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Abstract

The inefficient disposal of corn stover (CS) and the accumulation of magnesite tailings
(MMTs) pose dual environmental threats. Although biomass gasification can utilize CS,
its inherent drawbacks result in syngas with low heating value and high tar content.
Torrefaction pretreatment can effectively improve biomass properties, and the use of steam
as a reaction medium can further optimize the product’s pore structure. This study proposes
a steam-assisted torrefaction pretreatment to address the inefficient utilization of CS and
the disposal challenges of MMTs. The experimental results demonstrated that torrefaction
at 300 ◦C with 30% water content for 60 min significantly improved the raw material’s
properties. The optimized CSBC exhibited a well-developed pore structure and achieved a
phenol removal rate of 63.4%. The addition of MMTs further enhanced the pretreatment
effect, increasing the removal rate to 75.5% and confirming the superiority of the CSBC–
magnesite composite system. The steam atmosphere improved phenol adsorption by
regulating pore structures and surface functional groups, offering a feasible approach for
utilizing solid waste resources and developing a new in situ tar control strategy.

Keywords: corn stalk; torrefaction pretreatment; magnesite; steam atmosphere agent;
phenol adsorption

1. Introduction
Corn stalk (CS) is an abundantly available agricultural byproduct with considerable

potential for renewable energy production [1]. However, approximately 11.8 billion tons
of straw are still disposed of annually through traditional incineration, leading to severe
resource wastage and environmental pollution [2]. Therefore, developing efficient and
clean biomass energy utilization technologies is essential for alleviating the energy cri-
sis [3]. Researchers have previously converted CS into high-calorific-value biofuels—for
instance, by using an exa ruthenium-based catalyst under sodium hydroxide catalysis
the solid products undergo hydrotracting furfural from CS. Then, the residues can be hy-
drolyzed to produce levulinic acid [4]. Using genation, deoxygenation, and upgrading can
yield final products such as aviation fuel [5]. Similarly, research on developing advanced
multifunctional collagen-based nanocomposites using biomass derivatives has attracted
widespread attention. These materials exhibit significant application potential in the fields
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of bioinformation encryption and display [6], sustainable packaging [7], and environmental
remediation [8]. Additionally, biomass gasification technology can transform CS into com-
bustible gases rich in H2, CO2, and CH4. However, biomass feedstock inherently exhibits
characteristics such as a loose structure, high ash content, high O/C ratio, low energy
density, and poor raw material quality. These characteristics result in issues such as a low
calorific value of gasification products and excessive tar content. In particular, high tar
concentrations can cause pipeline blockages, equipment corrosion, and contamination,
thereby compromising system stability [9]. Thus, appropriate pretreatment methods are
necessary to enhance biomass energy density and improve the quality of combustible gases.

Biomass torrefaction pretreatment is a mild pyrolysis process conducted at relatively
low temperatures compared to conventional pyrolysis, typically between 200 ◦C and 300 ◦C.
This thermal treatment primarily modifies biomass properties by removing moisture and
light volatile components (e.g., hemicellulose degradation products). Unlike complete
pyrolysis, torrefaction preserves the biomass’s fundamental carbon skeleton while consid-
erably improving feedstock characteristics. It serves as an effective strategy for simulta-
neously enhancing syngas production and minimizing tar formation [10]. Singh et al. [11]
conducted torrefaction experiments at various temperatures using eucalyptus as feedstock.
Their results showed optimal performance of the product yield at 280 ◦C with a 60 min
residence time, achieving 37.1% and 12.9% improvements in higher heating value (HHV)
and energy density, respectively. Tsalidis et al. [12] systematically investigated the effects
of torrefaction pretreatment on tar generation during spruce gasification. Their findings
revealed that spruce pretreated at 260 ◦C exhibited a remarkable reduction of 30% of the tar
content in the gasification products compared to untreated material. This finding clearly
validates the effectiveness of torrefaction pretreatment in improving biomass gasification
quality. Sarker et al. [13] examined the influence of torrefaction on pigeon pea stalks. Their
findings revealed concurrent decreases in O/C and H/C ratios with increasing pretreat-
ment temperature. Under optimal conditions of 275 ◦C and a 45 min residence time, the
torrefied biomass showed a 28.6% increase in calorific value and a notable improvement in
energy density compared to the raw material.

Steam is a crucial atmospheric medium for torrefaction treatment and forms the basis
of steam-based technologies used to convert biomass wastes into high-value combustible
gases [14]. It has been widely employed to upgrade low-quality biomass feedstocks,
thereby enhancing subsequent gasification processes to achieve low tar yields and high
syngas production. When steam is used as a gasification agent, the hydrogen concentration
in the resulting syngas appreciably increases, leading to higher-quality syngas products
compared with air gasification [15]. The reducing environment created by steam enhances
metal–biomass interactions, thereby improving the performance of biochar (BC) catalysts
by reducing particle size to the nanoscale and optimizing pore structure, while also yielding
high-value bio-oil products through biomass pyrolysis steam-reforming processes [16].
Zhou et al. [17] found that using steam as the atmospheric medium for torrefaction at
280 ◦C enabled more efficient removal of oxygenated volatiles from corn cob and rice husk
compared with air gasification. In the subsequent gasification reactions, tar yield remained
below 1%, and the H2 production rate of syngas increased from 4.33 (raw material) to
12.97 mmol/g (280 ◦C treated). Ömer et al. [18] developed a physical activation method
using steam as the atmospheric medium for carbonization treatment to produce activated
carbon from acorn shells. The resulting activated carbon exhibited a maximum Brunauer–
Emmett–Teller surface area (1779 m2/g), a micropore volume of 0.927 cm3/g, and a density
functional theory calculation-derived pore diameter of 1.688 nm. Collectively, these findings
demonstrate that biomass structure modification is influenced not only by torrefaction
temperature and treatment duration, but also by the selection of the reactive atmosphere
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medium, which plays a pivotal optimization role in optimizing biomass conversion and
product quality [19].

