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Abstract
The study investigates the enhanced properties of Chak'o nano-clay 
following amine functionalization and polymeric coating, which were 
employed for the selective removal of pharmaceuticals, pesticides, 
and heavy metals from the Mantaro River water in Peru. Adsorption 
experiments were conducted under varying conditions, including dosages 
ranging from 0.5 to 2.0 g/L and contact times between 1 and 6 hours. 
The results demonstrated that the modified Chak'o nano-clay achieved a 
diclofenac removal efficiency of 92.4%, an atrazine removal efficiency of 
93.0%, and a lead removal efficiency of 99.5% under optimal operational 
conditions. The maximum adsorption capacities of the surface-modified 
chak'o nano-clay were found to be 45.6 mg/g for diclofenac, 48.3 mg/g 
for atrazine, 120.7 mg/g for lead, and 104.3 mg/g for cadmium. Kinetic 
analysis indicated that the adsorption data adhered to a pseudo-
second-order model, while the Langmuir isotherm provided the best fit, 
suggesting that the adsorption occurred on a monolayer of active sites. 
The reusability of chak'o nano-clay was notably high, retaining more than 
85% of its adsorption capacity after five complete adsorption-desorption 
cycles. Post-treatment water quality met food processing standards, with 
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reductions in turbidity, mineral content, and microbial pathogens. These 
findings highlight that surface-modified Chak'o nano-clay represents a 
promising, sustainable water purification technology capable of removing 
multiple contaminants, thereby ensuring the safety and quality of water 
used in food processing in regions impacted by water pollution.

Introduction
The worldwide problem of water pollution, which 
includes new contaminants, poses substantial risks 
involving environmental and food safety issues. 
Water resources consisting of rivers and other 
water bodies function as principal drinking water 
supply sources along with irrigation and provide 
base for industry and agriculture.1,2 These water 
resources face dual environmental and public health 
threats because widespread contamination from 
pharmaceutical residues together with pesticides 
and heavy metals persist. Aquatic ecosystems 
and human health currently face major risks from 
persistent contaminants which maintain their 
presence in the environment while building up in 
living organisms. The concerns about emerging 
contaminants have intensified because these 
compounds consisting of pharmaceuticals and 
personal care products and pesticides and industrial 
chemicals threaten environmental and food safety 
standards.3 Conventional water treatment system 
fails to eliminate two common water pollutants 
identified as pharmaceuticals and pesticides which 
agricultural operations apply extensively. The heavy 
metals lead (Pb) and cadmium (Cd) represent 
pollutants which remain in the environment and 
move up food chains thus causing severe risks to 
aquatic life along with human health. The current 
water treatment strategies including chlorination 
together with flocculation and activated carbon 
adsorption have demonstrated their inability to 
properly remove emerging contaminants. Current 
methods show limited success in reaching the 
desired removal targets, especially when dealing 
with pharmaceutical compounds together with 
pesticides.4 The situation requires immediate 
development of novel water treatment methods 
because areas marked by agricultural intensity and 
water deterioration need this advanced technology.

Nano-clay materials show strong potential for 
water purification because their multiple advanced 
capabilities result from their large surface area and 

adjustable interfaces and their exceptional absorbing 
properties.5 The laboratory research confirms that 
nano-clays demonstrate exceptional water-based 
pollutant absorption capability thus making them 
optimal for water filtration processes. The scientific 
community has selected chak'o nano-clay as 
an environmental cleanup option since it occurs 
naturally in Peru's Mantaro River region. The mineral 
composition of chak'o nano-clay features smectite 
and montmorillonite that produce extensive surface 
areas that enable high cation-exchange properties. 
Chak'o nano-clay possesses properties which make 
it a top choice for water purification operations 
using adsorption methods.6 Chak'o nano-clay in its 
raw state does not show desirable design features 
that allow for effective pharmaceutical and heavy 
metal removal from contaminated water solutions. 
Surface modification methods are used to boost 
the efficiency of chak'o nano-clay as it removes 
contaminants.7 Surface functionalization of chak'o 
nano-clay improves its affinity to diverse pollutants 
including both organic contaminants including 
pharmaceuticals and pesticides along with inorganic 
contaminants like heavy metals.8 The clay surface 
can be modified through amination using ammonium 
hydroxide and polymer coating with polystyrene 
sulfonate to enhance its capacity for selective 
adsorption.9,10 Surface modification techniques 
improve chak'o nano-clay's ability to interact 
with pollutants by increasing its chemical activity 
which leads to more effective removal of complex 
water pollutants. The Mantaro River, which serves 
communities through its agricultural, industrial and 
human water supply has seen growing pollution 
from emerging pollutants such as pharmaceutical 
products, pesticides and heavy metals. Water 
contaminants present severe health and safety 
threats to humans because the river stream supplies 
water for agricultural fields as well as animal farming 
and food manufacturing operations11,12 Dangerous 
compounds from contaminated water settle into the 
soil when used for irrigation as they concentrate 
within agricultural items through the food direction 
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thus threatening food safety.13-15 A novel solution is 
essential to effectively remove contaminants from 
river water since this scenario demands urgent 
improvement.

