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ABSTRACT

In this study, individual and competitive Cu(II), Cd(II), and Pb(II) adsorptions on montmo-
rillonite were searched by considering surface acidic functional groups of adsorbent. pH
dependency of adsorptions and kinetic properties of Cu(ll) adsorption was investigated. Cu
(I adsorption on montmorillonite fits pseudo-first-order reaction with the 0.008 k value.
Individual and competitive heavy metal adsorptions were modeled using Langmuir, Fre-
undlich, Temkin, and Dubinin-Astakhov isotherms. Adsorption capacities were calculated
using equations of related linearized models. The adsorption capacities of individual metal
adsorption, obtained from linearized models, are higher than the yielded capacities from
competitive adsorption experiments. All adsorption energies calculated from linearized
Dubinin—-Astakhov model varied between 7 and 16 kJ/mol. The values of adsorption ener-
gies gained for metal adsorption in competition did not significantly differ from those of
individual adsorption. Since montmorillonite surface behaves as a weak acid and has a
strong buffer effect at pH values between 2 and 3, the pH dependency of adsorption was
explained by taking into account the surface acidic properties of adsorbent and introduced
preferred surface sites beyond adsorption with increasing pH. Cu(Il), Cd(Il), and Pb(II) exis-
tence on loaded montmorillonite was proved by the aid of SEM-EDX results.

Keywords: Heavy metal; Montmorillonite; Adsorption; Competitive Langmuir model; Surface
complexation

1. Introduction

Discharged as a waste of many industrial pro-
cesses, heavy metals accumulate in soil and/or water
basin. Being unbiodegradable, heavy metals may join

*Corresponding author.

food chain via plant and animal organisms. The EU
Restriction of Hazardous Substances Directive and
The EU End of Life Vehicles Directive aim to elimi-
nate the use of hazardous chemical materials used in
electric/electronic products and in the manufacture of
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new vehicles and automotive components. These
directives aim to decrease the use of Pb, Cd, Hg, and
Cr(VI) metals [1,2].

Activated carbon, chitosan, lignin, fly ash, and
clays are commonly encountered adsorbents in vari-
ous studies. In particular, clay minerals are commonly
used for water treatment, because of their abundance
and high affinity for both hydrophobic and hydrophi-
lic pollutants [3-6]. The studies performed using illite
and kaolin show that Cd(I) is retained more on illite
than on kaolin as expected from its smectite-type
structure [7]. Sciban et al. modeled Cu(I), Cd(II), and
Zn(Il) adsorption on wood sawdust using Langmuir,
Freundlich, BET, and competitive Langmuir models.
They found that the Langmuir capacities of adsorbent
for individual metal adsorptions are higher than calcu-
lated from BET isotherm and observed competitive
Langmuir model gives reasonable results for Cd(II)
and Zn(I) competitive adsorption. High adsorption
affinities of Cu(l) in both systems are attributed to
paramagnetic properties of Cu(l), its higher elec-
tronegativity, and lower limiting pH of solubility.
Adsorption capacities of metal cations in competition
decrease in comparison with the capacities of individ-
ual adsorption. It was mentioned that Cu(ll) and Zn
(I) retention on surface occurs via multilayer bind-
ings, and Cd(II) shows monolayer binding [8]. Ghor-
bel-Abid and Trabelsi-Ayadi studied individual and
competitive Cr(Ill) and Cd(I) adsorption on a smec-
tite-type clay mineral. They indicated that in competi-
tion, Cr(Ill) adsorption dramatically enhances, while
Cd(I) adsorption decreases, and explained this situa-
tion by the fact that ionic potential and charge density
of Cr(ll) is higher, but electronegativity and ionic
diameter are lower than Cd(II) [9]. In a recent study
[10], adsorption characteristics of Pb(Il), Cd(I), Cu(Il)
mixture on montmorillonite and Ca-montmorillonite
above pH 5.5 were investigated, and it was observed
that Ca-montmorillonite has more affinity for Cd(II)
adsorption. In the same study, they assumed that not
only unhydrolyzed metal species retain on surface,
but also hydrolyzed metal species are adsorbed espe-
cially at high pH values, and surface precipitation
occurred simultaneously. So, they drew species distri-
bution diagrams for metal cations and determined
dominant species at different pH intervals. In that
study, concentration of working solutions varied
between 0.1 and 0.005M, and equilibrium pH values
were above pH 5.5. These pH values are high enough
to precipitate or hydrolyze of metal cations. To pre-
vent surface precipitation or formation of metal-hy-
droxo complexes of metals, right metal concentration
should be chosen as working pH [11]. As Cu(l) has
the lowest limiting pH of solubility, while working
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with Cu(l), the maximum pH value of the solution
must be 6.15 for 0.0001 M initial concentration. Other-
wise, uncontrolled multilayer bindings will occur, and
deviation from Langmuir isotherm appears. A similar
comment can be seen in a study performed by
Mihaly-Cozmuta et al. [12]. They examined pH effect
on adsorption capacities of Cd?**, Cu?t, Co**, Mn*",
Ni**, Pb*>*, and Zn** and showed that while approach-
ing the limiting solubility pH of metals, adsorption
capacities of metal cations dramatically enhanced.

