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Adsorption of As(lll), As(V), Cd(ll), Cu(ll), and Pb(ll) from
Aqueous Solutions by Natural Muscovite

Jung-Seok Yang,' Ju Young Lee,' Young-Tae Park,' Kitae Baek,”

and Jaeyoung Choi'

'Korea Institute of Science and Technology (KIST)-Gangneung Institute, Gangneung,

Republic of Korea

2Department of Environmental Engineering, Kumoh National Institute of Technology (KIT),

Gumi, Republic of Korea

Various parameters were tested for the application of natural
muscovite (NM) in the removal of metals from aqueous solutions:
contact time, pH, ionic strength, and initial metal concentrations.
Kinetic studies showed that the pseudo-second-order model explains
well the sorption process. The adsorption of metals was greatly
influenced by solution pH but not by ionic strength. The results from
isotherm studies agreed more with the Freundlich isotherm model
than with the Langmuir isotherm model. The adsorbed quantity of
metals by NM was lower than that by the purified mica. These
results suggested that the composition and surface characteristics
of natural minerals may seriously influence applications for water
purification.

Keywords adsorbent; arsenic; complexes; metals; mica

INTRODUCTION

Water pollution by metals is a serious problem because
of their toxicity and resistance to biodegradation. To
remove metals from aqueous streams, various technologies
have been developed such as electrochemical treatment,
chemical and physical treatment, biological treatment,
membrane processes, and adsorption (1-9). Among these
technologies, adsorption is the most convenient and
popular method for the removal of metals from aqueous
systems.

Muscovite micas are phyllosilicate minerals consisting of
silica layers sandwiched between octahedral aluminum
layers and have highly perfect basal cleavage (10-12).
The permanent lattice charge of muscovite is generated
by the substitution of Si with Al and the lattice charge
locates close to the cleaved surface plane. It is expected
to enhance the formation of inner-sphere complexation
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(13). The negative structural charge of the each muscovite
layer is balanced by surface and interlayer Kt (14).
Because basal surfaces of muscovite mica are readily pro-
duced by mechanical cleavage, the interaction between
mica and inorganic cation has been extensively studied
(13, 15-17). In addition, a number of sorption studies have
been performed for metals by using mica. Chakraborty
et al. (10) observed that arsenic sorption onto muscovite
and biotite increases with pH, maximizes at a pH of
4.2-5.5, and decreases at higher pH. Charlet et al. (18)
reported that arsenate may be reduced on the surface of
muscovite through their study of proton-induced X-ray
emission (PIXE) and X-ray photoelectron spectroscopy
(XPS). Tiwari et al. (19) studied the application of natural
sericite for the removal of Cu(II) and Pb(II) from aqueous
solutions. Although muscovite has been studied as a model
mica, studies using natural muscovite (NM) are very few.

In this study, the adsorption of metals with NM was
investigated by batch tests. Initially, the specifications for
NM related to the removal of metals were investigated.
The adsorption kinetics and isotherm were then tested.
To elucidate the adsorption mechanism, the effects of pH
and ionic strength were also tested.

MATERIALS AND METHODS
Characterization of NM

NM was obtained from Samkyung Mining Co., Ltd.
(Gangneung, Gangwon-do, Korea). The chemical compo-
sition of NM was determined by automatic sequential
X-ray fluorescence (XRF, Rigaku ZS X 100e, Japan) and
is given in Table 1. The particle size distribution was ana-
lyzed by particle size analyzer (LS230, Beckman Coulter,
USA). The mean particle diameter of NM was 7.5 um.
The silt fraction was 85% with the sand and clay fractions
being 1.6% and 13.4%, respectively (Table 2). The BET sur-
face area of NM was determined by N, adsorption (Tristar
3000, Micromeritics Instrument Co., USA) and was

814
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TABLE 1
Composition of metal oxides in NM
Component Mass %
SiO, 61.32
Al,O4 23.90
K,0 7.12
CaO 2.48
MgO 2.07
F€203 1.31
TiO, 0.26
Na,O 0.15
Other 0.15
LOI? 1.27

“Loss on ignition.

