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Abstract: The present study focuses on the adsorption of Pb(II) by the H-form of titanosilicates (ETS-4,
GTS-1) and clinoptilolite. The H-forms were prepared by first exchanging the extra-framework
cations—Na+, K+, Ca2+, etc.—with NH4

+, and by subsequent thermal treatment for obtaining
H-forms. The purity and thermal behaviour of the initial, NH4

+, and H-forms of ETS-4, GTS-1, and
clinoptilolite were analysed by powder XRD, while the morphology and size of the particles were
determined by SEM. The chemical composition of the solids and the solutions was obtained by
WDXRF and ICP-OES, respectively. The kinetics research of the Pb(II) adsorption processes was
based on WDXRF and ICP-OES. The H-forms of the materials displayed favourable properties for the
adsorption of Pb(II). The best behaviour in this respect was demonstrated by GTS-1 when compared
to ETS-4 and clinoptilolite.

Keywords: ETS-4; GTS-1; zeolite synthesis; titanosilicate adsorption; wastewater; Pb2+

1. Introduction

Heavy metals are amongst the most dangerous pollutants in the environment, even
when they are present at low concentrations. Open-pit mining and flotation processing
of mineral resources for obtaining precious metals are common causes of severe water
pollution. Industrial wastewaters released after the processing of mineral resources of-
ten contain high levels of heavy metals such as lead, cadmium, mercury, etc.; therefore,
appropriate treatment of the wastewaters is crucial to prevent negative impacts on the
environment. To the best of our knowledge, one of the most suitable techniques for the
extraction of heavy metals from solutions is based on sorption/exchange processes with the
use of porous materials such as natural and synthetic zeolites [1], mesoporous silica [2,3],
clays [4–8], carbon nanotubes [9–11], activated carbon [12,13], biomass adsorbents [12–15],
polymers [16], etc. The adsorption, separation, and ion-exchange properties of zeolites stem
from their distinctive three-dimensional porous framework structure [17]. Natural zeolites
such as clinoptilolite (CPT) [18,19] and chabazite (CHZ) [20] are extensively studied be-
cause of their natural abundance and low cost of procurement, making them economically
suitable for large-scale application in agriculture [21–23], construction [24,25], as molecular
sieves [26], and in the field of environmental preservation [27–35]. The vast majority of the
studies on natural zeolites are concentrated on their application as adsorbents in water and
wastewater treatment, for the removal of heavy metals and organic pollutants (e.g., dyes,
ammonia, aniline, etc.) [1]. An important criterion characterising the effectiveness of any
porous material as a heavy metal adsorbent is the cation-exchange capacity (CEC). The CEC
of zeolite materials is mostly related to two major factors: the type and concentration of the
cations present in the zeolite channels, and the charge (Si/Al ratio) of the zeolite framework.
For example, the increase in the Si/Al ratio in the natural zeolites enhances their thermal
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stability, acid strength, and hydrophobicity, whereas the ion-exchange capacity decreases,
and vice versa [27].

In order to further enhance the metal extraction capability of the porous materials
(e.g., to increase their CEC), natural zeolites were subjected to modifications, and many
zeolite-like compounds were synthetically made [36]. The most common modifications
of natural zeolites aiming to improve their adsorption characteristics are the acid–base
treatment and surfactant impregnation by ion exchange. The acid washing of natural
zeolites usually targets the removal of the impurities that block the pores and removes the
extra-framework cations, creating the proton-exchanged form (H-form) of the zeolite. The
main problem with the acid wash is the dealumination process that destroys the crystal
structure. An alternative procedure to achieve the H-form is ammonium exchange followed
by calcination for removal of NH4

+. While the ammonium exchange process does not
produce “dealumination”, the calcination requires elevated temperatures, which may have
a negative effect on the zeolite framework structure. The production of synthetic zeolites
that are acid-resistant or can withstand the temperature treatment for ammonia removal
and generating the H-form also presents an opportunity. Amongst the acid-resistant
synthetic analogues of zeolites are the titanium silicates. Firstly the Engelhard Titanium
Silicate-4, and 10 (ETS-4 and ETS-10) were synthesised [29] and lately the ETS-14 [37] and
Grace titanium silicate-1 (GTS-1) [38,39] were also reported. The titanium silicates are
characterised by a porous crystal framework with uniform pore size—in the case of ETS-4
about 3.7 Å, for ETS-10 about 10 Å, and for ETS-14 about 14 Å. Unlike natural zeolites, the
titanium silicate analogues are more acid-resistant but thermally more unstable. This can
be linked to framework differences, as natural zeolites’ structure is composed of silicon
[SiO4]4− and aluminium [AlO4]5− coordinated polyhedra, while in the titanosilicates
aluminium is replaced by titanium [TiO6]2− octahedra [27,28].

