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Erkki Paatero,! Risto Koivula,> and Risto Harjula2
"Lappeenranta University of Technology, Laboratory of Industrial
Chemistry, Lappeenranta, Finland
>University of Helsinki, Laboratory of Radiochemistry, Helsinki, Finland

Abstract: The properties of nanoporous manganese oxides for metal uptake from
hydrometallurgical solutions were studied. Layer-structured OL-1 and tunnel-
structured OMS-1 were synthesized by means of a hydrothermal route and then
supported on silica. Competitive uptake of metals and acid was studied using
equilibrium, batch kinetic, and fixed-bed measurements. The experimental data
were correlated with a dynamic model, which also accounts for the dissolution
of the framework manganese. Results show that silica—supported OMS materials
can be utilized to separate copper from nickel and cadmium. Behavior of the
composites can be explained reasonably well with the presented model and the
parameters estimated from the data of the unsupported oxides.

Keywords: Diffusion, ion exchange, metal separation, nanoporous manganese
oxides, silica composite

INTRODUCTION

Manganese oxides, having an ordered porous structure, play an
important role in soil and aquatic systems and a large number of studies
to synthesize and characterize these materials have been carried out (1-7).
Manganese coordinates octahedrally with oxygen and by sharing edges
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Figure 1. Layer structure of OL-1 (a) and tunnel structure of OMS-1 (b).

and/or corners, these octahedra can form several different tunnel or
layered structures (8), called octahedral molecular sieves (OMS). The
two- and three-dimensional pore structures of OL-1 and OMS-1
are shown in Fig. 1. The interlayer spacing of OL-1 and the size of the
3 x 3 tunnels in OMS-1 are both about 0.7 nm (8). The minerals corre-
sponding to OL-1 and OMS-1 are known as birnessite and todorokite.

Due to the presence of Mn*" and Mn?* and vacant octahedra in the
Mn**0, structure, OMS materials act as ion exchangers. The ion exchange
properties of OMS materials have been extensively studied with special
attention paid on selective uptake of heavy metals (9,10). For example,
Tonkin et al. (11) collected a large amount of literature data on protona-
tion and metal binding of layered manganese oxides (6-MnO, and OL-1).
Balakhonov et al. (12) studied the removal of Cs, Pb, and Ba with synthetic
H-form OMS-1. Finely divided synthetic or natural oxides have been used
in most studies focusing on behavior in natural systems. In only a few cases
have supported OMS materials been prepared and used as column packing
in order to separate metals from solutions. Han et al. (13) found that
zeolite coated with a manganese oxide material (not specified in detail)
has strong affinity to Pb>" and Cu’?". Fan and Andersson (14) used
activated carbon granules to support f-MnO, and found the composites
suitable for column separation of Cu?" and Cd*". Appelo and Postma
(15) studied metal uptake with a natural birnessite-type OMS coated on
sand. Organic material (polyethylene) as supporting media for birnessite
and cryptomelane type OMS material were studied by Liu et al. (16).
Lenoble et al. (17) have studied arsenic removal and oxidation with
MnO, material coated on an anion-exchange resin.

In hydrometallurgical separation metal concentrations are usually
much higher than in natural systems and good selectivity for the impuri-
ties is needed. The separation material is also expected to be resistant to
several loading-stripping cycles in order to make the process economically
viable. The objective of this work is thus to assess the suitability of OMS
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materials, which can be prepared using inexpensive hydrometallurgical
side streams, for column separation. This paper deals with the synthesis
of two different types of OMS materials, their characterization and use
in metals separation when supported on silica. The materials studied are
layer structure OL-1 (birnessite) and tunnel structure OMS-1 (todoro-
kite). The ion exchange equilibria were modeled using the NICA
(non-ideal competitive adsorption) (18) isotherm and mass transport in
the nanoporous crystals was calculated using the Nernst-Planck equation.
In addition to the metal separation properties, reactions involving the Mn
framework are also taken into account.

