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Most galvanic process industries treat their effluents by chemical precipitation methods. Such a method produces an amount of
galvanic sludge that is often disposed of inappropriately to the environment, causing major environmental damage. These rejects
present high concentrations of toxic metallic ions, such as copper (Cu(II)), lead (Pb(II)), nickel (Ni(II)), and cadmium (Cd(II)).
Several alternatives have been proposed to contribute in a cheaper and efficient way to treat these effluents. This study aimed to
describe the results obtained in the removal of the concentrations of Cu(II), Ni(II), Cd(II), and Pb(II) ions, present in an aqueous
solution, by the use of a hybrid system combining the adsorption and electroflotation processes simultaneously. The adsorbent
materials used were two Brazilian soil clays classified as sodium clay (SC) and ferric clay (FC). For the electroflotation process,
aluminum, iron, and stainless-steel electrodes were used. The obtained data showed good efficiency in the removal of the four
metallic ion concentrations. The best results presented a reduction in the concentration of Cu(II), Ni(II), Cd(II), and Pb(II)
ions of 50.11%, 36.71%, 21.59%, and 23.43%, respectively, when it was used the hybrid system formed by the ferrous clay as
adsorbent and the aluminum electrode for the electroflotation process.

1. Introduction

Highly acidic heavy metal laden effluents, originating from
electroplating industry, are of major concern and increas-
ingly subjected to stringent regulations in the way that they
must be treated prior to their discharge into the environ-
ment. In electroplating units, water is used for various pro-
cesses, thus eventually forming electroplating wastewaters

(EWW), which are highly enriched in acid contents and
heavy metals (Zn, Fe, Cr, Ni, Cd, Au, and Cu), which render
them severely corrosive and polluting in nature. According
to Nagajyoti et al. [1], the accumulation of heavy metals in
soils causes concern for agricultural production, because it
has adverse effects on commercialization and food safety
and its phytotoxicity affects the growth of the crop and also
on the environmental health of soil organisms.
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Their adverse effect on the environment can be neutral-
ized by the application of purification methods. Various
techniques have been employed so far, including adsorp-
tion, physicochemical treatment, membrane filtration, ion
exchange, and electrochemical treatment [2].

Electrochemical methods have been shown so far as a
good alternative to the traditional physicochemical methods
in water treatment [3]. In this context, electroflotation-
coagulation has played an important role among the
techniques for the treatment of industrial wastewater. And
this is due to its versatility, in an operational mode as
the efficiency of contaminant removal. Electroflotation-
coagulation is a process based on the electrodissolution
of the metal ions of anodes by electrolytic oxidation. Alu-
minum and iron metals have been commonly used as elec-
trodes as they are cheap and easily available. The reactions
occurring in an electrochemical cell for an aluminum elec-
trode are shown below.

At the cathode:

2H,0 +2¢ — H, (g) +20H", (1)
At the anode:
Al(s) — Al (aq) + 3¢, (2)
In the solution:
Al (aq) + 3H,0 —> Al(OH),(s) + 3H" (aq).  (3)

The aluminum hydroxide flakes act as adsorbents for
toxic metal ions. Furthermore, the toxic metal ions combine
with the electrogenerated OH™ ions at the cathode and
precipitate in the form of their insoluble hydroxides. Both
phenomena act synergistically leading to a rapid removal
of toxic metal pollutants from the aqueous solution [4].

According to Gupta, Nayak, and Agarwal [5] and Saleh
and Gupta [6], the adsorption has been developed as an
efficient method for the removal of toxic metals from con-
taminated water and soil. A variety of adsorbents have
been used for the removal of metal ions, such as clays
[7-10], zeolites [11, 12], dried plant parts [13, 14], and
activated carbon [15, 16].

The reactors used to removal of pollutants by electroflo-
tation are small and compact and present low maintenance
and operation costs when compared to other flotation
processes.

Some works have proposed systems using two or more pro-
cesses for removing toxic metal ions from aqueous solutions [17].
Among these hybrid processes are included microfiltration-
electrocoagulation [18] adsorption-microfiltration processes
[19], and adsorption-ion exchange [20].