As a globally notable nonrenewable mineral resource, magnesite has extensive proxi-
mate application value. However, continuous mining operations have generated substantial
amounts of magnesite tailings (MMTs), which contain high levels of impurities such as cal-
cium and silicon, making their effective utilization challenging. These tailings are typically
disposed of as waste piles, posing potential contamination risks to air quality and causing
the leaching of heavy metals into groundwater systems [20,21]. Therefore, the development
of environmentally friendly and sustainable approaches for MMT treatment has remained a
research priority. To mitigate the environmental impact of MMTs, researchers have explored
various utilization strategies [22]. One notable approach involves employing magnesite
as a bed material in gasification reactions, which considerably enhances hydrogen pro-
duction. Experimental results have demonstrated a 100% increase in hydrogen volume
fraction compared with the condition without adding magnesite, along with effective tar
suppression, achieving reductions of approximately 2 g/m3 [23,24]. Alternative strategies
include converting MMTs into refractory materials [25], magnesium potassium phosphate
cements [26], and porous MgO-based ceramics [27]. However, these strategies generally
face limitations in processing capacity or involve complex procedures, rendering them
unsuitable for large-scale proximate implementation. Therefore, these strategies do not
offer an effective solution for the substantial accumulation of MMTs.

In summary, the development of a synergistic technology combining magnesite
and biomass effectively addresses waste disposal challenges while enhancing resource
utilization efficiency and economic benefits. Zhou et al. [28] successfully synthesized
magnesite-modified BC via copyrolysis and demonstrated its efficacy in phosphate adsorp-
tion (176.16 mg/g) and plant growth promotion, with germination rates and plant height
increasing by 5.0–5.8 times and 9.4–10.0 times, respectively. Furthermore, Liang et al. [29]
developed a porous MgO-nanofiber-functionalized biochar (PMgNF-BC) using waste
biomass and magnesite, which exhibited enhanced phosphate adsorption and regenera-
tion performance. This advanced material achieved an exceptional phosphate adsorption
capacity of 725.43 mg/g at 318.15 K.

However, current research on the synergistic effects of temperature, processing time,
and reactive atmosphere agents on biomass properties, gas yield, and tar suppression
during torrefaction pretreatment remains limited. Moreover, the underlying mechanisms
governing the magnesite–biomass interaction during torrefaction remain poorly under-
stood. Therefore, this study systematically optimizes the process parameters of torrefaction
pretreatment and investigates the optimal reaction conditions for CS torrefaction. The
torrefaction pretreatment is employed to create a partially carbonized structure that retains
certain organic components, such as a carbon-rich aromatic structural framework, thereby
preventing excessive ash formation or over-fragilization of the CS. Innovatively, magnesite
is introduced as an additive, and phenol is used as a model compound for tar products
generated during gasification [30]. This approach aims to elucidate the adsorption mecha-
nisms of BC toward organic pollutants, offering new strategies for in situ tar control while
establishing a theoretical foundation for high-value biomass utilization and environmental
pollution remediation. The findings of this study have notable implications for promoting
sustainable development by addressing the interlinked challenges of energy production,
environmental protection, and economic growth.
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2. Materials and Methods
2.1. Chemicals and Reagents

Corn stalk (CS; particle size: 12 mesh) was collected from farmlands surrounding
Dalian City. Magnesite, which was calcined at 800 ◦C to 60 mesh assaying 90% MgO and
minor impurities such as SiO2 and CaO, was provided by Yingkou Magnesite Chemical
Group Co., Ltd. (Yingkou, China).

Phenol (analytical grade) was purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). Ammonium hydroxide and ammonium chloride were
obtained from Tianjin Comio Chemical Reagent Co., Ltd. (Tianjin, China). Potassium
ferricyanide and 4-aminoantipyrine (analytical grade) were supplied by Shanghai Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). All solutions were prepared using
distilled water.

2.2. Semi-Carbonization Pretreatment Process
Pretreatment Process

(1) Steam-assisted torrefaction pretreatment of corn stover

The torrefaction pretreatment of the corn stover was performed in a muffle furnace.
Quartz crucibles were wrapped with aluminum foil, and 5 g of corn stover powder was
placed in each crucible. Distilled water was added according to predetermined moisture
content levels (0%, 20%, 30%, and 40%). The crucibles were then placed in the muffle
furnace, which was programmed to heat at 10 ◦C/min to target torrefaction temperatures
(220 ◦C, 240 ◦C, 260 ◦C, 280 ◦C, and 300 ◦C) and maintained for 30 or 60 min. After reaction
completion, the heating was stopped and the furnace was cooled to 22 ◦C with air circulation.
The semicarbonized solid products—hereafter generally referred to as CSBC—were collected
and weighed to calculate their mass yields. For characterization, the pretreated samples
were labeled as CSBC-0%-220-60, CSBC-0%-240-60, CSBC-0%-260-60, CSBC-0%-280-60, and
CSBC-0%-300-60, where CSBC-0%-220-60 represents the solid product obtained from corn
stover with 0% moisture content treated at 220 ◦C for 60 min, with other samples named
accordingly. All experiments were conducted in triplicate. The mass and energy yields of
the solid products were calculated using Equations (1) and (2), respectively.

Mass yield (%) = [Mass of torrefied solid product (g)
/Mass of raw material (g)]× 100%

(1)

Energy Enhancement Factor : λHHV = HHVT/HHV0. (2)

where λHHV denotes the energy enhancement factor, HHVT denotes the higher heat-
ing value of biochar (MJ/kg), and HHV0 denotes the higher heating value of raw
biomass (MJ/kg).