THEORY
Equilibrium Binding Model

Metal loading from the solution to the solid phase is assumed to follow
either an ion exchange or redox mechanism. Ion exchange takes place at
the negatively charged sites present in the OMS structure. Depending on
the synthesis conditions and on subsequent treatments, the framework
octahedra may contain small amounts of Mn*" or part of the octahedra
may be vacant. The layered OL-1 structure has been reported to contain
only a negligible amount of vacancies after synthesis, but the amount
increases when the material is dried or treated with acid (19). At the same
time, the average Mn oxidation state increases, because a part of the
low-valence Mn ions is desorbed. According to Drits et al. (20) and Lei
(21), approximately every sixth of the layer Mn sites is vacant in
acid-treated H-OL-1. Ion exchange reactions thus take place between
the adsorbing cation and three oxygen atoms linked to an octahedral
Mn’* or to a vacancy. In the former case, one site has one negative
charge while the excess charge of a vacancy site is —2 (195).

Oxide systems are conventionally described using the surface
complexation models (SCM) (11,15,22). The applicability of such models
to a nanoporous OMS structure is, however, questionable and the model
becomes quite complicated when the influence of overlapping
double-layers and steric exclusion effects are taken into account. A sim-
pler approach was, therefore, adopted here and the ion-exchange equili-
brium is described using a non-ideal competitive adsorption (NICA)
model (18) for specific binding at the interlayer or tunnel sites and unse-
lective charge-compensating binding. The explicit form of the NICA iso-
therm is an important advantage when considering the use of the
equilibrium model in dynamic systems (see Section titled ‘“Dynamic
Model™).
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The NICA isotherm developed by Kinniburgh et al. (18) offers a
thermodynamically consistent way to describe complex competitive
adsorption systems. The specifically bound amounts, gs, of protons and
metal cations can be calculated from Eq. (1), where x and c are the affi-
nity constant and the molar solution concentration. The parameter A
depends on the binding stoichiometry and on the lateral interactions of
the adsorbed species. The heterogeneity of the sites is characterized by
the value p 0O <p<1).

J

p—1
(ric;)" [Z(ch./')hj]

q‘vp,i = Ymax <E

(,j=HMe) (1)
1+

J

Z(chj)h’]

It is assumed here that the maximum proton binding capacity is
equal to the total amount of sites, gn.c. Eq. (1) describes the specific
binding on negatively charged sites. However, part of the sites may
remain unoccupied and non-specific binding (g) is used to compensate
the negative charge of these free sites. The equivalent ratio of the
non-specifically bound cations is assumed same as in the bulk solution.
The total bound amount of cation i is then ¢ =gy ; + ¢p;. Invasion of
anions in the nanopores is considered negligible at the studied conditions.

In this study, ion exchange is assumed to be the only mechanism for
binding of cations other than manganese. The manganese oxide frame-
work undergoes, however, changes when the pH of the bulk solution
decreases. The extent of these changes depends on the average oxidation
state of manganese (AOS), which therefore has great meaning for the
material stability. First, Mn*" may disproportionate according to
2Mn*t S (Mn? T+ Mn*". A vacancy () is also created when Mn>"
moves from the framework to interstitial sites and becomes exchangeable.
This process can be formally expressed by means of Eq. (2),

Kis
AT n(Mn*t Mn*" |_O_,) + vgH" = AT, Mn?*

x ;(Mn*" ¢Mn*" | ¢ [0, 05) 4+ (m —m')A" +0.504H,0 2)

where Ky is the apparent equilibrium constant. It is assumed that only a
certain fraction of Mn*" undergoes disproportionation and because of
the above-mentioned stoichiometry, r=0.5(s—s'). A" designates an
exchangeable univalent counter-ion and vy is considered as an adjustable
parameter. According to Feng et al. (8), v =2 for Li* insertion and extrac-
tion reactions in spinel-type OMS materials. At sufficiently low pH values
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also the four-valent manganese becomes thermodynamically unstable even
in the presence of water. Excessively acidic conditions were avoided in this
study and, therefore, this effect was not included in the model.

