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ARTICLE INFO ABSTRACT

Keywords: The capacity of South African Heulandite (HEU) zeolite to remove Pb%* and Cd*" ions from
AdZSSTPﬁOH aqueous solution was investigated using batch experiments and molecular simulations studies.
Pb

The effect of different factors on the adsorption of these ions onto the zeolite was investigated;

2+

cd . . contact time, initial metal ion concentration and the amount of HEU adsorbent. Molecular sim-
Heulandite zeolite . . X . N X
Isotherms ulations was done using Monte Carlo and density functional theory. Experimental results obtained

indicate that the maximum adsorption for the two ions occur at pH 5 and after 240 min of contact
time. The percent removal based on contact time of Pb>" and Cd*' ions from water by the
heulandite zeolite were 99.7 and 76.7 %, respectively. The adsorption of two metal ions onto the
HEU zeolite follows the Langmuir adsorption isotherm. From the molecular simulation findings,
the adsorption of Pb?* jons onto the HEU window is equidistant from the two adjacent oxygen
atoms within the HEU structure while the Cd>* ion is adsorbed in the upper left side of the 8-ring
HEU window. It was observed that the performance of the zeolite can significantly be improved
by doping with germanium, aluminum, thallium indium, and sodium cations. These results
indicate that the application of HEU zeolite as an adsorbent holds a great promise in heavy metal
removal from aqueous solutions.

Molecular simulation

1. Introduction

Heavy metal pollution in the various environmental segments is of a global concern [1,2]. This is because heavy metals are toxic,
non-biodegradable [3], and have a large dispersal capability and high rates of bioaccumulation in plants, animals and human [4,5].
Therefore, it is important to find ways of removing them from water [6-9]. Many wastewater treatment techniques aimed at the
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removal of numerous pollutants including heavy metals have been developed [10]. They include; chemical precipitation, electro-
chemical methods [11,12], ion exchange, membrane filtration, reverse osmosis, coagulation [13] and bio-sorption [14]. Nevertheless,
most of these methods are ineffective, expensive, energy intensive and generate large amounts of toxic sludge [15,16]. Adsorption is
one of the most common environmentally friendly technique use for the removal of pollutants from water [17-19]. In this respect,
studies have focused on different types of adsorbents such as zeolites, activated carbon, clay and metal oxides. The use of natural
materials as adsorbents has been the most commonly tested method owing to their cost effectiveness.

Zeolites are inorganic aluminosilicate solids with well-defined crystalline structures and micropore architecture [20]. They are
classified as either natural or synthetic. The chemical composition of natural zeolitic materials vary depending on their geographical
origin due different geochemical conditions [21]. Consequently, zeolites exhibit difference in chemical composition, structure, pore
volume and surface area and cation exchange capacity [22]. Nevertheless, zeolites remain gorgeous adsorbents due to their impressive
qualities, such as high chemical and thermal stability, large specific surface area, high affinity for heavy metal ions, prominent
ion-exchange capacity, uniform pore sizes of molecular dimensions and recyclability [23,24]. Heulandite (HEU) is an important class
of natural hydrated zeolites [25,26]. In general HEU zeolites have Si/Al ratio of less than 4 and they primarily have Ca?*
extra-framework cations [27]. The existing techniques for removing heavy metals from aqueous environments present notable
challenges. For instance, electrocoagulation struggles with removing infinitely soluble particles, while precipitation methods often
lack selectivity and are pH-sensitive, requiring meticulous control (Khandegar et al., 2013). These challenges underscore the necessity
for more effective and selective removal methods. This research endeavors to bridge this gap by exploring the efficacy of doped HEU
zeolite structures in removing Pb?>* and Cd*" from water, aiming to provide insights into addressing the shortcomings of current
removal techniques. Numerous studies have documented the ability of clinoptilolites from different sources in removing heavy metal
ions from aqueous solutions [28]. For example; Kapanji used South African HEU zeolite to remove, C02+, Niz* Cu2+, and Cr3" ions
from wastewater [29]. However, the study did not investigate the ability of HEU in removing Pb?®" and Cd?>*. Computational simu-
lations have been employed to study the adsorption process of anions and cations from aqueous solutions [30]. It gives insights into the
adsorption processes between the adsorbent and adsorbate at molecular level. Therefore, it complements and assist in interpretation of
the batch experiment observations. For example, it provides information on the energy changes during adsorptions and the location
where adsorption takes place [30,31].This study investigates the novelty of doped HEU zeolite structures by substituting silicon atoms
with other elements. The efficacy of these doped HEU zeolites in removing Pb?* and Cd?* from aqueous solutions was assessed through
batch experiments and molecular simulations, Prior studies on zeolites’ adsorption capabilities have predominantly focused on
different types of heavy metals or other contaminants, often overlooking the potential of doped zeolite structures for targeting specific
heavy metal ions like Pb%* and Cd?*. Monte Carlo simulations computed the adsorption isotherms in the Grand Canonical ensemble
(GCMC), which were used in evaluating the performance of the undoped and doped HEU. Therefore, this study provides valuable
insights into the use of HEU zeolite as an efficacious adsorbent in removing Pb>" and Cd?" from water to alleviate water pollution. The
unique contribution of this study lies in its exploration of naturally occurring sustainable adsorbent for removing Pb%* and Cd%* from
aqueous solutions. This approach introduces a novel method to potentially address limitations in existing heavy metal removal
techniques, offering a promising avenue for more effective water pollution mitigation strategies.

