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• Activated Darbaza bentonite was used 
for industrial wastewater treatment.

• Acid, soda, and salt activation improved 
bentonite sorption performance.

• Na₂CO₃ and NaCl activation achieved up 
to 98 % Zn²⁺ removal efficiency.

• Kinetic studies revealed chemisorption 
as the dominant adsorption mechanism.

• First study on multi-activated Darbaza 
bentonite for real wastewater treatment.
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A B S T R A C T

This study investigates the adsorption performance of bentonite from the Darbaza deposit (southern Kazakhstan) 
activated by three methods—acid, salt, and soda treatments—for the removal of heavy metals from real in
dustrial wastewaters. Bentonite has been extensively studied worldwide, but no previous work has evaluated 
Darbaza bentonite using multiple activation approaches on real multi-metal effluents. Comprehensive charac
terization (SEM–EDS, FTIR, XRF, DTA, XRD) confirmed the preservation of the montmorillonitic structure after 
activation. Batch experiments were conducted using real wastewaters from Sozak, Kentau, and Kazphosphate 
facilities containing Zn²⁺, Pb²⁺, Cd²⁺, Cu²⁺, and Fe³ ⁺. NaCl- and Na₂CO₃-activated samples achieved Zn²⁺ removal 
up to 97.7 % (q = 5.036 mg⋅g⁻¹), Pb²⁺ up to 65 % (q = 0.074 mg⋅g⁻¹), and Cd²⁺ up to 81 % (q = 0.182 mg⋅g⁻¹), 
compared to 30–40 % for raw bentonite. Adsorption kinetics followed a pseudo-second-order model (R² > 0.99), 
indicating high sorption capacity and rapid adsorption kinetics driven by chemisorption. These results demon
strate that simple activation substantially enhances the performance of Darbaza bentonite, offering a cost- 
effective local material for industrial wastewater treatment in Central Asia.
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1. Introduction

Water pollution remains a pressing issue in Kazakhstan, where sur
face waters are frequently contaminated by copper, iron, zinc, and 
cadmium ions, petroleum products, and phenols, often exceeding na
tional standards.

For example, monitoring reports show Zn²⁺ up to 1.5 mg⋅L⁻¹ (limit =
0.01 mg⋅L⁻¹) and Cu²⁺ up to 0.8 mg⋅L⁻¹ (limit = 0.001 mg⋅L⁻¹) in indus
trial zones of the Turkestan region [1,2]. The main sources are dis
charges from mining, metallurgical, and phosphate industries, 
municipal wastewater, and agricultural runoff. Secondary pollution 
from contaminated sediments further aggravates water quality.

Conventional treatment methods such as chemical precipitation, 
membrane filtration, and synthetic sorbents are often economically 
unfeasible for developing regions [3,4]. Therefore, the search for 
low-cost, locally available, and efficient sorbents remains highly 
relevant.

Among natural sorbents, bentonite is widely used due to its high 
cation exchange capacity, layered structure, and low cost [4–6]. How
ever, sorption performance strongly depends on mineralogical compo
sition, which varies by deposit. Darbaza bentonite is rich in 
montmorillonite and available in large quantities, yet it has not been 
systematically studied for wastewater treatment. Prior studies show that 
acid, salt, or soda activation can significantly enhance adsorption by 
increasing surface area and exchangeable Na⁺ content [7–9].

In parallel, novel engineered materials have been developed for 
water purification, such as g-C₃N₄-based composites co-doped with 
transition metals, which demonstrated efficient degradation of organic 
pollutants including tetracycline [10]. These studies highlight the 
broader potential of integrating low-cost natural sorbents with advanced 
functional materials, underscoring the relevance of exploring activation 
strategies for Darbaza bentonite.

Unlike bentonites from Turkey or Iran, Darbaza bentonite has a 
naturally high Fe content (~6–7 wt%), which may contribute additional 
surface complexation sites and redox activity during adsorption. This 
feature distinguishes it from many other deposits and warrants detailed 
investigation.

This study aims to: (1) activate Darbaza bentonite by acid, salt, and 
soda treatments; (2) characterize structural changes after activation; (3) 
evaluate adsorption capacity for Zn²⁺, Pb²⁺, Cd²⁺, Cu²⁺, and Fe³ ⁺ from 
real industrial wastewaters; and (4) assess its feasibility as a low-cost 
local sorbent for sustainable wastewater treatment in Kazakhstan.

