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ABSTRACT: To simultaneously achieve the objectives of waste
resource utilization and clean production, a novel approach
involving the utilization of corn straw—sludge hybrid biochar was
proposed for the adsorption of VOCs emitted from biomass power
plants. This study analyzed the effect of straw—sludge biochar on
the adsorption characteristics of VOCs (toluene, isopentane, and
ethylene) under different preparation conditions (raw material
ratio, activation temperature, and activation time). The findings
revealed that the adsorption efficiency of the mixed biochar was
significantly superior to that of individual corn straw biochar and
sludge biochar. The adsorption of methylbenzene, isopentane, and
ethylene was 78.32, 40.81, and 41.18% higher, respectively, compared to the control groups consisting of pure sludge biochar and
pure corn straw biochar. Moreover, the adsorption performance of the activated biochar followed the sequence of ethylene <
isopentane < methylbenzene in terms of both saturation time and adsorption capacity. The adsorption capacity of VOCs on straw
biochar—sludge biochar demonstrated a consistent correlation with the boiling point and molecular weight of the adsorbate, with
higher adsorption capacities observed for adsorbates with larger boiling points and molecular weights, specifically methylbenzene >
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1. INTRODUCTION

The utilization of biomass energy offers a viable solution for
optimizing the energy structure, reducing CO, emissions,
safeguarding the ecological environment, and addressing
climate change." Sludge and crop straw are significant examples
of waste biomass resources. By employing pyrolysis technol-
ogy, the cotreatment of sludge and crop straw can harness their
distinctive properties, enabling the realization of their
individual values and the exploitation of their complementary
advantages. This approach has emerged as a prominent focus
in the treatment of sewage sludge and crop straw. Copyrolysis
of sludge and straw to generate biochar not only eliminates
bacteria, pathogens, and other toxic substances in the sludge
but also stabilizes harmful heavy metals within the biochar
matrix.”” Additionally, the presence of crop straw during the
carbonization process facilitates moisture adjustment, while the
alkali metals present in crop straw serve as catalysts in the
copyrolysis process.”” The resulting product, straw—sludge
biochar, exhibits a large specific surface area and well-
developed pore structure, rendering it capable of adsorbing
organic pollutants from the environment and facilitating
environmental remediation.’

Due to the distinct characteristics of biomass fuel
combustion in comparison to coal combustion, the combus-
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tion byproducts of biomass, with the exception of SO, and
NO,, contain a substantial amount of volatile organic
compounds (VOCs), constituting approximately 10% of the
emissions.” Presently, research on flue gas purification
technologies for biomass fuel boilers predominantly focuses
on conventional coal-fired boiler flue gas purification methods,
with an emphasis on particle and SO, removal, while VOC
purification, as well as NO, removal, has received less
attention. As environmental protection standards continue to
advance, there is an urgent need to develop cost-effective and
operationally simple technologies for treating VOCs in flue gas
emitted by biomass boilers. The application of biochar as an
adsorbent for capturing flue gas VOCs from biomass power
plants presents an effective approach to mitigate issues such as
the corrosion of boiler pipes caused by chemical additives and
the high cost associated with chemical activators.” In light of
the challenges associated with waste resource utilization and
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the absence of VOC-removal technology in biomass power
plants, the utilization of a combination of slip-and-straw
biochar presents an opportunity for VOC removal in these
plants. This approach not only allows for waste recycling and
resolution of associated environmental pollution issues but also
expands the current understanding of VOC emission reduction
in biomass power plants. Alagu et al. conducted a study on the
emission characteristics of industrial biomass fuel power plants,
revealing that the emitted VOCs were predominantly
composed of olefins, alkanes, and aromatics, which collectively
accounted for over 85% of the total VOCs.” Specifically,
ethylene was the primary olefin, n-isopentane was the main
alkane, and methylbenzene was the major aromatic compound.
Therefore, investigating the adsorption of ethylene, methyl-
benzene, and isopentane by biochar serves as a theoretical
foundation for VOC emission reduction technology.

The carbon source of traditional biochar usually comes from
coal, asphalt, and some other nonrenewable resources, so the
cost is relatively high. In recent years, biochar has attracted
more and more attention due to its low cost and renewable
advantages. Activated biochar based on biochar synthesis has
been gradually used in wastewater treatment, hydrogen
storage, supercapacitors, and other applications.m_13 There
have been some reports on the application of biochar in VOC
adsorption, Zhang, et al., Ukalska-Jaruga et al., and Akinpelu et
al. explored biochar’s adsorption capacity for VOCs. They have
enhanced the adsorption performance for methylbenzene and
benzene by modifying the surface functional groups and
structures of activated biochar. Furthermore, they examined
the adsorption behavior of aromatic hydrocarbons on activated
carbon with different pore structures, noting that the
adsorption process was influenced by the molecular polarity
and structure of the adsorbed compounds. The presence of
polar substituents decreased the adsorption of methylbenzene
on activated carbon.'*™'¢ Khan et al, Zhang et al., Shih et al,,
and others studied the impact of activated biochar on the
adsorption of propylene, butene, and 1-pentene. They found
that physical adsorption in micropores and mesoporous pores
was the primary mechanism for olefin adsorption by activated
biochar. Activated biochar with higher pore volume exhibited
more favorable adsorption properties.'” " The research
conducted by Yang et al.,, Hou et al,, Chanchez-Monedero et
al, and others involved modifying the surface structure and
functional groups of activated biochar through physical and
chemical activation. They discovered that increasing the
specific surface area and pore volume as well as reducing
oxygen-containing groups on the surface facilitated the
adsorption of methane, n-butane, and cyclohexane. Addition-
ally, reducing acid oxygen-containing functional groups and
hydrophilic groups on the surface of activated biochar
enhanced its adsorption capacity for alkanes.”’™*