2. Experimental and computational methods
2.1. Materials

High purity Pb (NO3)2 (>99.95 %) and Cd (NO3)2 (99.9 %), NaOH (>98 %), HCI (37 %), NaCl (>99 %) and solvents were supplied
by Merck (Pty) Ltd through Kobian Kenya Ltd. The natural HEU zeolite was obtained from South Africa.

2.2. Characterization of HEU zeolite adsorbent

The HEU zeolite was ground and sieved using a 200-mesh sieve, then washed with deionized water and oven-dried overnight at
100 °C. No additional treatment was done prior to instrumental characterization and adsorption studies. Energy dispersive X-ray
spectroscopy (EDX) (Shimadzu EDX-800HS), X-ray diffraction (XRD) (Rigaku Model-MiniFlex 600), and Fourier transform infrared
spectroscopy (FTIR) (Nicolet 6700 FT-IR) techniques were used to characterize the HEU for its chemical composition, surface
morphology and functional groups, respectively [32].

2.3. Batch adsorption experiments

The effect of reaction time, initial metal ion concentration and the amount of HEU zeolite on the adsorption of Pb>* and Cd?* onto
HEU zeolite was investigated. Stock solution of Pb%* (100 ppm) and Cd?* (20 ppm) were prepared by dissolving Pb(NO3), and Cd
(NOs3); in deionized water. To determine the effect of contact time, the reaction time was varied from 0 to 240 min. To investigate the
effect of initial concentration, the concentration of Pb?>* ion was varied from 5 to 30 ppm and that of Cd?* from 1 to 3 ppm. Lastly, the
effect of adsorbent dose was monitored by changing the amount of zeolite from 0.3 to 2 g. All the experiments were carried out in 250
mL erlenmeyer flasks at a constant temperature of 25 °C and agitated at 150 rpm using 50 mL of the metal ion solutions. After a pre-
determined time, the solutions were allowed to settle for 30 min, filtered off to determine the residual concentrations of the adsorbate
at wavelength of 217 and 228.8 nm, using atomic absorption spectrophotometry (AAS) (Shimadzu AA-7000 Series). The equilibrium
adsorption capacity and the percent removal of two metal ions was determined using equations (1) and (2).
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Table 1
Chemical composition of the HEU zeolite.
Oxide SiOy Al,03 MgO K»0 CaO
Weight % 76.35 11.66 4.59 3.39 1.61
C,—Cp)V
q.= M )
m
C,—Cp)V
R% = % x 100 @
i

Where; g.- quantity of solute adsorbed per unit mass of adsorbent (mg/g), C; - initial concentration of the metal ion (ppm), Cg - the final
concentration the metal ion, m - the adsorbate mass (g), V- the volume of the metal ions solution (L) and R% - the metal ion removal
percentage

The relationship between the amount of the adsorbate that was adsorbed and the residual concentration in the solution was then
used to plot the adsorption isotherms using the obtained data. To determine the mechanism of adsorption of the two metal ions onto
HEU zeolite, the data obtained was fitted into the Langmuir (equation (3)) and Freundlich (equation (4)) isotherms.

_ qulCe

=1 1KcC, 3

Where; g, -adsorption capacity at equilibrium (mg/g), C.-the concentration of adsorbate at equilibrium (ppm), K;— the Langmuir
constant (L/mg) and g, -the monolayer adsorption capacity (mg/g) [33-35].

1
e = KFCe" (4)

where; q.-the equilibrium adsorption capacity, Kr -the Freundlich constant, Ce-the concentration of heavy metal solution at equi-
librium, n -the Freundlich exponent [36,37].

