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OPTIMIZATION OF BIOCHAR PRODUCTION FROM AGRO-
INDUSTRIAL WASTE OF THE ZHAMBYL REGION USING
RESPONSE SURFACE METHODOLOGY FOR APPLICATION IN
PERMEABLE REACTIVE BARRIERS

Abstract. The escalating contamination of water resources by heavy metals and
organic pollutants poses a significant environmental challenge, particularly in regions like
Zhambyl (Kazakhstan), where water quality varies from moderately to extremely polluted.
This study focuses on optimizing biochar production from agro-industrial waste,
specifically rice husk, from the Zhambyl region, employing Response Surface
Methodology (RSM) to enhance its applicability in Permeable Reactive Barriers (PRBs) for
groundwater remediation. Through the Box-Behnken design, key pyrolysis parameters —
temperature, activation time, and the ratio of rice husk to phosphoric acid (HsPO.) — were
systematically varied to maximize biochar yield and adsorption capacity. Statistical
analysis using ANOVA validated the quadratic model’s significance (p < 0.05, R? =
0.9662), identifying optimal conditions at approximately 2.2 g HsPO4 and 540°C, yielding
up to 84% biochar. These findings underscore the potential of optimized biochar as a
sustainable, cost-effective material for environmental remediation, particularly in PRB
systems.
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Introduction. The contamination of wastewater by heavy metals, organic
compounds, and petroleum products has become a global environmental threat.
The sources of heavy metal pollution in wastewater can be both natural — such as
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geochemical, volcanic, and hydrothermal processes — and anthropogenic, including
industrial activities, agriculture, domestic waste, and landfills [1].

The Zhambyl Region of Kazakhstan is also facing significant challenges
related to the pollution of its water resources. According to recent studies, water
quality indicators in the region range from moderately polluted to extremely high
levels of contamination. For instance, the pollution level of the Bilikol River is
classified as “extremely high,” while the Talas and Shu rivers are considered to
have a “moderate level of pollution™ [2].

Biochar is a carbon-rich, black solid material produced through a
thermochemical process under limited oxygen conditions. It is typically
synthesized from organic waste materials, particularly biomass, due to its
availability and environmental sustainability. Biomass feedstock sources often
include agricultural residues and forestry by-products. The conversion of such
biomass into biochar is considered a valorization pathway that not only mitigates
waste accumulation but also produces a functional carbonaceous material. Biochar
has been successfully applied in diverse areas such as bioenergy production,
wastewater treatment, and soil remediation, providing a sustainable alternative to
conventional fossil-based carbon sources that are known to contribute to
environmental degradation. These advantages support the ongoing interest in
optimizing biochar synthesis from agro-industrial waste, especially for
environmental remediation purposes [3].

In recent years, increasing attention has been directed toward the sustainable
conversion of agricultural and agro-industrial wastes into value-added products.
One such promising product is biochar, a carbon-rich solid produced through the
thermal decomposition of biomass under limited oxygen conditions — a process
known as pyrolysis. Pyrolysis is considered a cost-effective and energy-efficient
method that contributes to environmental sustainability and offers multiple
applications in soil improvement, water treatment, and pollution control [3,4].

Among the modern environmental technologies, Permeable Reactive
Barriers (PRBs) have emerged as a passive, in-situ remediation system that
effectively treats contaminated groundwater. These systems rely on various
reactive materials — including biochar — to remove pollutants through mechanisms
such as adsorption, ion exchange, reduction, and precipitation [5-7]. Biochar has
become a material of interest for PRBs due to its large surface area, high porosity,
and rich surface chemistry, which include functional groups such as hydroxyl,
carboxyl, and aromatic structures [8].

Response Surface Methodology (RSM) is a powerful statistical tool used for
modeling and optimizing processes influenced by multiple variables. It enables the
development of predictive models by evaluating the relationship between input
parameters and output responses such as biochar yield or adsorption capacity [9].
Design-Expert software facilitates this process with tools like power calculations,
center points, and model validation features.

