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Abstract—The present study investigated the capability of magnetite nanoparticles (MNP) synthesized from the direct
reduction iron sludge and green tea extract for the single and competitive adsorption of copper (Cu*") and cadmium
(Cd™). Moreover, we assessed the desorption of Cu** and Cd* in a ten-day cycle (both single and competitive sys-
tems) to evaluate their release amount from the adsorbent's surface. The adsorption process was described using three
well-known adsorption isotherms: Langmuir, Freundlich, and Dubinin-Radushkevich. The Freundlich isotherm was
employed to describe the desorption process. The maximum adsorption capacity of Cu** and Cd** by MNP according
to the Langmuir curve was 21.24 and 19.36 mg/g, respectively. A significant difference was observed in the adsorbed
value of heavy metals in the competitive mode and MNP selectively preferred Cu’* against Cd™*. Results of energy-dis-
persive X-ray (EDX) and elemental mapping analyses corroborated the Cu** and Cd** adsorption in both single and
competitive systems. The findings of Fourier-transform infrared spectroscopy (FTIR) analysis revealed the role of func-
tional groups in Cu’* and Cd** adsorption. The results of the desorption evaluation demonstrated the higher tendency
of MNP to retain Cu** than Cd**. We developed economical and environmentally friendly magnetite nanoparticles,
promising in individual and competitive adsorption of Cu** from aqueous solutions while resisting to release it. More-
over, the adsorbent’s performance in singular removal of Cd** was noticeable.
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INTRODUCTION

Environmental pollution, especially water contamination, is a
continual concern. Among various pollutants, heavy metals aris-
ing from human activities, agricultural activities, diverse industries,
domestic sewage, and other sources are a serious threat to the
entire ecosystem, particularly the health of humans and other liv-
ing species. Some of the influential industries include mining, paper
production, leather fabrication, battery making, nuclear activities,
fossil fuel combustion, and pigmentation [1-3].

Copper and cadmium are two important heavy metals that are
predominantly utilized in the production industry [4] and should
be considered due to their high toxicity, non-degradability, and the
possibility of accumulation in the food chain [5,6]. Therefore, to
prevent the entry of these pollutants into the environment and to
diminish the subsequent adverse effects, the reuse and recycling of
wastewater is inevitable [7,8]. The single presence of heavy metals
in natural circumstances is a rare phenomenon and various kinds
of metal ions often coexist simultaneously in wastewater of indus-
tries such as electroplating. Their interaction with each other and
other substances in the environment, influences their transport and
fate. The frequent presence of Cu’* and Cd* in urban industrial
wastewater makes it crucial to investigate their multicomponent
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adsorption characteristics in both single and binary metal solu-
tions [4,9].

In the case of reusing treated water for human consumption or
discharge to the environment without following unfavorable impacts,
there is need for wastewater treatment using suitable method. Waste-
water treatment progress requires advanced methods and equip-
ment [7,8]. Numerous techniques, namely coagulation [10], mem-
brane filtration [11,12], adsorption [13,14], electrochemical ap-
proaches [15,16], distillation [17], electrodialysis [18,19], ion ex-
change [20,21], photocatalytic methods [22], and biological treat-
ments [23,24], have been proposed to remove heavy metals from
aqueous solutions. Each of these approaches has some advantages
and disadvantages. Adsorption is effective for the removal of vari-
ous pollutants, including heavy metals because of low operating
costs, insignificant sediment production, optimal economic effi-
ciency, no secondary pollutants, high controllability, and excellent
removal capability [2,3,6,25].

Adsorption is a mass transformation method in which contami-
nants enter the active sites of adsorbents through physical or chemi-
cal processes [26,27]. It is highly necessary to choose the right ad-
sorbent for the adsorption process. Various adsorbents, such as sil-
ica gel, activated carbon, biochar, polymer compounds, agricultural
waste, biomaterials, industrial waste, nanomaterials, metal oxides,
graphene, and some other materials have been evaluated and uti-
lized as adsorbents [1,2,13,28].

In recent years, nanosorbents have received much attention due
to their unique properties, including possessing functional groups,
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active adsorption sites, photocatalytic features, antibacterial effects,
as well as electrical, optical, and magnetic properties [29]. In addi-
tion, the highly selective nature of nanosorbents makes them effec-
tive for the removal of certain contaminating ions in a competitive
condition with other ions [30]. The efficiency of adsorption might
be affected by some factors, such as the type of heavy metal, the
presence of other heavy metals, and adsorbent properties [31].
Metal oxide nanosorbents have been widely used and recommended
for the treatment of heavy metals in wastewater [1]. Synthesizing
these nanosorbents using mining and industrial metal wastes with
a green method highlights their importance [32].

So far, numerous investigations have been conducted on the
synthesis of magnetite nanoparticles (MNP) and their application
in heavy metals removal [33-35]. Almost all previous studies have
focused on the utilization of commercial iron salts or mineral wastes,
e.g, iron ore tailings as their iron source. The synthesis of MNP
via the co-precipitation method requires a stoichiometric mixture
of ferric and ferrous iron in an alkaline medium or only ferric iron
source in the presence of a reducing agent for producing ferrous
iron. The majority of studies have used commercial iron salt in the
presence of a chemical or natural reducing agent to synthesize
MNP [36-38]. In the case of applying mineral and industrial waste
as the source of iron, a chemical reducing agent has been used for
the synthesis [35,39]. No study except our previous research [40]
has ever synthesized magnetite nanoparticles using steel-making
industrial waste and a natural reducing agent simultaneously.