2.4. Computational modeling

Computational modeling plays a vital role in advancing our comprehension of adsorption mechanisms, especially in heavy metal
removal. By simulating the molecular interactions between adsorbents and adsorbates, computational models offer a cost-efficient and
time-effective approach to exploring various adsorption scenarios and predicting behavior under different conditions. This predictive
capability proves invaluable in shaping experimental design and decision-making processes during the development of adsorption
processes and materials (Sprenger et al., 2015). However, it’s crucial to acknowledge the constraints of computational modeling in
comprehending adsorption mechanisms. A notable limitation lies in the simplifications and assumptions inherent in computational
models, which may not fully capture the intricacies of real-world systems. The accuracy of computational predictions heavily depends
on input parameters like force fields and initial configurations, which can introduce uncertainties and errors into the outcomes.
Additionally, computational modeling is restricted by computational resources and the level of theoretical approximation utilized.
Complex systems or large-scale simulations may demand significant computational power and could be computationally intensive,
imposing practical limitations on the extent and scale of simulations. Despite these challenges, computational modeling remains a
potent tool for delving into adsorption mechanisms and guiding experimental endeavors in developing innovative technologies for
heavy metal removal. Combining computational modeling with experimental approaches can synergistically enhance our under-
standing and facilitate more efficient and sustainable solutions to environmental pollution challenges (Zeigler et al., 2000).

The HEU zeolite structure was obtained from the Zeolite database [38]. Material Studio 17.0 software was used for the molecular
simulations. We applied the first-principles DMol [3] method for the geometry optimizations of the heavy metals [39]. Natural bond
orbital (NBO) population analyses were conducted using NBO 3.1 program fixed in the Gaussian 09 program [40]. The quantum theory
of atoms-in-molecules (QTAIM) investigation was done using Multiwfn 3.7 software [41]. The effect of doping the HEU zeolite with
different metal ions (germanium, aluminum, thallium, indium, and sodium) was also investigated in detail.

3. Results and discussion
3.1. Characterization of the HEU zeolite

Elemental data results obtained from the EDX analysis showed that SiO5 is the most abundant compound in the HEU zeolite fol-
lowed by Al;O3 (Table 1). The Si/Al ratio in the zeolite was 3.7. This affirmed that the zeolite used in this study is HEU zeolite since the
ratio is less than 4[42]. Since the Si/Al ratio in the zeolite is less than 5, this zeolite can be described as low silica zeolite and therefore
more acidic making it ideal for ion-exchange reactions [43,44]. In addition, the zeolite contained small amounts of K, Ca and Mg.
However, there were no traces of lead and cadmium compounds in the zeolite.

The HEU zeolite was also analyzed using XRD and its characterization results are shown in Figs. 1 and 2. The structure of the zeolite
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was analyzed in 4°< 20 < 70°.

Intensity, cps

Intensity, cps

50000~

Intensity, cps

50000

|

v

|

|

1
T

Heliyon 10 (2024) e34657

Zeolite

"‘\J}V»ll"ﬁ‘-bjwwm

20

| [ | 1 |
40 60 80

20,°

Fig. 1. X-ray diffraction patterns obtained for the HEU zeolite.
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Fig. 2. Powder X-ray diffraction peak profile for the HEU zeolite.
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Fig. 3. FTIR spectrum of the HEU zeolite.

The zeolite showed distinct peaks at 20 = 9.8, 11.1, 13, 22.3, 22.6, 25.9 and 30°. The peaks observed at 20 = 22.3° and 9.8°
corresponds non-amorphous SiO5 and Al,Os, respectively. The results from XRD reveal that the HEU zeolite was crystalline given the
symmetric peaks that were sharp and of high intensity. Due to the high crystalline behavior of the HEU, its active sites can easily attract
the higher initial concentration of Pb2* and Cd?* ions. From Fig. 2 it was observed that most of the observed peaks are highly intensive
and sharp; an indication that the zeolite is highly crystalline and porous and therefore stable for adsorption studies.

FTIR spectroscopy is important in providing information on functional groups’ surface identification of natural zeolites which
affects the pollutants’ adsorption process on adsorbent surfaces. The FTIR spectrum obtained for the HEU zeolite is shown in Fig. 3. The
broad band at 3000-3600 cm ™! is attributed to the stretching vibration of hydroxyl groups on the surface of the zeolite and adsorbed
water molecules, which possess the bending vibration mode at 1637 ecm™' [45]. The strong absorption band at 1036 cm™! is
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Fig. 4. Effect of contact time on the adsorption of Pb** and Cd** onto the HEU zeolite.
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Fig. 5. Residual concentration of (a) Pb?" and (b) Cd?" at different initial concentrations.

attributable to silicate bond (Si—O-Si) while the bands at 540 and 1000 cm ! are due bending vibration for Al-Al-O. Furthermore, the
most intensive vibration frequency is between 1100 and 1020 cm™". This is attributable to the Si-O-Al structural units of the HEU
zeolite [46].

3.2. Adsorption studies

3.2.1. Experimental findings

The effect of several physical factors on the adsorption behaviours of the two metal ions onto the HEU zeolite was examined. Fig. 4
shows the removal efficiency of Pb>* and Cd?* by the zeolite as a function of contact time (0-4 h). The zeolite’s maximum adsorption
capacity was reached after 3 h. Equally, from the results there was a sharp and rapid adsorption of the Pb?>* onto the adsorbent in the
first 60 min.

