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Abstract

The present study has been carried out for potential use of a raw clay from Gabes district (southern Tunisia) in wastewater treat-
ment. A representative clay sample was collected from the outcropping feature of the Aidoudi area to the west of Gabes city; it
followed a simple treatment to enhance its physicochemical properties. Adsorption experiments were performed by using a simple
batch technique in single- and multi-element solution (Pb**, Cd**, Cu?* and Zn>*). The obtained results were fitted to different
adsorption models, including extended and modified Langmuir, extended Freundlich and modified Redlich—Peterson. Our results
indicated that the collected clay sample is mainly a smectite with high amounts of silica, alumina and iron. Adsorptive removal of
single elements revealed encouraging efficiencies for most of the studied metals, reaching nearly 100%. Our results also indicated
that lead removal reached 26.78 mg/g and 45.94 mg/g for natural and activated clay samples, respectively. Competitive adsorption
showed strong dependence on the initial concentration and the metal properties, with preferential removal of lead that reached
41.71 mg/g in binary systems. In most of the mixed systems, metal removal substantially decreased in the presence of competing
ions. It showed preferential removal of lead over other metals, regardless of the studied mixture. Further, the use of smectitic clay
from southern Tunisia showed a good potential for metal ions removal in single and multi-element systems from aqueous solutions.
Thus, it could be turned out to a viable material for the treatment of metal loaded waters.
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Introduction

The presence of various toxic metal species such as lead
(Pb), cadmium (Cd), copper (Cu) and zinc (Zn) in soil and
industrial wastewater are the main sources of groundwa-
ter pollution; they harm every single component of either
aquatic or terrestrial ecosystem. For instance, Afroze and
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and use of clay minerals. The use of naturally occurring
materials for heavy metals removal in aqueous system is
one of the most efficient alternatives (Walker et al. 2003;
Ayoub and Mehawej 2007; Sdiri et al. 2012b; Perassi and
Borgnino 2014; Salameh et al. 2015; Sdiri 2018). Most of
the above-mentioned works have concentrated on single-
element systems. Industrial effluents are usually loaded by
several contaminants that complicated the treatment pro-
cess and lowered the removal efficiency. The issue needs
to be properly solved for better protection of the ecosystem.
That is why this work has been undertaken for an in-depth
understanding of the removal mechanisms at the solid—liquid
interface and deciphered the main processes involved in the
competitive retention of metal ions (i.e., Pb**, Cd**, Zn**
and Cu’*) by using clayey adsorbents. Multi-metals mod-
eling of simultaneous metal removal was seldom addressed
by previous researches on the topic. Thus, our work is
among the first studies that provide thorough evaluation and
modeling of metal removal using low-cost natural depos-
its. Most of the experimental work has been performed at
the University of Valencia, Spain, department of analytical
chemistry during the training course of doctor Leila Khalfa
et al. in 2016.

Materials and methods
Materials sampling and characterization

Raw clay was sampled from Jebel El Aidoudi, E1 Hamma,
Gabes (southern Tunisia). Natural clay followed a physico-
chemical treatment to remove several impurities and retrieve
the very fine particles whose textural properties are expected
to be improved. Thus, the raw clay was suspended in dis-
tilled water for 24 h for total dispersion, and then washed
several times. The obtained clay sample was vacuum dried at
105 °C for 24 h. Finally, it was crushed and sieved to 60 pm
for further use as adsorbent.

Acid activation was undertaken with a solution of sulfuric
acid in a jacketed glass reactor equipped with a reflux con-
denser, a thermometer and a stirrer. Powdered clay (100 g)
was added to an aqueous H,SO, solution (2 M) at 100 °C for
4 h under mechanical stirring at 200 rpm. Then, the activated
sample was washed by distilled water several times until pH

6, dried at 60 °C for 24 h and stored for subsequent use as
an activated clayey sorbent.

Henceforth, we used NC and AC to refer to the original
and activated clay samples, respectively.

Physicochemical characteristics of the clays used were
assessed by X-ray fluorescence technique for chemical anal-
ysis, loss on ignition and BET methodology. Specific sur-
face area was measured using the standard BET technique as
described elsewhere (Al-Degs et al. 2006; Sdiri et al. 2011)
based on nitrogen gas adsorption on solid surface. Thus,
powdered clay sample was introduced in a Micrometrics
device equipped with cylindrical Dewar and glass sample
holder (ASAP 2010, Micrometrics Instruments Corp.). After
being degassed for 12 h at 150 °C, nitrogen adsorption/des-
orption isotherms were plotted.

Chemical analysis showed that the main constituents of
these clays are silica, alumina and iron oxides.

The studied clays show high levels of iron, which may
come from their octahedral layers or from an amorphous
iron that has not been detected by XRD technique. Na,O
and K,O are between 0.1 and 1% for both samples; they are
mainly attributed to clay minerals and feldspars. A detailed
description of the main chemical and structural proper-
ties was addressed by Khalfa et al. (2017). Table 1 summa-
rizes the main physicochemical properties of studied clays.

