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the experience of previous armed conflicts indicates that 
heavy metal contamination of natural waters is inevitable 
(Paukštys et al., 1998; Barker et al., 2021). According to 
the investigation of the impacts of the First World War 
on the environment made by Heiderscheidt (2018), the 
amount of lead and copper present in soil within some 
areas (probably those that had been bombed the most 
by artillery) was significantly high. In Gillies et al. (2007) 
it was noted that particulates ejected from artillery strikes 
containing high levels of lead (Pb) and copper (Cu), which 
may be attributed to artillery shells and gun barrels, cause 
the contamination of the soils with these metals. Explosive 
grenades were also considered a significant source of high 
concentrations of lead (Pb) (Weber et al., 2020).

To mitigate water pollution caused by potentially toxic 
elements, improved wastewater treatment is necessary. 
There are several technologies used for removing poten-
tially toxic elements from various sources such as waste-
water, industrial effluents, and contaminated soil (Pandey 
et al., 2023; Gomase et al., 2022; Kumar et al., 2023; Okoro 
et al., 2022). The most commonly employed technology 
is adsorption on activated carbon (Omidi et al., 2019), 

1. Introduction 
Lead is recognized worldwide as a serious environmental 
health risk that can cause serious adverse health effects, 
particularly in young children. It can persist in the environ-
ment for long periods and accumulate in organisms, lead-
ing to bioaccumulation and biomagnification along the 
food chain. There is evidence that approximately 80–90% 
of the daily dose of lead is ingested through food (Sobha-
nardakani et al., 2018). Most lead accumulates in predatory 
fish (tuna, shark), seafood, especially bivalves. The cause of 
lead in food is water pollution, that is a significant environ-
mental issue that threatens aquatic ecosystems and hu-
man health worldwide. Lead is potentially toxic pollutant 
released into water bodies from various sources, including 
industrial discharges, mining activities (Bosak et al., 2020; 
Bosak & Stokalyuk, 2022), and improper electronic waste 
disposal (Moossa et al., 2023). Nowadays, hostilities in 
Ukraine have become an additional source of potentially 
toxic elements’ pollution in natural waters. Although ac-
cess to research is currently complicated, especially on the 
left bank of the Dnieper river, where Russian occupation 
forces are stationed, and full monitoring is not possible, 
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zeolites (Liu et al., 2023), or metal-based materials (Sob-
hanardakani et al., 2016; Talebzadeh et al., 2016; Topare & 
Wadgaonkar, 2023; Zanin et al., 2017). Different conven-
tional techniques are used for the removal of organic (Kim 
et al., 2023; Li et al., 2024; Pandey et al., 2024; Saruchi et al., 
2023), inorganic (Gomase et al., 2022; Kumar et al., 2023; 
Okoro et al., 2022) and biological contaminants (Kim et al., 
2023; Pandey et al., 2024) for making water drinkable. Due 
to their availability and cost, sorbents based on natural 
minerals are promising materials for use in wastewater and 
gas treatment systems. Their main advantages are low cost, 
eco-friendliness, biodegradability, and non-toxicity.

Clinoptilolite-based sorbents have been extensively 
studied in recent years. Lots of modification methods for 
enhancing the sorption properties of clinoptilolite were 
suggested. The results of numerous studies represent 
promising backgrounds for clinoptilolite application as an 
effective adsorbent for the sustainable capturing of po-
tentially toxic elements from wastewater. The result of the 
work (Stylianou et al., 2007) indicates that zeolite is ef-
ficient for Pb-, Zn-, and Cu-containing solutions. The use 
of the MoS2-clinoptilolite composite and clinoptilolite for 
removing Pb from the solution showed that the modified 
composite had higher adsorption capacity than the parent 
compounds (Pandey et al., 2020). Clinoptilolite and zeolite-
geopolymer foams (CFs) can be applied as sorbents for 
toxic metal ions removal from aqueous solution and CFs 
with higher content of clinoptilolite phase exhibit higher 
removal efficiencies for the five toxic heavy metals (Liu 
et al., 2023).