(2) Direct co-torrefaction pretreatment of corn stover with magnesite

Based on the optimal conditions (30% moisture content, 300 ◦C, and 60 min) identified
in the pretreatment experiment (1), a subsequent experiment (2) was conducted. Corn
stover powder was uniformly mixed with magnesite at a mass ratio of 5:6 and then placed
in quartz crucibles for torrefaction in the muffle furnace. This experimental procedure was
performed in triplicate. The resulting black solid products were designated as magnesite–
BC (Mg-BC) composites.

(3) Acid-assisted loading and torrefaction pretreatment of corn stover with Magnesite

Initially, magnesite powder (60 mesh) was calcined at 800 ◦C for 3 h in a tubular
furnace, yielding a product containing >90% MgO. Subsequently, 27 mL of a hydrochloric



Sustainability 2025, 17, 9091 5 of 23

acid (HCl) solution (37%) and 67 mL of deionized water were added to a three-neck flask
maintained at 50 ◦C in a thermostatic water bath. Excess calcined magnesite powder (5 g,
containing 4.5 g of MgO) was gradually introduced into the HCl solution, followed by
the addition of 6 g of corn stover (MgO:biomass ratio = 0.75:1). The mixture was stirred
at 50 ◦C for 2 h, aged at room temperature for 2 h, and then filtered to obtain a tan solid
mixture. This intermediate product was semi-carbonized at 300 ◦C with 30% moisture
content for 60 min in a muffle furnace. The final solid product prepared by impregnation
was designated as magnesite-loaded corn BC (MgO-BC).

2.3. Analytical and Characterization Methods
2.3.1. Yield of Torrefied Corn Stover Biochar (CSBC)

The yield of semicarbonized CSBC is calculated as follows:

η(%) =
m1

m0
× 100% (3)

where m0 denotes the initial mass (g) of CS and m1 denotes the mass (g) of CSBC
after torrefaction.

2.3.2. Phenol Adsorption Experiments

(1) Phenol measurement method

The concentration of phenol was quantified using a standard colorimetric method.
Briefly, the supernatant obtained after adsorption and centrifugation was reacted with
4-aminoantipyrine and potassium ferricyanide in an alkaline medium to form an orange-
red complex. The absorbance of this complex was measured at a wavelength of 510 nm
using a UV-Vis (Model 723PCS, Shanghai Xinmao Instrument Co., Ltd., Shanghai, China).
spectrophotometer. The concentration was calculated from a calibration curve prepared
with standard phenol solutions.

(2) Phenol removal efficiency

The phenol removal efficiency is calculated as follows:

RE (%) =
C0 − Ce

C0
×100%, (4)

where C0 denotes the initial phenol concentration (mg/L) and Ce denotes the equilibrium
phenol concentration (mg/L).

(3) Equilibrium adsorption capacity

The equilibrium adsorption capacity (qe) is calculated as follows:

qe =
C0 − Ce

m
V, (5)

where C0 denotes the initial phenol concentration (mg/L), Ce denotes the equilibrium
phenol concentration (mg/L), qe denotes the adsorption capacity, m denotes the mass of
CSBC (g), and V represents the phenol solution volume (L).

2.3.3. SEM and Energy Spectrum Analysis

The morphological characteristics of the biochar samples were investigated using scan-
ning electron microscopy (SEM, Model [Regulus810, Hitachi, Japan]). Prior to observation,
the powdered samples were mounted on an aluminum stub using conductive carbon tape
and were subsequently sputter-coated with a thin layer of platinum (coating time: 90 s)
to enhance surface conductivity. SEM images were captured at an accelerating voltage of
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15 kV and a working distance of 10 mm. Energy-dispersive X-ray spectroscopy (EDS) was
used for ultimate composition analysis, with a focus on the distribution of carbon (C) and
oxygen (O).

2.3.4. Determination of Calorific Value

The calorific value of the biochar samples was determined using an oxygen bomb
calorimeter (Model 5E-AC/PL, Changsha Kaiyuan Instruments Co., Ltd., Changsha, China).
This study was conducted in accordance with national standards such as GB/T 21923-2008
“General Rules for Inspection of Solid Biomass Fuels,” ([31]), GB/T 28731-2012 “proximate
Analysis Methods for Solid Biomass Fuels,” ([32]), and GB/T 30727-2014 “Determination
Methods for Calorific Value of Solid Biomass Fuels.” ([33]).

2.3.5. FTIR Analysis

The surface functional groups of the biochar samples were characterized using a
WQF-510A Fourier transform infrared (FTIR) spectrometer. The analysis was performed
employing the potassium bromide (KBr) pellet technique. Approximately 1.5 mg of the
dried sample was thoroughly mixed with 150 mg of spectroscopic-grade KBr and pressed
into a transparent pellet under a pressure of 10 MPa for 2 min. FTIR spectra were recorded
in the wavelength range of 4000 to 400 cm−1 with a resolution of 4 cm−1. Each spectrum
was recorded using an average of 32 scans to enhance the signal-to-noise ratio, and a
background spectrum of a pure KBr pellet was subtracted prior to each measurement.

2.3.6. BET Surface Area Analysis

The specific surface area, pore volume, and pore size distribution of the biochar
samples were determined using nitrogen adsorption-desorption isotherms measured at
77 K with an ASAP 2460 3.01 surface area analyzer (Micromeritics, Norcross, GA, USA).
Prior to analysis, approximately 0.1 g of each sample was degassed under vacuum at 150 ◦C
for 6 h to remove moisture and adsorbed contaminants. The Brunauer–Emmett–Teller (BET)
method was applied to calculate the specific surface area from the adsorption data in the
relative pressure (P/P0) range of 0.05–0.30. The total pore volume was estimated from the
amount of nitrogen adsorbed at a relative pressure of 0.99, while the pore size distribution
was derived from the adsorption branch of the isotherm using the Barrett–Joyner–Halenda
(BJH) model. All measurements were performed in triplicate to ensure reproducibility, with
a standard deviation of less than 3% for surface area values.