In summary, most of the current studies on the adsorption
of VOCs by biochar choose biochar prepared from a single raw
material and the activation methods are mostly redox
modification or loading modification. Although this activation
method enhances the interaction between the surface of the
material and the target adsorption molecules, it is costly and
has the risk of environmental pollution. However, biochar
prepared by physical activation (CO, or H,O) can avoid these
shortcomings, and there are few related studies. In addition, at
present, research on VOC emission reduction technology in
biomass power plants based on biochar adsorption has not
been reported. Finally, in the related research on VOC

adsorption by biochar, the adsorbate is also mostly single-
phase VOCs with no competitive relationship, and there are
few reports discussing the competitive relationship of multi-
phase VOCs. In this research, sludge and corn straw, both
biomass raw materials, were utilized to prepare straw—sludge
biochar using CO, as the activating agent. The aim was to
investigate the adsorption efficiency of mixed biochar on
VOCs (methylbenzene, isopentane, and ethylene) generated
from biomass power plant combustion. Furthermore, the study
explored the adsorption performance of straw—sludge biochar
under varying proportions of raw materials, the activation
temperature, and the activation time. By analysis of the
isothermal adsorption curve, penetration curve, and adsorption
kinetics, the optimal preparation conditions for mixed biochar,
which demonstrated effective synergy in VOCs removal, were
determined. These findings establish a theoretical basis for
VOC removal from biomass combustion flue gas and
contribute to the advancement of biomass clean combustion
technology.

2. EXPERIMENTAL SECTION

2.1. Experimental Materials. The sludge used in this
study was obtained from Zhengzhou Matougang Sewage Plant
and underwent a natural air-drying process for 7 days.
Subsequently, it was subjected to constant temperature drying
in an oven at 105 °C until the quality remained unchanged.
The dried sludge was then crushed and screened using a 100
mesh stainless steel screen. The corn straw was sourced from
the experimental farmlands of Henan Agricultural University.
It was washed with distilled water 3 times, followed by
constant temperature drying in an oven at 105 °C until the
quality stabilized. The dried corn straw was then crushed and
screened using a 100 mesh stainless steel screen. Standard gas
cylinders containing 100 ppm of methylbenzene/nitrogen,
isopentane/nitrogen, and ethylene/nitrogen gases were
obtained from Jining Xieli Special Gas Co., Ltd. The
experimental setup consisted of a standard gas unit, adsorption
unit, and data monitoring unit. The system included a gas
pressure-reducing valve, a gas mass flow meter, and
polytetrafluoroethylene piping, which exhibited excellent
chemical stability. Figure 1 illustrates the experimental
configuration for biochar preparation and VOC adsorption.

2.2. Experimental Method. The optimal carbonization
conditions were determined by selecting the raw material
proportion (sludge-to-corn straw ratio), activation temper-
ature, and activation time. The sludge and corn straw were
mixed and placed in a tube furnace under a nitrogen
atmosphere. The temperature was increased at a rate of 10
°C/min until it reached 600 °C, and the material was held at
this temperature for 120 min. Afterward, the mixture was
cooled to room temperature to obtain the carbonized material.
The carbonized material passed through a 100 mesh screen
was used as the activation raw material. The activation process
involved injecting nitrogen into the furnace during the heating
stage, switching to CO, gas for activation, and then stopping
the heating. The activated gas was purged with nitrogen and
cooled to room temperature, resulting in the formation of a
straw—sludge biochar.

To achieve the desired concentration of VOCs, the gas flow
was controlled. The standard gas bottle and nitrogen bottle
were adjusted to 0.1 MPa by using a pressure-reducing valve,
and the gas mass flow meter was calibrated. An online VOC
detector was used to monitor the outlet concentration,
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Figure 1. Experimental device diagrams: (a) preparation of the
biochar experimental equipment diagram and (b) diagram of the
experimental device for adsorption of VOCs.

ensuring that it stabilized at the desired level before the
experiment. The adsorption column, made of glass, measured
20 c¢m in length and 2 cm in diameter and was maintained at
an adsorption temperature of 25 °C. The inlet and outlet
concentrations were measured using an online VOC detector.
Each adsorption experiment involved using 1.5 g of biochar as
the adsorbent and a gas volume of 500 mL/min as the inlet
flow rate. Adsorption saturation was reached when the outlet
concentration equaled the inlet concentration. For single VOC
adsorption experiments, the biochar adsorbent was placed in
the adsorption column and the corresponding VOCs standard
gas was introduced while monitoring the gas concentration
with the online VOC detector. The experiment concluded
when the outlet concentration equaled the inlet concentration,
at which point, the adsorbent was replacedwith the next
sample. This process was repeated for successive adsorption
experiments. For binary adsorption experiments, methylben-
zene—isopentane, methylbenzene—ethylene, and isopentane—
ethylene mixtures at different concentration ratios (1:6, 1:1,
and 6:1) were passed through the adsorption column. The
sampling and detection method remained the same as in the
single adsorption tests using two detectors and adjusting the
conversion coeflicient for the respective gases under test. The
desired concentrations of methylbenzene, isopentane, or
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ethylene were adjusted and confirmed for accuracy before
real-time observation and recording of the detector values.
After the experiment, the gas cylinder was closed.

2.3. Test Method. The specific surface, pore volume, and
pore size of the samples were calculated by N, adsorption at a
relative pressure of 0.1—1 and a temperature of 77 K for liquid
nitrogen. The Brunauer—Emmett—Teller (BET) method was
used to compare surface area data, and the Barret-Joyner-
Halenda (BJH) tnechnique was employed to determine pore
size. The pretreatment method was 5 h of vacuum degassing at
200 °C. The functional groups of biochar were tested using a
Fourier transform infrared spectrometer and potassium
bromide pellet method. The test requirements were that the
scanning range was 400—4000 cm™!, and the number of
scanning was 32 times. The surface morphology of the samples
was analyzed by a Zeiss Sigma 300 scanning electron
microscope (SEM) at room temperature.