In this study, kinetic properties of Cu(ll) adsorp-
tion, individual and competitive Cu(ll), Cd(I), and
Pb(Il) adsorptions on montmorillonite, pH depen-
dency of adsorptions based on the surface acidity of
montmorillonite are investigated. Langmuir, Fre-
undlich, Temkin, and Dubinin—-Astakhov adsorption
isotherms were applied to the results of adsorption
experiments. In this study, the competitive adsorp-
tion of ternary metal cation mixture is modeled using
solubility-normalized Dubinin-Astakhov model for
the first time. Adsorption capacities and energies of
individual and competitive adsorptions were calcu-
lated from linearized equations of related models. pH
dependency of adsorption is explained by consider-
ing the surface acidic properties of adsorbent and
limiting pH of solubility of metal cations and intro-
duced preferred surface sites through adsorption
with increasing pH. Cu(ll), Cd(I), and Pb(l) exis-
tence on loaded montmorillonite is proved by the aid
of SEM-EDX results.

2. Materials and methods
2.1. Materials

Montmorillonite was received from Kale-Seramik
Factory at Canakkale. The chemical analysis of the dry
adsorbents yielded the following weight percentages:
SiOy: 70.45%, AlOs: 15.80%, TiO,: 0.19%, FeyOs:
1.53%, CaO: 2.02%, MgO: 2.17%, Na,O: 0.92%, K,O:
0.57% and loss on ignition: 6.17%. All chemicals
(NaOH, HNOg;, etc.) used in the experiments were
purchased from Merck. Specific surface area and parti-
cle size distribution analyses of the adsorbent were
measured in previous study [13] and found that the
surface area is 64 m>/g, indicating the higher surface
area of the adsorbent, 50% of the particles have a
diameter of 9.24 um, and the mean particle diameter is
12.30 pm. pHyzpc value of adsorbent is estimated about
pH 6. Zeta potential of montmorillonite was found to
be —24.8 mV at pH 6.09.

Montmorillonite was washed with distilled water
until neutral and then dried at 80°C prior to being
used in the experiments.



