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a b s t r a c t

The selectivity of nanoporous manganese oxides for some alkali and transition metals over calcium and
magnesium was studied. Two tunnel-structured oxides (OMS-1 and OMS-2) were synthesized by means
of a hydrothermal route. Competitive uptake of metals and acid was studied using batch kinetic mea-
surements at different metal ion concentrations. The experimental data were correlated with a dynamic
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model. The results show that the studied OMS materials selectively adsorb Cu, Ni and Cd in the pres-
ence of Ca and Mg. It was also found that the exchange rates were reasonably high due to the small
particle dimensions. Both materials are stable in the studied conditions and their maximum Cu uptake
capacity was 0.9–1.3 mmol/g. The results indicate that both materials have potential for environmental
applications involving the uptake of harmful metal ions.
olecular sieve
iffusion

. Introduction

With increased concern about the environment, attempts are
eing made to minimize the impact on the natural world of var-

ous industrial operations. Worldwide, mining operations handle
everal million tons of metal solutions annually and sometimes
nvironmental damage occurs as a result of leaks in solution han-
ling or poor tailings management. The consequences for the local
opulation and surrounding ecosystem can be catastrophic, as
eviewed by Johnson and Hallberg [1].

Bentonite is conventionally used as a protective material around
laces where different chemicals are transported or handled [2,3].
all et al. [4] and Eren et al. [5,6] have studied the utilization of ben-
onite or manganese oxide-coated bentonite in the uptake of heavy

etals. However, materials specifically designed to protect min-
ng areas or bedrock do not exist. Inexpensive and stable materials

hich adsorb heavy metals or radio nuclides and which are non-
elective for alkaline earth metals (Ca and Mg) present in ground
aters are thus needed.
Octahedrally ordered nanoporous manganese oxides play an
mportant role in natural soil and aquatic systems and a large
umber of studies to synthesize and characterize these materials
ave been carried out [e.g. [7–9]]. The synthesized materials are
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built of Mn(IV) ions coordinated octahedrally by oxygen atoms.
The octahedra share edges and/or corners and form various tunnel
or layered structures [9], which are called octahedral molecular
sieves (OMS). The three-dimensional pore structures of OMS-1
and OMS-2 are shown in Fig. 1. Mg2+ and K+ are the template
ions used in the synthesis. The size of the tunnels in 3 × 3 OMS-1
and in 2 × 2 OMS-2 is about 0.7 and 0.46 nm, respectively [9].
The corresponding natural minerals are known as todorokite and
hollandite (cryptomelane in K-form).

Due to the presence of Mn3+ and Mn2+, and vacant octahedra in
the MnO2 structure, the OMS materials act as cation exchangers.
Selective uptake of heavy metals with OMS materials has been
extensively studied [10–15] and they have been shown to have
strong affinity for several transition metals and radio nuclides
[16,17].

In this study the metal-adsorbing properties of OMS-1 and OMS-
2, which can be prepared using inexpensive hydrometallurgical
side-streams [18], were utilized in removal of environmentally
hazardous elements. In view of interest in their utilization in min-
ing operations and other environmental applications, the materials
were assessed for their heavy metal capturing ability. One particu-
lar objective was to investigate the interfering action of Ca and Mg,

which are always present in process and natural waters and can
severely consume the capacity of the adsorption material.

This paper thus deals with the synthesis of two OMS materials,
and their characterization and use in metals sorption at different Ca
and Mg concentrations (also Li and K for OMS-2). The ion exchange

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Jouni.Pakarinen@lut.fi
dx.doi.org/10.1016/j.jhazmat.2010.04.019
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Nomenclature

