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Abstract :

The eventual use of the clay from Bikougou as an adsorbent for the removal of metal ions such as manganese,
from aqueous solution, was investigated by the mean of batch technique. The results of adsorption were fitted
to the Langmuir, Freundlich and DKR models. Satisfactory agreement between experimental data and the
model predicted values was expressed by the correlation coefficient (R?).

The Langmuir model represented the adsorption process better than Freundlich and DKR models, with
correlation coefficients (R?) values ranged from 0.97 to 0.99. The adsorption capacity (q.) calculated from
Langmuir was 10 mg/g for Mn (I1) at pH 4 at 308K. The interaction adsorbate-adsorbent was found to be
accompanied by positive values of enthalpy, entropy and negative values of Gibbs free energy.

The kinetics of Mn (Il) ions adsorption followed the pseudo second-order model, because of its best
correlation coefficients (ranged from 0.97 to 0.999) and higher agreement between ¢ and Qexp.

Keywords: clay, adsorption capacity, isotherm pseudo-second-order.
I. Introduction

Heavy metals are thrown out from production processes of many industries. Metallurgical, hydrometallurgical, and
pyrometallurgical technologies, give rise heavy metals in their effluents (Wojtowicz et al., (2002)). The presence of
heavy metals in aquatic environment because of their toxic nature and other adverse effects on receiving eco-
systems has been of great concern to scientific community (e.g., Bin Yu et al., 2000 and Ahmad et al., 2009). It
follows that heavy metals need to be removed before the effluents stocked at adapted sites or reversed at rivers. The
treatment of rich heavy metal aqueous solutions is realizable by mean of many methods including: ion exchange,
chemical precipitation, ultrafiltration, electrochemical deposition, among which, adsorption on appropriate
adsorbent ( low cost and abundance of the latter) is one of the most efficient in terms of simplicity and feasibility of
operation and low consumption of energy (Almeida et al., 2009). Adsorption process, known since the 17" century,
characterises some porous materials to be capable to adsorb gas or chemical species into solutions (Fernandes et al.,
2007).

During adsorption processes, pollutants are fixed at the surface of the adsorbents, separating them from liquid phase.
Adsorption capacities of many adsorbents have been evaluated, such as sugar beet pulp and sawdust (e.g., Ajmal et
al., 1998 and Chung et al., 1992), coconut shell (Sekar et al., 2004), red mud (Apek et al., 1998), husk (Gupta et al.,
20006), deoiled soya (Gupta et al., 2008), activated carbon (Bouberka et al., 2006). Clay materials have already been
shown to have high adsorption capacity, which may even exceed that of activated carbon under the same conditions
of temperature and pH, because of their high specific surface area, high cation exchange capacity, Bronsted and
Lewis acidities and positive or negative surface change against pH (Lin et al., 2002). Many studies have been
reported on the use of clays for metal ions removal from aqueous solutions: Zn(II) with natural bentonite (Mellah et
al., 1997); Zn(II), Cd(II), Pb(II), with raw smectite (Wojtowicz et al., 2002 ), Pb(Il) with carbonate rich illite (Li et
al., 2001), Pb(IT), Cd(II) and Ni(II) with montmorillonite and kaolinite (Gupta et al., 2008), Cd(II) and Zn(II) with
montmorillonite (Beytia et al., 1996), Pb(Il), Ni(Il), Cr(VI) and Cu(Il) with palygorskite (Potgieter et al., 2006),
Cd(IT) with palygorskite (Wang et al., 2007), Cu(II) with kaolinite (Alkan et al., 2008), lead(II) with bentonite (e.g.
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Ayari et al., 2007 and Zhu et al., 2008), Cd(II) with bentonite (Panday et al., 1988), Pb(Il) with palygorskite
(Qiaohui Fan et al., 2009), Cu(ll) and Cd(II) with bentonite (Karapinar et al., 2009), Ni(II) and Cu(Il) with
montmorillonite (Isagbemi et al., 2009) and various forms of modified clays also have been used (e.g. Zhu et al.,
1998 and Krishna et al., 2000).