J. Hizal et al. | Desalination and Water Treatment 57 (2016) 22441-22453

2.2. Batch tests

Kinetic properties of metal cation adsorption were
investigated for Cu(ll) adsorption as a representative.
Fifty milliliters of 100 ppm Cu(l) solutions was con-
tacted with 0.5 g montmorillonite samples for 1, 2, 3,
4, 6,12, 18, and 24 h at 25°C and at 145 rpm (Daihan
Wise Shake SHO-2D orbital shaker). Capacity experi-
ments were performed using a batch method at room
temperature and constant equilibrium pH (pH 5.0 for
individual and 5.1 for competitive adsorption). Heavy
metal cations and their mixture solutions were pre-
pared from their 1,000 ppm stock solutions provided
that initial concentrations of working solutions vary
between 50 and 600 ppm. Solid/liquid ratio was main-
tained at 10 g/L in all experiments. Because adsorp-
tion capacity of clays is ionic strength dependent, the
ionic strength of solutions was adjusted at 0.01 M
using NaClO,. After filtering the suspension (Sartorius
Minisart 0.45 pm filter paper), heavy metal concentra-
tions in the filtrate were measured by flame atomic
absorption spectrometer (Varian 220E FAAS), and
equilibrium pH of each sample was measured with a
pH-meter (WTW Inolab Level 2) equipped with a
glass electrode calibrated with standard buffers. In
order to search pH dependency of adsorption, 15 ppm
metal solutions were treated with clays by maintain-
ing a solid/liquid ratio at 10 g/L in the presence of
0.01 M NaClO, on a thermostatic water bath for 4 h at
25°C. The pH of each sample was adjusted in a range
between 2 and 7 using 20% (by wt.) HNO; and 1 M
NaOH. The morphologies of the loaded and unloaded
samples were investigated by scanning electron micro-
scope (SEM (JEOL Ltd., JSM-5910LV) equipped with
EDS (or EDX) (OXFORD Industries INCAx-Sight 7274;
133-eV resolution 5.9 keV) after gold coating).

3. Results and discussion
3.1. Kinetic of Cu(Il) Adsorption

The variation of equilibrium concentration of Cu
(I with contact time is drawn in Fig. 1(a). As
observed from Fig. 1(a), 4 h of contacting is sufficient
for achieving equilibrium. Kinetic of Cu(Il) adsorption
was investigated by the aid of pseudo-first-order
model, pseudo-second-order model, and intraparticle
diffusion model (Egs. (1)-(3)).

log(Qr — Q) = log Qr — (ki /2.303) ¢ M

where k; is the first-order rate constant, t is the contact
time (min), Qg is the adsorbed amount of Cu(Il) at
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Fig. 1. (a) Time dependency of Cu(Il) adsorption on mont-
morillonite and (b) intraparticle diffusion for the Cu(Il)
adsorption onto montmorillonite (for 10 g/L solid-to-liquid
ratio, 0.01 mol/L NaClO,).

equilibrium, and Q; is the adsorbed amount of Cu(Il)
at any time. The rate constant (k;) can be calculated
from the slope of the plot between log(Qr — Qp and ¢
(Lagergren model). A pseudo-second-order model is
also used to explain the sorption kinetics. This model
is expressed with the equation below (Ho and McKay
Model) [14-16]:

t/Qr =1/ka Q% + (1/Qr)t 2

where k, is second-order rate constant and Qg and Q;
are defined as in the pseudo-first-order model.

The mass transfer of Cu(ll) in adsorption process
may take place through bulk diffusion, film diffusion
(boundary layer diffusion), and pore diffusion or
intraparticle diffusion, respectively. Considering that
the triple-layer model (TLM) is used for explaining
the clay-water interface, it is said that concentration
gradient between bulk solution and outer Helmholtz
plane causes a migration of metal ions from bulk
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solution to adsorbent surface. This migration is the
fastest step of adsorption process [17-19].

Pseudo-first-order and second-order models define
the bulk diffusion rate. In order to explain the bound-
ary layer and pore diffusion rate, intraparticle diffu-
sion model is used, and it is expressed as given below
[14-16]:

Q =kt'? + C 3)
where k; is intraparticle diffusion rate constant and C
is the intercept. As seen from Fig. 2(b), t'/? vs. Q
curve represents a linear region. Straight line points
out intraparticle diffusion. Kinetic data were also
applied Bangham’s model using Eq. (4):
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Cy is the initial concentration of metal cation (mol/L)
V is the volume of solution (mL), m is the solid/liquid
ratio (g/L), ko and a are the constants [16].