Despite the high efficiency and selectivity of MNP in removing
heavy metals from aqueous solution [41], no research has yet eval-
uated the use of green synthesized magnetite nanoparticles using
industrial wastes for both single and competitive adsorption and
desorption of heavy metals. Therefore, the present study aimed to
investigate the capability and efficiency of green synthesized MNP
for the single and binary adsorption and desorption of Cu** and
Cd* to simulate their behavior in natural environments.

MATERIALS AND METHODS

1. Materials

In this study, direct reduction iron (DRI) sludge, a by-product
of the steelmaking process, was used as the primary source of iron.
The DRI sludge was obtained from Sirjan Jahan Steel Complex,
Iran. All the utilized chemicals were of high purity and were pur-
chased from Merck (Germany), including 37% hydrochloric acid
(HCl), copper sulfate (CuSO,-5H,0), cadmium chloride (CdCl,-
H,0), and calcium chloride (CaCl,-2H,0). In addition, Tala green
tea (Iran) was applied as the natural reducing agent.
2. Methods
2-1. Synthesis of MNP

MNP was synthesized as described in our previous study [40].
In summary, to synthesize magnetite nanoparticles, the iron con-
tent of the DRI sludge was extracted using hydrochloric acid and
was selectively precipitated as iron hydroxide (Fe(OH),) and used
as a ferric iron source. To obtain a 2: 1 ratio of ferric to ferrous iron,
a portion of Fe™* was reduced to Fe’* using green tea extract. More-
over, MNP was synthesized by co-precipitation technique in an
alkaline medium using NaOH. According to our previous study,
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instrumental studies, such as XRE XRD, FESEM, HRTEM, SAED,
EDX, elemental mapping, DLS, zeta potential, FTIR, BET, VSM,
and TGA/DSC revealed the proper synthesis of MNP [40].
2-2. Adsorption and Desorption Experiments

In this study, heavy metal contaminated eftluent was artificially
fabricated in the laboratory. Since distilled water is not able to sim-
ulate natural wastewater conditions due to the lack of electrolyte
ions, Calcium chloride (CaCl,) salt was used to solve this prob-
lem. To study the adsorption of Cu** and Cd**, CuSO, and CdCl,
salts were dissolved in 0.01 M CaCl, medium, respectively. First, a
stock solution containing 1,000 mg/L of each heavy metal was pre-
pared. The desired concentrations of Cu** and Cd* in the range
of 5-400 mg/L were prepared using the dilution method. The release
of adsorbed ions after the completion of the adsorption process can
be considered secondary pollution. To evaluate this issue, desorp-
tion tests were performed immediately at the end of adsorption tests.
2-2-1. Single and Competitive Adsorption Experiments

The impact of initial concentration on the single adsorption of
Cu’" and Cd™* was examined separately. For this purpose, 10 ml of
heavy metal solutions with the primary concentrations of 10, 50,
100, 150, 200, 300, and 400 mg/L of Cu’** and Cd** was equilibrated
with 0.1 g of adsorbent for 24 h in three replicates. After achieving
pseudo-equilibrium, the supernatant was separated from the solid
phase. The equilibrium concentration of heavy metal ions in the
solution was determined using the AAnalyst800 (Perkin Elmer,
USA) atomic absorption spectrometer (AAS). In the following, the
experimental data from single adsorption were fitted with the experi-
mental models of Langmuir, Freundlich, and Dubinin-Radushkevich.

To investigate the competitive adsorption of Cu** and Cd™, a
binary system of the mentioned elements with the initial concen-
trations of 5, 10, 25, 50, 75, 100, 150, 200, 300, and 400 mg/L of
both elements was prepared. Similar to the single adsorption, 0.1 g
of adsorbent was suspended with 10 ml of each solution in three
replications for 24 h. At the end of the pseudo-equilibrium, the solid
phase was separated from the solutions and the remaining con-
centration of both heavy metals in the solution was measured. For
each of the concentrations of Cu** and Cd™" in both single and com-
petitive modes, a control sample without adsorbent was consid-
ered. The amount of adsorbed ions was quantified based on the
difference between the concentration of the control sample and equi-
librium concentration in the solution per unit mass of adsorbent
(mg/g).
2-2-2. Single and Competitive Desorption Experiments

To assess the release rate of adsorbed ions on the surface of the
adsorbent and examine the occurrence of hysteresis phenomenon,
desorption tests were immediately performed after the adsorption
process in a 10-day cycle. In the single mode, samples with the ini-
tial concentrations of 100 and 300 mg/L were evaluated in three
replications, while samples with the primary concentrations of 50
and 150 mg/L were tested in binary mode. To simulate the natu-
ral water conditions, a 0.01 M calcium chloride solution was used
during the cycle. After combining the adsorbents with 10 ml of
calcium chloride, the suspensions were placed in an incubator shaker
(FTSH-501 L, SCI Fintech, South Korea) for 24 h at 150 rpm and
room temperature. The solution was separated from the adsorbent
and was replaced with 10 ml of fresh 0.01 M calcium chloride in
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each day of the cycle to evaluate the amount of the released ion.
The concentration of desorbed heavy metals in each cycle was
measured using an AAS. Finally, the Freundlich model was fitted
to the data obtained from the desorption procedure and the hys-
teresis indices were calculated.
2-3. Adsorption and Desorption Modeling and Data Analysis

