013). Lu et al. previously
developed Ph and Ce metal catalysts with TiO2 and ZrO2/TiO2

supports, respectively. The results showed that the unmodified
and modified TiO2 catalyst was favorable for the conversion
of lignin into phenolic derivative monomer compounds, which
increased by 11.6% compared with the blank group (Lu et al.,
2010). Günay (2015) studied the catalytic effects of KOH, ZnCl2
and ZnO on the pyrolysis of pine wood chips. The results
showed that the addition of ZnCl2 increased the content of
aldehydes in biological oil, whereas ZnO had a negative effect
on the formation of aromatic hydrocarbons. In addition, the
content of phenols was found to increase with the incorporation
of KOH. However, rapid catalyst deactivation through fouling,
coking or destruction of the support matrix can occur, resulting
in either a short catalyst lifetime or at least the need to
continuously regenerate the catalyst. Both scenarios necessitate
major capital and/or operating costs. It can thus be argued
that the development of an effective and robust catalyst system
adapted to the specific requirements of the bio-oil constitutes
one of the main hurdles for its widespread development in an
economically viable manner (Sanna and Andrésen, 2012). Thus,
looking for an inexpensive and potentially sacrificial catalyst
system could be the answer to this challenge (Elham et al., 2014).

Some solid catalysts including dolomite, red mud and HZSM-
5 have beenwidely used in industrial catalytic production because
these catalysts are easy to acquire and are cost effective. The
main components of calcined dolomite are CaO andMgO, which
can improve the quality of bio-oil and retain a high bio-oil
yield (Zhou et al., 2005; Li and Wu, 2009; Putun, 2010; Shiyu
et al., 2016). As shown in previous research, mesoporous catalysts
have good fracture effects on biomass, and the addition of CaO
can lead to the cracking of large-molecule oxygenates that are

generated from pyrolysis (Yunwu et al., 2019). Red mud is a
waste residue produced during the process of refining alumina
from aluminum ore and contains various metal oxides (Karimi
et al., 2010; Justin et al., 2019). Microporous HZSM-5 catalysts
have been recognized to be the most efficient catalyst for the
preparation of aromatics by catalytic pyrolysis because of their
special three-dimensional structure and their deoxidization and
isomerization effect (Yunwu et al., 2019). In recent years, HZSM-
5 has gained increasing attention as a catalyst for the pyrolysis
of lignocellulosic biomass (Hyung-Su et al., 2014; Yu et al.,
2014; Huamei et al., 2018). The excellent catalytic properties of
dolomite, red mud and HZSM-5 on fast pyrolysis of biomass
have been previously demonstrated by multiple studies. Xu
investigated the effect of calcined dolomite on the quality of bio-
oil from corn stalk, and this study found that the acidity of bio-oil
was reduced and the content of phenols increased (Xu, 2016).
Wang et al. used red mud that had removed Na+ and Ca2+

during the pyrolysis of alkali lignin. Although the bio-oil yield
reduced, the alkylphenol and hydrocarbon content increased
significantly (Shaoqing et al., 2018). Shen et al. (2015) found
that HZSM-5(25) promoted the pyrolysis of lignin to produce
aromatic monomers when the reaction temperature was lower
than 650◦C.

Phenolic hydroxyl is an electron donor group which increases
the density of the electron cloud on the benzene ring, especially
when the additional hydroxyl functional group is in the ortho
position. Therefore, the electrophilic substitution reaction is
prone to occur in the benzene ring, and the substituents
are mainly in the ortho and para positions of the phenolic
–OH functional group. During condensation reactions with
aldehydes to produce phenolic resins, only the ortho and
para positions of the phenolic hydroxyl group demonstrated
reactivity. The reactivity reduced when the ortho and para
positions contained functional groups. The phenolic hydroxyl
group has been reported to lose reactivity whether the three active
sites were substituted or not (Zhao et al., 2011). Therefore, the
presence of active phenols in bio-oil can increase its chemical
and commercial value. Active phenols in bio-oil have included
phenol, methyl (oxy) phenol, dimethyl (oxy) phenol, resorcinol,
etc. (Ioannidou et al., 2009; Charles et al., 2010; Jewel and Sergio,
2012; Peng et al., 2018). Researchers have previously paid much
attention to the representative phenolic compounds and the
normalization analysis of phenols detected by GC-MS. However,
how the removal of ortho and para functional groups of phenolic
hydroxyl (such as methyl and methoxyl) is affected by catalysts
has not yet been investigated.

