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A B S T R A C T   

Access to safe drinking water is a pressing global concern, necessitating innovative purification methods. This 
study investigated the efficacy of combining calcination-modified zeolite filtration with ultraviolet (UV) disin
fection to mitigate microbial contamination in raw groundwater. A comparison was made between the treatment 
system employing calcination-modified natural zeolite and the system utilizing natural zeolite without modifi
cation. Results from isotherm and kinetic modeling revealed enhanced adsorption behavior and mechanisms in 
modified zeolite compared to its natural counterpart, leading to improved adsorption capacity and kinetics. 
Enhancements in removal efficiencies were observed for contaminants such as zinc, cadmium, and manganese, 
with increases from 30.25 % to 67.5 %, 55.75 %–82.75 %, and 64.04 %–69.52 %, respectively. Similarly, 
enhanced removal efficiencies for organic contaminants like phenol and cyanides were noted, rising from 59.99 
% to 73.26 % and 59.22 %–65.05 %, respectively, with the modified zeolite. Furthermore, filtration with both 
natural and modified zeolites coupled with UV disinfection substantially reduced microbial contamination levels 
in raw groundwater, with total coliforms decreasing from 2245 CFU/mL to 8 CFU/mL post-filtration and UV 
treatment. Notably, surface area increased from 60 m2/g to 220 m2/g, and pore volume increased from 0.15 
cm3/g to 0.8 cm3/g for modified zeolite. These findings underscore the potent antimicrobial efficacy and 
improved adsorption performance of the combined approach, contributing to advancing water purification 
technologies and addressing critical global health challenges.   

1. Introduction 

Groundwater, essential for human consumption and supporting 
diverse industrial activities, remains vulnerable to contamination from 
various sources. Contaminants such as heavy metals, organic com
pounds, and microbial pathogens pose significant risks to its usability, 
threatening public health and environmental sustainability [1,2]. The 
urgency to safeguard this vital resource underscores the critical need for 

effective purification methods. Groundwater contamination can stem 
from both natural and anthropogenic sources, including agricultural 
runoff, industrial discharge, and improper waste disposal [3]. Pesticides 
and fertilizers used in farming can leach into groundwater, introducing 
harmful chemicals like nitrates and phosphates [4]. Similarly, industrial 
activities release heavy metals such as lead, mercury, and arsenic into 
the ground, endangering both groundwater quality and the ecosystems 
it supports [5]. Moreover, improper sewage disposal or malfunctioning 
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septic systems can introduce microbial pathogens like E. coli and Giardia 
into groundwater, posing severe health risks to nearby communities [6]. 

Furthermore, the effectiveness of groundwater purification technol
ogies can be influenced by various factors, including the specific con
taminants present, geological characteristics of the aquifer, and local 
regulatory standards. For instance, while membrane filtration [7], offers 
high removal efficiency for contaminants like bacteria and viruses, it 
may be less effective against certain organic compounds or heavy 
metals. Similarly, electrochemical remediation techniques [8], show 
promise for treating metal contaminants but may require significant 
energy inputs and maintenance costs. Moreover, in remote or under
served areas, logistical challenges such as transportation of equipment 
and skilled personnel can hinder the implementation of advanced pu
rification methods. Consequently, achieving widespread access to clean 
groundwater necessitates not only technological innovation but also 
holistic approaches that address socioeconomic disparities and institu
tional capacity-building. The quest for equilibrium between cost and 
efficiency in groundwater purification is not only a global concern but 
also a pressing environmental issue that demands immediate attention 
[9]. The impact of groundwater contamination extends beyond 
geographical boundaries, affecting both developed and developing re
gions and exacerbating socioeconomic disparities. Communities with 
limited resources are particularly burdened, as they must navigate the 
complex trade-offs between investing in advanced purification tech
nologies and fulfilling their immediate water needs [10]. Furthermore, 
as societies strive to ensure equitable access to clean and safe water 
resources, it is imperative to explore and implement innovative purifi
cation strategies that are both effective and economically viable [11]. 
Through interdisciplinary research and collaborative efforts, the com
munities can advance toward sustainable solutions that protect 
groundwater quality, mitigate environmental risks, and promote public 
well-being [12]. 

Conventional methods for groundwater treatment often face limita
tions that can hinder their effectiveness in fully addressing the diverse 
array of contaminants present in groundwater. These methods, such as 
filtration [13], coagulation [14], and chlorination [15], may struggle to 
efficiently remove certain pollutants, especially those of a chemical or 
microbial nature, due to their inherent constraints. For instance, filtra
tion methods may be inadequate for the removal of dissolved organic 
compounds or pathogens, while chlorination can produce harmful 
disinfection by-products. Additionally, some conventional treatment 
approaches require extensive infrastructure and resources, making them 
economically and logistically challenging, particularly in rural or 
resource-limited settings. The integration of calcination-modified 
zeolite and Ultraviolet Light-Emitting Diode (UV-LED) disinfection 
presents a promising alternative by capitalizing on the unique properties 
of both technologies. Calcination modification enhances the adsorption 
capacity of zeolite for a wide range of contaminants, while UV-LED 
disinfection provides a chemical-free and energy-efficient method for 
microbial inactivation. 

Natural zeolite is a porous material with excellent adsorption capa
bilities, capable of selectively removing a wide range of contaminants 
from water [16–18]. UV LED technology, on the other hand, offers a 
highly efficient and environmentally friendly method for disinfection, 
effectively eliminating pathogens and reducing the risk of waterborne 
diseases [19]. Natural zeolite is formed when volcanic ash and 
groundwater interact over long periods, resulting in a crystalline 
structure with a high surface area and unique adsorption properties. In 
water purification, natural zeolite acts as a filtration medium [20]. Its 
porous structure allows it to trap and adsorb various contaminants 
present in water, including heavy metals, ammonium, organic com
pounds, and certain radioactive substances [21]. The adsorption process 
occurs when the contaminants come into contact with the zeolite’s 
surface, where they are attracted and held in the pores. The adsorption 
capacity of natural zeolite is attributed to its ion-exchange properties. 
The zeolite framework contains channels and cavities that can 

accommodate ions of different sizes and charges. As water passes 
through these channels, the zeolite selectively captures and exchanges 
ions, removing harmful substances from the water [22]. However, to 
improve its effectiveness in water treatment, natural zeolite is modified 
to enhance its adsorption capacity and selectivity, enabling more effi
cient removal of contaminants from water sources. Various approaches 
for enhancing natural zeolite have been documented in the literature. 
For instance, Kuldeyev et al. [23], explored the impact of thermal 
activation on the adsorption capacity of natural zeolite. Their findings 
revealed that thermal activation, achieved through furnace treatment, 
significantly augmented the zeolite’s adsorption capacity for heavy 
metals. Other techniques encompass methods such as the utilization of 
lanthanum and hexadecyl trimethyl ammonium bromide [24], acid and 
alkaline treatment [25], as well as functionalization and hydrothermal 
treatment [26]. Despite these various efforts, there is still a lack of in
formation regarding the modification of natural zeolite through calci
nation for the treatment of groundwater. 