On the other hand, adsorption of Cd?* was slow in the first 60 min. However, the adsorption rate increases rapidly between 60 and
120 min. In both cases, the adsorption rates gradually slowed down reaching an equilibrium after 180 min. This implies that 180 min
was sufficient time to attaining equilibrium. The adsorption behavior of the two metal ions can be explained by the fact that there were
more active sites and a larger surface area for adsorption at the start of the experiment, which sped up mass transfer. The subsequent
slow adsorption is due to the decrease in driving force caused by a decrease in active sites, up until maximum capacity is attained. The
percent adsorption increased gradually as the contact time was extended to 4 h, recording 99.7 % and 76.7 % for Pb%* and Cd?*,
respectively. The higher removal rate of Pb?* compared to Cd?* is due to its higher electronegativity (2.33) compared to that of Cd**
(1.69) hence readily adsorbed onto the HEU zeolite. This is because a high electronegativity is responsible for the strong covalent
formation between the metal ion and oxygen atoms on the zeolite surfaces [47]. From characterization, the presence of SiO5 and Al,O3
indicate that the zeolite has excess negative ions that bind the heavy metal ions using cation exchange mechanisms. These results
compares favorably with published results whereby most zeolites have a higher cation exchange capacity for Pb?* than Cd%* [48]. To
study the effect of initial metal ion concentration on the adsorption of the metal ions onto HEU zeolite was investigated by varying
Pb%* and Cd?* initial concentrations from 5 to 30 ppm and 1-3 ppm, respectively. The results obtained are show in Fig. 5a, b.
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Fig. 7. Linearized (a) Langmuir and (b) Freundlich isotherms for (A) Pb*>* and (B) Cd*" ions adsorption by zeolite.

It is worth to note that the 5 ppm Pb?* concentration attained equilibrium after 60 min, while the 10 ppm concentration reached

equilibrium after 150 min Fig. 5 (a). It was observed that less amounts of the adsorbate adsorb at higher initial concentrations of heavy
metal ions. This is so because by increasing the number of metal ions increases the competition for the limited binding sites on the
surface of the adsorbent, thereby resulting in a decreased adsorption capacity because the active sites become saturated [49].

On the case of Cd?*, the adsorption followed the same trend as Pb2* with the lower concentrations reaching equilibrium faster that
the higher concentrations Fig. 5 (b). The adsorption values were found to be acceptable for a concentration of 10 ppm of Pb®" and a
concentration of 1.5 ppm of Cd?*. These concentrations were chosen as the optimum values for metal ions removal. By varying the
zeolite dose from 0.3 to 2.0 g at initial concentrations of 10 and 1.5 ppm of Pb>" and Cd?" ions, respectively, it was possible to
determine the impact of adsorbent dosage on the removal of Pb?>* and Cd?* from water. The percent removal of Pb%* and Cd?* ions
from water at different zeolite quantities is depicted in Fig. 6.

An increase in the amount of zeolite used increases the percent removal of Pb?* and Cd?*ions up to a maximum amount of 1.0 g.
This is attributable to increased adsorption sites as the adsorbent mass increases. Our findings are comparable with previous reports for
the adsorption of Cd** and Pb2* ions [50,51]. Further increase in the amount of HEU zeolite (>1.0 g) a decrease in the adsorption was
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Table 2
Langmuir and Freundlich isotherms data for the adsorption of Pb*" and Cd*" onto HEU zeolite.

Langmuir Isotherm

Ton Intercept Slope Qmax (Mg/g) K (L/mg) RL R [2]
Pb?* —0.767 2.046 1.304 0.375 0.242 0.9945
cdzt 0.702 17.648 1.425 0.039 2.398 0.9826
Freundlich Isotherm