The hybrid system that combines adsorption and
electrocoagulation has been shown to be effective for the
removal of organic and inorganic pollutants. Many studies
report on the treatment of effluents contaminated by organic
pollutants using this hybrid system. Pekka et al. (2018) [21]
tested the efficiency of this system in removing total carbon
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from an electrocoagulation system accompanied by adsorp-
tion with activated carbon. However, some researchers have
tried to investigate the hybrid system in the removal of
inorganic pollutants, and some studies report on the use of
the two techniques combined in the treatment of effluents
contaminated by metals. Sohail et al. (2020) [22] showed
that the hybrid system was efficient for the removal of Cr,
Cu, and Zn, obtaining a maximum removal capacity of
97.44% for Cr, 97.45% for Cu, and 74.18% for Zn. Elbert
et al. (2020) [23] tested the efficiency of this hybrid sys-
tem that showed a calcium removal capacity of 88%
(6.0mg.L") and 72% of strontium (0.4mg.L™").

The results found that a combined hybrid system is very
promising. Thereby, the objective of this paper is to investi-
gate the use of a hybrid system which associates the process
of adsorption onto clays with electroflotation-coagulation
for removal of Cu(II), Ni(II), Cd(II), and Pb(II) in aqueous
systems.

2. Materials and Methods

2.1. Adsorbents. The clays samples used in this study were
given from the Bentonisa Company in Campina Grande,
Paraiba, Brazil. The sodium and ferric clays were used in
their raw form, without any prior treatment. The clays were
sieved, and the material was separated in a range of 0.074-
0.105 mm.

2.2. Characterization Methods. X-ray diffraction (XRD) pat-
terns were recorded at a Philips X'Pert X-ray diffractometer,
with a CuKa radiation for crystalline phase with a routine
power of 1600 W (40kV and 40 mA). A wavelength disper-
sive X-ray fluorescence spectrometer (model ZMS Mini II,
Rigaku) was used to obtain the X-ray fluorescence spectra.
The surface area analysis was determined by isotherms of
adsorption/desorption of N, (isotherms Brunauer, Emmett
and Taller - BET) and held in a porosimeter (brand: Quan-
tachrome, Model: NOVA 1200), and the data was exported
using the Autosorb software. Sample preparation was per-
formed for 12 hours under vacuum at 110°C. The pore size
distribution (PSD) was determined using the BJH method,
which is a method to determine pore size distribution
of a mesoporous solid based on the Kelvin equation
and provides a much more informative result for a pore
size distribution. These exchange capacities (EC) were
conventionally expressed in meq/100g [24], which is
numerically equal to centimoles of charge per kilogram
of exchanger (cmol(+)/kg). These values were estimated
using the ammonium acetate method. The soil sample
is extracted with a 1M NH,OAc solution at pH=7.00.
The soil-solution slurry is shaken for 2h, and the solution
is separated from the solid by centrifugation The addition
of NH," in excess to the soil displaces the rapid exchange-
able alkali and alkaline cations from the exchange sites of
the soil particles [25].

2.3. Batch Adsorption Experiments. Analytical-grade chemi-
cals and ultrapure water (Millipore Direct Q3 Water
Purification System) were used to prepare the solutions.
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Monoelement and multielement stock solutions of Ni(II),
Cu(II), Cd(IT), and Pb(II) (500 mg-L™") were prepared with
Ni(NO;,),-6H,0, Cu(NO;),-3H,0 Cd(NO,),-4H,0, and
Pb(NO;), (Merck, Sao Paulo, Brazil), respectively. The
acetate buffer solution pH5.5 was prepared with sodium
acetate and glacial acetic acid. NaOH (0.10mol-L™") and
HCl (0.10mol-L™") solutions were used for pH adjust-
ments. Erlenmeyers (50.0mL) and an orbital shaker device
(Marconi, Brazil) operating at 150 rpm and 28 +2°C were
used in the experiments. The adsorbents (50.0mg) and
the respective solutions (25.0mL) containing the analytes
were added to each flask. Equilibrium concentrations of
the toxic metals were determined by using an atomic
absorption spectrophotometer (VARIAN model AA240FS)
with an air acetylene flame.