Several studies have demonstrated that temperature and heating rate are the
most significant factors affecting biochar yield during pyrolysis, whereas particle
size and gas flow rate have a lesser effect. For instance, RSM-based experiments
have shown that increasing temperature positively correlates with fixed carbon
content and yield, supporting the use of predictive modeling for optimization [10].
In one such study, Design-Expert 13 software was used with a Box-Behnken
Design (BBD) to assess the influence of temperature, heating rate, and feedstock
carbon content, with ANOVA confirming their statistical significance.
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Recent work using cassava peels as feedstock further confirmed that
temperature, heating rate, and reaction time are critical for both yield and quality,
reinforcing the importance of RSM in scaling up sustainable biochar production
[11].

Biochar from agro-industrial waste has great potential for environmental
uses such as groundwater treatment in permeable reactive barriers (PRBS).
Optimizing pyrolysis conditions is important to improve biochar quality and yield.
This study aims to optimize biochar production from Zhambyl region waste using
Response Surface Methodology (RSM) to enhance its use in PRBs.

Materials and methods. Reagents and materials. Rice husk, an agricultural
waste material, was collected from the Shymkent region, Kazakhstan, and used as
the carbon-containing raw material. Orthophosphoric acid (HsPOs, 3 mol/L) served
as the activating agent. Ultrapure (UP) water with a pH of 5.85 was used
throughout the experiments. The pH of solutions was measured using a pH meter
(model pH-009(1)A).

The physicochemical properties and functional groups of the activated
samples were determined using FTIR (Fourier Transform Infrared) spectroscopy.
FTIR spectra were recorded with an Infraspec spectrometer (model FSM 2202) at a
resolution of 1 cm™ and a scanning range of 5000-500 cm™'.

To determine the concentration of Ni in the solution after adsorption, an
Agilent 4200 MP-AES microwave plasma atomic emission spectrometer equipped
with an Agilent 4107 nitrogen generator was used. The sample introduction system
included a cyclonic double-pass spray chamber, a OneNeb nebulizer, and a
Solvaflex pump tubing. The analysis was performed using multicomponent
calibration standards prepared in a 5% HNOs / 0.2% HF (v/v) medium.

To design the experiments and optimize the biochar activation process,
Response Surface Methodology (RSM) was applied using Design-Expert software.
The experimental plan was developed based on the Box-Behnken method, which
included 17 runs. The considered factors were pyrolysis temperature, processing
time, and the ratio of raw material to phosphoric acid (HsPO4). The responses were
biochar yield and adsorption capacity. The results were expressed in percentages
and used to build models for determining the optimal process conditions.

Synthesis of biochar. To produce biochar from agro-industrial waste of the
Zhambyl region, rice husk was selected as the raw material. The rice husk was first
washed with running water to remove impurities, then dried under direct sunlight.

The resulting samples were washed with distilled water to reach a stable pH
value of the filtrate. The pH level was measured using a pH meter and maintained
within the acceptable range of 5.80-6.00.

Fig. 1. Biochar after pyrolysis
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Figure 1. showed about synthesis of biochar involved mixing the pre-washed
husk with a phosphoric acid (HsPO4) solution at a ratio of 1:1.5 (g/g) and a
concentration of 3 M. The mixture was left overnight to allow activation.
Afterward, pyrolysis was carried out by thermally treating the material in a muffle
furnace using a porcelain crucible.

Subsequently, the samples were dried in a vacuum drying chamber. As a
result of these processes, two activated biochar samples with specific
characteristics were obtained: as biochar derived from rice husk at BCHR 600°C
and BCHR 550°C samples.

Research results and discussion. Analysis of infrared (IR) spectra of
samples. As a result of the described processes, two samples of activated biochars
with specified characteristics were obtained: As biochar derived from rice husk at
BCHR 600°C and BCHR 550°C samples.

Fourier Transform Infrared (FTIR) spectroscopy and Scanning Electron
Microscopy (SEM) confirmed the presence of functional groups (e.g., Si-O-Si,
C=0, C=C) and a microporous structure, enhancing biochar’s suitability for
wastewater treatment.

The physicochemical properties and functional groups of the activated
samples were determined using Fourier Transform Infrared (FT-IR) spectroscopy.
The FT-IR spectra were recorded using an Infraspec FT-IR spectrometer (model
FSM 2202) with a resolution of 1 cm™ and a scanning range of 5000-500 cm™'.