Kr (ng/g) n (L/mg) R [2]
Pb%* —0.392 14.990 0.9398
cd?* 10.251 0.119 0.1962

Table 3
Previous reports on adsorption of Pb%* and Cd**onto different zeolites.
Type of zeolite Pb?’ cd* Reference
Adsorption capacity Percent weight Adsorption capacity Percent weight
(mg/g) removal (%) (mg/g) removal (%)
Greek Natural zeolite 1.4 — 1.2 - [54]
Bulgaria Clinoptilolite 1.6 57.0 2.4 22 [55]
Synthetic zeolite SZM-5 30.6 74.1 24.4 60.2 [56]
Ukraine Clinoptilolite 13.0 4.2 - [57]
Turkey Clinoptilolite 27.7 92.0 - - [58]
Iranian Natural zeolite 52.6 - 29.4 - [59]
Iranian sepiolite zeolite 50.0 - 19.2 - [59]
Bulgaria Clinoptilolite 1.6 57.0 2.4 22 [60,61]
Na-A zeolite 224.7 - 118.3 [50]
Iranian Modified clinoptilolite zeolite 91.3 - 78.3 - [62]
South African Haundatite 0.5 99.7 0.29 76.7 % This study
(Experimental)
Activated biocarbon 2.9 95 2.8 98 [63]
p-type zeolite 3.9 100 - - [64]
Cow manure 102.77 - 38.11 - [65]
Extracellular polymeric substance (EPS)  31.55 94.67 23.42 94.41 [66]
Carbon nanotubes 23.4 96.7 10.5 96.7 [67]
Zr-MOFs 194.9 97 176 88 [68]
GOF 6.06 - 12.48 - [69]
Biochar coffee 11.4 84.1 1.2 - [70]
Activated carbon 4.1 — 7.8 - [71]
PVC 1.3 - 0.1 - [72]
Polystyrene particles 0.07-0.23 22.41 0.03-0.12 12.09 [73]
Iron phosphate-modified pollen 6.13 99 4.62 45 [74]
microspheres as adsorbents
Turkish illitic clay 53.76 97 13.09 72 [75]

observed. This can be due to the aggregation or overlapping of zeolite particles thus reducing the adsorbent’s specific surface area and
the available binding sites [52]. In order to determine the uptake capacity of Pb%" and Cd?*"ions on the HEU zeolite, Langmuir and
Freundlich isothermal models were employed (Fig. 7A and B, respectively.

The Langmuir and Freundlich isothermal parameters and coefficients obtained for the adsorption of the two metal ions onto the
HEU zeolite are collected in Table 2.

From the linear regression coefficient of determination (R?) values obtained, the adsorption of Pb%>* and Cd3* fits best in the
Langmuir isotherms. This means that the adsorption of the two metal ions onto zeolite forms a mono-layer on the surface of the
adsorbent with finite number of identical binding sites. This was also observed for the removal of heavy metals by other natural
zeolites, hence suggesting that the mechanism may be related to its distinctive porous structure, which contains a significant number of
channels and ion exchange characteristics [51,53]. Table 3 compares our results with results obtained in previous studies on the
adsorption of Pb?>* and Cd%*onto different zeolites. HEU zeolite is significantly higher than Iron phosphate-modified pollen micro-
spheres as adsorbents for Pb?* and Cd?*. The results obtained in the current study are comparable with those reported in other studies.
Accordingly, it could be considered a promising material for the removal of Pb%* and Cd*" from water.

3.2.2. Computational insights

Adsorption isotherm describes the number of ions adsorbed per cell onto the adsorbent as a function of the fluid’s contact pressure
at a specific temperature. This amount may vary due to temperature and initial conditions of adsorbent. Adsorption of Pb?* ions onto
the HEU zeolite was observed to follow a H-shaped isotherm, which is in equilibrium for Pb?>" with an almost maximum loading of 8
ions per unit cell. The maximum loading corresponds to a Pb?* capacity of 43.36 % Fig. 8 A. The H-type isotherm indicates a gradual
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Table 4
The loading per cell of undoped and doped HEU zeolite.
Heavy Undoped HEU doped with HEU doped with HEU doped with HEU doped with HEU doped with
metals HEU Germanium Aluminum Thallium Indium Sodium
cd** 8.0 8.0 8.0 8.13 8.0 8.35
pb>t 7.0 7.48 8.46 9.34 9.12 3.53
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Fig. 9. Average loading of (a) Pb%* and (b) Cd>" ions onto HEU zeolite as a function of pressure at different temperatures.

adsorbent saturation, implying that even at low adsorbent concentrations, the Pb%" ions have a considerable affinity for the adsor-
bent’s surface [76,77]. Cd2" ions, on the other hand, showed a C-shaped adsorption pattern, with a loading of 7 ions per unit cell. The
weight percent capacity for Cd?* ions achieved was relatively low (26.60 %) compared to that of Pb%* (43.36 %). This is attributed to
the fact that the zeolite was not saturated with ions and that adsorption process had not reached equilibrium. This suggests that there
were still available sites within the HEU structure that could accommodate more Cd?* ions, as shown in Fig. 8B.

The higher loading of Pb>* than Cd?" ions onto to HEU zeolite is because Pb?" ions has a higher electronegativity and therefore can
form strong covalent with the oxygen atoms on the HEU zeolite surfaces [47]. However, it is noted that both metal ions reached a
maximum weight capacity of less than 50 %. This limitation in adsorption capacity is attributed to the small interlinked or unin-
tercalated pores present in the HEU material. These small pores restrict the trapping of a larger number of heavy metal ions within the
HEU structure, resulting in lower weight capacities for both Cd%* and Pb?". The percent weight capacity, in Equation (5), was used to
calculate the weight percent of the heavy metal ions adsorbed onto the HEU zeolite.