Moreover, in the literature, various studies have explored the po
tential of zeolite-based treatments for water. For instance, Li et al. [27], 
conducted research on ammonium removal from groundwater utilizing 
a zeolite permeable reactive barrier, as demonstrated in a pilot-scale 
study. The findings revealed that under lower redox conditions, deni
trifying bacteria inhabiting the zeolite facilitated the removal of nitrate 
formed during nitrification. Throughout the extended operational 
period lasting 328 days, more than 90 % of NH4+-N was consistently 
eliminated, with approximately 40 % of the influent NH4+-N being 
oxidized to nitrate. Subsequently, after 300 days of operation, up to 60 
% of the nitrate generated within the permeable reactive barrier was 
reduced within the zeolite layer. Siemens et al. [28], investigated so
dium adsorption using reusable zeolite adsorbents, while 
Kwakye-Awuah et al. [29], explored the adsorptive removal of iron and 
manganese from groundwater. Additionally, Yogafanny et al. [30], 
studied the treatment of brackish groundwater. However, despite en
deavors to investigate the capabilities of natural and modified zeolite for 
water treatment, there remains a scarcity of information regarding the 
potential of calcination-modified zeolite for groundwater treatment, let 
alone the potential integration of zeolite-based materials and UV 
disinfection for this purpose. 

As previously highlighted, UV-LED technology, on the other hand, is 
a highly efficient method used for disinfection in water treatment. UV 
light in the germicidal range (UV–C) possesses the ability to deactivate 
microorganisms, including bacteria, viruses, and protozoa, by damaging 
their deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) [31]. 
UV-LEDs emit UV-C light at specific wavelengths that are lethal to mi
croorganisms while being safe for human exposure [32]. UV-LED 
disinfection works by exposing the water to UV-C light as it passes 
through a chamber containing the UV-LED sources. The UV light pen
etrates the cells of microorganisms, disrupting their genetic material and 
rendering them unable to reproduce or cause infection. It provides an 
effective means of disinfection without the use of chemicals, and the 
process does not introduce any harmful byproducts into the water [33]. 

This study aims to investigate the integration of natural zeolite and 
UV LED disinfection for groundwater purification. By examining the 
synergistic effects of these technologies, the study seeks to assess their 
efficacy in removing a wide range of contaminants from groundwater 
sources. Additionally, the research aims to evaluate the economic 
viability and scalability of this integrated approach, providing valuable 
insights for future water purification strategies. Through rigorous 
experimentation and analysis, this study endeavors to contribute to the 
advancement of sustainable solutions for ensuring access to clean and 
safe groundwater resources. 
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2. Materials and methods 

2.1. Case study description 

The groundwater samples utilized in the study were collected from 
the Tselinograd District in Kazakhstan, located at approximately latitude 
50.9585◦ N and longitude 70.9230◦ E. In the Akmola Region, ground
water constitutes about 14 % of the total river runoff, although in 
notably dry years, this proportion increases significantly. Over several 
years, the total mineralization of river waters in the area decreases from 
1500 mg/L near Kamenny Quarry to 450 mg/L at the river mouth. This 
heightened mineral content is primarily due to the hydroclimatic con
ditions of the basin, characterized by a high prevalence of evaporation 
over precipitation. The moisture coefficient of the basin area, indicating 
the ratio of precipitation to evaporation, is approximately 0.5, under
scoring the natural imbalance between heat and moisture resources. The 
arid climate of the region leads to the accumulation of mineral salts in 
soils and across the landscape. The Ishim River and its tributaries receive 
an increased influx of these salts from melting water runoff within the 
catchment area [34]. Furthermore, the substantial mineralization of 
groundwater can be attributed to the arid climate. The hydrochemical 
composition of the river varies annually and seasonally based on 
discharge rates, yet a recurring pattern emerges: calcium cations 
dominate in the southern stream, while hydrocarbonates dominate 
among the anions. Downstream of Astana, especially during flood pe
riods, a chloride-hydrocarbon composition is observed, with calcium 
ions prevailing among the anions. Along the Sergeevskoye reservoir and 
up to the outlet portion near the village of Dolmatovo, the hydro
carbonate class of the calcium or sodium group prevails. Water hardness 
indicators range from 2.95 to 3.88 mg/eq. during spring floods, 4–5.6 
mg/eq. during summer or autumn low-water periods, and 6.0–8.4 
mg/eq. during winter. The overall oxygen level of the river has consis
tently been rated as good, with the lowest oxygen content observed 
during freeze-up periods. Typically, dissolved oxygen content reaches 
88 % saturation [34]. 

2.2. Groundwater sampling 

As previously highlighted, groundwater samples for this study were 
collected from multiple wells within the Tselinograd District, 
Kazakhstan, specifically at latitude 50.9585◦ N and longitude 70.9230◦

E. Each well was purged prior to sampling to remove stagnant water and 
ensure a fresh groundwater sample, typically involving the extraction of 
three well volumes. Sterilized submersible pumps were used to draw 
water from a consistent depth, ensuring uniform sampling conditions. 
The groundwater was collected directly into 1-L polyethylene bottles 
that had been pre-rinsed with the sampled water to minimize contami
nation. Field measurements, including pH were recorded immediately 
using portable meters to capture in-situ conditions. Samples were then 
sealed tightly, labeled with the sampling date, time, and location, and 
stored in coolers at approximately 4 ◦C to preserve their chemical 
integrity during transport to the laboratory. In the laboratory, samples 
were analyzed for key parameters, including total dissolved solids, 
major cations, and anions. Quality assurance and quality control (QA/ 
QC) protocols were strictly followed, including the use of field blanks, 
duplicates, and calibration standards to ensure data accuracy and 
reliability. 

2.3. Material characterization 

Table 1 provides a comprehensive overview of the material proper
ties of natural zeolite, specifically clinoptilolite, used in the investiga
tion. Clinoptilolite, composed of microporous silica and alumina 
tetrahedra, exhibits varying concentrations of essential elements crucial 
for its adsorption and purification capabilities. Interestingly, the sodium 
concentrations in clinoptilolite typically outweigh potassium 

concentrations, aligning with conventional expectations. However, 
noteworthy exceptions exist, with some sources boasting high potassium 
content and low sodium levels, offering unique characteristics for spe
cific applications. The natural zeolite samples (Himiya i Tehnologiya, 
TOO, Almaty, Kazakhstan) displayed varied compositions, as shown in 
Table 1 (data provided by the supplier). Notably, they exhibited 
elevated concentrations of SiO2 and Al2O3, indicative of their robust 
adsorption potential and suitability for groundwater purification en
deavors. Each parameter, ranging from CaO to H2O, delineates the 
elemental composition of the natural zeolite samples, offering valuable 
insights into their chemical makeup. These properties play a pivotal role 
in determining the efficiency and effectiveness of zeolite-based purifi
cation processes, underscoring the significance of material character
ization in research and practical applications. In essence, Table 1 serves 
as a comprehensive reference, encapsulating the diverse material attri
butes of natural zeolite, crucial for understanding its suitability and 
performance in groundwater purification initiatives. 

