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The presence of heavy metal ions in drinking and wastewater generates environmental and human health
concerns as they are known as cumulative poisons. Therefore, the purification of contaminated waters is
an important ecological issue. Various techniques have been developed to address this issue, where
adsorption has received widespread attention. The facile synthesis of effective adenine-based nano-
adsorbents is reported and adsorptive removal of Ni?*, Cd?*, and Pb?* from aqueous media was
investigated by inductively-coupled plasma analyses, adsorption isotherms, kinetics, and
thermodynamic studies. The effects of pH, adsorbent dose, contact time, and temperature were

R 4 14th N ber 2022 optimized. The maximum adsorption capacity was achieved at pH = 7, an adsorbent dose of 25 mg,
eceive th November - ) 1 o ) . .
Accepted 2nd February 2023 and an initial concentration of 50 mg L™~ at 25 °C. A thermodynamic study showed that adsorption is

an endothermic process, and the Langmuir model fitted well to the ion adsorption data to reveal that

DOI: 10.1035/d2ra07230k the maximum adsorption capacities for Ni2*, Cd%*, and Pb?* were 273.7, 252.4, and 249.8 mg g7},
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1. Introduction

Access to safe and hygienic water is crucial globally," particu-
larly in developing countries.> Multitudinous industrial activ-
ities, including mining, plating, use of agricultural chemicals,
paper and battery production, and urban sprawl,>® spread
different kinds of environmental contaminants, such as
organic dyes and inorganic heavy metal ions into clean water
sources, especially rivers.® Among all pollutants, heavy metal
ions from industrial effluents are a concern due to crucial and
hazardous environmental drawbacks.”® These metals are
nonbiodegradable pollutants that persist in nature and cannot
be digested or disposed off by the human body. Although these
metal ions are stored in living tissues and supply essential
minerals to the body, they can affect living organisms’ health
severely as well and impose crucial risks to human health.**®
Based on different classifications of heavy metals, arsenic (As),
cadmium (Cd), mercury (Hg), lead (Pb), nickel (Ni), and chro-
mium (Cr) are highly toxic."*> Their penetration into the soil,
as well as surface and groundwaters, could lead to health and
environmental challenges.” The World Health Organization
(WHO) recommends that the permissible limits of Pb, Cd, and
Ni in potable water are 0.01, 0.005, and 0.005 mg L%,
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respectively.*** For instance, accumulation of Pb*>* in the body
leads to difficulties, such as a reduction in male sperm
generation and neurological effects, especially in children. It
also has a crucial impact on gastrointestinal and hematopoi-
etic systems and causes renal abnormalities.'*® Up till now,
several purification methods have provided helpful remedies,
such as precipitation,” membrane filtration,* activated
sludge,”* ion exchange,” and adsorption.”® Among these
techniques, adsorption has been widely applied as it is simple,
low-toxicity, cost-effective, biocompatible, and recyclable.>*>¢
Various organic and inorganic adsorbents with porous
surfaces have been synthesized.

In recent decades, magnetic nano-particles formed by
modification with organic ligands have specifically been regar-
ded as efficient adsorbents.?”** Therefore, an adenine-based
nano-adsorbent was prepared here (Scheme 1). Its adsorption
capability and capacity for the removal of Ni(u), Cd(u), and Pb(u)
ions from contaminated water was evaluated by the Langmuir
and Freundlich isotherms. Also, several operational parame-
ters, such as pH, temperature, contact time, and adsorbent
dosage, were optimized as well.

2. Experimental
2.1. Materials and methods

All chemicals and reagents were purchased from the Merck
Chemical Company and used without further purification.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Removal of Ni?*, Cd?*, and Pb?* from water by the adenine-based nano-adsorbent manufactured in this study.