To thoroughly investigate the functional groups and their influence on the
sorption characteristics, an analysis of the biochar FT-IR spectra was performed.
Figures 1 and 2 present the spectra of biochar obtained from rice husk at
temperatures of 600°C and 550°C, respectively.

Fig. 2. FT-IR spectra of BCHR 600°C

FT-IR spectra analysis of BCHR 600°C in the range of 675-709 cm!
(Fig. 2.), the observed vibrations correspond to the deformations of Si—O-Si bonds,
which indicate the presence of silica in the composition of rice husk ash. In the
range of 679-710 cm™!, the vibrations are caused by the presence of C—H bonds in
aromatic structures. In the range of 710-752 cm™, the deformational vibrations of
C—H bonds are characteristic of aromatic hydrocarbons. In the range of 752-1034
cm™!, intense absorption is associated with the valence vibrations of Si—O bonds in
amorphous silicon dioxide, which is the primary component of rice husk after
carbonization. In the range of 1037-1134 cm™!, the vibrations correspond to C—O
bonds, which are typical for complex esters, cellulose residues, or carbonized
carbohydrates. In the range of 1385-1504 c¢m™, the vibrations of C=C bonds in
aromatic systems suggest the presence of graphite-like structures in the biochar. In

170



ISSN 2308-9865 Mechanics and Technology /

elSSN 2959-7994 Scientific journal 2025, No.3(89)

the range of 1505-1616 cm™!, the vibrations of C=0 and C=C bonds are attributed
to the presence of aromatic and carbonyl compounds.

Fig. 3. FT-IR spectra of BCHR 550°C

According to Figure 3, the FT-IR spectrum of BCHR at 550 °C is shown. In
all biochar samples, characteristic peaks are observed in the range of 1000-1100
cm™, corresponding to the asymmetric vibrations of Si—O-Si bonds, as well as a
signal at 788 cm™ associated with Si—H groups. These findings confirm the
presence of silica, which is resistant to high temperatures and persists after the
carbonization of rice husk [12]. The results of the EDS spectra further validate its
presence. Additionally, the region of 1030-1110 cm™ may be attributed to the
vibrations of C—O-C groups present in the residues of cellulose and hemicellulose
[12,13].

Following chemical activation, the structure of the biochar undergoes
significant changes: bands appear in the range of 1450-1600 cm™, corresponding
to aromatic C=C and C=O bonds, indicating the formation of phenolic and
carboxyl groups from lignin. Deformational vibrations of aromatic C—H bonds are
also observed in the region of 870-880 cm™.

The preparation process involves raw material pretreatment, pyrolysis under
limited oxygen access, followed by washing and drying, resulting in a material
suitable for use in reactive barriers.

Morphological analysis (SEM) of BCHR 600°C and BCHR 550°C
materials. The SEM analyses of BCHR biochar samples pyrolyzed at 550°C and
600°C reveal progressive structural evolution with increasing temperature. At
550°C, the biochar exhibits a heterogeneous structure with a combination of micro-
and macropores, partially preserved biomass anatomy, and disrupted cell wall
frameworks. This suggests moderate devolatilization and structural reorganization.

At 600°C, the biochar undergoes more pronounced carbonization, leading to
a well-developed porous network with uniformly distributed micropores and larger
channels. These features result from intensified devolatilization and breakdown of
organic constituents, promoting higher surface roughness and porosity.

Overall, the microstructural differences indicate that higher pyrolysis
temperatures enhance pore development and carbonization degree. Both samples
demonstrate promising characteristics for environmental applications such as
adsorption, catalysis, and soil enhancement, with BCHR 600°C showing superior
porosity and surface complexity.
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Fig. 4. SEM analys of BCHR 600°C

According to Figure 4, the SEM micrographs (images a and b) of BCHR
biochar synthesized at 600°C show notable microstructural changes compared to
lower pyrolysis temperatures. The surface morphology indicates a well-developed
porous structure with varying pore sizes and visible surface fractures [14,15].

In image (a) (scale bar 10 um), the surface reveals abundant spherical and
oval-shaped micropores, several micrometers in diameter, which are distributed
across the matrix. These pores suggest intense devolatilization and thermal
degradation of volatile organic compounds, leading to the release of gases and
formation of voids. The uniform distribution of such pores enhances the surface
area and potential adsorption capacity of the biochar.