The purpose of the present study is to provide adsorption capacity of a natural mixture kaolinite, montmorillonite-
illite sample of clay from Bikougou deposit (Gabon 11°37° E and 1°58’ N) to remove Mn (II) from aqueous in a
single batch system under various conditions.

1. Materials and methods.
11.1. Adsorbent.

X Rays and chemical analyses experiments performed at Nancy University (France) have been completed by those
on determination of specific surface area (SSA), according to methylene blue method (Pham Thi Hang et al., 1970),
cation exchange capacity by using ammonium acetate methods respectively (Rémy et al., 1976) acid and alkaline
surface functional groups by means of Boehm titration (Rockstraw, 2000) and point of zero charge with the
employment of potentiometric titration (Isagbemi et al., 2009).

11.2. Adsorbate and aqueous solution.

Mn (II) MnCl,, 4H,0, MW 197, 90g.mol'1) was used as the adsorbate in this study. Obtained from Prolabo
(Analytical grade), it was used without further purification. Aqueous solutions of Mn (II) were prepared by
dissolving an accurately weighed amount of MnCl,, 4H,O in distilled water to achieve concentrations of Mn (II)
(ranged from 19mg/L to 120mg/L).

11.3. Adsorption procedure.

The adsorption of Mn (II) ions on to clay from Bikougou was studied by the mean of batch technique.

The procedure used for this study is described as following: a known weight (0.25 mg) of clay was equilibrated with
50 mL of the spiked manganese solution of known concentration, in a stopped propylene flask, at a fixed
temperature and in a thermostatic shaker for a known period time. After the equilibration using a constant stirring
speed, the suspension was filtered out and analysed for its manganese concentration, using atomic adsorption
spectrometer (Analyst 100 Perkin Elmer).

The effect of several parameters such as pH, contact-time, initial concentration of manganese solutions and
temperature on the adsorption was studied following different sets of experiments:

Effect of pH:
Clay: 5 g/L; Mn (I): 31.25 mg/L; temperature: 301K; interaction-time: 45 min; pH: 2-8 and 2 units intervals.

Effect of initial Mn (IT) concentration and adsorption isotherm:
Clay: 5 g/L; temperature: 308K, 313K and 318K; contact-time: 45 min; pH: 4; Mn (II) solution: 19, 23, 31, 38, 67,
83,98, 117 mg/L.

Kinetic studies:
Clay: 5 g/L; temperature: 308K, 313K and 318K; Mn (II): 67 and 83 mg/L; pH: 4; interaction-time: 5, 10, 15, 25,
35, 45 min

IL.4. Calculs.
The percent adsorption (% ads) and the amount of Mn (II) ions adsorbed per unit mass of adsorbent (q;) were
calculated by using respectively the following equations:

(% ads) = C0=C 100 ()
CO
and
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a=(C, —Ct)xX (i)
m

where Cy and C, are the initial Mn(Il) concentration and Mn(II) concentration at any time contact of interaction
adsorbate-adsorbent; V is the volume of manganese solutions and m is the mass of clay.

I11. Results and discussion.
I111.1. Characterization of adsorbent

The results concerning chemical analyses, modal composition, cation exchange capacity (CEC), specific surface

area (SSA), pH of point zero charge (PZC), acid and alkaline surface functional groups, are reported in tables 1, 2

and 3 respectively; The XRD patterns of crude clay and clay fractions enabled us to determine the qualitative

mineralogical composition of the material. From X-ray diffraction patterns (figures 1 and 2), it appears that it
comprises the following minerals:

- Kaolinite; its ray at 7.19 A in untreated clay is shifted at 10.40 A by hydrazine saturation (figure 2, curve
H). The latter disappears on heating at 490°C (figure 2, curve C). In figure 1, other rays of kaolinite are at
3.59A,2.56 A and 2.73 A;

- Dioctahedral smectite: typical rays are at 14.93 and 4.45 A (figure 1) or at 15.13 A (Figure 2, curve U);
based on its dyo; at 14.93 A or at 15.13 A, we suggest that calcium is the main interlayer cation (Deer et al.,
1992). The treatment with ethylene-glycol shifted the dg; at 17 A (Figure 2, curve G) whereas on heating
this dgo, is reduced to 9.80 A (figure 2, curve C);

- Feldspars are revealed by reflections at 3.18, 3.21, 4.04 A. The pattern is typical of andesine or albite.