List of symbols
A+ univalent counter-ion
bm mass transport parameter, 1/s
c concentration, mol/L
d average diameter of OMS crystals, m
Dm micro-crystalline diffusion coefficient, m2/s
Dax axial dispersion coefficient, m2/s
F Faraday constant
hi empirical parameter in Eq. (1)
I ionic strength, mol/L
J ion flux, mol/(m2 s)
kdis rate constant of the disproportionation reaction,

mol/(L s)
Kdis equilibrium constant of the disproportionation

reaction
L average length of the OMS crystals, m
m potential parameter in Eq. (3)
N number of cations
p heterogeneity parameter in Eq. (1)
q amount of adsorbate in the solid phase, mol/kg
qmax total amount of ion exchange sites, mol/kg
rdis rate of the disproportionation reaction, mol/(L s)
R gas constant, 8.314 J/(mol K)
t time, s
T temperature, K or ◦C
u interstitial velocity, m/s
V volume, L
x axial coordinate, m
y diffusion coordinate, m
z ion charge
� empty vacant site

Greek letters
˛, ˇ, � reaction orders in Eq. (4)
� affinity constant, L/mol
� density, kg/L
ϕ electric potential, V
� stoichiometric coefficient

Subscripts and superscripts
b non-specific binding
feed feed value
H proton
i, j ion
init initial value
liq liquid phase
s solid phase

e
a
c
t
M

2

2

p

sp specific binding
0 initial value
e, f, r disproportionation coefficients

quilibria were modelled using the NICA (non-ideal competitive
dsorption) [19] isotherm and mass transport in the nanoporous
rystals was calculated using the Nernst–Planck equation. In addi-
ion to the ion exchange at the tunnel sites, reactions involving the

n framework were also taken into account.

. Theory
.1. Equilibrium binding model

Modelling of metal sorption from the solution to the solid OMS
hase is explained in an earlier article [20]. In brief, metal binding
Fig. 1. Tunnel structure with the template ions of OMS materials.

is assumed to follow an ion exchange mechanism and the ion-
exchange equilibrium is described using a non-ideal competitive
adsorption (NICA) model [19]. Thus, the specifically bound amount,
qs, of protons and metal cations can be calculated from Eq. (1) [19],
where � and c are the affinity constant and the molar solution con-
centration. The parameter h depends on the binding stoichiometry
and on the lateral interactions of the adsorbed species. The hetero-
geneity of the sites is characterized by the value p (0 < p ≤ 1).

qsp,i = qmax

(
hi

hH

) (�ici)
hi

⎡
⎣∑

j

(�jcj)
hj

⎤
⎦

p−1

1 +

⎡
⎣∑

j

(�jcj)
hj

⎤
⎦

p (i, j = H, Me) (1)

It is assumed here that the maximum proton binding capacity
is equal to the total amount of sites, qmax. Non-specific binding (qb)
is used to compensate the negative charge of the free sites and the
bound cations are assumed to have the same equivalent ratios as
in the bulk solution. The total bound amount of cation i is then
qi = qsp,i + qb,i. Invasion of anions in the nanopores is omitted.

Ion exchange is assumed to be the only mechanism for binding
of cations other than manganese. As described in a previous paper
[20], changes in the manganese oxide framework at low pH values
must also be considered. Disproportionation of Mn3+ is assumed to
take place according to 2Mn3+ �Mn2+ + Mn4+. A vacancy (�) is also
created when Mn2+ moves from the framework to the tunnel sites
and becomes exchangeable. This process can be formally expressed
by means of Eq. (2),

A+
m(Mn3+

e Mn4+
1−eO∼2) + �HH+ Kdis� A+

n Mn2+
r (Mn3+

f
Mn4+

1−r−f
�rO∼2)

+ (m − n)A+ + 0.5�HH2O (2)

where Kdis is the apparent equilibrium constant. It is assumed that
only a certain fraction of Mn3+ undergoes disproportionation and
the above-mentioned stoichiometry gives r = 0.5(e–f). A+ represents
an exchangeable univalent counter-ion and �H is considered as an
adjustable parameter.

