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a b s t r a c t
The synthesis and adsorption potential of Cy-npAg, obtained by modification of raw montmorillon-
ite clay (raw-Cy) with silver nanoparticle (npAg), was studied in this work. Optimization procedure, 
with respect to time, temperature and amount of deposit npAg, obtained either by reductive precipi-
tation or ultraviolet irradiation, was performed using response surface methodology (RSM). The most 
efficient adsorbent, obtained by chemical reduction of silver ion with sodium borohydride, named 
Cy-npAg, was characterized in detail using Brunauer-Emmett-Teller, scanning electron microscopy, 
Fourier transform infrared spectroscopy and X-ray diffraction techniques, and point of zero charge 
determination. The Cy-npAg showed good adsorption capacity with respect to non-systemic organo-
phosphate insecticide (diazinon) as well as of heavy metals ions (Cd2+ and Ni2+ ions), that is, 74.26, 
62.33, and 35.49 mg g–1, respectively, obtained from Langmuir model fitting. Temperature dependent 
kinetic study allowed determination of pseudo-second rate constant (103 g mg–1 min–1)/activation 
energies (kJ mol–1): 1.45/14.48 for diazinon, and 1.27/6.59 and 0.7/7.35 kJ mol–1 for Cd2+ and Ni2+ ions, 
respectively. Thermodynamic parameters indicated feasible and spontaneous adsorption with main 
participation of physisorption. Antibacterial potential of npAg deposit for water disinfection was 
confirmed by the moderate reduction of bacterial growth of Staphylococcus aureus, Escherichia coli, and 
Pseudomonas aeruginosa, by 64%, 39%, and 70%, respectively. Thus, two synergistic effects contribute 
to water purification processes using Cy-npAg: pollutants removal with a simultaneous decrease of 
the microbial contamination contributing to overall water quality improvement.
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1. Introduction

There is an increasing demand for the development 
of efficient and economic adsorbents for the treatment of 
wastewater that is capable to remove removal toxic or haz-
ardous organic contaminants, heavy metals, and pathogenic 

microorganisms. Wastewaters contaminated with heavy 
metals, organic pollutants, and pathogenic microorganisms 
pose a serious risk to public health and important issue of 
environmental protection.

Heavy metals are toxic, non-biodegradable, and can 
bio-accumulative in living organisms [1], usually entering 
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the human body through water, food, or air [1–4]. Organic 
pollutants such as pesticides and herbicides are increas-
ingly present in wastewater. The most common is the ori-
gin of industrial production. Pesticides and herbicides are 
life-threatening due to their toxicity, carcinogenicity, and 
mutagenicity [5]. The origin of pathogenic microorganisms 
in wastewater is from human excretions in communal waters 
and wastewater from industries such as slaughterhouses. 
Viruses and bacteria can cause diseases that are transmit-
ted by water, such as cholera, typhoid, dysentery, polyol, 
and infectious hepatitis in humans. Thus, the presence of 
hazardous contaminants: heavy metal, pesticides and their 
degradation products, and pathogens in water demand 
application of appropriate technologies/processes able to 
perform their removal/degradation to provide a concen-
tration in the effluent under value recommended by World 
Health Organization recommendations (WHO).

Decreasing trend of maximum allowable content of heavy 
metal ions/pesticides in natural and wastewater forced the 
development of improved technologies for their effective 
removal. Various treatment methods such as ultrafiltration, 
ion exchange, coagulation/precipitation, membrane filtra-
tion, reverse osmosis, electrolysis, oxidation, and photo-
degradation and adsorption have been used for wastewater 
purification [2,6,7]. Except for many advantageous charac-
teristics these technologies have some disadvantages such as 
low efficiency and economic viability. Among them, adsorp-
tion is cheap, efficient, and easily adaptable technique, and 
thus could be widely used for the removal of pollutants 
from water [4,8–14]. In recent years, a huge amount of work 
was devoted to the development of selective and efficient 
adsorbent obtained by precipitation of the structurally 
arranged nanoparticle on the support of the natural origin.

Minerals from the group aluminosilicate are very pres-
ent in the Earth’s crust, including the most important min-
eral clay in this group that can be used for the adsorption 
process. These minerals contain a layered structure. Between 
layers of crystal gratings, there are cations that can easily be 
replaced. The layered clay structures also integrate water 
that is placed around its cations or left in free form. As clay 
is a polar substance, polar organic molecules can be installed 
in the layered structure, either by being adsorbed physically 
or through chemisorption, to bind to the active site. Clay 
is potentially an effective adsorbent which is chemically 
and mechanically stable. Its high specific surface area, high 
cation exchange capacity of its layered structure in which 
nanoparticle materials can be easily doped to improve the 
characteristics of the adsorbent also make it a potentially 
effective adsorbent. Moreover, all of these properties make 
clay a useful adsorbent which can adsorb various metal ions, 
inorganic anions, and organic ligands. Its wide distribution, 
positive adsorption features, and low price make it stand out 
in its efficient use for removal of heavy metals from water 
as an adsorbent [4,11]. In previous studies, disparate vari-
eties of clays to remove various pollutants from the water, 
including highly toxic organic substances [15,16], oils and 
fats [17,18], and heavy metals [4,19–29] were used.

Precipitation of nanosized particles, for example, silver 
nanoparticles (npAg), on montmorillonite (raw-Cy) sup-
ports could improve adsorbent performance: textural prop-
erties, adsorptive and kinetic performances, and combining 

antimicrobial effect in the course of water purification. 
Previous results have shown that npAgs, with known antimi-
crobial properties [30–32], also contributed to the improved 
adsorption of pesticides (diazinon) and Cd2+ and Ni2+ cations 
for 47%, 25%, and 19%, respectively. Thus, the main goal of 
the research was focused on the development of an opti-
mal method for the simultaneous reduction/precipitation of 
npAg on natural raw-Cy in order to improve the adsorption 
and antimicrobial properties of newly synthesized Cy-npAg 
adsorbent. Two processes of npAg deposition were consid-
ered: classic chemical reduction using sodium borhydride, 
Cy-npAgCh named adsorbent, and photochemical method, 
Cy-npAgPh named adsorbent. The response surface meth-
odology (RSM) was used in an optimization process of 
the adsorbents syntheses, considering adsorption capac-
ity of diazinon removal in relation to synthesis parameters 
(temperature, reaction time, and the amount of the deposited 
silver) [33,34]. Box-Behnken three-factor rotatable designs 
were applied for the adsorption capacity of diazinon as the 
response. This design was successfully used in studies deal-
ing with adsorbent synthesis [35] and adsorption process 
experiments [36].

2. Experimental

Batch adsorption study was used to examine the adsorp-
tion properties about the synthesis method [37,38]. The influ-
ence of the number of doped npAgs and other parameters 
(adsorbent mass, pH value, adsorption time, and adsorption 
temperature) on the adsorption capacity were studied. 
Adsorbent with the best adsorption capacity for diazinon, 
Cd2+, and Ni2+ cations was characterized using various 
methods and techniques, that is, Brunauer-Emmett-Teller 
(BET), X-ray fluorescence (XRF), Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning 
electron microscopy (SEM). Specific objectives of this study 
were focused on: (i) preparation of Cy-npAg with optimal 
adsorption properties, (ii) structural and morphological 
characterization of Cy-npAg, (iii) determination of kinetic 
and activation parameters, (iv) adsorption isotherm and 
thermodynamic parameters determination, (v) competitive 
adsorption and kinetic study, and (vi) evaluation of antimi-
crobial properties using microorganisms usually found in 
the waste water.

2.1. Materials

The information about materials used is given in the 
Supplementary material (part 1.1).

2.2. Adsorbent preparation and optimization procedure

Different modification procedures for the montmo-
rillonite has been studied and described in the literature. 
However, the key reaction parameters should be investi-
gated and selected carefully to perform the adequate design 
of experiments and optimization procedures. According to 
the previous research [15,16,19,26,32,37,39–42] the key vari-
ables are as follows:

• Concentration of the silver nitrate (AgNO3) aqueous 
solution,
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• Concentration of the reducing agent (sodium borohy-
dride, NaBH4),

• Reaction time and temperature, and

Method applied to obtain a uniform distribution of 
nanoparticles Ag (npAg) deposit.

The method for reduction of silver ion to elementary 
nanodeposited Ag (npAg) on raw-Cy was carried out in two 
ways: (1) chemical reduction and (2) photochemical deposi-
tion of npAg onto raw-Cy. Optimization of npAgs loading 
on raw-Cy support was performed with the intention to pro-
duce a high-performance adsorbent applicable in the removal 
of heavy metal ions and organic pollutants. The amount of 
AgNO3 was calculated according to stoichiometry and the 
expected theoretical deposition of npAg (Table 1).

General procedure for chemically induced npAg depo-
sition (CID): classical reduction of a silver ion with NaBH4 
was performed to obtained npAg/montmorillonite adsor-
bent (Cy-npAgCh; Ch, designate chemical reduction of silver 
ion) [37,38]. The theoretical amount of AgNO3 solution (in 
mL, 2.5 mg mL–1) was calculated to obtain 1, 3, and 5 wt.% 
of npAg on raw-Cy (Table 1). In typical experiments, 40 mL 
of the AgNO3 solution (3.94 mg mL–1 AgNO3; 2.5 mg mL–1 
Ag) was mixed with the montmorillonite (10 g) at 200 rpm 
for a period of 2 h. After this step, 35.72 mL of the NaBH4 
aqueous solution (1.75 mg mL–1) was added to suspension 
obtained according to Exp. 1 (Table 1), and the solution was 
mixed for 30 min at 298°K (Table 1). Finally, the obtained 
products were subjected to centrifugation, washed three 
times with deionized water (3 × 80 mL), filtered, and dried 
in vacuum at 353°K for 6 h. All other syntheses were per-
formed in accordance with the plan given in Table 1.

General procedure for ultraviolet (UV) irradiation-in-
duced npAg deposition on raw-Cy has been explained in 
the supplementary material.

To perform the full analysis of the influences of synthe-
sis parameters on adsorbent properties, RSM was applied for 
both cations and diazinon removal, and obtained results were 
exemplified for diazinon (Supplementary material, part 1.2). 
According to the obtained results (part 3.1), CID method gave 
a better result, and due to appropriate inhomogeneity of npAg 
deposit on raw-Cy additional optimization was performed.

Improvement of the optimized method of Cy-npAgCh 
synthesis is given in the Supplementary material.

2.3. Characterization and pollutant determination methods

Synthesized adsorbents were characterized using BET, 
XRF, FTIR, XRD, and SEM techniques and point of zero 

charge (pHPZC), and detail on characterization methods are 
provided in Supplementary material, part 1.4. The concen-
tration of diazinon was analyzed using ultraviolet- visible 
spectrophotometry (UV-VIS) spectrophotometry and high- 
performance liquid chromatography, while heavy metal ions 
by using inductively coupled plasma mass spectrometry 
(Supplementary material, part 1.4).

2.4. Adsorption and kinetic experimental conditions, and error 
functions

The adsorption of diazinon and heavy metal ions, Cd2+ 
and Ni2+ were studied in a batch system as it was described 
in recent studies [10,40,41]. More details on the conditions of 
adsorption are given in Supplementary material (part 1.5).