1.27m? g '. The surface of NM was analyzed by field emis-
sion scanning electron microscope (FE-SEM, Hitachi
Su-70, Japan). NM is composed of various sheets, which
is shown in the FE-SEM image (Fig. 1(a)). The mineral
composition of NM was identified through X-ray diffrac-
tion (XRD, X’Pert Pro XRD, PANalytical, Netherlands).
The XRD patterns strongly suggest that the NM consisted
of 88% muscovite and 12% quartz (Fig. 1(b)). The cation
exchange capacity (CEC) was measured by the sodium
acetate method and was found to be 0.28 cmol kg™'. The
NM was dried at 105°C for 24 h and sieved to a size below
75 um (200 mesh) for the experiments.

Reagents

Stock solutions (100 and 1000mg/L) of As(III) and
As(V) were prepared with NaAsO, (Sigma, USA) and
Na,HAsO, - 7TH,0O (Fluka, USA), respectively. Stock solu-
tions (100 and 1000 mg/L) of the metals Cd, Cu, and Pb
were prepared with their nitrate salts Cd(NOj3),-4H,0,
Cu(NO3),-3H,0, and Pb(NOj3), (Sigma-Aldrich, USA),
respectively. Sodium nitrate and sodium hydroxide were
purchased from Junsei Chemical Co. (Japan). Nitric acid
was purchased from Samchun Pure Chemical Co., Ltd.
(Korea). De-ionized water was prepared using the
Millipore water purification system (Millipore, USA).

Batch Experiments
All adsorption experiments were conducted at 20°C. To
evaluate metals removal by adsorption process without

TABLE 2
BET surface area and particle size distribution of NM
Surface area Sand Silt Clay
(m?g™") (>50pm, %)  (2-50pum, %) (<2um, %)
1.27 1.6 85.0 134
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FIG. 1. (a) FE-SEM image and (b) XRD pattern of NM (M: muscovite,
Q: quartz).

precipitation, all experiments were conducted at pH 6. As
the results of MINTEQAZ2, which is an equilibrium specia-
tion model and was released by the USEPA, simulation for
the speciation of As(III), As(V), Cd(II), Cu(II), and Pb(II),
the precipitation does not occur at pH. All the experiments
were performed under open atmospheric conditions.

The dissolution of K, Al, Ca, Mg, Fe, and Si from NM
was conducted with 1 g of NM and 25 ml of a solution con-
taining 0-1.5mL of 1M HNOj; in a 50-mL conical tube.
Samples were placed on a reciprocating shaker table and
agitated for 24 h and then the samples were filtered through
a 0.45-um membrane filter. The concentration of metals in
the filtrate was analyzed with an inductively coupled
plasma optical emission spectrometer (ICP-OES, Varian
730-ES, USA). The final pH of the solution was measured
with a pH meter (Mettler Toledo 8603, USA). The dissol-
ution kinetic experiment was carried out with 20 g of NM
and 500 mL of a solution containing 14mL of 1 M HNO;
in a 1L beaker. The solution was mixed with an overhead
stirrer. SmL of aquatic solution was taken at 0, 1, 5, 10, 20,
30, 60, 90, 120, 240, and 360 min and the pH and element
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concentrations of the solutions were measured after
filtration.

Adsorption isotherms were conducted with 1g of NM
and 25mL of a solution containing 2.5mL of 0.1M
NaNOj; solution for background ionic strength. Metal
stock solutions were added to produce the final concen-
tration range from 0 to 100mg L', and a small amount
of 1 M HNO; was added to adjust the final pH to 6. The
samples were equilibrated with air for 24 h at 100 rpm in
an orbital shaker and then filtered through a 0.45-pm
membrane filter. The final pH and metal concentrations
were measured by a pH meter and ICP-OES, respectively.
The effects of ionic strength were investigated by varying
the NaNOj; concentration from 0 to 0.5 with the procedure
used for adsorption isotherm experiments: 10 mg L™ of the
total metal concentration with a final pH of 6.0 and ionic
strength of 0.01 M NaNOs.