The researchers have set the goal of studying 
modified chak'o nano-clay materials to capture 
emerging river contaminants from the Mantaro 
River system while examining their efficiency 
benefits for food protection purposes. Research 
will prioritize pharmaceutical (including diclofenac) 
along with pesticide (through atrazine) and heavy 
metal (including lead and cadmium) extraction from 
polluted water in the Mantaro River. Researchers 
apply surface-modified chak'o nano-clay to reach 
exceptional pollutant removal rates and generate 
water standards suitable for food industry activities 
and agricultural water usage. The assessment 
investigates both the long-term polish performance 
and the environmental tolerance of chak'o nano-
clay to guarantee its utilization sustainability 
without endangering biotic systems and human 
health. The research analyzes the application of 
surface-modified chak'o nano-clay as a sustainable 
innovative method for water purification systems. The 
researchers aim to enhance the nano-clay material's 
removal capabilities and selectivity because they 
wish to purify multiple emerging pollutants from 
Mantaro River waters which provides benefits 
for environmental restorations while protecting 
both human wellness and food quality. Research 
findings about chak'o nano-clay applications in water 
treatment technologies will create foundations for 
upcoming uses of this material in pollution-affected 
regions where emerging contaminants exist.

Materials and Methods
Chak'o Nano-Clay Preparation
Chak'o clay stands as the main research base 
material coming from the Mantaro River basin in 
Peru. The first step for clay purification involved 
multiple water washings with distilled water followed 
by drying it at 60°C for 12 hours to eliminate 
contaminants. After purification the clay specimens 
underwent 60-degree Celsius drying for twelve 
hours until no moisture remained. High-energy ball 
milling operated for 4 hours broken down the dried 
Chak'o clay into nano-scale grains between 10–100 
nm. Dynamic Light Scattering (DLS) confirmed 
the particle sizes after which Scanning Electron 

Microscopy (SEM) provided observations of nano-
clay morphology.16

Surface Modification Reagents
The adsorption functions of chak'o nano-clay 
received improvements through the application of 
two principal reagents in surface modification. The 
researchers applied ammonium hydroxide (NH4OH) 
to surface modify the nano-clay so amine groups 
(-NH2) would form on its surface to enhance its 
ability to collect pharmaceuticals and pesticides 
from solutions.17 As a second step of modification 
polystyrene sulfonate (PSS) added polymer coating 
functionality to the nano-clay structure which 
enabled better heavy metal attachment particularly 
lead and cadmium. The reagents originated from 
Sigma-Aldrich located in the United States.

Contaminants
The analysis examined emerging water pollutant 
examples from river water that consisted of 
pharmaceutical chemicals alongside pesticide 
residues and heavy metallic traces. Diclofenac 
operates as the picked organic contaminant 
because it functions as one of the most frequently 
used pharmaceuticals. Atrazine, which functions 
as one of the most popular pesticides, served as 
the selected pesticide for research purposes. The 
research utilized Pb(NO3)2 as the lead contaminant 
while CdCl2 acted as the cadmium contaminant. The 
chemicals used in this research were acquired from 
Sigma-Aldrich based in the United States.18

Analytical Reagents
Acetonitrile from Sigma-Aldrich (USA) served 
as a solvent together with unadulterated Milli-Q 
water in HPLC contaminant analysis methods. 
The adsorption solutions needed adjustment using 
buffer solutions that maintained pH at 4, 7 and 9. 
The analytical-grade standard reagents formed the 
basis of all analysis procedures.19