Dynamic Model
Batch Operation

Transport of ions in the layered or tunnel-type manganese oxide
micro-crystals was described using the Nernst-Planck equation. No dis-
tinction was made between specifically and non-specifically bound spe-
cies and only the overall values, ¢, were used for solid concentrations.
One-dimensional diffusion is assumed for both structures and in a system
of N mobile ions, the flux of ion i, J;, can thus be given by Eq. (3) (23).

Ji = 7pst,i (??_Cj}l + Z}{F;{l g%)
N oy
RTZZJDWJT){ (3)
dp j=1
dy

N
F 2} 27 D 4
j=

D,, is the micro-crystalline diffusion coefficient, p, is the material density,
z 1s the ion charge, F'is the Faraday constant, and ¢ is electric potential.
R and T have their usual meanings. The potential gradient is obtained
from the condition of zero net current (}_Z;J;=0).

The diffusion coordinate is represented by y and depends on the
geometry of the crystals (see Fig. 4). OL-1 crystals are approximated as
circular discs of diameter d and radial coordinate y. OMS-1 crystals
are taken as long fibers with length L, which are open at two ends. In
both cases, the faces of the crystals are considered impermeable.

In order to simplify calculations, the solid phase accumulation term
appearing in Eq. (3) was evaluated using the approximate solution of
Carta and Lewus (23). In the approximate approach, the concentration
profiles within the oxide particles are not calculated but the driving force
is evaluated approximately from the difference between the surface and
average concentrations. The approximate expression for the flux of ion
i becomes as follows.

_ 2ziDy,; [q; — q; exp(zim/5)]

TR A 1 explam/3) " @
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In Eq. (4), symbols with an over-bar and an asterisk represent the
average and surface values, respectively. Assuming that external mass
transfer resistance is negligible and local equilibrium is established at
the particle surface, g; is related to the solution concentration by
Eq. (1). The parameter m in Eq. (4) is obtained from the condition
of zero net current (23) as was shown in Eq. (3) for the potential
gradient. The mass balances for the two particle geometries are shown
in Eq. (5).

q; 1 /4
% = (- Jl' — 1/,-;’,1,-3) (OL—I)

o p\d
do 4V,
dr Vliqd !
og;, 1 (2
Ui (2~ virgs) (OMS—1
ot Py (L i ) ( ) 5)
dci _ 2VY .
dr VL™
—( | .
T'dis = kdis |:q?l/1n3+qﬁH+ (q(?) (+h) _ Fq;l/ln%— (qO) '
dis
Kdis = 2anz+yH ( G)VH+1
Mn3+qH+

As shown in the last expressions, disproportionation of Mn*" (Eq. (2)) is
accounted for by a simplified solid-phase reaction with a rate constant
kais and an apparent equilibrium constant Kg;s. The orders were assumed
equal to the stoichiometric coefficients; « =2, f =vy and y=1. The unit
concentration (I mol/kg) is represented by ¢’.

It was assumed on the basis of acid uptake measurements (see
Section titled “Binding Kinetics™) that mass transport in the silica
composites is controlled by diffusion in the OMS crystals. The same
equations were thus used to obtain apparent diffusion coefficients for
the supported crystals.

Fixed-Bed Operation

The overall mass balance for the fixed-bed system is given by Eq. (6).
An axially dispersed flow through the bed is assumed and D,, is
the dispersion coefficient. Interstitial flow velocity is represented by
u and x is the axial coordinate. Volume fraction of the OMS crystals
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is given by 5 and g = 1-(1-¢,)(1-¢p) is the total bed porosity, where &,
is the bed porosity and ¢, is the pore volume fraction of the silica
composite.

dci | pn0q;  Oci ¢
ot e o - Yoy T Pega (6)

Calculations

The NICA parameters were estimated from the titration and sorption
equilibrium data. Because of the small number of data points, no fitting
procedure was used and the values given were obtained by trial-
and-error. Consequently, the parameters are useful for correlation only,
and a comparison of individual values is difficult. The differential and
arithmetic equations were solved numerically as described in (24). The
number of axial grid points was 60 and the time step was typically
1-5s. Further increase in the number of the grid points did not affect
the results. .