2.4. Experimental Design of the Response Surface
Method. Based on preliminary experiments, three key factors
(raw material ratio, activation temperature, and activation
time) that significantly impact VOC adsorption were selected.
The response surface method was then employed to optimize
these factors and determine the optimal conditions for
preparing straw—sludge biochar. The adsorption quantities of
methylbenzene, isopentane, and ethylene were used as the
response values in the experimental design. The factors and
levels used in the experiments are detailed in Tables 1 and 2,

Table 1. Factors and Levels of Response Surface Analysis

code number

independent variable symbol -1 0 1
raw material ratio A 0.25 0.50 0.75
activation temperature (°C) B 700 800 900
activation time (min) C 60 120 180

and the corresponding labels are explained in Table 3. Using
Design Expert software, a test scheme was designed and the
results were analyzed. Regression analysis was performed on
the experimental data to establish and validate the regression
equation. Finally, the optimal process parameters for preparing

Table 2. Response Surface Test Design

experiment A—raw B—activation C—activation
number material ratio temperature (°C) time (min)

1 0.50 800 120
2 0.50 800 120
3 0.50 800 120
4 0.50 800 120
S 0.50 800 120
6 0.50 700 60

7 0.50 900 60

8 0.50 900 180
9 0.50 700 180
10 0.75 800 60

11 0.75 900 120
12 0.75 800 180
13 0.75 700 120
14 0.25 800 60

15 0.25 800 180
16 0.25 900 120
17 0.25 700 120

https://doi.org/10.1021/acsomega.3c04866
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Table 3. Label Description

symbol explain

AC active biochar

MAC response surface group straw—sludge biochar

SAC sludge biochar

CAC corn straw biochar

OAC straw—sludge biochar with the optimal adsorption effect

BC biomass biochar

-C CO, activation

M methylbenzene

1 isopentane

E ethylene

MAC-1-17 response surface straw—sludge biochar prepared by 17
groups of experiments

MAC-C-1-17  straw—sludge biochar prepared by 17 groups of CO,
activation response surface experiments

OACM straw—sludge biochar with the optimal methylbenzene
adsorption effect

OACI straw—sludge biochar with the optimal isopentane
adsorption effect

OACE straw—sludge biochar with the optimal ethylene adsorption

effect

straw—sludge biochar were obtained based on the regression
equation.23

2.5. Kinetic Analysis. The investigation of adsorption
kinetics allows us to determine the rate at which methyl-
benzene, isopentane, and ethylene are adsorbed by biochar and
provides insights into the underlying adsorption mechanism.”*

The adsorption kinetic curve in this study was fitted using a
quasi-first-order kinetic model and quasi-second-order kinetic
model. The quasi-first-order and quasi-second-order kinetic
models are shown in eqs 1 and 2 below.

ln(qe — qt) =In q, — k,t (1)
t 1 t
= > 4+ —
q ki, q. (2)

where k; (min~") and k, [(g:mg) ".min""] are the adsorption
rate constants; g, (mg/g) and g, (the Langmuir model) are the
adsorption capacities at adsorption equilibrium and reaction
time ¢, respectively.

2.6. Adsorption Isotherm. The Langmuir model is
suitable for describing the equilibrium adsorption behavior of

methylbenzene, isopentane, and ethylene on biochar. The
Langmuir equation assumes monolayer adsorption where each
adsorption site is independent, and the surface is uniform.”®
The Freundlich model is suitable for multilayer adsorption in
which the physical and chemical properties of the adsorbent
surface are heterogeneous. The Langmuir model and
Freundlich model are shown in eqs 3 and 4.

LA_A 1

q, 4, ka4, (3)
Inp

Ing =lnkg + —

M= T T 4)

where g, and p, denote the adsorption capacity (mg/g) and
the intake concentration (mg/m®) at adsorption equilibrium,
respectively. q,, denotes the theoretical maximum adsorption
capacity (mg/g), k; is the Langmuir adsorption rate constant
(L/mg), kg is the Freundlich adsorption rate constant (mg-g™"-
(L-mg-1)"""), and n is the adsorption strength.

3. RESULTS AND DISCUSSION

3.1. Characterization of Straw-Sludge Biochar.
3.1.1. Analyses of the Specific Surface Area and Pore
Structure. The adsorption performance of biochar is
significantly affected by its specific surface area and pore
structure. The nitrogen adsorption—desorption isotherm curve
and pore structure distribution of biochar are shown in Figure
2. It can be seen from Figure 2a that the adsorption isotherm
curve of unactivated biochar (BC) is type I, and hysteresis
loops appear on the adsorption and desorption isotherm curve
of CO,-activated biochar (OAC), which belongs to a type-IV
adsorption isotherm phenomenon. The gas adsorption
capacity rises sharply to the limit with the increase of pressure
under low pressure. The hysteresis loops formed by the two
smooth curves are generated under high pressure, indicating
that the pore structure of OAC is mainly microporous and the
adsorption capacity is good. As can be seen from Figure 2b, the
pore size distribution of the prepared biochar is 0—6 nm, most
of which are below 5 nm, about 80% of which are micropores,
and only 20% are mesopores, without macropores. The pore
structure distribution diagram shows that micropores and
mesopores coexist in activated/unactivated biochar and are
mainly composed of micropores, which belong to the structure
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Figure 2. Nitrogen adsorption—desorption isotherm and pore structure distribution. (a) Nitrogen adsorption—desorption isotherm curve. (b) Pore

structure distribution curve.
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of micropores and mesopores mixing, and this pore structure is
conducive to the adsorption of biochar molecules with
different sizes.