2.3.7. X-Ray Diffraction

The Dutch Panalytical Aeris benchtop X-ray diffraction (XRD) system was used,
equipped with a Co Kα radiation source (wavelength λ= 1.78901 A, excitation voltage = 45 kV,
operating current = 40 mA), and a wide-angle diffraction geometry configuration was se-
lected to evaluate information such as crystal phase types, grain sizes, and structural defects
in materials. The scanning parameters were set as follows: a detection range of 2 θ = 5–85◦,
a scanning rate of 10 ◦/min, and a total test duration of 12 min.

2.3.8. Raman Analysis

The graphitic structure and disorder degree of the carbon materials were investigated
using Raman spectroscopy. Spectra were acquired with a Renishaw inVia Reflex spec-
trometer (Renishaw, Gloucestershire, UK) equipped with a 532 nm laser as the excitation
source. The laser power at the sample surface was carefully adjusted to 2 mW to avoid
thermal decomposition of the material. The scattered light was collected through a 50×
objective lens and dispersed by a 1800 grooves/mm grating onto a CCD detector. The
spectra were recorded in the range of 800 to 2000 cm−1 with an accumulation time of 20 s
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per scan, and each final spectrum was the result of 3 repeated accumulations to improve
the signal-to-noise ratio. Prior to measurement, the spectrometer was calibrated using the
characteristic Raman peak of a silicon wafer at 520 cm−1.

2.4. Flowchart

Based on the research methodology and procedures described above, a comprehensive
flowchart summarizing the experimental workflow of this study is presented in Figure 1.

Figure 1. Experimental flowchart.

3. Results and Discussion
3.1. Steam-Assisted Torrefaction of Corn Stalk
3.1.1. Influence of Torrefaction Conditions on Phenol Adsorption Performance of CSBC

The adsorption of organic pollutants onto BC primarily occurs through intermolecular
interactions, such as π–π interactions, hydrogen bonding, hydrophobic interactions, and
electrostatic interactions. Studies indicate that hydrogen bonding plays a crucial role in
sulfamethoxazole adsorption by Fe-modified BC, as evidenced by an appreciable reduction
in oxygen-containing functional groups after adsorption [34]. Herein, Equations (4) and (5)
were used to analyze phenol adsorption performance by CSBC. Figure 2A,B presents the phe-
nol adsorption performance of CSBC under different temperatures and moisture contents
with a 60 min torrefaction duration. The results show that adsorption performance improved
with increasing temperature, reaching an optimum at 300 ◦C with 30% moisture content.
Figure 2C,D displays the corresponding results for 30 min torrefaction. Although adsorption
performance also improved with increasing temperature under these conditions—again
peaking at 300 ◦C with 30% moisture content—the overall adsorption efficiency was con-
siderably lower than that of the 60 min treatment. This discrepancy is primarily attributed
to the synergistic enhancement of CSBC’s physicochemical properties through prolonged
torrefaction duration and elevated temperature. Specifically, the extended duration and
increased temperature enhanced the alkalinity of BC’s surface functional groups, improved
its hydrophobicity, and optimized pore structure, which collectively provided more phenol
adsorption sites and a greater number of micropores [35]. Simultaneously, partial volatile
impurities and oxygen-containing functional groups (e.g., carboxyl and hydroxyl) were
removed during pyrolysis, reducing their hindrance to phenol adsorption in micropores [36].
Residual hydrophilic oxygen-containing groups on the BC surface could otherwise interact
with water molecules, competing with hydrophobic phenol molecules for adsorption sites
and thereby diminishing phenol adsorption affinity [37,38]. In conclusion, CSBC produced
through 60 min torrefaction exhibited substantially better phenol adsorption performance
than that produced in 30 min. Therefore, subsequent performance analyses were conducted
using CSBC prepared via 60 min torrefaction pretreatment.
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Sustainability 2025, 17, 9091 9 of 23

220 240 260 280 300
0

5

10

15

20

25

30

35

278 279 280 281 282

15

Q
e/
（m

g/
g-1

)

1

Temperature(℃)

258.0 258.5 259.0 259.5 260.0 260.5 261.0 261.5 262.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

Q
e/
（m

g/
g-1

)

1

Temperature(℃)

238 239 240 241 242

5.0

5.5

6.0

6.5

7.0

7.5

8.0
Q

e/
（m

g/
g-1

)
1

Temperature(℃)

218 219 220 221 222 223

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Q
e/
（m

g/
g-1

)

1

Temperature(℃)  0  %
 20%
 30%
 40%

Temperature( ℃)

Q
e/

(m
g/

g−
1 )

C

 

 

220 240 260 280 300

0.5

0.6

0.7

0.8

0.9

1.0

218 219 220 221 222

0.9

C
1/

C
0

Temperature(℃)

C
1/

C
0

 0  %
 20%
 30%
 40%

Temperature( ℃)

D

Figure 2. Influence of torrefaction pretreatment on phenol adsorption and removal rate: (A) Phenol
adsorption capacity under different temperature and moisture content conditions (torrefaction duration:
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60 min); (B) Phenol removal rate under different temperature and moisture content conditions
(torrefaction duration: 60 min); (C) Phenol adsorption capacity under different temperature and
moisture content conditions (torrefaction duration: 30 min); (D) Phenol removal rate under different
temperature and moisture content conditions (torrefaction duration: 30 min).