2.4. Natural zeolite modification 

The natural zeolite underwent enhancement solely through the 
calcination method. The process commenced by placing the zeolite 
samples in a controlled atmosphere furnace, where they were heated at 
temperatures ranging between 500 ◦C and 800 ◦C for a duration of 2–4 
hours. This controlled thermal treatment aimed to induce significant 
alterations in the zeolite’s physicochemical properties by effectively 
eliminating adsorbed water molecules, organic contaminants, and vol
atile impurities from its structure. Specifically, the objective was to 
augment the zeolite’s surface area, pore volume, and reactivity through 
the removal of these impurities. Subsequent to the calcination process, 
the modified zeolite samples underwent meticulous characterization 
utilizing Brunauer-Emmett-Teller (BET) analysis. 

2.5. Brunauer-Emmett-Teller (BET) analysis 

Brunauer-Emmett-Teller (BET) analysis was conducted to quantify 
the surface area and pore characteristics of the natural zeolite before and 
after the calcination process. Prior to analysis, the zeolite samples were 
degassed under vacuum to remove any adsorbed moisture and impu
rities. Nitrogen gas adsorption-desorption isotherms were then recorded 
at liquid nitrogen temperature (− 196 ◦C) using a high-resolution surface 
area analyzer. The BET-specific surface area was calculated from the 
adsorption isotherm data using the multipoint BET method, while the 
pore size distribution and total pore volume were determined via the 
Barrett-Joyner-Halenda (BJH) method based on the desorption branch 
of the isotherm. This detailed analysis provided precise quantitative data 
on the changes in surface area, pore volume, and pore size distribution 
induced by the calcination treatment, allowing for a thorough evalua
tion of the efficacy of this method in enhancing the zeolite’s adsorption 
capacity. 

Table 1 
Material properties of natural zeolite.  

Parameter Concentration (%) 

CaO 0.1 to 6.4 
MgO 0 to 2.1 
MnO2 0.1 to 0.2 
Fe2O3 1.4 to 5.8 
TiO2 0.1 to 0.7 
Al2O3 14.0 to 15.0 
SiO2 60.0 to 74.0 
Na2O 0.6 to 5.5 
K2O 0.7 to 4.0 
P2O5 0.1 to 0.2 
H2O 0 to 4.1  
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2.6. Experimental setup 

The cleaning system operates in a sequential manner as depicted in 
Fig. 1. Initially, wastewater enters the initial storage tank (1), with a 
capacity of 2 L. To maintain a constant pressure within the system, the 
outlet pipe from the tank (1) is strategically positioned at the bottom to 
utilize the natural backwater effect (liquid column inlet pressure) for the 
subsequent pump (2). The pump (2) is responsible for providing the 
necessary pressure for the filtration system, typically ranging from 2 to 
4 bar. The first stage of water treatment involves passing the contami
nated water through a Zeolite Filter (3). The core of this filter is packed 
with finely crushed zeolite, which effectively targets and removes 
hardness salts present in the water. Subsequently, the water undergoes 
the second stage of cleaning in the UV Treatment Tank (4). Here, it is 
exposed to ultraviolet radiation emitted by a UV lamp (5), which con
sists of an array of UV LED lamps. These lamps emit UV light at wave
lengths comparable to traditional UV lamps but offer significant 
advantages in power consumption, contributing to overall energy effi
ciency. Following UV treatment, the water proceeds to the third step, 
which involves passage through a Fine Filter (6). This filter serves to 
further purify the water by capturing any residual biological matter that 
may have formed during the UV treatment process, ensuring the final 
product meets stringent quality standards. In parallel, UV LED disin
fection experiments were conducted using a custom-designed UV 
reactor equipped with UV LED lamps emitting at a wavelength of 265 
nm, optimized for microbial inactivation. The reactor had a volume of 
500 mL and was operated at a flow rate of 100 mL/min to ensure 
continuous circulation of the groundwater samples. The UV dose was 
varied from 10 mJ/cm2 to 50 mJ/cm2 by adjusting the exposure time 
accordingly. The samples were continuously circulated through the UV 
reactor, and aliquots were withdrawn at 5-min intervals for up to 30 
minutes. The reduction in microbial load was assessed by plating the 
withdrawn samples onto nutrient agar plates and counting the colony- 
forming units after overnight incubation at 37 ◦C. Control experiments 
were also conducted without UV exposure to determine the baseline 
microbial concentration. 

2.7. Groundwater characteristics 

Upon arrival at the laboratory, groundwater samples underwent 
comprehensive analysis to evaluate various parameters critical for 
assessing water quality. These analyses involved employing specific 

methods, reagents, and test kits tailored to each category of compounds 
and elements present in the samples. 

2.7.1. Organic compounds 
Groundwater samples were analyzed for the presence of organic 

compounds, including HCG pesticides (α, β, γ-isomers) and DDT me
tabolites. Gas chromatography with electron capture detection (GC- 
ECD) was utilized as the primary method for detecting these compounds. 
Certified pesticide standards and high-purity solvents such as hexane 
and acetone were employed as reagents. The analysis was facilitated by 
using a Restek Rtx-CLPesticides column for efficient separation and 
detection of the target compounds. 

2.7.2. Heavy metals 
The analysis also encompassed the determination of heavy metal 

concentrations in the groundwater samples, including barium, cad
mium, lead, arsenic, and others. Inductively coupled plasma mass 
spectrometry (ICP-MS) served as the preferred method for quantifying 
these metals due to its sensitivity and accuracy. Calibration standards 
and nitric acid of trace metal grade were utilized as reagents. The Per
kinElmer NexION 2000 ICP-MS system was employed as the test kit for 
the analysis. 

2.7.3. General mineral content and inorganic compounds 
Furthermore, the groundwater samples were assessed for their gen

eral mineral content and inorganic compounds, such as calcium, chlo
rides, fluorides, nitrates, and nitrites. Ion chromatography (IC) was 
employed as the primary analytical technique for determining the con
centrations of these ions. Standard solutions specific to each ion were 
used as reagents. The Dionex ICS-5000+ system served as the test kit for 
conducting the ion chromatography analysis. 