2.5. Antimicrobial activity

Sample was tested for antimicrobial properties in the 
direct contact on agar plates and in the suspension. In the 
direct contact, it was placed on the surface of the agar plates 
inoculated with Staphylococcus aureus ATCC29213, Escherichia 
coli ATCC 25922, and Pseudomonas aeruginosa ATCC 15442, 
according to the previously conducted study [38]. Detail 
on antimicrobial experiments is given in Supplementary 
material (part 1.6).

2.6. Modeling of ionic speciation

Method applied for modeling of ionic speciation is 
given in Supplementary material (part 1.7).

2.7. Modeling of diazinon structure

Method applied for modeling of ionic speciation is 
given in Supplementary material (part 1.8).

3. Results and discussion

3.1. Optimization of adsorbent synthesis

In several previous studies, it has been proven that metal 
ions possess a different affinity for the active sites present at 
the adsorbent surface [43]. Generally, the numbers of reac-
tions that occur in a suspension at its solid-liquid boundary 
facilitate the adsorption of ions and molecules on the surface 
of the clay, that is, the adsorbent. The processes of adsorp-
tion and ion exchange are the predominant forms of remov-
ing heavy metal ions from a solution due to the different 

Table 1
Theoretical amount of Ag in the adsorbent and the required AgNO3 solution quantity for the preparation of Cy-npAg adsorbent

Experiments* Adsorbent Theoretical  
amount of Ag (%)

Required AgNO3  
solution (mL)

Concentration  
of Ag (mg mL–1)

1 Cy-npAg–1 1 40 2.5
2 Cy-npAg–3 3 120 2.5
3 Cy-npAg–5 5 200 2.5

*Chemical deposition of npAg was performed for 30, 60, or 90 min at temperatures 298°K, 323°K, or 348°K; deposition of npAg exerted by UV 
irradiation was performed for 60 min at room temperature.
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functionalities of clay materials, which include: the range 
of the acidic sites, oxygen containing functionalities, and 
hydroxyl groups, which are mainly found on edges of crystal 
lattices [28].

Ion exchange characteristics, adsorption capacity, and 
kinetics of the clay-based adsorbent are dependent on the 
structure/properties of material deposited and the synthe-
sis method applied. Thus, in the preliminary experiments 
related to the selection of the reduction process chemical 
reduction (Ch), about UV irradiation (Ph) showed higher 
efficiency of silver ion transformation to npAg.

Graphical representation of the results of detail opti-
mization of the Cy-npAgCh synthesis with the output vari-
able, that is, the adsorption capacity of diazinon, for the 
amount of initial silver solution, time, and temperature 
are given in Fig. 1. Graphical area with intense red color 
designates regions that meet critical properties, while the 
regions without optimization criteria are snap-off. More 
precise optimization conditions are obtained by point pre-
diction through the software based on the factors or com-
ponents included in the model. The expected responses 
and associated trust intervals are calculated based on the 
prediction equation displayed at the analysis of variance 
output.

According to the results given in Fig. 1, as an operational 
parameters temperature of 70°C (343°K) and a reduction time 
of 60 min in further experiments of Cy-npAgCh adsorbent syn-
thesis was selected. On the basis of preliminary adsorption 
results using adsorbents Cy-npAgCh–1, Cy-npAgCh–3, and 
Cy-npAgCh–5 (Table 1) for a further research Cy-npAgCh–5 
adsorbent was selected as the most efficient adsorbent 
(15%–65% for Cd2+ and 22%–78% for Ni2+ higher capacity 
with respect to Cy-npAgCh–1 and Cy-npAgCh–3), and 16% for 
Cd2+ and 20% for Ni2+ higher capacity than Cy-npAgPh. Also, 
comparative tests indicated that the adsorption capacities of 
unmodified clay were significantly lower in comparison to 
Cy-npAgCh–5: 24%–42% for Ni2+ and Cd2+, and 29%–35% for 
diazinon. In order to further optimize synthesis procedure 
two metho dologies of Cy-npAgCh adsorbent synthesis were 
applied:

• adaptation of method by alternating portion-wise 
addition of AgNO3 solution followed by reductive agent 
solution divided into three portions,

• study of the effect of drying method: vacuum or freeze 
drying methods after whole cycle of npAg depo-
sition [Cy-npAgCh(FD)] or step-wise freeze drying 
[Cy-npAgCh(FD–3) showed that one pot freeze drying, 
after whole deposition procedure, gave a 7%–9% higher 
capacity of Cy-npAgCh(FD)].

The optimal adsorption performance was obtained by 
a controllable reduction of silver ion to provide 4.8 wt.% of 
npAg deposit in Cy-npAgCh–5. The results presented in the 
subsequent text relate to this material, named Cy-npAgCh. 
In an analogous manner, synthesis of Cy-Ag+ adsorbent was 
performed by Na/Ag+ ion-exchange process, at experimen-
tal condition applied for Cy-npAgCh-5 synthesis, but without 
addition of NaBH4. This material was used in adsorption and 
antibacterial study, and obtained results were used for com-
parative purposes. Full detail on statistical analysis related 
to the optimization procedure is given in Supplementary 
material (part 2.1). Except for this, the application of the Silar 
method [44] did not give any comparable improvement. 
Generally, the presented results highlight the significance of 
the application of optimization procedure to obtain desirable 
material performances at the lowest number of experiments 
performed.

3.2. Physical and chemical characterization of the adsorbent

Surface properties and physical properties of the adsor-
bent are given in Table 2. The change of pHPZC was influ-
enced by the change of surface properties due to silver 
oxide nanoparticles deposition (Table 2). Low pHPZC values 
of both adsorbents indicate that at pH > pHPZC negatively 
charged adsorbent surface could be a driving force for cat-
ion attraction. Also, the decrease of pHPZC value after adsorp-
tion, from 5.64 to 5.48 indicates the contribution of specific 
adsorption plays an appropriate role in an overall adsorption 
mechanism.

 
Fig. 1. Contour diagram representing relation between capacity qe vs. t and T for Cy-npAgCh: (a) 40 mL, (b) 120 mL, and (c) 200 mL 
of AgNO3 solution (in accordance to Table S1) (Ci[Diazinon] = 30.00 mg L–1 and m/V = 200 mg L‒1) used in a optimization of Cy-npAg 
synthesis.
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Appropriate increase of specific surface area and pore 
volume was, and significant increases of pore diameter were 
observed after raw-Cy modification with npAg. The results 
on the chemical constitution before and after modification, 
that is, raw-Cy and Cy-npAgCh, respectively, are given in 
Table S3. Full details on XRF of adsorbents are provided 
in Supplementary material (part 2.2). Also, their chem-
ical content of raw-Cy, before and after modification with 
npAg, is compared to clays from other worldwide studies 
(Table S3).

3.3. Characterization of adsorbent functionalities–FTIR analysis

Detail on FTIR characterization of synthesized adsorbent 
Cy-npAgCh and raw-Cy are given in Supplementary material 
(part 2.3).

3.4. XRD analysis

The XRD patterns of the raw-Cy and Cy-npAgCh adsor-
bents are displayed in Fig. 2.

Raw-Cy contains an appropriate amount of siliceous 
impurity which produces intense peaks, even in small quan-
tities. As shown in Fig. 2, the clay used is not pure mont-
morillonite, because the most intense peak is recorded at 
2θ = 26.7°, due to the presence of quartz crystal. The XRD 
peaks of Cy-npAgCh observed at 2θ  of 38.25°, 44.25°, and 
64.70° could be attributed to the (111), (200), and (220) crys-
tallographic planes of the face-centered cubic silver crystals, 
respectively. A Significant decrease of the peak at 2θ = 26.7° 
in all npAg modified samples could be a result of the puri-
fication procedure. For all samples, the main crystalline 
deposited phase was silver as no other impurities were 
found in the XRD patterns. The intensities of (111), (200), 
and (220) reflections, due to the npAg crystalline phase, 
were of the highest intensity in Cy-npAgCh. Similar results 
were published in relevant literature with main npAg peaks 
without the presence of other impurity [15,29,37,38,42,45]. 
The XRD patterns of the Cy-npAgPh adsorbent, shown in 
part 2.4 of Supplementary material, reflect lower amount 
of deposited npAg and thus lower changes of diffraction 
pattern with respect to XRD of raw-Cy sample [6].

3.5. SEM analysis

The morphology and structure of raw-Cy and Cy-npAgCh 
were studied using SEM microscopy. The representative 
images are shown in Fig. 3. The similar morphologies of 
both materials raw-Cy and Cy-npAgCh could be noticed from 
Figs. 3a and c at lower magnification. The coarse structure of 
raw-Cy (Figs. 3a and b) was similar to Cy-npAgCh (Fig. 3c), 

while at higher magnification (Fig. 3d) the morphology is sig-
nificantly different due to precipitation of cluster like silver 
nanodeposit [37].

3.6. Effect of pH on the adsorption of the diazinon and Cd2+ 
and Ni2+ ions

Except for the adsorption conditions under which experi-
ments are carried out two additional factors play a significant 
role in the adsorption process: Cd2+ and Ni2+ ion speciation 
and charge distribution over molecular orbitals of diazinon. 
Thus, the ionic speciation and molecular electrostatic poten-
tial (MEP) surface of diazinon, obtained using Minteq and 
MOPAC software package (Supplementary material, parts 
1.7 and 1.8), was given on Figs. S3 and S4, respectively. These 
factors were further included in consideration of their influ-
ence on adsorption efficiency.

Influence of pH on the Cd2+ and Ni2+, and diazinon adsorp-
tion on the Cy-npAgCh is shown in Fig. S5. At a pH lower 
than 9, the dominant species of cadmium is Cd2+ and Ni2+, 
present in the form of [M(H2O)6]2+ [10]. At higher pH values, 
Cd2+ and Ni2+ ions create insoluble hydroxide rather suscep-
tible to precipitation [46]. For this reason, the pH between 6 
and 6.5 was taken as operative value at which cation adsorp-
tion was performed (Fig. S5). At pH < 6 slight increases of 
the adsorption of Ni2+ were noticed, while thereafter become 
nearly constant with pH increase. The lower adsorption effi-
ciencies of both cations at lower pH could be the result of the 
electrostatic repulsion between the positively charged sur-
face of the adsorbent (Table 3) and Cd2+ and Ni2+ ions in the 
solution, which hinders the process of metal bonding [47]. 
Preliminary studies of diazinon adsorption have shown that 
pH has a negligible effect on its adsorption process in the pH 
region 5–9, and thus pH 6 was selected as the optimal.

3.7. Effect of the contact time on the adsorption of diazinon, Cd2+, 
and Ni2+ ions

In the first adsorption period (45 min) the adsorption of 
diazinon and Cd2+ onto Cy-npAgCh was a relatively fast pro-
cess, while it is somewhat slower for Ni2+ ion. During this 
period, about 80% of 85%, 94% of 97%, and 61% of 96% of 
total removal of diazinon, Cd2+, and Ni2+ ions were obtained, 
respectively (Fig. S7). After that slow decreases of adsorption 
rate to the system, equilibration takes place. In the initial 
stage of adsorption, a large number of vacant surface sites are 
available for adsorption. Repulsive forces between the simi-
larly charged solute molecules bonded to the solid and one 
approaching from bulk phases. Equilibrium was achieved 
almost within 90 min for diazinon and Cd2+ ion and 120 min 
for Ni2+ ions.