The adsorption modeling of experimental data was performed
by Langmuir, Freundlich, and Dubinin-Radushkevich mathemati-
cal equations. The Langmuir isotherm assumes that monolayer
adsorption occurs on a uniform surface with a limited number of
adsorption sites [42]. Freundlich isotherm is applied to multilayer
adsorption processes on the heterogeneous surface and active sites
with different energy [43]. The Dubinin-Radushkevich isotherm
does not presume constant adsorption potentials or homogeneous
surfaces. Therefore, this model is more generic than Langmuir. It
is utilized to evaluate the mean energy of sorption, and determine
the nature of the adsorption, whether it is physical or chemical
[44]. The general form of the Langmuir [45], Freundlich [46], and
Dubinin-Radushkevich [47] empirical equations are presented in
Egs. (1)-(3), respectively.

qmuxKLCz
— amax L —e 1
TTKC, M
9= KF, ad:C:lm (2)
9= qm, DRe_KnRgnR (3)

In the expressed equations, the parameters are defined as follows:

q.: adsorption amount at equilibrium (mg/g), q..c maximum
adsorption capacity of Langmuir isotherm (mg/g), K;: Langmuir
isotherm constant (L/mg), C,: equilibrium concentration of adsor-
bate ions in aqueous solutions (mg/L), K4 and n,,: Freundlich
constants for adsorption data, q,,pp: maximum adsorption capacity
of Dubinin-Radushkevich isotherm (mg/g), Kp: Dubinin-Radu-
shkevich isotherm constant (mol’/kJ%), &: Polanyi potential Dubi-
nin-Radushkevich isotherm model (kJ/mol) which calculated from
the following equation:

Epp= RTln(1+ Ci) @)

where R is the universal gas constant (8.314 J/mol-K), T is the
absolute temperature (298.15 K) of adsorption process equilibrium,
and C, is equilibrium concentration of adsorbate ions in aqueous
solutions (mol/L). In many previous studies, the equilibrium con-
centration of the Dubinin-Radushkevich model has been expressed
in mg/L. In this case, the accuracy of the model calculations could
be affected by the dimensional problem in the Polanyi potential
equation. Zhou et al. [48] proposed a correction for this issue that
included the equilibrium concentration (C,) of Dubinin-Radush-
kevich in mol/L.

The adsorption free energy (kJ/mol) can be calculated from:

1
12Kpp

The amount of adsorption free energy (E) determines the nature
of adsorption (chemical or physical). If the value of E is lower than
8 kJ/mol, the adsorption process is of physical type, while if it is in

E=

®)

the range of 8-16 kJ/mol, the adsorption is considered a chemical
process [49].

In addition to the adsorption data, the results of single desorp-
tion of Cu** and Cd*" were also fitted by the Freundlich model ac-
cording to Eq. (6).

q9.= KF, desCZm (6)

where q,: desorption amount at equilibrium (mg/g), and K 4.
and n,,;: Freundlich constants for desorption data.
2-4. Hysteresis Index

The adsorption and desorption coefficients of the Freundlich
model are not independent, because the starting point of the desorp-
tion isotherm is a point of the adsorption isotherm. However, the
value of K, (Freundlich desorption coefficient) is usually different
from K, (Freundlich adsorption coefficient). The ng,/n,; expo-
nential ratio indicates the presence or absence of hysteresis. Theo-
retically, in the absence of hysteresis, n,/n ;=1 and K=K, Positive
hysteresis is denoted by n,,/n,;<1 and K,>K4, and negative hys-
teresis indicates n,,/n,,>1 and K, <K, [50]. Gao and Jiang [51]
introduced Egs. (7)-(9) to determine the hysteresis phenomenon
and also expressed the positive and negative hysteresis as men-
tioned below.

ndes
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In the first state, when H=100, @ =0, and A=0, there is no hys-
teresis. In the second state, if H#100, @0, and A#0, hysteresis
exists. In this condition, if H>100, @ <0, and A<0, the hysteresis is
negative and if H<100, @ >0, and A>0, the hysteresis is positive.
2-5. Characterization of the Spent Adsorbent

After the completion of single and competitive adsorption anal-
yses of Cu™* and Cd™, to investigate the adsorption process and
articulate its mechanisms FTIR (Thermo, AVATAR, USA), elemen-
tal mapping, and EDX (SAMX detector, France) analyzes were con-
ducted on the adsorbent.

RESULTS AND DISCUSSION

The adsorption of Cu** and Cd™* was evaluated using MNP syn-
thesized in our previous study [40]. The properties of MNP include
an average particle size of 8 nm based on HRTEM analysis, a spe-
cific surface area of 68.84 m’/g, and magnetic field strength of 52.9
emu/g. Single adsorption experimental data were examined using
Langmuir, Freundlich, and Dubinin-Radushkevich isotherms.
Adsorption isotherms can reflect the reactions between adsorbent
and adsorbate and express the possible adsorption mechanisms
[52]. The form of isotherms is the first empirical tool for detect-
ing the nature of adsorption [53].