2.7.4. Other parameters 
Additional parameters, including cyanides, polyphosphates, total 

hardness (calcium and magnesium), silicic acid, and others, were also 
analyzed using specific methods and reagents tailored to each param
eter. UV–visible spectrophotometry, titration methods, gravimetric 
analysis, and atomic absorption spectroscopy were among the tech
niques employed for these analyses. 

2.7.5. Quality assurance and quality control (QA/QC) 
Throughout the analysis process, stringent quality assurance and 

Fig. 1. Experimental setup; 1 - Initial water tank; 2 - Pump; 3 - Zeolite filter; 4 - UV treatment tank; 5 – UV lamp; 6 - Fine filter (membrane); 7 - Power supply.  
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quality control (QA/QC) measures were implemented to ensure the ac
curacy and reliability of the results. Daily calibration of instruments 
using certified standards, analysis of field blanks and duplicate samples 
to check for contamination and precision, inclusion of known concen
tration control samples to verify analytical accuracy, and cross-checking 
of results with historical data were among the QA/QC measures 
employed. These measures were vital in maintaining the integrity of the 
analytical process and ensuring the validity of the groundwater quality 
data obtained. 

Table 2 presents various groundwater quality characteristics, 
including minimum (Min), maximum (Max), mean, median, and stan
dard deviation (SD) values for each parameter. Parameters such as pH, 
turbidity, and concentrations of various ions and contaminants like 
calcium, chlorides, nitrates, and metals such as iron, manganese, and 
zinc are recorded. These values provide a comprehensive overview of 
the range and variability of groundwater quality parameters in the study 
area, offering valuable insights for understanding the baseline condi
tions and potential risks associated with groundwater use and 
management. 

2.8. Analytical methods 

The concentrations of contaminants in groundwater samples were 
quantified using high-performance liquid chromatography (HPLC) for 
organic compounds, atomic absorption spectroscopy (AAS) for heavy 
metals, and turbidity measurements for suspended solids. The microbial 
load was enumerated by plating serial dilutions of groundwater samples 
on selective agar media followed by colony counting after incubation. 

2.9. Statistical methods 

Statistical analysis was conducted to assess the significance of 
experimental results and determine the optimal operating conditions for 
groundwater purification. Regression analysis was performed to corre
late adsorption/desorption kinetics with process variables such as initial 
contaminant concentration, pH, temperature, and contact time. Addi
tionally, goodness-of-fit tests were conducted to validate the applica
bility of adsorption isotherm and kinetic models to the experimental 
data. The adsorption capacity of zeolite for selected contaminants was 
evaluated by fitting experimental data to various adsorption isotherm 
models such as Langmuir and Freundlich equations. Kinetic studies were 
performed to assess the rate of adsorption and determine the kinetic 
parameters using pseudo-first-order and pseudo-second-order models. 

2.9.1. Adsorption isotherm models 

2.9.1.1. Langmuir isotherm. The Langmuir isotherm assumes monolayer 
adsorption onto a surface with a finite number of identical sites. It is 
described by the equation (Equation (1)) [35]: 

q=
Qmax × KL × C

1 + KL × C
(1)  

Whereby; q is the amount of adsorbate adsorbed per unit mass of 
adsorbent (adsorption capacity, usually in mg/g), C is the equilibrium 
concentration of adsorbate in solution (usually in mg/L), Qmax is the 
maximum adsorption capacity of the adsorbent (mg/g), KL is the 
Langmuir adsorption constant (L/mg), representing the energy of 
adsorption. 

2.9.1.2. Freundlich isotherm. The Freundlich isotherm assumes multi
layer adsorption onto a heterogeneous surface. It is described by the 
equation (Equation (2)) [36]: 

q=KF × C
1
n (2)  

Whereby; q is the amount of adsorbate adsorbed per unit mass of 
adsorbent (adsorption capacity, usually in mg/g), C is the equilibrium 
concentration of adsorbate in solution (usually in mg/L), KF is the 
Freundlich constant related to adsorption capacity (mg/g) (L/mg)1/n, n 
is the Freundlich exponent or heterogeneity factor (dimensionless). 

2.9.2. Kinetic models 

2.9.2.1. Pseudo-first-order kinetic model. The pseudo-first-order kinetic 
model assumes that the rate of adsorption is directly proportional to the 
number of unoccupied sites on the adsorbent surface. It is described by 
the equation (Equation (3)) [37]: 

log(qe − qt)= log qe −
K1 × t
2.303

(3)  

Whereby; qe is the amount of adsorbate adsorbed at equilibrium (mg/g), 
qt is the amount of adsorbate adsorbed at time t (mg/g), k1 is the rate 
constant of pseudo-first-order adsorption (1/min). 

2.9.2.2. Pseudo-second-order kinetic model. The pseudo-second-order 

Table 2 
Groundwater quality characteristics.  

Parameter Min Max Mean Median SD 

Organic compounds 
HCG pesticides (α, β, 

γ-isomers) DDT 
and its metabolites 

0.001 0.004 0.002 0.002 0.001 

Phenol 0.001 0.002 0.002 0.002 0.0005 
Oils 0.002 0.006 0.004 0.005 0.002 
Heavy Metals 
Barium 0.1 0.3 0.167 0.1 0.094 
Cadmium 0.001 0.002 0.001 0.001 0.0005 
Lead 0.02 0.04 0.027 0.02 0.009 
Arsenic 0.01 0.03 0.02 0.02 0.008 
Beryllium 0.00002 0.00005 0.00004 0.00005 1.41 ×

10− 5 

Chromium 0.03 0.06 0.047 0.05 0.012 
Copper 0.12 0.22 0.173 0.18 0.041 
Hydrargyrum 

(Mercury) 
0.0002 0.0004 0.0003 0.0002 9.43 ×

10− 5 

Manganese 34.8 56.5 45.6 45.5 8.859 
Molybdenum 0.004 0.009 0.007 0.008 0.002 
Nickel 0.01 0.01 0.01 0.01 0 
Selenium 0.002 0.006 0.004 0.004 0.002 
Zinc 0.01 0.02 0.013 0.01 0.005 
General mineral content and inorganic compounds 
Calcium 48.65 80.32 63.03 60.12 13.092 
Chlorides 144 195 170 171 20.833 
Cyanides 0.022 0.046 0.034 0.035 0.01 
Fluorides 0.2 0.3 0.23 0.2 0.047 
Nitrates 0.32 0.56 0.453 0.48 0.1 
Nitrites 0.001 0.006 0.003 0.003 0.002 
Polyphosphates 0.022 0.044 0.03 0.028 0.009 
Sulfates 138.43 189.98 165.09 166.85 21.082 
Strontium 0.96 1.84 1.473 1.62 0.374 
Total hardness 16.6 20.4 18.63 18.9 1.563 
Aluminum 0.02 0.03 0.023 0.02 0.005 
Boron 0.03 0.07 0.05 0.05 0.016 
Iron 0.02 0.05 0.037 0.04 0.012 
Silicic acid 10.8 13.6 12.43 12.9 1.19 
Other physical and chemical parameters 
APAV 0.02 0.04 0.03 0.03 0.008 
Colors 4.8 8.5 6.47 6.1 1.533 
Dry residue 786.44 989.68 867.48 826.32 87.929 
General 

mineralization 
1465 1896 1691.667 1714 176.662 

Permanganate 
oxidability 

1.6 4.3 2.77 2.4 1.132 

pH 7.85 8.45 8.18 8.24 0.249 
Turbidity 0 2 1 1 0.816  
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kinetic model assumes that the rate of adsorption is controlled by 
chemisorption involving valency forces. It is described by the equation 
(Equation (4)) [38]: 

t
qt
=

1
k2 × q2

c
−

1
qc

× t (4)  