Table 2
Textural properties and pHPZC of raw-Cy and Cy-npAgCh adsorbents

Adsorbent Specific surface  
area (m2 g–1)

Pore volume  
(mL g–1)

Pore diameter  
(nm)

pHPZC*

raw-Cy 47.6 0.152 5.09 4.90
Cy-npAgCh 55.4 0.202 12.40 5.64
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3.7.1. Adsorption kinetics

To study the adsorption kinetics, the pseudo-first, pseudo- 
second-order (PSO) and second-order kinetic models were 
used [5,13,33,40,41]. In a preliminary adsorption study due 
to lower determined PSO rate constants, that is, 15%–20% 
lower for raw-Cy. Kinetic study of diazinon removal in a 
dark and ambient condition (irradiation under the influence 
of sunlight) was performed to distinguish the contribution 
of adsorption and photodegradation processes to overall 
pollutant removal. In a further step, a detail kinetic study 
was performed and, additionally, the rate controlling step of 
adsorption was evaluated using Weber–Morris model (W–M) 
[48]. The used kinetic model equations are given in Table 
S4. The complex nature of the process of overall metal ions 
uptake was considered either by one general step, as it was 
described by PSO equation [Table S4; Eq. (S4)], or it could be 
analyzed as a consecutive/competitive process. Generally, in 
adsorption process four consecutive steps could be operative: 

the first one presents diffusion in a bulk, second describes 
diffusion across the liquid film to the adsorbent surface (sur-
face diffusion), the third represents transport of adsorbate in 
the pores and/or along the pore walls (intra-particle diffu-
sion), and last, fourth step is adsorption/desorption between 
adsorbate and active sites. The W–M fitting revealed that 
two successive linear steps describe the adsorption process: 
fast kinetics in the first step and slower in the second part. 
Overall ion transport was mainly controlled by intra-particle 
diffusion as indicated by a large value of intercept, that is, 
constant C (Table 4). The first linear part describes external 
mass transfer to the adsorbent surface, while the second part 
describes the processes which take place in a porous struc-
ture of adsorbent, and strongly related to pore geometry and 
network density of Cy-npAgCh. The intra-particle and film 
diffusion resistance slows down adsorbate transport, that 
is, net transport in the direction of the variable time-depen-
dent concentration gradient. At the final stage of the pro-
cess, the adsorption takes place at a low rate until saturation 

 

 
Fig. 2. XRD pattern of (a) raw-Cy and (b) Cy-npAgCh adsorbents.
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of all available surface sites is achieved [13,14]. Also, the 
Dunwald–Wagner model (D–W) and homogenous solid dif-
fusion model (HSDM) were used for the determination of 
diffusional properties of studied ions and diazinon.

Results of D–W and HSDM modeling is not of high sta-
tistical quality. Applicability of PSO equations with respect 
to D–W and HSDM models lye in the fact that the former 
one is defined without any constrains and limitation of 
process conditions. In the other hand, couple assumptions 
considered in the course of definition of HSDM model: sur-
face diffusion is a process of adsorbate transport inside the 
pore (the adsorbent is a homogeneous sphere), the rate-con-
trolling process is affected by film and surface diffusion, a 
driving potential is determined by mass transfer resistance 
in a liquid film of the adsorbent outer surface, and fast equil-
ibration at outer surface is established [49]. D–W was used 
for the description of the processes based on the Fick’s sec-
ond law for diffusion into or out of a sphere. According to 
the results from Table 4, describes the fast adsorption rate in 
the first step and a significant decrease in diffusional trans-
port in second. Correlation line does not cross the origin 

 
Fig. 3. SEM images of raw-Cy (a and b) and Cy-npAgCh (c and d) adsorbent.

Table 3
Kinetic parameters for adsorption Cd2+ and Ni2+ ion and diazinon 
onto Cy-npAgCh (Ci Cd and Ni2 2+ +




 = 5.00 mg L–1; Ci[Diazinon] = 30.00 mg L–1; 

m/V = 2 g dm–3, pH = 6.5; T = 298°K)

Kinetic models Parameters Cd2+ Ni2+ Diazinon*

Pseudo-first qe (mg g–1) 35.693 31.721 26.288
k (k1, k2) 0.0598 0.0423 0.0302
R2 0.945 0.926 0.882

Pseudo-second qe (mg g–1) 39.930 30.01 48.290
k (k1, k2) 0.00127 0.0007 0.00145
R2 0.991 0.953 0.992

Second-order qe (mg g–1) 39.930 30.013 48.290
k (k1, k2) 0.0703 0.0661 0.00225
R2 0.967 0.864 0.934

*Overall rate constant of diazinon removal including both adsorp-
tion and photodegradation. PSO constants for pure adsorption was 
evaluated to be ~13.2% lower (based on experiments performed in 
dark).
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and small value indicates that intra-particle diffusion is the 
main diffusional process which determines overall adsor-
bate transport. The obtained results are in accordance with 
the textural properties of Cy-npAgCh. In regard to defined 
model limitation and results of HSDM kinetic data correla-
tion, it is clear that surface diffusion is not rate limiting pro-
cess, but participation of both intra-particular (main) and 
surface (minor participation) diffusion determines overall 
kinetic of the process.

3.7.2. Activation energy of the adsorption

According to the results of kinetic study performed 
at three temperatures, that is, 298°K, 308°K, and 318°K, 
it was possible to calculate activation energy according 
to Arrhenius equation [Eqs. (S9) and (S10)] giving a plot 
describing the dependence of lnk vs T–1 according to the 
results given in Table S5. The calculated activation energy is 
as follows, Ea = 6.59, 7.35, and 14.48 kJ mol–1 for Cd2+, Ni2+ ion, 
and diazinon, respectively. The small differences between 
the two activation energies point to the similar mechanism 
of metal ions binding onto the adsorbent. Magnitudes of the 
activation energy may help in understanding the mecha-
nism of the adsorption in studied system. Physisorption or 
physical adsorption generally possesses activation energy 
bellow 40 kJ mol–1, while the chemisorption requires more 
energy and activation energy is higher than 40 kJ mol–1 [50]. 
Obtained results indicate that physisorption is a dominant 
process in the removal of both Cd2+ and Ni2+ and diazinon 
as well. In practice, both physisorption and chemisorption 
could be operative simultaneously; for instance, the mole-
cule layer can be physically adsorbed as the outer layer on 
the chemisorbed layer at the adsorbent surface [51].

3.7.3. Study of the competing ions influence on the 
adsorption process

The kinetic study under competitive conditions gives 
valuable results on the evaluation of affinity/selectivity 
for pollutants of interest. Obtained results offer necessary 
input parameters, that is, dominate variable and modeling 
parameters, for the design of adsorbent capacity for selec-
tive pollutant removal from natural/polluted water. Results 

of competitive adsorption of Cd2+ and Ni2+ ion and diazinon 
in the presence of single interfering ion: Pb2+, As(V), and 
Fe3+ and multicomponent system [Pb2+/As(V)/Fe3+], modeled 
using PSO equation, are given in Table 5.

Single competitive Cd2+ removal (Table 5) shows the 
highest influence of the system of three cations (Pb2+/As5+/
Fe3+; 44% lower k2), followed by Pb2+ (35%), Fe3+ (15%), and 
As(V) (18%). Similar trend of 51%, 44%, 16%, and 19% of 
k2 decrease, respectively, is obtained for Ni2+. Similar trend 
of the adsorption capacity decrease was observed for both 
cations. Obtained results indicate larger influences of cat-
ion, while oxyanion showed low influences at pH > pHPZC.. 
It was published that npAg incorporated in carbonized yeast 
cells showed low capacity for As(V) removal (0.975 mg g−1) 
[52]. The highest decrease of diazinon removal was obtained 
in the presence of Pb2+ (32%), and generally, more effective 
interactions were established between Cy-npAgCh and cat-
ions. Kinetic study of diazinon removal performed in a dark 
showed that appropriate catalytic influences of iron(III) 
ion on photodegradation efficiency. Obtained results indi-
cate low selectivity with respect to both cations and anions, 
which means that Cy-npAg could be effectively used as a 
general-purpose adsorbent for preferential cations with 
simultaneous anion removal from the multicomponent sys-
tem. Interfering effects of studied ions on the efficiency of 
diazinon removal is highly detrimental, and design of the 
technology for diazinon removal in natural water.

3.8. Adsorption study

The experimental data were compared to the models of the 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherms utilized elsewhere in previous research within the 
literature [2,33,53,54]. More data on the used isothermal mod-
els are given in the Supplementary material [Table S6, Eqs. 
(S11)–(S14)]. The results from adsorption study are given in 
Table 6. Analysis of the experimental data of diazinon and 
Cd2+, Ni2+ ion adsorption on the Cy-npAgCh indicate that the 
best fit of the adsorption data was obtained using Freundlich 
isotherm model for diazinon and ions Ni2+ and Dubinin–
Radushkevich isothermal model for Cd2+ ions (Fig. S7).

Highest value of adsorption capacity was obtained for 
diazinon (65.94 mg g–1), somewhat lower for Cd2+ (57.78 mg 

Table 4
W–M kinetic parameters for adsorption Cd2+ and Ni2+ ion and diazinon onto Cy-npAgCh (Ci Cd and Ni2 2+ +




 = 5.00 mg L–1; Ci[Diazinon] = 30.00 mg L–1; 

pH = 6.5; T = 298°K)

Kinetic model Constants Cd2+ Ni2+ Diazinon***

D–W
K (min–1) 0.0154 0.00743 0.01425
R2 0.903 0.934 0.845

HSDM
Ds (m2 s−1) 2.02E–11 1.18E–11 1.77E–11
R2 0.899 0.965 0.828

W–M Step 1* kp1 (mg g–1 min–0.5) 4.417 1.936 5.927
C (mg g–1) 0.040 0.046 0.605
R2 0.992 0.999 0.995

Step 2** kp2 (mg g–1 min–0.5) 0.307 0.320 0.606
C (mg g–1) 29.204 17.15 35.027
R2 0.999 0.992 0.994