The initial and boundary conditions were as follows, where ¢™" and
Creeq Tefer to the initial and feed concentrations in the batch and fixed-bed
experiments, respectively.

Batch:
(=0 ¢=cd" g =0
0
t>0, y=0 a_qy' -0
Fixed bed:
t=0 ¢ = ci.“", g, = 7init
t>0, x=0: %: *DLaX(Cfeed,i - )

The axial dispersion coefficient was estimated from known correlations
as 5-107"m?/s. A value of 0.4 was used for the bed porosity &,. The
density of the OMS crystals is taken as 3 g/mL. In all calculations, the
changes in the OMS mass were neglected. Highest acid concentration
was used in column experiments and even there the amount of Mn
removed constituted only 2% of the total OMS mass.
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EXPERIMENTAL
Synthesis of OL-1 and OMS-1

The OL-1 synthesis was adapted from the methods of Giovanoli et al. (1)
and Feng et al. (2). 400mL of a MnSOy, solution (¢y, =0.6 mol/L) was
poured into a glass reactor with a volume of 1L. 400 mL of 5SM NaOH
solution was added slowly (ca. 4mL/min) under N, atmosphere and
under vigorous mixing (600 1/min with a Teflon coated impeller). The
temperature was kept below 10°C by an ice water bath and 1.5L/min
of oxygen (AGA, Finland) was fed in the reactor. The duration of each
run was 24 h. Finally, the solid was filtered and washed with deionized
water until the pH was between 9 and 10. At this stage the product
was Na-buserite. The solids were stored in both dry and wet form, but
due to easier handling and weighing, most of the experiments were
carried out with dry material. However, drying converts the buserite
structure to birnessite (OL-1).

Na-buserite was used as the starting material for OMS-1. Washed
and centrifuged Na-buserite was first converted to Mg-buserite by MgCl
solution (cpg = 1mol/L) for 24 h under reflux. After refluxing, the solid
was washed with deionized water and centrifuged.

Binding of OMS with Silica

Washed and air-dried (moisture content about 70%) OMS material was
added into colloidal silica solution (Ludox LS40, Grace Davison)
adjusted to pH 4 with 2M HCI. The mixture was homogenized both
by a mechanical stirrer and ultrasonication. OMS material and silica were
mixed in a dry weight ratio of 2:3. The mixture was first solidified at
110°C for one hour, crushed, and then heated again at 110°C for another
hour. Finally the hard materials were gently ground in a mortar and
sieved to the particle size range 125-400 um. Finally, the composites were
heated in air at 250°C for two hours.

Characterization Methods

The structure of the synthesized materials was analyzed using spectroscopic
methods, scanning electron microscopy (SEM), N, adsorption measure-
ments, and particle size measurements. Crystal structure and purity was
verified by means of X-ray powder diffractometry (XRD, PANAnalytical
Xpert PRO, and Phillips PW 1710 powder diffractometer with Cu K,
(0.154 nm) radiation). IR spectra were obtained using the standard KBr
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tablet method on a Perkin-Elmer 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 pore volume
of the OMS /silica composites was measured by water absorption to inci-
pient wetness. The measurement was calibrated using a commercial silica
sample (Kieselgel 100, ¥, =1.1mL/g)). The particle size was analyzed by
laser light scattering (Coulter LS130) with ultrasonic pretreatment.