As observed from the Table 1, the correlation coef-
ficient (R?) of pseudo-second-order model is much
higher than gained for pseudo-first-order model. The
calculated Qg values from the pseudo-first-order
model are in good agreement with the experimental
values.

3.2. Results of heavy metal adsorption experiments at fixed
rH

The equilibrium pH values of the individual and
competitive metal adsorption systems are 5.0 and 5.1,
respectively. These pH values are under the limiting

log[Co/(Co — Qym))=log[(kom)/(2.303 V)] + alog t  (4) pH of solubility values for 15-600 ppm metal cation
concentrations (Table 2) [11].
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Fig. 2. Isotherm curves of individual (a) Cudl), (b) Cd{I), and (c) Pb(Il) adsorption on montmorillonite (10 g/L

solid-to-liquid ratio, pH 5.0, 4 h, 0.01 mol/L NaClO,).
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Table 1
Applying time dependency Cu(Il) adsorption results to
first-order and second-order kinetic equations

First-order kinetic Second-order

parameters kinetic parameters
ky R? ka R
Cu(I -0.0067° 0.928 —28.396" 0.846

“Minus values indicate exhausting of Cu(Il) ions.

While determining the limiting pH of metal ion
solubility, it is assumed that Cu®*, CuOH", and
Cuy(OH);" species represent Cu(Il), Pb** and PbOH*
species represent Pb(Il), and Cd**, CdOH*, and
Cd,OH>* species represent Cd(Il) in aqueous solution.
Complexation equilibria and formation constants of
metal-hydroxo complexes extracted from the literature
are shown below [20-23]:

Cu*t + H,O s CuOH' + HY

log f; = —8.22
2Cu** + 2H,0 s Cuy(OH)3" +2H*
log f, = —10.62

Pb*t + H,O s PbOH' + H*
log f; = —7.70
Cd*" + H,0 s CdOH' + H*

log p; = —9.97

2Cd*" + H,0 s Cd,OH*" + Hf

Table 2

The limiting solubility pH for minimum and maximum
heavy metal concentrations calculating from linearized
equations

pH®

15 ppm 600 ppm pM;=bpH" +a
CudD 5.96 5.16 y = 1.9987x — 8.297
Cddn 7.89 7.32 y = 2.8411x — 18.525
Pb(I) 6.20 5.39 y = 1.9998x - 8.150

“The limiting pH of solubility.
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log p, = —8.40

Data gained from isotherm experiments are applied to
Langmuir, Freundlich, Temkin, and Dubinin—Astakhov
models (Figs. 2 and 3). Linearized equations are shown
below:

Ce/Qe =1/(K1 - Qmax) - Ce )
(Linearized Langmuir model)

where Cg is the equilibrium concentration of the metal
ions (mg/L), Qg is the amount of adsorbed metal ions
(mg/g), Omax is the maximum adsorption capacity
(mg/g), K; is the equilibrium constant (L/mg).

log Qg = log K¢ + 1/n log Cg
(Linearized Freundlich model)

(6)

where Ky and 7 are the Freundlich constants.

Qe=BIn At + Bln Cg (Linearized Temkin model)

@)

B=R-T/b ®)

where Ar is the equilibrium constant of binding (L/g),
B is the Temkin constant which is related to heat of
sorption (J/mole), R is the gas constant (8.314 ]/mole
K), T is the temperature (K), and b is the Temkin
Isotherm constant (unitless).

On the other hand, all isotherms are generated for
gas adsorption and then adapted to solution systems.
But, considering that the adsorption of metal cation
occurs from aqueous solution, its solubility in water
should be taken into account while modeling the
metal adsorption. In this scope, solubility-normalized
Dubinin-Astakhov model was used to yield the mean
free energy of adsorption.

ln QE = 11’1 Qs — BD[RT 1n (Cs/CE)]”

(S-Model Linearized Dubinin—-Astakhov model) ©)

Bp =1/(EV2)" (10)
where Qs is theoretical saturation capacity (mg/g), n
is the heterogeneity parameter, Cs is the solubility of
metal cation (mg/L), Bp is a constant which is related
to the mean free energy of adsorption (mole’/J?), E is
the mean free energy of adsorption per mol of adsor-
bate (J/mole). Eq. (9) is the solubility-normalized state
of Dubinin-Astakhov model [24].
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The solubility concentrations of those metal cations
were calculated using the equations shown in Table 2.
Calculated solubility values are specific for equilib-
rium pH of adsorptions. The results shown in Table 3
and in Figs. 2 and 3 are yielded by taking heterogene-
ity factor (n) 2, which produces good correlation coef-
ficient values.