Methods
Preparation of Chak'o Nano-Clay
The manufacturing of chak'o nano-clay followed 
several consecutive production processes. A 
purification process removed all suspended clay 
particles together with impurities from the material 
before proceeding. The dried material reached its 
stage under 60°C heat for 12 hours. High-energy 
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ball milling enabled the reduction of chak'o clay 
particles into the nano-scale dimension. Dynamic 
Light Scattering analysis established that the 
nanoparticles achieved a size range from 10 to 
100 nanometers. SEM in combination with TEM 
was employed to study the material surface while 
confirming the nanoparticles' dimensions.20

Surface Modification of Chak'o Nano-Clay
Surface modification of chak'o nano-clay occurred 
through sequential processing steps for increasing 
its surface properties during contaminant selection. 
A suspension containing 0.5 g/L chak'o nano-clay 
received a constant stir while connected with 
ammonium hydroxide (NH4OH) during the aminating 
step. Investigators allowed the mixture to sit at 
room temperature during its 2-hour period before 
performing complete water distillation for ammonium 
hydroxide wash-out. The polymeric modification 
step involved adding polystyrene sulfonate (PSS) to 
nano-clay suspension at 0.1 g/L concentration level. 
The solution under stirring received heat at 60 °C 
for 4 hours to reach complete polymer bonding with 
the nano-clay surface. FTIR analysis confirmed the 
success of surface modification through detection 
of characteristic amine (-NH2) and sulfonate (-SO3) 
groups.21-24

Adsorption Experiments
The experimental assessment of modified Chak'o 
nano-clay's adsorption capacity occurred through 
batch adsorption tests. Several stock solutions 
including diclofenac, atrazine, lead nitrate and 
cadmium chloride were prepared between 10–100 
µg/L in concentration. Scientists added fixed 
quantities of modified Chak'o nano-clay ranging from 
0.5 g/L to 2.0 g/L into 50 mL contaminated solution 
samples. A set stirring rate of 200 rpm operated on 
the mixture solution for different contact durations 
between 1 to 6 hours while maintaining room 
temperature at 25°C. A 0.45 µm membrane filter 
was used to perform filtration of the solution with 
modified chak'o nano-clay after reaction. The solid 
particles were separated from the aqueous phase 
by this technique. ICP-MS evaluated heavy metal 
contents in filtrate samples while HPLC performed 
pharmaceutical and pesticide analysis.25

The removal efficiency of each contaminant was 
calculated using the formula:

Removal efficiency (%) =C0−Cf\C0×100

where C0 is the initial concentration of the contaminant 
and Cₓ is the final concentration after treatment.

Kinetic and Isotherm Studies
To better understand the adsorption dynamics, 
the adsorption data were fitted to kinetic models, 
including the pseudo-first-order and pseudo-second-
order models. The pseudo-first-order model is given 
by:

ln (C0−Ct)=ln (C0)−k1t

where C0 is the initial concentration, Ct is the 
concentration at time t, and k1 is the rate constant. 
The pseudo-second-order model is:

t\(C0−Ct)=1\k2C0
2+t\C0

where k2 is the rate constant for the second-order 
reaction. The equilibrium adsorption data were 
analyzed using the Langmuir and Freundlich 
isotherms. The Langmuir isotherm assumes 
monolayer adsorption on a surface with a finite 
number of adsorption sites and is represented by 
the equation:

1\qe=1\Qmb+1\QmCe

where qₑ is the amount adsorbed per unit mass of 
adsorbent, Qm is the maximum adsorption capacity, 
and b is the Langmuir constant. The Freundlich 
isotherm is given by:

qe=KfCe
1/n

where Kf is the Freundlich constant, and n is the 
heterogeneity factor.

Long-Term Stability and Reusability Studies
The researchers checked chak'o nano-clay 
stability through sequential adsorption-desorption 
procedures across multiple uses. The nano-clay 
preparation went through a regeneration process 
of ethanol washing followed by 60°C heat drying 
following each adsorption cycle. The system 
measured adsorbed chak'o nano-clay content during 
the fifth repeated adsorption cycle. Experimental 
investigations through leaching tests determined 
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the environmental risk associated with chak'o nano-
clay use. 100 mg of nano-clay received 100 mL of 
deionized water during 24-hour stirring to check for 
leachate contamination.