Compared to GTS-1, the Engelhard titanium silicates-4 has been extensively investi-
gated for the adsorption of Hg2+, Cd2+, Co2+, Sr2+ [40–44], and radioactive metals such as
241Am3+ and 236,239,240Pu3+ [45,46], as well as for the separation, adsorption, and diffusion
of gases [47–49], etc. It has been reported that the replacement of monovalent K/Na+

cations with divalent cations (M2+) such as Sr2+ and Ba2+ alters the adsorptive properties
as well as the stability of ETS-4 adsorbents [50]. The dehydration of M2+-ETS-4 occurs
at higher temperatures and causes a relocation of the M2+ cations in the structure [51]
that is accompanied by pore contraction (a contracted titanosilicate is manufactured [52])
and, thus, reduction in adsorptive properties. This is probably why most of the reported
H-ETS-4 preparation involves treatment of the Na-K-ETS-4 with hydrochloric acid [53].
Unfortunately, the structure of ETS-4 allows the substitution of halogen anions instead of
terminal hydroxyl groups in O7 sites bonded to TiO5 units [54]. The effect of this substitu-
tion also results in pore size reduction. The control of the pore size in reduced-pore zorite
(RPZ), which is an analogue of ETS-4, is achieved by controlling the levels of structural
chloride ions [53,55].

There are very few studies on GTS-1 uptake properties. Based on the literature data,
the CEC and selectivity of GTS-1 decreases in the order Cs+ > K+ > Na+ > Li+ [39,56–58].
Data are also available for the removal of Hg from natural waters by GTS-1, and of 137Cs2+

and 89Sr2+ by different cationic forms of synthetic pharmacosiderite [59]. To the best of
our knowledge, no data are available in the literature for the preparation and adsorption
properties of the proton-exchanged form of GTS-1 (H-GTS-1). Based on the aforementioned,
it is clear that titanosilicates are effective adsorbents for the removal of heavy metals from
aqueous solutions. However, the industrial implementation requires adjustment of the acti-
vation technique to obtain materials with enhanced properties, e.g., increase the uptake of
harmful components. The goal of this work is to expand the data on the sorption/exchange
properties of the titanosilicate GTS-1 towards Pb(II) cations, as information on the Pb(II)-
exchange properties of GTS-1 is very scarce in the scientific literature [38]. The study is
focused on obtaining detailed uptake equilibrium and kinetic data for Pb(II) exchange on
the synthesised GTS-1 and its produced H-form. It is well known that both clinoptilolite
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and ETS-4 possess good adsorption properties towards Pb(II); therefore, clinoptilolite and
ETS-4 were chosen as reference materials [27,28,60–65].

2. Materials and Methods
2.1. Materials

The studied materials the titanosilicates Na-K-ETS-4 and Na-K-GTS-1 were synthe-
sised by our team. And clinoptilolite (CPT) was from the Beli Plast deposit, Bulgaria. The
analytical-grade starting reagents used in the synthesis of Na-K-ETS-4 and Na-K-GTS-1,
and for the ion exchange, were as follows: titanium tetrachloride (TiCl4, 99.6%), sodium
hydroxide (NaOH, 97%), potassium hydroxide (KOH, >85%), silicon dioxide (SiO2, 99.5%),
ammonium chloride (NH4Cl, 98+%), lead nitrate (Pb(NO3)2, 99%), and ultrapure distilled
water (electrical conductivity of 0.055 µS/cm). All starting reagents were purchased from
Alfa Aesar, and were used without further purification.

2.1.1. Synthesis of Na-K-ETS-4

The synthesis of Na-K-ETS-4 (molar composition: 9.25Na2O:1.11K2O:3.49TiO2:10SiO2:
675H2O) was carried out based on a known procedure reported by Kytin et al. [66]. The
synthesis was conducted at autogenous pressure, at 200 ◦C and a crystallisation time
of 24 h.

Solution 1: 8.235 g of NaOH, 1.135 g of KOH, and 6.660 g of SiO2 were added to 90 mL
of distilled water, and the mixture was homogenised for 120 min with stirring.

Solution 2: 2.740 mL of TiCl4 was added to 45 mL of distilled water, and the mixture
was homogenised mechanically for 10 min.

After that, solution 2 was added to solution 1 under constant stirring; the resulting
white gel mass was re-homogenised with stirring for 40–45 min and then transferred into
the Teflon chamber of a stainless steel autoclave. The autoclave was then placed in a
furnace, preheated to 200 ◦C, and was kept at that temperature for 24 h. The hot autoclave
was cooled down to room temperature under running water (cooling time is a function
of the autoclave volume, e.g., ~3 h of cooling for a 1 L autoclave). The obtained insoluble
product was vacuum-filtered and washed several times with distilled water until the pH
reached ~7–8. After that, the product was dried at 100 ◦C.

2.1.2. Synthesis of Na-K-GTS-1

The synthesis of Na-K-GTS-1 (molar composition: 3Na2O:3K2O:0.6TiO2:10SiO2:675H2O)
was carried out based on a known procedure reported by Ferdov et al. [67], with slight
adjustments to the time and temperature of crystallisation. The synthesis was conducted at
autogenous pressure with a temperature of 200 ◦C and for a crystallisation time of 19 h.