Corn stalk is an abundant agricultural waste in China. The
high value utilization of corn stalk has the potential to alleviate
problems associated with energy security and environmental
pollution (Zhao et al., 2011). Hence, in this study, corn stalk
was chosen as a feedstock along with three sacrificial catalysts
(dolomite, red mud, and HZSM-5) in order to (1) investigate
the catalytic effects of HZSM-5, dolomite and red mud on the
production of active phenols; (2) reveal the role of temperature
on the pyrolysis of corn stalk and the content of active phenols;
(3) provide guidance regarding the formation of enriched high-
activity phenols in bio-oil.
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EXPERIMENTAL SECTION

Feedstock
Corn stalk was collected in Zibo, China. The feedstock was firstly
air dried and crushed to a size of 200µm. The material powder
was then dried at 150 ± 5◦C in a blast drying oven. The dried
material was sealed and stored in a drying vessel prior to further
analysis and experiments. The proximate and ultimate analysis
results of the feedstock are listed in Table 1.

Catalyst Preparation
Zeolite and HZSM-5(25) were purchased from Tianjin Nankai
chemical reagent company (China). Dolomite with a purity of
85% and SiO2 content of 11.5% was purchased from Long Xiang
Co., Ltd. in Zibo, China. Dolomite was a complex carbonate
salt and was primarily composed of CaMg(CO3)2. Red mud was
the waste slag produced during the alumina sintering process,
and it was obtained from Shandong Aluminum Corporation
(China). Red mud had a complex chemical composition and
contained many hydrated and carbonated minerals. In order
to remove the impurities, the zeolite catalyst was calcined at
550◦C for 3 h in a muffle furnace. Dolomite and red mud were
crushed to a size of 120µm and then heated to a temperature
of 800◦C for 4 h. The three catalysts were preserved in well-
sealed containers prior to utilization. After exposure to high
temperatures, dolomite consisted of a CaO-MgO complex (Li
and Wu, 2009).

Catalyst Tests
The compositions of the three prepared catalysts were analyzed
by X-ray Fluorescence (XRF) (RIGAKU, ZSX100e). The porous
structures of the catalysts were determined by an automatic
surface area and porosity analyzer (Micromeritics Instrument
Corporation, Tristar II 3020).

The catalytic experiments were conducted on a fixed bed tube
furnace. An illustration of the experimental setup is shown in
Figure 1. The pyrolysis reaction tube was a quartz tube with an
inner diameter of 55mm and a length of 680mm. N2 was used
as the carrier gas and was purged into one side of the reaction
tube, and the other side was connected to the condensing system.
In each study, corn stalk and catalyst were mixed at a mass ratio
of 2:1 and then loaded into a silica boat. The feedstock was then
pushed into the quartz reactor for in situ catalytic pyrolysis. The
reaction temperatures utilized for catalytic pyrolysis were 450,
500, 550, and 600◦C. In order to collect all of the bio-oil after
the reaction, the bio-oil was condensed in a water bath at a
temperature of−10◦C.

Product Analysis
The organic composition of the bio-oil was analyzed by a gas
chromatography-mass spectrometer with a capillary column of
DB-1701 (GC-MS) (Agilent 6890/5973, USA). Helium gas with
a purity of 99.9999% was used as the carrier gas. The automatic
injection volume was 0.2 µL, and the split ratio of the sample
injection was 60:1. The column temperature increased from 40 to
240◦C with a heating rate of 5◦C/min, and the final temperature
was held for 5min. The temperature of the injector, GC-MS
connector, ion source andMS quadrupole were 280, 250, 230, and
150◦C, respectively. The identification of chemical compounds
was performed by comparing the spectra of all chromatogram
peaks with the database of spectra in the NIST Database.