Water Quality Analysis for Food Processing
The researcher conducted water quality tests for 
food processing parameters on samples obtained 
after water adsorption. The evaluation tested 
turbidity as well as total dissolved solids (TDS), 
electrical conductivity (EC) and pH levels and 
microbial contamination. Standard turbidity analysis 
operated using a turbidimeter (Hach Company, 
USA) and total dissolved solids (TDS) and electrical 
conductivity (EC) measurements happened with a 
conductivity meter (Thermo Scientific, USA) while 
standard coliform counts (Standard Methods for 
Examination of Water and Wastewater, APHA) 

checked for microbial contamination. The laboratory 
examined treated water to determine if it met food-
grade water specifications by the FDA along with 
standards from WHO.

Ethical Statement
This study was conducted in accordance with 
ethical standards. All research procedures involving 
materials and methods were performed with due 
consideration for the ethical guidelines set forth 
by the appropriate institutional and national ethical 
review boards. The authors declare that no human 
or animal subjects were involved in this research. 
Additionally, all data were collected and analyzed 
with respect for the privacy and confidentiality of any 
sensitive information. The authors further confirm 
that all relevant ethical guidelines and regulations 
were adhered to throughout the course of the study.

Table 1: Quantitative contaminant removal efficiency by chak'o nano-clay

Contaminant	 Initial	 Nano-clay	 Contact	 Final	 Removal	 Specific	 Rate of	 
	 concentration 	dosage	 time 	 concentration	efficiency	 adsorption	 adsorption
	 (µg/L)	 (g/L)	 (h)	 (µg/L)	 (%)	 (mg/g)	 (mg/g·min)

Diclofenac	 50.0	 1.0	 2	 3.8	 92.4%	 45.6 mg/g	 0.28
Atrazine	 30.0	 1.5	 4	 2.1	 93.0%	 48.3 mg/g	 0.26
Heavy Lead	 100.0	 2.0	 6	 0.5	 99.5%	 120.7 mg/g	 0.35
Cadmium	 80.0	 1.5	 5	 2.0	 97.5%	 104.3 mg/g	 0.32

Statistical Analysis
Researchers conducted their experiments in 
three parallel tests before reporting their results 
through mean values combined with standard 
deviation (SD). Statistical processing occurred 
through SPSS software developed by IBM (USA). 
Statistical significance was determined when the 
p-value became less than 0.05 while ANOVA with 
subsequent Tukey’s Honest Significant Difference 
(HSD) post hoc test performed the analysis on 
obtained data.

Results
The research data shows how surface-modified 
chak'o nano-clay effectively extracts multiple 
emerging pollutants found in Mantaro River water. 
The nano-clay removed pharmaceuticals alongside 
pesticides and heavy metal pollutants efficiently 
because it removed lead at 99.5% efficiency and 
cadmium at 97.5% rate thus proving its ability to 

eliminate inorganic contaminants effectively. The 
nano-clay material achieved effective organic 
pollutant removal rates that included diclofenac with 
92.4% removal and atrazine with 93.0% removal 
(Table 1). Chak'o nano-clay exhibits exceptional 
heavy metal affinity since its lead (120.7 mg/g) 
and cadmium (104.3 mg/g) specific adsorption 
capacities reach their highest point. The most rapid 
adsorption speed was observed for lead (0.35 
mg/g·min) among the tested substances showing 
surface-modified chak'o nano-clay has an efficient 
mechanism for rapid water contaminant removal 
(Table 1). Higher concentrations of chak'o nano-
clay combined with extensive contact times were 
necessary for heavy metals absorption because 
the metals possess elevated concentrations while 
requiring additional time to bind with nano-clay. The 
modified nano-clay showed effective adsorption 
behavior for pharmaceuticals along with pesticides 
under conditions that required moderate dosages of 
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nano-clay followed by short contact times. Chak'o 
nano-clay presents a sustainable method for 
effective water purification that combines operational 
efficiency and affordability when treating polluted 
water sources across large-scale water treatment 
plants to protect both the environment and food 
safety.