Whereby; qe is the amount of adsorbate adsorbed at equilibrium (mg/g), 
qt is the amount of adsorbate adsorbed at time t (mg/g), k2 is the rate 
constant of pseudo-second-order adsorption (g/mg⋅min). 

2.10. Cost analysis and scalibity potential 

In this study, both cost analysis and scalability strategies were inte
grated to evaluate the economic feasibility and potential for widespread 
adoption of the proposed purification method. The cost analysis 
encompassed the expenses associated with acquiring materials like the 
calcination-modified zeolite and UV disinfection system, as well as the 
operational costs involved in implementing and maintaining the puri
fication system over time. Alongside this, scalability considerations were 
incorporated to assess how the technology could adapt and perform 
across different scales of operation. Factors such as equipment costs, 
installation expenses, energy consumption, maintenance requirements, 
and labor costs were evaluated in light of potential scalability 
challenges. 

3. Results 

3.1. BET analysis 

The results of the Brunauer-Emmett-Teller (BET) analysis revealed 
significant improvements in the physicochemical properties of the nat
ural zeolite following the modification process (Table 3). The surface 
area increased from 60 m2/g in the raw natural zeolite to 220 m2/g in 
the modified zeolite, indicating a substantial enhancement in the 
available surface area for adsorption. Correspondingly, the pore volume 
also experienced a notable increase, rising from 0.15 cm3/g to 0.8 cm3/ 
g, suggesting a greater capacity for adsorbate uptake. The average pore 
diameter expanded from 25 Å to 35 Å, indicating the presence of larger 
pores in the modified zeolite structure. Additionally, the modified 
zeolite exhibited a lower bulk density of 0.9 g/cm3 compared to 1.2 g/ 
cm3 for the raw natural zeolite, suggesting a more porous and light
weight material. The higher crystallinity percentage of 95 % in the 
modified zeolite compared to 80 % in the raw material signifies an 
improved degree of structural order and stability. Furthermore, the 
particle size distribution narrowed from 5-50 μm to 2–20 μm, indicating 
a more uniform and refined particle size distribution in the modified 
zeolite. 

3.2. Removal efficiency 

The comparison of removal efficiency between natural and modified 
zeolite reveals a notable enhancement in the latter across various pa
rameters (Fig. 2). The modified zeolite exhibits significantly higher 
removal efficiencies for most contaminants, indicating its superior per
formance in water treatment applications. Notably, the removal 

efficiencies for contaminants such as zinc, cadmium, and manganese 
show remarkable improvements with the modified zeolite, with removal 
efficiencies increasing from 30.25 % to 67.5 %, 55.75 %–82.75 %, and 
64.04 %–69.52 %, respectively. Additionally, the modified zeolite 
demonstrates enhanced removal efficiencies for organic contaminants 
like phenol and cyanides, with efficiencies rising from 59.99 % to 73.26 
% and 59.22 %–65.05 %, respectively. Moreover, parameters such as 
total hardness, nitrates, and general mineralization also show consid
erable improvements in removal efficiencies with the modified zeolite, 
indicating its effectiveness in addressing a wide range of water 
contaminants. 

3.3. Isotherms 

The results from Freundlich and Langmuir isotherm models provide 
insights into the adsorption behavior of both natural and modified 
zeolite (Table 4). In the Freundlich model, the slope (kf) represents the 
adsorption capacity of the material, indicating slightly higher values for 
natural zeolite (0.88) compared to modified zeolite (0.85), suggesting a 
relatively higher affinity of the natural zeolite for adsorbate molecules. 
The determination coefficient (R2) reflects the goodness of fit of the 
model to the experimental data, with both natural and modified zeolites 
showing high R2 values, indicating excellent fits. The intercept param
eter (1/n) represents the adsorption intensity, with the modified zeolite 
exhibiting a higher value (1.1) compared to natural zeolite (0.78), 
implying a stronger adsorption intensity for the modified zeolite. Mov
ing to the Langmuir model, the slope (qmax) represents the maximum 
adsorption capacity, with the natural zeolite showing a higher value 
(250 mg/g) compared to the modified zeolite (180 mg/g), indicating a 
higher adsorption capacity for the natural zeolite. Both materials exhibit 
high determination coefficients (R2), suggesting good fits to the Lang
muir model. The intercept (KL) reflects the equilibrium constant, with 
slightly higher values observed for the modified zeolite (0.006) 
compared to natural zeolite (0.004), indicating a greater tendency for 
adsorption at lower concentrations for the modified zeolite. Addition
ally, the Rl parameter, indicating the favorability of adsorption, is higher 
for the modified zeolite (0.075) compared to natural zeolite (0.025), 
suggesting a higher favorability of adsorption for the modified zeolite. 

3.4. Kinetics 

The results from the kinetic modeling of adsorption processes using 
first and second-order kinetics reveal essential insights into the 
adsorption behavior of both natural and modified zeolite materials 
(Table 5). In the first-order kinetic model, the slope (kL) represents the 
rate constant, with slightly lower values observed for the modified 
zeolite (− 0.04642) compared to natural zeolite (− 0.04831), indicating a 
slightly slower adsorption rate for the modified zeolite. Both materials 
exhibit moderate determination coefficients (R2), suggesting a reason
able fit to the first-order model. The intercept parameter reflects the 
initial adsorption capacity, with the modified zeolite showing a slightly 
higher value (− 0.66487) compared to natural zeolite (− 0.5802), sug
gesting a higher initial adsorption capacity for the modified zeolite. 
Moving to the second-order kinetic model, both natural and modified 
zeolites exhibit high determination coefficients (R2 = 1), indicating an 
excellent fit to the second-order model. The slope (k2) represents the rate 
constant of the second-order adsorption process, with slightly lower 
values observed for the modified zeolite (0.03188) compared to natural 
zeolite (0.03381), indicating a slightly slower adsorption rate for the 
modified zeolite. The intercept parameter represents the initial 
adsorption capacity, with both natural and modified zeolites showing 
relatively low values (0.00253 and 0.00192, respectively), suggesting 
comparable initial adsorption capacities for both materials. Addition
ally, the equilibrium adsorption capacities (qe) for both first and second- 
order kinetics are slightly higher for the modified zeolite (0.5143 mg/g 
and 31.37 mg/g, respectively) compared to natural zeolite (0.5598 mg/ 

Table 3 
Summary of the BET analysis results.  