The equilibrium adsorption capacity of the adsorbent is
calculated as follows:

go=——"1 xV, (4)

where q (mgg'") is the metal uptake of metal ion, C, is the
initial concentration, C,, is the equilibrium concentration,
V is the volume in L, and w is the mass of adsorbent in
grams.

e

2.4. Adsorption Isotherms. To study adsorption isotherm, an
orbital shaker table was used at a speed kept at 150 rpm. An
adsorbent mass (50 mg) was mixed with solutions (25.0 mL)
of each metal ion solution, at concentrations ranging from
40 to 300 (mg.L™"). All experiments were performed in
triplicate. The optimum pH used was 5.5 acetate-acid acetic
buffer with an equilibration time of 1h at 28 £ 2° C. At the
end of the adsorption process, the supernatant was filtered,
and the residual metal ion concentrations were determined
by atomic absorption spectrophotometer (AAS). The
amounts of adsorbed metals (mgg™') were determined from
the concentrations before and after the equilibration time
using Equation (4).

For an evaluation of the adsorption isotherms, the fol-
lowing statistical tools were used: R? (Equation (5))), Radj?
(Equation (6))), SSE (Equation (7)), Hybrid (Equation (8)),
and %Error (Equation (9)), where z: number of experimen-
tal points; q,,: experimental adsorption capacity (mg g

Qeyp *: average of experimental adsorption capacity values
(mgg-1); q.: calculated adsorption capacity (mgg™);
and gy, ey, Maximum experimental adsorption capacity
(mgg™").

To be considered adequate, the model must present the
highest values of R* and Radj’* and the lowest values of
SSE, Hybrid, and %Error [26, 27]:

> (qmlc “Gexp *)2
c (5)
% (fete = esp ) 2+ 25 (e = e )

R*=

z—1

k-1 (1-R), (6)

2 _
Radj_l_

SSE = Z (400 - qmzc)c, (7)

i=1

100 & (qexp - qcalc)
z-k i=1

Hybrid =
Y qexp

Ama ~ Imax
%Error = | ——2=5P e

100, (9)
qmax ’

2.5. Adsorption Kinetics. Adsorption kinetics studies allow
the evaluation of the extent of adsorbate removal, as well
as the identification of the predominant mechanisms
involved in the adsorption process. For this, a multielement
solution (100.0 mg-L_l) was continuously shaken (150 rpm)
at pH5.5. The metal ion equilibrium concentrations were
analyzed for adequate time interval (2, 4, 6, 8 10, 15, 20,
30, 40, and 60 min). Adsorption capacities were calculated,
using the Equation (4), for each studied time.

2.6. Adsorption Electroflotation-Coagulation Experiments. In
the studies with the hybrid system adsorption (electroflota-
tion-coagulation), a series of tests were initially performed
with the clays (3g) associated with the hybrid system of
electroflotation-coagulation using multielement solution
(300mg L") with four ions (Ni(I), Cu(Il), Cd(II), and
Pb(II)) at pH 5.5. The operating conditions of the apparatus
used in the testing of hybrid systems with adsorption (elec-
troflotation-coagulation) are shown in Figure 1.

The electroflotation-coagulation process was performed
on conditions as follows: 500.0 mL of synthetic effluent into
1000 mL cubic reactor. The electroreduction conditions were
carried out with stainless steel, iron, and aluminum electrode
plates (total area for a set of electrodes 50 cm?® (10 x 5 cm),
amount of electrodes per compartment of 2units, and
distance between plates of 1.5mm. Voltage and electrical
current were measured by supplies (Hayama® HY-125™,
220-12 V/5A, and total power 200 W) for an average current
applied to a set of electrodes of 0.9 A, current density
of 18mAcm™, and consumption of 0.02 KWh L for
20 minutes. The treatment procedure was run in dupli-
cate. To evaluate the removal capacity for each hybrid
system, we used the equation proposed for Grigorov
and Alexandrova [28]:

C
%Removal = (1 - ?f>x100, (10)

i

where C; is the final concentration and C; is the initial
concentration of the metal ion present in the solution.

2.6.1. Effect of Time of Operation and Initial Concentration
in Removal of Toxic Metal Ion Monoelement System. The
experiments were done using monoelementary solutions
with concentrations of approximately 300 mgL™ for times
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FiGurek 1: Electroflotation-coagulation reactor in laboratory scale used in the experiments and WRD patterns of the samples.

