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Abstract. Relevance. Pollution of water resources with heavy metal ions remains a 
major environmental problem. Wastewater from mining, metallurgical, and chemical 
industries often contains toxic Pb²+, Cd²+, Zn²+, and Cu²+ ions that bioaccumulate and 
threaten ecosystems and human health. Due to the limited effectiveness of traditional 
treatment methods, environmentally safe and cost-efficient adsorption technologies 
based on natural minerals are gaining importance.

Research objective. This study investigates the kinetics and thermodynamics of heavy 
metal ion adsorption on modified diatomite sorbents based on Ca-montmorillonite and 
determines diffusion, energy, and practical characteristics of the process.

Research methods. Adsorption of Pb²+, Cd²+, Zn²+, and Cu²+  was studied under static 
conditions at pH = 5.5 ± 0.5 and 288–313 K. Kinetic parameters were determined using 
pseudo-second-order models, while equilibrium data used the Langmuir isotherms. IR 
spectroscopy evaluated structural and chemical changes in the sorbent surface.

Results. Heavy metal extraction reached 95–100% within 20—30 minutes and 
equilibrium achieved in 40—60 minutes. The kinetics follow a pseudo-second-order 
model (R² ≈ 0.99), while equilibrium adsorption is described by the Langmuir isotherm, 
which indicates the monolayer nature of adsorption. Activation energies (kJ/mol) 
were: Pb²+ – 75.5; Cd²+ – 51.1; Zn²+ – 45.6; Cu²+ – 26.1. IR spectroscopy confirmed the 
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participation of –NH₂, –COOH, and –OH groups in ion exchange and donor-acceptor 
interactions.

Practical significance. Modified diatomite sorbents demonstrate high efficiency in 
removing heavy metals from wastewater. The material is inexpensive, environmentally 
friendly, and suitable for use in industrial water treatment systems.

Keywords: heavy metals, Ca-montmorillonite, diatomite, polyethylenepolyamine, 
adsorption
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Аннотация. Өзектілігі. Ауыр металл иондарымен судың ластануы қазіргі 
заманның ең өзекті экологиялық мәселелерінің бірі болып қала береді. Тау-кен, 
металлургия және химия өнеркәсібінен шығатын өнеркәсіптік ағынды суларда 
көбінесе биоаккумуляциялық және экожүйелер мен адам денсаулығына қауіп 
төндіретін Pb²+, Cd²+, Zn²+ және Cu²+ сияқты улы иондар болады. Дәстүрлі тазарту 
әдістерінің тиімділігі шектеулі болғандықтан, табиғи минералды материалдарға 
негізделген экологиялық таза және үнемді сорбциялық технологиялар ерекше 
маңызды. 

Зерттеудің мақсаты. Бұл жұмыстың мақсаты — Ca-монтмориллонит негізіндегі 
модификацияланған диатомды жер адсорбенттеріндегі ауыр металл иондарының 
сорбциясының кинетикасы мен термодинамикасын зерттеу, сондай-ақ процестің 
диффузиясын, энергиясын және практикалық сипаттамаларын анықтау.

Зерттеу әдістері. Pb²+, Cd²+, Zn²+ және Cu²+ сорбциясы тұрақты шайқалу 
жағдайында, рН = 5,5 ± 0,5 және температурасы 288–313 К болғанда, статикалық 
жағдайда зерттелді. Кинетикалық параметрлер жалған екінші ретті модельдерді 
қолдану арқылы анықталды, ал тепе-теңдік деректері Ленгмюр изотермаларын 
қолдану арқылы талданды. Адсорбент бетіндегі құрылымдық және химиялық 
өзгерістер ИҚ спектроскопиясын қолдану арқылы бағаланды.
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Нәтижелері. Ауыр металл иондарының экстракция жылдамдығы 20–30 
минут ішінде 95–100%-ға жететіні, ал тепе-теңдікке 40–60 минут ішінде 
жететіні анықталды. Процесс кинетикасы жалған екінші ретті модельмен жақсы 
сипатталған (R² ≈ 0,99), ал тепе-теңдік сорбциясы Ленгмюр изотермасымен 
сипатталады, бұл адсорбцияның моноқабатты сипатын көрсетеді. Белсенділік 
энергиялары (кДж/моль) анықталды: Pb²+ – 75,5; Cd²+ – 51.1; Zn²+ – 45.6; Cu²+ – 
26.1. ИҚ-спектроскопия –NH+, –COOH және –OH топтарының ион алмасу және 
донор-акцепторлық өзара әрекеттесулерге қатысуын растады.