The elemental composition of the synthesized material was analyzed
from dissolved samples with plasma emission spectrometry (Iris Intrepid
II XDL ICP-AES). The average oxidation state (AOS) of Mn in the
synthesized material was determined as follows (5,25). 0.05M FeSOy4
solution was first made and titrated by 0.02M KMnQ, standard solu-
tion. 15mg of dry MnO material was dissolved in a mixture of 10 mL
0.05M FeSO, and 10 mL of 1 M H,SO,. The excess Fe*" in the solution
was then titrated with the standard KMnQO, solution. The average oxida-
tion state of Mn was calculated from Eq. (7), where V' is the volume and ¢
is the molar concentration. My, is the molar mass of manganese and
Wwmn its weight fraction in the solid sample of mass Pgmple-

(VFes04CFes0;, — SVEMn0,CkMnOs) Man (7)

A0Sy =2 + T
sample n

Thermal analysis was used to determine the amount of water and
oxygen which evolved from the crystal lattice upon heating. The analyses
were carried out using a Netzsch STA 449 C Jupiter analyzer connected
to a MS 403C Aé&olos Mass Spectrometer. Dry and pulverized samples
were heated under He atmosphere to 950°C at a heating rate of
10°C/min.

Dry and finely ground material was titrated in order to clarify their
proton and metal ion binding properties. Due to the slow ion exchange
kinetics, all materials were titrated in separate batches (glass tubes) and
1M NaOH and 0.98 HNOj; solutions were used as reagents. Titrations
were carried out in a constant supporting electrolyte (NaNO3) concentra-
tion (/=0.1mol/L) at room temperature. The duration of each experi-
ment was at least 48 hours. Metal titrations were carried out with the
same method by replacing a constant amount (0.1 mL) of NaNOj solu-
tion with 0.1 M Me(NO3), solution (Me = Cu or Ni). The total volume
of a single batch was 10 mL. The exact amount of each reagent was cal-
culated from the weighed masses and the measured densities (measured
with an Anton Paar DMA 4500 density meter). The proton concentration
was obtained from the pH measurement by calibrating the pH electrode
against known amounts of acid and base at the same ionic strength used
in the titration.
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Metal binding isotherms on the OMS material were determined for
Cu and Ni at a constant supporting electrolyte (NaNOj3) concentration
(I=0.1mol/L). 0.15g of dry material (in base form) was weighed into
each batch (V,;=40mL). The metal uptake was measured by adding
a variable amount of 0.1 M Me(NQOs), solution and adjusting the pH
to 5. Equilibration time was two weeks. The adsorbed amount was calcu-
lated from the initial and equilibrium solution concentrations analyzed
by means of ICP. As shown in an earlier publication (24), the metal con-
centrations obtained by this method are correct within 5%. When consid-
ering other sources of error, the confidence limits for the equilibrium data
are estimated as +4%.

Acid uptake kinetics was studied using a calibrated glass electrode
and an automatic titrator (Titralab TIM856, Radiometer) and a 1 L ther-
mostated glass reactor equipped with a Teflon— coated stirrer. All experi-
ments were carried out at 25°C with 0.1 M NaNO; as a supporting
electrolyte. The initial HNO; concentration was 0.01 mol/L and the mea-
surement was started by adding 0.5 g (dry weight) of unsupported OMS
or 1.5g of the supported oxide. The solids were dispersed in a small
amount of the background electrolyte solution before addition. Metal
binding kinetics was measured in the same reactor using a pH-stat mode.
The oxide was first equilibrated at pH 5 for 24 hours before the experi-
ment. Then 10 mL of 0.1 M Me(NO3), was added and samples were taken
at certain intervals. Solids were separated from the samples using a
membrane filter.

The column experiments were carried out by packing the sieved silica—
supported OMS in H-form (particle size 125400 um) in a glass column
(XK-16, Pharmacia). The bed volume (BV) was 5.0mL in OL-1 and
9.5mL in OMS-1 experiments, respectively, and the volumetric feed flow
rate in each run was 0.32 BV/min. Acid pulses were run using 0.05M
HNO; and base pulses with 0.075-0.13 M NH,OH. Metal pulses contained
Cu, Ni, and Cd at concentrations of 5.2, 5.5, and 5.1 mmol/L. Mn was also
present (4.9 mmol/L) in one OL-1 run. The outlet solution was monitored
for conductivity and pH, and the metals were analyzed by ICP.

