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Abstract: Problems with increasing heavy metal contents in natural waters are becoming a global
issue. At the same time, improved methods for water treatment are becoming increasingly important.
In this context, natural zeolites can be used to purify polluted water. In this paper, we investigated
how the adsorption capacity of natural zeolites can be improved. Natural zeolites from the Shankanay
district, Almaty, Kazakhstan, were used as adsorbent material for experiments on improving the
water treatment of heavy metals. We found that the adsorption capacity for heavy metals was
increased greatly by thermal activation using furnace treatment. The optimal thermal activation
condition was about 550 ◦C for a duration of 2 h. However, the improved adsorption capacity for
different heavy metals varied depending on the heat treatment temperature. Adsorption by the
heat-treated zeolites at a temperature of 550 ◦C was 87% for nickel, 99% for copper and cadmium,
and 100% for lead. Adsorption by heat-treated zeolites at a temperature of 500 ◦C was 78% for nickel,
98% for copper, 83% for cadmium, and 88% for lead. The residual concentration of heavy metals in
the filtered water did not exceed the maximum permissible concentrations for drinking purposes.
In all experiments, intense adsorption took place during the first 10 min representing 35 to 61% of
the metal ions in the water. Adsorption properties were verified using adsorption capacity (BET), IR
spectroscopy, and scanning electron microscopy. The study shows that modified Shankanay natural
zeolites have great potential as a low-cost adsorbent material for purifying water from heavy metals.

Keywords: natural zeolites; adsorption; heavy metals; water treatment; Zhankanay deposits;
heat treatment

1. Introduction

During recent decades water pollution has become an increasingly difficult problem
for human and environmental health. Increasing water pollution threatens sustainable
development and public health [1–3]. For this reason, improved water treatment methods
are becoming a global necessity [4–9]. One of the most promising and recently suggested
methods is adsorption using natural or modified zeolites [10]. Zeolites have a high porosity
and naturally occur at a low cost. In general, there are more than 60 types of natural
zeolites [11]. Natural zeolites can be used to reduce turbidity and color and degrade am-
monium, heavy metal cations, and other cationic pollutants [12]. Various efforts are being
made to improve the adsorption potential of zeolites using different modifying methods.
Through the modifying methods, zeolite water treatment capacity can be substantially
increased for different pollutant types [13–19].
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Many industrial processes, e.g., fuel and energy production, iron and steel manufac-
turing, metallurgy, and metal surface treatment, produce waste containing various heavy
metals. In many countries, these are still released into the environment without subse-
quent treatment [20]. Heavy metals are deposited, assimilated, or aggregated into water
sediments and aquatic ecosystems that pose a threat to human health and ecosystems [21].
Therefore, finding improved and cost-effective methods to treat contaminated water from
heavy metals are the main priorities for sustainable industrial processes at present. Con-
taminated industrial water may, for example, contain the following common heavy metals:
Cr, As, Pb, Zn, Cu, Ni, Cd, Mn, U, etc. [22,23].

Natural zeolites have greatly varying adsorption properties depending on clay-type
content and physicochemical properties. Consequently, modified natural zeolites also have
varying adsorption properties depending on both the modification process and origin.
Recent reviews have shown the ability of natural zeolites to clean heavy-metal polluted
water, e.g., [11,16,18,19,24]. The most applied natural zeolite to remove heavy metals is
clinoptilolite. However, each geological origin of clinoptilolite has different adsorption
properties [18]. Natural zeolites may have a cation exchange capacity of 2–4 meq/g and
a selectivity for heavy metals according to Pb > Cu > Zn > Cd > Ni (clinoptilolites) [18].
However, this may also vary depending on geological origin. Treatment of natural zeolites
may include acid, base, or salt treatment, cationic surfactant modification, or metallic
functionalization. Here, we can also add low- and high-temperature thermal treatment.
All these adjustments modify the structure of the zeolite and increase adsorption prop-
erties. Treatment using HCl appears to be the most used acid modification [16]. For
example, [25] notes that HCl treatment increased the specific surface area of natural clinop-
tilolites from 13 to 78 m2/g. In theory, zeolites could be used many times for adsorption
purposes. However, in practice, the adsorbing material would need desorption to maintain
its efficiency [16].

The pH of the solution to be treated affects the cation exchange capacity. However,
the pH of raw water for drinking purposes does not vary that much and does not affect
the removal processes to a great extent. For example, [26] noted that maximum adsorption
was accomplished at a solution pH of 6 for several heavy metals.