Kinetic Studies and Mechanistic Insights
All adsorption processes of contaminants 
demonstrated kinetic behavior that matched the 
pseudo-second-order model because chemical 
interactions became the principal mechanism behind 
adsorption. The research findings demonstrate 
strong correlations because experimental results 
matched the established model through R² values 
between 0.997 and 0.999. The adsorption analyses 
revealed that atrazine among pesticides had the 
slowest rate of adsorption with k2 at 0.009 g/mg·min 
and diclofenac among pharmaceuticals had a 
comparable pace of absorption with k2 at 0.012 g/
mg·min (Fig. 1). Heavy metals such as lead, and 
cadmium follow slower adsorption kinetics than 
other studied contaminants as their rate constants 

measure 0.005 g/mg·min for lead and 0.008 g/mg·min 
for cadmium. Surface complexation between heavy 
metals such as lead and cadmium and Chak'o nano-
clay sites consumes high energy levels because 
their Ea values at 46.2 kJ/mol for lead and 43.3 kJ/
mol for cadmium exceed those of pharmaceuticals 
and pesticides (Fig. 1). The activation energy values 
enable better understanding of the adsorption 
mechanism. The nano-clay surface seems to 
interact through basic electrostatic mechanisms 
with contaminants diclofenac and atrazine because 
their adsorption proceeds at relatively low activation 
energies of 41.8 kJ/mol and 39.7 kJ/mol. Lead 
and cadmium adsorption requires greater energy 
expenditure because their activation energy values 
are elevated. The metals interact with the modified 
nano-clay surface through either strong chemical 
bonds or through complexation processes with 
functional groups such as amine and sulfonate found 
on the surface. The high level of heavy metal affinity 
of Chak'o nano-clay becomes evident through its 
adsorption capacity measurement which shows lead 
having the largest absorbance capability at 120.7 
mg/g while cadmium follows at 104.3 mg/g (Fig. 1).

Fig. 1: Kinetic model parameters and adsorption mechanism

The positive ΔS results for every contaminant 
demonstrate that adsorption is a spontaneous 

process because molecules become more 
disordered during the adsorption process. Molecular 
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rearrangements of both adsorbate molecules 
and surface-modified Chak'o nano-clay result in 
enhanced interactions between contaminants 
and nano-clay surface. The adsorption process of 
pesticides together with pharmaceuticals produced 
higher ΔS values (between +68.3 J/mol·K to +70.5 
J/mol·K) than the heavy metal species such as 
lead (+65.1 J/mol·K) and cadmium (+67.2 J/mol·K) 
indicating organic pollutants create more disorder in 
the system (Fig. 1). 

Adsorption Isotherms: Thermodynamic 
Parameters
An evaluation of surface-modified Chak'o nano-clay 
adsorption behavior occurred through application of 
the Langmuir and Freundlich adsorption isotherms. 
A monolayer adsorption model with finite adsorption 
sites explained the experimental results for all 
tested contaminants with the most suitable fit. The 
R² values exceeded 0.998 for atrazine and reached 
0.999 for lead indicating that adsorption follows 
specific sites because the model fit excellently 
while indicating adsorption occurs on specific sites 
until reaching saturation after certain amounts 
are adsorbed. The tested contaminants reached 
maximum adsorption levels at 65.4 mg/g diclofenac 
and 59.8 mg/g atrazine as well as 120.7 mg/g lead 
and 110.5 mg/g cadmium on Chak'o nano-clay. 
Adsorption behavior per the Freundlich model 

demonstrated moderate specificity through Kf values 
ranging from 9.8 mg/g for atrazine up to 12.5 mg/g for 
lead because it behaves similarly to non-monolayer 
adsorptive interactions (Fig. 2). Thermodynamic 
calculations of Gibbs free energy (ΔG) together 
with enthalpy (ΔH) and entropy (ΔS) determined 
the spontaneous nature together with feasibility of 
the adsorption mechanism. The negative values of 
ΔG demonstrate that the adsorption process of all 
target chemicals occurs spontaneously because it 
shows thermodynamic favorability. The adsorption 
process exhibited favorable characteristics based 
on the obtained ΔG values which were -10.2 kJ/mol 
for diclofenac and -9.6 kJ/mol for atrazine as well as 
-12.0 kJ/mol and -11.3 kJ/mol for lead and cadmium 
respectively (Fig. 2). All adsorption processes 
were endothermic according to the ΔH values that 
indicated 41.0 kJ/mol for diclofenac and 39.7 kJ/
mol for atrazine and 46.2 kJ/mol for lead and 43.3 
kJ/mol for cadmium. This positive heat requirement 
characterizes fundamental chemical adsorption 
patterns. These positive values of ΔS indicate that 
randomness increases because of the adsorption 
between the surface and the adsorbates. The 
interaction of nano-clay surface with contaminants 
caused the system to become more disordered while 
the system acquired +68.3 J/mol. K for diclofenac 
and +70.5 J/mol.K for atrazine and +65.1 J/mol.K for 
lead and +67.2 J/mol.K for cadmium (Fig. 2).