Table 4 shows the specific surface area, pore volume, and
pore diameter of biochar. The experimental data showed that

Table 4. Specific Surface Area, Pore Volume, and Average
Pore Size of Average Pore Diameter

specific surface area pore volume average pore

adsorbent (m*/g) (cm®/g) diameter (nm)
SAC 68.15 0.0659 5.2034
CAC 63.64 0.0691 5.9349
OACM-C 125.17 0.1229 3.7634
OACI-C 110.19 0.1118 4.0067
OACE-C 123.75 0.1227 3.6566
BC 45.29 0.0456 7.0577

the maximum specific surface area of MAC-C-1-17 was
119.25m*/g, the pore volume was 0.0668—0.1263 cm®/g, and
the average pore size was 3.2083—5.5508 nm. Table 4 shows
that the order of specific surface area is OAC-C > SAC > CAC
> BC. The specific surface areas of straw—sludge biochar
activated by CO, was 83.67 and 96.68% higher than that of
pure sludge and pure corn straw biochar, respectively. The
specific surface area of activated biochar was larger than that of
unactivated biochar, and the average pore size of activated
biochar was lower than that of unactivated biochar. The results
showed that, when the biochar was activated by CO,, some
organic matter escaped, the pore structure opened, the pore
structure became richer, the pore volume and specific surface
area increased, and the average pore size became smaller. The
increase of specific surface area is conducive to the exposure of
adsorption sites, and the large specific surface area and
appropriate mesoporous are conducive to the transport and
diffusion of ions in biochar.”®

3.1.2. Functional Group. The Fourier transform infrared
spectra of biochar are shown in Figure 3. The peaks are
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Figure 3. Fourier transform infrared spectra of biochar.

concentrated near 470 cm™' (P—0), 790 cm™' (N—0), 1110
cm™! (C—0-C), 1400 cm™! (C—0), 1630 cm™' (C=C), and
3200 and 3448 cm™' (—OH). The four groups of samples have
similar peak shapes, but the peak values are slightly different,
indicating that the types of functional groups on the surface of
activated modified biochar do not change significantly. The
surface functional groups of the four groups of sludge-based

biochar contain N—O, C—0O—C, C=C, and —OH functional
groups, and the types of functional groups are roughly the
same. There are functional groups, such as hydroxyl and
carboxyl groups, on the surface and inside of the OAC to
complexate with the surface of biochar, and the oxygen
functional groups on the surface are related to the adsorption
process of VOCs.

3.1.3. SEM Analysis. The SEM images of biochar are shown
in Figure 4. Figure 4d shows that, compared with activated
biochar, the surface of unactivated biochar is relatively flat,
slightly rough, and has irregular pore structure, but the pore
structure is relatively shallow. This is due to the hydrolysis of
some functional groups in sludge and corn straw during
carbonization, and the different oxidation degree leads to
different pore forms. Figure 4a—c is the scanning electron
microscope images of activated biochar. Compared with the
biochar before activation, its surface is rougher, showing dense
and irregular lines, more dense pore structure, and deep surface
pores. This is because the high-temperature pyrolysis is
realized under the catalysis of CO, gas activation, which
makes some small pores appear on the inner wall of activated
biochar pores, and increases the proportion of micropores and
mesopores.

3.2. Study on Adsorption Characteristics of Straw—
Sludge Biochar Prepared by the CO, Activation
Method. 3.2.7. Penetration Curve. When the adsorbate
enters the adsorption column, the adsorbate gas flow contacts
the biochar, and the adsorbate molecules are quickly adsorbed
on the biochar. At this time, the gas flow from the outlet of the
adsorption column contains almost no adsorbate molecules.
With an increasing amount of adsorbate entering the
adsorption column, the adsorbate molecules finally break
through the adsorption column. The time required for this
process is called penetration time. Figure 5 displays the
dynamic adsorption and penetration curves of biochar for
VOCs (methylbenzene, isopentane, and ethylene). Figure Sa—
¢ presents the adsorption penetration curves of straw—sludge
biochar, pure sludge biochar, and pure corn straw biochar in
response surface groups, while Figure 5d illustrates the
adsorption penetration curves of the optimal response surface
group and unactivated biochar. The adsorption penetration
curves of biochar for methylbenzene, isopentane, and ethylene
follow a similar S-shaped trend, exhibiting significant variations
with changes in the biochar.

In Figure Sa, the adsorption and penetration time of pure
sludge biochar (SAC-C) for methylbenzene are the shortest,
35 min, indicating the lowest adsorption effectiveness. The
majority of response surface groups showed an adsorption and
penetration time of 50 min for straw—sludge biochar. Pure
corn straw biochar (CAC-C) exhibits an adsorption and
penetration time of 45 min for methylbenzene, longer than
those of response surface groups MAC-C-12, MAC-C-13, and
MAC-C-16 but shorter than those of the other 14 groups.
Figure Sb shows that the adsorption and penetration time of
isopentane for pure sludge biochar (SAC-C) are 3S min,
identical to those of MAC-C-14 and MAC-C-17 and shorter
than those of other response surface groups and pure corn
straw biochar. Pure corn straw biochar (CAC-C) has an
adsorption and penetration time of 50 min for isopentane,
which is longer than those of MAC-C-9, MAC-C-14, and
MAC-C-17 in the response surface group but equal to or
shorter than that of straw—sludge biochar in the other 14
response surface groups. In Figure Sc, the adsorption and
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Figure 4. SEM of straw—sludge biochar: (a) OACM-C, (b) OACI-C, (c) OACE-C, and (d) BC.

penetration time of ethylene for pure sludge biochar (SAC-C)
and pure corn straw biochar (CAC-C) is 40 min, which is
lower than the 45 or 50 min adsorption and penetration time
of ethylene for straw—sludge biochar in response surface
groups MAC-C-1 to MAC-C-17. In Figure 5d, the adsorption
penetration times of methylbenzene, isopentane, and ethylene
for the optimal group of straw—sludge biochar (OAC-C)
obtained from response surface analysis are 50, 40, and 30 min
with saturation times of 110, 120, and 120 min, respectively.
Unactivated straw—sludge biochar (BC) shows an adsorption
and penetration time of 5 min for methylbenzene, isopentane,
and ethylene, with saturation times of 55, 35, and 30 min. CO,
activation extends the penetration time by 25—45 min and the
adsorption saturation time by 55—90 min, thereby improving
the utilization rate of straw—sludge biochar. Generally, a longer
penetration time indicates a better dynamic adsorption
capacity of straw—sludge biochar under the same adsorption
conditions. The rapid rise of the adsorption curve after
penetration suggests a small mass transfer resistance in the
adsorption column and a high adsorption rate. The adsorption
capacity of the optimal group of straw—sludge biochar follows

the order of OACM-C > OACI-C > OACE-C. The
penetration time and saturation adsorption time of CO,-
activated straw—sludge biochar are longer than those of
unactivated biochar. The penetration curves of CO,-activated
straw—sludge biochar demonstrate highly efficient adsorption
of methylbenzene, isopentane, and ethylene before penetra-
tion, with a decrease in adsorption capacity after penetration
until saturation adsorption is reached. The adsorption
performance of CO,-activated straw—sludge biochar is
improved compared to that of unactivated biochar. Activation
increases the specific surface area and improves the pore
structure of straw—sludge biochar, thereby reducing diffusion
resistance for methylbenzene, isopentane, and ethylene in the
pores and facilitating their diffusion in the straw—sludge
biochar adsorption column.