3.1.2. Proximate and Ultimate Analyses of CSBC Under Different Torrefaction
Treatment Conditions

(1) Ultimate analysis of CSBC

The results of EDS ultimate analysis combined with the calculation using the difference
method (mass fraction of oxygen: O (%) = 100% − [C(%) + H(%) + N(%) + S(%) + Ash(%))
in Table 1. indicate that torrefaction pretreatment at different temperatures significantly
influences the ultimate composition of corn stover-based biochar (CSBC) produced from
corn stover (CS) with a moisture content of 30%. As the treatment temperature increased,
the O and H contents decreased while the C content showed a gradual increase. Meanwhile,
the molar ratios of H/C and O/C in the torrefied solid products gradually decreased, mainly
due to the increasingly intense decarboxylation and dehydration reactions occurring in
corn stover with the increase of torrefaction temperature, which removed a large portion
of oxygen and moisture from the corn stover [39]. Furthermore, during the torrefaction
process at 200–300 ◦C, a portion of the nitrogen and sulfur ultimates in the biomass is
volatilized and released with the volatiles, leading to a decrease in their absolute content in
the solid product. Specifically, nitrogen is primarily released in the form of NH3 and HCN,
while sulfur is volatilized as sulfur-containing gases such as H2S [40].

Table 1. Characteristics of biomass raw materials and baked biomass.

Sample CS CS220 CS240 CS260 CS280 CS300
ultimate analysis (wt%)

C 52.51 53.42 56.50 59.72 61.92 68.63
H 6.08 5.92 5.83 5.72 5.14 4.68
O 36.61 36.27 32.55 28.58 26.1 16.91
N 1.60 1.20 0.96 0.83 0.72 0.68
S 0.20 0.19 0.16 0.15 0.12 0.10
O/C 0.70 0.68 0.58 0.48 0.42 0.25
H/C 0.12 0.11 0.10 0.09 0.08 0.06

(2) Proximate analyses of CSBC

The proximate analysis of the raw corn stover and the prepared biochars was per-
formed according to the standardized ASTM procedures to determine the contents of
moisture, volatile matter, fixed carbon, and ash.

Moisture Content: The moisture content was determined by measuring the weight
loss after drying the sample at 105 ◦C for 24 h in an oven until a constant weight was
achieved, following the principle of ASTM D3173. Volatile Matter: The volatile matter
content was measured by heating the dried sample in a covered crucible at 900 ◦C for 7 min
in a muffle furnace, as per ASTM D3175. Ash Content: The ash content was obtained by
combusting the sample in an open crucible at 750 ◦C for 6 h in the muffle furnace until
constant weight, according to ASTM D3174. Fixed Carbon: The fixed carbon content was
calculated by difference using the following equation:

Fixed Carbon (%) = 100% − Moisture (%) − Volatile Matter (%) − Ash (%)

As shown in Figure 3, with the increase in torrefaction pretreatment temperature, the
data exhibit an obvious pattern: the contents of volatile matter and moisture decrease from
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78.25% and 3.35% to 37.1% and 0.58%, respectively. This mass loss process is accompanied
by the enrichment of ash (increasing from 2.54% to 9.38%) and a significant increase in fixed
carbon content (rising from 15.86% to 52.94%). The aforementioned changes are typical
characteristics of the progressive thermal decomposition of hemicellulose, cellulose, and
lignin. After the selective volatilization of organic components, inorganic ash remains
and is enriched in the solid product; meanwhile, the degradation of lignin promotes
carbonization, which in turn leads to the formation of a stable carbonaceous matrix. This
process is ultimately reflected in the increase in fixed carbon yield.
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Figure 3. Proximate analysis of CSBC.

3.1.3. Influence of Torrefaction Treatment Conditions on the Energy Enhancement
Coefficient of CSBC

The energy enhancement factor (λHHV) is defined as the ratio of the higher heating
value (HHVT, MJ/kg) of hydrochar to that of the raw material (HHV0, MJ/kg) and is a
key indicator for evaluating improvements in energy density [41]. A higher λHHV value
indicates greater enhancement of heating value and a stronger hydrothermal carbonization
effect [42]. As shown in Figure 4, the hydrothermal carbonization process considerably
increased the λHHV value of CSBC. In Figure 4A, under a fixed moisture content (30%), as
the carbonization temperature increased, the CSBC yield gradually decreased, while λHHV

steadily rose, reflecting an improvement in the thermal value of the product [43]. Between
280 ◦C and 300 ◦C, λHHV exhibited a substantial enhancement. This trend aligns with the
ultimate analysis results (i.e., increased C content), demonstrating that higher temperatures
promoted a greater degree of carbonization, thereby enhancing the energy density [44,45].
Figure 4B shows that at a fixed temperature (300 ◦C), the CSBC yield decreased as the
initial moisture content increased. λHHV reached its peak at 30% moisture content. This
optimum is attributed to the moderate amount of steam (30%) acting as a mild oxidant
at high temperature, selectively cleaving O-containing functional groups (e.g., carboxyl
and carbonyl) and promoting the release of CO2 and H2O, thereby improving the heating
value of the product [46,47]. However, when the moisture content was too high (e.g., 40%),
the excessive steam could not be discharged efficiently and absorbed a large amount of
vaporization latent heat, leading to reduced thermal efficiency and a lower heating value.
In addition, the hydrochar yield at 40% moisture was markedly lower than under dry
conditions, primarily due to the additional energy required for water evaporation, which
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reduced the effective carbonization efficiency. Besides the effects of moisture, the increased
ash content in the char at higher carbonization temperatures also contributed to the overall
decline in solid yield.
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Figure 4. Influence of torrefaction pretreatment on energy enhancement coefficient of CSBC: (A) Semi-
carbonization temperature; (B) Moisture content.

3.1.4. FTIR Analysis of CSBC Under Different Hydrothermal Carbonization Conditions

This study systematically analyzed the evolution of functional groups in CSBC under
various hydrothermal carbonization conditions using FTIR spectroscopy. Under a steam
atmosphere with fixed carbonization time (60 min), moisture content (30%), and particle
size (12 mesh), the effects of hydrothermal carbonization temperature (220 ◦C, 240 ◦C,
260 ◦C, 280 ◦C, and 300 ◦C) on CSBC functional groups were investigated (Figure 5A). At
the optimized temperature (300 ◦C), with identical carbonization time and particle size, the
influence of varying moisture contents (0%, 20%, 30%, and 40%) on CSBC structure was
further examined (Figure 5B).