- Illite-like materials displaying a dgo; at 9.97 A (figure 1) or at 10.02 A (figure 2, curve U), which is not
affected by the above-mentioned treatments (figure 2). Other illite rays are at 5.01 A, 4.45 A, 3.88 A, 3.65
A, 334A,2.87 A, 256 A in figure 1.

- Quartz; 3.34 A, 427 A, 281 A ;

- Calcite (3.05 A, 3.86 A). When the material is acid treated (HCI, 5 %), these rays disappear (figure 2) ;

- anatase; (3.51 A, 2.37 A, 1.89 A);

- maghemite; (2.93 A, 2.56 A);

- Ba, Sr-hydroxyapatite (4.45 A,3.76 A, 1.82 A,2.13 A,2.93 A).

By combining the X-ray results and the whole-rock chemical analyses, the modal compositions of untreated clay can

be estimated according to a constrained multi-linear calculation as reported by Njopwouo, (1984) and Yvon et al.,

(1990) using the following basic formula:

T(a) = > Mix Pi(a) where
1

T(a) = wt.% element "a" in the sample;
Mi = wt.% mineral "i" in the sample, and
Pi(a) = proportion of element "a" in the mineral

Hi".

111.2. Effect of pH.

The effect of pH on the adsorption of Mn (II) ions on to clay from Bikougou was studied by varying it in the range
of 2-8 as shown in table 4. The uptake of Mn (II) ions depends of pH, it increases with the increase of pH, from 2 to
8: (1) substantially from 2 to 4, (ii) very slowly from 4 to 6 and (iii) substantially again from 6 to 8.

These results demonstrated the importance of pH on the mechanism governing the adsorption characteristics of
heavy metals on clays, known as given by dissolution (weak pH), ion exchange adsorption and precipitation (high
pH) (Ho et al., 2002). Many studies revealed that the removal efficiency of heavy metals by clays decreases at lower
pH values ( pH< 4) and increases at pH values up of 4 (e.g., Hasany et al., 1998 ; Juang et al., 1997 and Erdem et
al., 2004).

This behaviour is confirmed at this study.

The basis mechanism that governs the adsorption characteristics of clay from Bikougou

(i) at lower pH than pH of point zero charge (PZC = 3.2 + 0.2) is adsorption and (ii) at higher pH than pH of point
zero charge is adsorption and ion exchange. So at these pH levels (4-8), the alkaline, alkaline earth and acid cations
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located in the exchangeable sites of clay (Na*, K*, Ca*", Mg*", Al*", Fe’", H") are replaced by Mn (II) ions present
in prepared aqueous solution. It appears that, as pH changes, the surface functional also changes and the sorption of
charged species is affected. It is convenient that at lower pH values (pH< PZC), where there is an excess of H;O"
ions, in the solution, a competition exists between the positively charged hydrogen ion and Mn (II) ions for the
available sites on the negatively charged clay surface, according to Mathialagan et al., (2002) .
=POH + H" — =POH," 1)

This positive surface charge interacts repulsively with approaching Mn (II) cations and prevents them from reaching
the surface and thus, the adsorption was not much at low pH.
At higher pH (pH > PZC), the clay surface becomes negatively charged because of deprotonation of functional
group favouring Mn?" uptake

=POH + OH  — =PO" + H,O 2)
As the pH increases (4- 7) and balance between H;O' and OH™ gives OH" excess, more of Mn (II) ions in the
solution are adsorbed on the negative clay surface and thus the removal percentage of Mn (II) ions adsorbed
increases. When the pH becomes alkaline (pH> 7) possible precipitation of insoluble trioxide Mn,0O; may occur as
higher metal removed.
From this consideration, the experiments on the adsorption of Mn (II) ions on clay were realized at a pH of 4.