Adsorption pH edge studies were carried out by mixing
10 mg L~! of each metal (As, Cd, Cu, and Pb) with 1 g of
NM in a 0.01M NaNO; solution. 0-1.5mL of 1M
HNO; was added to adjust the final pH to within 2-10.
The samples were equilibrated for 24h at 100 rpm on an
orbital shaker and then filtered through a 0.45-um
membrane filter.

The adsorption kinetic experiments were carried out
with 1g of NM and 25mL of a solution containing
0.7mL of 1M HNO;, 0.01 M of NaNO;, and 10mg L'
of each metal (As, Cd, Cu, and Pb) in a 50-mL conical
tube. The samples were shaken for 1, 5, 10, 15, 20, 30,
60, 90, 120, and 240 min. After the time, the pH and
element concentrations of the solutions were measured
after filtration.

The adsorption percentages were calculated from
the difference between the initial and the final metal
concentrations.

RESULTS AND DISCUSSION
Dissolution of NM

Figure 2 shows the dissolution kinetics of NM and
concentrations of the dissolved elements in NM after the
addition of HNOs. In the dissolution kinetics for NM,
the initial pH was lower than 2 and reached 6 after a grad-
ual increase. The major dissolved eclement in NM was
calcium which showed an increase in concentration with
decreasing pH. Small amounts of K, Al, Mg, Fe, and Si
were also dissolved. During the dissolution of the dissolved
elements, hydroxyl ions may be released or hydrogen ions
consumed, both of which increase the pH. The dissolute
concentration of Al, Fe, and Si was maximized at pH
7.5. There was no great change of K and Mg concentra-
tions in the pH 2-8. Because the K concentration was simi-
lar with pH range from 2 to 8, the dissolute K™ is expected
as surface K™ which was desorbed when the amount of
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FIG. 2. (a) Dissolution rate of 1 g of NM in 25 mL of a solution contain-
ing 0.7mL of 1 M HNOj; and (b) dissolved element concentrations and pH
of 25mL solutions containing 1 g of NM and 0-1.5mL of 1 M HNO;.

available H;O" substantially exceeds the amount of K+
on the muscovite surface (15). According to the XRD
results, the major minerals of NM were muscovite and
quartz, and their composition elements are K, Al, and Si.
This means that the dissolution of impurities in NM highly
affected the pH of solutions. Because the adsorption
of metals is affected by solution pH and the dissolved
elements compete with metals for adsorption onto NM,
the quantity and composition of impurities in NM can be
important factors. It is possible that the adsorption of
metals onto muscovite could be minimized by the adsorp-
tion of released elements (Si, Al, Ca, Mg, and Fe) from
muscovite. According to Park et al. (15), the effective sur-
face charge density of the muscovite irreversibly reduced
after interaction with the low pH solution. Additionally
the zero point charge (ZPC) of minerals affects the adsorp-
tion of metals. In Fig. 2(b), the pH of the solution contain-
ing NM converged at two points (pH 5.4 and 2) as HNO;
was added. These may have been caused by the ZPCs of
muscovite and silica. The ZPC of muscovite is 5.25 (10),
while that of silica is approximately 2-3 (19).



08:49 25 January 2011

Downl oaded At:

ADSORPTION OF METALS BY NATURAL MUSCOVITE 817

Adsorption Kinetics

To investigate the adsorption mechanism, three types of
adsorption kinetic model—pseudo-first-order (20-22),
pseudo-second-order (21-24), and Weber and Morris
(25)—were employed.

The pseudo-first-order rate equation is given as (20-22):

In(g. — q/) = Ing. — kit

where ¢, and ¢, (mgg~') are the amounts of metal ions
adsorbed at equilibrium and ¢ (min), respectively, and k;
is the rate constant of the equation (min ).