As shown in Figure 5A, CSBC displays a range of functional groups, with notable
variations in absorption peak positions and intensities across different temperatures. The
broad absorption peak near 3400 cm−1 corresponds to the stretching vibration of hydroxyl
(–OH) groups. As temperature increases, the intensity of this peak gradually weakens,
indicating the removal of bound water and the breakdown of hydrogen-bonded –OH
groups during dehydration. The symmetric C–H stretching vibration peak at ~2850 cm−1

persists across all temperatures but diminishes at elevated temperatures, confirming the
progressive decomposition of aliphatic hydrocarbons. The intensity of the C=O stretching
vibration at 1700 cm−1 exhibited a positive correlation with water content, as evidenced by
its decrease with increasing temperature, which coincided with the reduction in both the
water content and the intensity of the –OH stretching bands [48]. The C–O–C stretching
vibration in the range of 1170–1160 cm−1, associated with ether bond cleavage and degra-
dation of polar components, is prominent at lower temperatures but markedly decreases at
higher temperatures. This suggests decomposition of ether compounds and a reduction
in polar constituents such as cellulose in CSBC [49]. These spectral changes confirm that
increasing hydrothermal carbonization temperature leads to the decomposition of –OH
groups, aliphatic hydrocarbons, carbonyl groups, and ether bonds in CSBC, facilitating
the formation of highly stable aromatic structures. In addition, samples with different
moisture contents show systematic variations in characteristic peak intensities, highlighting
the considerable influence of moisture in the hydrothermal carbonization process and in
shaping the functional group composition. As illustrated in Figure 5B, high-moisture (40%)
samples exhibit enhanced absorption peaks at 3400 cm−1 (–OH) and 1700 cm−1 (C=O
stretching), indicating that water stabilizes hydroxyl and carbonyl groups (e.g., carboxylic
acids, esters, and ketones) [50]. However, under the condition of 300 ◦C with 30% moisture
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content, the observed changes in the intensities of C=O functional groups indicate a more
thorough decomposition process compared to other conditions. This enhanced decomposi-
tion can be attributed to a synergistic effect between water and functional groups, which
consequently leads to the optimal phenol adsorption performance observed under this
specific condition. FTIR spectral analysis thus enables a detailed understanding of the
chemical characteristics of corn stover and its molecular changes during hydrothermal
carbonization, providing essential insights for optimizing experimental conditions and
advancing biomass conversion for agricultural applications.

 

 

Figure 5. Effects of hydrothermal carbonization parameters on distribution of functional groups in
CSBC: (A) hydrothermal carbonization temperature; (B) moisture content.

3.1.5. SEM Analysis Based on Torrefaction Treatment

Figure 6 shows the morphological characteristics of CSBC prepared at 300 ◦C with
30% moisture content. Compared with other biomass feedstocks (e.g., wood chips and
rice husks), CS inherently possesses fewer natural pore structures [51], which directly
leads to the limited porosity of its derived BC—primarily displaying fragmented, flake-like
structures (Figure 6A–D). The CSBC surface exhibits relatively rough, textured porous
structures, suggesting the formation of micropores through cellulose and hemicellulose
degradation during hydrothermal carbonization. As the carbonization temperature in-
creases (220 ◦C–300 ◦C), the pore size distribution of CSBC changes substantially. Over-
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all, pore enlargement occurs due to the release of volatiles and shrinkage of the carbon
matrix [52]. However, under the specific condition of 300 ◦C with 30% moisture, the sam-
ple demonstrates a unique dominance of micropores and maximum pore volume. This
is likely because 300 ◦C approaches the peak temperature range for cellulose pyrolysis
(280 ◦C–350 ◦C), triggering directional fiber decomposition that forms dense micropores.
At high temperatures, the collapse and merging of micropore walls result in structures
dominated by mesopores (Figure 6C). At 30% moisture, hydrothermal synergy markedly
modifies the physical structure of CSBC by enhancing structural disruption, markedly
reducing density, and creating loosely packed configurations. Consequently, the sample
prepared at 300 ◦C with 30% moisture exhibited optimal phenol adsorption (63.4%), pri-
marily due to the presence of micropores providing abundant adsorption sites and the
low-density porous structure facilitating pollutant uptake.

Figure 6. SEM images of corn stalk biochar (CSBC) prepared at 300◦C with 30% moisture content,
shown at different magnifications: (A) 100 µm; (B) 50 µm; (C) 5 µm; (D) 2 µm.

3.2. Steam-Assisted Torrefaction Pretreatment of Corn Stalks and Magnesite
3.2.1. Effect of Different Pretreatment Methods on Phenol Adsorption Performance