(A) Sodium clay
(B) Sodium clay with adsorbed ions
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FIGURE 2: X-ray diffractogram of the clays before (a) and after (b) the
Ckaolinite (Al,H,0,Si,), M montmorillonite (Na, Ca), (ALMg) 25i,0,,

of 2, 4, 6, 8, and 10 minutes. According to Sahu [29], many
studies evaluate the influence of the initial concentration. To
evaluate the effect of the initial concentration of metal ions,
three different concentrations were prepared with the values
100, 250, and 500 mg L.

2.6.2. Removal of Toxic Metal Ion Multielement Systems. The
concentration of toxic metal ions ranges from 40 to
500 mg L. Initially, tests using only the electrodes were per-
formed without the addition of clays to evaluate the effect of
the techniques separately, and experiments were then done
with the hybrid system adsorption electrocoagulation-
coagulation.

3. Results and Discussion
3.1. Clay Sample Characterizations

3.1.1. X-Ray Diffractograms. The X-ray diffractograms of
sodium and ferric clays, before and after the adsorption of
the four metallic ions, are shown in Figures 2(a) and 2(b),
respectively. Characteristics of an amorphous material with
broad peaks can be observed. This follows from the fact that

Q (A) Ferric clay

(B) Ferric clay with adsorbed ions
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four metal ions adsorption. 2 (a) Sodium clay and 2 (b) ferric clay.
(OH),.xH,0), N-nontronite (Fe,H,(Na, 5,0,,Si,), Q-quartz (Si0,).

the clay minerals have not undergone any previous treat-
ment and the analysis was done with the sample in the raw
state. Nevertheless, one can check some typical patterns of
bentonite, with the presence of clay minerals from the group
of montmorillonites with interplanar distance (d001) in
14.053 A [30], as well the presence of quartz with interplanar
distance (D101) at 3.34 A [31] and kaolinite (D002) 3.59 A
[32]. It is observed by the XRD pattern (Figure 2(a)) that
there were no changes in the clay mineral structure after
adsorption of the four ions. This is to be expected since
the chemical species present in the clay mineral (such
as quartz, kaolinite, and montmorillonite) do not suffer
any transformation with the presence of these four new
ions. The structures of clay minerals are usually affected
by processes such as calcination, acid, alkaline attack, or
pillarization [33].

XRD of the ferric clay, before and after the adsorption of
the four ions (Figure 2(b)), present the existence of charac-
teristic peaks of quartz (D100) with a basal spacing of
4.26 A [29], in montmorillonite 13.60 A [30], and nontronite
at 13.30 A [34]. There were also no changes in the structures
of clay after adsorption of the four metal ions as shown in
curve B.
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TaBLE 1: Chemical composition (% by weight) obtained for X-ray fluorescence..

Clay %Si %Al %Ca %Fe % K %Zn %Cu %Ni %Cd %Pb %Mn %Ti
56.6 20.9 9.80 6.33 5.97 0.287 — — — — — —

S¢ 4 6 5 2 1

SC/AD 41.3 14.6 4.87 5.07 4.07 0.174 0.82 2.05 1.86 23.7 0.440 0.776

S 5 6 6 6 2 4 1 9 2

FC 59.1 6.37 593 25.2 0.74 — — — — 0.184 1.819

6 7 1 7 0
FC/AD 38.0 10.0 2.12 21.6 0.73 10.9 6.51 1.32 6.76 — 1.527
S 9 6 5 3 2 9 2 3 4

CS: sodium clay; CS/ADS: sodium clay with adsorbed ions; CF: ferric clay; CF/ADS: ferric clay with adsorbed ions.

3.1.2. X-Ray Fluorescence. Table 1 presents the results
obtained by the X-ray fluorescence for two clays before
and after the metal ion adsorption. It can be seen that
the two clays before the adsorption process are predomi-
nantly of Si and Al elements in the form of oxides.
Sodium clay has a higher content of Al,O; than ferric
clay. The amount of SiO, is due to silicates such as feld-
spars and micas. Titanium and manganese oxides appear
in small amount in the ferric clay, but they were not
detected in sodium clay. The occurrence of calcium in
the two types of clays can be due to cation exchange, since
the difratograms of these clays do not show the presence
of calcite, dolomite, or gypsum. On other hand, the pres-
ence of K in clays is almost entirely due to feldspar or
exchangeable cations.