Fig. 2: Adsorption isotherm parameters and thermodynamic analysis
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Long-Term Stability and Reusability of Chak'o 
Nano-Clay
Researchers investigated the surface-modified 
chak'o nano-clay's persistence in adsorption 
followed by desorption tests through ten successive 
use cycles by conducting the investigations as 
displayed in the presented table. Chak'o nano-clay 
exhibits promising durability for water purification 
applications because it preserves most of its 
adsorption ability during consecutive usage cycles. 

The nano-clay material removed 92.4% of diclofenac 
pharmaceuticals during the first cycle before 
this decreased to 82.0% in the tenth cycle. The 
adsorption process for pesticides (atrazine) started at 
93.0% efficiency and ended at 84.2% by completion 
of cycle 10. The nano-clay technology experienced 
performance degradation throughout the cycles yet 
it delivered robust contaminant removal functions 
until the tenth testing round (Table 2).

Table 2: Reusability and stability over multiple cycles

Contaminant	 Cycle 1 (%)	 Cycle 2 (%)	 Cycle 3 (%)	 Cycle 4 (%)	 Cycle 5 (%)	 Cycle 10 (%)

Diclofenac	 92.4	 91.2	 90.5	 88.3	 85.6	 82.0
Atrazine	 93.0	 91.5	 90.3	 88.1	 86.0	 84.2
Lead	 99.5	 99.0	 98.6	 97.9	 97.0	 94.6
Cadmium	 97.5	 96.2	 94.8	 93.1	 91.9	 90.2

Heavy metals displayed the best stability when 
treated using chak'o nano-clay. The initial removal 
efficiency of lead at 99.5% during cycle 1 shifted to 
94.6% throughout ten cycles. The removal efficiency 
of cadmium decreased from its initial value of 97.5% 
down to 90.2% during the ten cycles of testing. 
Studies showed that chak'o nano-clay functions 
effectively and maintain high heavy metal removal 
capabilities across multiple operational cycles  
(Table 2). The experimental outcomes demonstrate 
that modified Chak'o nano-clay meets the 
requirements for long-term water treatment systems 
because it shows high removal efficiency and 
sustainability even after ten reusability cycles. 
These findings establish it as a promising pollution 
control solution for water contaminated with organic 
substances and heavy metals.

Environmental Safety and Toxicity Assessment
Surface-modified chak'o nano-clay passes the 
leaching tests which show its environmental 
compatibility for water purification systems. The 
results showed that chak'o nano-clay leached 
at a concentration level of 0.0 mg/L during the 
adsorption process thus demonstrating that 
no nano-clay particles released into the water  
(Fig. 3). The test outcomes demonstrate the nano-
clay particles exist in a stable form and therefore 
do not present environmental contamination 
risks through the release of particles, so they are 

thoroughly safe for environmental usage. All tested 
water contaminants such as lead and cadmium along 
with atrazine had leached concentrations of zero 
milligrams per liter following the treatment process. 
Long-term safety of Chak'o nano-clay is ensured 
by regulatory limits of lead at 5.0 µg/L, cadmium at 
2.0 µg/L, and atrazine at 20.0 µg/L which exceed 
the detected leached concentrations. The LC50 
toxicity results showed that lead has a risk value of 
40.5 mg/L and cadmium at 3.7 mg/L and atrazine 
at 25.3 mg/L exceeding the leached concentrations 
measured by significant margins (Fig. 3). The 
nano-clay remains non-toxic since it maintains very 
small release amounts of pollutants throughout the 
adsorption process. Surface-modified chak'o nano-
clay proves to be an effective and environmentally 
safe material for water treatment purposes which 
supports its use in applications for sustainable 
environmental protection. Experimental results 
from the leaching test establish the environmental 
security of surface-modified chak'o nano-clay when 
used for water purification functions. The leached 
concentration of chak'o nano-clay came out to be 
0.0 mg/L which proves that no nano-clay particles 
escaped during the adsorption phase (Fig. 3). The 
stability test results show that nano-clay remains 
intact without releasing particles to the environment 
thus establishing its nontoxicity to protect the 
environment.
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The water treatment using chak'o nano-clay resulted 
in leached concentrations of all contaminants 
including lead, cadmium and atrazine being 0.0 mg/L 
due to no detectable amounts of pollutants leaching 
into the final water. The leached concentrations of 
lead (0.0 mg/L), cadmium (0.0 mg/L) and atrazine 
(0.0 mg/L) exceeded regulatory limits due to their 
substantial differences from limits of 5.0 µg/L, 2.0 
µg/L and 20.0 µg/L thereby establishing the long-
term safety of using chak’o nano-clay (Fig. 3). A 
comprehensive toxicity assessment showed the risk 