3.2.2. Adsorption Curve. Figure 6 illustrates the adsorption
curves of biochar on VOCs. Figure 6a—c displays the variation
in adsorption capacity over time for 17 groups of straw—sludge
biochar, pure sludge biochar, and pure corn straw biochar,
respectively, on the response surface. Figure 6d depicts the
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Figure S. Penetration curves of biochar on VOCs (biochar 1.5 g, VOCs 100 ppm): (a) methylbenzene, (b) isopentane, (c) ethylene, and (d)

optimal group and inactive group.

adsorption curves of the response surface optimal group of
straw—sludge biochar and unactivated biochar.

Upon comparison and analysis of the adsorption effects of
straw—sludge biochar under different preparation conditions
after CO, activation, it can be concluded that the adsorption of
VOCs increases with the extension of adsorption time. As
observed in the figure, the early stage of adsorption for straw—
sludge biochar exhibits a rapid adsorption phase lasting 40 min,
followed by a gradual decrease in the adsorption rate. Initially,
VOCs rapidly disperse within the pores of straw—sludge
biochar upon contact, occupying numerous adsorption sites.
However, over time, the available adsorption sites decrease.
Among the adsorption of methylbenzene, isopentane, and
ethylene by straw—sludge biochar, the MAC-1 to MAC-S
groups demonstrate the highest adsorption capacity, ranging
from 210.15 to 214.04 mg/g, from 178.26 to 182.05 mg/g, and
from 162.25 to 166.59 mg/g, respectively. Saturation results
are reached at 100, 105, and 95 min, respectively, with the
fastest increase in adsorption capacity occurring within the first
40 min.

From Figure 6a, it is evident that the adsorption capacity of
pure sludge biochar (SACM) is the lowest throughout the
entire adsorption process of methylbenzene. The adsorption
capacity of pure corn straw biochar (CACM) is higher than
those of MACM-16, MACM-17, and CACM-19 but lower
than those of MACM-1 to MACM-15 groups. Figure 6b

39335

reveals that SACI of pure sludge biochar exhibits a higher
adsorption capacity than MACI-17 but lower than MACI-1 to
MACI-16 and pure corn straw biochar (CACI) groups during
the adsorption process of isopentane. Additionally, CACI of
pure corn straw biochar displays higher adsorption capacity
than MACI-14, SACI, MACI-17, and lower than other groups.
Figure 6¢ demonstrates that, during the adsorption process of
ethylene, the adsorption capacity of pure sludge biochar
(SACE) is the lowest, followed by pure corn straw biochar
(CACE). As the adsorption time increases, the adsorption
capacity of ACE-1 to ACE-17 in the experimental group
surpasses that of the single control group. The adsorption
capacity of VOCs in biochar prepared by mixing sludge with
corn straw is significantly higher than that of biochar prepared
from a single raw material. Mixed biochar exhibits an enhanced
capability for VOCs to enter the pores and undergo
adsorption. Figure 6 reveals significant variations in the
adsorption capacity of CO,-activated straw—sludge biochar,
with the optimal group (OACM-C, OACI-C, and OACE-C)
exhibiting adsorption capacities of 214.76 185.72, and 162.13
mg/g for VOCs, respectively. Additionally, the adsorption
capacity of unactivated biochar follows the sequence of
methylbenzene > isopentane > ethylene, with adsorption
amounts of 23.62, 18.57, and 15.48 mg/g, respectively.

The adsorption capacity values of CO,-activated straw—
sludge biochar are 9.09, 10, and 10.47 times higher than those
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of unactivated straw—sludge biochar for methylbenzene,
isopentane, and ethylene, respectively. This improvement can
be attributed to the larger pore size and specific surface area of
CO,-activated straw—sludge biochar, facilitating the diffusion
of VOC molecules into the micro- and macropores of the
biochar, enhancing adsorption reactions.”’

3.2.3. Saturation Adsorption Capacity. Figure 7 displays
the saturation adsorption capacity values of methylbenzene,
isopentane, and ethylene on various types of biochar, including
straw—sludge biochar, pure straw—sludge biochar, pure corn
straw biochar, optimal straw—sludge biochar, and unactivated
straw—sludge biochar, in 17 response surface tests. The results
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indicate that the CO,-activated modified straw—sludge biochar
exhibits improved saturated adsorption capacity for methyl-
benzene, isopentane, and ethylene. Compared to unactivated
straw—sludge biochar, the saturated adsorption capacity values
of methylbenzene, isopentane, and ethylene by CO,-activated
straw—sludge biochar are 5.08—9.09, 6.74—9.72, and 7.64—
10.76 times higher with the maximum adsorption capacities of
214.76 180.52, and 166.59 mg/g, respectively. The adsorption
capacities of methylbenzene, isopentane, and ethylene differ
among the biochar samples. Methylbenzene exhibits an
adsorption capacity ranging from 120.03 to 214.04 mg/g,
isopentane ranges from 125.24 to 182.05 mg/g, and ethylene
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ranges from 118.31 to 166.59 mg/g. The adsorption order of
VOCs in the 15 groups of biochar, from MAC-1 to MAC-13,
MAC-15, and CAC, follows the sequence of methylbenzene >
isopentane > ethylene. The methylbenzene adsorption capacity
in the experimental group, MACM-1 to MACM-17, is 13.35—
78.32% higher than that of pure sludge biochar (SAC) and
3.94—46.49% higher than that of pure corn straw biochar
(CAC). Similarly, the adsorption capacity values of ACE-1 to
ACE-17 in the experimental group are 5.91—41.18% higher
than that of SAC and 2.11—-31.48% higher than that of CAC.
Furthermore, the ethylene adsorption capacity of MACI-1 to
MACI-17 in the experimental group is 10.03—40.81% higher
than that of SAC and 2.76—31.50% higher than that of CAC.
The adsorption capacity of biochar for VOCs is closely related
to the specific surface area. CO, activation of straw—sludge
biochar enhances its adsorption efficiency for VOCs. The
activation process facilitates the decomposition of impurities,
resulting in an increased transparency of the pores and a larger
specific surface area. These factors contribute to the improved
saturated adsorption capacity of straw—sludge biochar for
VOCs and enhance the utilization of waste straw—sludge
biochar.”®