The total phenolic content was determined based on the
Folin-Ciocalteu (FC) method. Tungsten and molybdenum with
a high valence in the forint reagent can be reduced by phenolic
–OH in the bio-oil, thereby forming molybdenum blue and
tungsten blue, respectively. Thus, the total phenolic content can
be determined by the color of the reaction mixture. The color
of the reaction mixture becomes darker as the total phenolic
content increases (Xu, 2016). Bio-oil was added into a mixture
of FC and 20 wt.% Na2CO3 after being diluted to different
concentrations. The total phenolic content was determined
based on the absorbance of the mixture and was subsequently
compared with a standard curve. Before analysis, standard
solutions were prepared, and standard curves were established
(Figure 2). The resulting regression equation is shown in the
following equation:

Y = 1.4657x− 1.6133 (R2 = 0.9933)

C =
Y

D

Where Y and X are the total phenolic concentration (mg/L) and
absorbance of bio-oil, respectively. The density of bio-oil (mg/L)
and total phenolic content (%) are C and D, respectively.

RESULTS AND DISCUSSION

Characterization of Catalysts
The composition of the three catalysts is listed in Table 2.
HZSM-5 primarily consisted of crystalline aluminosilicates,
which mainly took the form of Al2O3 and SiO2. The main
chemical components of dolomite were CaO, MgO, and SiO2.
Red mud had a complex chemical composition and contained
hydrated minerals and carbonated minerals. The main chemical
components were Fe2O3, Al2O3, SiO2, Na2O, and CaO.

TABLE 1 | Proximate and ultimate analysis results of corn stalk (wt. %).

Moisturea Ashb Volatilesb Fixed carbonb,c Nitrogenb Carbonb Hydrogenb Oxygenb

8.41 9.46 67.58 14.54 1.30 39.01 5.03 45.15

aair basis.
bdry basis.
cby difference: Fixed carbon wt.% = 100 – Volatiles (wt.%) – Ash (wt.%).
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FIGURE 1 | Fixed bed tubular furnace.

FIGURE 2 | Curve of garlic acid standard.

The analysis of the catalyst specific surface area and
pore structure is presented in Table 3. For the raw catalysts,
mesoporous catalysts (dolomite and red mud) had larger pore
sizes than HZSM-5, which was favorable for catalytic cracking of
the macromolecular materials. HZSM-5 had a smaller pore size
(2.24 nm), larger specific surface area (364.28 m2/g) and larger
pore volume (0.2541 cm3/g) than the other two catalysts. The
contact area of HZSM-5 with vapor molecules was larger than the

TABLE 2 | XRF analysis of the catalyst samples.

Composition HZSM-5 Dolomite Red mud

Fe2O3 UDL 0.46 29.90

Al2O3 5.30 0.04 21.90

SiO2 91.20 11.50 18.60

CaO UDL 45.50 11.80

Na2O UDL UDL 12.90

TiO2 UDL UDL 2.46

K2O UDL UDL 0.45

MgO UDL 40.30 0.04

Other 3.20 2.20 1.96

UDL is under detection limit.

other catalysts. Hence, its ability to resist carbon deposition and
coking was stronger than the other catalysts. After catalyst usage,
the specific surface area decreased and the average pore diameter
increased slightly, implying micropores collapsed and carbon
deposition occurred during the reaction (Jun et al., 2009). The
specific surface area, pore volume and pore diameter of red mud
all decreased, which was mainly caused by carbon deposition and
bonding. The structural properties of dolomite were relatively
stable with little change before and after the reaction.

GC-MS Analysis of the Reactive Phenol
The formation mechanism of phenolic compounds is
complicated, which is attributed to the decomposition of
lignin and the coupling effects of cellulose and hemicellulose.
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TABLE 3 | Porous texture of the catalysts before and after reaction.