*Intra-particle diffusion; **Equilibrium; ***Overall rate constant of diazinon removal including both adsorption and photodegradation.
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g–1), and lowest for Ni2+ (33.93 mg g–1) at 25°C. This unusual 
result, except higher Ci for diazinon, could be explained by 
higher affinity of specific electronic density of diazinon, 
defined by MEP surface (Fig. S4), to Cy-npAgCh surface. 
Among many factors, structural/spatial arrangement of 
studied molecule play a significant role, and thus optimiza-
tion of geometry was performed using PM6 method incorpo-
rated in MOPAC program package. Both factor, coincidental 
approach (orientation) and type of bonding of diazinon, is 
largely influenced by optimal geometry and electrostatic 
potential of diazinon (MEP surface; Fig. S4), as well as actual 
surface charges of the adsorbent. Visualization of MEP sur-
face of diazinon defines possible sites which could partici-
pate in an interaction with adsorbent functionalities/charges. 
MEP surface indicates that the most dominant structure with 
negative charges could be pyrimidine ring and thiophos-
phate group (Fig. S4). At operative pH 6, which is slightly 
higher than pHPZC, it could be expected that the positive MEP 
surface of diazinon establishes higher intensity interactions 
with negative adsorbent sites/functionalities. Due to inho-
mogeneous surface coverage of raw-Cy with npAg addi-
tional contribution to increased diazinon adsorption was 
attributed to specific interactions between the exchangeable 
clay cations and the P = S group [55]. Some structural fea-
tures of diazinon such as the presence of thiol tautomeric 
form (tautomeric equilibrium shifted to thiol as energetically 
favorable type of bonding with Cy-npAgCh) could be bene-
ficial structure able to establish effective interaction at the 
organic-metal interface. It was shown that mostly negatively 
charged thiol group creates desirable molecular interactions 
at the surface of npAgs [55,56], and intermolecular distance 

between adsorbed molecules should be large enough to min-
imize repulsive interactions. In general, a variety of differ-
ent interactions could be formed at different contributions 
to overall adsorption process. Thus, diazinon adsorption 
highly depends on both npAg and neat raw-Cy surface 
properties, which are able to participate in a different ionic/
electrostatic, covalent, and ion-exchange interactions. The 
key of the future study to understand the bonding type at 
heterogeneous Cy-npAgCh and similar surface will relate 
to characterization of interfacial density distribution using 
instrumental analysis and ab-inito theoretical calculation. 
Many parameters should be included: symmetry rules and 
character of orbital participating in the bonding, the coordi-
nation degree, geometry and strength of the bond, structure/
orientation of the attached moieties, and structural feature, 
etc., to obtain clear picture on the mechanism of adsorption.

The adsorption energy, obtained from the Dubinin–
Radushkevich isotherm, maybe a reliable indicator of the 
adsorption mechanism. If the value E is below 8 kJ mol–1, the 
adsorption process can be considered to be physical adsorp-
tion. In contrast, if the value of E is in the range of 8–16 kJ mol–1, 
it is chemical adsorption. Table 6 notes that the E value in the 
range indicating physical adsorption in diazinon and chemi-
cal adsorption in the investigated metal ions [57].

The calculation of separation factor (RL; Eq. S15) points 
to the feasibility of adsorption process: irreversible (RL = 0), 
favorable (0 < RL < 1), linear (RL = 1), and unfavorable 
(RL > 1). RL for the adsorption of diazinon, Cd2+, and Ni2+ 
on Cy-npAgCh is in the range from 0.172 to 0.573, 0.0013 
to 0.024, and 0.0011 to 0.114, respectively, indicating the 
adsorption of Cd2+ and Ni2+ ions and diazinon on Cy-npAgCh 
is favorable. Additionally, comparative adsorption study of 
diazinon, Cd2+, and Ni2+ removal by using Cy-npAgCh and 
raw-Cy adsorbents showed the significant decrease of qe: 
74.26 vs. 46.27 mg g–1 for diazinon, 62.32 vs. 49.38 mg g–1 for 
Cd2+, and 35.9 vs. 29.73 mg g–1 for Ni2+, respectively. These 
results clearly show the significance of modification of 
raw-Cy to the improvement of adsorption performance of 
Cy-npAgCh.

Table 5
Results of the competitive Cd2+ and Pb2+ ion and diazinon removal onto Cy-npAgCh in the presence of interfering ions 
(C

i Cd and Ni2 2+ +




 = 5.00 mg L–1; Ci[Diazinon] = 30.00 mg L–1; pH 6.5)

Adsorbate Parameters Non-competitive 
condition

Competitive conditions

Pb2+* As(V)* Fe3+* Pb2+/As(V)/Fe3+**

Cd2+

qe (mg g‒1) 39.93 25.651 36.156 33.762 21.235
k2 × 103 0.00127 0.00083 0.00114 0.00108 0.00071
R2 0.991 0.994 0.996 0.995 0.988

Ni2+

qe (mg g‒1) 30.01 14.462 24.854 22.665 11.528
k2 0.0007 0.00034 0.00059 0.00054 0.00031
R2 0.953 0.987 0.991 0.985 0.981

Diazinon*** qe (mg g‒1) 48.290 15.242 20.863 18.846 10.335
k2 0.00145 0.00045 0.00066 0.00058 0.00034
R2 0.992 0.985 0.978 0.991 0.982

*Single competitive condition (C
i Fe3+





 = 1.06 mg L–1; Ci[As(V)] = 0.98 mg L–1; C
i Fe3+




 = 1.22 mg L–1); **System of three anion used altogether as in sin-

gle competitive condition; ***overall rate constant of diazinon removal including adsorption and photodegradation. PSO adsorption constants 
in a competitive condition were 14.8%, 18.1%, and 24.6% lower in presence of Pb2+, As(V), and Fe3+, respectively (based on the experiments 
performed in dark).

 Pb2+*** As(V) *** Fe3+*** Pb2+/As(V)/Fe3+*** 

qe (mg g–1) 12.988 17.084 14.206 6.866
k2 0.000403 0.00053 0.000435 0.000251
R2 0.986 0.979 0.920 0.901

*** The values in dark
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3.8.1. Adsorption thermodynamic

The thermodynamic parameters, calculated according 
to Eqs. (S16) and (S17), also indicated on adsorption mech-
anisms. The negative ΔG° values (Table 7) specify that 
adsorption of Cd2+, Ni2+, and diazinon on Cy-npAgCh is a 
spontaneous process. Since the ΔG° decreases with a tem-
perature increase, the process is indicated to be more efficient 
at higher temperatures. Generally, the change of free energy 
in the case of physisorption is between –20 and 0 kJ mol–1, 
for both physisorption and chemisorption it is between –20 
and –80 kJ mol–1. It means that adsorption of Cd2+, Ni2+, and 
diazinon on Cy-npAgCh is a process with an appropriate con-
tribution of both physisorption and chemisorption processes.

The positive values of ΔH° indicate that the adsorption 
of Cd2+, Ni2+, and diazinon on Cy-npAgCh is an endothermic 
process. The low enthalpy values of ΔH° < 20 kJ/mol confirms 
the physisorption process for the removal of diazinon, Cd2+, 
and Ni2+ ions, on the adsorbent [28]. The positive entropy 
change values ΔS° (Table 7) indicate an increase in bound-
ary solid-liquid surface disorder due to numerous energeti-
cally different intermolecular interactions, which are mostly 
electrostatic in nature. The cation adsorption contributes to 
the entropy decrease, while ions release from the adsorbent 
surface causes increasing of the system’s entropy. The high-
est value of ΔS° found for Cd2+ could be explained by the 
higher value of ionic radii and thus different packing/inter-
action in a multi-layered structure at the adsorbent surface.

3.8.2. Effect of interfering ions

Study of the influences of interfering ions, usually present 
in natural water, give realistic information on the potential 
applicability of synthesized adsorbent. Affinity/selectivity 

could be estimated from the competitive study and could 
give information about successfulness of the removal of ions 
of interest in the presence of ions commonly found in nat-
ural water. Adsorption experiments were performed with 
model water spiked with 100 µg L–1 of the selected pollutants. 
Adsorption results obtained under competitive conditions 
are given in Tables 8 and 9.

The detrimental effect of the common interfering ions 
on the adsorption efficiency of Cd2+ and Ni2+ showed simi-
lar behavior with the most significant influence of Pb2+ ion. 
Otherwise low interference of competitive anions/oxyanions 
was found, which means higher affinity of a negatively 
charged adsorbent surface to positively charged cations at 
pH > pHPZC. Competitive study of the anions/cations removal 
from real water samples showed low selectivity of Cy-npAg 
for ions present in real water. Removal efficiency depends 
on valence state of cations, as well as actual concentration. 
Higher affinity of trivalent ions, that is, Al3+ and Fe3+, for 
Cy-npAgCh is defined in competitive adsorption study at an 
equal concentration of ions: two- to three-fold higher cations 
uptake is found with respect to Ni2+ while somewhat lower, 
that is, nearly two times, is found with respect to Cd2+. Also, 
results of adsorption study using real water sample showed 
satisfactory efficiency of pollutant removal with low selec-
tivity (Table S7). Obtained results showed good capacity and 
adsorption kinetics with low selectivity of Cy-npAgCh adsor-
bent, which means its useful applicability as general purpose 
adsorbent used in water purification processes.

3.9. Desorption study

The regeneration of the adsorbent could provide long 
term usability in a consecutive adsorption/desorption 
cycles. In general, two main goals should be achieved by 

Table 7
Calculated Gibbs free energy of adsorption, enthalpy and entropy for Cd2+, Ni2+, and diazinon adsorption on Cy-npAgCh at 298°K, 
308°K, and 318°K

Adsorbate ΔG°/kJ mol–1

ΔH°/kJ mol–1 ΔS°/J mol–1 K–1 R2

T (K) 298 308 318

Cd2+ –49.13 –51.22 –53.60 17.41 223.04 0.978
Ni2+ –48.60 –50.29 –52.03 2.52 171.42 0.977
Diazinon –42.24 –43.85 –45.46 5.80 161.12 0.999

Table 8
Efficiency of pollutant removal by Cy-npAgCh in the presence of interfering anion

System pHi Ion*/% removal Content of the interfering anions (mg L‒1)

Cr2O7
2– Cl– SO4

2– F– NO3
– PO4

3–

Model water** 6.4 0.3 6.5 22.8 0.10 4.5 19.4

Cy-npAgCh/model water
6.3 Cd2+/97 BDL*** 6.2 21.2 0.10 4.2 18.1
6.3 Ni2+/94 BDL 6.1 18.9 0.10 4.1 18.0
6.3 Diazinon/84 BDL 6.4 22.0 0.10 4.4 19.1

*Percent of pollutant removal (mean value from three determination); **anion content in water spiked with 100 μg L‒1 of pollutant without 
adsorbent; ***BDL, below detection limit.
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designing new adsorbent: high adsorption performance 
(capacity/adsorption, rate/affinity, etc.) and desorption effi-
ciency which contributes to the lower adsorbent’s total cost. 
According to the calculated RL, which is close to zero (from 
0.0013 to 0.024 and 0.0011 to 0.114) it is expected that adsorp-
tion shows significant levels of irreversibility. In order to 
check this assumption, different desorption agents, such as 
NaOH, citric acid, ethylenediaminetetraacetic acid (EDTA), 
conc. hydrochloric acid (HCl), phosphoric acid, and oxalic 
acid were used. Strong bases and acids are commonly 
used to elute cations. Desorption efficiency represents 
the percentage of the amount of heavy metal desorbed to 
the amount of heavy metal adsorbed per mass unit of the 
adsorbent. As an example, the pH dependent desorption 
of Ni2+ and Cd2+ ions with citric acid are provided in Fig. 4. 
It is found that desorption of both ions increases with the 
pH values decrease. Desorption of Ni2+ ions sharply 
decreased at pH > 5. Acceptable desorption at pH 5: 78% 
for Ni2+ and 86% for Cd2+ was found. Similar behavior was 
obtained by using EDTA, oxalic, and citric acid. By using 
HCl acceptable desorption was achieved at pH < 3 which 
is not acceptable from the point of post-treatment of elu-
ent solution contributing to an increase in technology cost. 
The most efficient desorption agents were found to be citric 
(91%) and oxalic (87%) at pH 5.