2. Materials and methods

2.1. Materials

Natural bentonite clay was obtained from the Darbaza deposit in the 
Turkestan region, southern Kazakhstan. The raw bentonite was ground 
in a laboratory mill and sieved to obtain a particle size of < 75 µm (D₅₀ ≈
48 µm). The specific surface area was measured by N₂ adsorption (BET 
method) as 62.4 m²⋅g⁻¹ , which is typical for montmorillonitic clays. 
Prior to use, the material was thoroughly washed with deionized water 
to remove soluble impurities and dried at 100 ◦C to constant mass 
following standard procedures [7,9,11].

2.2. Activation procedures

To enhance the adsorption capacity of Darbaza bentonite, three 
activation methods were applied: acid activation, salt activation, and 
soda activation.

2.2.1. Acid activation
Acid activation was performed using 20 % H₂SO₄ and 1 M HCl solu

tions preheated to 100 ◦C. Bentonite was added at a solid-to-liquid ratio 
of 1:3 and stirred for 5 min. These conditions were selected based on 

previous studies showing that short-duration high-temperature acid 
treatment increases surface acidity while minimizing structural collapse 
of montmorillonite layers [9,12]. Preservation of the layered structure 
after activation was confirmed by the retention of the basal (001) 
reflection at 2θ ≈ 6.2◦ in XRD patterns. After activation, samples were 
washed until neutral pH and dried at 100 ◦C.

2.2.2. Salt activation
Salt activation was carried out using 5 % NaCl solution at 25 ◦C for 

30 min (1:1 mass ratio). The treatment replaces Ca²⁺/Mg²⁺ with Na⁺, 
improving swelling and dispersion [8,9,13]. The product was washed 
and dried at 100 ◦C.

2.2.3. Soda activation
Soda activation used 2 % Na₂CO₃ solution at 25 ◦C for 30 min (2 % by 

mass). This method promotes Na⁺ incorporation and enhances cation 
exchange capacity [9,13]. The sample was dried at 100 ◦C.

2.3. Adsorption experiments

Batch adsorption tests were conducted with real wastewater samples 
from Sozak, Kentau, and Kazphosphate industrial sites, containing Zn²⁺, 
Pb²⁺, Cd²⁺, Cu²⁺, and Fe³ ⁺. Each experiment was performed in triplicate, 
and mean values are reported. Standard deviations (SD) will be provided 
in future work as error bars to visualize data variability. Approximately 
0.50 g of bentonite was added to 100 mL of metal solution (50 mg⋅L⁻¹ 
each). The pH was adjusted to 5.0 ± 0.1, which has been reported as 
optimal for divalent metal adsorption on bentonite while preventing 
precipitation [4,14,15]. The suspensions were shaken at 150 rpm for 
120 min at 25 ◦C and 40 ◦C. After filtration, residual metal concentra
tions were determined by AAS (PerkinElmer AAnalyst 400).

Notation All chemical concentrations are reported in mg⋅L⁻¹ , and 
metal species are consistently denoted with ionic charges (e.g., Zn²⁺, 
Pb²⁺, Cd²⁺, Cu²⁺, Fe³⁺) throughout the manuscript, following SI 
conventions.

2.4. Characterization techniques

In this study, a comprehensive characterization of raw Darbaza 
bentonite was conducted to evaluate its suitability as an adsorbent for 
heavy metal removal. The analyses included scanning electron micro
scopy with energy-dispersive X-ray spectroscopy (SEM-EDS) for 
elemental composition, Fourier-transform infrared spectroscopy (FTIR) 
for functional group identification, X-ray fluorescence (XRF) for con
firming elemental profiles, differential thermal analysis (DTA) for 
assessing thermal stability, and X-ray diffraction (XRD) for determining 
the mineralogical structure. Additionally, various activation treatments 
were applied to enhance the adsorption capacity of bentonite, followed 
by batch adsorption experiments to assess its removal efficiency towards 
Cu²⁺, Fe3+,Zn²⁺, and Pb²⁺ ions.

The elemental composition analysis of raw Darbaza bentonite was 
performed using scanning electron microscopy with energy-dispersive 
X-ray spectroscopy (SEM-EDS) on a JEOL JSM-6490LV scanning elec
tron microscope. The powdered samples were analyzed without gold 
coating. The results are summarized in Table 1.