1. Single Adsorption Studies

Fig. 1 shows the fitting of the data of Cu** and Cd** adsorption

by Langmuir, Freundlich, and Dubinin-Radushkevich models. As
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Fig. 1. (a) Fitting of Langmuir and Freundlich models to Cu** adsorption data, (b) Fitting of Langmuir and Freundlich models to Cd*
adsorption data, (c) Fitting of Dubinin-Radushkevich model to Cu®* adsorption data, (d) Fitting of Dubinin-Radushkevich model to

Cd™ adsorption data.

seen in Figs. 1(a) and 1(b), the plot of adsorbed ions (q,) vs equi-
librium concentration (C,) for the Freundlich isotherm gives much
better fit at all concentration ranges of Cu** and Cd*". According
to the classification of Giles et al. [54], Langmuir adsorption dia-
grams are classified as L type, which implies a high affinity and
interaction between adsorbate and adsorbent, especially in lower
concentrations. The increase of Cu** initial concentration resulted
in its adsorption rate. The graphs were almost linear at higher

concentrations, in which the adsorbent has reached its maximum
adsorption capacity. As can be seen in Fig. 1, for Cd*" adsorption,
the end of the curve is almost transformed into a straight line. It
implies that adsorption sites are practically saturated at higher
concentrations.
2. Comparison of Copper and Cadmium Adsorption

The experimental data are well-fitting in with Langmuir, Freun-
dlich, and Dubinin-Radushkevich models (Table 1). The Freundlich

Table 1. Constants and determination coefficient of Langmuir, Freundlich, and Dubinin-Radushkevich models fitting to adsorption results

Heavy Langmuir
metal Qax (Mg/g) K, R? SEE
Cu* 21.24+1.09 0.132+0.033 0.93 2.18
o 19.63+1.09 0.084+0.022 0.93 1.96
Freundlich
n K aas R? SEE
Cu* 0.214+0.007 7.33+0.22 0.99 0.61
o 0.305+0.015 434+0.28 0.98 0.93
Dubinin-Radushkevich
Gy, pr (mMOl/Q) Kpz (mol’/kJ?) E (kJ/mol) R SEe
Cu** 53x107*+2.1x107° 2.1x107°+1.2x10™ 15.4 0.98 83x10°°
cd* 3.75%107*+2.03%x107° 2.87x107°+1.5x107* 13.2 0.98 82x10°°
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Fig, 2. (a) Removal efficiency of Cu”* and Cd*" in single mode, (b) Comparison of single adsorption of Cu** and Cd*",

and Dubinin-Radushkevich models have the highest R* coefficient
and lowest SEE (standard error of estimate) in comparison to
Langmuir, which indicates that the fitting of the Freundlich and
Dubinin-Radushkevich models is better than the Langmuir for
describing the adsorption of both studied heavy metals.

The maximum adsorption capacity () of the Langmuir model
for Cu™ and Cd™ is 21.24 and 19.63 mg/g, respectively, which is
higher than the experimental values. The difference could be because
the theoretical model assumes the adsorption sites to form a sin-
gle layer across the entire surface of the adsorbent [55]. The K; is
related to the adsorption tendency between adsorbate and adsor-
bent. This coefficient is higher for Cu** than Cd* indicating a higher
tendency for Cu”* uptake. The coefficient n in the Freundlich model
is a measure of adsorption favorability and adsorbent surface het-
erogeneity, which is lower than 1 for Cu** and Cd*, implying that
the adsorption of Cu** and Cd** by MNP is favorable and hetero-
geneous [56]. As presented in Table 1, the values of adsorption free
energy (E) are higher than 8 (kJ/mol) for both ions. According to
the literature, it can be deduced that the adsorption process pro-

ceeds by chemical adsorption, which occurs between adsorbent
and metal ions [57].

Fig. 2(a) depicts the removal percentage of heavy metals by
MNP, At 10 mg/L, 100% and 99.25% of Cu’* and Cd** were re-
moved, respectively. Subsequently, increasing the concentration of
heavy metals in the solution caused a significant reduction in re-
moval efficiency. Finally, MNP removed 54.8% and 54.6% of Cu’*
and Cd™ at 400 mg/L, respectively. During the removal process,
the majority of surface adsorption sites were covered by heavy
metal ions. Therefore, the uptake performance was reduced in
higher concentrations due to the lack of access to free active sites.
As a result, owing to the abundance of active sites on the surface
of the adsorbent, the removal efficiency improved at low concen-
trations [58].

So far, numerous studies have been conducted on the single
adsorption of Cu™* and Cd** by different materials. Note that the
maximum adsorption capacity relies on various factors, including
the quantity of adsorbent and adsorbate, specific surface area and
porosity of adsorbent, contact time, and environmental conditions

Table 2. Comparison of the efficiency of MNP with that of previous studies

Adsorption capacity (mg/g)

Adsorbent Reference
C u2+ C d2+
MNP 21.24 19.63 Current study
Few-layered magnetic graphene oxide 1,114.22 401.14 [59]
Coconut coir activated carbon 84.74 68.03 [60]
Ca-bentonite 7.72 7.28 (61]
Na-bentonite 30 26.2
Gasifier Biochar 83.7 68.6 [62]
Nitrilotriacetic acid silica gel 63.51 53.14 [63]
Tourmaline 78.86 66.67 [64]
Magnetite/carbon nanocomposites 182.59 158.93 [65]
Magnetic DHPDT-Zeolite 181.82 178.57 (66]
Magnetic NaY Zeolite 107.53 108.7
Sodium alginate composite gel 6.783 3426 [67]
CaCO,/chitin hydrogel 194.61 191.58 (68]
Ghassoul clay 15.41 86.34 [69]
Lignite 214 38 [70]

Korean J. Chem. Eng.(Vol. 39, No. 9)
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such as temperature and pH. Hence, a comparison of the maxi-
mum removal capacity of heavy metal ions by different adsor-
bents of different studies would be inequitable. Despite this, the
comparison of the maximum single adsorption capacity of Cu’*
and Cd** with other relevant studies is reported in Table 2. MNP
outperformed the adsorbents of some previous studies and showed
less adsorption than some others, but the importance of this adsor-
bent is that it is environmentally friendly and is green-synthesized
from industrial iron waste using green tea extract.