Desorption results indicate that Cy-npAgCh may be uti-
lized consecutively for the removal of heavy metals from 
water in five consecutive cycles where the removal efficiency 
decreases to 64% for Cd2+ and 55% for Ni2+ by using citric 
acid. Application of npAg and silver ion based materials in 
water purification and disinfection is closely related to cou-
ple criteria: activity, reusability, stability, and side- effects 
such as destruction products and ion release in water flow. 
Consideration of potential application should include a 
critical consideration of maximum contamination levels of 
residuals prescribed by regulation. Silver levels in drinking 
water not treated with silver ion as disinfectant usually vary 
between “non-detectable” and 5 µg L–1, that is, 5 ppb. Water 
treated with silver ions may have levels of 50 µg L–1 or even 
higher, and mainly silver ions is present as non-dissociated 
silver chloride [7,58].

3.10. Antimicrobial activity

Standard disinfection methods, for example, chlorina-
tion and ozonation, are usually applied as an unavoidable 
step in a water purification technology where is necessary to 

remove/control microbial pathogens. These general disinfec-
tion technologies showed high effectiveness, due to strong 
oxidative capability and reactivity of chemical which could 
produce intermediary products in a reaction with natural 
organic matter. Oxidative and chlorinated by-products, that 
is, disinfection byproducts (DBP), could show diversity of 
biological activities, and some of them are identified as car-
cinogenic [59]. In accordance to that, significant effort was 
devoted to the development of new disinfection technology/
disinfectants with minimum/low level of DBP production in 
the course of technology implementation. Development of 
silver based disinfectant in the form of npAg, and immobi-
lized on different support would offer many advantageous 
over existing material. Among many possible applications 
of silver based disinfectants, their antimicrobial potential 
found widespread use in modern human life: biomedical, 
industry, and environmental protection [60–62]. Many fac-
tors influence the magnitude of npAg antimicrobial activ-
ity: leaching of silver species, size, and shape of npAg, 
environment to be applied, surface charge/properties, and 
surface modification/coating. The antimicrobial properties 
of silver based disinfectants originate from either release 
of Ag+ ion which cause disruption of bacterial membrane 
and/or, generation of reactive oxygen species (ROS) [61,62]. 

Table 9
Efficiency of pollutant removal by Cy-npAgCh in the presence of interfering cation

System pHi Ion*/%  
removal

Content of the cations (µg L‒1)**

Cu2+ Ni2+ Zn2+ Cd2+ Pb2+ Si

Model water** 6.4 32 15 445 22 39.2 1,556

Cy-npAgCh/model  
water

6.2 Cd2+/91 22 8 362 11*** 4.4 1,226
6.2 Ni2+/90 20 19*** 371 BDL 3.1 1,132
6.2 Diazinon/77 12 13 422 BDL BDL 1,446

*Percent of pollutant removal (mean value from three determination); **Cation content in water spiked with 100 μg L–1 of the pollutant of 
interest; ***Spiked with 100 μg L‒1.

 

Fig. 4. Desorption of Cd2+ and Ni2+ from Cy-npAgCh at varying 
pH (desorption agent citric acid).
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It was defined close relation of the size-dependent activity 
of npAg with respect to ROS species formation [63]. Also, 
the most intriguing question on toxicity of the released Ag+ 
ion was undoubtedly resolved, and lack of toxicity of npAg 
synthesized in anaerobic conditions was also proved [64]. 
According to this finding applied condition for Cy-npAgCh 
synthesis provide a reductive environment with minimum 
oxidized Ag, and thus low toxicity of this material would 
be expected.

To better understand material properties about synthe-
sis method, both Cy-npAgCh and Cy-npAgPh were used in 
an antimicrobial study, and results was compared with the 
material obtained by impregnation of raw-Cy with Ag+ ion, 
that is, Cy-Ag+. Detail on the applied method is given in 
Supplementary material. After incubation at 37°C for 24 h 
with shaking at 180 rpm, bacterial growth was assessed by 
measuring the absorbance. Inhibition of bacterial growth 
was expressed as a percentage of growth without any mate-
rial, which was set to be 100%. The npAgs in Cy-npAgCh 
exhibited good antimicrobial activities with inhibition zones 
in the range of 13–20 mm. The npAg on Cy-npAgCh against 
Gram-positive bacteria (S. aureus) and Gram-negative bacte-
ria (E. coli and P. aeruginosa) of 64%, 39%, and 70% antibac-
terial colony growth reduction, respectively [62]. Selected 
results are presented as a histogram in Fig. 5.

Significantly better antimicrobial activity was obtained 
using Cy-Ag+ material, and somewhat better for Cy-npAgPh 
giving nearly 95%–97% and 62%–82% colony growth reduc-
tion, respectively. These results offer a beneficial opportu-
nity to use Cy-Ag+ as effective antibacterial material, while 
its adsorptive characteristic (~8% lower qm) is comparative to 
Cy-npAgCh. However, such results are valid only for the first 

adsorption cycle, and, in a subsequent cycle activity decrease 
for more than 60%, and, in third cycle showed no activity 
as it was found for unmodified raw-Cy. High antibacterial 
activity of Cy-Ag+ originates from the release of a significant 
amount of loosely bonded Ag+. Thus the leaching potential 
of synthesized material to release disinfecting species, that 
is, silver ion, was also investigated. Leaching test of Cy-Ag+ 
showed >2.5 ppm of Ag+ which exceeded prescribed max-
imum allowable concentration WHO Guideline = 0.1 mg/L 
[65], and thus it could exert high negative environmental 
impact in a real application. The Cy-npAgPh shows similar 
behavior in the second cycle adsorption capacity decreases 
for ~25% and the antibacterial effect decrease for 32% 
were obtained, respectively. Intermediary properties show 
Cy-npAgCh, that is, lower antimicrobial and somewhat 
higher adsorptive properties than Ag+/Cy, while multi-cy-
cle applicability is notably improved with respect to both 
properties. Regardless to the lower antibacterial activity of 
Cy-npAgCh, with respect to both Cy-Ag+ and Cy-npAgPh, 
its applicative potential is higher due to the longer possi-
ble exploitation period in relation to both adsorptive and 
antibacterial properties. In general, the low release of Ag+ 
in presence of Cy-npAgCh (<0.1 mg dm–3) indicates accept-
able toxicity in accordance to guideline prescribed by WHO. 
Thus, the synergetic effect of both effect npAg structure/
properties (main) and Ag+ generation (lower) could be con-
tributing factors to observed antibacterial activity [66,67], 
which is in line with fact that the larger the surface area the 
higher antibacterial activity is a consequence.

4. Conclusions

The presented results demonstrated that montmorillon-
ite clay, raw-Cy, and one modified with npAgs, Cy-npAgCh, 
may be used as an effective adsorbent for the removal of 
diazinon and Cd2+ and Ni2+ ions from water. The best 
adsorption performances of Cy-npAgCh was obtained by 
controllable reduction of silver ion onto raw-Cy to provide 
4.8 wt.% of npAg deposit. The precipitation of the optimal 
quantity/structure of npAg impregnated clay was achieved 
by performing multi-step precipitation. The use of RSM for 
the design of adsorption experiments was aimed to reduce 
the expensive and time-consuming experimental work and 
analysis, as well as to test the possibility to predict adsorp-
tion data based on a limited number of experimentally 
obtained ones.

The best fitting of adsorption data was obtained using 
the Langmuir and Dubinin–Radushkevich isotherm models, 
while the kinetic data followed the PSO model. The thermo-
dynamic studies also indicate that the reaction was endo-
thermic in nature, as well as that the physisorption and 
chemisorption adsorption mechanism are operative in a 
processes of Ni2+ removal, while physisorption dominates 
in a process of Cd2+ removal. The time-dependent adsorp-
tion data, fitted using W–M model, predicted intra-particle 
diffusion as a main rate-controlling step with a minor contri-
bution of surface diffusion. The desorption study confirmed 
that Cy-npAgCh could be consecutively used in processes of 
cation removal/regeneration in five cycles. Loaded samples 
were found to have significant activity against examined 
microorganisms, although they were found less active than 

 
Fig. 5. Histogram of the antimicrobial activity of the Cy-npAgCh 
adsorbent.
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standard drugs. In summary, the presented results indicate 
that Cy-npAgCh offers the most valuable choice to obtain 
both satisfactory adsorption performance and reusability, 
and disinfection efficacy for longer life-time exploitation 
antimicrobial activity (>80% in the fifth cycle).
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Supplementary material
S1. Experimental setup

S1.1. Materials

The montmorillonite clay was collected in its hydrated 
state directly from deposits located in “Uma” near the vil-
lage Dojkinci, the municipality of Pirot, Serbia. Bearing in 
mind that the properties of adsorbents, synthesis reproduc-
ibility, adsorption of heavy metal ions, and the reproduc-
ibility of experiments depend extensively on the presence 
of impurities, the following high purity chemicals were 
used: xylol (mixture o–, m–, and p–isomer of dimethyl ben-
zene), silver nitrate (AgNO3; Sigma Aldrich, p.a.), sodium 
borohydride (NaBH4; Sigma, p.a.), Cadmium, and Nickel 
standard solution suitable for atomic absorption spectrom-
etry, 1,000 mg L–1 Cd2+ (Sigma), Potassium nitrate (KNO3; 
Merck, p.a.), Acetone (Sigma Aldrich, p.a.), deionized water 
(DW; resistivity 18 MΩ cm). Diazinon was kindly provided 
by Chemical Industry Župa Ltd., Kruševac, Serbia.

S1.2. Adsorbent preparation and optimization procedure

The clay collected from the natural deposits was washed 
with DW, dried in the air for 24 h, and milled in a ball mill 
for 6 h to obtain satisfactory grain size of raw montmorillon-
ite clay (raw-Cy) with a developed surface (1–10 µm, 90% 
according to sieve analysis) useful for subsequent modifi-
cation. The ground clay was thereafter washed three times 
with acetone in order to remove organic residues, and dried 
in an oven for 3 h at 378°K. Obtained material was used for 
the synthesis of Cy-npAg: Cy-npAgCh [main text—chem-
ically induced npAg deposition (CID) method] and adsor-
bent obtained by photochemical reduction of Ag+ as follow:

General procedure for ultraviolet (UV) irradiation 
induced npAg deposition on raw-Cy: The npAg/montmoril-
lonite adsorbent was prepared via a simple and environmen-
tally friendly photochemical deposition to obtain Cy-npAgPh 
(Ph—designates photochemically induced reduction of silver 
ion) [S1,S2]. The clay dispersion was prepared by mixing 10 g 
of montmorillonite in 100 mL of DW at 200 rpm for 10 min. 
Thus, an aqueous solution of AgNO3 at a concentration of 
3.94 mg mL–1 was prepared (the equivalent concentration of 
2.5 mg mL–1 Ag; Table 1). The dispersion of raw-Cy in AgNO3 
solution was magnetically stirred at 200 rpm for 120 min, and 
after irradiated with UV-A light using a Philips 125 W lamp, 
intensity 12.7 mW cm–2, for 60 min at room temperature. 
The dispersion was centrifuged at 4,000 rpm for 10 min, and 
washed with 100 mL of DW (three cycles). Obtained material 
was filtered and dried in a vacuum at 353°K for 6 h. Other 
syntheses were analogously performed according to an opti-
mization plan given in Table 1.