3.2.4. Optimization of Preparation Conditions Based on
Response Surface Methodology. The raw material ratio,
activation temperature, and activation time were set as
influencing factors, and the adsorption amounts of methyl-
benzene, isopentane, and ethylene were set as response values.
Based on this, the results were analyzed using Design Expert
software, and the experimental results were fitted and
significance tested. The relationships between the sorption of
VOCs by straw—sludge biochar and the three independent
variables (A), activation temperature (B), and activation time
(C) are shown in eqs 5—7:

q, = 21225 + 20.74A + 9.099B + 6.58C + 7.01AB

+ 1.17AC + 0.095SBC — 33.59A% — 19.49B>

- 10.42C* (s)
q, = 180.17 + 14.37A + 5.68B + 3.87C — 0.96AB

+ 0.69AC — 0.37BC — 22.00A> — 10.24B>

— 4.15C* (6)
q,, = 16445 + S.90A + 4.20B — 1.18C + 1.68AB

+ 4.13AC + 0.34BC — 15.304° — 5.06B” — 6.49C*
)

The absolute value of the coefficients in the equation can
reflect the effect of the term on the adsorption of VOCs. The
positive sign indicates that there is a positive effect between the
variable and dependent variable, the negative sign indicates
that there is a negative effect between the two, and the content
of the increasing factor can inhibit the adsorption. According
to the above formula, the ratio of raw materials and activation
temperature has great influence on VOC adsorption, but
activation time has little effect on VOC adsorption. The
proportion of raw materials, activation temperature, and
activation time all have positive effects.

Table 5 shows that this model has a large correlation
coefficient R? the residual sum of squares and the standard
deviation are very small, C. V% <1.15% and adeq precisior
above 26.499 indicated that the above three models could be

Table S. Statistical Analysis of the Regression Equation
Error

value

statistical items methylbenzene isopentane ethylene
Std.Dev 1.98 1.87 1.62
mean 182.37 163.04 151.81
CV% 1.08% 1.15% 1.07%
PRESS 295.05 285.21 145.06
R-squared 0.9977 0.9949 0.9903
adj R-squared 0.9948 0.9883 0.9779
pred R-square 0.9756 0.9405 0.9239
adeq precisior 50.103 37.032 26.499

used to describe the adsorption process of VOCs on straw—
sludge biochar.

The optimal process conditions for the preparation of
straw—sludge biochar preparation were optimized by using a
Box-Behnken model, and the results are shown in Table 6.
Based on the optimal conditions, mixed biochar was prepared,
and subsequent adsorption experiments were performed. The
experimental results aligned closely with the predicted values,
with relative errors ranging from 0.75 to 2.41%. This indicates
the reliability and suitability of the model for optimizing the
straw—sludge biochar adsorption process for VOCs. The
adsorption samples for methylbenzene, isopentane, and
ethylene are named OACM-C, OACI-C, and OACE-C
(obtained under the optimal process conditions), respectively.
Based on this, subsequent action mechanics related analysis is
carried out.

3.2.5. Adsorption Mechanism of VOCs on Straw—Sludge
Biochar. Figure 8 and Table 7 are quasi-first- and quasi-
second-order kinetic curves and parameter values, which can
be seen from R* >0.97, and the sorption of VOCs by straw—
sludge biochar (OAC) and unactivated biochar (BC) accords
with quasi-first-order and quasi-second-order kinetic models.
The correlation coefficients fitted by the quasi-first-order
kinetic model are higher than those fitted by the quasi-second-
order kinetic model, and the theoretical adsorption capacity
fitted by the quasi-first-order kinetic model is closer to the
experimental value. The results show that the adsorption
process of methylbenzene, isopentane, and ethylene on OAC
accords with the quasi-first-order kinetic model controlled by
physical diffusion. There are a lot of oxygen-containing
functional groups on the surface of straw—sludge biochar
prepared in the laboratory. The pore structure of straw—sludge
biochar is very rich, the oxygen-containing functional groups
on the surface disappear, and the electron-affinity decreases;
the adsorption process is mainly controlled by diffusion.”” In
addition, the rate constant k; of OAC is larger than that of BC,
so the adsorption rate of OAC is larger than that of BC; this is
also in line with the results of the effect of adsorption time on
the removal rate.””

The fitting results of isothermal adsorption are shown in
Figure 9 and Table 8. The regression coefficient R* shows that
the Freundlich model can describe the adsorption process of
VOCs on BC; the Langmuir model can describe the
adsorption of VOCs on the surface of OAC, which shows
that the adsorption of VOCs on the surface of OAC is
monolayer and restricted by the adsorption sites on the
surface, which accords with the characteristics of chemical
adsorption.*
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Table 6. Optimum Process Conditions for Adsorption Capacity of VOCs by CO,-Activated Straw—Sludge Biochar