In general, the chemical composition of the clays tends
to vary due to two main factors such as the different smectite
and isomorphic substitutions in the presence of associated
impurities. The results presented in Table 2 confirm the
incorporation of the four metal ions in both clays after the
adsorption process. Sodium clay showed that the highest
amount of Pb(II) retained (23.72%). This is due to the fact
that clay contains (in its chemical composition) the mont-
morillonite mineral, which has more negative adsorption
sites found that of other clay minerals. In clay, ferric ion
which had a higher amount retained is Cu(II), about 10.99%.

The average size of the clay particles was about 8.8 x
103 cm. The surface area of sodium clay was 8.48 and for
the ferric clay 59.2m”g™", by means of BET method using
nitrogen. The exchange capacities (EC) were 13.6meq/
100 g to sodium clay and 11.9 meq/100g to ferric clay.

3.1.3. BET and EC. Figure 3 presents the BET surface area
and pore size distribution. The values of the specific surface
areas of the clays samples were 8.478 and 59.2m>g" for
sodium and ferric clays, respectively. It was observed that
the ferric clay presented a specific area about seven times
larger than the sodium clay. A total pore volume of
9.858 x 102 cm®.g”' was observed for the sodium clay
and 1.009 x 107! cm®.g™! for the ferric clay, respectively.
It is noted that the curves presented for any two clays
exhibit hysteresis and are similar to type IV isotherm, char-
acterized by the presence of mesopores, with pores of inter-
mediate diameters of between 20 and 500 A [35], in which

formation multilayer adsorption is possible, but with limited
size of the porosity of the material. The predominance of
mesopores with average diameters of 42.32 A was observed
in sodium clay and 48.25A in ferric clay. The exchange
capacities (EC) were 13.6meq/100g in sodium clay and
11.9meq/100g in ferric clay.

3.2. Batch Adsorption

3.2.1. Adsorption Isotherm Models. The Langmuir adsorp-
tion model [36] has been successfully used to explain the
metal’s adsorption from aqueous solutions and is based that
the maximum adsorption corresponds to a saturated mono-
layer of solute molecules on the adsorbent surface with no
lateral interaction between the adsorbed metal ions. The
Freundlich isotherm [37] is an empirical equation employed
to describe heterogeneous systems.

Temkin and Pyzhev [38] considered the effects of some
indirect sorbate/adsorbate interactions on adsorption iso-
therms and suggested that because of these interactions,
the heat of adsorption of all the molecules in the layer would
decrease linearly with coverage.

Comparing the experimental results and the parameters
obtained by the models used, it was realized that they were
similar to other results obtained by other researchers.
Rybicka et al. [39] studied the adsorption capacity of Cu(II),
Pb(II), Ni(II), Cd(II), and Zn(II) in three clays and observed
that montmorillonite adsorbs the following descending
order Pb>Cd~Cu>Zn. Potgieter et al. [40] studied the
adsorption capacity of Pb(II), Ni(II), Cr(II), and Cu(Il) by
the paligorsquita adsorbent and obtained the following
descending order for adsorption capacity Pb> Cr>Ni> Cu.

Figure 4 presents the experimental curves in comparison
with the applied models.

Table 3 shows the results obtained in this study com-
pared with other obtained by the literature.

3.2.2. Sorption Kinetics. The following kinetic models were
studied in this work: pseudo-second order proposed by Ho
and Mckay [41] and Elovich equation [42].

Analyzing the data presented in Tables 4 and 5, it is
possible to observe that the pseudo-second-order model
presented a better approximation of the experimental value
(R?), compared to the Elovich model.
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TaBLE 2: Langmuir, Freundlich, and Temkin isotherm models’ constants and coeflicients of determination for adsorption of Cu(II), Ni(II),
Cd(III), and Pb(III) onto sodium clay (SC) and ferric clay (FC).