Solution 3: 16.425 g of NaOH, 10.350 g of KOH, and 5.40 g of SiO2 were added to
112.5 mL of distilled water, and the mixture was homogenised with stirring for 120 min.

Solution 4: 9.00 mL of TiCl4 was added to 27 mL of distilled water, and the solution
was homogenised mechanically for 10 min.

After that, solution 3 was added to solution 4 with constant stirring; the resulting white
gel mass was re-homogenised with a magnetic stirrer for about 40–45 min and transferred
into a stainless steel autoclave with a Teflon chamber. The autoclave was placed in a
furnace preheated to 200 ◦C for 19 h, and the resulting insoluble nano-sized product was
centrifuged (6000 rpm) several times by adding fresh distilled water until the pH dropped
to ~7–8. The product was then dried at 100 ◦C.

2.1.3. Preparation of Modified Ammonium (NH4
+) Forms

All studied samples were modified to ammonium forms by ion exchange with 0.2 M
NH4Cl solution (NH4Cl:material—100:1 weight ratio). Ultrapure (0.055 µS/cm) H2O was
used for the NH4

+ exchange. The aqueous mixture of NH4Cl and Na-K-ETS-4/Na-K-GTS-
1/CPT was stirred for 120 min, after which the solvent was decanted and fresh 0.2 M
NH4Cl solution was added. The mixture was then stirred for another 120 min. Due to the
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different thermal stability of the studied materials, the NH4
+-ion exchange was conducted

at different temperatures—for CPT, the mixture was heated to 70–80 ◦C, for Na-K-ETS-4 to
about 60–70 ◦C, and for Na-K-GTS-1 to about 80 ◦C—using a water bath. The samples were
then dried and heated at different temperatures to release the ammonium and to obtain the
respective activated “H”-forms. It was found that the optimal (i.e., the lowest) temperature
for obtaining the “H”-form of CPT was 520 ◦C for 120 min, for H-ETS-4 it was 140 ◦C for
60 min, and for H-GTS-1 it was 100 ◦C for 60 min.

2.1.4. Equilibrium Uptake and Kinetic Studies

The equilibrium uptake studies were conducted at room temperature as follows: 1.00 g
of the corresponding H-CPT, H-ETS-4, and H-GTS-1 forms was added to a vessel containing
100 mL of Pb(NO3)2 aqueous solution (pH 5.4) as a Pb2+ source. At least five different
Pb2+ concentrations varying from 5 to 400 mg/L (for H-CPT) and from 10 to 4400 mg/L
(for H-ETS-4 and H-GTS-1) were used to deduce the saturation concentration of Pb2+.
After 2 h of stirring at 250 rpm, the solid adsorbent was separated by filtration (blue filter
grade < 2 µm, for Pb-CPT and Pb-ETS-4) or centrifugation (at 6000 rpm for Pb-GTS-1). The
solid and solution were both analysed for Pb(II) content.

The adsorption kinetics studies were conducted using the Pb2+ saturation concentra-
tions determined from the equilibrium uptake isotherms. The time intervals were 4, 8,
12, 15, 30, 60, 120, and 180 min, keeping all other conditions unchanged (i.e., amounts of
sorbent, volume of the solution, pH, temperature, and stirring).

2.2. Methods
2.2.1. Powder X-ray Diffraction (PXRD) Analysis

PXRD was used for monitoring the synthesis and for phase identification. The PXRD
patterns of the samples were collected at room temperature on an Empyrean, Malvern
Panalytical diffractometer. Data collection was performed using Cu radiation (λ = 1.5406 Å)
at 40 kV and 30 mA, along with a PIXcel3D detector in the range 2–50◦ 2θ and with a step
size of 0.013◦ 80 s.

In addition, in situ PXRD studies were performed with stepwise heating from 50 to
450 ◦C (50 ◦C per step) and from 450 to 50 ◦C in an ambient atmosphere using an Anton
Parr TTK600 chamber (the start and end temperatures were 35 ◦C). This analysis was used
to determine the thermal stability of the tested samples for subsequent exchange of NH4Cl,
and then for producing the activated H-forms.

2.2.2. Scanning Electron Microscopy (SEM)

The SEM analysis was performed on a Philips 515 microscope operating at 20 keV
in secondary electron mode. The samples were mounted on a specimen holder with a
conductive carbon coating. The results were used to characterise the size and morphology
of the particles and crystallites.

2.2.3. Wavelength Dispersive X-ray Fluorescence Spectroscopy (WDXRF)

WDXRF was used to determine the chemical composition of the solids (Table 1). The
chemical elemental composition was determined on a Supermini200 spectrometer (Rigaku,
Japan). Data collection was performed by wavelength-dispersive X-ray fluorescence at
50 kV and 4.00 mA. The sample was crushed and then pressed to obtain a tablet. The
sample/tablet was placed in a holder with an irradiated area of 30 mm in diameter. The
weight ratio of the amount of sample to the amount of glue (Acrawax C powder) was
5:1. A semi-quantitative method (SQX) was used to determine the elemental composition,
without the need for reference materials.
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Table 1. Chemical composition of the initial samples, H-forms and Pb-forms obtained after 120 min
of exchange at saturation concentrations.