raw material  activation temperature

adsorbate

activation time

predicted adsorption capacity

actual adsorption capacity

relative error

ratio (°C) (min) (mg/g) (mg/g) (%)
methylbenzene 0.58 802.96 128.78 216.38 214.76 0.75
isopentane 0.63 808.89 122.30 182.29 185.72 1.85
ethylene 0.55 845.10 119.42 166.04 162.13 241
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Figure 8. Kinetic curves of straw—sludge biochar: (a) quasi-first-order kinetic curves and (b) quasi-second-order kinetic curves.
Table 7. kinetic Parameters of Straw—Sludge Biochar
quasi-second-order kinetic model quasi-scond-order kinetic model
adsorbent q. (mg/g) k, R? q. (mg/g) k, R?
OACM-C 218.43 0.0295 0.9991 272.31 0.00011 0.9916
OACI-C 185.84 0.0325 0.9977 228.17 0.00015 0.9902
OACE-C 159.30 0.0361 0.9907 190.91 0.00022 0.9964
BCM 25.402 0.0170 0.9976 35.102 0.00040 0.9987
BCI 18.039 0.0256 0.9795 22.906 0.00111 0.9889
BCE 15.013 0.0270 0.9746 18.698 0.00152 0.9907
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Figure 9. Isothermal
adsorption curve.

(b)

adsorption curves of straw—sludge biochar: (a) Freundlich isothermal adsorption curve and (b) Langmuir isothermal

In the Langmuir model, the ki, of the OAC is much larger
than that of BC because the number of functional groups on
the surface of BC is less than that of the OAC, and the
chemical adsorption of the OAC is stronger. At the same time,
the results also show that CO, activation can increase the

specific surface area and pore volume of biochar, which is
helpful to improve the adsorption of VOCs on Biochar. In the
Freundlich model, the n values of the OAC were all greater
than 1, which indicated that the mixed biochar was easy to
adsorb VOCs. The higher the kp value, the stronger the
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Table 8. Isothermal Adsorption Parameters of Straw—Sludge Biochar

Freundlich isothermal adsorption model

Langmuir isothermal adsorption model

adsorbent kg n R? 9m kg, R?
OACM-C 50.4035 2.9376 0.8364 222.92 0.1511 0.9966
OACI-C 42.9029 29193 0.8850 191.31 0.1512 0.9957
OACE-C 32.6890 2.7556 0.8541 168.91 0.1045 0.9953
BCM 0.28197 1.0396 0.9999 25.102 0.0141 0.9811
BCI 0.27534 1.0951 0.9995 18.906 0.0255 0.9649
BCE 0.19924 1.0531 0.9991 15.698 0.0285 0.9580
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Figure 10. Competitive adsorption penetration curves of methylbenzene—isopentane at different initial concentrations on CO,-activated straw—
sludge biochar: (a) methylbenzene 10PPM—isopentane 60PPM, (b) methylbenzene 30PPM—isopentane 30PPM, and (c) methylbenzene

60PPM—isopentane 10PPM.

adsorption capacity. The kg value of the OAC is much higher
than that of BC, indicating that the biochar activated by CO,
has a better adsorption capacity for VOCs.

3.2.6. Study on Binary Competitive Adsorption. To
investigate competitive adsorption, we initially subjected the
CO,-activated straw—sludge biochar to individual adsorption
experiments using methylbenzene, isopentane, and ethylene.
From these experiments, the optimal group of biochar was
selected based on response surface experiments. Subsequently,
the same experimental setup and equipment were utilized to
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conduct binary competitive adsorption experiments. These
experiments focused on the interactions between methyl-
benzene—isopentane, methylbenzene—ethylene, and isopen-
tane—ethylene at different inlet concentrations: 10 PPM/60
PPM, 30 PPM/30 PPM, and 60 PPM/10 PPM, respectively.

The competitive adsorption results depicted in Figure 10
reveal a common trend among the three different ratios of
methylbenzene—isopentane. In the presence of methylbenzene
as a competitor, isopentane consistently exhibits higher export
concentrations compared to its input concentrations, even
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Figure 11. Competitive adsorption penetration curves of methylbenzene—ethylene at different initial concentrations on CO,-activated straw—
sludge biochar: (a) methylbenzene 10PPM—ethylene 60PPM, (b) methylbenzene 30PPM—ethylene 30PPM, and (c) methylbenzene 60PPM—

ethylene 10PPM.

when the isopentane concentration is only 1/6th of the
methylbenzene concentration, resulting in a peak effect. This
phenomenon arises from the fact that methylbenzene,
possessing the same polarity as straw—sludge biochar, gains a
distinct advantage in competition with isopentane, resulting in
a higher adsorption rate. Furthermore, even after the
adsorption of methylbenzene reaches equilibrium, a portion
of the isopentane adsorbed by the straw—sludge biochar can be
displaced, leading to the desorption of isopentane.’’ Moreover,
the duration and shape of these three peaks differ across the
three concentration ratios. The peak shape is determined by
the combined properties of the straw—sludge biochar and
VOC:s. Factors such as pore size primarily impact straw—sludge
biochar, while the molecular kinetic diameter, molecular
polarity, and concentration play a more significant role in
VOCs. Additionally, when compared with the adsorption
processes of methylbenzene and isopentane individually, the
linearity and adsorption capacity remain quite similar. This
indicates that the pore size of straw—sludge biochar is a critical
factor determining both the adsorption capacity and results.
Figure 11 displays the competitive adsorption penetration
curves of methylbenzene—ethylene at various initial concen-
trations on CO,-activated straw—sludge biochar. Initially, the
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adsorption process of methylbenzene—ethylene resembles that
of individual adsorption, with both curves exhibiting an upward
trend due to the absence of the competitive adsorption
interference between the molecules. As the adsorption time
increases, ethylene enters the replacement stage, leading to a
steeper slope in the adsorption curve. However, when the
outlet concentration reaches the inlet concentration, the
concentration continues to rise, exceeding the inlet concen-
tration by 20%. Notably, an evident “hump” phenomenon
appears in the adsorption curve. During the initial adsorption
stage, an ample number of adsorption sites on the CO,-
activated straw—sludge biochar are available to accommodate
both methylbenzene and ethylene. As the adsorption sites
gradually become occupied, methylbenzene gas molecules
displace ethylene molecules with weaker adsorption capa-
bilities. Consequently, the adsorbed ethylene molecules in the
mesoporous channels and on the mesoporous surfaces desorb,
resulting in an increase in the gas concentration of one
component at the exit, surpassing that at the entrance. The
pore size of the biochar used in the experiment is 2—4 nm, and
the dominant factors influencing adsorption are not solely the
molecular diameter of the adsorbate but also the polarity index,
boiling point, molecular weight, and other related factors.>”
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Figure 12. Competitive adsorption penetration curves of different initial concentrations of isopentane—ethylene on CO,-activated straw—sludge
biochar: (a) isopentane 10PPM—ethylene 60PPM, (b) isopentane 30PPM—ethylene 30PPM, and (c) isopentane 60PPM—ethylene 10PPM.