Conformity of applied isotherms with experimental
data is searched by the aid of coefficient of determina-
tion (R?) (Eq. (11)) and chi-square values 09 (Eq. (12)).

R2= |3 (Qua—Quenp) | /| (Quat = Quenp) *+ (Quat = Q)
(11)

2= [(Qui = Qu)*/Qua 12

Unlike the work presented in the literature [25-27],
competition of Cu(ll), Cd(I), and Pb(Il) was investi-
gated for ternary adsorptive ion systems by consider-
ing their solubilities.

Table 3 shows that individual Cd(II) and Pb(II)
adsorptions fit to Freundlich model (Figs. 2 and 3 also
support this outcome), whereas they show Lang-
muirian character during adsorption from their mix-
ture solution. This situation conforms with the
literature knowledge that explains Cu(ll), Cd{I), Pb
(I, and Ni(Il) competitive adsorptions on clay are bet-
ter fitted with the Freundlich model [28]. On the other
hand, individual and competitive Cu(ll) adsorption
can be explained by Temkin model which gives better
conformity. Unlike the Langmuir Isotherm, Temkin
and Freundlich models consider molecular interactions
between adsorbates. Thus, it can be said that individ-
ual adsorptions of each metal cations occur as a result
of these interactions. Because Cu(ll) gives more stable
complexes with O-donor ligands, dominant adsorptive

Table 3
Individual and competitive adsorption capacities(mmol g™
Langmuir and Freundlich parameters([NaClO4] = 0.01 M)

)
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cation must be Cu(Il) ions. This assumption explains
unchanged adsorption character of Cu(Il) during com-
petitive adsorption. As being a Lewis acid, when Cu
(II) reacts to form octahedral complex, the structure is
subjected to Jahn-Teller effect. This effect gives an
extra stability to Cu(ll) complexes. For high-spin
complexes of the divalent heavy metal ions, the
stability constant of complex follows the order of Mn
(D) < Fe(Il) < Co(I) < Ni(I) < Cu(Il) > Zn(I) [29]. High
adsorption capacity of Pb(Il) and Cu(ll) can be
explained by forming stable complexes with -OH
groups of hydrated silica and alumina using HSAB
(Hard and Soft Acids and Bases Theory) theory. Jiang
et al. found that the Pb(Il) cations had the higher
adsorption on kaolinite and attributed this situation to
stronger preference of kaolinite surface for Pb(Il) than
others [28]. Though individually adsorbed Cd{I) and
Pb(I) ions in accord with Freundlich isotherm, which
considers intermolecular bindings, their competitive
adsorptions show Langmuirian character. Taking into
account Langmuir assumptions which estimates
monolayer binding on the adsorbent surface, it can be
said that dominant Cu(ll) adsorption inhibits the
interaction between adsorbed Cd(II) and Pb(II) species
and forces them to monolayer binding. As seen
from Table 3, the maximum adsorption capacities of
Cd(I) and Pb(II) ions significantly decrease in compe-
tition. In competition, the sum of maximum adsorp-
tion capacity values of whole metal cations equal
0.287 mmol/g, and this value is quite close to that
achieved in individual Cu(Il) adsorption (0.223 mmol/g).
It is thought that this situation arises from surface
sites of adsorbent being shared among heavy metal
cations.