To optimize, adsorbent performance response surface 
methodology (RSM) was applied. Adsorption capacity 
depends on adsorbents physical and chemical properties 
predominantly associated with the certain synthesis route. 
The most influential operational parameter: temperature, 
time, and volume of AgNO3 solution were chosen/selected 
in an optimization procedure to obtain the main goal: high 
adsorption capacity. Optimization of the adsorbent synthesis 
was carried out by applying an RSM [S3,S4] based on a Box-
Behnken rotatable design for three factors. RSM is following 

one of the main principles of environmental protection 
where the significant reduction of the experiment number 
leads to the reduction of the created waste. The coded and 
operational values of the selected variables are given in 
Tables S1, together with the experimental plan, comprising 
14 experimental runs plus three replicates on the central 
point [S5].

Each experiment (except the central point) was per-
formed in duplication. The output variable was the adsorp-
tion capacity. The data obtained in these experiments were 
fitted with a second-order polynomial equation and the coef-
ficients of the response function and statistical significance 
of the process factors and their interactions are assessed by 
the analysis of variance (ANOVA), using commercial soft-
ware Design-Expert, Software Version 9 (Stat-Ease, Inc., 2021 
E. Hennepin Ave., Suite 480, Minneapolis, USA). The Fisher 
test was used to determine the adequacy of the model and 
the Student distribution to evaluate the significance of the 
coefficients.

Improvement of Cy-npAgCh synthesis, that is, CID syn-
thesis, was provided by the controllable deposition of npAg 
in the solvent/nonsolvent (water/xylene) system. A 10 g of 
the rawCy was soaked with 100 mL of xylene, and placed 
in a 250 mL round bottom flask provided with the constant 
flow of nitrogen. Xylene was used as a continual hydro-
phobic phase to provide selective wetting of clay surface. 
Optimization of the water quantity necessary for the prepa-
ration of AgNO3 solution was performed in a batch system 
in order to provide covering of clay outer surface. In gen-
eral, established optimal technology was as follow: a steady 
mixing 20 mL of AgNO3 solution (39.4 mg mL–1 AgNO3; 
25.0 mg mL–1 Ag) was added in the reactor over a 15 min 
period via a spray system to provide effective distribution 
over hydrophilic clay surface (also forced by non-solvent). 
In that way formation of uniform film at overall clay surface 
and increase the effectiveness of silver ion transport into 
pores system. After additional mixing for 15 min, reduc-
tion by NaBH4 was performed by spraying 35.72 mL of the 
NaBH4 aqueous solution (1.75 mg mL–1) was added, and 
solution was mixed for 60 min. The obtained product was 
filtered, washed with 200 cm3 DW, divided in two portions 
and dried applying either vacuum/drying (VD) or freeze/
drying (FD) techniques. The product processed by VD at 
40°C for 10 h was named Cy-npAgCh(VD). The steps of FD 
are as follows, freezing at –30°C for 24 h, followed by drying 
at –50°C/0.05 mbar for 24 h and at –70°C/0.01 mbar for 1 h. 
The obtained material was named Cy-npAgCh(FD). Another 
modification of Cy-npAgCh(FD) synthesis procedure con-
sisted of stepwise addition of AgNO3 solution (3°× 4 mL) 
followed by FD to intermediary and final products, and 
thus obtained adsorbent was named Cy-npAgCh(FD-5).

S1.3. Characterization and pollutant determination methods

The synthesized adsorbent was characterized by using 
different instruments. The specific surface area, specific 
pore volume, and pore diameter were determined by 
the Brunauer-Emmett-Teller (BET) method of nitrogen 
adsorption/desorption at 77.4°K, using the gas adsorption 
analyzer Micromeritics ASAP 2020MP V 1.05 H (Micromeritics 
Instrument Corporation 4356 Communications Drive, 
Norcross, GA 30093 USA).
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Chemical analysis of adsorbent was performed using 
Thermo Scientific™ Niton™ XL3t XRF 950 GOLDD+ 
Analyzer (Thermo Scientific, Thermo Fisher Scientific, 
Waltham, Massachusetts, USA).

The infrared spectra were recorded with a FTIR (Fourier 
transform infrared spectroscopy) in transmission mode 
between 400 and 4,000 cm–1, at a resolution of 4 cm–1 using a 
BOMEM spectrometer (Hartmann and Brown) (Bomem Inc./
Hartmann & Braun. 450 Saint-Jean-Baptiste Ave. Quebec, 
Canada). The FTIR spectra were recorded before and after 
the adsorption at room temperature.

The phase and structural analysis were characterized 
using X-ray diffraction (XRD; BRUKER D8 ADVANCE), with 
Vario 1 focusing primary monochromator, Cu Kα source in 
the range 10°C–90°C, step size of 0.01°C at room temperature 
(BRUKER, Billerica, Massachusetts, USA).

To analyze morphology of synthesized adsorbents the 
scanning electron microscopy (SEM) SUPRA 35 VP (Carl 
Zeiss, Germany) was used.

A laboratory pH meter, Mettler Toledo FE20/FG2 
(Switzerland), with the accuracy of ±0.01 pH units, was used 
for pH measurements. The pH values at the point of zero 
charge, that is, the pH above which the total surface of the 
samples is negatively charged, were measured using the pH 
drift method, before and after adsorption [S6].

The concentration of heavy metal ions in the solution 
was analyzed by the inductively coupled plasma mass spec-
trometry (ICP-MS) according to the literature method using 

an Agilent 7500ce ICP-MS system (Waldbronn, Germany) 
equipped with an octopole collision/reaction cell, Agilent 
7500 ICP-MS ChemStation software, a MicroMist nebulizer 
and a Peltier cooled (2°C) quartz Scott type double pass spray 
chamber. Standard optimization procedures and criteria 
specified in the manufacturer’s manual were followed

S1.4. Adsorption and kinetic experimental conditions, and 
error functions

The adsorption of heavy metal ions, Cd2+ and Ni2+ were 
studied in a batch system as it was described in recent 
studies [S7–S9]. A mass of the material to be tested: 1.0, 2.0, 
3.0, 4.0, 6.0, 8.0, and 10.0 mg (ratio of adsorbent/volume of 
solution was m/V = 0.2–2 g/dm3) was added to glass vial 
of 10 mL, then 5 mL of a heavy metal solution of 5 mg L–1, 
obtained by dilution of standard solution, was added or a 
diazinon solution of a concentration of 30 mg L–1. The fol-
lowing parameters were varied in the adsorption experi-
ment: adsorbent mass, contact time, temperature, and pH 
value. To improve the contact between the solid phase 
(adsorbent) and the liquid phase, the dispersion was ultra-
sonically treated. The eluent was separated from the adsor-
bent by filtration in a vacuum through a PTFE filter with a 
0.22 μm pore diameter. The concentration of the diazinon 
was followed at 245 nm using UV-VIS spectrophotometry 
(Shimadzu 1800, Japan) and high-performance liquid chro-
matography (SpectraSystem UV1000). The heavy metal 
ions were analyzed using ICP-MS. Comparative adsorp-
tion experiments were performed in dark at the follow-
ing condition: m/V = 0.2 g/dm3, concentration of diazinon 
solution 30 mg L–1 and T = 298°K.

The capacity of the adsorbent is calculated according to 
the following Eq. (S1):

q
C C
m

Vi e=
−

 (S1)

Whereas q is adsorbent capacity in mg g–1, Ci and Cf are the 
initial and final (equilibrium) concentrations of heavy metal 
ions in mg L–1, V is volume solution in L, and m is adsorbent 
mass in g. The effect of the temperature (298°K, 308°K, and 
318°K) on the adsorption of heavy metals (Cd2+ and Ni2+) was 
tested at pH 6 and 8 at optimum contact time of the adsorbent 
with the desired mass.

The influence of the contact time on the adsorption of 
heavy metals was also tested, since the initial concentra-
tion, the pH, and the temperature were kept constant at 
varied rates of time duration of the adsorption process (sam-
ple was taken at t0 = 5 min, interval 5 min, and t = 90 min). 
Testing the influence of the pH value to the process of the 
adsorption experiments were performed in a range on the 
preferred mass of the adsorbent at a starting concentration 
of C

i Cd and Ni2 2+ +




 = 5.0 mg dm–3, Ci[diazinon] = 30.0 mg dm–3, and 

m/V = 2 g dm–3. Comparative kinetic experiments were per-
formed in dark at the following condition: m/V = 2 g/dm3, 
concentration of diazinon solution 30 mg L–1 and T = 298°K.

Errors and the values of the correlation coefficient (R2) 
calculated from the regression analysis were determined to 
find which isothermal and kinetic model is best to describe 
the results obtained by the adsorption. A regression analysis 
was performed by linear and non-linear regression, to best 

Table S1
Box-Behnken experimental plan for RSM in coded and real fac-
tor values for the diazinon removal by Cy-npAgCh (Ci[diazinon] = 
30 mg L–1; m/V = 125 mg L–1; pH = 6.5)

Exp. no. T (A) t (B) VAgNO3 (C) q(diazinon) mg g–1 
(response)

1 +1 0 0 77.97611
2 –1 +1 +1 63.79864
3 –1 0 0 63.79864
4 0 –1 0 42.1689
5 +1 –1 –1 36.49791
6 –1 –1 +1 42.1689
7 +1 +1 –1 43.58665
8 0 0 –1 58.12765
9 0 0 +1 77.97611
10 –1 –1 –1 29.40917
11. 0 +1 0 56.7099
12 0 0 0 70.88738
13 +1 –1 +1 70.88738
14 0 0 0 70.88738
15 –1 +1 –1 43.95017
16 +1 +1 +1 77.97611
17 0 0 0 70.88738

Encoded Actual values of the model

–1 298°K 30 min 40 mL
0 323°K 60 min 120 mL

+1 348°K 90 min 200 mL
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fit the experimental results with the theoretical assumption 
of an isothermal model. The results were analyzed using 
normalized standard deviation Δq/%, which were calculated 
according to the following Eq. (S2):

∆q
q q q

N
%

/exp exp( ) =
−( )





−
×∑

cal

2

1
100  (S2)

Whereas qexp and qcal are experimental and calculated 
amounts of adsorbed heavy metal ions on the adsorbent; 
N is the number of data used in the analysis.

All experiments were performed in triplicate and given 
as average values. The maximum deviation is <3% (experi-
mental error). All calculated errors for isotherm, kinetic, and 
thermodynamic parameters were determined using commer-
cial software (Microcal Origin 8.0) in a nonlinear regression 
program.

Leachability testing was performed according to standard 
Toxicity Characteristic Leaching Procedure [S10].