Natural zeolites contain adsorbed water molecules in their micro-cavities in addition
to ion-compensators of excess negative charge. Zeolite water molecules are removed from
zeolite at 100–110 ◦C without any noticeable change in the mineral structure. Infrared
spectroscopy data show that coordination-bonded water molecules start to be removed at
150 ◦C. Their complete removal from the mineral occurs at 350–380 ◦C. Depending on the
peculiarities of their structure, natural zeolites can be divided into seven different types.
The theoretical cation exchange capacity of natural zeolites ranges from 2.6 to 5.8 meq/g.
The real cation exchange capacity is usually lower. This is mainly due to the presence of
non-zeolite impurities in natural ion-exchanger samples.

Regeneration methods for used zeolites can be divided into three types, namely chem-
ical, low-temperature thermal, and thermal. Chemical regeneration refers to the treatment
of the sorbent with liquid or gaseous organic or inorganic reagents at a temperature usually
not exceeding 100 ◦C. Both carbon and non-carbon sorbents are chemically regenerated. As
a result of this treatment, the sorbate is either desorbed unchanged or the products of its
interaction with the regenerating agent are desorbed. Chemical regeneration often takes
place directly in the adsorption apparatus. Most methods of chemical regeneration are
applicable to sorbates of a certain type. The simplest method of regenerating a sorbent is to
heat it in some volume of water. This leads to an increase in the degree of dissociation and
solubility of the sorbate and, eventually, to the desorption of part of the sorbate. Thus, in the
regeneration of active carbon, water is heated and filtered through the active carbon. The
effect of such regeneration, however, is not so high, normally 20–40%. Low-temperature
thermal regeneration is the treatment of the sorbent with steam or gas at 100–400 ◦C. This
procedure is quite simple and, in many cases, it is performed directly in adsorbers. Due to
its high enthalpy, water steam is most often used for low-temperature thermal regeneration.
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It is safe and available in production. Chemical and low-temperature thermal regener-
ation does not provide a complete recovery of adsorption coals. For a deeper recovery,
high-temperature thermal regeneration is performed. However, high-temperature thermal
regeneration is a very complex, multi-stage process that affects not only the sorbate but
also the sorbent itself.

Natural zeolites from the Shankanay deposit have previously been investigated regard-
ing their adsorption properties [27–29]. However, further systematic studies are needed to
elucidate the effects of different modifying processes on treatment capabilities for different
kinds of pollutants. For example, several processes are involved in the thermal treatment
of natural zeolites and resulting adsorption outcomes need to be further studied [30,31].
In view of this, the main objective of the present study was to improve the understanding
of how natural Shankanay zeolites can be modified to enhance heavy metal treatment
capabilities from a raw water supply. For this purpose, we used thermally treated natural
Shankanay zeolites as a main innovation. Consequently, this study presents methods and
ways of preparing modified Shankanay zeolites and the resulting heavy metal adsorption
capacity for polluted water. Overall, it is our belief that this study leads to a deeper under-
standing of zeolite modification and a comprehensive perspective for future heavy metal
removal applications especially on raw water for drinking water purposes.

2. Materials and Methods

Natural zeolites of the Shankanay deposit in Almaty, Kazakhstan, were used as
raw material for adsorption experiments. The host rock is tuff and ignimbrite of the
rhyolite-dacite composition of the Permian Zhalgyzagash formation. The mineralization is
represented by horizontally embedded deposits of zeolites. Its average thickness is about
25 m. The general mineral composition of the zeolite ores is clinoptilolite, laumontite, and
analcime. Open pit mining at a maximum mining depth of 20 m has been performed since
1996. Figure 1 shows the sampling of natural zeolites from the deposit. About 100 kg of
natural zeolites were collected and later homogenized to arrive at representative samples
for further analyses.
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Figure 1. Zeolite sampling from Shankanay deposit, Almaty, Kazakhstan.

The modification of the experimental zeolite samples in this study included acid and
high-temperature thermal treatment [16–19]. The high-temperature thermal treatment was
done in an argon environment. The experimental installation included a steam production
and dosing unit, a container, a peristaltic dosing pump, and an evaporator. The installation
also included an air dosing unit with a compressor and shut-off and control valves. The
unit had an inert gas supply unit (argon) for supplying it to the working zone of the heat
treatment reactor, including a cylinder, a reducer, shut-off and control valves. The modified
zeolite was obtained through the following successive stages:
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1. Zeolite samples were prepared by grinding and sieving to obtain a size fraction
of 0.2–3.0 mm diameter. The sieved raw material was washed from impurities by
distilled boiled water and water vapor at a temperature of 100–120 ◦C and dried in an
oven at a temperature not exceeding 105 ◦C. The Shankanay zeolite belongs to the
heulandite–clinoptilolite group and includes impurities such as quartz, feldspar, and
montmorillonite [27].