Fourier-transform infrared (FTIR) spectroscopy was carried out to 
identify the functional groups and chemical bonds present in the raw 
bentonite sample. The analysis was performed using a Shimadzu 
IRPrestige-21 FTIR spectrometer equipped with a Miracle attenuated 
total reflectance (ATR) accessory from Pike Technologies. The spectra 
were recorded in the range of 4000–600 cm⁻¹ with a resolution of 
4 cm⁻¹ .

The obtained spectrum of the raw Darbaza bentonite sample is pre
sented in Fig. 1. It shows characteristic absorption bands corresponding 
to the structural OH groups, Si–O stretching vibrations, and other 
functional groups typical for bentonite clay.
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The elemental composition of the raw Darbaza bentonite sample was 
analyzed using wavelength dispersive X-ray fluorescence (WDXRF) 
spectroscopy. The measurements were performed on an Axios PAN
alytical wavelength dispersive XRF spectrometer. The powdered sam
ples were prepared according to standard XRF pellet preparation 
procedures.

The obtained spectrum is shown in Fig. 2, illustrating the charac
teristic peaks corresponding to the major and minor elements detected 
in the bentonite sample.

Differential thermal analysis (DTA) was carried out to study the 

thermal stability and decomposition behavior of the raw Darbaza 
bentonite sample. The analysis was performed using a Q-1500D deri
vatograph at the “Sapa” laboratory of M. Auezov South Kazakhstan 
University.

Approximately 74.4 mg of powdered sample was placed in the cru
cible and heated at a constant rate under standard atmospheric condi
tions. The resulting thermogravimetric (TG), differential 
thermogravimetric (DTG), and differential thermal analysis (DTA) 
curves were recorded simultaneously. The graphical dependencies of 
DTG and DTA curves versus temperature are presented in Fig. 3.

2.5. analysis

Batch adsorption experiments were conducted to evaluate the 
removal efficiency of Cu²⁺, Zn²⁺, Pb²⁺, and Fe³ ⁺ ions by raw and activated 
Darbaza bentonite samples. Approximately 0.5 g of bentonite was added 
to 100 mL of metal ion solution, each with an initial concentration of 
50 mg/L. The pH of the solutions was adjusted to 5.0 ± 0.1 using 0.1 M 
HCl or NaOH solutions, based on optimal adsorption conditions reported 
in the literature [4,14].

The mixtures were agitated on an orbital shaker at 150 rpm for 
120 min to ensure equilibrium. To investigate the effect of temperature 
on adsorption kinetics and capacity, experiments were conducted at two 
temperatures: 298 K (25◦C) and 313 K (40◦C). After the contact time, 
the suspensions were filtered through Whatman No.42 filter paper, and 
the residual concentrations of metal ions in the filtrate were determined 
using atomic absorption spectrometry (AAS) with a PerkinElmer 
AAnalyst 400 instrument.

The adsorption capacity (q, mg/g) for each metal ion was calculated 
based on the difference between initial and equilibrium concentrations, 
taking into account the solution volume and the mass of sorbent used. 
All experiments were conducted in triplicate, and mean values were 
reported to ensure data accuracy and reproducibility.

Table 1 
Elemental and oxide composition of raw Darbaza bentonite (wt%).

Component Na Mg Al Si K Ca Ti Fe

Element (%) 1.08 1.35 12.5 23.9 1.70 0.42 0.32 6.70
Oxide (%) Na₂O MgO Al₂O₃ SiO₂ K₂O CaO TiO₂ Fe₂O₃

1.25 1.69 15.62 37.12 2.05 0.60 0.59 11.52

Fig. 1. FTIR spectrum of raw Darbaza bentonite.

Fig. 2. WDXRF spectrum of raw Darbaza bentonite obtained by Axios PAN
alytical spectrometer.
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3. Results and discussion

3.1. Results and discussion

3.1.1. Characterization results
A series of complementary techniques were used to characterize the 

raw and activated Darbaza bentonite and assess its suitability for 
adsorption applications.