Tons

Langmuir model

Freundlich model

Temkin model

Clay Qmax+SD K R*  %Error Ry, SSE  Hybrid N Kg R? B Ky R?
Cu(lD) SC 357112  0.065 0.994 12.5 0974 124 6.8 6.261 1539 0979 7.613 0.515 0.842
ul
FC 34.72£1.2  0.036 0.986 54 0956 9.5 4.3 3.098 5583 0988 6.076 0.690 0.977
Ni(ID) SC 26.84+£0.7 0.035 0.990 4.7 0972 13.8 6.9 2.785 3705 0959 4917 0.582 0.961
i
FC 1594+0.4 0.198 0.986 4.1 0961 144 7,5 8.682 8.654 0.622 1366 5238 0.591
cd() SC 26.81+0.6 0.044 0.983 54 0.957 15.5 8.7 2.840 2815 0.887 5593 0.283 0.949
FC 10.93+£0.4 0.259 0.989 8.9 0954 184 8,9 7716 5476 0.787 1.189 47.09 0.740
Ph(ID) SC 50.76 +1.8 0.017 0.978 9.1 0.969 21.9 9.7 1.862 2.531 0928 1026 0.211 0.967
FC 11.61£0.3  0.093 0.995 4.2 0.975 7.4 3.8 4249 3358 0.828 1.891 2.133 0.841
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FiGure 3: BET surface area plots and pore size distribution of the sodium clay (SC) and ferric clay (FC).

The fact that the second-order kinetics is the best fit
model for the adsorption of metal ion onto clay indicates
that the adsorption rate of all metal ion depends on the
concentration of ions at the adsorbent surface and the
behavior over a whole range of adsorption is in agree-
ment with chemical adsorption being the rate controlling
step [43, 44].

The K, results indicate that the adsorption of the four
ions is favorable in both clays. The values only confirm this
because the values were low in all systems studied.

3.2.3. Diffusion Models. The mechanisms and rate control-
ling steps that affect the kinetics of adsorption can be deter-
mined by fitting the kinetic experimental results to the
Weber’s intra-particle diffusion [45] and Boyd et al.’s [46]
models.

Figures 5-12 present the experimental and theoretical
curves for Cu(Il), Ni(II), Cd(II), and Pb(II) ions from
sodium and ferric clays.

These results can be explained because the clays have a
very great swelling capacity by the incorporation of water
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FiGURE 4: Experimental results of the adsorption equilibrium of Cu(II), Ni(II), Cd(II), and Pb(II) in SC and FC clays and theoretical curves
from Langmuir, Freundlich, and Tenkim models at pH 5.5, T = 28°C, and stirring speed of 150 rpm.

in its structure. The clays which have interlayer cations pres-
ent the properties well in the presence of water, increasing to
several times its initial volume; this is because interlayer cat-
ions allow multiple water molecules and are adsorbed by
increasing the distance between the layers and thus separat-
ing the clay particles from each other [47]. According to
Glendening and Feller [48], the chemical mechanism of
hydration of interlayer cations for these types of clay min-
erals is mainly through electrostatic interactions that maxi-
mize charge-dipole attraction and minimize water-water
repulsion.

3.3. Hybrid System Adsorption Electroflotation-Coagulation.
Initially, tests were conducted to discover the best operating
conditions for hybrid systems. In order to do this, three

types of electrodes were tested. The electrodes which were
tested were as follows: an aluminum electrode, a stainless-
steel electrode, and an iron electrode. The percentage of
removal of ions in solution was calculated. The results for
the removal percentages are presented in Table 6.

In Table 6, it is possible observe that the stainless-steel
electrode combination with clays showed a lower removal
capacity compared with the other two systems evaluated.
The results of four systems were evaluated: (aluminum
electrode/sodium clay), (iron electrode/sodium clay), (iron
electrode/ferric clay), and (iron electrode/ferric clay). The
assessments made with these systems note the operation
time and the effect of the initial concentration.

To evaluate the contact time in the adsorption test,
aliquots were removed at two-minute intervals, and the
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TaBLE 3: Comparison of Langmuir parameters on the adsorption of the ions Cu(II), Ni(II), Cd(II), and Pb(II) in these work clays and

the literature.