2. The samples were then demineralized through acid treatment. The acid treatment
changes the structure of the zeolites by increasing the volume of effective pores,
leading to an increase in sorption capacity. The zeolite samples were placed in glass
containers covered with lids and filled with a mixture of 20% nitric acid (ratio 1:2).
The mixture was boiled for 60 min and after boiling the mixture was left overnight
for more complete demineralization. After this, the used nitric acid was drained by
decantation and the demineralized sorbent was transferred to another container and
washed several times by boiling to establish a neutral environment. The activated
sorbents were dried under normal conditions in an oven.

3. Prepared sample sorbents were dosed on a dosing scale and loaded into a heat treat-
ment reactor in an argon environment. The argon feed rate (5 L/min) was controlled
depending on the weight of the zeolite and the temperature (450–600 ◦C). The sam-
ples were subjected to constant movement along the reactor. The thermal treatment
volatilizes and/or oxidizes adsorbed molecules. Thus, heat treatment changes the
morphological properties of the zeolite as well as the adsorption properties.

The thermal activation reactor was a 12X18H10T (equivalent to AISI321 material)
material stainless steel pipe. Outside, on the furnace body, there was a wire heater made
of X27105T alloy, located on a pipe in a layer of electrically insulating refractory coating.
Outside, the electric furnace was thermally insulated (wrapped) with felt from mullite–
silicon fiber and placed in a casing. A screw feeder was placed inside the reactor. The
reactor was equipped with receiving hoppers for loading raw material and unloading
the modified zeolite. Temperature regulation and control was carried out using a 2TRM1
m-regulator device.

Studies of the adsorption of heavy metal ions were carried out on original and modi-
fied zeolite samples. The adsorption experiments using heavy metal ions in water were
complemented by adsorption capacity (BET) and scanning electron microscopy (SEM).
Analysis of the morphological structure and elemental analysis of the obtained samples
were carried out using a Quantum 3D 200i scanning electron microscopy (SEM) (Dual Sys-
tem, Riverside, CA, USA) and a TM 4000 Plus[V1] microscope (Hitachi, Tokyo, Japan). The
Hitachi TM4000Plus microscope was equipped with an optional low-vacuum secondary
electron detector, which allows for efficient examination of the surface of samples with low
contrast in back-scattered electrons.

Zeolite samples were tested to evaluate the efficiency in the adsorption of heavy metal
cations (Cu, Cd, Pb, and Ni). To study the adsorption properties, standard solutions of metal
ions were prepared with a concentration exceeding the maximum permissible concentration
for human consumption by about 10 times (Cu = 10.52 µg/mL, Cd = 10.35 µg/mL), and
Pb = 11.02 µg/mL). The sorption experiments were carried out as batch tests. In these,
sorption was studied by placing 1 g of zeolite in glass beakers with 50 mL of prepared
metal solutions. At 10, 20, 30, 40, and 50 min after the start of experiments with continuous
mixing, the solutions were filtered and analyzed for metal concentrations. Sorption tests
were repeated 5 times to estimate variation and potential error levels.

Metal concentrations were analyzed using atomic absorption spectroscopy on a
PerkinElmer PinAAcle 900T AAS-IN atomic absorption spectrometer. The detection limit
for this device on Cd, Cu, Pb, and Ni is about 0.014, 0.002, 0.05, and 0.07 µg/L, respectively.

3. Results and Discussion

The physicochemical characteristics of the natural zeolites are presented in Table 1.
As seen from the table, the clay mineral type is clinoptilolite, which is the most common
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zeolite mineral. The mass fraction of zeolite in the Shankanay deposit is between about
50 and 84%. The gelling agent in Table 1 refers to the colloidal mixture that has a loosely
cohesive internal structure similar to a liquid.

Table 1. Main physicochemical characteristics of the investigated natural zeolites of the Shankanay
deposit, Kazakhstan.

No. Indicator Unit Characteristics

1. Ocular appearance Free-form granules with dark
brown color without impurities

2. Mass fraction of zeolite % 50–84

3. Mineral type Clinoptilolite

4. Mohs hardness 4.5

5.
Associated minerals:

%clay 3.0–6.0
dolomite 0.5–2.0

6. Mass fraction of gelling agents % 0.9–1.8

7. Organic content % 0

8.