2.2. Preparation of the adenine-based nano-adsorbent

Co-precipitation is a convenient and cost-effective technique
that was chosen for the preparation of the magnetite adenine-
based nano-adsorbent.*! Briefly:

e FeCl;-6H,0 (11.44 g) and FeCl,-4H,0 (4.3 g) were dis-
solved in distilled water (100 mL) and heated at 80 °C for 40
minutes. Aqueous ammonia (about 17 mL; 37%) was added
dropwise, and the mixture was heated for 30 minutes at 80 °C.
Fe;0, MNPs (A) were separated by a super magnet, washed with
water, and air-dried.

e A (0.1 g) was added to a mixture of ethanol/distilled water
(80 mL, 4:1 by volume) and aqueous ammonia (2 mL); the
mixture was dispersed by ultrasonication for 10 minutes. Tet-
raethyl orthosilicate (2 mL) was then slowly added, and the
mixture was stirred for 6 h. Fe;0,@SiO, (B) was separated by an
external super magnet, washed with water, and air-dried.

e B (0.1 g) was added to the mixture of (3-chloropropyl)tri-
methoxysilane (CPTMS, MW = 198, D = 1.09 g mL~ ', 1 mL, 5.5
mmol) and dry toluene (80 mL), and the mixture was stirred for
18 h at 60 °C. Fe;0,@Si0,@CPTMS (C) were separated by
a super-magnet, washed with water, and air-dried.

e C (0.1 g) was added to the mixture of adenine (0.81 g, MW =
135, about 6 mmol), K,CO; (0.83 g, MW = 138, about 6 mmol),
and toluene (50 mL). The mixture was refluxed for 12 h. The
adenine-based nano-adsorbent (D = Fe;0,@Si0,@-
CPTMS@AD) was separated with a super-magnet, washed with
toluene and water, and vacuum dried.

3. Results and discussions

3.1. Characteristics of D

The structure of the nano-adsorbent was verified by the
following techniques.

3.1.1 Characterization of D by FT-IR spectroscopy. The
preparation of D was verified by FT-IR spectra in four steps
(Fig. 1). First, a peak of ~576 cm™" is related to the stretching
vibrations of the Fe-O bond, showing the formation of A.
Afterward, the presence of a broad peak at ~1086 cm ' shows
the stretching vibration of Si-OH and confirms the silica
coating of MNPs (B). Indication of a new peak at ~634 cm™*
shows the existence of the C-Cl bond and formation of C.
Finally, additional peaks at 1623 and 3443 cm ™" correspond to
the C=N and the N-H bonds, confirming the formation of D.

3.1.2 Characterization by EDX. Assessment of the chemical
composition of D was approved by EDX analysis, which showed
the presence of the anticipated elements in the structure of the
nano-adsorbent, namely C, N, O, Si, and Fe.

It should also be noted that to determine the elemental
composition of a compound based on an existing standard, the
sample is usually coated with a very thin layer of gold; hence the
Au peak also appeared in the EDX graph (Fig. 2).

3.1.3 Characterization of D by SEM elemental mapping.
Fig. 3 shows the SEM-mapping images of D indicating the
uniformly dispersed characters and homogenous distribution
of C (red), Fe (brown), N (green), O (blue), and Si (light green).
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Fig. 1 The FT-IR spectra of A (red), B
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Fig. 2 The EDX analysis of D.
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Fig. 3 The elemental mappings of D.

3.1.4 Characterization by XRD analyses. The XRD patterns
of B, C, and D are depicted in Fig. 4. The diffraction peaks at 26
=10, 30, 35, 45, 53, 57, and 63 represent the cubic spinel crystal
structure of B (silica-coated A, blue). A comparison of these
three XRD patterns shows that the corresponding peaks in B
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Fig. 4 The XRD patterns of B, C, and D.
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exist in the XRD patterns of C (red) and to some extent in D
(green) as well, indicating that the structure of B was main-
tained even after functionalization.

3.1.5 Characterization by SEM. The SEM analysis was used
to confirm the morphology of the surface structure of D. The
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Fig. 5 The SEM images of D.
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SEM images clearly show that the nano-adsorbent has a spher-
ical shape; the homogenous particle distribution indicates that
the average sizes of the nano-adsorbent range between 24-
54 nm (Fig. 5).

3.1.6 Characterization by TEM. The TEM images also
confirmed that the sizes of the nano-adsorbent particles were in
the nanometer range (Fig. 6). Moreover, the TEM images
showed the core-shell structure of the nano-adsorbent as well.

Open Access Article. Published on 17 February 2023. Downloaded on 2/14/2026 1:12:56 PM.