Property Raw Natural Zeolite Modified Zeolite 

Surface Area (m2/g) 60 220 
Pore Volume (cm3/g) 0.15 0.8 
Average Pore Diameter (Å) 25 35 
Bulk Density (g/cm3) 1.2 0.9 
Crystallinity (%) 80 95 
Particle Size Distribution (μm) 5–50 2–20  
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g and 29.58 mg/g, respectively), indicating a marginally improved 
adsorption capacity for the modified zeolite. 

3.5. UV microbial elimination 

The results illustrate the efficacy of natural and modified zeolite 
filtration coupled with UV disinfection in reducing microbial contami
nation levels in raw groundwater (Table 6). Raw groundwater typically 

contains high microbial counts, as evidenced by the initial counts of 
total coliforms (2245 CFU/mL), E. coli (543 CFU/mL), Enterococci 
(1089 CFU/mL), Pseudomonas aeruginosa (386 CFU/mL), and total 
heterotrophic bacteria (5141 CFU/mL). However, after filtration with 
natural zeolite and UV disinfection, there’s a substantial reduction in 
microbial counts, with total coliforms decreasing to 8 CFU/mL, E. coli to 
1 CFU/mL, Enterococci to 4 CFU/mL, Pseudomonas aeruginosa to 2 
CFU/mL, and total heterotrophic bacteria to 18 CFU/mL. Further 
improvement is observed with modified zeolite filtration coupled with 
UV disinfection, where microbial counts are even lower, with total co
liforms reduced to 3 CFU/mL, E. coli to 0 CFU/mL, Enterococci to 1 
CFU/mL, Pseudomonas aeruginosa to 0 CFU/mL, and total heterotro
phic bacteria to 8 CFU/mL. 

3.6. Removal efficiency comparative analysis 

Table 7 presents a comparative analysis of different treatment 
methods for contaminant removal from groundwater, along with their 
respective removal efficiencies as reported in various studies. The results 
demonstrate a wide range of removal efficiencies across the different 
methods. Notably, the calcination-modified zeolite, investigated in this 
study, exhibits the highest removal efficiency of up to 100 %. Other 

Fig. 2. Summary of the removal efficiency results for natural and modified zeolite (a) organic compounds (b) heavy metals (c) general mineral content and inorganic 
compounds (d) other physical and chemical properties. 

Table 4 
Summary of adsorption isotherm analysis.  

Isotherm Model Parameter Natural Zeolite Modified Zeolite 

Freundlich Slope (kf) 0.88 0.85 
R2 0.992 0.998 
Intercept (1/n) 0.78 1.1 
1/n 0.88 0.85 

Langmuir Slope (qmax) 0.2 0.08 
R2 0.999 0.999 
Intercept (KL) 0.004 0.006 
qmax (mg/g) 250 180 
RL 0.025 0.075  

Table 5 
Summary of adsorption kinetics analysis.  

Kinetic Model Parameter Natural Zeolite Modified Zeolite 

First Order Slope (kL) − 0.04831 − 0.04642 
R2 0.67479 0.67315 
Intercept − 0.5802 − 0.66487 
qe (mg/g) 0.5598 0.5143 
qe

2 – – 
Second Order Slope (k2) 0.03381 0.03188 

R2 1 1 
Intercept 0.00253 0.00192 
qe (mg/g) 29.58 31.37 
qe

2 874.8 983.93  

Table 6 
Microbial analysis results.  

Microorganism Raw 
Groundwater 
(CFU/mL) 

Natural Zeolite 
Filtration + UV 
(CFU/mL) 

Modified Zeolite 
Filtration + UV 
(CFU/mL) 

Total Coliforms 2245 8 3 
E. coli 543 1 0 
Enterococci 1089 4 1 
Pseudomonas 

aeruginosa 
386 2 0 

Total 
Heterotrophic 

5141 18 8  
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methods such as the iron oxide-coated sand column filter, nanoscale 
zerovalent iron (Fe◦), and bimetallic nanoscale zerovalent iron (Fe◦/Cu) 
also show high removal efficiencies ranging from 84.1 % to 99 %. 
Conversely, activated carbon and sand/zeolite mixture display rela
tively lower removal efficiencies of 23.01 % and 14 %, respectively. 
Additionally, alternative methods like hydrothermally treated alumi
nosilicate clay, porous calcium alginate/graphene oxide composite 
aerogel, and biological As(III) oxidation in biofilters demonstrate mod
erate to high removal efficiencies ranging from 53 % to 90 %. Inter
estingly, silver nanoparticles coated filters and plant-based materials 
such as Moringa oleifera seeds and Musa cavendish peel show variable 
removal efficiencies for different contaminants. Overall, the results 
highlight the effectiveness of various treatment methods for ground
water contaminant removal, providing valuable insights for water 
remediation efforts. 

3.7. Cost analyisis anad scalability potential 

Table 8 summarizes the cost analysis and scalability potential of 

implementing the proposed purification method using calcination- 
modified zeolite and UV disinfection. In terms of material costs, each 
unit of calcination-modified zeolite is estimated at $320, while each UV 
disinfection system unit costs $1520, resulting in a total material cost of 
$1840. Operational costs include installation expenses totaling $850 
and annual maintenance costs of $520. Energy consumption per unit of 
water treated is estimated at 105 kWh, with a potential energy savings of 
17 %. Routine maintenance is required bi-monthly, with additional 
maintenance tasks scheduled quarterly. Labor costs include installation 
labor at $32 per hour and routine maintenance labor at $27 per hour, 
resulting in total annual labor costs of $3150. The scalability potential 
section highlights the identification of potential scalability challenges 
and the analysis of strategies to mitigate these challenges, ensuring the 
efficient and effective scaling-up of the purification method as needed. 