2.2. Kinetic model

Transport of ions in the tunnel-type manganese oxide micro-
crystals was described using the Nernst–Planck equation. No
distinction was made between specifically and non-specifically
bound species; only the overall values, q, were used for solid phase
concentrations. In order to simplify calculation, the accumulation
in the solid phase was evaluated using the approximate solution

of Carta and Lewus [21]. In the approximate approach, the con-
centration profiles within the oxide particles are not calculated
directly but the driving force is evaluated approximately from the
difference between the surface and average concentrations. One-
dimensional diffusion is assumed and in a system of N mobile ions,
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he approximate expression for flux of ion i, Ji, can thus be given by
q. (3).

Ji ≈ −2ziDm,i

�sL

[q̄i − q∗
i

exp(zim/5)]

1 − exp(zim/5)
m

N∑
j=1

z2
j Dm,j

[q̄j − q∗
j

exp(zjm/5)]

1 − exp(zjm/5)
= 0

(3)

Dm is the micro-crystalline diffusion coefficient, �s is the mate-
ial density, and z is the ion charge. Symbols with an over-bar and
n asterisk represent the average and surface values, respectively.
ssuming that external mass transfer resistance is negligible and

hat a local equilibrium is established at the particle surface, q∗
i

is
btained from the equilibrium model described above. The param-
ter m is obtained from the condition of zero net current (�zjJj = 0)
iven in the second expression of Eq. (3) [21].

The crystals of both materials are taken as long hollow fibers
hich are open at both ends. The cylindrical walls of the crystals

re considered impermeable, which means that ion diffusion in and
ut of the OMS fibers is only possible at the two ends. The mass
alance for the batch system is shown in Eq. (4), where L is the
verage length of the crystals.

∂q̄i

∂t
= − 1

�s

(
2
L

Ji − �irdis

)

dci

dt
= 2Vs

VliqL
Ji

rdis = kdis

[
q˛

Mn3+qˇ
H+(q0)

−(˛+ˇ) − 1
Kdis

q�
Mn2+(q0)

−�
]

Kdis = qMn2+
q2

Mn3+q�H
H+

(q0)
�H+1

(4)

ere, disproportionation of Mn3+ (see Eq. (2)) is accounted for
y a simplified solid-phase reaction with a rate constant kdis and
n apparent equilibrium constant Kdis. The reaction orders were
ssumed to be equal to the stoichiometric coefficients; ˛ = 2, ˇ = �H
nd � = 1. The unit concentration (1 mol/kg) is given by q0.

.3. Calculations

The NICA and kinetic parameters for OMS-1 were taken from an
arlier publication [20]. Some readjustment was needed and the
ew values were found by trial-and-error. As noted earlier [20],
he parameters are useful for correlation purposes only, and com-
arison of individual values is difficult. Because of the structural
imilarity of OMS-2, the same parameter values were used as the
tarting point and the new values were found using batch kinetic
ata.

The differential and arithmetic equations were solved numeri-
ally as described in [22]. The initial and boundary conditions for
he batch kinetic calculations were as follows, where cinit refers to
he initial concentration in the batch experiment.

t = 0 : ci = cinit
i

, q̄i = 0
t > 0, q∗

i
= f (c1, c2 . . . cN)

. Experimental

.1. Synthesis of OMS-1 and OMS-2

The OMS-1 synthesis was adapted from the methods of Gio-
anoli et al. [7] and Feng et al. [23] and the details are reported

lsewhere [20]. In brief, Na-buserite was first prepared by oxidiz-
ng freshly precipitated Mn(OH)2 with O2. Washed and centrifuged
a-buserite was converted to Mg-buserite by MgCl2 solution

cMg = 1 mol/L) and then kept for 24 h under reflux. After refluxing,
he solid was washed with deionized water and centrifuged.
s Materials 180 (2010) 234–240

OMS-2 was synthesized according to the method of DeGuzman
et al. [24]. A synthetic raffinate solution, which contained 4500,
490, 300, 150, 200 and 3500 mg/L of Mn, Mg, Fe, Al, Ca and Na,
respectively, was used as the manganese source [18]. The solution
was acidified with concentrated HNO3 and the oxidant, KMnO4,
was added. The mixture was refluxed for 24 h. The precipitate was
separated and washed with deionized water until the effluent was
free of acid. The solids were finally dried at 120 ◦C. The amount of
KMnO4 used in the original method was increased 1.5-fold in order
to compensate for the oxidation of Fe(II) contained in the raffinate
solution.