Glauconite has been widely used as an ion exchanger. 
It is promoted by such factors as the granular structure of 
glauconite, which allows carrying out the process of ion 
exchange in dynamic conditions, as well as a significant 
increase in the exchange capacity of glauconite as a result 
of various pre-treatment methods.

A considerable number of works are devoted to the 
investigation of the sorption properties of glauconite, as 
a rule, each group of researchers obtained very interest-
ing and ambiguous results (Franus et al., 2019, Martemi-
anov et al., 2020; Franus & Bandura, 2014). Qualitative 
and quantitative regularities of the exchange capacity of 
ionite have been revealed, which varies within 26...50 mg-
eq/100 g of glauconite. For minerals of the glauconite 
group, usually, there are simultaneous adsorption and ex-
change processes, and it is often challenging to differenti-
ate between them.

The use of glauconite as a sorbent is reasonable be-
cause of its satisfactory operational properties. Glauconite 
does not release toxic impurities into the aqueous phase, 
has a low cost, and is suitable for modification with sub-
sequent improvement of its sorption properties.

Despite a significant amount of previous research on 
the influence of various factors on the sorption properties 
of clinoptilolite and glauconite, the effect of microwave ir-
radiation has been scarcely described. The aim of the pres-
ent research is to determine the effect of heat treatment 
and microwave irradiation on the sorption properties of a 

natural zeolite and clay mineral in relation to one of the 
most dangerous drinking water pollutants – lead.

2. Materials and methods 

2.1. Preparation of the samples
In this study, clinoptilolite from the Sokyrnytsia deposit 
(Figure 1), Zakarpattia region, Ukraine (48.46531765753879, 
23.40295984518311) with the following characteristics: pH 
of the water extract – 7.75; bulk density – 947 kg/m3, and 
glauconite: pH of aqueous extract – 8.6; bulk density – 
1049,85 kg/m3, were used to study the suitability for the 
extraction of lead from contaminated waters. The washed 
and weighed samples were dried at 80 °C to a constant 
weight. After sieving, a fraction of particles of 0.8–1.2 mm 
size was selected as the most suitable for investigating the 
sorption properties.

Figure 1. Capture of Sokyrnytsia deposit on the map

To improve the adsorption properties, the natural 
samples were exposed to heat treatment at 550 °C for 
3 hours in a muffle chamber or to microwave irradiation 
for 30 minutes at 790 W. 

2.2. XRD
X-ray diffraction experiments were performed using a 
standard powder diffraction procedure. XRD patterns were 
recorded on an AERIS Research (Malvern PANalytical) – 
CuKα, step size 0.022°.

XRF

XRF experiments were performed using Elvax Light SDD 
according to the requirements of ISO 29581.

PZC and pH effect determination

The isoelectric point of the materials was determined by 
the method reported in (Al-Maliky et al., 2021). 0.5 g of 
test sample was placed in 50 mL solution at different initial 
pH (1.0–13.0). In 24 h, the equilibrium pH of the solution 
was tested. Based on the plot of the dependence of the pH 
change on the initial pH value, the PZC was determined as 
the intersection of the plot with the x-axis.
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2.3. Adsorption isotherms 
Adsorption experiments were carried out using the batch 
method. Single-component model solutions were pre-
pared from chemically pure Pb(NO3)2 anhydrous salt (Sfera 
Sim Ltd.). Eight jars (0.1 L) were filled with the appropriate 
solution, where 1 g of adsorbent was added, then stirred 
and left for 24 hours. The content of Pb2+ was determined 
by direct potentiometry (Ionometer AI-125). All experi-
ments were repeated three times.

The correlation between the adsorbed amount of pol-
lutant and its equilibrium concentration in solution was 
described by adsorption isotherms. In Table 1 theoretical 
models, that were chosen for non-linear fitting, are pre-
sented (Hu et al., 2023). The non-linear fitting was per-
formed in GraphPad Prism 9.0 software. 