Mass of the adsorbed heavy metal

Percentage weight ~ Mass of the zeolite used + mass of adsorbed lead (ii) ion

x 100% %)

The adsorption data from the Monte Carlo simulations fitted well to the Freundlich adsorption model, as depicted in Fig. 8 which
shows the variation in the average loading of ions per unit mass on HEU zeolite at 298 K.

The effect of doping HEU zeolite with various elements on its loading capacity for two heavy metals ions was investigated. Spe-
cifically, the silicon atoms within the HEU structure unit cell were individually replaced by Germanium, Aluminum, Thallium, Indium,
and Sodium atoms to create the doped HEU zeolite structures, which were then optimized. Table 4 displays loading of both undoped
and doped HEU structure per cell.
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Fig. 10. The most stable structure of Pb>* and Cd?* adsorbed onto the HEU zeolite.

Table 5

The Pb-HEU and Cd-HEU complexes second order perturbation energy at the wB97XDdef2svp level.
Donor NBO (i) Acceptor NBO (j) E [2] Kcal/mol E@) - E@) a.u F(i,j) a.u.
Pb-HEU complex
6*Si3-016 6*01-Si3 10.11 0.02 0.060
LP (3) 01 LP (1) Al2 30.30 0.74 0.191
LP (3) 01 LP*(2) Al2 15.09 0.68 0.127
LP (3) 05 LP(4) Al10 19.50 0.82 0.161
LP (2) 013 LP* Al2 13.20 0.51 0.107
Cd-HEU complex
LP (3) 01 LP*(1) Al2 36.99 0.80 0.220
LP (3) O1 LP*(3) Al2 18.54 0.88 0.162
LP(3) 04 LP*(1) Al2 34.28 0.84 0.217
LP(3) 04 LP*(3) Al2 24.99 0.92 0.192

Its worthy to note that when HEU is doped with Germanium, Aluminium, Indium, Thallium and Sodium the loading of Cd%* ions
increased compared to undoped HEU zeolite structure. The loading capacity of Pb%" increased from 7 ions per cell for the undoped
HEU to 7.48, 8.46, 9.12, and 9.34 ions per cell for HEU doped. In the case of Cd%* only HEU doped with Thallium and Sodium showed
an increase in loading. Generally, doping of HEU zeolite can effectively enhance the loading capacity of these two divalent metal ions.
The adsorption isotherms of Pb?* and Cd?* ions at different temperatures and pressures were studied at pressures ranging from 10 to
1000 kPa and temperatures ranging from 298 to 398 K, as shown in Fig. 9.

From the results obtained, the adsorption of Pb?* ions exhibit no significant effect with temperature increase. The loading of P
per cell remains constant at 8 ions per cell across all the temperatures studied Fig. 9 (a). On the other hand, the adsorption of Cd?* per
cell onto the HEU zeolite reduced as the temperature was increased. This can be due to the breaking of hydrogen bonds between the
adsorbent and the Cd>" ions at higher temperatures. Therefore, the loading of Cd*" ions per cell decreases, with values of 7, 5, 4, 4, 3,
and 2 ions per cell observed at temperatures of 298, 308, 328, 338, 358, and 398 K, respectively Fig. 9 (b). The adsorption difference of
Pb2* and Cd>* ions regarding temperature dependence is due to differences in the nature of the interactions between the HEU zeolite
and the metal ions. Fig. 10 displays the most stable structural configurations of Pb%* and Cd%* adsorbed onto the HEU zeolite.

In the case of Pb?*, the ions are adsorbed at the window of the HEU zeolite, equidistant from two adjacent oxygen atoms on the
structure. This suggests that Pb?* ions form stable bonds with the oxygen atoms in the zeolite framework. In contrast, Cd%* ions are
adsorbed on upper left side of the 8-ring HEU window. The adsorption energy for Pb?" and Cd?*ions on the HEU zeolite structure were
—12.51 and —4.22 kcal/mol, respectively. The adsorption process is exothermic as indicated by the negative energy. Based on the
binding energy results, it can be inferred that Pb>* sorption onto the HEU zeolite is preferable to Cd%* sorption. The higher adsorption
energy observed for Pb?t suggests stronger interactions between the Pb?* ions and the zeolite structure framework, indicating a more
stable adsorption configuration for Pb>" on the HEU structure. Information on charge density transfer and molecular stabilization due
to electronic delocalization is a key aspect that provides valuable insights into chemical bonding and reactivity. This allows for the
evaluation of the extent to which electronic delocalization or charge density transfer contributes to molecular stabilization. Natural
bond orbitals are a useful tool in scrutinizing the chemical characteristics of a given compound. It can provide information on the
basicity, stability, intra- and intermolecular charge transfer. In addition, it provides information on the link between donor and
acceptor molecular orbitals [78]. In this study we conducted NBO analyses to gain insights on the charge delocalization and molecular
stabilization in Pb-HEU and Cd-HEU complexes. The second-order perturbation energies and the various sites of contribution from
different excitation types for the Pb-HEU and Cd-HEU complexes were analyzed and are recorded in Table 5.