3. Adsorption Mechanisms

Different mechanisms, such as ion exchange, surface complex-
ation, dissolution/precipitation, electrostatic interactions, structural
incorporation, and oxidation/reduction can be considered for heavy
metals adsorption [71,72]. As seen in Fig. 2(b), Cu’* adsorption is
higher than Cd™". This difference can be attributed to the differ-
ence in electrostatic interaction between heavy metal ions and adsor-
bent sites [73] and adsorption mechanisms. Many aspects, including
ionic radius, chemical properties, hydrolysis constant, and ionic
potential g/r (q is the ionic charge and r is the ionic radius) affect
the adsorption of heavy metal ions [74]. The characteristics of
Cu”* and Cd™" are presented in Table 3.

Hydrated ionic radius may influence the interaction of ions with
negatively charged sites. The interspace to the adsorbent surface
increases as the hydrated ionic radius increases. This phenome-
non weakens the adsorption process [73]. The Cu** has a higher
ionic potential (2.8), compared to Cd** (1.9) [74], and a smaller
hydrated ionic radius (0.419 nm), in comparison with Cd* (0426
nm) [75]. As a result, Cu** ions can gain greater access to surfaces
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Table 3. Properties of Cu** and Cd** cations [82,83]

Property Cu™* ca”
Molecular weight (g/mol) 63.556 112.4
Ton radius (A) 0.73 0.95
Atomic radius (A) 1.57 1.71
Hydrated ion radius A) 4.19 426
Tonic potential 2.8 1.9
Standard reduction potential (V)
M42e—sM V) 0.342 —-0.403
Hydrolysis constant 8 10.1
Electronegativity (Pauling) 19 1.69

and pores, leading to penetration into smaller pores. It could be
concluded that Cu™* has a higher adsorption capacity than Cd™".
Another reason for the higher adsorption of Cu* than Cd** could
be due to the electronegativity difference between the two ions
and, in this regard, Renugopal et al. [76] reported higher percent-
age removal of Cu”" compared to Cd*. Also, standard reduction
potential of ions can affect their adsorption affinity [77] and the
heavy metals can be adsorbed via reduction/oxidation reactions.
Due to the presence of the Fe** ion, MNP can serve as electron
donors [78] and can reduce metals when the redox potential of
heavy metals is higher than that of Fe,O,/Fe;O, pair [79]. Cu* has
a higher standard reduction potential (0.342 V) than Fe,O,/Fe;O,
(0.009 and 0.29 V) [80]. Therefore, the reduction of Cu** and con-
version to Cu’ can be considered as a possible mechanism for Cu**
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Fig, 3. Adsorption-desorption isotherm by MNP: (a) Cu’" initial concentration of 300 mg/L, (b) Cu’* initial concentration of 100 mg/L, (c)
Cd™ initial concentration of 300 mg/L, (d) Cd”" initial concentration of 100 mg/L.
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Table 4. Constants and determination coefficient of Freundlich model fitting to desorption results
Heavy metal Initial concentration (mg/L) n K es R? SEE
cut 100 0.002+0.0003 9.604+0.006 0.888 0.011
300 0.036+0.002 17.25%0.08 0.962 0.22
cd 100 0.463+0.066 4.029+0.304 0.835 0.385
300 0.206+0.012 7.649+0.274 0.963 0.579
Table 5. Hysteresis indexes of Cu** and Cd** desorption
Heavy metal Initial concentration (mg/L) N N, H w A
1 .002 . 10, 21.1
et 00 0.00. 0214 0.93 0,600 6
300 0.036 16.82 4944 17.18
100 0.463 151. -34.1 —-10.
cd* 6 0.305 o18 3 8
300 0.206 67.54 48.06 8.2

adsorption [81]. However, because of the lower standard reduc-
tion of Cd** (—0.403 V), the reduction mechanism cannot play a
role in Cd™* removal and sorption is the main mechanism.

4. Single Desorption Studies

Fig. 3 shows Cu** and Cd** adsorption-desorption isothermal
curves. According to Figs. 3(a) and 4(b), the Cu* released from
MNP is negligible. This reflects the irreversible adsorption and
strong bonding between adsorbent and adsorbate. In none of the
concentrations of Cu’", the adsorption and desorption isotherms
matched together, which indicates that MNP does not desorb the
total amount of adsorbed Cu**. The sample with 100 mg/L initial
concentration had a higher hysteresis than the sample with 300
mg/L primary concentration. It means that adsorption shifts from
strong to weak adsorption as the initial concentration rises. The
adsorption-desorption isothermal graphs of Cd™" with two primary
concentrations of 100 and 300 mg/L are shown in Fig. 3(c) and
3(d), respectively. As can be observed, MNP releases a significant
amount of Cd**, which is due to the reversibility of adsorption and
physical interaction between the adsorbent and adsorbate. The
Cd** adsorption and desorption had more coincidence and lower
hysteresis than Cu* at both concentrations. Moreover, the hystere-
sis of the 100 mg/L sample was lower than 300 mg/L. In the 100
mg/L samples, the amount of released Cd** in the desorption pro-
cess was higher than the predicted amount of adsorption. Thus, in
equilibrium conditions, for a certain concentration of Cd*’, the
amount of adsorbed Cd** from adsorption isotherm was lower than
the values determined by its corresponding desorption, indicating
negative hysteresis [84]. The desorption rate of the 300 mg/L sam-
ples decreased considerably over time, while the Cd** release rate of
the 100 mg/L sample did not reduce by the end of the 10-day cycle
and that can be related to negative hysteresis being responsible for
this phenomenon.