[{ec

3.1.7 Characterization by VSM. A comparison of the
magnetic properties of four compounds, namely A, B, C, and D
was performed by the VSM technique (Fig. 7). As can be
observed, the magnetic properties of all four compounds
showed a decrease from A to D (65, 35, 30, and 8.65 emu g™,
respectively). The reduction in the magnetic property is prob-
ably due to the decrease in dipolar-dipolar interactions between
the coated layers.

Fig. 6 The TEM images of D.
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Fig. 7 The VSM analysis of A, B, C, and D.

3.1.8 Characterizations by BET. The BET method was used
to determine the specific surface area of D, which was calcu-
lated based on the amount of the adsorbed N, gas and the size
distribution of the cavities determined by the adsorption
isotherm (Fig. 8).

Nitrogen adsorption in micropores occurred at low partial
pressures and was continued by adsorption in mesopores at
higher pressures (the relative pressure ranged between 0.1 to 1).

According to the IUPAC classification, the adsorption and
desorption isotherms were type 4. Fig. 8 exhibits a type III curve
indicating the absence of hysteresis.

The specific surface area and volume of D according to
Langmuir and BET are given below (Table 1).

To obtain the pore size distribution of D, the BJH method was
used. As can be seen, the maximum frequency of cavities with
aradius of 1.32 nm was obtained; the average size of cavities was
23.79 nm, which lay in the range of meso cavities (Table 2).

3.2. Batch experiments

For adsorption experiments, solutions of Ni**, Cd**, and Pb*"
with concentrations of 50 to 200 ppm were prepared. Twenty-
five milligrams of D were added to each of them at neutral pH

0.0025

12

0.0020
10
0.0015
3
g’a.

T~ 8F 2 oo
a
g X
: = 0.0008
£ 6F
R
= S
- B e T T

4t

2}

—— Adsorption
—&— Desorption
0 1 1 L 1
0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)

Fig. 8 The N, gas adsorption—desorption isotherm and BJH pore size distribution.
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Table 1 Results of the Langmuir and BET measurements of D

Parameter Langmuir BET
a; (m* g™ 4.18 2.88
Vi (cm® (STP) per g) 0.96 0.017

Table 2 Results of volume and radii of cavities using different
experimental isotherms®

Pore volume Pore size a,
Methods (em®g™) (nm) (m>¢g™
BJH method 0.017 1.66 3.67
adsorption
BJH desorption 0.016 1.88 3.98
DH 0.017 1.66 3.79
as 0.016 — 2.58
Total pore volume 0.017 cm® g~ "
Mean pore diameter 23.79 nm

% BJH: Barrett-Joyner-Halenda method, DH: Dollimore-Heal method,
as: alpha-S method.

and stirred for 2 h at room temperature; the adsorbent was then
filtered. Finally, the ICP analysis was taken from the sub-filtrate
to measure the amount of the metal ions. To obtain optimal
conditions, various factors, such as pH, contact time, amount of
adsorbent, and temperature were optimized, which are
described in the following results. A concentration of 50 mg L "
was selected for the experiments in this study.

3.3. Effect of pH

The pH of a solution is one of the most important factors
influencing the adsorption process and the mechanism

View Article Online

RSC Advances

behind electrostatic forces. The drift method was used to
determine the charge in the surface of D. At the pH below the
pHzpc (zero point of the adsorbent charge), the charge on the
adsorbent surface was positive, and at the pH above the
pHzpc, it was negative. Fig. 9 shows the maximum removal of
Ni, Cd, and Pb from the solution with pH = 7. At lower pH, H"
ions overcome the adsorption sites, and the access of cations
to these sites is limited due to repulsive forces and adsorption
percentage decreases. As the pH increases, the adsorption
also increases, and at neutral or weakly acidic pH levels, most
metals are available as soluble and free cations for
adsorption.

According to the obtained data, pH 7 was selected as the
optimal pH for the next experiments due to the maximum
adsorption capacity of all three pollutants.