Chemical composition:

%

SiO2 60.0–74.0
Al2O3 14.0–15.0
TiO2 0.070–0.700

Fe2O3 1.40–5.83
MnO 0.067–0.199
MqO 0–2.120
CaO 0.130–6.400

Na2O 0.610–5.450
K2O 0.660–4.030
P2O5 0.012–0.173
H2O 0.0–4.090

9. Ratio of SiO2/Al2O3 4.00–5.28

Natural zeolites are porous hydrated minerals with an anionic skeleton, a crystalline
structure consisting of silicon (aluminum) and oxygen tetrahedrons, and its pores are
formed by a combination of different tetrahedra [32]. Zeolites normally have a dominant
micropore size of 0.5–1.5 nm not exceeding 10 nm. Zeolites can exchange cations and lose
or adsorb water molecules in their structures [33]. The pollutant removal mechanisms
of natural zeolites are (a) ordered and connected pores or channels in the crystalline
interior [32] and (b) excess negative charges of the zeolite framework can be balanced by
monovalent or divalent cations (Na+, K+, Mg2+, and Ca2+) [11].

The specific surface area (S) is important for adsorption properties. Thus, S was first
determined depending on thermal processing. Untreated zeolite had an S corresponding
to about 15 m2/g. The S was compared to processing temperature, time of heat treatment,
and supply of inert gas. Firstly, zeolites were processed at a temperature of 400, 450, and
550 ◦C at 120 min (Table 2).

Table 2. Characteristics of the modified zeolite samples obtained at different temperature conditions.

Name Characteristics Processing Condition S, m2/g

Modified natural zeolite Brown color, size 3 mm 400 ◦C, 120 min 20.07

Modified natural zeolite Brown color, size 3 mm 450 ◦C, 120 min 19.60

Modified natural zeolite Brown color, size 3 mm 550 ◦C, 120 min 54.23
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Depending on the conditions of the temperature in the processing reactor, S was found
to change (Table 3). Thus, the optimal temperature for the thermal treatment of natural
zeolite was determined, equal to a processing temperature of 550 ◦C. The maximum S
(92.21 m2/g) was found for 550 ◦C and 60 min heat treatment (Table 3).

Table 3. Characteristics of modified zeolite samples depending on time of heat treatment.

Name Characteristics Processing Condition S, m2/g

Modified natural zeolite Brown color, size 3 mm 550 ◦C, 60 min 92.21

Modified natural zeolite Brown color, size 3 mm 550 ◦C, 90 min 85.24

Modified natural zeolite Brown color, size 3 mm 550 ◦C, 120 min 80.18

The next step of the investigation was to test the adsorption of heavy metals by the
modified zeolites. Figure 2 and Table 4 show the results of the adsorption of Ni ions on the
modified zeolites as a function of temperature. From the figure it is seen that a heat-treated
zeolite at a temperature of 550 ◦C has the highest adsorption capacity.
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Figure 2. Adsorption characteristics of natural and modified zeolites with respect to nickel (Ni) for
different temperature treatments (vertical bars indicate approximate error levels).

Table 4. Adsorption characteristics of natural and modified zeolites with respect to nickel (Ni) for
different temperature treatments.

Time,
min

Adsorption, %

Natural Zeolite Activated
Zeolite at 450 ◦C

Activated
Zeolite at 500 ◦C

Activated
Zeolite at 550 ◦C

Activated
Zeolite at 600 ◦C

10 62.2 71.3 72.3 82.3 82.4

20 63.3 73.7 73.7 85.0 83.6

30 65.5 73.2 79.2 86.5 84.2

40 68.2 72.1 75.1 87.1 85.1

50 65.9 72.2 75.2 87.5 85.8

Scanning micrographs of the original natural mineral and some of the resulting reac-
tion products are shown in Figure 3. A comparison of micrographs of the original sample
and products after activation shows how the mineral surface of the zeolite changes.
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Figure 3. Scanning micrographs of zeolite surface: (a) raw, (b) after washing and drying, (c) modified
at 500 ◦C, (d) modified at 500 ◦C after adsorption (e.g., Ni and Co were adsorbed).

The figure shows that raw and activated natural zeolite surfaces tend to change
significantly after treatment. In Figure 3a,b, the rugged and grainy surface of raw natural
zeolites appears to change after activation (washing and drying). Figure 3b shows that
some of the fine-scale graininess disappear after activation. This indicates the removal of
some of the smallest impurities. Figure 3c indicates that after heat treatment the surface
changes significantly and becomes smoother indicating significant removal of adsorbed
material. Finally, Figure 3d shows that adsorbed material again increases the graininess (Ni
and Co were adsorbed). During adsorption in the microporous structure of the zeolite, e.g.,
Na+ ions are easily displaced from water by, e.g., Pb2+ ions.