S1.5. Antimicrobial activity

The antibacterial activity of the Cy-npAgCh, in vitro study, 
was estimated from the results of the disk diffusion method, 
using Mueller–Hinton agar (MHA). The bacterial suspen-
sion was adjusted to match the tube of the 0.5 McFarland 
turbidity standards using the 600 nm spectrophotometer 
(equals 1.5 × 108 colony-forming units/mL). The surface of 
MHA was completely inoculated, and the impregnated disks 
were placed on the inoculated agar and incubated at 37°C 
for 24 h. After incubation, the diameter of the growth of the 
inhibition zones was measured. Determination of inhibition 
zones in millimetres (mm) was performed according to the 
recommended standards of the National Committee for 
Clinical Laboratory Standards (now renamed Clinical and 
Laboratory Standards Institute, 2000). Staphylococcus aureus 
ATCC29213, Escherichia coli ATCC 25922, and Pseudomonas 
aeruginosa ATCC 15442 were used for the antibacterial effect 
assay. Chloramphenicol was used as the positive standards 
in order to control the sensitivity of the bacteria. All tests 
were done in triplicate [S2].

S1.6. Modeling of ionic speciation

MINTEQ is a computer program, used for surface com-
plexation computation combining the best features of two 
models: mathematical structure from MINEQL [S11] and 
thermodynamic data base, temperature correction of equilib-
rium constants using either the Van’t Hoff relationship and 
ionic strength correction using either the extended Debye-
Hückel equation or the Davies equation from WATEQ3 [S12].

S1.7. Modeling of diazinon structure

Preliminary semi-empirical screening for the most labile 
chemical bond of methomyl was done using PM6 method 
[S13]. The lowest energy diazinon structure was used for 
further molecular electrostatic potential (MEP) visualization. 
VEGA ZZ 3.1.2 was used as a graphical user interface [S14].

S2. Results and discussion

S2.1. Optimization of adsorbent synthesis

Temperature of the reaction mixture during the adsor-
bent synthesis (X1), the reaction time (X2), and the vol-
ume of AgNO3 solution (X3) were optimized to obtain 
the maximum adsorption capacity toward diazinon. The 
Cy-npAgCh adsorbent was obtained by reductive precipita-
tion of silver oxide nanoparticle on raw-Cy surface using 
NaBH4. At first, the results of the analysis were optimized 
by the software Design-Expert 9 showing that the optimal 
experimental condition for silver oxide nanoparticles depo-
sition was obtained using 10 g of raw-Cy and 40, 120, or 
200 mL of AgNO3 aqueous solution at a concentration of 
3.94 mg mL–1 (the concentration equivalent of 2.5 mg mL–1 
Ag) and 90 mL of the NaBH4 at 323°K for 45 min. The 
maximum of adsorption capacities was obtained at 4.4% 
silver nanodeposite loading on raw-Cy. Higher silver load-
ing contributes to increase of unfavorable weight/surface 
active sites ratio and noticeable decrease of adsorption 
capacity at Ag > 5% loading.

RSM was used to examine the effects of the variables 
and to find the optimal combination of variables on the 
amount of adsorbed metal that will give the highest amount 
of adsorbed diazinon. The interactions between process 
variables and responses were determined by ANOVA. 
Polynomial model terms were evaluated at the 99% con-
fidence level by P-value (probability). P-values and qm 
(mg g–1) value were given in Table S2 according to adsor-
bent Cy-npAgCh for diazinon. P-value is the smallest sig-
nificance level that allows rejection of the null hypothesis. 
Generally, the smaller the P-value related to the coefficient 
of the term the more important it is. When the P-value is 
<0.05, model and model terms are statistically significant 
with 95% reliability, and when the P-value <0.01 model and 
model term is significant with 99% reliability [S1]

Detailed explanation on the use of the presented meth-
odology is given in Supplementary material. Variation 
analysis examined the importance of different variables 
(adsorbent mass, m; adsorption time, t; temperature, T) on 
the adsorption. Estimated model equations for Cy-npAgCh 

Table S2
ANOVA for the surface quadratic model of the response to the 
removal of diazinon from water using the Cy-npAgCh

Terms P-value Mean 
square

F-Value p-value 
prob > F

Model <0.0001 435.98 98.44 <0.0001
A(T) <0.0001 407.03 91.91 <0.0002
B(t) <0.0001 421.06 95.08 <0.0001
C(V) <0.0001 1,469.81 331.88 <0.0001

Value model

R-Squared 0.9933
Adj. R-Squared 0.9832
Pred. R-Squared 0.9252
Adeq. precision 31.399
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adsorbent are graphically depicted in the form of 3-D surface 
plots and contour plates for diazinon (Fig. S1).

The removal of diazinon is presented in Table 1. The 
model F-value of 98.44 implies the model is significant. 
There is only a 0.01% chance that a “Model F-Value” this 
large could occur due to noise. Values of “prob > F” <0.0500 
indicate model terms are significant. In this case A, B, and 
C are significant model terms. Values >0.1000 indicate the 
model terms are not significant. If there are many insignif-
icant model terms (not counting those required to support 
hierarchy), model reduction may improve the model. The 
“Predicted R-Squared” of 0.9252 is in reasonable agree-
ment with the “Adjusted R-Squared” of 0.9832. “Adequate 
Precision” measures the signal to noise ratio. A ratio >4 is 
desirable. The model ratio of 31.399 indicates an adequate 
signal. This model can be used to navigate the design space.

S2.2. Physical and chemical characterization of the adsorbent

Applied methodologies [BET, X-ray fluorescence (XRF), 
FTIR, XRD, and SEM analysis] provided means for con-
trolled precipitation of silver nanoparticle (npAg) deposit 
with improved textural properties, that is, beneficial mor-
phology/chemistry with a number of available adsorptive 
useful for heavy metal ions removal. Chemical analysis of 
the adsorbent was performed using the XRF analyzer, the 
results of the analysis are given in Table S2.

The chemical composition of the clay is typical for the 
wider region (Serbia, Bosnia and Herzegovina, Turkey) 
which contains a higher content of SiO2, which may contrib-
ute to the improvement of adsorption characteristics as it was 
indicated in the studies [S20,S22–S24].

S2.3. Characterization of adsorbent functionalities – FTIR analysis

FTIR is a useful tool in identifying the presence of func-
tional groups in the molecule as well as in chemical bonds, 

often demonstrating unique adsorption energy for each 
functional group or bond. FTIR spectra of raw clay and clay 
doped with npAgs Cy-npAgCh before and after the adsorp-
tion of Cd2+ and Ni2+ ions are shown on Fig. S2. Due to the 
fact that only small changes in peak intensity and shifts were 
observed in the FTIR spectra after the adsorption of Cd2+ and 
Ni2+ ions, they are not presented here.

The FTIR spectra of raw-Cy and Cy-npAgCh are shown 
in Fig. S1. The FTIR pattern of raw-Cy, display sharp peaks 
at 1,045; 917; 845; and 531 cm–1 which are characteristic 
peaks of montmorillonite [S21]. The overlapped absorp-
tion peak in the region of 1,654 cm–1 is assigned to the –
OH bending mode of the adsorbed water and hydroxyl 
present of the clay surface. The absorption bands in the 
region 700–1,400 cm–1 are primarily assigned to the stretch-
ing vibration of the Si–O–Si bonds and the deformation 
modes of OH groups present at the crystallite surface of 
different oxides (Al3+, Fe3+, and Mg2+). The band observed 
at 917 cm–1 is assigned to OH groups attached to Al3+ ions. 
The characteristic peak at 1,138 cm–1 is due to the Si–O–Si 
stretching and out of plane Si–O–Si deformation mode of 
the montmorillonite. The band at 1,045 cm–1 is assigned to 
the Si–O–Si stretching (in plane) vibration for layered sili-
cates. The band in the region of 873 cm–1 is due to the Si–O–
Al stretching mode of the montmorillonite. The peaks at 
531 cm–1 are assigned to the Si–O–Al bending vibration 
[S22–S25]. The new FTIR peaks at Cy-npAgCh at 984 and 
615 cm–1 are assigned stretching vibration Ag-C [S18]. The 
FTIR spectra indicate the inflexibility of the silicate layers 
and the non-bond chemical interface between the silicate 
layers as well as the npAgs (npAg) in Cy-npAgCh. These 
results confirm that due to the existence of van der Waals 
interactions between the oxygen groups of montmorillon-
ite and npAg cause shifting to low wave numbers and the 
intensity change of the peak at 1,457 cm–1 [S8]. The inter-
actions between the hydroxyl groups of montmorillonite 

Table S3
Chemical compositiona of raw-Cy of different origin, and Cy-npAgCh adsorbents

Place and 
state of 
origin/oxide

Dojkinci, Serbia Czech 
Republic

China Tokat Re şadiye 
deposit of 
Turkey

Crni Timok; 
Serbia

Cheto, Arizona, 
USA

Gerzovo, 
BiH

province of 
Río Negro 
(Argentina)

Raw-Cy Cy-npAgCh [S15] [S16] [S17] [S18] [S19] [S20] [S21]

SiO2 70.32 69.72 57.00 61.02 57.09 59.42 69.08 52.88 53.40
Al2O3 16.76 16.77 17.30 18.54 16.73 16.01 19.71 23.72 17.95
Fe2O3 2.44 2.31 1.00 1.69 3.24 1.99 1.75 6.80 4.75
CaO 2.97 2.24 – 2.60 3.18 1.20 2.09 1.83 1.08
MgO 4.05 3.82 – 5.7 – 2.49 6.91 – 2.80
Na2O 0.79 0.35 0.40 3.00 2.51 0,28 0.07 0.02 3.35
K2O 0.58 0.14 1.20 0.77 – 0,60 – – 0.26
TiO2 0.15 0.13 6.30 0.11 – 0.14 0.26 0.83 0.37
P2O5 0.04 0.01 0.10 – – – – – 0.05
MnO 0.09 0.03 0.30 – – 0.01 0.05 – 0.01
LiO2 – – 0.10 – – – – – –
Ag – 3.66 – – – – – – –

aall elemental content are presented as oxides in mass percent (wt.%)
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and npAg was associated with the peak at 3,442 cm−1, 
and the partial positive charge on the surface of npAg 
[S26,S27].

S2.4. XRD analysis

 

Fig. S2. XRD patterns of the Cy-npAgPh adsorbent.

S2.5. Effect of pH on the adsorption of the diazinon and 
Cd2+ and Ni2+ ions

Speciation diagram of Cd2+ and Ni2+ are given on Fig. S3.
Cadmium speciation in water could be present by 

equilibria of different forms of Cd2+, Cd(OH)+, Cd(OH)2, 
Cd(OH)3

–, and Cd(OH)4
2–

 vs. solution pH. Equilibrium con-
centrations of Cd2+ ionic species and precipitation products, 
that is, cadmium containing species could be calculated 
from equilibrium constants (logK) for hydrolysis reac-
tions at 25°C and the precipitation constant of Cd(OH)2(s) 
(1.69 × 10–14; given on Fig. S3). Removal efficiency of Cd2+ 
at pH higher than 8 as a result of both Cd2+ adsorption and 
co-precipitation of Cd(OH)+, Cd(OH)2 up to pH 11, and after 
only precipitation of Cd(OH)2 at pH > 11 dominate.