Практикалық маңыздылығы. Нәтижелер модификацияланған диатомды жер 
сорбенттерінің ауыр металдарды ағынды суларды тазартуда жоғары тиімділігін 
растайды. Материал арзан, экологиялық таза және өнеркәсіптік су тазарту 
жүйелерінде енгізу үшін ұсынылуы мүмкін.

Түйін сөздер: ауыр металдар, Ca-монтмориллонит, диатомит, полиэтиленпо
лиамин, адсорбция 
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Аннотация. Актуальность. Загрязнение водных ресурсов ионами 
тяжёлых металлов остаётся одной из наиболее острых экологических проблем 
современности. Сточные воды горнодобывающей, металлургической и химической 
промышленности содержат токсичные ионы Pb²+, Cd²+, Zn²+ и Cu²+, склонные к 
биоаккумуляции и представляющие серьёзную угрозу для экосистем и здоровья 
человека. В условиях низкой эффективности традиционных методов очистки 
возрастает значение экологически безопасных и экономичных сорбционных 
технологий на основе природных минералов.

Цель исследования. Изучение кинетических и термодинамических параметров 
сорбции ионов тяжёлых металлов на модифицированных адсорбентах на основе 
Ca-монтмориллонита, а также определение диффузионных, энергетических и 
эксплуатационных характеристик процесса.
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Методы исследования. Адсорбция Pb²+, Cd²+, Zn²+ и Cu²+ изучалась в 
статических условиях при постоянном встряхивании, pH = 5,5 ± 0,5 и температуре 
288—313 К. Кинетические параметры рассчитывались по модели псевдовторого 
порядка; равновесные данные анализировались по изотерме Ленгмюра. 
Структурно-химические изменения поверхностных групп оценивались методом 
ИК-спектроскопии. 

Результаты. Показано, что степень извлечения ионов тяжёлых металлов 
составляет 95—100% в течение 20—30 минут, а равновесие достигается за 40—
60 минут. Кинетика сорбции соответствует модели псевдовторого порядка (R² ≈ 
0,99), что свидетельствует о хемосорбционном механизме. Равновесная адсорбция 
хорошо описывается изотермой Ленгмюра, подтверждая монослойный характер 
процесса. Определены энергии активации (кДж/моль): Pb²+ — 75,5; Cd²+ — 51,1; 
Zn²+ — 45,6; Cu²+ — 26,1. ИК-спектроскопия выявила участие функциональных 
групп —NH+, —COOH и —OH в ионообменных и донорно-акцепторных 
взаимодействиях с ионами металлов.

Практическое значение. Результаты демонстрируют высокую эффективность 
модифицированных диатомитовых сорбентов при очистке сточных вод от 
тяжёлых металлов. Материал отличается низкой стоимостью, экологической 
безопасностью и может быть рекомендован к использованию в промышленных 
системах водоочистки. 

Ключевые слова: тяжёлые металлы, Ca-монтмориллонит, диатомит, 
полиэтиленполиамин, адсорбция

Introduction. Environmental pollution with heavy metal ions is one of the pressing 
environmental issues of our time. Wastewater from industrial enterprises, including 
mining, metallurgical, and chemical industries, often contains toxic elements such as 
lead (Pb²+), cadmium (Cd²+), zinc (Zn²+), and copper (Cu²+). Since these elements are 
not biodegradable and tend to accumulate in living organisms, they pose a significant 
threat to ecosystems and human health (Iqbal, 2018). 

Currently, various methods are used to remove heavy metals from aqueous 
environments: chemical precipitation, ion exchange, membrane and electrolytic 
technologies (Azimi et.al., 2017). However, most of these methods require high energy 
consumption, large amounts of reagents, and generate additional waste. Therefore, 
adsorption methods based on natural and inexpensive mineral materials are a more 
environmentally friendly and economically advantageous alternative (Ugwu et.al., 
2019; Barakan et.al., 2021). 