4. Discussion 

The significant improvements observed in the physicochemical 
properties of the modified zeolite following the modification process can 
be attributed to several underlying mechanisms. Firstly, the increase in 
surface area from 60 m2/g to 220 m2/g suggests that the modification 
process effectively opened up more surface sites on the zeolite particles, 
enhancing the material’s adsorption capacity. This increase in surface 
area is likely due to the removal of impurities and the restructuring of 
the zeolite lattice during the modification process, leading to a more 
porous structure with a higher number of active sites available for 
adsorption [23]. Correspondingly, the rise in pore volume from 0.15 
cm3/g to 0.8 cm3/g indicates a greater capacity for adsorbate uptake 
within the modified zeolite structure, as there are more spaces available 
for molecules to be adsorbed. The increase in average pore diameter 
from 25 Å to 35 Å suggests the presence of larger pores in the modified 
zeolite, which can accommodate larger molecules and enhance the 
material’s versatility in adsorption applications. Additionally, the lower 
bulk density of the modified zeolite (0.9 g/cm3) compared to the raw 
natural zeolite (1.2 g/cm3) indicates a more porous and lightweight 
material, which is desirable for filtration and adsorption processes. The 
higher crystallinity percentage of 95 % in the modified zeolite compared 
to 80 % in the raw material suggests an improved degree of structural 
order and stability, which can contribute to enhanced adsorption per
formance and durability. Furthermore, the narrowed particle size dis
tribution from 5-50 μm to 2–20 μm indicates a more uniform and refined 
particle size distribution in the modified zeolite, which can lead to better 
packing and increased efficiency in adsorption processes. Overall, these 
improvements in physicochemical properties highlight the effectiveness 
of the modification process in enhancing the adsorption capacity and 
performance of natural zeolite for various environmental and industrial 
applications [48]. 

The removal efficiency results for various parameters using natural 
and modified zeolites demonstrate substantial improvements across 
several contaminants, with the modified zeolite consistently showing 
higher percentages. This enhanced performance can be attributed to the 
tailored modification process, which optimizes the zeolite’s surface 
properties and adsorption capabilities. For instance, parameters like 
total hardness, phenol, nickel, oils, beryllium, aluminum, iron, lead, 
barium, cadmium, chlorides, calcium, dry residue, general mineraliza
tion, turbidity, and colors exhibit significant enhancement in removal 
efficiency with the modified zeolite, reaching typical values ranging 
from 65 % to 100 %. This improvement is attributed to the increased 
surface area and surface reactivity of the modified zeolite, enabling 
better adsorption and removal of these contaminants from the water. 
Furthermore, the removal mechanism involves the adsorption of con
taminants onto the modified zeolite surface, where interactions such as 
ion exchange, electrostatic attraction, and chemical bonding occur. This 
mechanism enhances the removal efficiency by effectively capturing a 
wide range of contaminants present in the water. While some parame
ters like cyanides, manganese, nitrates, selenium, chromium, nitrites, 

Table 7 
Summary of the removal efficiency comparative analysis.  

Treatment Method Removal Efficiency (%) Reference 

Calcination-modified zeolite Up to 100 This study 
Iron oxide-coated sand column 

filter 
99 Callegari et al. 

[39] 
Nanoscale zerovalent iron (Fe◦) 89.7 Maamoun et al. 

[40] 
Bimetallic nanoscale zerovalent 

iron (Fe◦/Cu) 
84.1 Maamoun et al. 

[40] 
Activated carbon 23.01 Maamoun et al. 

[40] 
Sand/zeolite mixture 14 Maamoun et al. 

[40] 
Hydrothermally treated 

aluminosilicate clay 
53 Obijole et al. 

[41] 
Porous calcium alginate/ 

graphene oxide composite 
aerogel 

95.4 (lead), 81.2 (copper), 
73.2 (cadmium) 

Pan et al. [42] 

Silver nanoparticles coated 
filters 

100 (E. coli, S. typhimurium, 
S. dysenteriae, V. cholerae), 
8–67 (other pathogens) 

Mpenyana- 
Monyatsi et al. 
[43] 

Moringa oleifera seeds 65-81 (lead) Aziz et al. [44] 
Musa cavendish peel 65-81 (lead) Aziz et al. [44] 
Sulfur-based mixotrophic bio- 

reduction 
95.5 Zhang et al. 

[45] 
Biological As(III) oxidation in 

biofilters 
90 Crognale et al. 

[46] 
Straw zerovalent iron and 

zerovalent iron-free 
sustainable-release carbon- 
compound material (ZVI-free 
SCCM) 

>60 Wen et al. [47]  

Table 8 
Summary of the cost analysis and scalability potential.  

Aspect Findings 

Material Costs Calcination-modified zeolite: $320/unit 
UV disinfection system: $1520/unit 
Total material costs: $1840 

Operational Costs Installation expenses: $850 
Annual maintenance costs: $520 

Energy Consumption Energy consumption: 105 kWh/unit 
Potential energy savings: 17 % 

Maintenance Requirements Routine maintenance: Bi-monthly 
Additional maintenance: Quarterly 

Labor Costs Installation labor: $32/hour 
Routine maintenance labor: $27/hour 
Total annual labor costs: $3150 

Scalability Potential Identification of potential scalability challenges 
Analysis of strategies to mitigate challenges  
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polyphosphates, fluorides, and silicic acid display moderate improve
ments, achieving typical values between 50 % and 80 %, the modified 
zeolite still demonstrates notable efficacy in their removal. The removal 
process for these contaminants involves similar mechanisms as 
mentioned earlier, albeit with varying degrees of affinity and selectivity 
towards the modified zeolite. On the other hand, contaminants such as 
arsenic, zinc, copper, and permanganate oxidability exhibit more varied 
results, typically ranging from 30 % to 70 % efficiency. The removal 
efficiency for these contaminants is influenced by factors such as their 
chemical speciation, concentration levels, and competing ions present in 
the water matrix. Despite the variability, the modified zeolite still 
demonstrates considerable potential in removing these contaminants, 
albeit with slightly lower efficiency compared to other contaminants. 
The findings obtained from this research align with those reported in 
existing literature. For example, in Onyutha et al.’s [49], investigation, 
the removal efficiencies for lead using natural zeolite within 20 and 40 
minutes were 75 % and 98 %, respectively. Additionally, the elimination 
of As(III) with modified zeolite achieved a 91 % removal rate within a 
10-min timeframe. Similarly, the removal of fluoride using modified 
zeolite yielded an 80 % efficiency within just 5 minutes. 

The results from the Freundlich and Langmuir isotherm models shed 
light on the adsorption behavior of both natural and modified zeolite, 
revealing important insights into their respective capabilities. In the 
Freundlich model, the slightly higher slope (kf) observed for natural 
zeolite compared to modified zeolite suggests a relatively higher 
adsorption capacity for the former, indicating a stronger affinity of 
natural zeolite for adsorbate molecules [36]. This difference could be 
attributed to the presence of certain functional groups or surface char
acteristics in the natural zeolite that promote stronger interactions with 
adsorbate species. Both natural and modified zeolites exhibit high 
determination coefficients (R2), indicating excellent fits to the Freund
lich model, which corroborates the validity of the adsorption behavior 
observed. The higher intercept parameter (1/n) for the modified zeolite 
suggests a stronger adsorption intensity compared to natural zeolite, 
implying that the modified zeolite has a greater tendency to adsorb 
molecules at lower concentrations, potentially due to modifications in 
its surface chemistry or pore structure [50]. Moving to the Langmuir 
model, despite the differences, both natural and modified zeolites 
exhibit high determination coefficients (R2), indicating good fits to the 
Langmuir model and further confirming their adsorption behavior. 
Similarly, the slightly higher intercept parameter (KL) for the modified 
zeolite implies a greater tendency for adsorption at lower concentra
tions, possibly due to alterations in the zeolite’s surface properties or 
pore structure. Additionally, the higher RL parameter for the modified 
zeolite suggests a higher favorability of adsorption compared to natural 
zeolite, indicating that the modified zeolite may have a more favorable 
adsorption environment or higher affinity for adsorbate species [51]. 