Metal ion Adsorbent Qmax (mg/g) KL (L/mg) Reference
Natural montmorillonite 31.8 192.8 Gupta and Bhattacharyya, (2011)
Cu(Il) Clays containing montmorillonite 30.9 0.0147 Oubagaranadin and Murthy, (2010)
Sodium clay 35.71 0.065 This study
Ferric clay 34.72 0.036 This study
Calcined montmorillonite 21.14 137.54 Bhattacharyya and Gupta (2006)
Ni(ID Paligorsquita with acid activation 93.02 0.0016 Chen and Wang (2007)
Sodium clay 26.84 0.035 This study
Ferric clay 15.948 0.198 This study
Turkish illitic clay 13.09 0.0065 Ozdes et al., (2011)
cd( Ca-montmorillonite modified with humic acid 14.14 0.030 Wu et al. (2011)
Sodium clay 26.81 0.044 This study
Ferric clay 10.93 0.259 This study
Clay mixture containing boron 79.4 0.11 Olgun and Atar (2012)
Pb(II) Turkish illitic clay 53.76 0.069 Ozdes et al. (2011)
Sodium clay 50.76 0.017 This study
Ferric clay 11.614 0.093 This study

TaBLE 4: Parameters of kinetic models for adsorption of Cu(II), Ni(Il), Cd(II), and Pb(II) in clays: sodium (SC) and ferric (FC).
Experimental conditions: acetate buffer pH = 5.5, T = 28°C. Initial concentration of ions = 100 mg L™".

Ion Cla Ho model Elovich model
Y Qexp Qcal K2 R2 Qal P B R2
cah sC 27.93 28.16 0.084 0.999 28.38 3.97 x 1027 237 0.722
u
FC 21.24 21.50 0.195 0.999 22.12 4.42 1020 239 0.670
i sC 20.90 20.70 0.044 0.993 20.40 2.4 %105 0.818 0.713
1
FC 17.29 17.12 0.270 0.999 17.71 1.6 x 106 1.035 0.782
ca sC 16.41 16.66 0.065 0.999 16.86 2.3x103 0.720 0.898
FC 18.82 18.83 0.184 0.999 19.35 2.5x 107 1.087 0.515
- sC 33.87 3355 0.056 0.999 34.66 1.4% 103 0.357 0.931
FC 32.80 33.11 0.760 0.999 43.74 1.3x 106 0.539 0.537

Q. (mg g’l); K, (g mg'1 min); « (mg g’1 min’'); and B (mg g'l).

amounts of the remaining metal ions in solutions were
determined.

In all the systems studied, it was verified that very long
times were not required for the system to remove the maxi-
mum amount of metal ions. This result is important, since
the power consumed is one of the factors that must be taken
into consideration to assess the operation of the system.
Another fact that can be noted is that longer the system run-
ning the greater, amount of coagulants that are formed in
situ from aluminum and iron electrodes. The faster the oper-
ation for removing ions, the lower the amount of iron and
aluminum that will be added to the media.

This speed at which the removal of ions occurred was
mainly due to the presence of clay in the solution. As dis-

cussed earlier, the clay minerals showed fairly rapid adsorp-
tion kinetics, compared with metal ions. Thus, there is an
advantage to having removal processes using hybrid systems
with very short times.

3.3.1. Effect of Initial Concentration of Metal Ions. The
results of the effect of the initial concentration obtained from
systems using only electroflotation-coagulation with alumi-
num and iron electrodes and hybrid adsorption
electroflotation-coagulation systems are shown in the graphs
of Figures 13 and 14.

From an analysis of the graphs, it can be seen that all sys-
tems showed a similar behavior when the initial concentra-
tion of metal ions was increased. It is possible to observe
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FIGURE 5: Experimental curves and the Ho, Elovich, and Webber-Morri models of the kinetic study of Cu(II) ion adsorption in sodium clay.
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FI1GURE 7: Experimental curves and the Ho, Elovich, and Webber-Morri models of the kinetic study of Ni(II) ion adsorption on sodic clay.