Experiments were carried out to study the potential adsorption of metals in water, in
particular, copper, cadmium, lead, and nickel. The sorption activity of the modified zeolites
was studied when individual metals were introduced into the medium in concentrations
of Cu (Cin = 10.52 µg/mL), Cd (Cin = 10.35 µg/mL), Pb (Cin = 11.02 µg/mL). Figures 4–6
present the results of adsorption characteristics after different heat treatments of the zeolite.
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Figure 4. Influence of the heat treatment temperature of the zeolite (450 ◦C) on the sorption of heavy
metal ions. The left figure shows the adsorbed quantity and the right figure shows the adsorption in
per cent.
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Figure 5. Influence of the heat treatment temperature of the zeolite (500 ◦C) on the sorption of heavy
metal ions. The left figure shows the adsorbed quantity and the right figure shows the adsorption in
per cent.
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Figure 6. Influence of the heat treatment temperature of the zeolite (550 ◦C) on the sorption of heavy
metal ions. The left figure shows the adsorbed quantity, and the right figure shows the adsorption in
per cent.

As can be seen from Figures 4–6, with an increase in temperature, the sorption of
metals by zeolites treated at a temperature of 550 ◦C is 99% for copper and cadmium, and
100% for lead. The modified zeolite sorbent treated at a temperature of 500 ◦C, adsorbs
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98% copper, 83% cadmium, and 88% lead. In all experiments, it was observed that intense
adsorption takes place during the first 10 min and from 35 to 61% of metal ions are adsorbed
by the zeolite during this time.

Previous studies of untreated Shankanay zeolites have shown that they can remove
about 65% of lead and 50% of copper cations [27]. Sultanbayeva et al. [27] showed that this
zeolite treated with Na2CO3 solution can improve lead adsorption by 99.0% and copper
adsorption by 96.6% in phosphoric acid. Thus, the adsorption effects for the two treatment
methods by [27] and in this study appear similar. Consequently, for a practical choice
between different treatment techniques, a more detailed analysis of cost and industrial
applicability is needed. This must be determined in future studies.

4. Conclusions and Discussion

Natural zeolites from the Shankanay deposit in Kazakhstan have unique metal ad-
sorption behavior. This depends on the active clinoptilolite type content and its unique
physicochemical properties. To improve the understanding of how these natural zeolites
can be modified to enhance heavy metal adsorption capabilities, this study investigated
thermal methods to increase the adsorbing properties of the Shankanay zeolites. Crushed
and homogenized zeolites with a diameter of 3 mm were separated by sieving. Three differ-
ent stages of activation were carried out to increase the specific surface area and porosity of
the selected zeolite granules (maximum d = 3 mm). In the first stage, zeolite granules were
cleaned of contaminants with distilled boiled water vapor at temperatures of 100–120 ◦C. In
the second stage, samples were demineralized through acid treatment. The acid treatment
changes the structure of the zeolites by increasing the volume of effective pores, leading
to an increase in sorption capacity. In the final stage, the purified zeolite was subjected
to a high thermal activation process in an argon flow (5 L/min) in an inert atmosphere
in the range of 450–550 ◦C. The adsorption capacity of the obtained samples with respect
to various heavy metal ions dissolved in water was determined from filtration by heavy
metal-polluted water. We found that the adsorption capacity for heavy metals increased
by thermal activation using the high thermal activation treatment. The optimal thermal
condition was 550 ◦C for about 2 h. The improved adsorption capacity for different heavy
metals varied depending on the treatment temperature. Adsorption by the heat-treated
zeolites at a temperature of 550 ◦C was 99% for copper and cadmium, 100% for lead, and
85% for nickel. Adsorption by heat-treated zeolites at a temperature of 500 ◦C was 98%
for copper, 83% for cadmium, and 88% for lead. Nickel displayed adsorption of 78%. In
all experiments, it was found that intense adsorption takes place during the first 10 min
representing 35 to 61% of the metal ions in water. The residual concentration of heavy
metals in the filtered water did not exceed the maximum permissible concentrations for
drinking purposes.

The experimental results show that natural zeolite water treatment based on ion-
exchange capacity, microporous structure, and adsorption capacity is very effective and
allows the removal of heavy metal ions almost completely. This method can be used for
wastewater treatment, mainly in the metallurgical industry, as well as for water softening.
Natural zeolites obtained from the Shankanay deposit in the Almaty region have a high
potential as an economical sorbent for the treatment of heavy-metal polluted water. For the
purification of heavily polluted water with the predominance of high concentrations of Ni2+

and Co2+ ions it is economical to use the relatively cheap natural zeolites. The absorption
degree of the above pollutants by zeolite is 70–95%. The zeolite of the Shankanay deposit
more fully sorbs heavy metal ions (94–98%) at intervals of 30–60 min, after carbonization at
a temperature of 500 ◦C, its sorption capacity is about 1.87 g/100 g.