Image (b) (scale bar 100 um) provides a broader view of the surface,
showing interconnected channels and larger cracks. These may have originated
from the collapse of biomass cell walls due to severe carbonization. The rough and
fractured texture, combined with both micro- and macropores, indicates a transition
from the original biomass structure to a highly carbonized, porous framework
[14,15].

These structural features contribute significantly to the functional
performance of the biochar, making BCHR 600°C a promising candidate for
applications in water purification, gas adsorption, or as a soil amendment.

Fig. 5. SEM analys of BCHR 550°C

According to Figure 5, the SEM micrographs (images ¢ and d) of BCHR at
550°C illustrate the structural and morphological transformations that take place
during pyrolysis. The images reveal a heterogeneous microstructure characterized
by a combination of compact and porous regions.
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In image (c), taken at higher magnification (scale bar 10 um), the surface
shows well-defined porous channels and disrupted cell wall structures, indicating
the degradation of the original biomass framework. The presence of microvoids
and collapsed pore walls suggests significant thermal decomposition, likely driven
by the breakdown of hemicellulose and cellulose components at this temperature.

Image (d), captured at lower magnification (scale bar 20 pm), demonstrates
the overall structural integrity of the biochar matrix. It shows irregularly shaped
particles with interconnected macropores and partially preserved anatomical
features of the precursor material. These macropores are crucial for enhancing the
surface area and adsorption properties of the biochar.

Overall, the observed porous architecture implies that pyrolysis at 550°C
leads to a partially preserved but highly porous biochar structure, suitable for
applications in adsorption, catalysis, or soil amendment, due to its favorable
surface characteristics and porosity.

Elemental analysis of of BCHR 600°C and BCHR 550°C materials. To
determine the quality and chemical composition of the biochar obtained from rice
husk, an elemental analysis was carried out using a G4 ICARUS HF sulfur and
carbon. This method is based on combusting the sample in a high-frequency
furnace, followed by detection of carbon and sulfur content using infrared sensors.

The results of the two samples are presented in Table 1.

Table 1
Elemental analysis of of BCHR 600°C and BCHR 550°C materials.
Sample Carbon content, % Sulfur content, %
BCHR 600°C 7.3309 0.0027
BCHR 550°C 8.9576 0.0067

According to Table 1, elemental analysis revealed carbon contents ranging
from 7.33% to 8.96% and sulfur contents from 0.0027% to 0.0067%, indicating
enhanced carbonization at higher pyrolysis temperatures, which improves sorption
properties. According to the results, the carbon content in BCHR 600°C is 7.33%,
which indicates the beginning of the formation of a stable carbon structure. BCHR
550°C contains 8.96% carbon, which is significantly higher. This suggests more
efficient carbonization, possibly due to a higher pyrolysis temperature or longer
retention time. The higher the carbon content, the better the sorption and reductive
properties of the material.

In BCHR 600°C, the sulfur content is 0.0027%, which can be considered a
low level. In BCHR 550°C, the sulfur concentration increases to 0.0067%, which is
still relatively low but indicates an increase in residual volatile compounds as a
result of differences in processing conditions.

In conclusion, the increase in carbon content from 7.33% to 8.96% along
with the simultaneous increase in sulfur from 0.0027% to 0.0067% proves that
BCHR 550°C was obtained under more aggressive thermochemical conditions (at
higher pyrolysis temperature and retention time). This contributed to deeper
carbonization but also led to partial preservation or secondary formation of sulfur
compounds.

Optimization of biochar production conditions using Response Surface
Methodology (RSM). Biochar yield was selected as the first response variable to
assess the efficiency of the production process. Yield is a critical factor because it
reflects the amount of biochar produced from raw agro-industrial waste after
thermal and chemical treatment. The experiments were designed using the Box-

173



U.G. Kanatbek, Zzh.E. Karimbaeva,
A.S. Zhienbaeva, Y.K. Reimbayev,
A.A. Kurtebayeva, Kh. Jumbri,
S.A. Orynbayev, M.S. Kalmakhanova

Chemical Technologies P.167-180

Benken method in the Design-Expert program, which allowed three independent
factors to be systematically varied: pyrolysis temperature, activation time, and rice
husk impregnation ratio and phosphoric acid.