RESULTS

Material Characterization

The synthesized materials were identified by comparing the X-ray diffrac-
tion (XRD) profiles and IR spectra with literature data. The XRD profile

of Na-OL-1 shown in Fig. 2 agrees well with the reported data (2,3,20,26—
31) and no peaks corresponding to the typical impurities hausmannite
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Figure 2. XRD patterns of Na-OL-1 (a) and Mg-OMS-1 (b). Miller indices are
according to literature [5, 12, 20].

and feitknechtite (2) were observed. Moreover, the detailed peak pattern
at 20 =35-45° is typical for monoclinic OL-1 (20). The OL-1 structure
was also verified by the IR spectrum shown in Fig. 3. The peaks at
425, 477 and 511cm™! are typical although the intensities may vary
depending on the sample source (31). Less literature data are available

2.5
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Figure 3. FTIR spectra of Na-OL-1 (a) and Mg-OMS-1 (b).
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for OMS-1, but both the XRD and IR spectra measured in this
study (Figs. 2 and 3) agree with those reported by Feng et al. (5,29).
In particular, the peak at 750cm ™" is characteristic for OMS-1 (31,32).
It is also noteworthy that no OL-1 peaks are found in the OMS-1
XRD profile, indicating a complete conversion during the hydrothermal
treatment.

The chemical composition of the synthesized materials was estimated
from the results of elemental analysis, thermal analysis, and the determi-
nation of the average manganese oxidation state (AOS). The average oxi-
dation state of Mn in the synthesized materials was 3.8 for OMS-1 and
3.7 for OL-1. If it is assumed that the manganese exists as Mn>",
Mn>*, and Mn*", OMS-1 can be represented by the molecular formulas
shown below. The bracketed species refer to the oxide framework, while
other ions are exchangeable. The left-hand side gives the situation after
synthesis and gentle drying, and the right-hand side indicates the compo-
sition after acid-induced disproportionation. Equilibrium and kinetic
data, which are discussed later, were also needed to determine the relative
amounts of Mn?* and Mn*" in OMS-1. The approximate molecular for-
mulas of OL-1 were obtained by similar calculations. Fewer studies were
available and, therefore, it was further assumed that one-third of the Mn
initially present can disproportionate (19).

Mg?" 17, Mn? " 022 [Mn* " ;Mn*" 71 [00.0220~2] -2.0H,0—
(H™,"sMg>", AMn*T), 3, [Mn®* g 20Mn** 75 0.0570~2] - xH,0 (OMS-1)

Na®o37, Mn?"g003 [Mn**o3Mn*"66000.0230~2] - 0.81H,O—

(H", %-Mn*") 5 [Mn**24Mn*" 70 0.060~2] - xH2O  (OL-1)

The amount of template ions (sodium in OL-1 and magnesium in
OMS-1) were somewhat higher than expected. For example, a value of
0.3 mol Na/mol Mn has been reported by Giovanoli et al. (1) and Drits
et al. (20) for OL-1. The high counter-ion content may be due to insuffi-
cient washing after synthesis. Moreover, when OL-1 was converted to
OMS-1, a small amount of Na remained in the structure but it was
neglected in the calculations.

In accordance with earlier studies [e.g. 1], OL-1 crystallized as thin
plates with an average diameter of 2-5um (see Fig. 4a). The thickness
of the plates was estimated as 0.2 pum. According to light scattering
measurements, the number-average particle size of OL-1 is 0.26 um.
The volume-average size distribution revealed also larger particles
formed probably by aggregation of the primary crystals. Distinctly
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Figure 4. SEM images of Na-OL-1 (a) and Mg-OMS-1 (b).

different crystal shape and dimensions (30) were found for OMS-1, as
shown in Fig. 4b. The average length of the rod-like particles was esti-
mated as 10um. The aggregation tendency was even stronger for
OMS-1, and a high ionic strength seems to enhance aggregation.