Initial Samples “H” Forms Ion-Exchanged Forms

CPT
(Na0.31Mg0.41K3.52Ca3.04)
(Si30.60Al4.93Fe0.46)O72.98

(Mg0.22K0.79Ca0.36)
(Si31.04Al4.58Fe0.38)O67.92

(Mg0.29K0.72Ca0.36Pb0.19)
(Si30.84Al4.80Fe0.37)O68.56

ETS-4
(Na4.78K1.69)

Ti5.43Si11.57O38.61

(Na0.92K0.23)
Ti5.43Si11.57O35.85

(Na0.15K0.20Pb2.05)
Ti5.12Si11.85O34.53

GTS-1
(Na2.57K1.84)

Ti4.12Si2.88O17.38

(Na0.08K0.02)
Ti4.13Si2.87O14.69

(K0.04Pb1.32)
Ti4.04Si2.96O14.88

2.2.4. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

ICP-OES was used to determine the concentration of the remaining Pb(II) ions in the
aqueous solution after treatment with the H-ETS-4, H-GTS-1, or H-CPT (sorbents). The ICP
data provided the equilibrium concentration, and were used in the kinetic studies. The
Pb2+ concentration was obtained as the average of three studies. The equipment used was
a Prodigy High-Dispersion spectrometer (Teledyne Leeman Labs, Hudson, NH, USA). The
spectrometer was equipped with a dual-view torch, cyclonic spray chamber, and concentric
nebuliser. The measurements were performed with the following settings: power 1.2 kW;
coolant flow 18 LPM; auxiliary flow 0.1 LPM; nebuliser pressure 34 LPM; pump tubing
1.2 mL/min; axial view 30.0 s. The results, including standard deviations, are provided in
Table S1.

2.2.5. Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used to determine the degree of
exchange of NH4

+ forms. The samples were examined using a Bruker Tensor 37 spectrome-
ter using KBr pellets. For each sample, 128 scans were collected at a resolution of 2 cm−1

over the wavenumber region 4000–400 cm−1.

2.2.6. Specific Surface Area Analysis

The Brunauer–Emmett–Teller (BET) surface area, pore volume, and pore size proper-
ties of the CPT, Na-K-ETS-4, Na-K-GTS-1, H-CPT, H-ETS-4, H-GTS-1, Pb-CPT, Pb-ETS-4,
and Pb-GTS-1 samples were assessed by N2 adsorption/desorption at −196 ◦C using a
Quantachrome Autosorb-iQ-AG instrument. The results are presented in Figures S1–S3
and Table S2.

3. Results and Discussion

The initial idea was to employ Na-K-ETS-4 and Na-K-GTS-1 directly for the removal
of Pb(II) from aqueous solutions. However, the results of the performed pre-experiments
for Pb2+ ion exchange using the Na-K-forms revealed that Pb2+ cannot displace the Na+ or
K+ extra-framework cations. This result necessitated obtaining the “extra framework cation
free” H-forms of the studied compounds. The H-form may be obtained either by acid
attack of the Na-K-forms, or through ammonium exchange. The acid attack is suitable for
titanosilicates, which are acid-“resistant”, but are not applicable for Si/Al zeolites such as
CPT. However, even titanosilicates show significant structural damage after multiple cycles
of acid treatment and, thus, their reusability is limited. Considering the advantages and
disadvantages of acid treatment, we chose to obtain the H-forms via ammonium exchange.

3.1. Characterisation of the Initial Materials

The initial assessment of the purity of the synthesised Na-K-ETS-4 and Na-K-GTS-1,
as well as of the natural CPT, was made on the basis of PXRD analysis (Figure 1). The
semi-quantitative phase analysis of the natural CPT (Figure 1a) performed using the DDM
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Semi-QPA method [68], incorporated in the HighScore software [69], revealed clinoptilolite
content of 85% and some impurities such as opal cristobalite ~6 wt%, montmorillonite
~5 wt%, mica < 2 wt%, and plagioclase < 2 wt%. The diffractograms of Na-K-ETS-4
(Figure 1b) and Na-K-GTS-1 (Figure 1c) clearly show only the presence of pure phases of
the desired products.

Figure 1. Powder XRD patterns of (a) natural CPT from the Beli Plast deposit, Bulgaria, (b) Na-K-ETS-4,
and (c) Na-K-GTS-1. The diffraction peaks corresponding to the impurities in the clinoptilolite—e.g.,
montmorillonite (Mt), opal cristobalite (OC), mica (m), and plagioclase (Pl)—are marked with arrows.

The SEM images of CPT, Na-K-ETS-4, and Na-K-GTS-1 are shown in Figure 2. Based
on SEM observation, all samples appeared to be finely crystalline, and were similar in size
(particle size of 10–15 µm). However, the SEM images do not correlate with the observed
broadening of the XRD peaks (Figure 1c), suggesting nanosized Na-K-GTS-1.

Figure 2. SEM images of (a) CPT, (b) Na-K-ETS-4, and (c) Na-K-GTS-1; magnification is ×1100.