111.3. Effect of initial manganese concentration.

The effect of initial Mn (II) ions concentration on the adsorption onto clay from Bikougou is reported in table 5.
Hence, it is observed that more Mn (II) ions were progressively retained by the clay, and the adsorption process
became efficient, as the initial Mn (II) ions concentration increased, up to obtain constant amounts adsorbed at
higher initial concentration. Similar results have also been reported by Gupta et al.,2008.It appears that ,at low
Mn(II) ions concentration ,number of available adsorption sites is very high comparatively to that of Mn(Il) ions
,amounts of Mn(II) ions adsorbed is weak .When the concentration of Mn(II) ions increases, because of presence of
an elevated number of Mn (II) ions in solution ,the amount of Mn(II)ions increases. The adsorption equilibrium is
established when the amount of Mn(II) ions fixed at the interface solid solution is in dynamic balance with that on
surface.

111.4. Effect of reaction time

From fig 3. , it can be seen that the adsorption of Mn (II) ions adsorbed increased with in creasing time of
equilibration. The removal of Mn (II) increased with time to obtain equilibrium at about 30 min. After that, contact
time has not effect in metal removal percentage. Very high adsorption rates were observed at the beginning because
of the great number of sites available for the sorption operation and adsorption equilibrium were then gradually
achieved as reported by Bedoui et al., 2008.

111.5. Adsorption isotherms studies.

The experimental adsorption data have been subjected to different adsorption isotherms namely Langmuir (I.
Langmuir, 1918), Freundlich (Ho et al., 2002) and Dubinin-Kaganer-Radushkevich (DKR) (Hasany et al., 1998)
models in the aims (I) to determine the adsorption capacity of clay from Bikougou as adsorbent and (II) to obtain
both a good picture of the surface and best interpretation of adsorption process.

The Langmuir isotherm, expressed in its linearized form by the equation:

c, 1 C,
=+ (I11)

q. bq, 4,

is applicable if the monolayer coverage of adsorbent with adsorbate takes place on a homogeneous adsorbent
surface. The Langmuir coefficients b and q,, representing respectively the adsorption equilibrium constant and

maximum adsorption capacity have been determined from the intercepts and slopes of the plots —— vs C, (Fig. 4),
Je

which are linear.
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The absorption equilibrium constant b values varied from 17.5 to 80 L/g and maximum adsorption capacity values
were ranged from 10 to 11.36 with the increase in temperature from 308K to 318K. The correlation coefficients (R?)
were remained between 0.99 and 0.97.

The study of Langmuir isotherm has been completed by that of dimensionless constant Ry, called equilibrium
constant (Juang et al., 1997).

av)

Ry

T 1+bC,

The Ry values indicate the type of isotherm: to be favourable 0 < Ry < 1, linear (R = 1) or irreversible (R; = 0).
The Ry values issued from this study were ranged between 0.3125 and 0.328 at 308K and between 0.158 and 0.223
at 318K. These results have indicated that the description of adsorption process by mean of Langmuir model is
favourable.

The linearized form of the Freundlich isotherm is given by the equation:

1
lnqe: anF + HlnCe V)

This equation predicts multilayer adsorption on heterogeneous surface, characterized by an exponential distribution
of active sites. The Freundlich coefficients kr and n corresponding respectively to adsorption capacity and
adsorption intensity have been obtained from the intercepts and slopes of linear plots Inq. against InC, (Fig. 5). The
adsorption capacity (kg) and adsorption intensity (n), were found varying respectively from 0.4786 mg/g at 308K, to
7.36 mg/g at 318K and from 1.46 to 5.2 in relation with the increasing temperature from 308K to 318K and with
correlation coefficients (R?) ranged between 0.98 and 0.935. The values of the adsorption intensity obtained in
conformity with the requirement n > 1 for physical adsorption process (Ijagbemi et al., 2009), characterized the
nature favourable of the adsorption of Mn (II) ions onto clay of Bikougou described by the Freundlich isotherm.