Table 1. Isotherm models equations
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2.4. Adsorption kinetics 
Sorption kinetics is analyzed using well-known models: in-
traparticle distribution, Boyd, pseudo-first order (PFO), and 
pseudo-second order (PSO) models.

The intraparticle distribution model (Zhu et al., 2014) is 
presented by the equation:

×= +0.5 ,ip iq k t C   (7)

where kip is the rate constant, mg/g.min0.5; Ci is the con-
centration at the level of the boundary layer i, mg/g. If 
Ci < 0, the control step is intraparticle diffusion; if Ci > 0, 
the adsorption process is quite complex and involves more 
than one diffusive stage.

Boyd model (Zhu et al., 2014) is supposed to be used 
for determination of rate-controling step and is expressed 
as follows:

( ) 
= − − 

π 2
61 exp ,tF B   (8)

where Bt is the function of F, that is = ,/t eF q q  where qt 
and qe are the adsorbed matter at time t and at equilibri-
um state, respectively. In case F > 0.85, the Bt is expressed 
by equation:

( )= − − −0.4977 ln 1 .tB F   (9)

On the basis of Bt = f(t) plot, the conclusion about the 
control factor is made.

The PFO model (Lagergren, 1898) is described by the 
following equation:

( )= −1 ,e
dq k q q
dt

   (10)

where q = q(t) is the concentration of the substance in 
the sorbent at time t; qe is the equilibrium concentration 
in the sorbent, k1 is the constant for the PFO model. The 
initial condition describing the absence of a substance in 
the sorbent at the initial time is q(0) = 0. 

In the integrated form, the PFO model can be written 
as

−= − 1(1 )k t
eq q e ,  (11)

or reduced to a linearized form

 − = − +1ln( ) ln .e eq q k t q  
  

(12)

The linearized Equation (12) is used to find the coef-
ficient k1 from the experimental data. This is done by plot-
ting a trend line for the relationship between ln(qe – q) and 
t. But this requires finding the equilibrium concentration 
in the sorbent qe, which is often taken as the maximum 
concentration of a substance in the sorbent, or found by 
trial and error. Therefore, it is more expedient to use de-
pendence (11) instead of (12), and to find the unknown 
parameters k1 and qe by finding a solution by minimizing 
the sum of the squared differences between the experi-
mental and calculated values of the concentration of the 
substance q in the sorbent according to (11).

The PSO model (Ho & McKay, 1999) is also very often 
used to describe sorption kinetics. It is described by the 
equation:

= − 2
2( ) ,e

dq k q q
dt

  (13)

where k2 is the constant of the PSO model.
Taking into account the initial condition, in the inte-

grated form the PSO model is as follows:
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In the case of the PSO model, unlike the PFO model, 
it’s not difficult to find the values of the coefficients of 
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the linear relationship between t/q and t from the experi-
mental data. Therefore, from the linearized Equation (15), 
we calculate qe and k2 from the experimental data, having 
previously found the coefficients of the trend line, and use 
them in the PSO model (13).

3. Results and discussion

3.1. Characterisation of the studied samples
X-ray diffraction patterns of natural clinoptilolite and glau-
conite are presented in Figure 2. The pattern indicates that 
the main phase in clinoptilolite is heulandite (04-011-6605 
JCPDS card) with slight amounts of potassium aluminum 
silicon oxide hydrate (04-012-3686 JCPDS card), silicon 
oxide (00-061-0035 JCPDS card), and muscovite (01-082-
0576 JCPDS card). 

Figure 2. XRD pattern of a) natural clinoptilolite; b) natural 
glauconite

The heulandite and clinoptilolite have very similar 
X-ray diffraction patterns. The difference is in Si/Al ratio 
and Ca/K+Na content. In heulandite Si/Al < 4, and in 
cli noptilolite Si/Al > 4 (Bish & Boak, 2001). Na and K 
prevail in clinoptilolite, and Ca in heulandite (Ward & 
McKague, 1994). Considering the results of EDX analysis 
presented in Table 2, we may assume that the zeolite 
defined by the XRD pattern is clinoptilolite instead of 
heulandite.