3.4. Effect of adsorbent dosage

To optimize the amount of the adsorbent, different amounts of
the adsorbent (25, 50, 100, 125, and 150 mg) in 35 mL of solu-
tion (initial concentration of 50 mg L"), at pH 7 in 120 min
were examined. As shown in Fig. 10, with increasing adsorbent
dose, the adsorption of metal ions per unit mass of the adsor-
bent decreased. There may be two reasons for the reduction in
adsorption capacity:

(1) Increasing the amount of adsorbent in the constant
volume and concentration causes saturation of adsorption sites
during the adsorption process, and

(2) Decreased adsorption capacity may be due to the particle
interactions through particle accumulation due to the high
adsorbent concentrations. Therefore, 25 mg of adsorbent in
50 mL of the aqueous solution was selected as an optimal
amount of the adsorbent in subsequent experiments.

q, (mg/g)

7 8 9
pH

Fig.9 The effect of pH on the adsorption capacity (initial concentration of ions = 50 mg L™, weight of adsorbent = 25 mg, solution volume = 35

mL, r.t., contact time = 120 min).
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Table 3 Constants and coefficients related to adsorption kinetic
70} —=— Ni** models
n —+— Cd*
sol Y Pb Model Parameter Ni** cd* Pb**
s First-order e (mg g™ 69.78  57.43  42.43
quasi-linear K (min™1) 9.92 1.22 0.08
= R 0.98 0.98 0.98
? 40 Second-order  ¢. (mgg™") 69.76 5894  45.3
< quasi-linear K,/107? (g mg " min™") 0.64 0.14 0.41
=301 R 0.99 0.99 0.99
Intraparticle C(mgg™ 19.8 15.31 9.07
20l penetration kipa (mg min~ %% g™ ") 0.64 5.00 3.82
R 0.65 0.68 0.79
10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 3.6. Effect of contact time and kinetics
Dosage (g)

Fig. 10 The effect of the amount of adsorbent on the removal of
metal ions (initial concentration of ions = 50 mg L%, pH = 7, solution
volume = 35 mL, r.t., contact time = 120 min).

3.5. Effect of temperature

The results of the study of adsorption with temperature changes
indicated an increase in adsorption with increasing tempera-
ture. The data indicate that the process is endothermic, which
can also be due to the high mobility of metal ions due to
increasing temperature that leads to improved interactions
between adsorbent and ions or the creation of new active sites
on the adsorbent. Based on the insignificant increase in
adsorption capacity at any temperature and low energy
consumption, a temperature of 25 °C was selected for further
experiments (Fig. 11).

83

—=— Ni¥*
80} . Cdt

Pb*

5}

450

40}

30 1 1 1 1
25 50 75 100

Temperature (°C)

Fig. 11 The effect of temperature on the adsorption (initial concen-
tration of ions = 50 mg L™, weight of adsorbent = 25 mg, pH = 7.
solution volume = 35 mL, r.t.,, contact time = 120 min).
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Adsorption kinetics were investigated to better evaluate the
adsorption dynamics of the metal ions on the adsorbent to
provide a predictive model that helps us estimate the amount of
adsorbed ions over time. Therefore, first- and second-order
quasi-linear kinetics were calculated and investigated for
different concentrations of pollutants. The constant values of
the adsorption rate are shown in Table 3. Based on these values
and the correlation coefficient (R* = 0.99), it can be concluded
that a nonlinear fit can acceptably describe the experimental
data obtained. However, at all different concentrations of ions,
the amount of the practical adsorption capacity (g.) was close to
the calculated values. For all ion adsorption values, the second-
order quasi-linear kinetic model covered the results well. In the
quasi-second-order kinetic equation, k, is a quasi-second-order
velocity constant in grams per milligram per minute, whose
values were 0.64, 0.14, and 0.41 for Ni, Cd, and Pb ions,
respectively. The value of C in the particle penetration model
indicates the thickness of the boundary layer; larger values
indicate the magnitude of the boundary layer thickness.
Furthermore, a larger value of C shows the presence of both the
adsorption species and the intracellular diffusion mechanism.