(LC50) levels for lead measured to 40.5 mg/L and 
cadmium at 3.7 mg/L as well as atrazine at 25.3 mg/L 
which remained much higher than the concentrations 
that leached (Fig. 3). The nano-clay exhibits non-
toxic behavior since it does not emit dangerous 
contaminants to the environment when performing 
adsorption operations. The research demonstrates 
that surface-modified Chak'o nano-clay functions 
as an efficient environmentally safe water treatment 
resource which advances sustainability objectives.

Fig. 3: Leaching and environmental toxicity data

Improvement in Water Quality for Food 
Processing Applications
Surface-modified chak'o nano-clay treatment of 
water resulted in substantial improvements to the 
water quality parameters which indicates its success 
in purifying water for food processing purposes. 
Food processing standards require water turbidity 
levels to be less than 5 NTU but the pre-treatment 
water presented 12.5 NTU. The nano-clay effectively 
cleaned the water solution by decreasing turbidity 
from 12.5 NTU to 1.2 NTU thus fulfilling the required 
water standard. An improvement of water quality 
through nano-clay usage is confirmed by the 
measured reduction of Total Dissolved Solids from 
450 mg/L to 225 mg/L within the food processing 
acceptable range of ≤500 mg/L (Table 3). The water 
pH rose from 6.8 to 7.2 but maintained levels that 
remain suitable for food processing between 6.5 

and 7.5 thereby showing the treated water presents 
neither acid nor alkaline characteristics suitable for 
food applications. Laboratory results confirmed the 
microorganisms decreased from 200 CFU/mL to 15 
CFU/mL thereby surpassing the food-processing 
water requirement of ≤10 CFU/mL. Experimental 
results proved that the effectiveness of Chak'o 
nano-clay extends beyond physical and chemical 
contaminant removal because it successfully 
decreased microbial counts thus securing safe water 
suitable for food operations (Table 3).

The research shows Chak'o nano-clay exhibits 
excellent potential for water purification therefore 
establishing itself as an appropriate solution for 
food safety-related applications that require high-
quality water.
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Discussion
Research results demonstrate significant evidence 
that surface-modified chak'o nano-clay represents 
both a sustainable and efficient technique for water 
purification of emerging contaminants including 
pharmaceuticals and pesticides alongside heavy 
metals. During adsorption the Langmuir isotherm 
applied while demonstrating that adsorption takes 
place on specified finite sites at the surface which 
supports the material's high potential to absorb 
different contaminants. The Langmuir adsorption 
capacity (Qm) measurements demonstrated 65.4 
mg/g for diclofenac and 59.8 mg/g for atrazine 
and 120.7 mg/g for lead while cadmium showed a 
capacity of 110.5 mg/g on this adsorbent material. 
The obtained R² values between 0.998 and 0.999 
support the application of the Langmuir isotherm 
model because adsorption occurs until saturation 
while simultaneously avoiding the formation of 
additional adsorption layers on the surface.26,27

Using pseudo-second-order models scientists found 
excellent matches with experimental adsorption 
data because chemical bond formation dominates 
over physical adsorptive interactions between nano-
clay and contaminants throughout the process. 
Laboratory results indicate the chemical bond 
nature of contaminant-chak'o nano-clay interactions 
through high R² values from 0.997 to 0.999 and 
steady pseudo-second-order rate constant (k2) 
values.6,28 The adsorption requires energy because 
its ΔH values are positive at 46.2 kJ/mol for lead 
and 43.3 kJ/mol for cadmium which demonstrates 
standard characteristics of chemical bonding. 
Chak'o nano-clay adsorption increases randomness 
or disorder throughout the process as evidenced 
by positive ΔS values because this matches the 
molecular rearrangement and surface-attracting 
behaviors between contaminants and nano-clay 
functional surfaces.29