The pseudo-second-order kinetic model has the follow-
ing form (21-24):

t 1 t

= —+—
g kg q.

where k, (gmg 'min~') is a rate constant for the
second-order equation. The pseudo second-order kinetic

model reflects rate-limiting steps, which may consist of
chemisorptions and the diffusion process.

To elucidate its mechanism, an intraparticle diffusion
model using the Weber and Morris equation (25) was
applied. The model is expressed as follows (25-26):

g = kipll/Z

where k;, is the intraparticle diffusion rate constant.
According to this model, if adsorption of a solute is con-
trolled by the intraparticle diffusion process, the plot of
g, versus /2 gives a straight line.

The kinetic experiment data and constants of the above
equations are summarized in Fig. 3 and Table 3, respect-
ively. In the results, the pseudo-second-order model was
well fitted with the experimental data with good correlation
coefficients (+* = 0.945-1.000), while the pseudo-first-order
kinetic model (> =0.117-0.979) and the Weber and Morris
equation (*=0.212-0.964) did not match with the experi-
mental data. The calculated sorption capacity ¢cq; Was
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FIG. 3. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) Weber and Morris model fitting for removal kinetics of metals by NM.
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TABLE 3
Summary of adsorption kinetic parameters for the pseudo-first-order, pseudo-second-order, and
Weber and Morris model

Pseudo-first-order Pseudo-second-order Weber and Morris

ge (exp) (mg gil) qe (cal) (mg gil) kl (minil) 72 ge (cal) (mg gil) k2 (gmgil minil) ’2 kip (minio's) 7'2

As(IIT) 0.115 0.106 4.62E-04 0.945 0.020 5.36E-05 0.945 7.54E-04 0.892
As(V) 0.161 0.116 1.76E-02 0.979 0.165 6.65E-04 0.989 7.82E-03 0.964
Cddn 0.025 0.220 2.44E-05 0.117 0.025 1.23E-02 0.998 1.20E-04 0.212
Cu(l) 0.130 0.048 2.35E-02 0.967 0.135 4.78E-03 0.999 3.99E-03 0.904
Pb(1I) 0.198 0.018 1.14E-02 0.845 0.197 1.36E-01 1.000 1.49E-03  0.852

also the experimental sorption capacity ¢, for the
pseudo-second-order model. As previously mentioned,
the pseudo-second-order model reflects a rate-limiting step.
The reasons for the rate-limiting step include external mass
transport across the boundary layer surrounding the par-
ticle; diffusional mass transfer within the internal structure
of the adsorbent particle by a pore, surface, or branched
pore; and adsorption at surface sites, such as in chemisorp-
tion or physical sorption (22). There are four sequential
steps in the adsorption of metals onto porous and granular
media: diffusion through a bulk solution, film diffusion,
intraparticle diffusion, and adsorption onto a solid surface
(26). If intraparticle or pore diffusion is involved in
the adsorption of metals, the relationship between the
adsorbed amount of metals and square root of time would
be linear. However, as shown in Fig. 3(c) and Table 3, the
relationship was not linear for As(I1T), Cd(II), and Pb(Il),
implying that the pore diffusion process is not a
rate-limiting step. These results suggested that the adsorp-
tion onto the solid surface is likely to be the main-limiting
step in As(III), Cd(II), and Pb(II) sorption processes on
NM. For As(V) and Cu(Il), there were distinct regions.
The first part may be governed by the initial intraparticle
transport of metals controlled by the surface diffusion
process, and the other part may be controlled by pore
diffusion (26).

pH Effect

The pH effect for metal adsorption on NM is shown in
Fig. 4. The adsorption amount of Cd(II), Cu(Il), and
Pb(II) reached plateaus at pH 8.7, 6.3, and 6.0, respect-
ively. The metals adsorbed the basal plane and the edge
of NM. The charge of muscovite basal surface is given by
the permanent lattice charge which is generated by the
element substitution of A" for Si*" in the tetrahedral
sheets (13). The edge of muscovite consists of silanol
(=Si-OH) and aluminol (=Al-OH) groups, and can be
assigned as =S-OH sites. In general, metal cations adsorb
onto =S-OH sites to form =S-0O-Me™(19). At low pH, elec-
trostatic repulsion occurs between the positive metal ions

and the edge groups of the surface that are positively
charged (27). At higher pH, the metal ions precipitate as
metal hydroxides. Cu(Il) and Pb(II) precipitate above pH
6, while Cd(II) precipitates above pH 8.5 (19).