Going on observing the Table 3, it can be seen that
maximum adsorption of Cd(Il) on montmorillonite is
higher than maximum adsorption of Pb(Il), and it is
almost close to Cu(Il) adsorption capacity. Previous

of Cu(Il), CddI), and Pb(II) cations onto montmorillonite,

Langmuir parameters

Freundlich parameters Qmax calculated from Butler

and Ockrent’s extended

Equation Qmax R? Equation R? Langmuir model R?
Individual CudI) y=0.071x + 4586 0.223 0981 y=0.451x-0.006 0971 - -
Cd(n y=0.043x + 4941 0.205 0.973 y=0.501x-0.009 0.997 - -
Pb(ID) y=0.037x + 1483 0.131 0.971 y=0.466x +0.340 0.999 - -
In mixture CudI) y=0.102x + 4374 0.154 0973 y=0.326x +0.142 0.934 0.035
Cddn y=0.124x +7.220 0.072 0.989 y=0.359x—-0.043 0.962 0.058
Pb(1I) y=0.079x +3.231 0.061 0.992 y=0374x+0.160 0.944 0.025
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Fig. 3. Isotherm curves of competitive (a) Cu(ll), (b) Cd
solid-to-liquid ratio, pH 5.1, 4 h, 0.01 mol/L NaClO,).

studies showed that unlike from Cu(l) and Pb(I)
adsorption, Cd(Il) adsorption enhances with decreasing
ionic strength of suspension [30-32]. This situation is
explained by Cd(II) retention on permanently negatively
charged (on silica surfaces) sites which occurred as a
result of isomorphic substitution and priorly occupied
with Na* ions of inert electrolyte [30]. In this study, 2:1
smectite-type structure of montmorillonite causes signif-
icant enhancement in Cd(II) adsorption because of its
high affinity to negatively charged surface.

Comparing the maximum adsorption capacities
yielded from Langmuir and Solubility-Normalized
Dubinin—-Astakhov models, the calculated Q... val-
ues are quite close to each other for Cu(ll) and Pb
(I) adsorptions. On the other hand, the maximum
capacities of Cd(I) ions calculated by Solubility-
Normalized DA model are significantly higher than

(II), and (c) Pb(I) adsorption on montmorillonite (10 g/L

the values obtained from Langmuir model. Solubil-
ity-Normalized DA model considers solubility of
adsorbate. The limiting pH of Cd(I) is higher than
limiting pH values of Cu(ll) and Pb(I) ions. These
two reasons lead to an expectation of higher adsorp-
tion capacity from Cd(II) cations. Cd(Il) ion can exist
unhydrolyzed metal ion (Cd**) until pH 7. But the
working pH of isotherm experiments was adjusted
at limit pH to prevent surface precipitation of Cu(Il)
ions. As observed from Figs. 4-6, despite of 80%
adsorption of Cu(ll) and Pb(I), 60% of Cd{D is
adsorbed on the surface at pH 5. Thus, this situation
may lead to a lower gain adsorption capacity than
expected.

The mean free energy values calculated from DA
Model vary between 7 and 16 kJ/mol, which indicate
an ion exchange process [33].
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3.3. pH-dependent adsorption of Cu(Il), Cd(Il), and Pb(1I)

Fig. 7 shows that even after half of the total base
volume is exhausted, the pH of system does not sig-
nificantly change. This pH resistant region shows a
strong buffer effect on adsorbent resulting from depro-
tonation of permanently negatively charged surface of
1:1 or 2:1 clay minerals [30,31]. In spite of adding
more base, steep surge was not observed through
alkalimetric titration. If the axes switch, this pH region
(between 3 and 9) indicates a plateau region where
=S0OH species is dominant. And it means the clay sur-
face behaves as a weak acid. Upon further examina-
tion of titration curve, it can be said that pH, value of
montmorillonite is around 6. This is in good agree-
ment with Tombacz’ s expression which characterized
the edges OH groups having pH, ~ 6.5 as less basic
than the AI-OH and less acidic than the Si-OH
groups [34]. So, at lower pHs than pH ~ 6.5, while sil-
ica sites are deprotonated, alumina sites still maintain
its protonated form. At higher pH values, both silica
and alumina sites are negatively charged. According
to Kosmulski, PZC value of montmorillonite can vary
between 3 and 9 depending on the source of
montmorillonite and whether the sample is Na- or
K-montmorillonite [35].