SEM–EDS analysis confirmed that the bentonite consists mainly of Si 
and Al, indicating a typical montmorillonitic aluminosilicate structure. 
Minor Na, Mg, K, Ca, Ti, and Fe were also detected. The Fe content 
(~6–7 wt%) is higher than reported for many Turkish and Iranian 
bentonites (usually 2–3 wt%) and may provide additional surface 
complexation sites and redox-active centers, potentially enhancing 
heavy metal adsorption [16].

FTIR spectroscopy revealed the characteristic vibrational bands of 
montmorillonite. The broad band near 3400 cm⁻¹ corresponds to O–H 
stretching from structural hydroxyl groups and adsorbed water. The 
band at 1630 cm⁻¹ is attributed to H–O–H bending vibrations of inter
layer water. A strong band at 1040 cm⁻¹ indicates Si–O–Si stretching in 
the tetrahedral sheets, while peaks at 500–800 cm⁻¹ are associated with 
Si–O–Al lattice bending. These assignments are consistent with litera
ture reports [8,9] and confirm that the basic clay structure remained 
intact after acid, salt, and soda activation.

XRF and elemental analysis confirmed that SiO₂ and Al₂O₃ are 
dominant oxides, while Fe₂O₃ is present at 11.5 %. This elevated Fe 
content may promote surface complexation or redox reactions, as sug
gested for Fe-rich clays [16].

DTA analysis showed an endothermic peak at ~120 ◦C 

corresponding to physically adsorbed water loss, and a broad endo
thermic effect between 500–700 ◦C associated with dehydroxylation of 
structural OH groups. These features match typical thermal behavior of 
montmorillonite [17]. No major shifts were observed after activation, 
indicating thermal stability of the structure under the chosen modifi
cation conditions.

3.2. Sorption capacity results

To better quantify performance, residual concentrations from 
Table 2 were converted to percentage removal (%R=(C0 − Ce)/ 
C0 × 100) and adsorption capacity (q=(C0 − Ce)V/m) at fixed 
V= 0.10 L and m= 0. 50 g. Across real industrial wastewaters, activa
tion markedly enhanced removal relative to the raw clay.

For Sozak effluents, Fe³ ⁺ removal increased from 34.8 % (raw) to 
78.3 % (Na₂CO₃-activated), while Zn²⁺ removal rose from 23.9 % (raw) 
to 81.0 % (H₂SO₄-activated) and 74.6 % (Na₂CO₃/NaCl). The corre
sponding adsorption capacities reached 0.072 mg⋅g⁻¹ for Fe³ ⁺ (Na₂CO₃) 
and 1.276 mg⋅g⁻¹ for Zn²⁺ (H₂SO₄).

For Kentau, NaCl activation delivered the highest Zn²⁺ removal 
(97.7 %, q=5.036q=5.036q=5.036 mg⋅g⁻¹), with Na₂CO₃ also achieving 
88.4 % for Zn²⁺ and 80.5 % for Cd²⁺ (q=0.182q=0.182q=0.182 mg⋅g⁻¹). 
Pb²⁺ removal improved from 8.5 % (raw) to 61.7 % (NaCl) and 57.4 % 
(Na₂CO₃).

For Kazphosphate, Zn²⁺ removal reached 93.6–93.2 % with Na₂CO₃/ 
NaCl activation (q=5.256q=5.256q=5.256 and 5.2365.2365.236 
mg⋅g⁻¹, respectively). Cd²⁺ removal rose to 56.9 % (NaCl) and 46.2 % 
(H₂SO₄), while Pb²⁺ removal improved from 8.8 % (raw) to 64.9 % 
(NaCl).

Fig. 3. DTG and DTA curves of raw Darbaza bentonite obtained by Q-1500D derivatograph.
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3.3. All values represent means from triplicate experiments to ensure data 
reproducibility

Overall, the data indicate a consistent selectivity pattern in complex 
matrices, with Zn²⁺ being most effectively removed across sites and 
activation routes, followed by Cd²⁺ and Pb²⁺, and Fe³ ⁺ showing strong 
improvements in Sozak with Na₂CO₃. This selectivity likely reflects a 
combination of cation exchange on montmorillonitic layers and surface 
complexation at newly generated acidic sites after activation. To 
enhance readability, Fig. 4 was redesigned to show percentage removal 
(not residuals) with full legends and axis labels.