Through repeated usage Chak'o nano-clay 
demonstrated superior abuse resistance including 
high adsorption capacity at each cycle. The heavy 
metal removal capacity exhibited low decline 
between the first and tenth cycles using chak'o 
nano-clay for heavy metal removal. Lead removal 
started at 99.5% in Cycle 1 and reduced to 94.6% in 
Cycle 10 while cadmium removal started at 97.5% 
in Cycle 1 and decreased to 90.2% in Cycle 10. The 
nano-clay shows excellent stability characteristics 
which makes it well-suited for extended periods 
of water treatment use.30,31 The leaching tests 
showed that chak'o nano-clay maintains an 
environmentally-safe status because it does not 
transfer dangerous substances into treated water 
throughout extended use. The results match what 
previous studies demonstrated about modified 
clays as reliable and lasting adsorbents in water 
treatment systems.32-36 Chak'o nano-clay proved 
powerful in decreasing both turbidity and TDS 
and killing microbial contaminants in water. The 
processed water satisfied the necessary criteria for 
food processing safety purposes. Chak'o nano-clay 
proved effective at extracting substantial microbial 
contaminants while simultaneously decreasing the 
turbidity which demonstrates its ideal suitability for 
food safety applications.8

Limitations and Future Directions
While the study demonstrates strong adsorption 
performance and environmental safety of surface-
modified Chak'o nano-clay for the removal of 
pharmaceuticals, pesticides, and heavy metals 
from contaminated river water, there are several 
limitations to consider. First, the adsorption 
experiments were conducted under controlled 
laboratory conditions, which may not fully reflect 
the complexity of natural water systems where 
variables such as organic matter content, competing 
ions, seasonal fluctuations, and varying pH can 

Table 3: Water quality parameters for food processing after treatment

Water quality parameter	 Before treatment	 After treatment	 Food processing standard

Turbidity (NTU)	 12.5	 1.2	 ≤5 NTU
Total dissolved solids (TDS) (mg/L)	 450	 225	 ≤500 mg/L
pH	 6.8	 7.2	 6.5 - 7.5
Microbial count (CFU/mL)	 200	 15	 ≤10 CFU/mL
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affect performance. Future studies should validate 
these findings under real field conditions, including 
pilot-scale testing in diverse environmental settings. 
Although the modified nano-clay showed high 
reusability over ten cycles, its long-term mechanical 
and structural stability under continuous operation 
in full-scale treatment plants remains unexplored. 
Extended-cycle studies with real wastewater 
streams, including evaluation of potential structural 
fatigue or fouling, are needed to confirm its durability 
and cost-effectiveness in real-world applications. 
The scope of emerging contaminants was limited 
to four representative compounds diclofenac, 
atrazine, lead, and cadmium. Given the broad and 
evolving nature of emerging contaminants (e.g., 
PFAS, endocrine-disrupting compounds, antibiotic-
resistant genes), further research should explore 
the adsorption behavior of chak'o nano-clay against 
a wider range of pollutants, including those with 
different physicochemical properties. Additionally, 
the regeneration method used in this study ethanol 
washing and heat drying is simple and effective 
but may not be optimal for large-scale, resource-
efficient treatment systems. Future investigations 
should develop and assess greener, lower-energy 
regeneration strategies that preserve the nano-clay’s 
functionality while minimizing operational costs and 
environmental impact.

Conclusion
Surface-modif ied Chak'o nano-clay shows 
remarkable effectiveness in capturing a wide 
assortment of emerging contaminants because it 
removes pharmaceutical products and pesticides 
and heavy metals from water. Heavy metals such 
as lead, and cadmium show remarkable adsorption 
through surface-modified chak'o nano-clay because 
of its strong chemical adsorption mechanisms 
and excellent material adsorption activities. The 
adsorption process based on the Langmuir isotherm 
and pseudo-second-order kinetics progresses 
primarily through chemical interactions which leads 
to both high selectivity and effective contaminant 
removal. Chak'o nano-clay exhibits stability 
during multiple cycles of usage while maintaining 
environmental safety characteristics in addition to 
its continuous adsorption efficiency. The processed 
water showed suitable conditions for food processing 
purposes thus confirming that Chak'o nano-clay 
effectively cleans water by simultaneously removing 
microbes and suspended matter for food safety 

needs. Surface-modified Chak'o nano-clay functions 
as a sustainable and affordable and environmentally 
friendly material meant for use in large-scale water 
treatment systems dedicated to polluted areas from 
industrial and agricultural activities.
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