pH-dependent experiments show that the adsorbed
amount of metal cation increases with increasing pH.
In individual metal adsorption, the maximum adsorp-
tions are achieved in a range of 3.5 < pH < 5.5 for Cu
(I), 3<pH <6 for Pb(l), and 3 <pH <7 for Cd(ID)
(Figs. 4-6). Increasing pH trend of metal adsorption is
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Fig. 4. Adsorption % vs. pH curves for individual and
competitive Cu(ll) adsorption on montmorillonite (15 ppm
metal solutions and a solid/liquid ratio of 10 g/L in the
presence of 0.01 mol/L NaClOy,).
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Fig. 5. Adsorption % vs. pH curves for individual and
competitive Cd(Il) adsorption onto montmorillonite
(15 ppm metal solutions and a solid/liquid ratio of 10 g/L
in the presence of 0.01 mol/L NaClO,).
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Fig. 6. Adsorption % vs. pH curves for individual and
competitive Pb(Il) adsorption onto montmorillonite
(15 ppm metal solutions and a solid/liquid ratio of 10 g/L
in the presence of 0.01 mol/L NaClO,).

parallel to limiting pH of solubility of metal cations
(Table 1). The maximum adsorption of more than one
heavy metal cation from same solution occurs at pH
values between 3 and 6. All these situations can be
explained by the fact that zero point of charge of
adsorbent is around pH 6, and the charge density of
surface dramatically changes beyond this pH interval.

Wide pH range (nearly 3 < pH <7) for achieving
maximum adsorption capacity indicates retention on
more than one surface sites of montmorillonite. The
metal ion is partly hydrolyzed but still retains its
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Fig. 7. Alkalimetric titration curve of montmorillonite for-
merly titrated with 0.1 N HCI (Suspension conc.: 10 g/L,
titration rate: 2 mL/min, [NaClO4] = 0.01 M, [NaOH] =
0.1 N) [20]

positive charge in this pH range. On the other hand,
the clay surface has a negative charge because the pH
is higher than PZC. So, it can be said that adsorption
occurs by interaction between negatively charged clay
surface and positively charged M** which can be
define as physisorption.

In competition, Cu(Il) adsorption shows an increase
at lower pH values and a decrease with increasing pH,
compared with individual adsorption. While Cd(II)
adsorption reduces at higher pH, Pb(Il) adsorption
shows same trend with individual adsorption. pH vs.
adsorption% curves of Cu(Il) and Pb(Il) adsorptions do
not include 100% adsorption data points higher than
pH 6 because of decreasing solubility.

3.4. Definition of surface-metal complexation

Inspection of pH vs. adsorption% graphs (Figs. 4-6)
and titration curve (Fig. 7) shows that the surge region
in alkalimetric titration curve and pH interval at which
maximum adsorption of metal ions achieve are located
in the same pH region. Assuming PZC of montmoril-
lonite is around pH 6, dominant species below pH 6
(mostly alumina surfaces) are positively charged, while
other species (mostly silica sites) are negatively
charged. On the other hand, all surface species are neg-
atively charged above pH 7. In previous studies, sur-
face sites of kaolin-type clay minerals were defined by
the presence of silica (symbolized as =5;0H); alumina
(E5,0H), and permanently negatively charged (X")
surface occurred as a result of isomorphic substitution.
These studies also showed that binding to surface took
place by forming inner- and/or outer-sphere binary
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complexes between surface and M?2* jon [30,31,36,37].
Possible reactions for heavy metal cation (M>*) reten-
tion are listed below:

=S,0H + M**s =5,0Mt + HY K
=S,0H + M*'s =S,0M" + H' K,
2NaX + M**s MX, + 2Na® K;