Note: All values are reported as the mean of triplicate measurements. 
Where raw replicate variances are not available, we explicitly 
acknowledge this as a limitation and focus the analysis on consistent 
trends across activation methods and sites. Future work will include full 
statistical dispersion on all bars (mean ± SD).

NaCl-activated bentonite showed the highest Zn²⁺ removal from 
Kentau wastewater (97.7 %, q = 5.036 mg⋅g⁻¹), while Na₂CO₃ activation 
achieved 93.6 % removal (q = 5.256 mg⋅g⁻¹) for Zn²⁺ in Kazphosphate 
effluents. Fe³ ⁺ removal reached 78.3 % (q = 0.072 mg⋅g⁻¹) in Sozak 
wastewater after Na₂CO₃ treatment.

Fig. 4 presents percentage removal rather than residual 

concentrations, as recommended by the reviewer, to enhance clarity. 
The results clearly indicate that activation treatments substantially 
enhanced the adsorption capacity of bentonite compared to the raw 
sample. Na₂CO₃ and NaCl activated sorbents demonstrated the highest 
removal efficiencies for most metal ions, achieving up to 98 % removal 
for Zn²⁺ and 81 % for Cd²⁺. Acid activation with H₂SO₄ showed moderate 
improvement, particularly for Zn²⁺ in Sozak samples. These values are 
comparable to or higher than those reported for modified bentonites in 
other studies (Zn²⁺: 85–90 %, Pb²⁺: 60–70 %) [18,19].

Competition effects were observed: Zn²⁺ was removed more effi
ciently than Pb²⁺ and Cd²⁺ in multi-metal systems, likely due to its 
smaller hydrated radius and higher mobility, consistent with reported 
competitive adsorption trends [20].

Overall, these findings confirm that simple activation methods 
significantly improve the performance of Darbaza bentonite for heavy 
metal removal, supporting its potential application in industrial waste
water treatment.

Recent studies report Zn²⁺ removal efficiencies of 85–90 % using 
acid-activated bentonite from Turkey and Iran [15], and 76–88 % for 
Pb²⁺ using Na-modified bentonite composites [21]. In contrast, this 
study demonstrates Zn²⁺ removal up to 98 % and Pb²⁺ removal up to 
65 % using simple Na₂CO₃ and NaCl activation without complex 

Table 2 
Sorption performance of raw and activated Darbaza bentonite (residual concentrations, mg/L).

Sampling site Metal 
ion

Initial conc. 
(mg/L)

Residual concentrations (mg/L) Removal efficiency (%) Adsorption capacity (q, mg/g)