Sorption experiments

Different sets of experiments have been conducted to study
the influence of various adsorption parameters (time, pH,
temperature, the mass of the adsorbent and the initial metal
concentration) on the interactions of metal pollutants with
the studied clays (i.e., NC and AC).

Effect of time on the adsorption of metal ions was studied
at 20 °C as described by Khalfa et al. (2011, 2016). Briefly,
500 mL of the desired metal solution was shaken with 1 g/L
of either NC or AC clay sample at 200 rpm; agitation time
ranged between 5 and 240 min. Initial pH was adjusted by
using 0.1 M NaOH or of 0.1 M HNO;.

The influence of the temperature was ascertained
at 20, 35, 50 and 65 °C; that of adsorbent mass ranged
between 0.25 and 2 g/L. To establish the adsorption iso-
therms, the effect of initial metal concentrations was set
at different values ranging from 10 to 80 mg/L.

Table 1 Chemical composition

Sample SiO, ALO, Fe,0, CaO MgO K,0 Na,0 P,0. SO, LOI SSA TPV  APD
(% by weight) and structural P T 23 23 g 2 2 23 3
properties of the studied clay NC 4770 1871 11.12 265 259 105 096 032 091 14 86 0.1394 40.53
samples AC 50.12 1826  9.12 193 1.89 087 0.17 002 491 12 167 0.1986 49.03

LOI loss on ignition, SSA specific surface area (m?/g), TPV total pores volume (cm®/g), APD average pores

diameter (A)
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We used acetylene flame atomic absorption spectros-
copy (AAS) as an appropriate tool for the determination
of metal concentrations.

The quantity of heavy metal removed has been calcu-
lated as the difference between initial and equilibrium
concentrations (Khalfa and Bagane 2011).

Multi-element modeling

Data collected from competitive sorption experiments
were fitted to different competitive adsorption models.
Table 2 summarizes the main theoretical assumptions pro-
vided by eminent researchers, including Freundlich, Lang-
muir, Redlich—Peterson and Sheindorf-Rebuhn—Shein-
tuch (Srivastava et al. 2006; Papageorgiou et al. 2009).

Results and discussion
Adsorption isotherms in binary system

Competitive adsorption of lead, copper, cadmium and
zinc from aqueous solutions in binary systems (i.e.,
Pb—Zn, Pb—Cd; Pb—Cu; Zn—Cd; Zn—Cu and Cu—Cd) has
been studied by varying the concentration of the desired
elements in the range of 10-80 mg/L. Several possible
combinations were studied incessantly, as described in
the following text.

Competition with lead

The effect of initial lead concentration on the removal of
the studied metals in binary systems (Pb—Cd, Pb—Zn and

Pb—Cu) has been carried out under pH 6, shaking time of
3 h at 20 °C and clay concentration of 1 g/L.. Adsorption
isotherms of lead in the presence of competing ion are given
in Fig. 1. These curves can be considered as L type in Lang-
muir classification; they showed a sharp decrease in the
adsorbed amount as the initial concentration of the compet-
ing metal (cadmium, copper and zinc) increased. One can
easily recognize the preferential removal of lead to the detri-
ment of other cations (Qin et al. 2006; Naiya et al. 2009).
For example, the maximum adsorbed amount of lead g, p,
(mg/g) on the activated clay has been significantly reduced
from 45 mg/g to less than 20 mg/g as the concentration of
cadmium rose from 0 to 80 mg/L due to the competitive
effect of cadmium. Our results also showed that cadmium
could not effectively compete with lead to the active sites,
as copper and zinc did.

The inhibitory effects of cadmium, zinc and copper
on the adsorptive capacity of lead are shown in Fig. 1. It
appeared that variable concentrations of competing metal
ions have undoubtedly affected the removal efficiencies of
lead. Observably, an initial copper concentration of 10 mg/L
decreased the adsorbed lead to 14.09 mg/g; the presence of
cadmium to 23.5 mg/g (Fig. S1).

In all cases, the adsorption of lead onto activated clay was
much higher than that onto natural clay, further confirming
the enhanced adsorption in mono-element solution (Khalfa
et al. 2017).

Competitive adsorption isotherms of lead Competitive
adsorption isotherms of lead were studied by shaking a
known metal concentration for 3 h with 10 mg/L of the
desired competing metal (i.e., cadmium, copper or zinc).
Maximum adsorbed amounts of lead cations in single and
binary systems are given in Fig. 1.

Table 2 Multi-element adsorption isotherm models [after Srivastava et al. (2006), Papageorgiou et al. (2009)]

Model Equation Number Description
Extended Freundlich ke CE‘I/ I 1) k;: Freundlich isotherm constant for metal i
Gen = m (mg(1-1/n) L(1/n)/g)
) n;, Freundlich isotherm constant for metal i
k. )4 2)
— f2%e2
o2 = "choncs
Extended Langmuir G = qmavxk,Cw 3) Gmax: Maximum adsorption capacity (mg/g).
o R kG ki: extended Langmuir constant for component i (L/mg)
Modified Langmuir 4= ik (Coi [ 1) “4) n,;+ interaction factor for metal i in the presence of metal j
o H'Z;V:l k,‘,»(C‘,_J/ ’714)
Modified Redlich—Peterson _ ki (Coi f 1rs) ) ng;: interaction Redlich—Peterson factor for metal i
Dei = 58 o . P ’
430 a;(Cej [ nry)
Sheindorf-Rebuhn—-Sheintuch (SRS) 6) a;: competition coefficient of component i by component j

N 1/ n)-1
9ei = kf,icg’i<j§ af/Ce,/)

]
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Fig. 1 Effects of initial concentration of different cations on the removal of lead by natural (NC) and activated (AC) clay (pH=6; teq=3 h;

T=20°C, dose=1 g/L)

According to the same figure, the adsorbed amount of
lead dropped from 26.78 mg/g (single metal solution) to
13.83 mg/g in the presence of copper, and to 23.1 mg/g in
the presence of cadmium.