For both As(III) and As(V), adsorption reached its
maximum at pH 5.6 and decreased with further increase
or decrease in pH. These results were similar to other
research findings (10). Arsenite forms H3AsOs3;, H>AsO5,
and HASO? in order of increasing pH. Arsenate forms
H3AsO4, H,AsO,, HAsOff, and AsOf[ in order of
increasing pH. At pH 5.6, arsenate—which is present as
H>AsO,; and HAsO;—is more strongly adsorbed than
arsenite, which is present as H3AsOs. The adsorption beha-
viors of arsenite and arsenate according to pH are similar.
Charlet et al. (18) reported that arsenate is reduced to
arsenite during adsorption onto the muscovite surface.
Therefore, the pH dependence of arsenite and arsenate is
similar. However, in this study, the adsorption amount or
removal efficiency of arsenate was higher than that of
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FIG. 4. Effect of pH on the removal of metals by NM.
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arsenite. This may have been due to a decrease in or the
lack of reduction occurring. A detailed explanation for
these results is further discussed in Section titled “The
Effect of Ionic Strength.”

Adsorption Isotherm

The adsorbed amount of metals onto NM and the
equilibrium metal concentrations were fitted using the
Langmuir isotherm model (Fig. 5(a)) (28):

_ Imax KL C.
“=17K.C,

where ¢, and ¢,,., are the equilibrium and maximum
adsorbed amount of metals onto NM (mgg '), respect-
ively, K; is a constant related to the adsorption energy
(Lmg ') and should vary with temperature, and C, is the
equilibrium metal concentration (mgL~'). This model is
based on some assumptions. The metal ions are chemically
adsorbed at a fixed number of identical surface sites; each
site can capture one metal ion. Sites are energetically
equivalent, and there is no interaction between adsorbed
metal ions. Therefore, the maximum adsorbed amount of
metal ions represents monolayer coverage of metals with

muscovite. When fitting with the Langmuir isotherm
model, the maximum sorbed amounts of metals ¢,,,.
(mggfl) were 0.791, 0.750, 0.630, 0.618, and 0.330 for
As(V), Cd(I), Pb(II), Cu(Il), and As(III), respectively.
The Langmuir parameter K; (Lmg ') is related to the
adsorption energy of metals onto the solid surface. In
experimental results, the order in value was As(V)
(0.1723) > Pb(II)  (0.0535) > Cu(Il)  (0.0275) > As(1I)
(0.0267) > Cd(II) (0.0050). This means that As(V) was
strongly sorbed onto NM among the tested metals.

If the adsorbent has multiple adsorption sites, the
Freundlich isotherm model is a better choice to describe
the experimental data (Fig. 5(b)). The Freundlich isotherm
is expressed by (26,29):

Ing, = InKp +%lnCe

where Kr and 1/m are constants. In this study, the
Freundlich isotherm model fitted the experimental results
better than the Langmuir isotherm model.

The Langmuir and Freundlich isotherm model
constants are summarized in Table 4. The regression
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FIG. 5.