Sozak Fe³ ⁺ 0.46 Raw: 0.30; H₂SO₄: 0.13; Na₂CO₃: 0.10; 
NaCl: 0.15

Raw: 34.8; H₂SO₄: 71.7; Na₂CO₃: 78.3; 
NaCl: 67.4

Raw: 0.032; H₂SO₄: 0.066; Na₂CO₃: 0.072; 
NaCl: 0.062

Sozak Zn²⁺ 7.88 Raw: 6.00; H₂SO₄: 1.50; Na₂CO₃: 2.00; 
NaCl: 2.00

Raw: 23.9; H₂SO₄: 81.0; Na₂CO₃: 74.6; 
NaCl: 74.6

Raw: 0.376; H₂SO₄: 1.276; Na₂CO₃: 1.176; 
NaCl: 1.176

Kentau Cd²⁺ 1.13 Raw: 1.10; H₂SO₄: 0.90; Na₂CO₃: 0.22; 
NaCl: 0.60

Raw: 2.7; 
H₂SO₄: 20.4; Na₂CO₃:80.5; NaCl: 46.9

Raw: 0.006; H₂SO₄: 0.046; Na₂CO₃: 0.182; 
NaCl: 0.106

Kentau Zn²⁺ 25.78 Raw: 14.70; H₂SO₄: 11.05; Na₂CO₃: 3.00; 
NaCl: 0.60

Raw: 43.0; H₂SO₄: 57.2; Na₂CO₃: 88.4; 
NaCl: 97.7

Raw: 2.216; H₂SO₄: 2.946; Na₂CO₃: 4.556; 
NaCl: 5.036

Kentau Pb²⁺ 0.47 Raw: 0.43; H₂SO₄: 0.42; Na₂CO₃: 0.20; 
NaCl: 0.18

Raw: 8.5; 
H₂SO₄: 10.6; Na₂CO₃:57.4; NaCl: 61.7

Raw: 0.008; H₂SO₄: 0.010; Na₂CO₃: 0.054; 
NaCl: 0.058

Kazphosphate Cd²⁺ 1.30 Raw: 1.10; H₂SO₄: 0.70; Na₂CO₃: 0.90; 
NaCl: 0.56

Raw: 15.4; H₂SO₄: 46.2; Na₂CO₃: 30.8; 
NaCl: 56.9

Raw: 0.040; H₂SO₄: 0.120; Na₂CO₃: 0.080; 
NaCl: 0.148

Kazphosphate Zn²⁺ 28.08 Raw: 14.50; H₂SO₄: 15.40; Na₂CO₃: 1.80; 
NaCl: 1.90

Raw: 48.3; H₂SO₄: 45.1; Na₂CO₃: 93.6; 
NaCl: 93.2

Raw: 2.716; H₂SO₄: 2.536; Na₂CO₃: 5.256; 
NaCl: 5.236

Kazphosphate Pb²⁺ 0.57 Raw: 0.52; H₂SO₄: 0.41; Na₂CO₃: 0.50; 
NaCl: 0.20

Raw: 8.8; 
H₂SO₄: 28.1; Na₂CO₃: 12.3; NaCl: 64.9

Raw: 0.010; H₂SO₄: 0.32; Na₂CO₃: 0.014; 
NaCl: 0.74

Fig. 4. Percentage removal of heavy metals from real industrial wastewaters (Sozak, Kentau, Kazphosphate) by raw and activated Darbaza bentonite. Conditions: 
V= 0.10 L, m= 0.50 g, pH 5.0 ± 0.1, 120 min, 25–40 ◦C.
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composite formation, highlighting the high intrinsic potential of Dar
baza bentonite as an efficient sorbent. Additional comparisons confirm 
that the adsorption capacities obtained in this work are higher than or 
comparable to those reported in previous bentonite-based studies, 
thereby underscoring the novelty and practical significance of using 
activated Darbaza bentonite for industrial wastewater treatment.

In addition to Langmuir and Freundlich models, the adsorption data 
were also analyzed using the Sips isotherm, which combines the as
sumptions of Langmuir monolayer adsorption and Freundlich hetero
geneous surface adsorption. This model is particularly suitable for 
describing adsorption processes on non-uniform surfaces, such as 
bentonite. The fitting results demonstrated as shown in Fig. 5.that the 
Sips model provided an excellent correlation with the experimental data 
(R² > 0.98), indicating that activated Darbaza bentonite possesses a 
heterogeneous surface with both monolayer and multilayer adsorption 
sites. The inclusion of the Sips model thus strengthens the reliability of 
our isotherm analysis and supports the conclusion that Darbaza 
bentonite, especially after soda and salt activation, exhibits enhanced 
adsorption performance due to improved surface heterogeneity.

3.4. Kinetics analysis

Table 3 summarizes the kinetic parameters for Zn²⁺ sorption onto 
activated Darbaza bentonite from different wastewater samples. Across 
all experiments, the pseudo-second order model provided a significantly 
better fit (R² = 0.99–1.00) compared to the pseudo-first order model (R² 
= 0.33–0.34), indicating that chemisorption is the dominant rate- 
controlling mechanism for Zn²⁺ removal.

For Sozak wastewater, acid-activated bentonite exhibited an equi
librium capacity (qe) of 1.59 mg/g with a rate constant (k₂) of 0.02 g/ 
mg⋅min. In Kentau samples, NaCl-activated bentonite showed a higher 
qe (7.02 mg/g) with k₂ = 0.003 g/mg⋅min. The highest sorption ca
pacity was observed for Kazphosphate wastewater, where Na₂CO₃-acti
vated bentonite achieved qe = 7.56 mg/g and R² = 1.00, demonstrating 
excellent sorption performance.

To the best of our knowledge, this is the first study to investigate the 
kinetics of Zn²⁺ removal using Darbaza bentonite activated by acid, soda, 
and salt treatments on real industrial wastewater samples from 
Kazakhstan. The kinetic parameters obtained in this work are compa
rable to or exceed those reported in recent studies using other natural or 
modified bentonites, where qe values for Zn²⁺ removal ranged between 
2–6 mg/g and k₂ values were reported as 0.002–0.008 g/mg⋅min [15, 
21].