In contrast to the chemical properties of cation, diazinon 
is an organophosphate insecticide with the structure:

N

N
O

P
S

O

O

    

Fig. S4. Diazinon structure and MEP surface.

which possess the miscellaneous electrostatic potential to 
establish physical/chemical bonds with Cy-npAgCh surface 
functionalities/charges.

MEP analysis was used to evaluate and visualize charge 
distribution over investigated compounds and illustrate the 
three-dimensional charge distributions overall investigated 
molecules. The evaluation of the electrostatic potential at the 
surface is represented by different colors; blue represents 
regions of most electronegative electrostatic potential, it indi-
cates the region of high electron density; brown represents 
regions of the most positive electrostatic potential, that is, 
region of low electron density. The blue color indicates the 

 
Fig. S1. FTIR spectra of raw clay and clay doped with npAgs 
Cy-npAgCh.

  
Fig. S3. Speciation of (a) Cd2+ and (b) Ni2+ obtained using MINTEQ. 3.0 software (C = 25 mg L–1, T = 308°K).
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region with strong attractive potential, region favorable for 
interactions with the positive adsorbent surface.

Similar behavior of Ni2+ ionic vs. pH could be observed 
from Fig. S5 and a significant drop of adsorption efficiency is 
due to repulsion between the negative adsorbent surface and 
Ni(OH)3

– at pH > 10.

S2.6. Effect of the contact time on the adsorption of diazinon, 
Cd2+, and Ni2+ ions

The effect of time on the adsorption of Diazinon and 
Ni2+and Cd2+ ions was analyzed in the range from 5 to 
720 min, and 120 min was found to be an appropriate period 
in a kinetic study (Fig. S6). Among two methods used in 
adsorption experiments, the system stimulated by sonica-
tion showed higher efficiency than conventional mixing. 
The presence of an ultrasonic field increases the speed of the 
adsorption due to the reduced resistance to mass transfer. 
Ultrasonic waves and the bubbles caused by the side effects 
of cavitation in a solid (adsorbent) generate micro distur-
bances, thus reducing the boundary layer and increasing 
the efficiency of mass transfer. In fact, these increase the 
affinity of the adsorbate to the adsorbent. In this case here, 
ultrasound does not alter the process of adsorption nor shift 
the equilibrium to lower concentrations [S28,S29].

S2.7. Effect of the contact time on the adsorption of diazinon, 
Cd2+, and Ni2+ ions

S2.7.1. Adsorption kinetics

The study of kinetics provides an insight into the possible 
mechanism of adsorption along with the reaction pathways. 
The adsorption data were analyzed by linear, non-linear 
least-squares and graphic method in the form of pseudo-first, 
pseudo-second-order (PSO; Lagergren) and second-order 
model (Table S4). Diffusion models as Weber–Morris, were 

 
Fig. S5. Influence of pH on adsorption of Cd2+ and Ni2+ ion and 
diazinon onto Cy-npAgCh (Ci Cd and Ni2 2+ +




 = 5.00 mg L–1, Ci[Diazinon] = 

30.00 mg L–1; m/V = 200 mg L–1, T = 298°K)

Table S4
Kinetic model equations

Kinetic model Nonlinear form Linear form Equation

Pseudo-first-order  
equation (Lagergren)

q q ee
k t= −( )−1 1 ln lnq q q k te e−( ) = − 1 (S3)

Pseudo-second-order  
equation (Lagergren)
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used for modeling diffusional processes/limiting step of 
overall process (Table S4) [S3,S9,S30,S31].

S2.7.2. Activation energy of the adsorption

Activation energy for arsenate adsorption was calcu-
lated using Arrhenius Eq. (S9):

k k
E
RT

a
2 0=

−







exp  (S9)

Where k2 (g mg–1 min–1) is the PSO rate adsorption constant, k0 
(g mmol–1 min–1) is the temperature independent factor, Ea (kJ 
mol–1) is the activation energy, R (8.314 J mol–1 K–1) is the gas 
constant and T (K) is the adsorption absolute temperature. A 
plot of lnkʹ vs. 1/T gave a straight line with slope –Ea/R from 
which activation energy was calculated.

The linear form of the Arrhenius equation is given by 
Eq. (S10):

ln ln′ = − +k
E
RT

Aa  (S10)

where kʹ is the reaction speed constant at the selected tem-
perature, Ea denotes activation energy, R is a universal gas 
constant (8.314), T is the temperature in Kelvin, and A is the 
Arrhenius factor (frequency for the given reaction).

S2.8. Adsorption study

The state of interaction/bonding on the solutes/adsorbent 
surface can be recorded by fitting experimental data with 
various adsorption isotherms [S30]. The equilibrium adsorp-
tion data were fitted by the isotherm models Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich isother-
mal models [S3,S6,S32]. The Langmuir equation is based on 
assumption that a point of maximum adsorption corresponds 
to a saturated monolayer of adsorbate molecules on the 
adsorbent surface—where the energy of adsorption remains 
constant and no transfer of the adsorbate in the plane of the 
surface occurs. The Freundlich sorption isotherm, widely 
and reliably utilized as a mathematical determining expres-
sion, allows for a calculation encompassing surface heteroge-
neity and an exponential distribution of active sites as well 
as their respective energies [S6,S30]. Temkin conceived this 
equation for subcritical vapors in micropore solids where the 
adsorption process follows a pore filling mechanism onto the 
energetically non-uniform surface. Temkin isotherm is based 
on the assumption that the decline of the heat of sorption as 
a function of temperature is linear rather than logarithmic. 
The Dubinin–Radushkevich model for subcritical vapors 
in micropore solids where the adsorption process follows a 
pore filling mechanism onto the energetically non-uniform 
surface [S6,S30]. Equations of adsorption isotherms models 
presented in Table S6.

In adsorption isotherms (Table S6) C is equilibrium metal 
ion concentration left in the solution (mol L–1); q is adsorbed 
amount of metal ions (mol g–1); qmax and b are Langmuir con-
stants related on the adsorption capacity and adsorption 
energy. Maximum adsorption capacity, qmax, denotes the 
amount of adsorbate, so the complete adsorption surface is 
covered with adsorbate monolayer (mol g–1), and b (L mol–1) is 
the constant related with the adsorption heat. The calculation 

Table S5
Second-order model parameters for the adsorption of Cd2+, Ni2+, and diazinon on Cy-npAgCh (Ci[Cd and Ni] = 5.00 mg L–1; 
Ci[Diazinon] = 30.0 mg L–1; pH = 6.5; m/V = 200 mg L–1).

Adsorbate qe/mg g–1 k2/g (mg min)–1 Δq/% R2

Cd2+ 298°K 39.930 0.070356 1.78 0.967
308°K 39.991 0.07606 1.96 0.966
318°K 40.091 0.082771 2.19 0.965

Ni2+ 298°K 30.013 0.066105 4.11 0.864
308°K 26.705 0.07223 4.02 0.870
318°K 24.890 0.07967 3.95 0.877

Diazinon 298°K 48.321 0.002255 3.42 0.934
308°K 48.502 0.002681 2.91 0.954
318°K 48.823 0.003266 3.78 0.908

 

Fig. S6. Time dependent adsorption of diazinon and Cd2+ and Ni2+ 
onto Cy-npAgCh (Ci[Cd and NI] = 5.00 mg L–1; Ci[Diazinon] = 30.00 mg L–1; 
m/V = 200 mg L–1, T = 298°K, pH = 6.5)
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of separation factor according to Eq. S15 based on Langmuir 
isotherm parameter KL, indicates adsorption feasibility on the 
given adsorbent.

R
K CL
L

=
+( )
1

1 0

 (S15)

Where C0/mol L–1 is the initial adsorbate concentration and 
KL/L mol–1 is the Langmuir constant. In Freundlich model, 
(Eq. S12) Kf (mol1−n Ln/g) is an approximate indicator of the 
adsorption capacity for the equilibrium concentration, and 
1/n is the Freundlich adsorption intensity parameter, that is, 
it defines the strength of adsorption. For n = 1 the partition 
between the two phases are independent of the concentra-
tion, 1/n < 1 indicates normal adsorption, while for 1/n > 1 

Table S6
Adsorption isotherms equations

Isotherms Nonlinear form Linear form Equations

Langmuir q
q K C
K C

m L

L

=
+1

C
q K q

C
qL m m

= +
1 (S11)

Freundlich q K CF
n= 1/

log log logq K
n

CF= +
1 (S12)

Temkin q RT
b

ACe e= ( )ln q RT
b

A RT
b

Ce e= +ln ln
(S13)

Dubinin– 
Radushkevich 

q q B RT
Ce m
e

= − ( ) +
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Fig. S7. Fitting of adsorption experimental data with used isotherm models. (a) adsorption of diazinon on Cy-npAgCh 
Ci[Diazinon] = 30.00 mg L–1, pH = 6.5, (b) adsorption of Cd2+ ions on Cy-npAgCh, Ci[Cd] = 5.00 mg L–1, pH = 6.5, and (c) adsorption of Ni2+ ions 
on Cy-npAgCh, Ci[Ni] = 5.00 mg L–1, pH = 6.5.
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indicates cooperative adsorption. The adsorption parame-
ters calculated using Eq. (S12), the adsorption capacity, qmax, 
and affinity, b, are the most important ones used for the anal-
ysis of adsorption process and selection of operational con-
ditions. Design of efficient adsorption technology to achieve 
moderate water purity will be design to operate to near the 
saturation point. It implicates adsorption capacity as a major 
decisive parameter. In the other case, if the requirement is 
aimed at obtaining high water purity, the adsorption tech-
nology should be design to operate “at the left side of the 
adsorption isotherm,” and the adsorption affinity is a deci-
sive factor for technology definition.

S2.8.1. Adsorption thermodynamic

Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy 
(ΔS°) were calculated using Van’t Hoff thermodynamic Eqs. 
(S16) and (S17) [S30]

∆G RT KL° = − ( )ln  (S16)

ln K S
R

H
RTL( ) = − ( )

∆ ∆0 0

 (S17)

Where T is the absolute temperature in K, and R is the uni-
versal gas constant (8.314/J mol–1 K–1) and the adsorption con-
stant KL was calculated using Langmuir isotherm (Table VI). 
ΔH° and ΔS° were calculated from slopes and interceptions 
in diagram ln(KL)–T–1, assuming adsorption kinetics to be 
stationary.

S2.8.2. Effect of interfering ions

Natural water from the area of the city of Zrenjanin 
(summer 2018, located in Vojvodina, Serbia) was used 
for evaluation of Cy-npAgCh capability for cations/anions 

removal at the competitive condition. Before the adsorp-
tion oxidation process by air, bubbling was performed to 
provide As(III) and Cr(III) oxidation. Effect of interfering 
anions showed a significant influence on the decrease of the 
efficiency of all studied ions removal (Table S7). Tolerable 
limit was defined as the highest amount of foreign ions that 
produced an error not exceeding ±5% in the determination 
of analyte ions.
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