Catalysts Specific surface area

(m2/g)

Pore volume

(cm3/g)

Mean pore size

(nm)

Raw-HZSM-5 364.28 ± 10.0 0.2541 2.24

Used-HZSM-5 296.32 ± 10.0 0.2097 3.26

Raw-dolomite 58.08 ± 1.5 0.15 12.32

Used-dolomite 58.41 ± 1.0 0.10 11.70

Raw-red mud 22 ± 1.0 0.064 22.15

Used-red mud 18 ± 1.0 0.026 14.23

According to the structure of lignin phenylpropane, phenols
are generally divided into three categories: phenol, guaiacol and
eugenol (Zhao et al., 2011; Shiliang et al., 2014). The hydrogen in
the ortho-para-position of the phenolic –OH is relatively active,
which could lead to the production of phenolic resins through
the condensation reaction with formaldehyde. The reactivity of
the phenols is generally associated with the position and number
of substitutions on the benzene ring (Wang et al., 2016; Cui
et al., 2017). Hence, phenols in bio-oil were divided into three
categories according to the number of active sites (three, two,
and one), which were denoted as group A, B and C, respectively.

The content of phenols in bio-oil is displayed in Figure 3. It
can be seen that the reactive phenolic content was higher than
0.7% in the non-catalytic bio-oil. Phenols were mainly produced
from the breaking of the connection bond and side chains of
lignin. The content of active phenols increased with an increase
of the temperature, implying that the demethoxylation of the
benzene ring was enhanced. In particular, the content of phenol
increased from 2.23 to 4.18%, which mainly resulted from the
deoxygenation of guaiacol and eugenol (Shiliang et al., 2014).
B-phenols, including phenol-derivatives, were the main active
phenols, and they accounted for 37%-45% of the total phenol
content. C-phenols mainly consisted of guaiacol-derivatives and
accounted for about 35% of the total active phenol content. A-
phenols mainly consisted of phenol, and this group accounted
for about 20–27% of the total phenol content.

As shown in Figure 3, the addition of the HZSM-5 catalyst
promoted the content of active phenols, especially A-phenols and
B-phenols. This could be attributed to efficient deoxygenation,
in which the C-O or C-C bonds on the guaiacol and syringyl
phenols were broken with the aid of the acidic active sites on
the catalyst. On the other hand, the porous structure of the
catalyst played a significant role in the selective cracking of
acids and aldehydes, and the specific structure of the catalyst
prevented the entrance of macromolecular aromatic compounds
that could decompose the catalyst (Shiyu et al., 2016). However,
the content of C-phenols decreased compared with non-catalytic
bio-oil. When catalytic pyrolysis was conducted at 550◦C, the
total content of A-phenols and B-phenols was 16.14%, which
was similar to the content of these phenols produced at 600◦C
(16.34%), thereby demonstrating that the reaction severity could
be reduced through the incorporation of HZSM-5 while still
attaining a similar content of phenols.

Red mud was the waste slag produced by aluminum smelting,
and it has proven to be an efficient, low-cost catalyst (Yunwu

et al., 2019). The total content of active phenols increased from
22.91% to 24.10% when the temperature increased from 450
to 600◦C, which implied that the influence of temperature on
the generation of active phenols was weakened and the reaction
strength was reduced. With the inclusion of red mud, the content
of B-phenol and C-phenol remarkably increased by 10.14% and
47.16%, respectively. B-phenol was the main reactive phenol, and
its content accounted for just <50% of the total reactive phenol
content. Reaction temperature exhibited a less important role in
influencing the content of B-phenols. In order to enhance the
condensation reaction with aldehydes to produce high value-
added chemicals, the C-O and C-C bonds of C-phenols, which
have only one active site, need to be removed. The content
of C-phenol was above 8% when red mud was incorporated
as a catalyst. The content of A-phenols reached the highest
value (5.24%) at 550◦C, which was relatively low compared to
the highest value of the HZSM-5-group. Several of the metal
oxides contained in the calcined red mud exhibited synergistic
effects resulting in the additional formation of active phenols.
The catalytic effect of red mud on active phenols was stronger
than that of HSZM-5. Red mud, a kind of alkaline mesoporous
catalyst, had a remarkable catalytic effect on the formation of
aromatic compounds (Jyoti et al., 2017). However, the related
catalytic mechanism stills needs further investigation.