In recent years, natural diatomite and montmorillonite clays have been widely 
studied as effective sorbents for heavy metals due to their high specific surface area, 
porosity, and chemical stability. Modification of these materials with organic polymers, 
such as polyethylene polyamine, increases their adsorption capacity and enhances the 
activity of surface functional groups (ElSayed 2018; Zhao et.al., 2019).  

The aim of this work is to study the kinetics and thermodynamics of heavy metal ion 
adsorption on modified diatomite sorbents based on Ca-montmorillonite, to determine 
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the diffusion and energy characteristics of the process, and to determine the practical 
signifi cance of the results obtained in the fi eld of environmental protection.

Materials and methods. Water-washed Ca-montmorillonite clay was used in the 
study. The adsorption of heavy metals from solutions was studied in a static mode 
with constant shaking. A sample of the sorbent-a solution with a specifi c sorbate 
concentration-was placed in a conical fl ask, maintained at a pH of 5.5 ± 0.5 for a specifi c 
time and at a specifi c temperature (Esmail et.al., 2013; Khachatryan 2014).

The components of the sorbent and metal solutions were determined depending on 
time and temperature. The kinetics and thermodynamics of the adsorption process were 
studied. Various temperatures (288, 293, 303, 313 K) were used to study the effect of 
temperature.

The following equations were used to describe the proportion of external diffusion 
into the environment: Dexternal is the external diffusion coeffi cient, and signal is the 
thickness of the solution fi lm.

The Arrhenius equation was used to determine the activation energies (Ea) of the 
heavy metal adsorption process on diatomite sorbent. The Langmuir adsorption model 
was used to explain the experimental data.

Adsorbed metal ions are desorbed with a 1 M hydrochloric acid solution, with a 
deadsorption rate of 95—98%. The adsorbent purifi ed in this way is treated with a 20—
30% alkali solution for 2—3 hours and reused for further purifi cation and extraction of 
metal ions.

To determine the mechanism of interaction of the modifi ed diatomite sorbent with the 
surface, IR spectroscopy studies of samples were carried out before and after interaction 
with Cu2+ and Pb2+ ions.

Results and Discussion. 3.1 Kinetics. The time dependencies of heavy metal 
adsorption studied in the temperature range of 288—293 K (Figure 1) show that for 
all studied systems, the adsorption values reach constant values after 40—60 minutes.

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(С=100mg/dm3) at temperatures: 1-288K, 2-293K, 3-303K, 4-313K 

Figure 1 — Kinetic curves of heavy metal adsorption on diatomite sorbent 
 
The degree of metal removal reaches 95-100% in about 20-30 minutes. 
The contribution of external diffusion to the adsorption of heavy metals in the studied sorbent can be 

described (Wagner et.al., 2005; Godymchuk 2003) as follows (1): 
 

                              𝛾𝛾 = 3𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒.
𝑟𝑟0𝛿𝛿𝐾𝐾𝑝𝑝

                       (1) 

Taking into account this equation, where Dexternal is the external diffusion coefficient, r0 is the radius of 
the sorbent particles, sigma is the thickness of the solution shell around the sorbent particles, its value is taken 
to be equal to 5*10-3 cm (Adebowale et.al., 2005), Kp is the distribution coefficient, determined by the equation 
(Lutsenko 2004; Vezentsev 2008): Kp = a/Cp, where a is the number of sorbed ions (mmol/g), and Cp is the 
equilibrium concentration of these ions in solution (mmol/cm3),  t Dexternal can be calculated from the tangent 
of the slope of the line-ln(1-F). 

Processing of the kinetic adsorption curves of the studied heavy metals using equation (1) showed that 
the time of onset of the linear dependence of the function -ln(1-F)=f(t) depends primarily on the temperature 
of the experiment. 