(a) Langmuir, (b) Freundlich, and (c) DR adsorption model fitting to metal adsorption by NM.
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TABLE 4
Adsorption constants for the Langmuir and Freundlich isotherm models
Langmuir Freundlich
Metal Ga (g g") K, (Lmg ) ? Kp (mgg H(Lmg H'/" 1/n r
As(11T) 0.330 0.0267 0.91 0.029 0.46 0.98
As(V) 0.791 0.1723 0.94 0.200 0.34 0.99
Cddn 0.750 0.0050 0.98 0.007 0.80 0.99
Cu(I) 0.618 0.0275 0.99 0.034 0.60 0.99
Pb(1I) 0.630 0.0535 0.93 0.096 0.38 0.99

coefficient > with the Freundlich model was 0.98-0.99 and
0.91-0.99 with the Langmuir model. This is because NM is
composed of two or more minerals and their surfaces are
heterogeneous. The Freundlich isotherm parameter 1/n is
the heterogeneity factor. If the 1/n value was lower, there
is a strong interaction between the metal and adsorbate.
The value of 0 <1/n <1 (in this experiment, 0.34 < 1/n<
0.80) indicates an adsorption slightly suppressed at lower
equilibriums and is attributed to the heterogeneous nature
of the adsorbents’ surface with no interaction between
adsorbed ions (30). In this study, NM benefited the adsorp-
tion of metals because the 1/n values for As(V), Pb(II),
As(IIT), Cu(Il), and Cd(II) were 0.345, 0.385, 0.455,
0.588, and 0.769, respectively.

To investigate the adsorption mechanism in more detail,
the Dubinin-Radushkevich (DR) equation was applied.
The DR equation is based on the heterogeneous surface
of the adsorbent and is expressed by (31-33):

In g, = In gmax — p&°

where f is the activity coefficient (mol*kJ~?) related to
the mean sorption energy and ¢ is the Polanyi potential
calculated using this equation (34-36):

1

where R is the gas constant (0.00831447kJ K" mol ™), T'is
the absolute temperature (293 K), and C. is the equilib-
rium concentration of metals (gg~ ). f is obtained from
the slope between Ing. and €*(Fig. 5(c)). The mean free
energy E (kJmol™') can be calculated from the constant
p through the following equation (37).

E=1/V

E provides information on the adsorption mechanism,
which is the nature of the interaction between metals and
the binding sites (38). If the value is between 8 and 18kJ
mol ™!, the adsorption process is chemisorption (chemical

adsorption); below 8kJmol™!, the adsorption process
occurs physically (39,40). The E values for As(IIl),
As(V), Cd(II), Cu(Il), and Pb(II) adsorption by NM were
15.6, 14.1, 14.0, 13.9, and 14.9kJmol ", respectively. As
a result, it is suggested that the adsorption process occurred
chemically. However, according to the recent study on
metal adsorption thermodynamics of muscovite (001) sur-
face (15), the adsorption mechanism based on the mean
free energy is not always valid. Park et al. (15) reported
that the adsorption of Sr** onto the muscovite (001) sur-
face is driven by electrostatic attraction and the adsorption
free energy turns out to be much higher than 8kJ/mol.
These results suggest that the adsorption mechanism
should be elucidated by not only free energy but also the
studies of interfacial structure.

The adsorption capacity of NM for As(V) was higher
than for As(III). Chakraborty et al. (10) reported that
As(V) is reduced to As(IIl) by muscovite and that the
adsorption capacity of muscovite for As(IIT) and As(V) is
the same. They mentioned the reason as the reduction from
As(V) to As(III) by muscovite. The As3d photoelectron
spectra for the NM before and after adsorption with
As(IIT) and As(V) are shown in Fig. 6. The binding energy
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FIG. 6. As3d core level photoelectron spectra of NM with As(III) and
As(V).
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TABLE 5
Comparison of Langmuir adsorption capacity of NM with those of other mica

Adsorption capacity (mgg™")