Table 4 presents the constants and coefficients of the Freundlich
model fitting to desorption experimental results. The n coefficient
of both Cu™ concentrations is much lower than the adsorption
coefficient, indicating that MNP has a much stronger tendency to
retain Cu™" than to release it. Ky, showed a reversal trend, with
the amount of this coefficient being lower in adsorption than desorp-

tion. In comparison to Cu*" desorption, the n coefficient for Cd**
desorption was greater, indicating a higher tendency to release it.
The smaller K; coefficient values, in contrast to the n coefficient,
result in higher desorption. The R* and SEE coefficients indicated
the proper fit of the Freundlich model with the desorption data.

Table 5 shows hysteresis indices, all of which are calculated
according to the equations of Gao and Jiang [51] (section 2.4 in
Materials and Methods). The MNP has positive hysteresis for both
Cu™" concentrations, as measured by the values of H, @ and A.
According to Barriuso et al. [50], in the system of 100 mg/L of Cd™,
Ng/N,>1 and K, <K, indicate a negative hysteresis. Furthermore,
the desorption isotherm graph demonstrates this phenomenon (Fig.
3(d)). Finally, a positive hysteresis was found for Cd** at 300 mg/L.
5. Comparison of Copper and Cadmium Desorption

Table 6 presents the average desorption percentage of heavy
metals after ten cycles of dilution. The majority of the Cu® ad-
sorbed by MNP remained on the adsorbent after ten days. Conse-
quently, Cu** adsorption by MNP seems to be irreversible. A large
portion of the adsorbed Cd*" was desorbed after ten days. It could
be concluded that Cd** adsorption on MNP is reversible and non-

Table 6. Cumulative desorption percentages of Cu’* and Cd** in a

10-day cycle
Initial conc. ct cd*
(mg/L)

Days 100 300 100 300
1 0.31 6.29 447 15.38
2 0.51 9.97 8.4 24.59
3 0.64 12.26 12.13 30.29
4 0.75 13.64 15.7 34.36
5 0.84 14.63 19.08 37.77
6 0.89 15.31 22.28 40.8
7 0.9 15.79 25.37 43.52
8 0.9 16.17 28.31 46
9 0.9 16.43 31.13 48.28

10 0.9 16.66 33.86 50.38
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specific with cation exchange (outer-sphere complex) as the pri-
mary mechanism [84].
6. Competitive Adsorption Studies

Fig. 4(a) depicts the percentage of heavy metals removal under
competitive conditions. For Cu™* concentrations up to 100 mg/L,
MNP had a removal rate of over 99%. However, the removal effi-
ciency decreased at higher concentrations. The Cu* removal reached
51.8% at the highest concentration. The removal efficiency of Cd**
declined dramatically as the initial concentration increased. The
removal percentage was 98.9% at the lowest primary concentra-
tion, but it decreased to 5.8% at 400 mg/L. The MNP was able to
sustain a high level of removal up to 50 mg/L followed by a decline.

Fig. 4(b) illustrates the adsorption amount of each heavy metal
in competitive mode. Metal ions compete with each other for sur-
face sites in a competitive system. As can be seen, the tendency of
adsorbent for adsorbing Cu™* is much greater than for Cd*. The
amount of Cu** adsorption increased with the higher initial con-
centration of heavy metals in the solution. On the other hand, Cd**
adsorption peaked at 75 mg/L, and then, as the primary concen-
tration increased, the amount of Cd*" adsorption decreased. As
shown in Fig. 4(b), MNP adsorbs Cu’* at a high rate up to 200
mg/L, after which the adsorption rate continues with a lower slope.
The diminishing rate is probably related to the saturation of adsorp-
tion sites. The maximum adsorption of Cu** by MNP was 19.82
mg/g at 400 mg/L. The process of adsorption of Cd** by MNP up
to 50 mg/L was similar to that of Cu’* and then was defeated by
Cu”*. The maximum uptake of Cd** was observed at a concentra-
tion of 75 mg/L (4.78 mg/g) and then the trend decreased. There-
fore, adsorption at 400 mg/L decreased to 1.9 mg/g (58.3% reduction,
compared to the maximum adsorbed amount).

The distribution coefficient (K), which is a measure of the diffi-
culty in adsorbing ions by an adsorbent, can be employed to deter-
mine the affinity of MNP with different jons. Higher values of K
indicate the ease of adsorption of metal ions to the adsorbent. The
lower the amount, the harder it is to adsorb ions [85]. Distribu-
tion coefficient is defined as Eq. (10).

9e

K:Ee (10)

where g, represents adsorption capacity at equilibrium (mg/g)
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and C, is the concentration of adsorbate at equilibrium (mg/L). For
all studied concentrations in range of 5-400 mg/L, K values were
always higher for Cu™" than that of Cd™". For instance, at 400 mg/
L, K was 0.108 and 0.006 L/g for Cu™* and Cd™, respectively.
This result indicates that MNP has a higher affinity with Cu* in
comparison with Cd** in competitive media. Tt can be stated that
MNP is selective for Cu**. Castafieda-Ramirez et al. [86] reported
that magnetite nanoparticles@Fe-BTC composite had higher dis-
tribution coefficient for Cu™ and Pb** than Hg"* and As™, which
indicates that the adsorbent is selective for adsorbing Cu** and
Pb** ions.