Comparative analysis of the optimal pretreatment experimental groups is shown in
Figure 7. From left to right, the samples represent (1) undoped single-component CSBC
treated under steam-assisted conditions of 300 ◦C, 30% moisture content, and 60 min
reaction time; (2) CSBC directly mixed with magnesite; (3) magnesite-treated CSBC. The
corresponding adsorption capacities and removal rates were 31.7 mg/g (63.4%), 28.5 mg/g
(56.9%), and 37.7 mg/g (75.5%), respectively. The directly mixed magnesite group exhibited
considerably poorer adsorption performance than the single-component CSBC. This demon-
strates that magnesium oxide (MgO) cannot sufficiently react and effectively combine with
CSBC under these torrefaction conditions, thereby inhibiting its inherent adsorption capa-
bility. The results suggest that 300 ◦C is insufficient to disrupt the stable crystal lattice of
MgO or to overcome the required activation energy for the reaction [53]. Consequently,
MgO cannot fully react; its physicochemical properties remain underdeveloped and 300 ◦C
does not reach its thermodynamic decomposition threshold, resulting in an excessively
slow kinetic process [54]. The acid-treated experimental group validated this conclusion.
After loading, the adsorption performance of BC surpassed that of the single-component
group, confirming the successful loading of magnesite onto CSBC. The enhanced adsorp-
tion performance primarily results from (1) synergistically optimized physical structures
(improved pore architecture) and (2) notably enhanced surface chemical properties (particu-
larly the strong electrostatic attraction between Mg2+ from magnesite and C6H5O− derived
from phenol dissociation) [52]. CSBC acts as a carrier to disperse magnesite particles while
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simultaneously contributing its functional groups (e.g., hydrogen bonds) to the adsorption
process. Their combination creates a synergistic effect that integrates multiple adsorption
mechanisms, including hydrogen bonding, π–π interactions, and ion exchange/electrostatic
attraction. This comprehensive mechanism system considerably enhances phenol adsorp-
tion capacity and efficiency compared with the individual components.
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Figure 7. Comparative diagram of the effects of different pretreatment methods.

3.2.2. BET Surface Area Analysis

The biochar (BC) sample exhibited a Type I isotherm (Figure 8), which is characterized
by a rapid attainment of adsorption saturation at low relative pressure (P/P0 < 0.1), fol-
lowed by a plateau phase of adsorption capacity. Even at high relative pressure (P/P0 > 0.9),
the adsorption capacity only increased slightly to 2.53 cm3/g under standard temperature
and pressure (STP) [55]. The absence of a hysteresis loop in this isotherm indicates that the
pore structure development of the BC sample is limited. Its single-point specific surface
area (at P/P0 = 0.15) was merely 0.998 m2/g, the total pore volume (at P/P0 = 0.994) was as
low as 0.0039 cm3/g, and the average pore width was 14.999 nm. Such low specific surface
area and pore volume resulted in insufficient active sites on the sample surface, thereby
leading to a low phenol adsorption capacity. In contrast, the magnesium oxide-biochar
composite (MgO-BC) displayed a Type IV(a) isotherm (Figure 8), which consists of three
distinct characteristic regions: (1) an increase in adsorption capacity at low relative pressure
(P/P0) [56]; (2) the appearance of an H4-type hysteresis loop in the medium-pressure range
(P/P0 = 0.4–0.9); (3) a renewed increase in adsorption capacity at high relative pressure
(P/P0 > 0.9) due to the macropore filling effect, ultimately reaching 5.92 mmol/g. Af-
ter modification, the Brunauer–Emmett–Teller (BET) specific surface area of MgO-BC (at
P/P0 = 0.25) increased to 42.26 m2/g, the total pore volume rose to 0.205 cm3/g, and the
average pore width decreased significantly to 1.848 nm. This combined characteristic of
“high specific surface area, large pore volume, and small average pore width” indicates
that the material has formed a hierarchical pore structure dominated by micropores/small
mesopores (<5 nm) and accompanied by transport macropores. Among them, microp-
ores/small mesopores provide abundant active sites for adsorption [57]. Meanwhile, the
H4-type hysteresis loop and the adsorption behavior in the high-pressure region confirm
the presence of slit-like pores and transport macropores in the material. These two types of
pore structures are crucial for increasing the total pore volume and promoting the diffusion
of phenol molecules.
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Figure 8. BET Surface Area Analysis of CSBC.

In summary, the modification with magnesium oxide (MgO) overcomes the pore
structure limitations of biochar. The modification process not only constructs a micropore–
mesopore hierarchical structure but also regulates the surface chemical properties of the
material, ultimately significantly improving its phenol adsorption performance.

3.2.3. FTIR Spectra of Samples for Different Pretreatment Methods

Figure 9 presents the FTIR spectra of four materials: CSBC, Mg-BC, MgO-BC, and pure
MgO. A weak absorption is observed around 560 cm−1 for MgO and MgO-BC, potentially
corresponding to Mg-O vibrations [58]. This confirms the successful incorporation of MgO
into the BC in the MgO-BC sample. In contrast, Mg-BC shows no such characteristic peak,
indicating that direct doping of CSBC with magnesium failed to achieve homogeneous
mixing or effective Mg–O bond formation. Additionally, none of the samples show broad
absorption bands in the 3400–3500 cm−1 region, indicating complete dehydration under
the torrefaction treatment at 300 ◦C. This confirms that the initial 30% moisture content did
not lead to rehydration during the process, thereby validating the thermal pretreatment
conditions used for torrefaction.

 

Figure 9. Effects of torrefaction conditions on functional group distribution in CSBC.
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3.2.4. SEM-EDX Analysis for Different Pretreatment Methods

Figure 10A shows the typical fragmented flake structures of CSBC, originating from
the porous plant cell wall framework retained after carbon skeleton fracture during corn
stover pyrolysis. The material exhibits small pore sizes with a uniform distribution and no
observable microfractures [50,51]. These morphological features indicate that torrefaction
preserves the integrity of the carbon matrix with good pore connectivity, facilitating the
exposure of abundant adsorption sites and providing an ideal substrate for subsequent
modification. Figure 10B shows that Mg-BC comprises irregular flake aggregates with
unevenly dispersed MgO particles on the CSBC surface. Distinct interfacial boundaries
confirm the absence of chemical bonding or pore penetration between CSBC and MgO,
indicating mere physical mixing. This interfacial separation causes MgO detachment,
preventing effective utilization of the pore structure of CSBC and ultimately inhibiting
pollutant adsorption performance. Figure 10C demonstrates blurred interfaces between
MgO and the CSBC matrix in the MgO-BC composite, suggesting possible chemical bonding
or effective pore filling due to precursor (MgCO3) torrefaction for stable loading. No notable
MgO agglomerates were observed, confirming uniform dispersion during modification.
The introduced Mg2+ promoted new pore formation in CSBC. This structural optimization
exposes additional active sites, thereby considerably enhancing the phenol adsorption
capacity and removal efficiency of the composite. Figure 11 shows the EDX ultimate
mapping results of MgO-BC. The Mg element was homogeneously dispersed throughout
the material. The average Mg content was 48.2 wt%, resulting in a Mg/C atomic ratio of
approximately 0.67.