Moreover, the adsorption capacity of lead in single-
element system was much higher than that in multi-ele-
ment systems for both natural and activated clay. Similar
results have been recorded by Futalan et al. (2011) who
used the chitosan-immobilized bentonite as adsorbent.
These authors attributed the decrease to the competi-
tive adsorption of lead in the presence of copper. Ionic
hydrated radius and electronegativity seemed to be the
most influencing factors in the competition (Sdiri et al.
2012a). Higher electronegativity of lead (2.33) compared
to that of copper (1.9) may encourage the preferential
removal of lead over the other competing cations (i.e.,
Cu; Fig. 1). Similar statement can be adopted for both
cadmium and zinc, but to a much lower extent.

Modeling competitive adsorption of lead The adsorption
isotherms of Pb** in the presence of cadmium, copper or
zinc on the natural and activated clay samples were fit-
ted by several nonlinear models including modified Lang-
muir (ML), extended Langmuir (EL), extended Freun-
dlich (EF) and modified Redlich—Peterson model (MRP).
Model parameters were determined by minimizing the
differences between the experimental and theoretical data
calculated using an optimization function under MAT-
LAB R2017a (The MathWorks Inc. Suisse; Fig. 1). The
obtained parameters, given in Table 3, showed that both
modified Redlich—Peterson and extended Freundlich mod-
els best describe the adsorption isotherms.

a
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In addition, modified Langmuir model provided lower
coefficient of determination and larger values of root-mean-
square error (RMSE) and the Marquardt’s percent standard
deviation (MPSD) for all of the binary systems, indicat-
ing clear discrepancies between measured and calculated
data. Therefore, modified Langmuir model did not describe
well the isotherms of competitive adsorption of lead in
binary systems. Maximum adsorbed quantities determined
by the extended Langmuir model are in concordance with
those determined experimentally illustrating a well-suited
model for the description of mixed system adsorption of
lead. The differences of the affinities of some metal ions to
the active sites of the adsorbent can be explained by some
physicochemical properties of the adsorbates such as the
ionic radius, the ionic radius hydrated and the electronega-
tivity (2.33 for Pb, 1.9 for Cu, 1.65 for zinc and 1.69 for Cd)
(Kinraide and Yermiyahu 2007).

Competition with cadmium

Competition with cadmium was studied in binary systems
including different concentrations of Pb>*, Cu®* and Zn**
(10, 30, 50 and 80 mg/L); Cadmium concentrations was var-
ied between 10 and 100 mg/L following the experimental
procedure described earlier in the text. Recall that 1 g/L of
clay sample (NC or AC) was suspended in metal solution
of desired concentration. The dispersion was shaken for 3 h
under constant shaking speed of 200 rpm and 20 °C. The
adsorption isotherms of cadmium are shown in Fig. 2. A
quick look to the isotherms showed that both clay samples
removed low amounts of cadmium in single-element solu-
tion, reaching 19.84 mg/g in the highly efficient activated
clay; this was much higher than the natural clay removal
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Fig.2 Effects of initial concentration of different cations on the removal of cadmium by natural (NC) and activated (AC) clay (pH=6; t,;=3 h;

T=20°C, dose=1 g/L)

perfectly describe all of the experimental results. One can
interpret from the results of Table 3 that modified Lang-
muir model (ML) presents a good correlation with the
experimental data; also, extended Langmuir model (EL)
showed low MPSD values; the calculated adsorption
capacities for different binary systems containing cad-
mium were very close to those determined experimen-
tally. Thus, we concluded that extended Langmuir model
best fitted the experimental data with low values of MPSD
and RMSE. According to Table 3, we define a coefficient
of competition n; for MRP model to express the inhibi-
tion element i (e.g., cadmium) caused by the competing
element; (i.e., lead, zinc or copper). A comparison n; and
n;; shows that the coefficient of competition n¢g4; follows
the ascending order: ngqz, <ncgcy <Mcgpye 1herefore,
the adsorption of cadmium was not significantly affected
by the presence of zinc as copper and lead did.

Srivastava et al. (2006) studied the competitive
adsorption of cadmium and zinc on fly ash of bagasse
(BFA) which are the solid wastes released by the indus-
tries of sugar production. They have proved that Shein-
dorf-Rebuhn-Sheintuch (SRS) model best described the
experimental data of zinc and cadmium adsorption on the
BFA. On the other hand, they have studied the effect of
initial concentration of zinc from 10 to 100 mg/L on the
adsorption of cadmium; they observed that the adsorbed
cadmium regularly decreased with the initial concentration
of zinc, as was the case in the present clay samples.