3.2. Characterization methods

The structure of the synthesized materials was analyzed using
spectroscopic methods, scanning electron microscopy (SEM), N2
adsorption measurements, and particle size measurements. Crys-
tal structure and purity was verified by means of X-ray powder
diffractometry (XRD, PANAnalytical Xı̌pert PRO and Phillips PW
1710 powder diffractometer with Cu K� (0.154 nm) radiation). IR
spectra were obtained using the standard KBr tablet method on
a PerkinElmer 2000 FT-IR spectrometer. SEM images were taken
using a JEOL JSM-5800 microscope equipped with an ultra dry X-
ray detector from Thermo Fisher Scientific Inc. The particle size was
analyzed by laser light scattering (Coulter LS130) with ultrasonic
pretreatment.

The elemental composition of the synthesized material was ana-
lyzed from dissolved samples with plasma emission spectrometry
(Iris Intrepid II XDL ICP-AES). In order to evaluate the accuracy of
the analysis, some duplicate samples were made and analyzed. The
error of analysis was estimated to be smaller than 5%. The average
oxidation state (AOS) was measured as described elsewhere [20].

Uptake kinetics of metal cations (Cu2+, Cd2+, Mg2+ and Ca2+) in
the OMS-1 and (Cu2+, Ni2+, Mg2+, Ca2+, K+ and Li+) in the OMS-
2 materials were determined at a constant supporting electrolyte
concentration (NaNO3, Ic = 0.1 mol/L). 0.5 g of dry material (in salt
form) was weighed into a batch reactor. Total solution volume (Vliq)
was 100 mL. Before addition of the metals, the OMS material dis-
persed in the background electrolyte solution was pre-equilibrated
to pH 5. The metal uptake kinetics was measured by adding 2 mL
of Me(NO3)2 solution with varying metal concentrations and mea-
suring the solution concentration as a function of time. Solution
pH was adjusted and kept at 5 by a pH-stat (Titralab TIM856,
Radiometer). The adsorbed amount was calculated from the ini-
tial and equilibrium solution concentrations analyzed by means of
ICP-AES. After the experiments the mass balance was checked by
dissolving the washed and dried solid in acid and analyzing the met-
als with ICP-AES. The agreement was generally good, for example,
the Cu balances were correct to within 5% in all cases.

4. Results

4.1. Material characterization

The synthesized materials were identified by comparing the
XRD profiles and IR spectra with literature data. The XRD and IR
spectra measured in this study for OMS-1 (Figs. 2 and 3) agree with
those reported by Feng et al. [10,23,25]. In particular, the peak at
750 cm−1 is characteristic for OMS-1 [26,27]. It is also notewor-
thy that no extra peaks are found in the XRD profiles, indicating

complete conversion during the hydrothermal treatment. The XRD
profile of K-OMS-2 shown in Fig. 2 agrees well with reported data
[24].

The chemical composition of the synthesized materials was esti-
mated from the results of elemental analysis, thermal analysis, and
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Fig. 2. XRD patterns of Mg-OMS-1 (A) and K-OMS-2 (B).

d
a
3
g
a
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Table 1
Equilibrium binding parameters of OMS-1 and OMS-2. T = 25 ◦C.