The total stabilization interaction for charge transfer was reported with respect to Mohammadi and coworkers [79]. The results
have shown that the stabilization energies of the Pb-HEU complex ranged between 10.11 and 30.30 kcal/mol, with the 6— o inter-
action having the lowest E@ contribution of 10.11 kcal/mol. The Cd-HEU complex had higher stabilization energies ranging from
18.54 to 36.99 kcal/mol, with the LP-LP* molecular orbital contributing the highest stabilization energy of 147.47 kcal/mol. The
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Fig. 11. Mulliken population charge analysis of the Pb-HEU and Cd-HEU complexes.
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Fig. 12. The critical point (C.P.) between each intramolecular interaction in the Pb-HEU and Cd-HEU complexes.

high stabilization energy values demonstrate the system’s stability as a result of a robust donor-to-acceptor intermolecular connection.
As aresult, the Cd-HEU complex system with the highest E® value is the most stable. The total change in charge density transfer for the
Pb-HEU complex was 49.80 kcal/mol for AETLP — L.P. and 28.29 kcal/mol for AETLP — L.P*., which contributed to the stability of the
Pb-HEU complex. In contrast, the Cd-HEU complex was stabilized by the LP—LP molecular orbital interaction.

The delocalization of charge density in molecules is an important factor in predicting a system’s conformational characteristics and
reactivity. Delocalization and Mulliken charge analysis play a crucial role in charge transformative processes, electronegativity
equalization, and the potential energy surface [80,81]. Mulliken charge analysis is calculated at the ®Bb97XD/def2svp theoretical
level to analyse the charge density distribution and delocalization over the whole complex. This analysis can help in understanding
how the electron density is distributed and transferred during chemical reactions, as well as in identifying the most reactive sites in a
molecule. Fig. 11 shows Mulliken population charge analysis of the Pb-HEU and Cd-HEU complexes. It was observed that in the two
complexes have higher negative densities due to the presence of negatively charged oxygen between the two hydroxyl groups
(OH-0-0OH) and linked to silicon atom (Si-O). This clearly shows that these immensely negatively charge oxygen atoms attract a
higher electronic distribution than other charged atoms in the complexes.

Remarkably, the presence of positively charged aluminum (AI) in both complexes resulted in a shift in the electronic charge
delocalization, with the Pb-HEU complex shifting from —0.80 to 1.55 eV and the Cd-HEU complex shifting from 0.7 to 1.30 eV.

The Quantum Theory of Atoms in Molecules (QTAIM) which is a theoretical framework was utilized extensively to better un-
derstand the behavior of inter- or intramolecular hydrogen bonding interaction at molecular and atomic levels using electronic charge
density. Also, QTAIM provides insights into chemical reactivity and molecular recognition. The QTAIM theory partitions a molecule
into atoms using its electronic charge density, which could be obtained computationally or experimentally. Various critical points are
identified by evaluating the first and second derivatives of the electron density, which are used to characterize a number of non-
covalent interactions such as intermolecular hydrogen bonding within atoms in the molecule. QTAIM can also be used to identify
and characterize molecules which possess non-covalent bonds. Therefore, information on the electron density at different bond critical
points (beps) of an intra- or intermolecular hydrogen bond interaction can be utilized to determine the strength of the hydrogen bond.
Hence, the concept of QTAIM formulated by Bader and coworkers [82], was used to study Pb-HEU and Cd-HEU complexes to char-
acterize the features of the intermolecular hydrogen bonds present. Fig. 12 illustrates the critical point (C.P.) between each intra-
molecular interaction, providing insights into the strength of hydrogen bonding within Pb-HEU and Cd-HEU complexes.