Adsorbent As(III) As(V) Cddr) Cu(Il) Pb(1I) Ref.
Muscovite 2.91 2.52 (10)
Biotite 1.05 4.38 (10)
Sericite 1.674 4.697 (19)
Muscovite 20.23 47
NM 0.330 0.791 0.750 0.618 0.630 This work

of the As3d core levels of As(III) and As(V) in arsenic
oxides are 44.3-44.5 and 45.2-45.6eV, respectively (18).
In Fig. 6, the As3d core level of As(V) spectra shifts slightly
toward As(III) when As(V) is adsorbed onto NM. This
means that As(V) can be reduced by the muscovite surface
(10) but that the reduced amount is relatively small. In
addition, the net adsorption amount of metals by NM is
lower than that for other purified micas (Table 5). This
may be due mainly to impurities in and the surface area
of NM. NM contains various minerals such as quartz,
muscovite, and undetermined minerals. Because of this
composition of NM, the removal mechanism is not the
same as that for purified muscovite. These impurities
could affect the adsorption process. In addition, the surface
area of NM is low. As a result, the amount of As(V)
reduced is decreased, and the absolute adsorbed amount
of metals is lower.

Effect of lonic Strength

Figure 7 shows the effect of ionic strength on the
adsorption of metals onto NM. The amount of adsorbed
metals is slightly affected by ionic strength. In general,
the dependence of ionic strength is used to distinguish
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FIG. 7. Effect of ionic strength on the removal of metals by NM.

between specific and non-specific adsorption (19).
Farquhar et al. (41,42) used XPS and X-ray absorption fine
structure spectroscopy (REFLEXAFS) to study sorption
mechanism; they found that Cu(Il) and Pb(II) form an
inner-sphere complex with a muscovite surface, and Cd(II)
forms an outer-sphere complex. Steels et al. (43) used com-
puter simulations and reported that divalent cations such
as Cu(Il) and Cd(II) do not form strong bonds with the
perfect (001) surface of muscovite, where the binding of
Cu(II) from solution and the associated loss of 2K ions
into the solution are favorable. In this study, the decrease
in As(III), As(V), Cu(Il), and Pb(II) removal efficiencies
was small as ionic strength increased, while Cd(II) removal
was relatively suppressed as ionic strength increased
(Fig. 7). These results suggested that As(III), As(V), Cu(Il),
and Pb(IT) formed inner-sphere complexes with NM, with
Cd(II) forming an outer-sphere complex. But, according
to recent studies (15, 44-46), the difference between
inner-sphere and outer-sphere complexation was not
determined by simple ionic strength experiment. Park
et al. (15) reported that the partitioning of Sr** into a sim-
ultaneous inner- and outer-sphere layered structure has
been observed. Catalano et al. (45) reported the simul-
taneous formation of inner- and outer-sphere arsenate sur-
face complexes on hematite and corundum. Consequently,
to know the exact adsorption mechanism, a more detailed
experiment is required.

CONCLUSIONS

NM was applied to the adsorption of metals in aqueous
solutions. The elements, Ca, Al, Mg, Fe, K, and Si, were
released from NM by dissolution at acidic pH. The adsorp-
tion amount of Cd(II), Cu(II), and Pb(II) reached plateaus
at pH 8.7, 6.3, and 6.0, respectively. For both As(III) and
As(V), adsorption reached its maximum at pH 5.6 and
decreased with further increase or decrease in pH. Kinetic
studies showed that the pseudosecond-order model
explains well the sorption process. With static and kinetic
experiment results, it is suggested that the adsorption of
metals onto NM is driven by chemisorption and As(I1I),
As(V), Cu(I), and Pb(Il) form inner-sphere complexes
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with NM whereas Cd(II) forms an outer-sphere complex.
But, to elucidate the accurate adsorption mechanism of
metals onto natural muscovite, the use of proper spectro-
scopic technique is required.

In the batch experiments, the maximum adsorption
capacities of NM were 0.791, 0.750, 0.630, 0.618, and
0.330mg g~ for As(V), Cd(II), Pb(II), Cu(II), and As(III),
respectively. Although NM is cheaper than purified musco-
vite, the adsorption capacities of NM are less than those of
purified materials. In addition, adsorption is affected by
impurities within NM. Therefore, when natural materials
are used as adsorptive materials, their purity, composition,
and surface characteristics should be seriously considered.
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