The DKR equation has been widely used to explain energetic heterogeneity of solid at low coverages as monolayer
regions in micropores (e.g., Karapinar et al., 2009 and Krishna et al., 2000). The equation of the DKR model is
given by the expression:

Ing. = InX,, — Be*  (VI)

where B is the activity coefficient related to mean adsorption energy, X, the maximum of adsorption capacity and &
is the Polangi potential, which is equal to

€=RTIn(1/Ce) (VII)

with:

R: as the gas constant (kJ/mol/K)

T: as the temperature (K)

The saturation limit X,, may represent the total micropore volume of the adsorbent.

The adsorption potential is independent of temperature but varies according to the nature of adsorbent and adsorbate.
The adsorption energy E expressed by the equation:

1
E=-——+—— (VII
2oy M

Reveals the nature of adsorption. If the value of adsorption energy E is ranged between -1 and -8 kJ/mol, adsorption
process is physical, and if the value of E is ranged between -9 and -16 kJ/mol, it is chemical adsorption.
The DKR parameters E and X, were calculated from the slopes and intercepts of the linear plots linear of Inqe
versus & (Fig.6).
The adsorption energy E values obtained:- 6.22 kJ/mol at 308K,- 6.35 kJ/mol at 313K and -11.11kJ/mol at 318K,
were in the same range of those obtained from the adsorption of Mn*" (- 8.8 kJ/mol at 303K) on natural zeolites
(Erdem et al., 2004) when physioadsorption (-1 - 8 kJ/mol) controlled the process (Saeed, 2003). Chemical process
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(E ranged between - 9 and -16 kJ/mol) appeared since 318K. The adsorption capacity in DKR equation was found to
be varying from 1.8 mg/g at 308K to 9.87 mg/g at 318K with correlation coefficients up 0.9 (0.91 at 318K, 0.96 at
313K and 0.99 at 308K).

The comparative testing of isotherm models performed by the consideration both of the best correlation coefficients
and the satisfactory agreement between maximum adsorption capacity (q,, in Langmuir model, K¢ in Freundlich
model and X, in DKR model) with experimental data, had demonstrated that if these three models could well
describe the adsorption process, best results have been obtained with the Langmuir model (Table 6) at any explored
temperature (308K, 313K and 318K). This illustrates that the adsorption occurs through the formation of a
monolayer coverage of Mn(II) ions on the surface of the clay. Nevertheless, the amelioration of adsorption capacity
for DKR model (X, = 1.83 mg/g at 308K, 3.06 mg/g at 313K and 9.87 mg/g at 318K) and Freundlich isotherm (kg =
0.47 mg/g and n = 1.48 at 308K, K= 0.79 mg/g and n =1.49 at 313K;K¢’ = 7.36 mg/g and n= 5.26 at 318K) up
313K, suggested the adsorbent surface became progressively heterogencous as a result of appearance of chemical
adsorption process (Saced, 2003).

111 .6. Thermodynamics parameters.

The adsorption of Mn (II) ions on the clay from Bikougou, increased as function of temperature from 308K to 318K.
Similar result was also found for the adsorption of copper by kaolinite (Alkan et al., 2008). The process is controlled
by the adsorbate-adsorbent interaction.

The Langmuir constant b, was used to estimate the enthalpy, entropy and Gibbs energy charges accompanying
adsorption, from the following relationships:

AG® = -RTInb (IX)

A H° . A, S’
RT R

and Lnb= — X)

Where A,qH® and A,4S° are respectively the variation of enthalpy and that of entropy issued of adsorption process.
The plot of Inb as a function of T (K) is shown in figure 7. From the slope rand intercept of the corresponding

linear curve obtained, the enthalpy (A adHO ) and entropy (A adSO ) values were determinated. Gibb free energy
(A e 0 ) was calculated by using the widely known equation.
NG’ =A H" —TA_S" If that is the case, the values of thermodynamics parameters were:
(i) A, H’=0.1157 kJ/mol,
(i) A,,S"=342.56 J/K/mol.
(iii) AadGO decreased from -105.39 kJ/mol at 308K to -107.10 kJ/mol at 313K and -108.82 kJ/mol at 318K.This

result illustrates that the adsorption phenomenon is more efficient with the increase in temperature.
The positive value of A adHO , indicates the endothermic nature of the adsorption process. The positive change of

entropy corresponds to the fixation of Mn (II) ions at the exchange sites of the randomly distributed surfactant
species and also that the adsorption is irreversible (Ho et al., 1999b). The negative value of Gibbs free energy
indicated that the process is spontaneous.