The experimental results showed that the yield varied from X% to Y%
depending on the conditions. Analysis of variance (ANOVA) confirmed that the
quadratic model used was statistically significant (p < 0.05) and the R? value was
Z, indicating a strong correlation between the predicted and experimental results.
The 3D surface plots showed that higher temperatures generally reduced the yield
due to increased volatilization, while moderate impregnation ratio and activation
time made a positive contribution.

Table 2
Experimental matrix and yield data for biochar production from rice husk via
RSM approach

Source | Sequential p-value | Lack of Fit p-value | Adjusted R? | Predicted R?
Linear 0.0021 0.1554 0.6473 0.5294
2FI 0.2931 0.1620 0.6877 0.5664
Quadratic 0.0296 0.4165 0.9053 0.5991  |Suggested
Cubic 0.4165 0.9285 Aliased

According to Table 2 Model fitting was evaluated through analysis of
variance (ANOVA), and the results are presented in Table X. The sequential p-
values, lack of fit p-values, adjusted R?, and predicted R? values were used to
assess the suitability of different models (Linear, 2FI, Quadratic, and Cubic) for
predicting the biochar yield.

The quadratic model was suggested as the most appropriate based on its
statistically significant sequential p-value (p = 0.0296), acceptable lack of fit (p =
0.4165), and superior adjusted R? (0.9053), indicating a good fit to the
experimental data. Although the predicted R? (0.5991) was slightly lower than the
adjusted R?, the difference remained within acceptable limits, suggesting adequate
predictive performance.

In contrast, the linear and 2FI models, while simpler, showed lower adjusted
and predicted R? values, and their sequential p-values indicated weaker statistical
significance. The cubic model was aliased, indicating overfitting and an
insufficient number of degrees of freedom to estimate model coefficients reliably.
Therefore, the quadratic model was selected for further analysis and optimization
of the biochar production process.

Table 3
Statistical analysis (ANOVA) of the quadratic model for predicting biochar yield

Source Sum of Squares | df |Mean Square| F-value | p-value
1 2 3 4 5 6 7

Model 3745.40 9 416.16 15.87 | 0.0036 | significant
A-Mass of HsPO4 2483.36 1 2483.36 94.69 | 0.0002
B-Temperature 252.45 1 252.45 9.63 0.0268
C-Time 66.30 1 66.30 2.53 0.1727
AB 207.65 1 207.65 7.92 0.0374
AC 72.68 1 72.68 2.77 0.1569
BC 102.21 1 102.21 3.90 0.1054
A? 161.51 1 161.51 6.16 0.0557
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Table 3 (continued)

1 2 3 4 5 6 7
B2 193.61 1 193.61 7.38 0.0419
C? 289.44 1 289.44 11.04 0.0210
Residual 131.13 5 26.23
Lack of Fit 91.56 3 30.52 1.54 0.4165 not
significant
Pure Error 39.57 2 19.79
Cor Total 3876.53 14

Table 3 presents the Model F-value of 15.87 implies the model is significant.

There is only a 0.36% chance that an F-value this large could occur due to noise.

p-values less than 0.0500 indicate model terms are significant. In this case A,
B, AB, B?, C? are significant model terms. Values greater than 0.1000 indicate the
model terms are not significant. If there are many insignificant model terms (not
counting those required to support hierarchy), model reduction may improve your
model. The Lack of Fit F-value of 1.54 implies the Lack of Fit is not significant
relative to the pure error. There is a 41.65% chance that a Lack of Fit F-value this
large could occur due to noise. Non-significant lack of fit is good — it is necessary
to fit a model to the research data.

Table 4
Model Fit Statistics for Response Surface Models of Biochar Yield
Std. Dev. 5.12 R? 0.9662
Mean 64.51 Adjusted R? 0.9053
CV.% 7.94 Predicted R? 0.5991
Adeq Precision 11.8734

According to Table 4, the Predicted R? of 0.5991 is not as close to the
Adjusted R? of 0.9053 as one might normally expect; i.e. the difference is more
than 0.2. This may indicate a large block effect or a possible problem with your
model and/or data. Things to consider are model reduction, response
transformation, outliers, etc. All empirical models should be tested by doing
confirmation runs.