Figure 10. SEM images for different pretreatment methods: (A) CSBC; (B) Mg-BC; (C) MgO-BC.

Figure 11. EDX ultimate mapping results of MgO-BC.

3.2.5. XRD Analysis for Different Pretreatment Methods

XRD was used to analyze the chemical compositions and phase structures of CSBC,
MgO obtained from calcined magnesite (800 ◦C), Mg-BC, and MgO-BC. The XRD patterns
(Figure 12) revealed two broad diffraction peaks for CSBC in 2θ positions of 22◦ and 43◦,
corresponding to the (002) graphitic carbon plane and (100) amorphous carbon layer of BC,
respectively [29]. However, these broad peaks showed appreciably reduced intensity in Mg-
BC and MgO-BC, indicating that the sample structures were altered by MgO incorporation.
For the MgO sample, characteristic diffraction peaks were observed at 2θ positions of 36.7◦,
42.8◦, 62.2◦, 74.4◦, and 78.4◦ indexed to the (111), (200), (220), (311) and (222) crystal planes
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of cubic-phase MgO, respectively (PDF#-45-0946) [59]. The most intense peak corresponds
to the (200) plane, which is consistent with the rock-salt structure of MgO where the (200)
plane has the highest structure factor. The weaker intensities of the (311) and (222) peaks
are inherent to the crystal structure itself, as these higher-index planes have lower atomic
densities and structure factors compared to the (200) plane [60]. The XRD pattern of
MgO-BC showed excellent agreement with the standard MgO reference (PDF#-45-0946),
confirming the successful loading of MgO onto the BC surface with an improved uniform
crystallite size. Notably, both CSBC and Mg-BC exhibited a diffraction peak near 28◦.
This peak indicates low crystallinity, which is consistent with the disordered structure
characteristic of biomass pyrolysis residues [61]. This phenomenon can be attributed to
the incomplete carbonization of lignocellulose under torrefaction pretreatment conditions,
which retains partial polymeric framework structures.
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Figure 12. XRD patterns of different pretreatment methods.

3.2.6. Raman Analysis for Different Pretreatment Methods

Figure 13 presents the Raman spectral characteristics of CSBC, Mg-BC, and MgO-BC.
All three samples exhibited characteristic peaks near 1335 and 1580 cm−1, corresponding
to the D-band and G-band of carbon materials, respectively. The D-band at 1335 cm−1 is
attributed to defects in the microcrystalline carbon structures, and its intensity is positively
correlated with the development of hexagonal aromatic rings and increased structural order-
ing of carbon components. The G-band at 1580 cm−1 corresponds to the in-plane stretching
vibration of sp2 hybridized carbon atoms (E2g mode), reflecting the graphitization degree
of the material [62]. The intensity ratio of the D-band to the G-band (ID/IG) quantifies
the defect level of the material. A higher ID/IG value indicates a higher defect density
in the carbon skeleton and lower structural ordering. The weak interfacial interactions
between Mg-BC particles and the BC induce minimal perturbation to the carbon lattice
structure, thereby resulting in nearly identical Raman spectral features. However, MgO-BC
exhibited considerably higher ID/IG values than CSBC and Mg-BC, suggesting that the
MgO loading process introduced abundant structural defects and sp3 hybridized carbon,
resulting in more surface defects and edge active sites that substantially increased the
structural disorder of the carbon carrier [63]. This defect-enriched characteristic promotes
the coordination of oxygen-containing functional groups, thereby optimizing the pollutant
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adsorption performance of the material via various mechanisms such as π–π interactions,
hydrogen bonding, and electrostatic attraction [64,65].

 

Figure 13. Raman analysis for different pretreatment methods.

4. Conclusions
This study addresses the challenges of low resource utilization efficiency of waste

corn stover and the disposal of magnesite tailings (MMTs) by proposing a steam-assisted
torrefaction pretreatment method. Results demonstrate that corn stover biochar (CSBC)
prepared under optimal conditions (300 ◦C, 30% moisture content, 60 min) exhibits signifi-
cantly improved energy density and well-developed pore structure, achieving a phenol
adsorption capacity of 31.7 mg/g with 63.4% removal rate. The incorporation of magnesite
tailings further enhances the pore structure and surface chemistry of CSBC, promoting the
formation of MgO active sites. The composite system (CSBC + MMTs) reaches a phenol
removal rate of 75.5%. As a reaction medium, steam not only facilitates pore development
but also regulates the distribution of oxygen-containing functional groups (-OH and C=O),
thereby enhancing phenol adsorption through hydrogen bonding and π–π interactions via a
synergistic adsorption mechanism. The proposed steam-assisted torrefaction pretreatment
improves both the gasification suitability of corn stover and enables efficient resource uti-
lization of MMTs. This approach provides a practical technical pathway for clean biomass
energy conversion and solid waste co-processing. Based on the excellent adsorption perfor-
mance demonstrated in this study, our future research work will focus on verifying the tar
reduction efficiency at the pilot scale. Specifically, we will conduct systematic gasification
experiments on pretreated corn stover biochar (CSBC) in a fluidized bed gasification system
and quantitatively analyze the variation patterns of tar components and concentrations. In
conclusion, this study presents a novel strategy for in situ tar control in biomass gasification
and solid waste resource recovery, demonstrating significant environmental and energy
production benefits. Subsequent research will extend the investigation of corn stover and
magnesite tailings under varied processing conditions.
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