OMS-1a OMS-2b

p = 0.2 p = 0.2
Kdis = 3.0 Kdis = 1
�H = 0.8 �H = 1.1

Ion log � (� in L/mol) h log � (� in L/mol) h

H+ 8.0 1.0 8.0 1.0
Na+ 1.0 1.0 1.0 1.0
Li+ nd. nd. 9.0 0.1
K+ nd. nd. 12 0.4
Mg2+ 5.0b 0.5b 0.7 0.02
Mn2+ 7.0 0.5 7.0 0.5
Cu2+ 36.7 0.15 28 0.21
Ni2+ 3.7b 0.16b 12 0.25
Cd2+ 12.5 0.4 nd. nd.
Ca2+ 0 0.01 0 0.01

The acid-base properties and effect of solution pH on equi-
Fig. 3. FTIR spectra of studied OMS materials.

etermination of the average manganese oxidation state (AOS). The
verage oxidation states of Mn in the synthesized materials were

.8 for OMS-1 and 3.9 for OMS-2. If it is assumed that the man-
anese exists as Mn2+, Mn3+ and Mn4+, the structure of the materials
fter synthesis and gentle drying can be represented by the molec-
lar formulas shown below [20]. The bracketed species refer to the

Fig. 4. SEM images Mg-OMS-
nd.: Not determined.
a Taken from Ref. [20].
b Estimated in this work.

oxide framework. As discussed later, only about half of the Mg ions
contained in OMS-1 are exchangeable and the rest is assumed to be
incorporated in the framework. The potassium ions in OMS-2 are
all exchangeable.

Mg2+
0.08, Mn2+

0.022 [Mg2+
0.09Mn3+

0.27Mn4+
0.71�0.022O∼2]·2.0H2O (OMS-1)

K+
0.12, Mn2+

0.01 [Mn3+
0.2Mn4+

0.8�0.023O∼2]·1.49H2O (OMS-2)

It can be seen in the calculated formulas that the amount
of potassium in OMS-2 is close to the expected value (about
0.125 equiv/mol Mn [9,12,24]). The higher amount of Mg in OMS-1
(0.16 equiv/mol Mn) may be due to insufficient washing after syn-
thesis. A small amount of Na remained in the structure of OMS-1
during synthesis but was neglected in the calculations. The molar
ratio of oxygen to manganese was about two in both materials.

The shape of the OMS-1 crystals was a thin rod with an aver-
age length of 10 �m (see Fig. 4A). A slightly different crystal shape
was found for OMS-2, as shown in Fig. 4B. In the calculations, the
average length of the rod-like particles was taken as 10 �m for both
materials. The thickness of both crystals was estimated as 0.2 �m.

4.2. Competitive sorption of metals
librium metal binding in OMS-1 was studied previously and the
parameter values given in Table 1 are taken from Ref. [20]. Except
for the proton titration curve reported by Koivula et al. [18], similar
data were not available for OMS-2 and the metal binding parame-

1 (A) and K-OMS-2 (B).
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Fig. 5. Uptake kinetics of metals on OMS-1 (A) and OMS-2 (B). T = 25 ◦C, pH 5,
Ic = 0.1 M (NaNO3). Initial concentration of each metal was about 2 mmol/L, cinit = 0.
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Fig. 6. Uptake kinetics of metals on OMS-1 (A) and OMS-2 (B). T = 25 ◦C, I = 0.1 M
(NaNO3). Initial concentration of each metal was 2 mM, cinit

Ca = 10 mM. The symbols
correspond to metals: Cu is solid squares, Ni solid triangles down, Cd solid triangles

parameter h in Eq. (1). The agreement between the calculated and
experimental uptake curves was reasonably good when the initial
copper concentration was 2 mmol/L.