10



1T

Table 6
QTAIM parameters for Pb-HEU and Cd-HEU complex systems.
Systems Parameters Bond p@) V [2] p(x) G(r) K() V(r) H(r) G(r)/V(r) ELF 13 A Ao A3
Pb-HEU complex BCPs 05-O15 0.85 0.76 0.18 —0.52 -0.17 —0.52 -1.06 0.61 0.04 -0.15 —0.16 0.10
BE(Eo_o) —188.88
BCPs 0O45-Hye 0.11 0.91 0.24 0.13 —-0.25 -0.13 —0.96 0.91 0.01 0.13 —0.20 —0.21
BE(Eo—n) -23.79
Cd-HEU complex BCPs 052-Cd3o 0.67 0.36 0.98 0.72 —0.10 —0.72 —9.80 0.94 0.01 0.52 —0.77 —0.78
BE(Eo_cq) —148.72
BCPs Cd30-O27 0.33 0.14 0.36 0.14 —-0.36 -0.14 -1.00 0.73 0.05 0.20 -0.32 -0.31
BE(Eca—o) —-72.87
BCPs Cd30-O1s 0.24 0.92 0.22 —0.60 -0.21 0.60 —1.05 0.65 0.05 0.13 —0.19 —0.20
BE(Eca_o) —52.79
BCPs 035-022 0.32 0.14 0.33 -0.19 -0.31 0.19 —1.06 0.77 5.28 —-0.28 0.17 —-0.45
BE(Eo_o) —70.64
BCPs 0O25-Hog 0.35 0.13 0.33 —0.55 -0.32 0.55 -1.03 0.10 0.03 0.26 -0.63 —-0.61
BE(Eo_pn) -77.33

‘D 39 1Auofubpy 'S
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Table 6 provides additional information on the nature and strength of the bonding interactions within the studied Pb-HEU and Cd-
HEU complexes. The Laplacian of electron density (2BCP), ellipticity, potential energy density V(r), kinetic energy density G(r), total
energy H(r), binding energy at the critical points, and the G(r)/V(r) ratio are all given in Table 6. The binding energy at the bond
critical points (BCPs) [EO5-015, EO22-H26] for the Pb-HEU and Cd-HEU complexes was —188.88 and —23.79 kcal/mol, respectively.
It is worth noting that no bond critical point of interaction between Pb and other atoms was detected, indicating weak or no inter-
action. In contrast, a significant chemisorption interaction was observed for O25-Cd3g and Cd3p-O27 bond critical points, with a
binding energy (B.E.) of —148.72 and —72.87 kcal/mol respectively. This suggests a strong interaction between Cd and the oxygen
atoms, which can have significant implications for the properties and behavior of the complex. The higher binding energy observed for
the Cd and O interaction indicates stronger stability of Cd-HEU complexes, which is the complex’s second-order perturbation energy
E®. This is because BE is directly proportional to stability of a complex [78]. The positive Laplacian electron density observed in
Pb-HEU and Cd-HEU complexes show that the most prominent interactions in the two complexes is electrostatic in nature (Table 6).
The concept of ellipticity (€), which is calculated using the negative Hessian of the electron density at Bond Critical Points (BCPs), is
expressed as € = A1/Ay — 1, where A and ) represent the eigenvalues of the negative Hessian of electron density at BCPs. As a result, the
parallel expansion A1/Ay and ellipticity values for the Pb-HEU complex and Cd-HEU complex systems are less than one, indicating a
highly strong intermolecular interaction between the HEU zeolite and the heavy metal ions. Therefore, the adsorption interactions
studied were highly plausible. The investigated compounds have high stability, with the Cd-HEU combination having the most stable
chemisorption bonds with an oxygen atom at the aromatic ring.

4. Conclusions

In this study the removal of Pb?>* and Cd?" from water by adsorption by HEU zeolite was investigated through batch experiments
and theoretical simulations. The zeolite was characterized using EDX, XRD, and FTIR techniques. The results indicate that the HEU
zeolite effectively removed Pb?* and Cd?* ions from water. The equilibrium studies demonstrated that HEU zeolite had a higher
affinity for Pb%* ions compared to Cd?* ions, and the adsorption process occurred rapidly. Factors such as zeolitic pore size, metal ion
size and electronegativity, and hydration all influenced the zeolite’s capacity to adsorb the metal ions. The experimental and
computational studies revealed that the percent weight capacity of the zeolite for the two ions followed the decreasing order of Pb%* >
Cd?". This trend suggests that the zeolite had a higher adsorption capacity for Pb2* ions compared to Cd?*. Furthermore, the BE at the
BCPs for the Pb-HEU complex was —188.88 kcal/mol and —148.72 kcal/mol for the Cd-HUE complex. The stronger binding energy of
the interaction between Pb and HEU provides a rationale for Pb’s greater percent weight capacity on the zeolite compared to Cd, as
shown by the experimental results. The results suggest that different excitation types contribute differently to the stabilization energy
and charge transfer in these complexes, with the Cd-HEU complex showing a higher degree of stabilization than the Pb-HEU complex.
These findings could have implications for understanding the properties and behavior of these complexes in environmental remedi-
ation. This study shows that the doped or modified HEU zeolite shows high sorption ability toward all cations studied. This suggests
that the modified zeolite has the potential to effectively adsorb different cations. Meanwhile, being locally available, and freely
abundant with a considerably high adsorption capacity, natural zeolite is an attractive choice for removing metal ions from
wastewater.
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