Thus, if at a temperature of 288–293 K a high linear dependence of this function is observed in the 
first 20–30 minutes, then at a temperature of 303–313 K this time is reduced to 5–10 minutes, which is due to 
a decrease in external diffusion resistance with increasing temperature. Consequently, the external diffusion 
coefficient also increases with increasing temperature. 
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The degree of metal removal reaches 95-100% in about 20-30 minutes.
The contribution of external diffusion to the adsorption of heavy metals in the studied 

sorbent can be described (Wagner et.al., 2005; Godymchuk 2003) as follows (1):

                        (1)

Taking into account this equation, where Dexternal is the external diffusion coeffi cient, 
r0 is the radius of the sorbent particles, sigma is the thickness of the solution shell around 
the sorbent particles, its value is taken to be equal to 5*10-3 cm (Adebowale et.al., 
2005), Kp is the distribution coeffi cient, determined by the equation (Lutsenko 2004; 
Vezentsev 2008): Kp = a/Cp, where a is the number of sorbed ions (mmol/g), and Cp 
is the equilibrium concentration of these ions in solution (mmol/cm3),  t Dexternal can be 
calculated from the tangent of the slope of the line-ln(1-F).

Processing of the kinetic adsorption curves of the studied heavy metals using equation 
(1) showed that the time of onset of the linear dependence of the function -ln(1-F)=f(t) 
depends primarily on the temperature of the experiment.

Thus, if at a temperature of 288–293 K a high linear dependence of this function 
is observed in the fi rst 20–30 minutes, then at a temperature of 303–313 K this time is 
reduced to 5–10 minutes, which is due to a decrease in external diffusion resistance with 
increasing temperature. Consequently, the external diffusion coeffi cient also increases 
with increasing temperature.

 In most cases, the dependence  is polylinear, characterized by 2—3 sections 
and described by the following equation (2):

                     (2)

where A is the segment cut off from the coordinate axis at at=f(t1/2), dependence.
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Diffusion parameters. 3.2. In equation (1), δ describes the thickness of the boundary 
layer. The first part describes the diffusion of the sorbate through the solution layer to 
the sorbent surface (Table 1). 

Table 1. Diffusion parameters of heavy metal adsorption on diatomite sorbent.

Ion t,K Dext.,
cm2/sec. kd, mole*g-1*sec.-0,5 Di, cm2/sec. Bi

Pb2+

288
293
303
313

1.65*10-5

4.93*10-5

5.86*10-5

1.01*10-4

4.60*10-3

5.60*10-3

6.90*10-3

9.30*10-3

1.70*10-8

6.81*10-8

8.52*10-8

1.19*10-7

5.00
3.37
3.00
3.10

Cd2+

288
293
303
313

2.07*10-5

2.80*10-5

3.20*10-5

5.85*10-5

6.10*10-3

6.70*10-3

8.20*10-3

8.20*10-3

5.96*10-8

7.24*10-8

8.94*10-8

2.26*10-7

3.13
3.37
3.21
2.35

Zn2+

288
293
303
313

1.14*10-5

1.46*10-5

1.53*10-5

2.58*10-5

6.30*10-3

7.40*10-3

8.90*10-3

1.25*10-2

5.96*10-8

7.66*10-8

5.96*10-8

9.37*10-8

3.37
3.19
4.35
4.74

Cu2+

288
293
303
313

1.18*10-5

1.41*10-5

1.68*10-5

1.81*10-5

6.60*10-3

6.60*10-3

8.40*10-3

9.20*10-3

6.39*10-8

8.09*10-8

6.81*10-8

8.52*10-8

3.36
3.19
6.02
4.38

The second part, whose slope determines the internal diffusion rate constant, 
describes the internal diffusion process itself [3]. To calculate the internal diffusion 
coefficients (Di), the classical equation for internal diffusion from a confined volume 
into a spherical body, proposed by Boyd and Adamson (Ivanov 2005; Byurnieva 2009; 
Neudachina 2004), was used (3):

                       (3)

where Di is the internal diffusion coefficient, cm2/s; r is the radius of the sorbent 
grain, cm; t is the time, s.    — Fourier homochromy criterion. 

Based on the determined t-Bt, the Bt—t dependence is constructed, the slope of 
which is determined by Dі.