Competition with copper

The adsorption of copper in binary system at different ini-
tial concentrations of zinc, cadmium and lead was studied
to determine the effects of the competitor element initial
concentration on the removal of copper. Adsorption iso-
therms of copper in all binary systems are similar to those
determined in single element with high removal efficiencies
(Fig. 3).

Addition of cadmium has decreased slightly the adsorbed
amount of copper compared to that of the mono-solute. As
for zinc and lead, the presence of competing metal has
strongly influenced copper removal. For instance, Cu®*
adsorbed onto activated clay has decreased from 26.39 to
11.12 mg/g in the presence of 80 mg/L of the Pb**.

Amounts of the Cu?* removal have been determined for
all binary systems in the presence of different initial concen-
trations of competing metal ions (Fig. S3). The maximum
capacity of Cu®* removal was measured in the presence
of 10 mg/L of Cd**, ascertained to 23.5 mg/g. The low-
est amount of Cu’?" was observed for the system Cu—Pb to
be 5.52 mg/g and 11.12 mg/g in the case of NC and AC,
respectively, in the presence of 80 mg/L of Pb>*. Such an
observation may further confirm the importance of using
activated clay to improve the retention of toxic pollutants. It
also proved that both zinc and lead are the most competitive
elements to the active sites of the studied clay surface.

Figure 3 shows a comparison between the removal effi-
ciencies of copper in single and binary systems. Our results
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Fig. 3 Effects of initial concentration of different cations on the removal of copper by natural (NC) and activated (AC) clay. (pH=6; teq=3 h;

T=20°C, dose=1 g/L)

indicated that the activated clay adsorbed higher amounts
than that of the natural sample. Moreover, the affinity toward
copper in the presence of other competing metals followed
a sequence of Cu—Cd > Cu—Zn > Cu—Pb, confirming the
lower adsorption of copper in the presence of zinc or lead.
This finding corroborated well with the findings of Sdiri
et al.(2012a), who studied the competition between those
element to montmorillonite and calcareous clay surface.
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Modeling competitive adsorption of copper

Prediction of the adsorption isotherms in the Cu—Cd, Cu—Pb
and Cu—Zn systems is given in Fig. 3; model parameters,
including the coefficients of determination (Rz), root-
mean-squared error (RMSE) and the maximum amount of
adsorbed copper in binary systems, are given in Table 3.
Experimental data better fitted ML and EL models as
confirmed by the calculated maximum adsorbed quantities,
similar to those determined experimentally. Thus, it was
concluded that both ML and EL adsorption models correctly
predicted the adsorption of Cu®* for the binary systems.
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Fig.4 Effects of initial concentration of different cations on the removal of zinc by natural (NC) and activated (AC) clay.(pH=06; teq=3 h;

T=20°C, dose=1 g/L)
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Competition with zinc

Here, we varied the initial concentration of zinc while keep-
ing the initial concentration of competing metal (i.e., lead,
cadmium and copper) constant. Initial concentration of the
competing cations was set to 10, 30, 50 and 80 mg/L (Fig. 4).
Inhibitory effects of those metals on the adsorption of Zn>*
can be easily recognized. We noticed that the adsorbed quan-
tity of Zn** in single-element system reached 15.51 mg/g
and 20.74 mg/g for natural and activated clay, respectively.
Those values dropped to 4.66 mg/g and 9.17 mg/g in the
presence of 80 mg/L of Pb>*. Similarly, the presence of cop-
per exerted a high inhibition of zinc sorption by both clay
samples; a decrease from 15.51 mg/g to 1.80 mg/g and from
20.74 mg/g to 6.74 mg/g was observed in the case of NC and
AC, respectively. Cadmium also competes strongly with zinc
to the active sites, leading to substantial decrease in zinc
removal (Fig. S4).

Competitive adsorption isotherms of zinc Adsorption iso-
therms of Zn”>* on the natural and activated clay for the dif-
ferent binary systems (i.e., Zn—Cu, Zn—Cd and Zn—Pb) are
given in Fig. 4.

The addition of copper fact decreased the amount of zinc
removed. This can be explained by the fact that copper has a
strong competitive effect with zinc to the active sites; similar
effect is obtained in the presence of cadmium. Moreover,
lower adsorption efficiencies of zinc on both samples in
Zn-Pb and Zn—Cu binary systems are shown in Fig. 4.

Depci et al. (2012) studied the adsorption of metal
ions in mono- and multi-systems on the active coal pre-
pared from waste pulp of apple. They have proved that
the maximum adsorption capacity decreased in the order
Pb?* (15.96 mg/g) > Pb** (Pb—Zn; 13.23 mg/g) > Zn>*
(11.72 mg/g) > Zn>* (Zn-Pb; 7.54 mg/g). The adsorption
capacity of zinc is more affected by the presence of Cu*
rather than Pb?*, indicating the great affinity to copper and
lead in comparison with zinc.