that the removal capabilities diminish when working with
higher concentrations. This result is consistent, since the
removal percentages are calculated from the remaining con-
centrations of metal ions in the solution by initial concentra-
tions. All clays have a maximum capacity of saturation of
their adsorption sites. At higher concentrations, saturation
occurs after the adsorption capacity, and a greater number

of ions remain in the solution than remain when working
at lower concentrations. The percentage of ions that are
removed is calculated from the amount that was not retained
(Cf) of the initial amount (C), and at higher concentrations,
these values decrease because the values (Ci) greatly
increase, whereas the values of (Cf) do not decrease
proportionately.
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In all cases, the hybrid systems promote greater removal ~ coagulation process [49]. Increased removal capability is

capacity when compared to systems which use only elec-  noticeable when aluminum and carbon electrodes steel are
trodes. When using only the electrodes, the processes  utilized and then when compared to stainless steel electrode.
involved in the removal of metal ions occur from the forma- However, when the same procedure is done with the addi-

tion of coagulants in situ agents, predominantly the electro-  tion of clay to the solution, there are two phenomena that
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TABLE 6: Numerical results of tests to assess removal percentages of Cu(II), Ni(II), Cd(II), and Pb(II) from combinations clay x electrode.

Removal percentage

Clay Cu Ni cd Pb

SC 46.88 +3.2 3295+2.9 16.14+1.2 32.54+1.5
Aluminum electrode

FC 50.11+3.4 36.71+£2.6 21.59+2.2 2343+1.3

SC 32.32+1.4 31.61+£1.0 10.32+1.6 29.82+1.3
Iron electrode

FC 33.43+2.3 30.43+1.6 1594 +2.2 29.82+1.1

SC 16.50 £ 0.4 17.56 £ 1.2 11.06 £ 1.1 26.78+ 1.5
Stainless steel electrode

FC 20.81+0.4 1526 +1.7 10.23+1.3 2343+2.4

help the separation of ions from solution. There are phe-
nomena of electroflotation-coagulation of metal ions and
simultaneously the adsorption of ions in the structure of clay
minerals.

Other studies have obtained similar results when used
only electroflotation-coagulation processes in the removal
of other ions. Aji et al. [50] studied the removal of Cu(II),
Mn(II), Zn(II), and Ni(Il) using an iron electrode and
showed a decrease in ability removal of these ions such as

increased concentration. Adhoum and Monser [51] evalu-
ated the use of electrocoagulation for the removal of Cu(II),
Zn(II), and Cr(II) using aluminum electrode and observed
that higher initial concentrations of metal ions in solution
will be residual remaining in the solution after a certain time
of operation. Golder et al. [52] removed the ion Cr(III) by
electrocoagulation with a stainless-steel electrode and
showed that the percentage removal of this ion falls from
60.0 to 47.2% when the concentrations of Cr(III) is increased
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from 1700 to 3000 mg L' Merzouk et al. [53] studied the

removal of Cd(II), Fe(II), Ni(II), and Zn(II) using aluminum

electrode and also showed a decrease in the removal capacity
with increasing the initial concentrations of ions in solution.

4. Conclusion

The clays showed the fast adsorption kinetics and their good
adsorption capacity. The analysis of the isotherms showed
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that the experimental data were best described by the
Langmuir model.

Hybrid system adsorption and electroflotation-coagulation
presented itself as a good alternative association by using
clay as adsorbents. This system showed that the main
advantage is the possibility of working continuously with
industrial wastewater purification processes, since the elec-
trocoagulation process is more effective and produces a
rapid separation of the clay from the aqueous solution.
Moreover, the junction of electrocoagulation-coagulation
processes to the processes of the adsorptive clays by increas-
ing the amounts of the metal ion removal percentages.

Aluminum and iron electrodes were the ones which pro-
moted a better removal rate when compared to stainless steel
electrode. This was verified by the fact that these two types of
electrodes release into the medium a greater amount of the
coagulating agents than is released by the stainless steel elec-
trode in a same time interval.

The operating times, for the removal of metal ions using
the hybrid system, were very short. All maximum adsorption
capacities were hit before the first ten minutes. The removal
percentages varied according to the initial concentration of
metal ions. The ion removal percentages for Pb(II), with iron
electrode for sodium clays and ferric, were between 97 and
100%.

For the application of this technology in the industrial
sector, some adjustments must be made with the operating
conditions. In addition, the tailings produced after the
removal of metal ions should be tested for other industrial
purposes, for example, in catalysis studies and as fillers in
the manufacture of materials such as ceramics.
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