3.2. Ion Exchange (IE), Theoretical Exchange Capacity (TEC), and Cation-Exchange
Capacity (CEC)
3.2.1. NH4

+-Exchanged and H-Forms

The in situ PXRD showed that CPT is thermally stable at least up to 550 ◦C. After
cooling to room temperature, a recovery of the CPT crystal structure (Figure 3a) was
observed (based on intensities). This was probably due to rehydration processes. In the
case of Na-K-ETS-4, a phase transition was observed between 200 and 250 ◦C (Figure 3b),
while for Na-K-GTS-1 an amorphisation process began after 200 ◦C. Thus, the removal of
NH4

+ by heating is limited to 200 ◦C for NH4-ETS-4 and NH4-GTS, while for NH4-CPT the
used temperature may be higher e.g., 550 ◦C. Due to the limitations of our XRF equipment
for the detection of nitrogen, the presence/absence of NH4

+ in the studied samples was
detected with FTIR, based on the N-H bending vibration observed around ~1440 cm−1.
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Figure 3. In situ temperature PXRD analysis of (a) CPT, (b) Na-K-ETS-4, and (c) Na-K-GTS-1. The
topmost diffractograms at 35 ◦C were measured after cooling down in order to see whether the
material would return to its initial crystalline form.

The FTIR spectra of the H- and NH4-forms of CPT, ETS-4, and GTS-1 are shown in
Figure 4. The most intensive bands observed in the 1100–430 cm−1 region of the FTIR
spectra correspond to the framework vibrations. For NH4-CPT and H-CPT the Si (Al)-O
stretching/bending vibrations were observed at 1076–450 cm−1 [70], while for NH4-ETS-4,
H-ETS-4, NH4-GTS-1, and H-GTS-1 the framework vibrations were slightly shifted towards
lower values, and could be found between 990–430 cm−1 [71,72]. The broad intensive bands
observed in all spectra in the 3500–3200 cm−1 region were associated with the asymmetric
stretching vibrations of O-H (water) and/or N-H groups. The band at 1660–1620 cm−1 was
the result of deformation vibrations of molecularly bound water in the structure. What is
interesting in our case is the N-H band around 1440 cm−1 in the FTIR spectra of the NH4

+-
forms and its absence in the H-forms (the framework of the materials remains unchanged).
In fact, the removal of ammonium from NH4-ETS-4 and NH4-GTS-1 occurred at 140 and
100 ◦C, before the allowed maximal temperature of 200 ◦C (for at least 60 min of heating).
For NH4-CPT, the required temperature for ammonium removal was 520 ◦C, again for at
least 120 min of heating.

Figure 4. Comparative FTIR spectra of the H- and NH4
+-forms of (a) CPT, (b) ETS-4, and (c) GTS-1.

One can note the additional N-H band at ~1440 cm−1 due to the presence of NH4
+.

The BET surface areas and pore volume of the samples are given in Figures S1–S3 and
Table S1. The BET surface areas of the H-forms are distinctively larger than those of the
Na-K- and Pb-forms, while no tendency can be drawn from the pore dimeter data (except
that the materials remain mesoporous).
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3.2.2. Theoretical Ion-Exchange Capacity

The theoretical ion-exchange capacity (TEC) value for CPT is related to the exchange-
able cations Mg2+, Ca2+, K+, and Na+ situated in the pores/channels. According to the gen-
eral empirical formula of CPT—(Na,Mg,K,Ca)3–6(Si30Al6)O72·20H2O)—the TEC is between
2.4 and 2.64 meq/g [29,30], and the typical values for the Si/Al ratio are between 4 and
5.3 [61,73]. The typical TEC values for Na-K-ETS-4—(NaK)9Ti5Si12O38OH·12H2O—varies
between 5.54 and 6.39 meq/g [19,23], and those for GTS-1—(Na)3Ti4O4(SiO4)3·4H2O—are
around 6.65 meq/g [74]. The Si/Ti ratios in Na-ETS-4 and GTS-1 are 2.4 [75] and 0.75 [39,76],
respectively.

3.2.3. Cation-Exchange Capacity

The cation-exchange capacity (CEC) of the studied samples was calculated on the
basis of their empirical formulae, derived from the WDXRF analysis (Table 1) using the
following equation:

CEC =
∑ EECin − ∑ EECrem

MW adsorbent
∗ 1000 [meq/g] (1)

where EECin—exchangeable equivalents of cations (derived from the chemical formula) of
the initial samples divided by their charge; EECrem—exchangeable equivalents of cations of
the NH4

+-modified samples divided by their charge.
The resulting CEC values for CPT (2.17 meq/g), ETS-4 (3.85 meq/g), and GTS-1

(5.96 meq/g) were within the range of the theoretical values, as well as the Si/Al ratio for
CPT (6.20) and the Si/Ti ratios for ETS-4 and GTS-1 of 2.13 and 0.72, respectively. The
obtained CEC shows that, experimentally, 82% exchange was achieved for ETS-4, while
more than 90% was observed for CPT and GTS-1.