Chen and Xie [9] developed Fe;O,-MnO, and Fe;O,-MnO,-
EDTA magnetic nanoparticles to investigate selective adsorption
of Cu’" with a variety of metal ions, including Cd™* in binary and
ternary systems. For both adsorbents, Cd** was less adsorbed in
comparison to Cu* in a binary system. Sun et al. [4] investigated
competitive removal of Cu** and Cd** from alkaline solutions using
chitosan-tannin functional paper. They stated that in lower con-
centrations, the presence of both ions did not considerably influ-
ence the adsorption. However, with the increase of heavy metals
concentration (greater than or equal to 200 mg/L), Cu** competed
with Cd™* for binding sites and Cd** adsorption capacity decreased
by 18-52.8%. Dou et al. [68] synthesized CaCO,/chitin hydrogel to
evaluate the adsorption of Cu** and Cd™* in single and binary sys-
tems. Although the adsorbate showed a high adsorption capacity
for both ions in the single system, it exhibited more tendency in
Cu”* uptake than Cd*". All mentioned studies confirm the selec-
tive adsorption of Cu** against Cd*" and minor effect of Cd** on
Cu’* uptake in competitive mode.

Some metal cation features, such as ionic radius, atomic weight,
hydration energy, electronegativity, hydrolysis constant, and soft-
ness parameter, can influence metal adsorption preference by dif-
ferent adsorbents [87-89]. The results reveal that the impact of the
presence of Cu** ions on Cd** adsorption was more remarkable
than the effect of Cd** ions on Cu** uptake. It means that the ad-
sorbent has a much higher affinity for Cu** metal ions than for
Cd™". The greater adsorption of Cu’* than Cd™" is justified by a com-
parison of the properties of Cu”* and Cd** (Table 3), such as ionic
radius (0.73 Cu**<0.95 Cd*"), hydrated ionic radius (4.19 Cu**<
426 Cd™), electronegativity (1/90 Cu**>1.69 Cd™), standard reduc-



Single and competitive adsorption-desorption of Cu(II) and Cd(II) 2387

(a) 25
@20 -
= e
g
= 15
2
T
2 10
g —&— Singular
- .
3 ---@--- Competitive

0 100 200 300 400

Initial concentration (mg/L)

(b) 25
o 20
b
g
E
= —&— Singular
2 10
5 ------ Competitive
< s
T O .
0
0 100 200 300 400

Initial concentration (mg/L)

Fig, 5. Comparison of single and competitive adsorption (a) Cu™, (b) Cd™".

tion potential (0.342 V for Cu’** and —0.403 for Cd™"), as well as the
constant difference in the hydrolysis of these two elements [89,90].
7. Comparison of Single and Competitive Adsorption

Fig. 5 compares the adsorption of Cu** and Cd** by single and
competitive systems. Because of the high adsorption of Cu™ in
both systems and the defeat of Cd™ in the competitive system
(despite its permissible adsorption in single mode), comparing the
two systems will help in understanding this phenomenon. In both
systems, Cu** adsorption follows a similar pattern. As a result, both
diagrams are almost equal to up to 150 mg/L. At 200 mg/L, the
amount of Cu’™* adsorption in the competitive state is slightly higher
than the single state, and at 300 and 400 mg/L, this trend is reversed.

The single and competitive adsorptions of Cd™" are very distinct
from those of Cu*". For both conditions, trends are very similar at
low concentrations But at concentration over 75 mg/L, the adsorp-
tion process difters significantly. The amount of adsorption increases
as the initial concentration rises in the single mode. However, in
competitive mode, the higher the primary concentration, the lower
the Cd** adsorption. The diagrams show that the adsorbent re-
moved Cu™* properly, regardless of the presence or absence of Cd**
in the solution and that the operation was not disrupted at the
presence of Cd™*. In competitive mode, a higher proportion of
Cu’* was removed at the concentrations of 75-200 mg/L, which
may be attributed to experimental conditions. Although Cd** had
been well removed from the aqueous solution in single mode, the
adsorbent preferred Cu’* in the competitive state. In the single sys-
tem, the similarities between the removal efficiency of Cu** and
Cd™ increased as the initial concentration of metal ions increased.
Despite such circumstances, it was extremely difficult to predict
the results of the competitive system.
8. Competitive Desorption Studies

Over a ten-day cycle, competitive desorption of Cu** and Cd**
was examined for samples with the initial concentrations of 50
and 150 mg/L. Fig. 6(a) shows the competitive desorption daily. As
demonstrated in Fig. 6, Cu** desorption is negligible, compared to
its adsorption, and decreases over time. On the other hand, the
amount of desorption in the 150 mg/L samples decreases more
than 50 mg/L over time. This is probably attributed to higher con-
centrations of Cu™" penetrating through the adsorbent pores. The
Cd* desorption results presented in Fig. 6(a) for both 150 and
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Fig. 6. Competitive desorption of Cu** and Cd*, (a) The amount of
desorption per day, (b) The cumulative percentage of desorp-
tion.