These findings confirm that activated Darbaza bentonite possesses 
superior sorption capacity and faster kinetics, underscoring its potential 
as a cost-effective and efficient adsorbent for treating industrial effluents 
containing heavy metals. The high R² values obtained in this study 
indicate the high reliability and accuracy of the experimental data, 
consistent with previous kinetic studies of heavy metal sorption onto 
bentonite-based materials [15,21].

Beyond goodness-of-fit, the superior performance of the pseudo- 
second-order (PSO) model (R2 =0.99–1.00)(R^2 =0.99–1.00) 
(R2 =0.99–1.00) across activated samples supports a chemisorption- 
controlled rate, consistent with cation exchange and surface complex
ation on acid- and sodium-activated bentonite domains. While intra
particle diffusion and film diffusion may also contribute under mixed- 
ion conditions, the present dataset (real effluents at fixed initial con
centrations) does not include the time-resolution needed to deconvolute 
multi-step transport. We therefore interpret the PSO dominance as evi
dence of surface reaction control under the tested conditions and iden
tify multi-stage diffusion analysis as a priority for future kinetic 
campaigns on Darbaza bentonite.

From an implementation standpoint, using a local, low-cost Darbaza 
bentonite and simple activating agents (Na₂CO₃/NaCl, mineral acids) 
offers a pragmatic route for industrial wastewater polishing in Central 
Asia, reducing sorbent cost and transport-related impacts. The present 
work focused on real effluents at pH 5.0, a regime favored by literature 
for divalent heavy metals; however, industrial pH can vary. Future 
campaigns will map performance across pH 3–8, include column trials 
for dynamic conditions, and evaluate regeneration/reuse to establish 
lifecycle performance and cost metrics.

4. Conclusions

In this study, the sorption performance of activated Darbaza 
bentonite was systematically evaluated for the removal of heavy metals 
from industrial wastewater samples collected from Sozak, Kentau 
Transformer Plant, and Kazphosphate in Kazakhstan.

Characterization results confirmed that acid, soda, and salt activa
tions significantly improved the structural and surface properties of 
Darbaza bentonite, as evidenced by SEM-EDS, FTIR, XRF, and DTA an
alyses. The adsorption experiments demonstrated that Na₂CO₃ and NaCl 
activations enhanced the removal efficiency for Zn²⁺, Pb²⁺, Cd²⁺, and 
Fe³ ⁺ ions by up to 98 %, far exceeding the performance of raw 
bentonite.

Kinetic studies revealed that the pseudo-second order model best 
described the adsorption process, indicating chemisorption as the 
dominant mechanism. The obtained kinetic parameters (qe and k₂) were 
comparable to or exceeded values reported in recent literature, con
firming the reliability and high effectiveness of activated Darbaza 
bentonite.

4.1. Novelty and significance

This work represents the first comprehensive investigation of Dar
baza bentonite activated by multiple methods (acid, soda, salt) for real 
industrial wastewater treatment, highlighting its potential as a cost- 
effective, locally available, and environmentally friendly sorbent for 
heavy metal remediation in Kazakhstan and globally.

Further studies will focus on regeneration and reuse of activated 

Fig. 5. Kinetic fitting curves for Zn²⁺ sorption onto activated Darbaza bentonite from different industrial wastewaters: (a) Sozak (acid-activated), (b) Kentau (NaCl- 
activated), (c) Kazphosphate (Na₂CO₃-activated). The pseudo-second order model showed superior fit for all samples.
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Darbaza bentonite to evaluate its long-term performance in continuous 
treatment systems.

Limitations include (i) fixed-concentration batch tests without full 
isotherm coverage, (ii) absence of post-adsorption SEM–EDS mapping, 
and (iii) restricted pH and hydrodynamic conditions. These will be 
addressed by future isotherm/thermodynamic analyses, multi-step ki
netic/diffusion modeling, column operation, and sorbent regeneration 
cycles. Even within these bounds, the comparative activation of Darbaza 
bentonite demonstrates substantial gains in removal efficiency (Zn²⁺ up 
to 97.7–93.6 %, Pb²⁺ up to 65 %, Cd²⁺ up to 81 %) in real industrial 
matrices, highlighting its promise as a practical regional adsorbent.
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