K5 equilibrium dominates at pH values between 2 and
3. In this pH region, both silica and alumina sites are
in their diprotic form (ESOH?H). So, they cannot inter-
act with unhydrolyzed metal cation. Above pH 3, sil-
ica surface, respectively, becomes neutral and
negatively charged, but alumina surface is still posi-
tively charged until pH around 7. At these pH values
unhydrolyzed M** forms inner-sphere binary complex
with silica surface sites (K; equilibrium). While alu-
mina sites (E5,0H) get negatively charged, heavy
metal cation simultaneously binds to surface via form-
ing inner-sphere binary complex (K, equilibrium), and
this reaction is dominant because of being a stronger
Lewis base than silica. All these reactions occur via
ion exchange process. The increase in adsorption per-
centage with increasing pH and mean free energy val-
ues (between 7 and 16kJ/mol) support this
consequence. These results are in consistent with the
introduced by Schaller et al. for Cd(I) adsorption [32].
Unlike from Benyahya and Garnier [38], Schaller et al.
considered the permanent negatively charged surface
in addition to the pH-dependent edge sites. They
modeled the Cd(Il) adsorption on kaolinite using dou-
ble-layer model and showed that the dominant species
responsible from adsorption are ion exchange sites of
kaolinite. Their considerations and results are in good
agreement with literature knowledge [31]. On the
other hand, Abate et al. mentioned that the major pro-
cess for Cd(I) adsorption on vermiculite is ion
exchange, while that of Pb(Il) is complexation [37].

3.5. SEM images and EDS spectrums of loaded and
unloaded montmorillonite

As seen from Figs. 8(a)-(e) which show 100 times
zoomed SEM images and EDS spectrums, Si, Al, Fe,
K, Mg, Ca elements contained by montmorillonite
structure appear in EDS spectrums. The spectrums of
heavy metal loaded montmorillonite samples addition-
ally include Cu, Cd, and Pb elements. So, SEM-EDX
results proved Cu(ll), Cd(I), and Pb(I) existence on
loaded montmorillonite.
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Fig. 8. SEM image and EDS spectrum of (a) unloaded, (b) Cu(l) loaded, (c) Cd(I) loaded, (d) Pb(I) loaded, (e) Cu(D),
Cd(I), and Pb(II) loaded montmorillonite ([NaClO,] = 0.01 mol/L, ¢ =4 h, fixed pH, solid/liquid ratio of 10 g/L).
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Fig. 8. (Continued).

4. Conclusion

Montmorillonite surface behaves as a weak acid
and has a strong buffer effect at pH values between 2
and 3. Point of zero charge of montmorillonite is
around pH 6. These acidic properties of surface are
decisive parameters for heavy metal adsorption on
surface. The kinetic of heavy metal adsorption on
montmorillonite fits pseudo-first-order reaction. While
individual adsorptions refer to intermolecular binding
between adsorbed species for all metal cations, in
competition Cu(Il) ions manage the adsorption process
by maintaining its molecular interactions and forcing
Pb(I) and Cd(II) to monolayer binding. Cu(Il) has the
highest individual and competitive adsorption

capacity because of being a stronger Lewis acid and
having Jahn-Teller effect. 2:1 smectite-type structure of
montmorillonite causes significant enhancement in Cd
(I adsorption because of its high affinity to nega-
tively charged surface. Competition among metal
cations reduces the adsorbed amount of cations while
adsorption characteristic is maintained. That the maxi-
mum adsorption is achieved at nearly pH between 3
and 7, and this shows metal cations are retained on
more than one surface sites on montmorillonite.
Adsorption occurs by interaction between negatively
charged clay surface and positively charged M** via
an ion exchange process. The mean free energy values
also support this conclusion. At pH values between 2
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and 3, metal adsorption mostly occurs via interaction
between permanently negatively charged silica sur-
faces. At pH values between 3 and 7, metal cation
binds to silica surface to form inner-sphere binary
complex. Above pH 7, the formation of inner-sphere
binary complex between alumina surface sites and
unhydrolyzed metal cation is the dominant adsorption
mechanism.
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