The temperature dependence of the internal diffusion coefficient (Wax et.al., 2001) 
is expressed by equation (4):

                       (4)
 
where ΔEa is the activation energy of the overall diffusion process, and D0 is the 

factor before the exponential factor.
The Biot coefficient is used to estimate the contributions of external and internal 

diffusion in the overall process (5):
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                                            (5)

As noted in (Kasani 2023), at Bi ≥ 20 the adsorption process is limited by internal 
diffusion, at Bi1 — by external diffusion, intermediate values indicate mixed diffusion 
kinetics.  

From Table 1, it can be seen that the external diffusion coefficients, being mainly 
single-order quantities, depend on the ion type and vary sequentially in the temperature 
range 293—313 K: 

DextPb2+>DextCd2+>DextZn2+>DextCu2+.

The internal diffusion coefficients of Pb2+ and Cd2+ increase with increasing 
temperature, while for Zn2+ and Сu2+, Di does not show a clear temperature dependence. 
Studies have shown that the Di values (and, consequently, the internal diffusion rate) 
of the ions under investigation depend on their crystallographic radii, decreasing as the 
latter increases; a similar dependence (Kostenko 2004).

The ions under study can be arranged in a row according to their crystallographic 
radii:

Pb2+>Cd2+>Zn2+

Cu2+ 0.1120.0990.0830.060

The results of the study indicate a mixed diffusion mechanism for the adsorption of 
heavy metals in the clay under investigation, with a slight predominance of the external 
diffusion mechanism, as also indicated by Bi criterion values ranging from 3.0 to 6.02.

It is assumed that the adsorption stage itself can make a significant contribution 
to the kinetics of the entire process. Therefore, to describe the patterns of this kinetic 
stage, pseudo-first-order and pseudo-second-order reaction models were used, which 
are linearly expressed by equations (6) and (7) (Lukaszczyk et.al., 2004):

                    (6)

where a∞ and at are the equilibrium adsorption quantity and adsorption quantity 
(mmol/g) at time t, respectively, and k1, k2 are the adsorption rate constants of pseudo-
first and pseudo-second order reactions, respectively.

t/at was calculated from the dependencies t, k2, and a∞ using equation (6). A comparison 
of the results of using pseudo-first and pseudo-second-order models (Table 2) to 
describe the adsorption kinetics of the studied ions shows that in most cases the pseudo-
second-order equation allows for the description of highly correlated experimental data. 
Coefficients are R2. Moreover, the values ​​of a∞ calculated by equation (1) give the best 
agreement with the experimental a∞. From Table 1, it can be seen that the values ​​of the 
rate constants k2 for all the ions studied increase with increasing temperature. From the 
dependences of ln k2.
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                (7)

According to the 1/T Arrhenius equation: the activation energies (Ea) of the 
adsorption process of heavy metals on diatomaceous sorbent were determined, kJ/mol: 
Pb2+ 75,5; Сd2+ 51,1; Zn2+ 45,6; Cu2+ 26,1.

Suffi ciently high activation energy values may indicate reversely activated adsorption 
from subsequent ions on the modifi ed sorbent.

Thus, in the case of Pb2+, Cd2+, Zn2+ and Cu2+ adsorption on modifi ed diatomite, the 
adsorption kinetics are a combination of external and internal diffusion kinetics (with 
a slight predominance of external diffusion) and a pseudo-second-order reaction model 
is described.

 The adsorption isotherms of Pb2+, Cd2+, Zn2+ and Cu2+ at 293 K are shown in Figure 
2, which shows that the saturation process occurs during the adsorption of the studied 
ions in the concentration range of 0.8—1.2 mmol/dm3. 

The results of the Langmuir isotherm equations based on experimental data are 
shown. The results obtained may be useful in developing a adsorption technology for 
the purifi cation of natural wastewater from heavy metals using a modifi ed sorbent based 
on diatomite.

When describing experimental isotherms of heavy metal ions by mineral sorbents, 
the Langmuir adsorption model is often used in the literature (Vezentsev et.al., 2008).

                            (8)

where A∞ is the adsorption limit; K is the adsorption equilibrium concentration 
constant, which characterizes the intensity of the adsorption process, l/mol.