The supported manganese oxides were prepared by binding the
primary Na-OL-1 and Mg-OMS-1 crystals with silica. It is assumed that
the properties of the primary crystals remain unchanged and the only
additional parameters of the composite particles are particle size and
porosity. The volume-average particle diameter of silica-supported
OL-1 and OMS-1 was 340 and 300 um, as obtained from the light scatter-
ing measurement. The pore volumes estimated from water sorption were
0.54 and 0.63mL/g for OL-1 and OMS-1, respectively. The correspond-
ing particle porosities ¢, =0.58 and 0.61 were calculated using the density
estimated for the OMS //silica composite (2.5 g/mL). These values should
be considered as rough estimates only, because of the difficulties in
elimination of water sorption by the manganese oxides. However,
similar porosities have been obtained in our laboratory for pure silica
gels prepared using the same procedure. The pore structure of the
Na-OL-1/silica composite is illustrated in Fig. 5.

Ion Exchange Equilibrium
Proton Titrations

The ion-exchange capacities of Na-OL-1 and Mg-OMS-1 and the pH
dependence of metal uptake were elucidated by titration. The experimen-
tal and calculated acid titration curves are shown in Fig. 6. The number
of ion-exchange sites was estimated by curve fitting and the values of 2.3
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Figure 5. SEM image of silica—supported OL-1.

and 1.9mequiv/g were obtained for OMS-1 and OL-1, respectively.
These values are substantially lower than the analyzed amounts of
exchangeable cations, which were 3.0 and 3.5mequiv/g for Mg-OMS-1
and Na-OL-1, respectively.

10

0 T . .
0.0 0.1 02 03 04 0.5

Acid consumption, mL

Figure 6. Experimental (symbols) and calculated (solid lines) acid titration curves
of OL-1 (squares) and OMS-1 (diamonds). T=25°C, I=0.1 mol/L (NaNO;).
The solid lines were calculated from Eq. (1) with the parameters given in Table 1.
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Table 1. Equilibrium binding parameters of Egs. (1) and (2)

OL-1 OMS-1

p=0.2 p=02

Kgis=1.0 Kgis=3.0

VH= 0.5 VH= 0.5

log k log k

Ton (x in L/mol) h(-) ( in L/mol) h(-)
H* 75 1.0 8.0 1.0
Na* 1 1.0 1.0 1.0
Mg** nd. nd. 5.0 0.5
Mn2* 3.3 0.50 7.0 0.5
Cu?t 9.6 0.55 36.7 0.15
Ni** 40.7 0.07 43.7 0.10
Cd* 8.7¢ 0.4 12.5¢ 0.4%

nd.: Not determined.
“Values are estimated from break-through data only.

The shapes of the titration curves and the calculated capacities agree
well with the data reported by Feng et al. (7,29) for OL-1 and OMS-1.
Comparison of the titration data in Fig. 6 suggests that OMS-1 is
stronger acid than OL-1. This trend can be seen also from the estimated
parameters in Table 1, where the proton affinity coefficient is substan-
tially higher for OL-1. Moreover, the low value of the site heterogeneity
parameter, p, indicates a wide acidity distribution in both materials.

Metals Uptake

The effect of pH on metal binding was first studied by titration experi-
ments. The initial concentration of copper and nickel was [ mmol/L
and the obtained pH edges are shown in Fig. 7. For comparison, one
experiment was carried out with a Cu concentration of 0.1 mmol/L.
The concentrations of Mn and Mg desorbed from OMS-1 during the
experiment are also shown in the figure.