Table 2. EDX of the natural clinoptilolite

Content, %

O Na Mg Al Si K Ca Ti Fe

68.96 0.55 0.45 5.05 22.60 1.04 0.95 0.09 0.31

The pattern of the glauconite indicates that the main 
phases are quartz (01-070-3755 JCPDS card), celadonite 
(01-083-2008 JCPDS card) and palygorskite (04-018-3208 
JCPDS card) with slight amounts of potassium iron phos-
phate (04-011-773 JCPDS card) and rozenite (04-015-4808 
JCPDS card).

XRF

The results of the X-ray fluorescence analysis are present-
ed in the Figures 3 and 4. It is obvious that the heat treat-
ment of clinoptilolite significantly improves its adsorption 
capacity for lead, while it worsens it for glauconite. The 
initial PbO content in all the tested samples was < 0.01%, 
while after prolonged contact with Pb, its content in the 
natural clinoptilolite increased to 2.66%, and in the ther-
mally treated sample to 6.035%. The microwave irradiation 
did not lead to significant changes in the sorption capacity 
of clinoptilolite, the PbO content increased only to 2.4%.

However, the sorption capacity of glauconite signifi-
cantly improved under the influence of microwave irradia-
tion. The PbO content in a sample of natural glauconite 
increased to 3.9%, but as a result of microwave irradiation, 
glauconite was able to absorb almost 1.5 times more PbO, 
and the content reached 5.2 % of the total sample weight. 
Thermal treatment reduces the sorption capacity of glau-
conite to 3.3% by weight.

Figure 3. Results of XRF analysis of clinoptilolite samples 
before and after sorption

Figure 4. Results of XRF analysis of glauconite samples 
before and after sorption

PZC and pH effect determination

The Figure 5 shows the dependence of the pH change in 
the solutions upon contact with the test samples on the 
initial pH value. It is evident from the figure that the point 
of zero charge falls at a pH value of 7.5–8.

Since lead salts precipitate in an alkaline environment, 
the adsorption efficiency of the tested samples was deter-
mined in the pH range from 2 to 5.5. 

The adsorption efficiency (aef) was determined accord-
ing to the following equation:

−
= ×100%,i e

ef
i

pH pH
a

pH
  (16)

a)

b)
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where pHi and pHe are the initial and the equilibrium pH 
of the solution, respectively.

According to the Figure 6, the adsorption efficiency of 
the samples at pH 2 is the lowest. With an increase in pH, 
the adsorption ability of the samples gradually increases, 
but already at pH 5.3 it begins to decrease. This trend is 
observed for all glauconite samples. In clinoptilolite sam-
ples, a decrease in the adsorption efficiency is observed 
already at pH 4.5.

3.2. Adsorption isotherms
The results of non-linear fitting performed in GraphPad 
Prism 9.0 software are presented in Table 3. The adsorp-
tion isotherms based on the results of nonlinear fitting are 
shown in Figures 7 and 8. According to the IUPAC classi-
fication (Thommes et al., 2015), adsorption isotherms cor-
respond to type IV (mesoporous materials). 

Three two-parameter models and three three-param-
eter models were used for modelling. The Langmuir and 
Freundlich models are the most widely used. The Langmuir 
model assumes that adsorption occurs in a monomolecu-
lar layer on a homogeneous surface, while the Freundlich 
model assumes that adsorption occurs in a polymolecu-
lar layer on a heterogeneous surface. In our case, both 
models describe the process with the same accuracy. The 
advantage of the Temkin model is its ability to ignore ex-
treme values of the function, and the constant β, which 
is positive for all samples, indicates that this process is 
exothermic (Figure 7). 

It is obvious that the three-parameter models describe 
the process better, with the values of the coefficient of 
determination tending to unity. They are suitable for 

representing adsorption equilibrium over a wide range 
of concentrations. In some respects, they are universal, as 
they can follow either the Langmuir or Freundlich model 
for certain coefficient values. 