The thermal treatment in this study resulted in a large increase in specific surface
area (S). The size of S indicates the potential of the reactive surface area of the zeolite to
adsorb metal ions and thus, the potential efficiency in the treatment of water pollutants.
The reported S for different natural and chemically modified zeolites in the world is in the
range of about 5–100 m2/g [16]. The S in this study was up to approximately 92.2 m2/g for
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550 ◦C thermal treatment during 60 min. Compared to the range in [16], this indicates an S
value in the present study in the upper interval. Consequently, this may as well indicate
that thermal treatment of zeolites may be more efficient than chemical treatment. However,
further studies are needed to confirm this assumption.

Future research in the field of modified zeolites may be based on simultaneous analysis
of adsorption by multiple pollutants, and to expand and scale up water and wastewater
treatment possibilities. Further studies should also be made available to determine the
cost of full-scale industrial treatment processes of the different activation possibilities
for zeolites.

Author Contributions: Conceptualization, Z.M., R.B. and E.K.; methodology, R.B. and S.T.; software,
K.T. and R.N.; validation, E.D. and K.T.; formal analysis, M.S.; investigation, S.A.; resources, M.S.;
data curation, M.S.; writing—original draft preparation, M.S.; writing—review and editing, R.B. and
S.T.; visualization, Z.M.; supervision, E.K.; project administration, S.A.; funding acquisition, M.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (program number BR11765599). Program title “Development
and improvement of natural water purification technologies and improvement of drinking water
quality in the regions of Kazakhstan”.

Data Availability Statement: Data used in this study can be received upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pandi, M.; Paudel, K.P. Water pollution and income relationships; a seemingly unrelated partially linear analysis. Water Res. 2006,

52, 7668. [CrossRef]
2. Govender, T.; Barnes, J.M.; Pieper, C.H. Contribution of water pollution from inadequate sanitation and housing quality to

diarrheal disease in low-cost housing settlements of Cape Town, South Africa. Am. J. Public Health 2011, 101, e4–e9. [CrossRef]
[PubMed]

3. Smith, L.E.D.; Siciliano, G. A Ccomprehensive review of constraints to improved management of fertilizers in China and
mitigation of diffuse water pollution from agriculture. Agric. Ecosyst. Environ. 2015, 209, 15–25. [CrossRef]

4. Tadkaew, N.; Hai, F.I.; Mcdonald, J.A.; Nghiem, L. Removal of trace organics by MBR treatment; the role of molecular properties.
Water Res. 2011, 45, 2439–2451. [CrossRef]

5. Walker, M.; Iyer, K.; Heaven, S.; Banks, C.J. Ammonia removal in anaerobic digestion by biogas stripping: An evaluation of
process alternatives using a first order rate model based on experimental findings. Chem. Eng. J. 2011, 178, 138–145. [CrossRef]

6. Gollavelli, G.; Chang, C.C.; Ling, Y.C. Facile synthesis of smart magnetic graphene for safe drinking water. ACS Sustain. Chem.
Eng. 2013, 1, 462–472. [CrossRef]

7. Pirsaheb, M.; Mohamadi, M.; Mansouri, A.M.; Zinatizadeh, A.A.L.; Sumathi, S.; Sharafi, K. Process modeling and optimization
of biological removal of carbon, nitrogen and phosphorus from hospital wastewater in a continuous feeding & intermittent
discharge (CFID) bioreactor. Korean J. Chem. Eng. 2015, 32, 1340–1353.

8. Zhu, S.; Khan, M.A.; Wang, F.; Bano, Z.; Xia, M. Exploration of adsorption mechanism of 2-phosphonobutane-1,2,4-tricarboxylic
acid onto kaolinite and montmorillonite via batch experiment and theoretical studies. J. Hazard. Mater. 2021, 403, 123810.
[CrossRef]

9. Zhu, S.; Chen, Y.; Khan, M.A.; Xu, H.; Wang, F.; Xia, M. In-depth study of heavy metal removal by an etidronic acid-functionalized
layered double hydroxide. ACS Appl. Mater. Interfaces 2022, 14, 7450–7463. [CrossRef]