3.3. Equilibrium Uptake Isotherms

Sorption is usually described in terms of equilibrium isotherms. The uptake depends
on initial concentration of the solution in contact with the exchanger, the temperature,
and the characteristics of the ion-exchange system, such as solution composition, pH, and
substance type.

When the equilibrium is unfavourable, the plot of solid concentration vs. solution
concentration of the cation is concave-upward. This type of curve implies that equilibrium
prevents the ion exchanger from taking as many cations as its capacity would allow. In
this case, the equilibrium is the process-controlling factor in the ion exchange. In contrast,
when the cations are strongly preferred by the ion exchanger, equilibrium is favourable,
and the ion-exchange process is controlled by both equilibrium and kinetic factors.

The analyses terminate with a final Pb2+ concentration (e.g., 4400 mg/L) when no
further uptake from the adsorbents is observed or a plateau is reached. In the present
work, the amount of Pb(II) in the solids and the solutions was tested with WDXRF and
ICP-OES, respectively.

H-ETS-4 and H-GTS-1 showed similar trends, with almost complete Pb2+ removal
from aqueous solutions up to around 2700 and 2000 mg/L, respectively (Figure 5b,c). On
the other hand, complete removal of Pb2+ by clinoptilolite was observed for concentrations
up to around 25 mg/L, and afterwards the increase was proportional to the volume-to-mass
ratio. The amount of Pb2+ taken up by H-ETS-4 and H-GTS-1 corresponds well to the
solution data, even if the saturation plateau is reached at higher concentrations. The H-CPT
profile of the Pb2+ uptake is also in accordance with the data for the solution (Figure 5a).
For H-CPT, the saturation concentration (plateau) was observed after ~180 mg/L initial
concentration. The maximum adsorption capacity for clinoptilolite was calculated to be
about 99% of 25 mg/L, for H-ETS-4 it was 98–99% of 2800 mg/L, and for H-GTS-1 it was
99% of 2000 mg/L. The chosen concentrations of lead at equilibrium were 400 mg/L for
CPT, and 3600 mg/L for both H-ETS-4 and H-GTS-1.
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Figure 5. Representation of the adsorption isotherms for Pb(II) ion removal of (a) Pb-CPT, (b) Pb-ETS-4,
and (c) Pb-GTS-1; experimental conditions: 1 g of adsorbent, initial pH 5.4, Pb(II) concentration
5–4500 mg/L, and adsorption period 2 h.

The equilibrium isotherms of lead adsorption by H-ETS-4, H-GTS-1, and H-CPT with
respect to the concentration of species in the solid phase as a function of its value in the
solution are presented in Figure 6.

Figure 6. Equilibrium uptake isotherms of Pb(II) with (a) H-CPT, (b) H-ETS-4, and (c) H-GTS-1 in the
liquid phase. The best fit of the experimental data (qeq) for H-CPT, H-ETS-4, and H-GTS-1 is given
with solid line.

The experimental amount of Pb2+ adsorption was calculated according to Equation (2):

qeq =
(C0 − Ce)V

m
(2)

where m (g)—the mass of adsorbent; V (L)—the volume of the adsorbate solution; C0
(mg/L)—the initial concentrations of Pb2+ in the liquid phase; Ce (mg/L)—the equilibrium
concentrations of Pb2+ in the liquid phase.

The Langmuir isotherm considers adsorption as a chemical phenomenon, assuming
that all of the available active adsorption sites are similar, the adsorbed species does not
interact, and only a monolayer is formed. Freundlich, on the other hand, assumes a
heterogeneous surface and an exponential distribution of active sites and their energies.
According to the Temkin model, it is assumed that the adsorption heat of all molecules in the
layer decreases linearly with the coverage area due to the adsorbent–adsorbate interactions,
and the adsorption is characterised by a homogeneous distribution of binding energies
up to a maximum binding energy. The nonlinear forms of these models (Equations (3)–(5))
were applied for the calculation of the corresponding parameters, given in Table 2.
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The equilibrium solute concentration in the adsorbent phase “qeq” is determined
through the following Langmuir nonlinear regression isotherm:

qeq =
QmaxKLCeq

1 + KLCeq
(3)

where Ceq—the equilibrium concentration of remaining Pb2+ ions (mg/L); qeq—the amount
of adsorbed Pb2+ (mg/g); Qmax—the monolayer capacity (mg/g), i.e., the maximum ad-
sorption capacity of the solid phase; KL—the mass transfer coefficient (L/mg).

The nature of the adsorption can also be estimated by the dimensionless Langmuir
separation factor RL:

RL =
1

1 + KLC0
(4)

where KL is the mass transfer coefficient (L/mg) and C0 is the initial adsorbate concentration
(mg/L). The RL values can be classified as unfavourable (RL > 1), linear (RL = 1), favourable
(0 < RL < 1), or irreversible (RL = 0).

Freundlich nonlinear model:

qeq = KFCeq
1/n (5)

where KF is the Freundlich partition coefficient, and n is a constant indicative of the intensity
of the adsorption.