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is
desirable. Your ratio of 11.873 indicates an adequate signal. This model can be
used to navigate the design space.

Predicted vs. Actual

Fig. 8. Predicted vs. actual Response Plot for biochar yield based on the
Quadratic Model
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As illustrated in Figure 8, a strong correlation exists between experimental
and predicted values of biochar yield, indicating the model’s reliability. The data
points are color-coded based on the yield values, ranging from low yields in blue
(~33.97) to high yields in red (~86.41). Most data points lie close to the diagonal
line, which represents perfect prediction (i.e., predicted = actual). This indicates a
strong agreement between the experimental results and the model predictions. The
color gradient (blue to red) also shows a good distribution of predicted responses
across the yield range, suggesting that the model is effective across different levels
of output. The slight deviations from the line in some points are normal and
indicate minor prediction errors, which are acceptable given experimental
variation. The plot confirms that the developed model provides a reliable prediction
of biochar yield based on the selected parameters (temperature, time, and acid
ratio). The high degree of alignment between predicted and actual values supports
the accuracy and validity of the model.

3D Surface

VVVVVV

Fig. 9. 3D surface plot of biochar yield as a function of H;PO4 mass and pyrolysis
temperature

A 3D surface plot in Figure 9 illustrates the combined effect of H;POs mass
(A) and temperature (B) on the biochar yield (%) while keeping the third variable
(C) constant at 45.9. The plot shows that increasing both HsPO. mass and
temperature generally leads to a higher yield, reaching a peak before slightly
decreasing — indicating a non-linear relationship. The curved surface and contour
lines at the base indicate significant interaction between the two factors. The
maximum yield is observed in the region where both temperature and acid mass are
high, but not at their absolute maximum values, which suggests the existence of an
optimal point.

A contour plot in Figure 10 shows the effect of H;PO4 mass (A) and time (C)
on the biochar yield (%), while temperature (B) is held constant at 500°C.As both
the acid mass and time increase, the yield also increases, indicated by the shift from
blue to orange regions. The highest yield values (close to 86%) are observed in the
bottom-right region, where both HsPO. mass and time are high. The concentric
contour lines suggest a gradual and consistent improvement in yield with
increasing values of both factors. The design points (marked with red dots) show
where experiments were conducted.
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C Time (Minute)

A:Mass

*
2

of H3PO4 (g)

Fig. 10. Contour plot of biochar yield (%) as a function of HsPOsmass and reaction
time at constant temperature

Table 5

Optimization parameters including factor levels and experimental settings for
maximizing biochar yield

Name Goal Lower Upper Lower Upper |Importance
Limit Limit Weight | Weight
A:Mass of HsPO, | isinrange 1 3 1 1 3
B:Temperature is in range 500 600 1 1 3
C:Time is in range 30 60 1 1 3
Yield maximize 33.97 86.41 1 1 5

The optimization parameters for the process, including variables A, B, and C
— which represent the mass of HsPOa., temperature, and time respectively, each
constrained within specified lower and upper limits — are presented in Table 5. All
three factors have equal importance (3) and equal weights for their limits. The goal
for the yield is to maximize it, with a wider importance value (5), indicating it is
the most critical factor. The yield ranges from 33.97 to 86.41, reflecting the
efficiency of the process under different conditions.

e (Degree C)

Temperature

A Mass of H3PO4 (g)

ure (Degree C)

B Temperat

Yield (%)

A Mass of H3PO4 (g)

Fig. 11. Point prediction for (a) desirability and (b) yield within optimization range

Figure 11 presents contour plots used to optimize the influence of HsPOa
mass (A) and temperature (B) on two key responses: desirability and biochar yield
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(%). The left plot depicts desirability, a composite metric ranging from 0 to 1,
where higher values represent more favorable conditions. The optimal desirability
(~0.7) is achieved near 2.2 g of H;PO4 and 540°C. The right plot illustrates biochar
yield, with a maximum around 84% observed in the same region. Both plots
indicate that increasing either HsPOs mass or temperature beyond these optimal
points results in decreased desirability and yield, as shown by the transition to
lower-value regions. These findings, obtained through response surface
methodology (RSM), highlight that the optimal process parameters to maximize
biochar production efficiency and overall desirability are approximately 2.2 g of
HsPO4 and 540°C.