10. Meng, S.; Li, Y.; Zhang, T.; Chen, J.Z.; Xu, P.; Song, C.; Fan, L.M.; Qiu, L.P. Influences of environmental factors on
lanthanum/aluminum-modified zeolite adsorbent (La/Al-ZA) for phosphorus adsorption from wastewater. Water Air Soil Poll.
2013, 224, 1–8. [CrossRef]

11. Ghasemi, Z.; Sourinejad, I.; Kazemian, H.; Rohani, S. Application of zeolites in aquaculture industry; a review. Rev. Aquacult.
2016, 10, 75–95. [CrossRef]

12. Syafalni, S.; Sing, S.R.B.; Zawawi, M.H. Sorption of dye wastewater by using natural zeolite, anionic-cationic surfactant modified
zeolite and cationic surfactant modified zeolite. World Appl. Sci. J. 2014, 32, 818–824.

13. Dionisiou, N.S.; Matsi, T.; Misopolinos, N.D. Phosphorus adsorption–desorption on a surfactant-modified natural zeolite; a
laboratory study. Water Air Soil Poll. 2013, 224, 1362. [CrossRef]

14. Dionisiou, N.S.; Matsi, T.; Misopolinos, N.D. Removal of boron by surfactant modified zeolitic tuff from northeastern Greece.
Indian J. Agric. Sci. 2013, 5, 94–99. [CrossRef]

15. Hammond, K.D.; Gharibeh, M.; Tompsett, G.A.; Dogan, F.; Brown, A.V.; Grey, C.P.; Auerbach, S.M.; Conner, W.C. Optimizing the
synthesis of nitrogen-substituted zeolites. Chem. Mater. 2010, 22, 130–142. [CrossRef]

https://doi.org/10.1002/2016WR018655
https://doi.org/10.2105/AJPH.2010.300107
https://www.ncbi.nlm.nih.gov/pubmed/21566018
https://doi.org/10.1016/j.agee.2015.02.016
https://doi.org/10.1016/j.watres.2011.01.023
https://doi.org/10.1016/j.cej.2011.10.027
https://doi.org/10.1021/sc300112z
https://doi.org/10.1016/j.jhazmat.2020.123810
https://doi.org/10.1021/acsami.1c22035
https://doi.org/10.1007/s11270-013-1556-7
https://doi.org/10.1111/raq.12148
https://doi.org/10.1007/s11270-012-1362-7
https://doi.org/10.5539/jas.v5n12p94
https://doi.org/10.1021/cm902511a


Water 2023, 15, 2215 11 of 11

16. Velarde, L.; Nabavi, M.S.; Escalera, E.; Marta-Lena Antti, M.-L.; Akhtar, F. Adsorption of heavy metals on natural zeolites; A
review. Chemosphere 2023, 328, 138508. [CrossRef]

17. Wang, S.; Peng, Y. Natural zeolites as effective adsorbents in water and wastewater treatment. Chem. Eng. J. 2010, 156, 11–24.
[CrossRef]

18. Kinoti, I.K.; Ogunah, J.; M’Thiruaine, C.M.; Marangu, J.M. Adsorption of heavy metals in contaminated water using zeolite
derived from agro-wastes and clays: A review. J. Chem. 2022, 2022, 4250299. [CrossRef]

19. Ahmad, K.; Shah, H.-R.; Khan, M.S.; Iqbal, A.; Potrich, E.; Amaral, L.S.; Rasheed, S.; Nawaz, H.; Ayub, A.; Naseem, K.; et al. Lead
In drinking water; Adsorption method and role of zeolitic imidazolate frameworks for its remediation: A review. J. Clean. Prod.
2022, 368, 133010. [CrossRef]

20. Inglezakis, V.J.; Azat, S.; Tauanov, Z.; Mikhalovsky, S.V. Functionalization of biosourced silica and surface reactions with mercury
in aqueous solutions. Chem. Eng. J. 2021, 423, 1385–8947. [CrossRef]

21. Javanbakht, V.; Alavi, S.A.; Zilouei, H. Mechanisms of heavy metal removal using microorganisms as biosorbent. Water Sci.
Technol. 2014, 69, 1775–1787. [CrossRef]

22. Sakr, A.K.; Abdel Aal, M.M.; Abd El-Rahem, K.A.; Allam, E.M.; Abdel Dayem, S.M.; Elshehy, E.A.; Hanfi, M.Y.; Alqahtani,
M.S.; Cheira, M.F. Characteristic Aspects of Uranium(VI) Adsorption Utilizing Nano-Silica/Chitosan from Wastewater Solution.
Nanomaterials 2022, 12, 3866. [CrossRef]