Temkin nonlinear model:
qeq = Bln(KTCeq

)
(6)

where B is a constant related to the heat of adsorption, and B = RT/b, where b is the Temkin
constant (J/mol), T is the absolute temperature (K), R is the gas constant (8.14 J/mol K),
and KT is the Temkin isotherm constant (L/g).

The results indicate that the adsorption of lead on H-ETS-4 and H-GTS-1 follows
the Langmuir model (Figure 6b,c) while for H-CPT the Freundlich model fits the experi-
mental data better (Figure 6a). The adsorption capacity corresponding to the monolayer
adsorption (Qmax) is 313.42 and 342.20 mg/g for Pb-ETS-4 and Pb-GTS-1, respectively,
while KL (the Langmuir constant related to the free energy of adsorption) is 0.07663 and
0.0226 (L/mg) for Pb-ETS-4 and Pb-GTS-1, respectively. The RL values are 0.04 and 0.012,
indicating that the adsorption of Pb2+ is a favourable process. The higher R2 recorded for
the Freundlich equation indicates that this isotherm is the best-suited model to describe the
Pb2+ adsorption on H-CPT. The better fit obtained with the Freundlich model suggests the
heterogeneous nature of the H-CPT, and multilayer adsorption of Pb2+ onto the adsorbent.
The heterogeneous character of the H-CPT surface is also confirmed by the n parameter
from the Freundlich equation. The 1/n describes the intensity of the adsorption or surface
heterogeneity—for favourable adsorption, 0 < 1/n < 1; if 1/n > 1, unfavourable adsorption;
and the process is irreversible when 1/n = 1. The 1/n value of 0.23 indicates that the
adsorption could be considered as favourable and the adsorbent surface as heterogeneous,
which is also known from the PXRD data.

Table 2. Freundlich, Temkin, and Langmuir adsorption isotherm parameters.

Pb-ETS-4

Freundlich Temkin Langmuir

n = 4.64203 ± 1.02509 KT = 2.0759 ± 1.0863 Qmax = 313.42039 ± 20.87612

KF = 72.184 ± 20.677 B = 42.8093 ± 5.07527 KL = 0.07663 ± 0.02091

R2 = 0.69311 R2 = 0.83362 R2 = 0.90896
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Table 2. Cont.

Pb-GTS-1

n = 2.89261 ± 0.5482 KT = 0.35742 ± 0.0931 Qmax = 342.20151 ± 23.73971

KF = 36.3433 ± 14.0089 B = 61.0059 ± 4.9647 KL = 0.0226 ± 0.00705

R2 = 0.91572 R2 = 0.94936 R2 = 0.95571

Pb-CPT

n = 4.33825 ± 0.7453 KT = 35.23702 ± 39.5469 Qmax = 9.98319 ± 1.1036

KF = 2.29507 ± 0.4646 B = 0.85214 ± 0.12803 KL = 0.02271 ± 0.00938

R2 = 0.91572 R2 = 0.84405 R2 = 0.85493

3.4. Adsorption Kinetics

The saturation concentrations were used for performing the kinetics studies of Pb2+

sorption for different sorption intervals (t) of 4, 8, 12, 15, 30, 60, 120, and 180 min. Ad-
sorption kinetics data for Pb2+ uptake by H-CPT, H-ETS-4, and H-GTS-1 are presented in
Figure 7.

Figure 7. Pb2+ adsorption kinetics of (a) H-ETS-4 and H-GTS-1, and (b) H-CPT. The kinetics were
followed for 4, 8, 12, 15, 30, 60, 120, and 180 min using Pb2+ aqueous solutions with concentrations of
400 mg/L for CPT and 3600 mg/L for ETS-4 and GTS-1. The best fit of the experimental data (qt) for
H-CPT, H-ETS-4, and H-GTS-1 is given with solid lines.

Pseudo-first-order kinetic model:

qt = qeq

(
1 − e−k1t

)
(7)

Pseudo-second-order kinetic model:

qt =
qeq

2k2t
1 + k2qeqt

(8)

To investigate the mechanism controlling the adsorption processes, the kinetic data
collected in this study were fitted to the pseudo-first-order (PFO) and pseudo-second-order
(PSO) models. The pseudo-first-order model assumes that the adsorption rate is based on
the adsorption capacity. The pseudo-second-order model is based on the assumption that
the adsorption is controlled by the chemisorption mechanism, involving valence forces
through electron sharing or transfer between the adsorbent and adsorbate. The calculated
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kinetic parameters are given in Table 3. Herein, the two models showed a good fit with
the experimental data. However, comparing the R2 values of the PFO and PSO fit, one can
notice that the Pb2+ adsorption by H-ETS-4 and H-GTS-1 is better described by the PFO
kinetic model (R2

H-ETS-4 = 0.96632 and R2
H-GTS-1 = 0.99623), while for CPT distinguishing

the better fit is not possible (R2
PFO ~ R2

PSO). Additionally, the sorption of Pb(II) is the
fastest for GTS-1—89% (for 20 min of uptake)—followed by ETS-4—77% (after 25 min of
uptake)—and CPT—75% (after 60 min of uptake).