Since the exponent β of the Redlich-Peterson model of 
all samples tends to unity, the entire model becomes close 
to the Langmuir model at low concentrations and, more-
over, indicates that the surface of the samples is homo-
geneous. We reach a similar conclusion for the Hill model.

Hill’s model suggests cooperative adsorption. In this 
study the value of nH for all samples, except natural 

Figure 5. PZC determination diagram for: a) clinoptilolite samples; b) glauconite samples

Figure 6. Diagram of dependence of adsorption efficiency 
on initial pH

Table 3. Results of isotherms’ fitting

Index Cl_nat Cl_
thermo Cl_MW G_nat G_

thermo G_MW

Langmuir

qm 0.8126 0.8859 0.7748 0.8350 0.7513 5.4227
k 0.6357 3.916 0.5733 315.027 233.29 5.3978
R2 0.83 0.94 0.82 0.97 0.96 0.77

Freundlich

n 2.368 2.491 1.921 2.8586 5.3259 4.7978
K 0.3306 0.7061 0.274 2.9179 0.954 1.7137
R2 0.89 0.94 0.78 0.87 0.95 0.70

Temkin

b 36.58 13.51 11.76 13.62 27.39 13.81
KT 258.5 50.33 4.193 3116 16005 4348
R2 0.76 0.94 0.90 0.98 0.97 0.96

Langmuir-Freundlich

qm 371.7 1.308 0.543 0.7026 3.6651 0.8818
K 6.097∙10-8 1.284 1.081 498.71 0.0091 356.24
n 0.4228 0.6596 1.942 1.8054 0.2243 1.2976
R2 0.89 0.95 0.84 1.0 1.0 1.0

Redlich-Peterson

KRP 0.7483 6.934 0.4476 282.03 1129 314,81
aRP 1.5475 8.823 0.53 281.4 1285 303,9
β 0.5967 0.7578 1 0.952 0.8569 0,981
R2 0.90 0.95 0.98 0.99 0.97 0,99

Hill

qH 3304 1.308 0.5738 0.7759 1.197 0.9602
nH 0.4224 0.6597 2.160 1.185 0.3280 0.9824
KD 9993 0.8477 0.9255 0.00084 0.4024 0.0037
R2 0.89 0.95 0.94 0.98 0.98 0.99

a) b)
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glauconite and microwaved clinoptilolite, is less than 1, so 
it corresponds to negative cooperativity in binding. High 
R2 values and the nH values also correspond to negative 
cooperativity in binding. The cooperative adsorption is 
consistent with the Langmuir isotherm observation (Fig-
ure 8).

As shown in Figures 7 and 8, heat treatment of natu-
ral clinoptilolite contributes to a significant increase in the 
sorption capacity, though it is not affected by microwave 
irradiation. On the contrary, thermal treatment of glauco-
nite at 550 °C for 3 hours in a muffle chamber reduces its 
sorption capacity, instead of microwave treatment, which 
improves it. In Table 4 maximum sorption capacities of 
research samples (initial concentration of 500 mg/g) and 
similar adsorbents from another research are presented. 
The sorption capacity of the tested samples is comparable 
to the results reported by other researchers. The results 
correspond to adsorption isotherms in Figures 7 and 8. 
The highest adsorption capacities are inherent to micro-
wave-treated glauconite and thermally-treated clinoptilo-
lite. The calcination of clinoptilolite at 550 °C leads to an 
increase in the sorption capacity of the sample by 64%, 
while irradiation of glauconite with microwaves increases 
its sorption capacity by 15%. However, the sorption capac-
ity of microwave-irradiated glauconite is higher than that 
of calcined clinoptilolite.

When the spent clinoptilolite samples in the amount of 
5 g were kept for 48 hours in 100 ml of distilled water, the 
content of Pb2+ was below the detection limit of the device. 