Conclusion. This study successfully demonstrated the optimization of
biochar production from rice husk, an abundant agro-industrial waste in the
Zhambyl region, using Response Surface Methodology (RSM) to enhance its
efficacy in Permeable Reactive Barriers (PRBs) for groundwater remediation. The
application of the Box-Behnken design facilitated the identification of optimal
pyrolysis conditions — specifically, a temperature of 540°C and an HsPOs mass of
2.2 g — resulting in a maximum biochar yield of approximately 84% with enhanced
adsorption properties. FTIR and SEM analyses confirmed the development of a
porous structure and functional groups conducive to pollutant removal, while
elemental analysis indicated improved carbonization at higher temperatures, with
carbon content reaching 8.96% in BCHR 550°C samples. The quadratic model’s
statistical significance (p = 0.0036, R? = 0.9662) and adequate precision (11.8734)
validated its reliability for predicting biochar yield. These results highlight the
potential of rice husk-derived biochar as a sustainable, high-performance material
for environmental applications, particularly in addressing groundwater
contamination. Future research should focus on scaling up production and
evaluating long-term performance in real-world PRB systems to further validate its
practical utility.
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HAMBbIJ1 OHIPIHIH ATPOOHEPKICINTIK KANAbIKTAPbIHAH A/1bIHFAH BUOYAP
OHAIPICIH KEN®AKTOP/Ibl MOAENbAEY APKbI/Ibl OHTANNAHADbIPY }OHE OHbI
OTKI3rIL PEAKTUBTI TOCKAYbINAAPLA NANOANAHY

AHpatna. Aybi3 Cy pecypcTapbiHbliH, ayblp MeTanZapMeH XaHEe OpraHuKanblK
NacTafblWTapMeH NacTaHybl KOpLIaFaH opTa YWiH eneyni npobnemara aliHanyna, acipece
ambbin 0bnbicbl CUAKTLI BHipAEpAe, MyHAAFbl Cy canacbl opTalla facTaHFaHHAH 6acTan
KOFapbl AeHrenae nactaHyfa AeWiH ayblTKuabl. byn 3eptrey Hambbin 06abiCbIHAAFLI
KYypil Kaybi3blHaH anblHFaH Buoyvap eHAipiciH oHTaWnaHAbIpyFa OaFbITTaNfFaH KoHE OHbI
Kep acTbl CynapbiHbiH, BMONOrMANBIK Ta3apTblNlyblHA apHaAfaH OTKi3riW pPeakTUBTI
b6apbepnepae (OPB) KonpgaHy MYMKIHAIMH apTTbipy MaKcaTblHAa Kayan 6eTiHiH agici
(Response Surface Methodology, RSM) naitganaHbingpl. Box-Behnken amsaiHbl HerisiHae
NUPONM3 NPOLECIHIH, Herisri napameTpaepi — TemnepaTypa, aKTUBaUMA YaKblTbl XaHe
Kypiw Kaybi3bimeH opTodocdop KbiwKbbIHbIH, (H3PO4) apaKkaTbiHackl Kylheni Typae
e3repTingi. MaKkcaT — 6ModapablH, WbIFbIMbIH KaHEe aacopbumanbik KabineTiH apTTbipy.
Oucnepcuanbik Tangay (ANOVA) HaTuxKenepi KBagpaTUKTIK MOAE/bAiH, CTaTUCTUKAIbIK,
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MaHbI3AbIbIFbIH KepceTTi (p < 0,05, R? = 0,9662). OHTal/bl XaFdainap wamameH 2,2 r
HsPO, kaHe 540°C TemnepaTypafa aHblKTanbin, 6UO-KemipaiH, WwbiFbiMbl 84%-Fa AeniH
XKeTTi. 3epTTey HaTUXKeNepi OHTAWNAHAbIPbINFAH BMoYapablH, KOpLUaFaH OpTaHbl KaanbliHa
KenTipyae, atan anWTKaHaa ©PE KylenepiHae, TYpPaKTbl }KaHE YHEMAI maTepuan peTiHae
KOJIAaHbINy SNeyeTiH ganenaenai.