Figure 12 illustrates the competitive adsorption penetration
curves for different initial concentrations of isopentane—
ethylene on the CO,-activated straw—sludge biochar. Initially,
both isopentane and ethylene can freely adsorb onto the
surface of the biochar, as a significant number of active
adsorption sites remain unsaturated. As the available
adsorption sites on the CO,-activated straw—sludge biochar
surface decrease, a competition for adsorption occurs between
isopentane and ethylene molecules, leading to the substitution
stage. Ethylene demonstrates earlier penetration and ap-
proaches adsorption saturation in the biochar. However,
isopentane displaces the previously adsorbed ethylene in the
mesopores due to its higher polarity index. Upon reaching
saturation, the CO,-activated straw—sludge biochar begins
absorbing isopentane, and the ethylene curve approaches
equilibrium. Adsorption ceases when the outlet concentration
equals the inlet concentration.

Based on the experimental results, it can be concluded that
the adsorption capacity of the tested VOCs on CO,-activated
straw—sludge biochar follows the order of methylbenzene >
isopentane > ethylene, which aligns with the boiling point
order of the three organic compounds. This corresponding
relationship may possess some correlation. During the
adsorption process, exothermic reactions occur, leading to an
increase in the temperature of the adsorption column and a
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reduction in the equilibrium adsorption capacity of the CO,-
activated straw—sludge biochar. Since the adsorption experi-
ment is conducted at room temperature, lower boiling point
organic compounds are more susceptible to temperature
effects, resulting in a rapid reduction in their adhesion to
straw—sludge biochar due to the influence of adsorption heat.
Conversely, high boiling point organic compounds exhibit
minimal effects.

As exothermic heat accumulates throughout the adsorption
process, lower boiling point compounds experience reduced
adhesion to straw—sludge biochar, leading to gradual
desorption reactions. On the other hand, higher boiling
point compounds occupy more vacant spaces within the
adsorbent. This phenomenon is observed in the competitive
adsorption curve, where stronger adsorbates replace weaker
adsorbates, resulting in a “bulge” on the adsorption penetration
curve for weak adsorbates. Additionally, VOCs with higher
molecular weights exhibit lower desorption rates with CO,-
activated straw—sludge biochar under the influence of
adsorption heat. Conversely, organic compounds with lower
molecular weights are more susceptible to adsorption heat,
leading to their nonadsorption and subsequent dispersion in
the gas stream.
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Table 9. Comparison of the Adsorption Effects of Biochar on VOCs

adsorbent activation method adsorbate adsorption effect references
wheat straw-bagasse biochar no acetone/hexane/methylbenzene 51-110 mg/g (33)
bone biochar HNO, methylbenzene 288.12 mg/g (34)
sawdust biochar ammonia dichlorotoluene 585 mg/g (35)
KHCO; and NaHCO; methane/methylbenzene 54.9/308 mg/g (36)
straw biochar CcoO, methylbenzene/hexane 81.7/60.6 mg/g 37)
H,0 hexane 54.8 mg/g (37)
commercial biochar methylbenzene/hexane/butane 86/101.3 mg/g 37)
barley hull biochar 50%H,0 + 0%N, benzene 227 mg/g (38)
straw—sludge biochar CO, methylbenzene/isopentane/ethylene 216.38 mg/g/182.29 mg/g/166.04 mg/g this study

4. CONCLUSIONS

The adsorption capacity of straw—sludge biochar for VOCs
followed a specific pattern: optimal group (OAC) > response
surface group (MAC) > single raw material group (SAC/
CAC) > unactivated group (BC). Within the same sample, the
adsorption capacity ranked as methylbenzene > isopentane >
ethylene. The maximum saturated adsorption capacities of
Mac for methylbenzene, isopentane, and ethylene was 9.09, 10,
and 10.47 times higher than that of BC, respectively. They
were 78.32, 40.81, and 41.18% higher than the SAC group,
respectively. Compared with the CAC Group, they were
increased by 46.49, 31.50, and 31.48% respectively. The
adsorption process of VOCs by sludge-based biochar is
controlled by physical diffusion, and the adsorption process
is closer to monolayer adsorption. The sorption capacity of
VOCs on straw—sludge biochar was methylbenzene >
isopentane > ethylene.

At present, biochar prepared from biomass has been
reported as a potential adsorbent for VOCs. There are many
types of common biochar adsorbents, including nonactivated
biochar, physically activated biochar (activator is CO, or
H,0), chemically modified biochar (activator is acid or alkali),
and heteroatom loaded modified biochar. The adsorption
effects of various types of biochar are shown in Table 9. It is
found that the adsorption effect of biochar modified with acid,
alkali, or inorganic salts on VOCs is significantly better than
that of physically activated biochar. However, the production
cost of this type of biochar is high and it has certain
environmental pollution. The activated biochar produced by
CO, or H,O has various advantages: low production cost,
simple operation process, and more environmentally friendly.
Compared with the unactivated biochar, its adsorption effect is
greatly improved, and its adsorption effect will be increased by
5—10 times.; The preparation process has the characteristics of
low cost and environmental protection. Compared with
commercial charcoal, its adsorption effect can reach 1-2
times that of commercial biochar. Taking the straw—sludge
biochar prepared in this study as an example, its adsorption
capacity for toluene is 5.1 times that of activated biochar and
3.2 times that of commercial biochar.”*~**
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