Figure 7. Two-parameter adsorption isotherms of Pb on 
a) clinoptilolite; b) glauconite

a)

b)

Figure 8. Three-parameter adsorption isotherms of Pb on 
a) clinoptilolite; b) glauconite

a)

b)

Similar results were obtained in the case of glauconite test 
samples after sorption. Such results of the study of lead 
ion desorption from test samples fully coincide with the 
results obtained by Yanovska et al. (2008), Sabadash et al. 
(2017).

Table 4. Comparison of Pb2+ sorption capacities of different 
samples

Adsorbent Maximum 
capacity, mg/g Reference 

NH4-clinoptilolite, Ukraine 27.70 Sprynskyy et al. 
(2006)

Natural clinoptilolite, 
Mexico 32 Hernández-Mon-

toya et al. (2013)
Natural clinoptilolite, 
Bulgaria 4.9 Panayotova and 

Velikov (2002) 

Na-clinoptilolite, Italy 64.23 Cincotti et al. 
(2001)

Natural clinoptilolite, 
Croatia 84.59 Perić et al. (2004)

Natural clinoptilolite, 
Greece 44.86 Inglezakis et al. 

(2002)
Natural Egyptian 
glauconite (greensand) 21.654 Khaled et al. 

(2018)

Tunisian clay 27.15/
40.75

Eloussaief and 
Benzina (2010)

Natural clinoptilolite 
(Ukraine) 25.5 This study

Heat treated clinoptilolite 41.18 This study
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Adsorbent Maximum 
capacity, mg/g Reference 

Microwaved clinoptilolite 30.83 This study
Natural glauconite 
(Ukraine) 41.02 This study

Heat treated glauconite 31.14 This study
Microwaved glauconite 47.21 This study

3.3. Adsorption kinetics
The kinetic plots of lead sorption by natural, heat-treated, 
and microwave-treated glauconite for intraparticle distri-
bution, Boyd, PFO, and PSO models are shown in Figures 9 
and 10. The kinetic parameters determined from the ex-
amined models, as well as the R2 determination coeffi-
cients, are shown in Table 5. 

Figure 9. Pb2+ sorption kinetics models a) boyd; 
b) intraparticle distribution

As shown in Figure 9a the Boyd model plot of Bt ver-
sus t is nonlinear. As it was proposed in (Zhu et al., 2014), 
in such case the major dominating factor of the process 
may be either film-diffusion or external mass transport. 
From these plots it is possible to identify whether exter-
nal transport or intraparticle diffusion controls the rate of 
adsorption. At the initial stage of adsorption process all 
plots were found to be linear, not passing through the 
origin. Moreover, the treatment of natural samples leads 
to a shift in the point of intersection of the line with the 
ordinate axis. This observation suggests that after treat-
ment the participation of external mass transfer reduces 
giving a way to intraparticle diffusion control.

The intraparticle diffusion model for the adsorption of 
lead ions on the test samples is shown in Figure 9b. In 
(Zhu et al., 2014) it is stated that if the plot of qe versus 
t0.5 doesn’t exhibit a straight line, the process is influenced 
by more than one step, so the intraparticle diffusion is 
not the only one limiting step. As presented in Figure 9, 
the plots of all test samples are presented by multilinear 
curves. Two linear areas were found on the graph, indicat-
ing that the adsorption of lead ions on the test samples is 

determined not only by intraparticle diffusion. It is possible 
that additional adsorption processes took place. Though 
the straight lines at the starting step went through the 
origin, indicating that the intraparticle diffusion is the 
rate-limiting step for initial stage od adsorption process. 
From the slope of the lines, it can be seen that the values 
of intercept, C, increased after treatment suggesting that 
surface adsorption became prominent. Such a trend would 
indicate that a higher amount of surface adsorption occur 
for treated samples than for natural ones, which lead to a 
reduction in the rate of diffusion of lead ions from the ex-
ternal surface of the sorbent to its internal surface. On the 
second step, it can be observed that the straight lines did 
not go through the origin, indicating that the factors of 
mass transfer will impact the adsorption process overtime.