Linearization of adsorption isotherms according to the equation (Ivanov 2005):

                      (9)

 

                                                                                                    
 

Pb2+ (1), Cd2+ (2), Zn2+ (3) and Cu2+ (4) (V = 50 cm3; m = 0,1 g; рН = 5,5 ± 0,5; τ = 60 min;  
t = 293K) 

Figure 2 - Adsorption isotherms of heavy metals on diatomite sorbent 
 
The constants and correlation coefficients of the Langmuir equation are summarized in Table 2, which 

shows that the Langmuir isotherm is most suitable for describing the adsorption of the studied ions by the 
modified diatomite sorbent (see correlation R2 and satisfactory agreement between experimental and calculated 
values according to equation (4) a∞, which indicates a monolayer covering the surface of the heavy metal 
sorbent. It was also noted that the adsorption of heavy metals on diatomite sorbent is better described by the 
Langmuir equation and the pseudo-second-order reaction model. 
 
 Table 2. Equation constants. 

 
Cations 

Langmuir equation  
aexp a, mmole/g b, dm3/ mmole 

R
2 

Pb2+
 

0.26 135.795 0.999 0.26 

Cd2+
 

0.31 8.405 0.997 0.28 

Zn2+
 

0.28 15.489 0.998 0.26 

Cu2+
 

0.29 28.851 0.999 0.28 

 
It is known that the adsorption of heavy metals on the sorbent under study can occur through several 

mechanisms [5]: 1) ion exchange; 2) formation of chelate complexes with surface hydroxyl groups of the 
mineral; 3) “stacking” bonds on the edges and corners of valence attachment during the growth stages of 
montmorillonite crystals. In the case of the natural sorbent under study, the adsorption process proceeded by 
the mechanism of ion exchange with the replacement of heavy metal ions mainly by calcium, sodium, and 
magnesium cations. 

The results of the study showed that the adsorption of Pb2+, Cd2+, Zn2+ and Cu2+ on modified diatomite 
occurs mainly by the ion exchange mechanism, is endothermic in nature and is well described by the Langmuir 
isotherm equation. The kinetics of this process is a combination of external and internal diffusion kinetics with 
the dominance of external diffusion kinetics and is best described by a pseudo-second-order reaction model. 

The degree of deadsorption of adsorbed metal ions with hydrochloric acid solution reaches 95-98%. 
The purified adsorbent is reused for further purification and extraction of metal ions. This indicates that the 
diatomites modified in this way can be reused many times, and metals can be further concentrated and extracted 
by any physicochemical methods, which ensures the disposal of waste and the environmental and economic 
feasibility of using such a universal adsorbent. 

3.3. IR spectra. In order to determine the mechanism of interaction of the modified diatomite sorbent 
with the surface, the IR spectra of the samples before and after interaction with Cu²⁺  and Pb²⁺  ions were 
studied. 

On the surface of the sorbent, —NH2, COOH, OH- groups were found, the corresponding vibrations 
were as follows: ν=1646.09-1408.53 сm-1, 1079.29-589.31 сm -1, 2926.75-3400 сm -1 (Akhmedov et.al., 2001).  

C, mole/dm3 

a,
 m
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g 

Pb2+ (1), Cd2+ (2), Zn2+ (3) and Cu2+ (4) (V = 50 cm3; m = 0,1 g; рН = 5,5 ± 0,5; τ = 60 min;  t = 293K)
Figure 2 - Adsorption isotherms of heavy metals on diatomite sorbent
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The constants and correlation coefficients of the Langmuir equation are summarized 
in Table 2, which shows that the Langmuir isotherm is most suitable for describing the 
adsorption of the studied ions by the modified diatomite sorbent (see correlation R2 
and satisfactory agreement between experimental and calculated values according to 
equation (4) a∞, which indicates a monolayer covering the surface of the heavy metal 
sorbent. It was also noted that the adsorption of heavy metals on diatomite sorbent is 
better described by the Langmuir equation and the pseudo-second-order reaction model.

Table 2. Equation constants.

Cations
Langmuir equation

aexpa, mmole/g b, dm3/ mmole
R

2

Pb2+ 0.26 135.795 0.999 0.26

Cd2+ 0.31 8.405 0.997 0.28

Zn2+ 0.28 15.489 0.998 0.26

Cu2+ 0.29 28.851 0.999 0.28

It is known that the adsorption of heavy metals on the sorbent under study can occur 
through several mechanisms [5]: 1) ion exchange; 2) formation of chelate complexes 
with surface hydroxyl groups of the mineral; 3) “stacking” bonds on the edges and 
corners of valence attachment during the growth stages of montmorillonite crystals. 
In the case of the natural sorbent under study, the adsorption process proceeded by 
the mechanism of ion exchange with the replacement of heavy metal ions mainly by 
calcium, sodium, and magnesium cations.