Modeling competitive adsorptionisotherms of zinc Adsorp-
tion isotherms of zinc in the presence of 10 mg/L of a com-
peting metal (cadmium, lead or copper is smoothed by using
extended Freundlich, extended Langmuir, modified Lang-
muir and modified Redlich-Peterson models (Table 3). The
experimental and calculated values of zinc removal in the
presence of other metal cations were compared. It was found
that extended Langmuir model correctly predict the experi-
mental results, contradicting other models that fitted only
the first part of the isotherm (only for the less than 30 mg/L
concentration).

One can easily conclude that among the four mod-
els tested, only modified Langmuir and extended Lang-
muir models described well the experimental data.

This is well-confirmed by the values of MPSD below
5% (Table 3). Other models, particularly the modified
Redlich—Peterson, did not correctly predict the adsorption
of zinc on activated clay. Thus, both modified Langmuir
and extended Freundlich that apply in the case of natural
clay are in perfect agreement with the adsorption of zinc
in the presence of cadmium (Fig. 5).

Ternary and quaternary systems adsorption
of heavy metals by natural and activated
clay

Experiments of competitive sorption have also been carried
out for the simultaneous elimination of three heavy metals
with 45 mg of natural or activated clay, 45 mL of metal solu-
tion at ambient temperature and contact time of 180 min. We
studied the effects of initial concentration with addition of
10 mg/L of competing ions. We varied the initial concentra-
tion of the desired metal from 10 to 100 mg/L; initial pH of
the mixture was set to 6.

We illustrate that the activated clay has removed
higher quantities of heavy metals, while the natural clay has
retained lower amounts regardless of the cation removed
and the mixture studied (ternary or quaternary). In addi-
tion, the affinity of the metal cations in the ternary system
followed the order Pb** > Cd** > Cu**>Zn* like those in
mono-solute and binary system.

On the whole, we can say that in ternary systems, metal
ions (Pb>*, Zn?*, Cd>* and Cu?*) are more competitive than
in binary systems.

These results indicate that in the ternary systems, the
removed quantities have decreased compared to single
and binary systems. This was expected because of the
higher electrostatic repulsion between the studied metals,
and the greater affinities of the studied clay samples for Pb**
and Cu** Usman 2008).

Metal ion removal was lowered with the presence of two
other metal ions. For example, the adsorbed amount of lead
on natural clay has decreased from 29 mg/g in mono-solute
to 14.65 mg/g in ternary system Pb—Cu—Zn.

Simultaneous presence of the metal ions (Zn>* and Cu*")
in the solution creates a strong competition with Pb** to the
clay active sites. A drop of more than 50% of the adsorption
of lead is noted; it is reduced to 16.36 mg/g in competition
with copper and zinc.

A similar study published by Xue et al. (2009) for the
competitive adsorption of several metals on the slag gave
an order:

Pb** > Cu?* > Zn?* > Cd**, as the case of the present
clay samples. By comparing the data obtained for lead, cad-
mium, copper and zinc, a strong relationship between the
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Fig.5 (continued)

percentage of metal removal and its hydrolysis constant is
proven (Kinraide and Yermiyahu 2007; Sdiri et al. 2012a).

According to the results shown in Table 4, elimination
of lead by natural clay showed an increased removal from
12.26 mg/g in Pb—Zn—Cu to 16.43 mg/g in Pb—Cd—Zn. Simi-
lar results were also observed in the case of activated clay
(16.36 mg/g and 29.38 mg/g).

For the system Pb—Cu-Zn, the removed quantities
of lead were higher than those observed in the system
Pb—Cu—Cd, but much lower than those recorded in the mix-
ture Pb—Cd—Zn.
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Given that copper has grealy inhibited the adsorption
of Pb%*, it was anticipated that the elimination of lead
was lower. In the presence of 7Zn**, the removal of lead
was reduced for all samples in the system Pb—Cd—Zn, but it
has further decreased in the Pb—Cu—Zn mixture.

On the other hand, one can consider that the elimination
capacity can be attributed to the porous texture of the adsor-
bent (specific surface area and volume of pores).

In Pb—Cu—Zn and Pb—Cd-Cu systems, the activated clay
sample has eliminated similar quantities of Pb%*, but much
lower than those found in the case of Pb—Cd—Zn system.

Table 4 Extended Langmuir parameters for competitive adsorption in ternary and quaternary systems