23. Weshahy, A.R.; Sakr, A.K.; Gouda, A.A.; Atia, B.M.; Somaily, H.H.; Hanfi, M.Y.; Sayyed, M.I.; El Sheikh, R.; El-Sheikh, E.M.;
Radwan, H.A.; et al. Selective Recovery of Cadmium, Cobalt, and Nickel from Spent Ni–Cd Batteries Using Adogen® 464 and
Mesoporous Silica Derivatives. Int. J. Mol. Sci. 2022, 23, 8677. [CrossRef] [PubMed]

24. Tran, H.N.; You, S.-J.; Hosseini-Bandegharaei, A.; Chao, H.-P. Mistakes and inconsistencies regarding adsorption of contaminants
from aqueous solutions: A critical review. Water Res. 2017, 120, 88–116. [CrossRef] [PubMed]

25. Sprynskyy, M.; Buszewski, B.; Terzyk, A.P.; Namiesnik, J. Study of the selection mechanism of heavy metal (Pb2+, Cu2+, Ni2+, and
Cd2+) adsorption on clinoptilolite. J. Colloid Interface Sci. 2006, 304, 21–28. [CrossRef]

26. Mirbaloochzehi, M.R.; Rezvani, A.; Samimi, A.; Shayesteh, M. Application of a novel surfactant-modified natural nano-zeolite for
removal of heavy metals from drinking water. Adv. J. Chem. Sect. A 2020, 3, S612–S620.

27. Sultanbayeva, G.S.; Holze, R.; Chernyakova, R.M.; Jussipbekov, U.Z. Removal of Fe2+-, Cu2+-, Al3+- and Pb2+-ions from
phosphoric acid by sorption on carbonate-modified natural zeolite and its mixture with bentonite. Microporous Mesoporous Mater.
2013, 170, 173–180. [CrossRef]

28. Kenzhaliyev, B.K.; Surkova, T.Y.; Berkinbayeva, A.N.; Dosymbayeva, Z.D.; Abdikerim, B.E. Revisiting the Kazakhstan natural
sorbents modification. Metalurgija 2020, 59, 117–120.

29. Khamzina, Z.B.; Belopukhov, S.L. Efficiency of using the Kazakhstan zeolites for the purification of water from iron ions. In
AgroINNOVATION, IOP Conference Series: Earth and Environmental Science, Volgograd, Russia, 12–14 May 2021; IOP Publishing:
Bristol, UK, 2022; Volume 965, p. 012010. [CrossRef]

30. Cruciani, G.; Gualtieri, A. Dehydration dynamics of analcime by in situ synchrotron powder diffraction. Am. Mineral. 1999,
84, 112–119. [CrossRef]

31. Bish, D.L.; Carey, J.W. Thermal behavior of natural zeolites. In Natural Zeolites: Occurrence, Properties, Applications (Reviews in
Mineralogy and Geochemistry); Bish, D.L., Ming, D.W., Eds.; Volume Mineralogical Society of America: Washington, DC, USA,
2001; Volume 45, pp. 403–452.

32. Malamis, S.; Katsou, E. A review on zinc and nickel adsorption on natural and modified zeolite, bentonite and vermiculite:
Examination of process parameters, kinetics and isotherms. J. Hazard. Mater. 2013, 252, 428–461. [CrossRef]

33. Srdan, K.; Dragoslav, S.; Jovan, L.; Dragan, M.; Sreten, T.; Slavisa, T.; Slobodan, M. Forming a filter medium from zeolite modified
with SDBAC for wastewater treatment process. Chem. Ind. Chem. Eng. 2014, 20, 361–369.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.chemosphere.2023.138508
https://doi.org/10.1016/j.cej.2009.10.029
https://doi.org/10.1155/2022/4250299
https://doi.org/10.1016/j.jclepro.2022.133010
https://doi.org/10.1016/j.cej.2021.129745
https://doi.org/10.2166/wst.2013.718
https://doi.org/10.3390/nano12213866
https://doi.org/10.3390/ijms23158677
https://www.ncbi.nlm.nih.gov/pubmed/35955812
https://doi.org/10.1016/j.watres.2017.04.014
https://www.ncbi.nlm.nih.gov/pubmed/28478298
https://doi.org/10.1016/j.jcis.2006.07.068
https://doi.org/10.1016/j.micromeso.2012.11.022
https://doi.org/10.1088/1755-1315/965/1/012010
https://doi.org/10.2138/am-1999-1-212
https://doi.org/10.1016/j.jhazmat.2013.03.024

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions and Discussion 
	References