The results of the study showed that the adsorption of Pb2+, Cd2+, Zn2+ and Cu2+ on 
modified diatomite occurs mainly by the ion exchange mechanism, is endothermic in 
nature and is well described by the Langmuir isotherm equation. The kinetics of this 
process is a combination of external and internal diffusion kinetics with the dominance 
of external diffusion kinetics and is best described by a pseudo-second-order reaction 
model.

The degree of deadsorption of adsorbed metal ions with hydrochloric acid solution 
reaches 95-98%. The purified adsorbent is reused for further purification and extraction 
of metal ions. This indicates that the diatomites modified in this way can be reused many 
times, and metals can be further concentrated and extracted by any physicochemical 
methods, which ensures the disposal of waste and the environmental and economic 
feasibility of using such a universal adsorbent.

3.3. IR spectra. In order to determine the mechanism of interaction of the modified 
diatomite sorbent with the surface, the IR spectra of the samples before and after 
interaction with Cu²+ and Pb²+ ions were studied.

On the surface of the sorbent, —NH2, COOH, OH- groups were found, the 
corresponding vibrations were as follows: ν=1646.09-1408.53 сm-1, 1079.29-589.31 сm 

-1, 2926.75-3400 сm -1 (Akhmedov et.al., 2001). 
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After contact with metal ions of the sorbents, a shift phenomenon is observed in all 
recorded peaks. The adsorption bands corresponding to amino groups at a frequency 
of 1408.53 cm-¹ shifted to lower frequencies, while the band corresponding to the 
deformation vibrations of NH groups (at 799.52 cm-¹) shifted to higher frequencies. In 
addition, a peak at 1079.29 cm-¹ sensitive to the influence of metal ions was detected. 
After interaction with Cu2+ and Pb2+ ions, this peak shifted to lower frequencies. A 
similar change occurred in the peak corresponding to carboxyl groups at 1243.82 cm-¹. 

3.4. Sorption mechanism. Considering the above, it can be concluded that during the 
adsorption of Cu2+ and Pb2+ ions on the sorbent surface, their binding occurs mainly due 
to electrostatic, donor-acceptor interactions, and ion exchange mechanisms under the 
influence of —NH, -COO-, and OH- groups. Pb2+ and Cu2+ ions, as d-elements, tend to 
form donor-acceptor bonds with amino groups on the cell surface. In addition, both ions 
have the ability to interact with carboxyl and hydroxyl groups through ion exchange 
mechanisms.

Conclusion. The study showed that water-washed modified diatomite sorbents 
based on Ca-montmorillonite are capable of effectively removing heavy metal ions 
(Pb²+, Cd²+, Zn²+, Cu²+) from aqueous solutions. The adsorption process was studied 
under static conditions at pH = 5.5 ± 0.5 and in the temperature range of 288—313 K. 
The results showed that adsorption equilibrium is reached in 40—60 minutes, and the 
degree of metal ion extraction is 95—100%.

The results of kinetic analysis showed that the adsorption process follows a pseudo-
second-order reaction model, and the Langmuir isotherm is in good agreement with 
the experimental data. This confirms the monolayer nature of adsorption and the 
endothermicity of the process. An increase in temperature leads to an increase in the 
rate of external diffusion and a decrease in activation energy.

IR spectroscopy studies have shown that the functional groups —NH₂, —COOH, 
and —OH on the sorbent surface interact with heavy metal ions, participating in ion 
exchange and the formation of donor-acceptor bonds, which, in turn, ensures high 
efficiency and selectivity of the sorbent.

The use of modified diatomite sorbents is an environmentally friendly and cost-
effective method for treating natural and industrial water contaminated with heavy 
metals. The results of this study can serve as a scientific basis for the development of a 
new generation of adsorption materials for removing heavy metal ions.
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