80

70 L
60},
sof

40f

q¢ (mg/g)

30

20

| = Ni%
10 ¢ G

g Pb*
-- pseudo second order Kinetic fitting
| T =
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)

Fig. 12 Process of the second-order quasi-linear kinetic model for
Ni#*, Cd**, and Pb®*.
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Table 4 Constants and coefficients of adsorption isotherm models for
the Ni2*, Cd?*, and Pb?*

Model Parameter Ni** cd* pPb**
Langmuir isotherm  gma (mg g ™) 273.7 252.4 249.8
K, (Lmg™) 0.036  0.080  0.23
R 0.99 0.99 0.99
Freundlich isotherm Ky (mg'™"L"¢g™") 18.39 37.73 62.95
n 1.7 2.28 2.15
R 0.97 0.97 0.93
Temkin isotherm Br (k] mol™) 49.78 46.79 53.92
Ar (L mg™V 0.57 1.23 2.40
R 0.96 0.95 0.97
Redlich-Patterson Kgp (L mg ™) 12.11 18.15 48.49
isotherm RPo. (L mg ") 0.10 0.05 0.11
RPB 0.80 1.07 1.16
R 0.99 0.99 0.99

As shown in Fig. 12, the adsorption kinetics consists of two
phases. The initial phase of adsorption is performed rapidly; in
the second phase, the adsorption is slower and finally reaches
equilibrium after about 30 min. However, to be sure, the study
was continued for 2 h.

3.7. Adsorption isotherms

Adsorption isotherm is one of the most important factors con-
sulted in designing adsorption systems. The adsorption
isotherm describes how the adsorbent interacts with pollutants.
In this study, the Langmuir, Freundlich, and Temkin isotherm
models, as well as the Redlich-Patterson three-parameter
model, were used to study adsorption. Adsorption isotherm
constants were determined to express the surface properties
and their affinity for the adsorption process. The maximum
adsorption capacity (¢max) and Langmuir constant (K) were
obtained by nonlinear fitting (Table 4). Based on the R* coeffi-
cient (0.99), the mathematical fitting was perfect, which might
be due to the homogeneous distribution of the adsorption sites
on the adsorbent surface, considering that the Langmuir
isotherm assumes that the adsorbent surface is homogeneous.
In the Langmuir model, the gax for Ni, Cd, and Pb ions was
273.7, 252.4, and 249.8 mg g ', respectively. Although the
Langmuir single-layer adsorption model is suitable for
describing the experimental data from the adsorption test, the
adsorption process was also evaluated by other models. The
Freundlich isotherm explained that the concentration of metal
ions on the adsorbent increased with an increase in the ion
concentration of the solution. In this isotherm, the adsorption
rate was assumed to be equal to the total adsorption on all
active adsorbent sites.

According to Table 4, the R> coefficients were 0.97, 0.97, and
0.93 for Ni, Cd, and Pb ions, respectively, which is lower than R
observed with the Langmuir isotherm. Kz was set at 18.39,
37.73, and 62.95, respectively. The Freundlich isotherm power
(n) was optimal for values between 0 and 10. In the Temkin
model, By is the Temkin constant and is expressed in joules per
mole and is related to the heat of adsorption. In this model, it is

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

250

- ’.
200 - - 3]
e - A
, _--"
150 - ’ o _--
N / _-7
S ¥ o -
/ rd
100 | , A7
) //
8 S L7 APb
4
50 1/ 7 ocd
& A ENi
1
Zal
0 ‘ ; ‘
0 10 20 30 40 50 60
C

e

Fig. 13 The Langmuir isotherm model for Ni*, Cd?*, and Pb®*
adsorption (initial concentration of ions = 50-200 mg L™, the weight
of adsorbent = 25 mg, solution volume = 35 mL, contact time =
120 min, pH =7, r.t).

assumed that the adsorption process is determined by
a uniform distribution of the coherence energy. Low By indi-
cates weak bonds between the pollutant and adsorbent mole-
cules. The Redlich-Patterson model is a combination of the two
previous models, namely the Langmuir and the Freundlich
models. The advantage of this equation is that the value of § is
between 0 and 1; when its value is 1, the above equation
becomes the Langmuir isotherm, and when its value is 0, it
becomes the Henri equation. As can be seen, the value of R* for
all experimental results in the Langmuir and the Redlich-Pat-
terson equations is 0.99; the Langmuir isotherm is a more
appropriate model to describe the experimental data in all
cases, even when  # 1 in the Redlich-Patterson model.
Therefore, it can be concluded that the active sites on the
adsorbent surface are uniformly distributed with the same
adsorption energy, as these are a part of the hypotheses of the
Langmuir equation (Fig. 13).