50 mg/L samples indicate that Cd** desorption is much higher than
Cu’™". This is in agreement with the findings of single desorption
analyses. Same as Cu’", Cd** desorption for the sample with higher
concentration declined more significantly over time. In contrast to
the first day, the amount of Cd™* desorption for the 150 mg/L sam-
ples decreased by more than 32 times on the tenth day. In contrast,
the amount of desorption on the tenth day was still significant in
the sample of 50 mg/L.

The Cd** was desorbed at a higher rate per day from a 150 mg/
L sample. While Cd*" adsorption was much lower than Cu** in
the competitive state, it was desorbed at a higher rate. This might
be attributed to the physical adsorption of Cd** on the adsorbent
and its lower penetration into pores, compared to Cu** due to the
larger hydrated radius. However, a considerable amount of Cd** was
released from the adsorbent during the desorption period. More
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than 40% and 50% of the adsorbed Cd** was released from the
samples of 50 and 150 mg/L, respectively.
9. Characterization of the Spent Adsorbent

Following the completion of adsorption tests in single and com-
petitive modes, EDX, elemental mapping, and FTIR analyses were
performed on the samples with the highest initial concentrations
of Cu* and Cd*.

9-1. Energy-dispersive X-ray (EDX)

Fig. 7(a)-(c) illustrates the EDX spectrum after adsorption. Peaks
in the Cu*" adsorption range (8A) with energy levels of around
0.5, 6.4, and 7.1 keV correspond to the X-ray emission of Lo, Koy,
and KJ of iron, respectively. Moreover, peaks of 0.7, 8.1, and 8.8
keV are related to the emission beams of Lo, Ko, and K5 of Cu™,
respectively. According to the Cd™* uptake spectrum in Fig. 7(b),
in addition to the Loy, Koy, and Kf of iron peaks discussed earlier,
the Laz and L3 peaks of Cd™" are observed at the energy values of
3.1 and 3.3keV. The Cd** and Cu’* peaks are less intense than
iron peaks. All the iron, Cu™*, and Cd** peaks studied in the previ-
ous figures are observed in the competitive adsorption of Cu** and
Cd™* confirming the competitive adsorption of these two elements.
As shown in Fig. 7(c), Cu’* has a higher peak intensity than Cd*".
9-2. Elemental Mapping

Figs. 8-10 represent the distribution of Cu** and Cd** ions on
the MNP surface after the completion of the single and competi-

tive states. As shown, the adsorbent could uptake Cu** (red) and
Cd™" (yellow). It is noteworthy that Cd** is more abundant than
Cu® (despite higher Cu’* adsorption) in all figures. The exterior sur-
face of the samples was subjected to element mapping analysis
[91,92]. The higher Cd** abundance means that more Cd** ions
are likely to be physically adsorbed on the outer surface of the
adsorbents. However, Cu™" is chemically adsorbed with stronger
bonds in the porous structure of the adsorbents. This is consistent
with the results of the single and competitive desorption experi-
ments.

9-3. Fourier-transform Infrared Spectroscopy (FTIR)

Fig. 11 depicts the infrared spectrum before and after adsorp-
tion. The Fe-O group and the magnetite structure are represented
by bands 439, 540, and 640 cm™ in the MNP (Fig. 11(a)). The bands
439 and 640 cm™ have shifted during Cd** uptake (Fig. 11(b), while
the band 540 cm™ has remained unchanged. However, in Cu* ad-
sorption (Fig. 11(c)), the band 540 cm™" has been displaced, while
the bands 439 and 640 cm™" have not changed. In the competitive
state, though, all three Fe-O bands were involved in the adsorp-
tion process and were displaced (Fig. 11(d)). A parallel pattern was
observed in the 825 and 1,064 cm™ bands, with the first band being
displaced only in Cd** removal and the second one being displaced
in both individual Cu** and competitive adsorption. Consequently,
in both single and competitive states, the carboxylate functional
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group (COO-) may have been involved in Cu’* uptake. Jin et al.
[93] confirmed Cu’* ion adsorption through weak interactions be-
tween metal and carboxylate. In comparison to the 825 cm™' band,
the 1,627 cm ™' band has been displaced through Cd** uptake. Both
bands assumed to be related to aromatic compounds played a role
in Cd** removal. Harvey et al. [94] in research focused on the role
of aromatic groups in Cd”* ion uptake. Kataria and Garg [95] exam-
ined the role of the carbonyl functional group in Cd** uptake. Over-
all, the findings revealed that functional groups were actively involved
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in the adsorption of Cu** and Cd™" in both single and competitive
states and formed chemical bonds with metal ions.

CONCLUSION

The adsorption capacity of green synthesized MNP was investi-
gated for Cu”* and Cd™* in two single and competitive modes. The
results demonstrated a strong adsorption tendency for both Cu’*
and Cd™ in the single system, with more than 50% of contami-
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nants eliminated at a primary concentration of 400 mg/L. How-
ever, in the binary system, the adsorbent favored Cu** over Cd™".
As the initial concentration of metal ions in the competitive condi-
tion increased, Cu’* adsorption constantly increased. On the other
hand, Cd™ adsorption decreased after 75 mg/L. The removal effi-
ciency of Cu** and Cd™" in the highest studied concentrations of the
competitive method was 51.8% and 5.8%, respectively. The find-
ings of desorption experiments in both single and competitive sys-
tems reveal that the adsorbent selectively retained Cu** over Cd™".
Overall, the use of synthesized adsorbent in the adsorptive removal
of Cu™, in comparison with Cd** can be recommended due to the
sufficient adsorption capacity of MNP in both individual and com-
petitive systems.
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