Figure 10. Pb2+ sorption kinetics models – Pseudo-First-
Order: a) clinoptilolite samples, d) glauconite samples; 
Pseudo-Second-Order b) clinoptilolite samples, d) glauconite 
samples

The kinetic plots obtained using the pseudo-first and 
pseudo-second order models are shown in Figure 10. The 
kinetic parameters of Pb2+ adsorption determined from 
the graphs of the pseudo-first and pseudo-second order 
kinetic models are given in Table 5. It is evident that the 
sorption capacity of the heat-treated samples of both cl-
inoptilolite and glauconite decreased. High values of the 
correlation coefficients of the pseudo-first-order model 
(R2 = 0.97÷1) were obtained, which indicates that the pro-
cess rate is controlled by adsorption processes. A weak 
interaction between the adsorbate and adsorbent surface 
controlled the adsorption process here. The adsorption 

End of Table 4

a)

b)

a)

b)

c)

d)
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kinetics indicated that the calcined samples reach the 
adsorption equilibrium earlier in the first 5 minutes and 
their sorption capacity is the lowest. Microwave-treated 
samples reach the adsorption equilibrium a little earlier 
than natural samples, but their adsorption capacity does 
not decrease, which indicates a faster interaction of adsor-
bate with adsorbent.

Table 5. Parameters of the adsorption kinetics models 

Index Cl_nat Cl_
thermo Cl_MW G_nat G_

thermo G_MW

Pseudo-first order model
qe 0.455 0.426 0.449 1.104 0.754 1.024
k1 0.217 60.0 0.40 0.123 60.0 0.571
R2 0.97 0.97 0.97 0.98 0.97 1.0

Pseudo-second order model
qe 0.510 0.494 0.505 1.138 0.835 1.036
k2 0.503 0.499 0.625 0.234 0.543 2.855
R2 0.94 0.46 0.76 0.82 0.89 1.0

Intraparticle distribution model
k 0.048 0.042 0.045 0.117 0.076 0.091
C 0.134 0.160 0.158 0.254 0.280 0.433
R2 0.74 0.92 0.92 0.71 0.92 0.88

4. Conclusions

The effect of heat treatment and microwave irradiation on 
the Pb2+ sorption by a natural clinoptilolite and glauco-
nite was investigated. The results of the X-ray fluorescence 
analysis proved that the heat treatment significantly im-
proves the adsorption capacity of clinoptilolite for lead, 
but it worsens it for glauconite. While microwave irradia-
tion slightly improves the sorption capacity of clinoptilo-
lite, it significantly increases the adsorption ability of glau-
conite. The isotherm fitting showed that the adsorption 
process is consistent with the Langmuir isotherm, i.e., the 
process was characterized by the formation of a monolay-
er on a homogeneous surface. Kinetics modelling within 
the Boyd model suggests that after treatment the par-
ticipation of external mass transfer reduces giving a way 
to intraparticle diffusion control. The intraparticle diffusion 
model indicate that the adsorption of lead ions on the 
test samples is determined not only by intraparticle diffu-
sion. Though it is the rate-limiting step for initial stage of 
adsorption process. Higher amount of surface adsorption 
occurs for treated samples than for natural ones, which 
lead to a reduction in the diffusion rate of lead ions from 
the external surface of the sorbent to its internal surface. 
On the second step the factors of mass transfer will impact 
the adsorption process overtime. The adsorption kinetics 
indicated that the calcined samples reach the adsorption 
equilibrium most rapidly but this was followed by losses in 
adsorption capacity. Microwave treatment accelerates the 
interaction of adsorbate with adsorbent, while not reduc-
ing the adsorption capacity of the samples. The sorption 
capacity of the tested samples is comparable to the re-

sults reported by other researchers. Thus, heat treatment is 
useful for improving the sorption capacity of clinoptilolite, 
and microwave irradiation can significantly increase the 
adsorption capacity of glauconite. Therefore, it is worth 
investigating the effect of such treatments on the sorption 
capacity of natural minerals for other metals and hazard-
ous substances.
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