Metal ion ~ System NC AC
In (mg/g) Ki_ca Ki_p K_Cu K_gz, R dn (Mmg/g) Ki_ca Ki_py Ki_Cu K_g R
Pb** Pb-Zn-Cd 16.43 0.021 0.039 - 0.001 0.9912 29.39 0.002 0.038 - 0.017  0.9699
Pb-Cu-Cd 14.65 - 0.029 0.011 0.001 0.9880 24.17 - 0.029 0.011 0.012 0.9782
Pb—Cu—Zn 12.26 0.001 0.023 0.016 - 0.9704 16.36 0.002 0.026 0.001 - 0.9640
Pb—Cu-Cd-Zn  6.92 0.001 0.022 0.010 0.011 0.9843 11.19 0.012 0.022 0.011 0.009 0.9441
Ccd** Cd-Zn-Pb 13.00 0.018 0.008 - 0.001 0.9848 15.42 0.015 0.001 - 0.0003 0.9832
Cd-Pb-Cu 11.16 0.013 0.001 0.001 - 0.9767 13.37 0.011 0.005 0.002 - 0.9832
Cd-Zn—Cu 8.38 0.015 - 0.005 0.003 0.9640 10.38 0.011 - 0.008  0.002  0.9881
Cd-Zn-Cu-Pb  4.82 0.023 0.009 0.011 0.002 09672 5.36 0.028 0.014 0.010 0.012 0.9779
Zn** Zn-Cd-PB 11.28 0.009 0.003 - 0.021 0.9405 16.97 0.006 0.003 - 0.020  0.9953
Zn-Cd-Cu 9.00 0.009 - 0.001 0.01 0.9520 13.51 0.005 - 0.001  0.015 0.9878
Zn-Pb-Cu 4.88 - 0.005 0.018 0.011 0.9405 6.64 - 0.002 0.015 0.023  0.9602
Zn-Pb-Cu-Cd  3.87 0.010 0.011 0.016 0.017 0.9343 441 0.017 0.011 0.010 0.013 0.9751
Cu?* Cu-Cd-Zn 11.45 0011 - 0.027 0.012 09873 1791 0.011 - 0.028  0.009 09912
Cu-Pb—Zn 9.46 - 0.007 0.026 0.011 0.9748 13.84 - 0.013 0.023 - 0.9963
Cu-Pb-Cd 8.55 0.017 0.012 0.021 - 0.9729 12.14 0.018 0.014 0.019 0.005 0.9985
Cu-Pb-Cd-Zn 691 0.016 0.016 0.018 0.006 0.9602 9.90 0.013 0.011 0.012 0.016 0.9847
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This was expected given that the presence of Cu’*
strongly inhibited the adsorption of Pb**, whereas the
ions Zn** and Cd** have weakly affected the elimination
of Pb?*. Therefore, the elimination of Pb** has shown aug-
mented efficiencies for all the samples in the system
Pb—Cd—Zn, but it decreased in Pb—Cu—Zn mixture indicat-
ing the antagonistic effect of Zn>* and Cu*. With regard
to copper, the efficiencies in the Pb—Cu—Zn and Pb—Cd-Cu
were similar because of ionic properties very close to Zn>",
and Cd**, which implies that the both ions would compete
with copper in a similar manner. In addition, the highest
removal of Cu’* by the studied clay samples was recorded
in Cd—Cu-Zn mixture due to the poor effects of Cd** and
Zn** on the adsorption of Cu?*.

Finally, it is to be noted that the studied clay samples have
eliminated low amounts of Zn** and Cd** with regards to
Pb%* and Cu?*, in all cases, because of their low electron-
egativities combined with strong hydrolysis constants and
high hydrated radii.

Similar results have been proposed by Srivastava et al.
(2009), who studied the competitive adsorption of cadmium,
nickel and zinc in ternary systems. Experimental study was
carried out at pH 6, 30 °C, agitation for 5 h under 150 rpm.
They have proven that the adsorbed cadmium decreased
with the initial concentration of nickel and zinc. Also, they
have shown that SRS model is the most adequate model to
describe the adsorption isotherms in ternary system.

Adsorption of four metal mixture was also ascertained
(Fig. 5). Note that both samples (NC and AC) have a strong
affinity for the ions Pb>* in quaternary system, leading to
the highest removal quantities. For example, elimination of
lead was of 6.92 mg/g and 11.19 mg/g for the natural and
activated clay, respectively. The sorption capacity of Cd**
is approximately 4.82 mg/g and 5.35 mg/g, respectively, for
the both materials.

According to these results, it can be stated that the elimi-
nation of metal pollutants (Pb>", Cd**, Cu®* and Zn*") by
the clay materials is influenced by the properties of the stud-
ied metals (e.g., the strength of relative binding, the hydrated
radius and the hydrolysis constant, as well as the properties
of textural properties of the adsorbent; Kinraide and Yer-
miyahu 2007).

Finally, it is interesting to mention that the retention of
cadmium and zinc is low for all systems compared to other
metal ions (lead and copper) because of their low electroneg-
ativities and high enthalpies of hydration (Sdiri et al. 2012a).

* @ Springer

Analysis of the retention mechanism
of metal ions in multi-element systems

According to our study, the presence of a metal ion may
cause a strong inhibitory effect on the adsorption of other
metal ion in the multi-element system.

Maximum adsorbed amount of each metal ion in binary
systems is linked to its affinity vis-a-vis the active sites of
the adsorbent. When two metal ions are competing for the
same active sites of adsorption, the metal which presents
a greater affinity could preferably adsorb to the available
site (Karabulut et al. 2000; Kinraide and Yermiyahu 2007;
Antoniadis and Tsadilas 2007; Vidal et al. 2009; Algadami
et al. 2017).

The adsorption capacity of a given metal ion to the
surface of clay is related to its electronegativity. The elec-
tronegativity and the hydrated ionic radius of Pb** are a
much more important than for Cd>*: this indicates that lead
ions have an stronger electrostatic attraction to the surface
of the adsorbent.