Table 2
Mass transport parameter bm for different cations in OMS-2 and OMS-1 at 25 ◦C.

bm (10−3 s−1)

Cation OMS-1 OMS-2

H+ 4 4
Na+ 0.8 0.6
Li+ nd. 0.6
K+ nd. 0.8
Mg2+ 0.7 0.3
Mn2+ 0.3 0.3

2+
Ca
u: filled squares, Ni: solid triangles down, Cd: solid triangles up, Mg: open dia-
onds, K: open squares and Li: solid diamonds. Solid lines were calculated from

qs. (1)–(4) with the parameter values of Tables 1 and 2.

ers given in Table 1 were adjusted using the experimental results
f this study.

According to the titration curves, both materials behave as weak
cids and metal uptake with a reasonable capacity is possible at pH
alues above 3 [18,20]. Consequently, batch uptake measurements
t pH 5 were used to get information on competitive sorption of
etals and uptake rates. The metal concentrations of the model

ystems were chosen in such a way that the amounts of potentially
nterfering ions were similar to natural waters.

The system of metal uptake kinetics consists of partial exchange
f the original counter-ions (Mg2+, K+ and Mn2+) by H+ and Na+

uring the pre-equilibration step and further exchange by the metal
ations added in the solution. Therefore, the exchange processes in
he case of OMS-1 and OMS-2 was followed by analysis of Mg and

concentrations. The experimental data are shown in Figs. 5–7.
he concentration of desorbed and dissolved Mn was monitored
ut because the values were systematically very small (<1 mg/L),
hey are not shown. The experimental data were correlated with
he batch kinetic model (Eqs. (1)–(4)) and the calculated values are
hown as continuous lines. Because of uncertainties involved in
etermination of L, and to permit easier comparison between the
aterials, a lumped mass transfer parameter defined as bm = Dm/L2

as used. The estimated bm values are given in Table 2. The value
or H+ was chosen quite arbitrarily since the calculated curves were
ound to be insensitive to this value.

The results shown in Figs. 5–7 indicate that both oxides have
igh affinity for copper even in the presence of Ca and Mg. If calcium
as not added (Fig. 5), the Cu binding capacity of both materials was

bout 0.4 mmol/g when the solution concentration was 2 mmol/L.

he Cu uptake measured in this study for OMS-1 was similar to the
alues measured by Eren et al. [6] for Pb and Balakhonov et al. [14]
or Pb and Ba. The total number of ion-exchange sites estimated in
his study was 2.3 mequiv/g for OMS-1 and 2.2 mequiv/g for OMS-
up, Ca open circles, Mg open diamonds, K open squares, and Li solid diamonds. Solid
lines were calculated from Eqs. (1)–(4) with the parameter values of Tables 1 and 2.

2. The former value is the same as obtained earlier [20], while the
latter markedly exceeds the value reported by Koivula et al. [18].
The higher exchange capacity of OMS-1 can be explained by the dif-
ference in site density, which can be estimated from the amounts of
exchangeable ions in the studied materials. When applying the for-
mulas given in Section 4.1, the number of exchangeable equivalents
in the tunnel sites of OMS-1 is about 8% higher.

It is possible that steric exclusion from the narrower tunnel-
system of OMS-2 results in a lower uptake capacity. The steric
exclusion effects are not explicitly accounted for in the present
model, although they can be represented formally by adjusting the
Cu 0.15 0.15
Ni2+ nd. 0.1
Cd2+ 0.5 nd.
Ca2+ 0.6 0.7

nd.: Not determined.
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Fig. 7. Uptake kinetics of metals on OMS-1 (A) and OMS-2 (B). T = 25 ◦C, I = 0.1 M
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NaNO3). Initial concentration of each metal was 10 mM, cCa = 10 mM. The symbols
orrespond to metals: Cu is solid squares, Ni solid triangles down, Cd solid triangles
p, Ca open circles, Mg open diamonds, K open squares and Li solid diamonds. Solid

ines were calculated from Eqs. (1)–(4) with the parameter values of Tables 1 and 2.