According to the Langmuir model, at low concentrations, Ni
absorption is greater, while at high concentrations, which is the
saturation level, Pb absorption is greater. In addition, the
following table was derived from nonlinear fitting:

Pb Cd Ni
qm | 273.6 | 249.8 | 2523
K 0.036 | 0.0802 | 0.237
[ 0.9984 | 0.9929 | 0.9957

3.8. The zeta calculation®>

The magnitude of the zeta potential gives an indication of the
potential stability of the system. As the particles have negative
zeta potentials, they tend to repel each other, and there is no
tendency for them to come together (Table 5 and Fig. 14).

3.9. Adsorption thermodynamics

We can reveal the nature of the reaction (whether it is endo-
thermic or exothermic) through the evaluation of changes in the
amount of adsorption in terms of temperature. By studying the
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Table 5 The zeta calculation of D

Mean (mV) Area (%) St. dev. (mV)
Zeta potential (mV) —43.8 Peak 1 —43.8 100.0 6.50
Zeta deviation (mV) 6.50 Peak 2 0.00 0.0 0.00
Conductivity (mS ecm ™) 0.0686 Peak 3 0.00 0.0 0.00
Result quality Good

Zeta Potential Distribution

500000 : :
400000
300000
200000 i i
100000
0 : ; : ;
-100 100 20C
Apparent Zeta Potential
Fig. 14 The zeta calculation of D.
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Fig. 15 The Van't Hoff equation plot.
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Table 6 Thermodynamic parameters of the adsorption process

Thermodynamic parameter

AG (k] mol ™),
Temperature (K)

AH AS
298 333 373 (ky mol™")  (Jmol *K') Pollutants
—9.66 —10.92 —12.32 13.36 0.51 Ni%*
-43  -510  —6.04  35.22 0.32 ca*
-1.77 -2.18  —2.69  27.00 0.17 Pb**

effects of temperature, the optimum temperature required to
achieve maximum adsorption and recovery can be obtained.
Enthalpy and entropy can then be calculated from the Van't
Hoff curve (Fig. 15).

The related obtained results are shown in Table 6. The negative
free energy changes of the Gibbs standard show that the adsorp-
tion process is spontaneous, and the positive standard enthalpy
changes of the reaction show that the adsorption process is
endothermic. On the other hand, the positive standard entropy
changes of the system indicate an increase in irregularities in the
solid/solution adsorption interface, but it is traced. Also, the range
of these free energies is —20 kJ mol ", and it can be concluded that
these adsorptions are physical, and there are no strong bonds
between the metal ions and the adsorbent.

3.10. Adsorption mechanism

By using the model of isotherms and kinetics data, the mech-
anism of adsorption could be suggested via ion exchange,
formation of the complex, and the electrostatic attractions
formed by physical adsorption resulting from intra-particle
penetration due to the size of cavities and the special surface
area (BET analysis results and pore size) for small amounts of
pollutants on the external surface (Fig. 16).

3.11. Activity comparison of D

Generally, due to the core-shell structure of the adsorbent, the
specific surface area is not big enough as compared to the area

X

Electrostatic attraction a5

View Article Online
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Table 7 The comparative adsorption capacity of select adsorbents for
Pb2+

Adsorption capacity

Method (mgg™) Ref.
Fe;0,-SOs;H MNPs 108.93 33
MNPs-NH, 40.10 34
Cs-Fe,0, 204.318 35
T-Fe,0, 101.20 36
Fe;0,@Si0,~NH, MNPs 100.0 37
Fe;0, MNPs 34.9 38
Fe;0,@8Si0,/Schiff base 142.86 39
Mt@MH 38.15 40
MgFe,0,~NH, NPs 135.1 41
Cs-FeO 3.13 42
TETA-chitosan 370.63 43
(AAA-NH,-Si@MNPs) 392.2 44
Fe;0,@Si0,@CPTMS@AD 273.7 Present work

of other types of adsorbents, but has an acceptable adsorption
capacity based on the different interactions as compared to the
reference adsorbents (Table 7). It can be said that the pollutants
adsorb physically in a single layer.