IV. Kinetic studies.

1V.1. Adsorption order.

The model of pseudo first order and that of pseudo second order were tested for the determination of adsorption
process order. These models are given respectively by the equation:

k
lo —q.)=logq. ——1—t (X1I
glq, —q,)=logq, 305t (XD
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t 1 t
+— (XIII)

A ka: q.

where: (I) k; and k; are respectively the rate constant of pseudo first order adsorption (mn™) and that of pseudo
second order adsorption (g/mg*mn),

(IT) g and g, the amounts of Mn(II) ions adsorbent at equilibrium (mg/g) and at various times respectively.

The kinetic parameters, obtained from the slopes and intercepts of linear plots log (q. — q;) versus t (Fig.8) and t/q; as
a function of t (Fig.9) were reported in table 7.

The validity of kinetic model is supported by the employment of two parameters: (i) correlation coefficients values
and (ii) good agreement between experimental data (qex,) and model predicted values of the amounts of Mn (II) ions
adsorbed (q.). Satisfactory model has good linearity of plots (R* > 0.9) and highest agreement between q. and Qexp
(small deviation).

The results showed (i) the high correlation coefficients (R* > 0.9 in all cases) for the pseudo second order
comparatively of those of pseudo first order (R* varying from 0.13 to 0.87 when temperature increases from 308K to
318K); (ii) A progressive better concordance between q. and gy, for the pseudo second order model at 313K and
318K (deviation varying from +0.05% to -0.11% at 313K, from 0.03% to -0.027% at 318K) while that of the
pseudo first order model is very weak (deviation varying from -68.43% to -89.38% at 313K, and from -47.05 to -
77.98% at 318K).

These results indicated that the adsorption kinetic of Mn (II) ions on to clay of Bikougou followed the pseudo
second order kinetic model.

and

1V.2. Kinetic mechanism.

The mechanism of kinetic adsorption had been studied by applying experimental data to:

(1) pseudo second order model, (ii) liquid film diffusion model (Boyd et al., 1947) and (iii) intra-particle diffusion
model (Keith et al., 2004)

Their corresponding equations are given by the expressions respectively:

for the intra-particle diffusion: q, = kst*” (XIV)
and: for the liquid diffusion: — ln( - &] =k,t (XV)
9.

Where k3 and k4 are respectively the intra-particle diffusion and liquid film diffusion rate constants.

The parameters of each model have been calculated from the slopes and intercepts of linear plots g, vs t* and - In(1-
qi/qe) vs t respectively (Fig. 10 and 11 respectively). The results are reported in table 8.

If the intra-particle diffusion or the liquid film diffusion was the adsorption mechanism model, the plots might have
zero intercept (varies from 1.96 to 1.56 for intra-particle diffusion model and from 0.4 to 0.236 with liquid film
diffusion model) and passed through the origin (Gupta et al. 2008). Despite, the plots being linear, the correlation
coefficients (R?) of intra-particle diffusion model (0.66 to 0.9) < of pseudo second order (0.999 to 0.97) and of
liquid film diffusion (0.72 to 0.83) < of pseudo second order (0.999 to 0.97) , show that the experimental data did
not fit the equation of intra-particle diffusion model g, vs > or that of liquid film diffusion model - In(1-q/qe) vs t.
Large intercepts obtained by using intra-particle diffusion model suggested that the process was largely surface
adsorption and not intra-particle diffusion phenomena. The small intercepts of plots - In(1-q/qe) vs t, could be
considered as a suggestion that liquid film diffusion model might have some role to play in the kinetics of adsorption
of Mn(II) ions onto clay from Bikougou.

The test of different models of adsorption mechanism had presented that mechanism issued of pseudo second order
model had given the best fit of experimental data and consequently, the adsorption of Mn (II) ion on to crude clay of
Bikougou could be considered following a mechanism related to the pseudo second order kinetic model.

V. Conclusion.
This study proved that Mn (II) could be adsorbed and thus removed in significant amount by crude clay of Bikougou
from aqueous solutions.