The results from the kinetic modeling of adsorption processes using 
first and second-order kinetics provide crucial insights into the adsorp
tion behavior of both natural and modified zeolite materials. Both ma
terials exhibit moderate determination coefficients (R2), indicating a 
reasonable fit to the first-order model and confirming the applicability of 
this model to describe their adsorption behavior. Moreover, the slightly 
higher initial adsorption capacity observed for the modified zeolite, as 
indicated by the intercept parameter, suggests that the modification 
process may have enhanced the initial adsorption capacity of the ma
terial [52]. Moving to the second-order kinetic model, both natural and 
modified zeolites show excellent fits to the model, with high determi
nation coefficients (R2 = 1), indicating a perfect match between the 
experimental data and the model predictions. The slightly lower rate 
constant (k2) observed for the modified zeolite suggests a slightly slower 
adsorption rate compared to natural zeolite, which may be attributed to 
changes in the zeolite’s surface characteristics or pore structure result
ing from the modification process. Despite this, both materials exhibit 
comparable initial adsorption capacities, as indicated by the intercept 
parameter. Additionally, the equilibrium adsorption capacities (qe) for 

both first and second-order kinetics are slightly higher for the modified 
zeolite compared to natural zeolite, indicating a marginally improved 
adsorption capacity for the modified material. 

The remarkable efficacy of natural and modified zeolite filtration 
combined with UV disinfection in reducing microbial contamination 
levels in raw groundwater can be attributed to several underlying 
mechanisms. Initially, raw groundwater contains high microbial counts 
due to the presence of various microorganisms, including bacteria like 
total coliforms, E. coli, Enterococci, and Pseudomonas aeruginosa. When 
subjected to filtration with zeolite, the porous structure of the material 
facilitates the physical adsorption of microorganisms, effectively trap
ping them within its matrix. Zeolite’s inherent antimicrobial properties, 
attributed to its surface chemistry and ion exchange capabilities, also 
contribute to microbial removal by disrupting cell membranes and 
inhibiting microbial growth [53]. The subsequent UV disinfection pro
cess further enhances microbial inactivation by exposing the trapped 
microorganisms to UV radiation, which damages their DNA and pre
vents replication [54]. This combined approach ensures thorough mi
crobial reduction, as evidenced by the substantial decrease in microbial 
counts post-filtration and UV treatment [55]. Moreover, the modifica
tion of zeolite may enhance its adsorption capacity and antimicrobial 
activity, resulting in even lower microbial counts after treatment. 
Overall, the synergistic action of zeolite filtration and UV disinfection 
offers a robust and effective solution for microbial control in ground
water, safeguarding public health and ensuring the provision of safe 
drinking water. 

The breakdown of material costs revealed a substantial investment 
required for both the modified zeolite and UV disinfection systems, 
contributing to a total material cost of $1840. Operational costs, 
including installation expenses and annual maintenance, further added 
to the overall expenses. However, the potential energy savings of 17 % 
offered a promising avenue for reducing long-term operational costs. 
Additionally, the labor costs associated with installation and routine 
maintenance underlined the importance of considering human resource 
expenditures in the implementation phase. The identified routine 
maintenance requirements, along with the scheduled additional main
tenance tasks, highlighted the ongoing commitment necessary for the 
upkeep of the purification system. Furthermore, the discussion of scal
ability potential underscored the need for proactive measures to address 
potential challenges that might have arisen with the scaling-up of the 
purification method, ensuring its efficient and sustainable deployment 
to meet varying demands for safe drinking water. Overall, these findings 
provided a comprehensive overview of the economic considerations and 
scalability prospects associated with the proposed water purification 
approach, aiding in informed decision-making and strategic planning for 
its implementation. In the study conducted by Sorg et al. [56], on the 
expenses incurred by small drinking water systems in arsenic removal 
from groundwater, the authors detailed the capital and operation and 
maintenance (O&M) costs of 48 treatment systems, varying in capacity 
from 10 to 770 gallons per minute (gpm) (equivalent to 38–2915 L per 
minute). The capital costs of these systems spanned from $477 to $6171 
per gpm ($126–$1632 per L/min) of design flow, while the O&M costs 
ranged from $0.07 to $22.88 per 1000 gallons ($0.02–$6.05 per 1000 L) 
of treated water. 

5. Conclusion 

This study investigated the efficacy of modified zeolite filtration 
coupled with UV disinfection as a comprehensive solution for mitigating 
microbial contamination in raw groundwater. The conclusions drawn 
from this study underscored the significant advancements achieved in 
water purification technology through the application of modified 
zeolite filtration combined with UV disinfection. Our findings high
lighted the superior adsorption performance of modified zeolite 
compared to its natural counterpart, as evidenced by enhancements in 
physicochemical properties such as increased surface area, pore volume, 
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and crystallinity. Isotherm and kinetic modeling further elucidated the 
improved adsorption capacity and kinetics of modified zeolite, empha
sizing its enhanced efficiency in removing contaminants. Particularly 
noteworthy were the substantial improvements observed in the removal 
efficiencies of various contaminants, including zinc, cadmium, manga
nese, phenol, and cyanides. Moreover, parameters like total hardness, 
nitrates, and general mineralization also exhibited significant en
hancements in removal efficiencies with modified zeolite, indicating its 
efficacy across a diverse range of water contaminants. Notably, 
achieving up to 100 % removal efficiency for turbidity and beryllium 
underscored the robust performance of the modified zeolite filtration 
system. Furthermore, our experimental results demonstrated a remark
able reduction in microbial contamination levels in raw groundwater 
post-treatment, highlighting the efficacy of the combined approach in 
delivering safe drinking water. These findings pave the way for the 
widespread implementation of modified zeolite filtration and UV 
disinfection in water treatment facilities and community-level purifi
cation systems, thereby ensuring access to clean and potable water and 
promoting sustainable development on a global scale. Moving forward, 
the integration of modified zeolite filtration and UV disinfection holds 
immense promise for widespread implementation in water treatment 
facilities and community-level purification systems. By leveraging these 
innovative technologies, we can ensure access to clean and potable 
water, thereby safeguarding human health and promoting sustainable 
development worldwide. 
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