3.12. Selectivity of D

Selective evaluation of D was carried on by the Water & Waste-
water Co. of the Khorasan Razavi Province (Khorasan, Iran) in
two types of standard solutions containing fifty cations in ppb
(part per billion) concentration. The results obtained are pre-
sented below (Table 8). The adsorption percentages in the
presence of different ions illustrate that D can be used as a cost-
effective non-toxic material for industrial wastewater.

3.13. Reusability of D

In order to evaluate the reusability of D containing Pb*", it was
washed with HNO; solution (0.01 M), and the pH value was
adjusted between 2 and 3 until no Pb*>* was detected in the wash
water with ICP tests. Then, D was washed with deionized water
until the pH range of the wash water reached ~5.0-6.5. The
washed D was then dried at 80 °C for 24 h and reused at least 4
times for the next removal processes, where it showed no

O Ion exchange

(4 -
+ 7 - - = Vg
X R NN
X (] i \ ‘| 1 s
@. 1 1 Adsorbent 17 g0 H HNR
1 N NN AN
v v l' I“O7S| |
N - Vi
™ [ s P 4 .
Intra-particle penetration v _ Surface complexation
~ - ==

Fig. 16 A proposed mechanism for metal ion adsorption onto D.
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Table 8 Adsorption percentage of ions in two standard solutions with D

Standard 1 Standard 2 Standard 1
Entry Ions (RTC) (MOO0S8) Entry Ions (RTC) Standard 2 (MOOS)
1 Li 46.08 — 26 Pb 50.34 75
2 B — — 27 Nb — —
3 Be 56.56 — 28 Te — —
4 Na — — 29 Se — —
5 Mg 98.2 — 30 La — —
6 Al — 37.25 31 Ge — —
7 K — — 32 Ce — —
8 Ca 99 97.53 33 Pr — —
9 Ti 93.1 — 34 Nd — —
10 \'% 63.35 — 35 Sm — —
11 Cr 63.32 47.85 36 Tb — —
12 Mn 25.67 35.45 37 Th — —
13 Co 21.11 52.33 38 U — —
14 Ni 71 81.8 39 Bi — —
15 Cu 33.14 52.72 40 Ir — —
16 Zn — 40 41 Os — —
17 As 57.1 16.43 42 Re — —
18 Se 79.26 80 43 Hg —_ —
19 Sr 96.5 99 44 Ag — —
20 Mo 95.4 81 45 A\ — —
21 Ag 85.81 — 46 Yb — —
22 Cd 9.8 — 47 Pt — —
23 Sb 17.58 25.40 48 Th — —
24 Tl 27.1 49 Hf
25 Ba 70.29 — 50 Sn
i+2
Cd+2
_Pb+2
120
—_ 100
(=}
=
o 80
o]
~ 60
—
s
g 40
Qqﬁ) 20
0
1 2 3 4 5 6

Regeneration cycle

Fig. 17 Reusability of D for removal of Ni?*, Cd?*, and Pb?*.

significant loss in the adsorption performance (98%, 97%, 95%,
94%, and 92%, respectively). For the Ni*" and Cd*", the exper-
iments were repeated in the same way (Fig. 17).

4. Conclusions

This work presents the efficiency of D, an adenine-based nano-
adsorbent, for the removal of Ni, Cd, and Pb ions from
contaminated water as a treatment method for wastewater. To

5980 | RSC Adv, 2023, 13, 5970-5982

achieve the best results, the adsorption process was determined
under optimized conditions for Pb**, Ni**, and Cd*" solutions.
The Freundlich, Langmuir, Temkin, and Redlich-Patterson
isotherms were studied to evaluate the adsorption behavior.
The high connection items of the Langmuir model (R*>* > 0.9)
revealed that the Langmuir model has an acceptable fitting with
experimental data, and thus, the adsorption of Ni, Cd, and Pb
ions on D is more compatible with the Langmuir model. In this
case, the maximum adsorption capacities noted for Ni, Cd, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Pb ions were 273.7, 252.4, and 249.8 mg g ', respectively.
Therefore, based on the Langmuir hypothesis, it can be
concluded that active sites are uniformly distributed on the
adsorbent surface with the same adsorption energy. Overall, we
present a cost-effective recyclable modified magnetic nano-
adsorbent prepared with organic ligands to treat contami-
nated water by removing inorganic pollutants.
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