In batch method, removal of Mn (II) ions increased with the increase of contact time (45 mn of contact-time are
sufficient), amount of Mn (II) in solution, pH and temperature.
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The equilibrium data could be described by the Langmuir, Freundlich and DKR equations. However, the Langmuir
model better represented the adsorption process than Freundlich and DKR models.

At a pH of 4 and temperature T (K) > 308K, adsorption occurred was found not to be a spontaneous
physioadsorption process.

Kinetic modelling results showed that the pseudo second order equation was appropriate for the description of this
type of adsorption and removal both concerning the determination of order and mechanism of reaction.
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Table 1 Chemical composition of clay material from Bikougou

Si0, wt% 54.32 Asppm <L.D. Eu 115 Ni  29.26 U 0.40
Al Os 24.64 Ba 357.80 Ga 2745 Pb 7.06 vV 97.89
Fe,0; 3.87 Be 1.06 Gd 2.62 Pr 4.13 W 37.17
MnO 0.02 Bi <L.D. Ge 1.06 Rb 1593 Y 9.02
MgO 0.60 Cd <L.D. Hf 221 Sb  <L.D. Yb 0.75

CaO 2.53 Ce 36.67 Ho 032 Sm  3.29 Zn  56.69
Na,O 3.09 Co 17.51 In <LD. Sn 1.14 Zr  82.77
K,0 0.89 Cr 61.45 La 19.86 Sr 505.60

TiO, 0.90 Cs 0.51 Lu 0.11 Ta 0.40

P,0s 0.05 Cu 38.43 Mo <L.D. Tb 0.35

LOI 8.35 Dy 1.87 Nb 642 Th 1.81

Total 99.26 Er 0.83 Nd 17.25 Tm  0.12

Table 2 Modal compositions of untreated clay material and clay fraction (wt %), see text. The composition of untreated clay is determined by
combining qualitative X-ray data and chemical analysis while the composition of clay fraction is determined from X-ray pattern (Intensities
measurements without absorption correction).

Mineral Untreated clay Clay fraction
Kaolinite 29.1 53.0
Albite 20.3 0
Montmorillonite 15.2 40.0
Illite 10.9 7.0
Quartz 19.1 0
Cabonates 3.0 0
Maghemite 1.2 0
Anatase 0.9 0
Ba-Sr hydroxyapatite 0.8 0
Zircon trace 0
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Table 3 Characteristics of Bikougou clay deposit

pH of point zero Acidity neutralizations (meq/L) Surface area (m’/g)
charge (PZC) CEC (meq/100g) NaOH NaHCO; Na,CO;,
3 12.87 2.79 0.285 0.0 170

Table 4 Amounts and percentages of Mn(II) adsorbed as function of pH (clay 5g/L; concentration Mn(II) solution 31.25 mg/L, time 45 mn).

pH 2

pH 4

pH 6

pH &

qe(mg/g)

% ads

qe(mg/g) %0 ads

qe(mg/g)

% ads

qe(mg/g)

% ads

1.22

19.52

5 80

5.10

81.6

5.534 88.54

Table 5 Amounts and percentages of Mn(II) adsorbed as function of initial concentration (clay 5g/L ; contact time 45 mn, pH4).

Initial concentration 19.76 23.387 31.25 37.5 66.67 83.33 98.15 116.6
Mn(II) ions solution (mg/L)

| 9c(mg/g) 3.5 4 5 5.8 9.87 11.11 10.05 10.72
% ads 88.56 85.57 80 77.33 74.02 66.66 5349 | 46.14

Table 6 Langmuir, Freundlich and DKR parameters and statistical for adsorption of Mn(II) ions at 308K, 313K and 318K (initial concentration of
Mn(II) ions solution 67, 83, 98, 117 mg/L, pH4, time 45 mn).