TipeKk ce3pep: 6Moyap, arpoeHepKacinTiK KangblkTap, 6eTKi kayan agicTemeci
(B¥D), eTkisriw peakTMBTI TOCKaybingap (OPT), nuponus, 6eTki mopdonorus.

Y.F. Kanat6ek?, XX.E. Kapumbaesa?, A.C. XXueHb6aesa?, E.K. Peumbaes?,
A.A. Kyptebaesa?, Kh. Jumbri?, C.A. OpbiH6aes?, M.C. KaamaxaHosa'

Tapasckuli ynusepcumem um.M.X. flynamu, 2. Tapas, KazaxcmaH
2YHusepcumem lMympa Manatizus, CenaHaop K., Manadizus

ONTUMU3ALIMA NPOU3BO/ACTBA BUOYI/IA U3 ATPONMPOMBILLJIEHHBIX OTXO40B
XAMBbIZICKOrO PEFTMOHA NYTEM MHOTO®AKTOPHOIO MOAENIMPOBAHUA U ETO
MCNOJZIb3OBAHUE B MPOHUUAEMbIX PEAKTUBHbIX BAPbEPAX

AHHOTauma. YcunuBaroweecA 3arpA3HEHUE BOAHbLIX  PEcypcoB  TAXKENbIMU
MeTalaMnU U OpPraHUYEeCKMMM MOMOTAHTAMM NpeacTaBaAeT cobol  cepbEsHyto
3KOJIOTMYecKyto npobnemy, OCOHGEHHO B TaKWMX pernoHax, Kak Mambbinckaa obnactb
KasaxcTaHa, rge KavyectBo BOAbl BapbMpPyeTca OT YMEPEHHO A0 KpaliHe 3arpAa3HEHHOrO.
HactosAwee wccnegoBaHMe HaMpaBAeHO HA ONTUMM3aLMIO MPOM3BOACTBA Buoyapa M3
arponpoMbIW/EHHbIX OTXOAOB — B YacTHOCTM, PUCOBOWM Lenyxu, cobpaHHON B
KambbincKom pernoHe — ¢ NpUMeHeHMeM MeToAa OTBETHOM MnosepxHocTu (Response
Surface Methodology, RSM) c uenbio nosbiweHNs 3pHEeKTUBHOCTM MaTepuana B COCTaBe
NPOHMLAEMbIX peaKkTMBHbIX 6apbepos (MPB) Ana ouyncTkKM nopsemubix Boa. C
MCMO/Ib30BAHMEM 3KCNEPUMEHTAZIbHOTO MaaHa Box-Behnken 6binn  cuctematnyeckm
BapbMpOBaHbl KAKOYEBble MNapameTpbl MUPOAM3a: TemnepaTypa, Bpemsa akTuBauum U
COOTHOLWIEHME PUCOBOWM  Wenyxu K optodochopHoin Kucnote (H3PO,), uTOGbI
MaKCMMM3NPOBATL BbIXOA BMoYapa n ero aacopbLMOHHYI0 CNOoCcOBHOCTb. CTaTUCTUYECKUIA
aHanu3 c npumeHeHnem ANOVA noarsepAmn 3HAYMMOCTb KBaApaTUUHON mogenu (p <
0,05, R? = 0,9662), npn 3TOM ONTUMAa/IbHbIE YCI0BMA COCTaBUAM OKono 2,2 r HsPO, m
540°C, 4To N03BONNO AOCTUYL BbiXxoAa A0 84%. NonyyeHHble pe3ynbTaTbl NOATBEPKAAOT
NoTeHUMan ONTMMU3MPOBAHHOrO 6MoYapa KaK YCTOMYMBOIO U SKOHOMMUYECKM
3¢ deKTMBHOro MaTepuana 4aa 3KoA0rmMyeckon pemeamaumm, ocobeHHo B cuctemax MPB.

KntoueBble cnoBa: 61oyrosib, arponpoMblILLIEHHbIE OTXOAbl, METOA0/I0MMA OTK/IMKA
nosepxHoctu (MONM), npoHnuaemblie peakTuBHble 6bapbepsbl (MPB), Nnpoans, mopdonorus
NOBEPXHOCTHU.
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