However, when the more concentrated (cinit
Cu = 10 mmol/L) solu-

ion was used (Fig. 7) the final Cu uptake in both materials
1.3 mmol/g for OMS-2 and 0.9 mmol/g for OMS-1) was much
igher than predicted by the model. Moreover, the shape of the
ptake curves suggests that besides the normal ion exchange, there

s another slower mechanism, which becomes important at higher
olution concentrations. A similar trend was also found by Eren et
l. [6] with MnO2 materials and they explained it by assuming two
ifferent sites with different adsorption energies and affinities. The

nfluence of low affinity sites can be seen only in more concentrated
olutions (Fig. 7).

As discussed above, metal uptake is assumed to take place by
isplacement of the proton, Na+ and the original counter-ions from
he charged tunnel sites of the OMS framework. A small contribu-
ion of Mn3+ dissolution according to Eq. (2) is also present and this
ffect explains the curve shapes at low metal concentrations. It is
nown [9] that some transition metals can be incorporated in the
MS structure by replacement of manganese ions or filling of the
acant octahedra. No data are available on the rate of this process
ut it is expected to be much slower than ion exchange in the tun-
el sites. In principle, the slow depletion from the solution can also
tem from copper precipitation but this possibility can be ruled out
ecause the solubility limit at the experimental conditions is about
0 mmol/L, as shown by separate measurements.

Uptake of Cd in OMS-1 and Ni in OMS-2 was much smaller when
ompared with Cu indicating a much weaker affinity. Analogous to

opper, the values of the h parameters estimated for Ni and Cd sug-
est strong steric exclusion from the tunnel sites of both materials.
oreover, the selectivity of OMS-2 for monovalent cations (K and

i) was much smaller than for Cu, but clearly higher than for Mg.
he shape and size of the nanopores in OMS-2 formed with K as
Fig. 8. Influence of calcium on copper uptake in OMS-1 (A) and OMS-2 (B). T = 25 C,
I = 0.1 M (NaNO3). cinit

Cu = 2 mmol/L, cinit
Ca = 0 (filled symbols), 10 mmol/L (open sym-

bols).

a template ion obviously favors alkali metals over alkaline earth
metals. It seems that the selectivity of OMS-2 for Ni over Ca and Mg
could be sufficient for uses such as radio nuclide capture in natural
systems, where the metal concentrations are usually very low [28].
More experiments at the correct concentration range are, however,
needed to verify this possibility.

The influence of Ca on copper exchange is further clarified in
Fig. 8. Obviously, the presence of Ca in the metal solution has an only
insignificant effect on the equilibrium Cu uptake or on the uptake
kinetics due to the huge difference in the affinities (see Table 1) in
the studied concentration range. A similar trend was observed for
other metals (Ni, Cd, K and Li (not shown here)) and this supports
the assumption that the studied materials are capable of adsorbing
harmful metal ions from natural waters rich in Ca and Mg. However,
only about half of Mg2+ (in OMS-1) and K+ (in OMS-2) present ini-
tially in the OMS structure were displaced by the transition metal
cations. This indicates that the second half of the template ions
inserted in the synthesis is not exchangeable, possibly due to steric
hindrances or incorporation in the Mn octahedra.

In summary, all the uptake curves are characterized by a rapid
initial part accompanied in some cases by a slow change in the
solution concentration. The fast part having a half-time of a few
minutes is interpreted as exchange of the cations in the tunnel sites.
As shown in Table 2, the cation diffusion parameters are similar in

OMS-1 and OMS-2 crystals and no significant effect of tunnel size
on the diffusion rates can be observed. The slow part of the curves
cannot be described adequately by the present model and its origin
remains unclear, as discussed above.
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ere synthesized and characterized. The materials were tested for
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inetics. The experimental data were correlated using the NICA
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ort in the solids.

The results of batch uptake experiments indicate that both
xides have high affinity for copper. Moreover, removal of copper
rom mixed metal solutions at pH 5 is not affected by Ca2+ or Mg2+

t concentrations typically found in natural waters. In a similar
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