Table 3. PFO and PSO parameters.

Pb ETS-4

Pseudo 1st order Pseudo 2nd order

qeq = 183.60 ± 6.34 qeq = 198.57 ± 13.07

k1 = 0.1242 ±0.015 k2= 0.0009 ± 0.0003

R2 = 0.96632 R2 = 0.91479

Pb GTS-1

qeq = 319.02 ± 3.50 qeq = 342.79 ± 12.31

k1 = 0.1236 ± 0.005 k2 = 0.0005 ± 0.0001

R2 = 0.99623 R2 = 0.97152

Pb CPT

qeq = 12.18 ± 0.47 qeq =13.58 ± 0.65

k1 = 0.06 ± 0.007 k2 = 0.006 ± 0.001

R2 = 0.96641 R2 = 0.96705

The adsorption capacities of other adsorbents of Pb2+, taken from the literature, are
provided in Table 4 for comparison. The values of the maximum adsorption capacity, qm,
(mg/g) reported in this work for H-ETS-4 and H-GTS-1 are significantly higher than that of
H-CPT, and compete with the most promising candidates.

Table 4. Comparative adsorption capacities (qm) for Pb2+ uptake of various adsorbents.

Adsorbent qm (mg/g) Pb2+ Reference

Bentonite 52.6 [6]
Montmorillonite 21.6 [6]
Montmorillonite after acid activation 22.7 [6]
Kaolinite 5.2 [6]
Kaolinite after acid activation 6.3 [6]
Illite–smectite clay 131.23 [77]
Chabazite 6.0 [78]
Polypyrrole-based AC 50.0 [79]
Polygonum orientale Linn 98.39 [80]
Coconut shell 76.66 [80]
Allophane 90.17 [81]
Halloysite/alginate beads (nano) 325.00 [82]
Lignin 1865.00 [83]
Amidoxime improvised polyacrylonitrile 263.45 [84]
Cyshtcc-Fe3O4 235.63 [85]
PPy/oMWCNT composite 26.32 [86]
TAA-MWCNTs 71.1 [87]
PES/MWCNTs-NH2 227.1 [88]
Ca-alginate beads functionalised 360.11 [89]
Ehandiagu clay 0.45 [8]
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Table 4. Cont.

Adsorbent qm (mg/g) Pb2+ Reference

Illitic clay (Turkish) 238.98 [90]
NaX + activated carbon 228 [91]
Clinoptilolite 6.0 [78]
Clinoptilolite (Turkey) 10 [92]
Clinoptilolite (Croatia) 78.7 [93]
Na-clinoptilolite (Croatia) 91.2 [93]
H-clinoptilolite (Beli Plast) 4.33 this work
ETS-4 313 this work
GTS-1 342 this work

4. Conclusions

The results of this study present insights into the adsorption of Pb2+ on the syn-
thetic ETS-4 and GTS-1 and natural CPT. Na-K-ETS-4 and Na-K-GTS-1 were successfully
synthesised and along with clinoptilolite modified to H-ETS-4, H-GTS-1, and H-CPT by am-
monium ion exchange, followed by calcination. The obtained materials were characterised
by SEM, FTIR, surface area analyses/BET, WDXRF, and XRD. The adsorption studies
demonstrated that H-ETS-4 and H-GTS-1 are promising adsorbents for the removal of lead
ions from their aqueous solutions. Adsorption equilibrium was attained within 1 h. The
adsorption kinetics obeyed the pseudo-first-order model, suggesting that the rate-limiting
step is probably diffusion. The adsorption equilibrium of Pb2+ was satisfactorily described
by the Langmuir equation for Pb-ETS-4 and Pb-GTS-1, and by the Freundlich equation
for the Pb-CPT isotherm. The maximum adsorption (qm) calculated from the Langmuir
equation was 313 and 342 mg/g for Pb-ETS-4 and Pb-GTS-1, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14142152/s1, Figure S1. Low-temperature nitrogen adsorption–
desorption isotherms (at 77 K, squares adsorption and circles desorption of (a) CPT, (b) H-CPT, and
(c) Pb-CPT); Figure S2. Low-temperature nitrogen adsorption–desorption isotherms (at 77 K, squares
adsorption and circles desorption of (a) Na-K-ETS-4, (b) H-ETS-4, and (c) Pb-ETS-4); Figure S3.
Low-temperature nitrogen adsorption–desorption isotherms (at 77 K, squares adsorption and circles
desorption of (a) Na-K-GTS-1, (b) H-GTS-1, and (c) Pb-GTS-1); Table S1. Lead concentrations in
solutions and their standard deviation (SD) determined by ICP-OES after treatment with (a) H-CPT,
(b) H-GTS-1, and (c) H-ETS-4; Table S2. The BET surface area and porosity analysis of CPT, H-CPT,
Pb-CPT, Na-K-ETS-4, H-ETS-4, Pb-ETS-4, Na-K-GTS-1, H-GTS-1, and Pb-GTS-1.
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