The calcined dolomite was composed of CaO and MgO, and
it contained distorting atomic arrangements and many active
sites. The content of A-phenols and B-phenols was promoted
while that of C-phenols was inhibited by incorporating dolomite.
The impact of dolomite on the content of B-phenols was greater
than that of HZSM-5 and red mud. The content of B-phenols
accounted for more than 50% of the total phenolic compounds.
When the temperature increased, the content of B-phenols
increased and reached up to 16.27% at 600◦C. Meanwhile, the
content of A-phenols, mainly composed of phenol, reached
its highest value at this temperature (5.61%). The content of
C-phenols ranged from 4.2 to 5.2%. The increased content
of phenols was the result of the activation energy of C-C/C-
O bonds being reduced, causing these compounds to break
into single-ring aromatics. This was due to the fact that the
π-shaped electron cloud was destroyed, and the stability was
reduced when the polycyclic compounds with electronegative
constituents were absorbed by the active sites of the catalyst (Li
and Wu, 2009). Dolomite with strong alkaline activity sites has
been demonstrated to play significant roles not only in enhancing
the deoxidation reaction and increasing the phenolic content,
but also in reducing the acidity of bio-oil (Shiyu et al., 2016;
Xu, 2016).

In general, the three catalysts exhibited positive effects on
increasing the contents of active phenols, especially for B-
phenols. The content of A-phenols remarkably increased with the
addition of the HZSM-5 catalyst. Due to the catalytic effect of
the dolomite catalyst, the formation of B-phenols was enhanced.
The content of C-phenols in the bio-oil produced using red
mud was significantly greater than that of the C-phenols in the
bio-oil produced when using HZSM-5 and dolomite. As for the
production of total active phenols, dolomite demonstrated the
most significant impact compared with HZSM-5 and red mud.
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FIGURE 3 | The content of active phenols in bio-oil. (A) 450oC, (B) 500oC, (C) 550oC; (D) 600oC.

Polycyclic Aromatic Phenols Distribution
Polycyclic aromatic phenols with high boiling points in bio-oil
cannot be detected by GC-MS due to the difficulty of vaporizing
these compounds. In order to further investigate the catalytic
effect of the three catalysts on the degree of lignin decomposition
and monophenol conversion, the content of phenolic -OH
was determined using the FC method. The content of total
phenols in bio-oil produced at different temperatures is listed in
Table 4. The results indicated that the content of total phenols
increased with the addition of the catalyst, demonstrating that the
decomposition of lignin was enhanced. Dolomite exhibited the
most significant effect on the formation of phenolic compounds,
leading to the content of total phenols reaching up to 34.04%
at 600◦C. The catalytic effect of the three catalysts on the
total phenolic content was thereby ranked as follows: dolomite
> red mud > HZSM-5. This result was also in agreement
with the GC-MS results. There were two explanations. The
first was that dolomite and red mud are basic catalysts, which
are more advantageous for the cracking of etherified phenolic-
OH (Cuina et al., 2014). Scholars have found that alkaline
additives were beneficial to the thermal cracking of lignin to
form monophenolic compounds. Some strong basic solids could
effectively promote the deoxygenation of methoxyl (Zhenxi et al.,
2019). The second was that mesoporous materials (dolomite

TABLE 4 | The content of total phenols in bio-oil.

Groups 450oC 500oC 550oC 600oC

Control groups 17.61 18.99 22.06 25.33

HZSM-5 19.53 21.15 25.27 25.33

Dolomite 31.12 33.45 36.20 34.04

Red mud 26.96 28.14 29.43 29.84

and red mud) have a relatively high specific surface area and
porosity, which could provide favorable spatial configuration
for macromolecular reactions. But it was more difficult to
introduce into the narrow micropore channel (HZSM-5) and
impossible to enter the internal active centers to participate in the
catalytic reforming reactions for these macromolecular phenolic
molecules (Shaoqing et al., 2018).