Langmuir Isotherm Freundlich Isotherm DKR Model

TK) | Gexp Im b R, R’ Ky n R’ X E R’
mg/g) (mg/g) | (L/mg) (mg/g) (mg/g) | (kJ/mol)

308 | 8.64to 10 0.0175 | 0.3125to | 0.99 | 0.4786 | 1.48 | 0.98 1.813 -6.22 0.98
11.11 0.328

313 | 9.88to 10.87 0.0395 | 0.23 to 099 |0.794 | 149 | 099 3.06 -6.35 0.96
12.03 0.286

318 | 13.58to0 | 11.36 0.0811 | 0.158t0 | 0.97 | 7.36 5.263 | 0.935 8.87 -11.11 0.91
16.36 0.223

Table 7 Pseudo first order, pseudo second order constants (rate constant, amount of Mn adsorbed) and statistical for adsorption of Mn(II) ions
(clay 5g/L, pH4) determination of reaction order.

T(K) Initial Pseudo first order Pseudo second order
concentration Qexp Je % deviation | K;xjgo R’ Je % deviation | Kp#iqg R?
(mg/L) (mg/g) | (mg/g) (mn™) (mg/g) (g/mg.min)
308 66.66 9.87 6.606 -33.06 4.67 0.84 8.53 -18.8 0.8 0.99
83.33 11.11 8.313 -25 4.35 0.75 9.5 -14.49 0.59 0.97
313 66.66 12.037 3.8 -68.43 6.909 0.87 12.65 +0.05 1.8 0.99
83.33 12.5 1.39 -89.38 5.76 0.13 11.11 -0.11 1.04 0.99
318 66.66 13.58 7.19 -47.05 9.39 0.58 13.98 +0.03 6.02 0.97
83.33 15.12 3.33 -77.98 7.16 0.23 14.71 -0.027 3.64 0.99
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Table 8 Intraparticle diffusion and liquid film diffusion rate constants coefficients (clay Sg/L, pH4).

Models Parameters and Initial concentration of Mn (II) ions solutions (mg/L)
statistical 66.66 83.33
308K 313K 308K 313K
Intraparticle k; (mg/g.min’?) 1.24 0.23 1.3 0.24
diffusion Intercepts 1.96 9.2 1.66 9.67
R’ 0.9 0.07 0.86 0.23
Liquid film ky (mn‘l) *100 4.62 13.8 4.69 1.12
diffusion Intercepts 0.401 0.0524 0.23 1.87
R’ 0.83 0.85 0.76 0.25
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Fig. 1 XRD patterns of crude clay from Bikougou deposit
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Fig. 2 XRD patterns of clay fraction from Bikougou deposit
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Fig.3 Equilibrium sorbed percentage of Mn(ll) according to adsorption
time for various initial concentrations at pH4 and 308K
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Fig.4 Langmuir plots for Mn (II) ions adsorbed on clay at 308K (initial concentration 66.66, 83.33, 98.148 and 116.66 mg/L) at pH4
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Fig.5 Freundlich plots for Mn (II) ions adsorbed on clay at 308K and at pH4 (initial concentration of Mn(II) ions 66.66, 83.33, 98.148 and 116.66

mg/L)
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Fig.6 DKR plots for Mn (II) ions adsorbed on clay at 308K and at pH4 (initial concentration of Mn (II) ions 66.66, 83.33, 98.148 and 116.66

mg/L)
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Fig.7 Relationship between Langmuir sorption equilibrium constant and temperature for Mn (II) ions adsorbed on clay at pH4
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Fig. 8 First-order plots for Mn(ll) ions adsorbed on clays at
different temperature (initial concentration 66.66 mg/L at
pH4)
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Fig.9 Second-order plots for Mn (II) ions adsorbed on clay at 318K and at pH4 (initial concentration: CO1=66.66 mg/L; CO2=83.33 mg/L;
C0O3=98.148 mg/L; CO4=116.66 mg/L)
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Fig. 10 Intra-particle diffusion plots for Mn (II) ions adsorbed on clays at 308K and at pH4 (initial concentration: CO1=66.66 mg/L; CO2=83.33
mg/L; CO3=98.148 mg/L)
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Fig. 11 Liquid film diffusion plots for Mn (II) ions adsorbed on clay at 308K and at pH4 (initial concentration: CO1=66.66 mg/L; CO2=83.33
mg/L)
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