By comparing the properties of lead, cadmium, cop-
per and zinc, a strong relationship between the adsorp-
tion capacity of metal and the hydrolysis constant can be
illustrated (Kinraide and Yermiyahu 2007). This hypoth-
esis can give a reasonable explanation for the elimination
of Pb>* and Cu** over Cd>* and Zn?*. Srivastava et al.
(2006) found that lead has a higher affinity than that of
copper, in turn greater than that of cadmium and zinc.
They stated that cadmium could not effectively compete
with other metals due to its limited adsorption. Pb** has
a strong affinity for the surface of the clayey adsorbent.
The presence of Pb>* in the system has strongly influ-
enced the adsorption capacity of Cu®*, Cd**, and Zn>*.
These metals, especially cadmium and zinc, have had only
a minor effect on competitive adsorption of Pb>*. Both
Cd** and Zn** have very close ionic radii of 4.26 and 4.30
A, respectively, and low electronegativity.

The order of affinity for a metal is usually associ-
ated to its physicochemical properties, as stated earlier.
The hydrated ionic radius of metals increases in the follow-
ing order: Pb (4.01 A)<Cu (4.19 A)<Cd (4.26 A)<Zn
(430 A).

According to Padilla-Ortega et al. (Padilla-Ortega et al.
2014), the gaps in the adsorption capacities of metals can-
not be attributed to the accessibility of those metal cations
to the pores of clay because the average diameter of the
pores of bentonite, sepiolite and vermiculite are of at least
14 times higher than that of hydrated ionic radii of the
corresponding metals.

The interactive behavior of the Pb—Cu system has
shown that the studied clay samples removed greater
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:3':(')‘? :ﬁ(flocr‘;gzrc'iii"e‘; ‘(’; ﬁztal Metal Mixture Adsorbent G, Gngle (ML) Gy mixture ML) e singte/ e mixture
ions in different mixtures Lead Pb-Cd NC 29.11 27.65 0.95
AC 50.94 46.5 0.91
Pb—Cu NC 15.83 0.54
AC 36.4 0.71
Pb—Zn NC 21.07 0.72
AC 39.03 0.77
Pb-Cd-Cu NC 14.65 0.50
AC 24.17 0.47
Pb-Cu-Zn NC 12.26 0.42
AC 16.36 0.32
Pb-Zn-Cd NC 16.43 0.56
AC 29.39 0.58
Cd-Cu-Pb-Zn  NC 6.92 0.24
AC 11.19 0.22
Cadmium  Cd-Pb NC 20.36 18.61 0.91
AC 26.16 22.54 0.86
Cd-Cu NC 19.153 0.86
AC 30.93 0.92
Cd-Zn NC 17.88 0.86
AC 25.25 0.95
Cd-Cu-Zn NC 8.38 0.41
AC 10.38 0.39
Cd-Zn-PB NC 13.00 0.64
AC 15.42 0.59
Cd-Cu-PB NC 11.16 0.55
AC 13.37 0.51
Cd-Cu-Pb-Zn  NC 4.82 0.24
AC 5.36 0.20
Copper Cu-Pb NC 22.30 11.98 0.54
AC 33.66 21.64 0.64
Cu-Zn NC 10.5 0.50
AC 16.33 0.62
Cu-Cd NC 19.153 0.86
AC 30.93 0.92
Cu-Pb-Zn NC 9.45 0.42
AC 13.84 0.41
Cu-Pb-Cd NC 8.55 0.38
AC 12.14 0.36
Cu-Cd-Zn NC 11.45 0.51
AC 17.92 0.53
Cd-Cu-Pb-Zn  NC 6.91 0.31
AC 9.90 0.29
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Table 5 (continued)

Metal Mixture Adsorbent e single (mg/g) 4, mixture (M/L) q. Sing,c/qe mixture
Zinc Zn-Pb NC 20.86 13.82 0.66
AC 26.44 20.79 0.79
Zn-Cd NC 17.88 0.86
AC 25.25 0.95
Zn—Cu NC 10.5 0.50
AC 16.33 0.62
Zn-Pb-Cd NC 11.28 0.54
AC 16.96 0.64
Zn-Pb—Cu NC 4.88 0.23
AC 6.64 0.25
Zn—Cu-Cd NC 9.00 0.43
AC 13.51 0.51
Cd—Cu-Pb—Zn NC 3.87 0.18
AC 441 0.17

amount of Pb>* than Cu®*, which proves their better affin-
ity for lead (Usman 2008).

Cd** and Zn** showed similar adsorption behavior to
the clay samples because of their close physicochemi-
cal properties (Mahamadi and Nharingo 2010). The
highest affinity for lead and the lowest for cadmium
further indicated the effects of the studied metal phys-
icochemical properties on the removal mechanism; the
extent of adsorption followed the affinity order (i.e.,
Pb?*> Cu?*>Zn**> Cd**). This is a clear dependence on
physicochemical properties of the removed metal, espe-
cially electronegativity, atomic radius and relative bind-
ing strength (Pagnanelli et al. 2003). For clearer descrip-
tion of competitive adsorption in multi-solute systems,
we defined a new parameter that reports the maximum
adsorbed quantity in multi-solute system to that of mono-
solute system. It can explain the effect of competitive
adsorption as (1) synergism which can be observed when
the amount adsorbed in the mixture is superior to that
adsorbed alone in the reaction medium; (2) inhibition of
adsorption and (3) absence of interaction between the
adsorbates.