Hence, it can be concluded that the incorporation of a basic
catalyst was more advantageous for the cracking of etherified
phenolic -OH. In addition, the content of total phenols increased
when the reaction temperature increased from 450 to 600◦C,
which implied that a higher temperature played a positive role
in the breaking of lignin bonds and the removal of substituents
from aromatic rings.
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FIGURE 4 | Content of active phenols and total phenols.

Comparison of High Activity Phenols and
Total Phenol Content
When the number of active sites in the active phenols was two
or three, phenolic resins could be produced from active phenols
and formaldehydes. Hence, the main target product of phenol-
enriched bio-oil is active phenol, especially highly active phenol
(A-phenols and B-phenols with ≥ 2 active sites), which has
the potential to be a promising resource for the production
of phenolic resins. In order to comprehensively evaluate the
catalytic performance, the content of total phenols, active phenols
and highly active phenols was compared. The content of total
phenols, active phenols and highly active phenols is displayed
in Figure 4.

According to Figure 4, highly active phenol constituted the
largest fraction of total phenols, accounting for more than 50%
(except for the red mud-catalytic group at 550◦C) of the total
phenol content. This result implied that the ortho-position of
phenolic hydroxyl in bio-oil had not been completely replaced
during pyrolysis of corn stalk. The content of total phenols,
active phenols and highly active phenols increased when the
temperature increased from 450 to 600◦C, demonstrating that
a higher reaction temperature favored lignin cracking. On the
other hand, the effect of temperature on the phenolic content
was weakened by the synergistic effect of the temperature and
the catalyst. In particular, the effect of red mud and dolomite on
the content of total phenols and active phenols was dominant.
The mesoporous structure and alkali active sites of the two
catalysts benefited the adsorption of cracking molecules, the
depolymerization of etherified phenolic -OH and the homolysis
reaction into free radicals and fracturing of the aryl ether bond.
The catalytic effect of dolomite on the total phenols and highly
active phenols was more significant than that of red mud.
The homolysis reaction of lignin and the removal of ortho-
para-substituents of phenolic -OH were promoted by red mud;
however, the formation of highly active phenols was restrained.
Regarding the effect of the addition of HZSM-5, the removal of

the substituted group in the ortho-para position of phenolic -OH
was enhanced by HZSM-5. Hence, the conversion rate of total
phenols to highly active phenols was higher for this catalyst than
the other catalysts. At higher temperatures, the catalytic effect of
HZSM-5 on the highly active phenols was similar to that of the
effect of dolomite.

In general, bio-oil was mainly composed of highly active
phenols. Red mud weakened the influence of the reaction
temperature, and this catalyst also had an obvious effect on the
production of phenols with a single active site rather than highly
active phenols. Dolomite and HZSM-5 both played a role in
enhancing the production of highly active phenols. With regard
to the impact of HZSM-5, the content of phenols with a high
boiling point and less active sites increased. Hence, HZSM-5 can
be coupled with red mud for catalytic pyrolysis of corn stalk to
produce highly active phenols.

CONCLUSION

In this study, the effects of red mud, dolomite and HZSM-5 on
the formation of phenols from corn stalk pyrolysis, including
active phenols and highly active phenols, were investigated
according to GC-MS and FC analysis. Active phenols were the
main components of the bio-oil, amounting to a content >

70%, and these compounds were most notably affected by the
incorporation of catalysts. HZSM-5 exhibited the best catalytic
effect on the generation of A-phenols, leading to an increase
in the content of these phenols of 20.65%. The content of
B-phenols and C-phenols increased significantly by 98.66 and
47.16% by incorporating dolomite and red mud compared with
the control, respectively. With regard to the total content of
active phenols, the catalytic effect of dolomite (increased by
33.12%) was more significant than that of HZSM-5 (increased
by 6.02%) and red mud (increased by 18.43%). The content
of total phenols and active phenols was higher than HZSM-
5 when incorporating red mud as a catalyst. These results
provided guidance for the preparation of active phenols for
future studies.
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