We note a net decrease in the amount of adsorbed metal
ions on the studied clay materials for the multi-solute sys-
tems. This reduction is more accentuated in the case of
quaternary mixture.

The ratio IE = ge e/ G€singie allows to compare the
competitive adsorption and non-competitive of each adsorb-
ate studied. In fact, we have recorded a small decrease in
the adsorption capacity of the lead on natural clay in the
presence of cadmium with regard to the binary system
Pb—Cu whose ratio goes from 0.780 to 0.537. This result

]
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further confirmed that this metal is not significantly influ-
enced by the coexistence of cadmium in comparison
with zinc and copper. For all the binary systems studied
(i.e., Pb—Cu, Pb—Zn, Pb—Cd, Cd-Cu, Cd-Zn and Cu—Zn),
IE was lower than the unit indicating potential competitive
effects. The IE values were much lower in the case of ternary
and quaternary mixtures (Table 5).

Comparative study

Based on current data and relevant publications, the
amount of heavy metals removed (in mg:g) by sev-
eral potentially low-cost adsorbents is highly variable
(Table 6). In all cases, our results demonstrated superior
heavy metals removal capabilities of both NC and AC
samples. We noted the highest removal efficacy of lead
by AC, exceeding 50 mg/g in some cases. This largely
exceeded the findings of Minceva et al. (2008) and
Mahamadi and Nharingo (2010) who studied the removal
of several heavy metals in mixed systems by using zeo-
lites and Eichhorina crassipes, respectively.

Conclusions

Adsorption of several metal cations in multi-element sys-
tems on natural and activated clay has been carried out
to evaluate the efficiency of those abundant materials in
wastewater treatment. It was found that both clay sam-
ples were mainly composed of silica, alumina and iron
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Tablg 6 Comparispn of the . Adsorbent Cation System q,, (mg/g) References
maximum adsorption capacity
of heavy metals onto different Eichhorina crassipes Pb(ID) Pb 26.32 Mahamadi and Nharingo (2010)
adsorbents Pb-Cd 25.38
Pb—Zn 22.12
Cd(In) Cd 12.59
Cd-Pb 4.05
Zn(II) Zn 12.55
Zn-Pb 4.32
Peat Cd(In) Cd 5.16 Liu et al. (2008)
Cd-Cu 3.83
Cu 7.39
Cu(II) Cu-Cd 6.18
Zeolites Cdd1) Cd 5.16 Minceva et al. (2008)
Cd-Pb 2.60
Cd-Zn 3.80
Zn(1D) Zn 3.92
Zn-Cd 2.02
Zn-Pb 0.88
Pb(II) Pb 27.17
Pb-Cd 18.62
Pb—Zn 24.51
Bagasse fly ash Cdd1) Cd 5.17 Srivastava et al. (2006)
Cd-Zn 7.24
Natural Clay Cd(n Cd 21.93 This work
Cd-Pb 18.61
Cd-Zn 19.26
Cd-Cu 15.55
Zn(1D) Zn 20.86
Zn-Cd 17.87
Zn-Pb 13.82
Zn—Cu 10.50
Pb(II) Pb 29.11
Pb-Cd 27.64
Pb—Zn 21.07
Pb-Cu 15.83
Cu(II) Cu 22.30
Cu-Cd 19.15
Cu—Zn 14.14
Cu-Pb 11.98
Activated Clay Cd(ID) Cd 26.74 This work
Cd-Pb 15.55
Cd-Zn 24.99
Cd-Cu 17.37
Zn(1D) Zn 26.44
Zn-Cd 25.25
Zn-Pb 20.79
Zn—Cu 16.33
Pb(II) Pb 50.94
Pb-Cd 46.51
Pb-Zn 39.03
Pb—Cu 36.40
Cu(II) Cu 33.66
Cu-Cd 30.93
Cu-Zn 26.24
Cu-Pb 21.64
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oxide. They are smectitic samples with somewhat high
specific area and enhanced textural properties. From the
adsorption experiments, it appeared an affinity order of
Pb** > Cu** > Zn?* > Cd>*. It was also found that mixed
system adsorption capacity substantially decreased
because of the competitive effect. In addition, natural
and activated clay samples showed a greater affinity to
lead than copper, zinc and cadmium because of its phys-
icochemical properties (i.e., relative binding strength,
hydrated radii, electronegativity and constants of hydroly-
sis). Among the models used to describe the adsorption
data, extended Langmuir model best fitted the experimen-
tal results.

In conclusion, both NC and AC clay samples showed
high efficiencies for the elimination of metal pollutants
in single and multi-element systems; they can be used as
effective adsorbents for removing toxic metals from waste-
water. This is fundamentally important for an integrated
and sustained environmental remediation strategy of con-
taminated effluents.
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