According to the results, both materials adsorb Cu from more acidic
solutions than Ni (ApHso > 2). This sequence is normally observed for
several materials and it can be explained by the much stronger coordina-
tion of the copper ions to the framework oxygen atoms. However, the
behavior of Mn in OMS-1 differs from the usual situation because the
binding of manganese and copper takes place in the same pH range.
The reason for the enhanced uptake may be the shape and structure of
the tunnel sites, which favor manganese. It is important to note, however,
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Figure 7. Equilibrium uptake of metals at different pH values. Filled symbols
refer to OMS-1 and open symbols to OL-1. (a) Mn (circles), Mg (diamonds),
Ni (triangles up, c¢o =1 mmol/L); (b) Cu (squares, ¢co =1 mmol/L) and Cu (trian-
gles up, ¢o=0.1mmol/L). T=25°C, I=0.1M (NaNOs). The solid lines were
calculated from Eq. (1) with the parameters given in Table 1.

that the manganese curve is also affected by the disproportionation
reaction (Eq. (2)). The amount of exchangeable Mn>" increases with
decreasing pH and this contribution becomes important below pH 3. The
curves in Fig. 7a were calculated with the parameters given in Table 1.
The agreement with the experimental data is not very good and, for exam-
ple, the calculated pH edges of Cu and Ni are much steeper than was found
experimentally. Parameter estimation was therefore based largely on other
data discussed later. The fraction of Mn®*" undergoing disproportionation
(s—s' in Eq. (2)) was estimated as 0.09 and 0.08 for OMS-1 and OL-1.
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Figure 8. Binding isotherms for copper in OMS-1 (filled symbols) and OL-1
(open symbols) at pH 5. Squares are calculated from solution and triangles from
solid respectively. T=25°C, I=0.1 M (NaNO;). The solid lines were calculated
from Eq. (1) with the parameters given in Table 1.

Binding isotherms were measured for copper, and the results
obtained at 25°C and pH 5 are depicted in Fig. 8. The data were collected
at conditions where no precipitation as basic nitrate takes place. The pre-
cipitation limit for copper was found to be about 20 mmol/L for the con-
ditions of the experiment. Copper uptake in OL-1 was determined both
by solution analysis and by dissolving and analyzing the equilibrated
solids. As shown in Fig. 8, both methods gave identical values within
the analytical accuracy.

The results show that both oxides have very high affinity for copper.
However, the binding capacity of OL-1 is clearly higher than that of
OMS-1. The difference is much higher than expected from the
ion-exchange capacities. It seems, therefore, that steric exclusion from
the narrower tunnel-system of OMS-1 should also be considered. The
steric exclusion effects are not explicitly accounted for in the present
model, but the low uptake in OMS-1 can be correlated using a very small
value for Ay in Eq. (1). In a similar way, the parameters estimated for Ni
from the titration, kinetic, and breakthrough data suggest strong steric
exclusion from the tunnel sites. When compared with the values
measured by Balakhonov et al. (12) for Pb and Ba, the Cu uptake capa-
city measured in this study for OMS-1 was about the same. Moreover,
the copper capacity of OL-1 is quite similar to the copper uptake of
conventional chelating ion exchangers. According to the results of our
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laboratory, iminodiacetic acid (IDA) bound on silica or polymer
supports binds 0.5-1 mmol Cu/g. Both the studied OMS materials and
IDA resins prefer copper over nickel.

Binding Kinetics

Acid uptake kinetics in the synthesized OL-1 and OMS-1 microcrystals
was first investigated. The system consists of exchange of the original
counter-ions (Na®, Mg?*, and Mn>") by H" and Na™ as well as dis-
proportionation of Mn>" according to Eq. (2). Therefore, the exchange
process in OMS-1 was also followed by analysis of Mg and Mn concentra-
tions. The experimental data are shown in Fig. 9. The data were correlated
with the batch kinetic model (Egs. (1)-(5)). Because of uncertainties
involved in the particle dimensions, the systems can be compared more
easily in terms of a lumped parameter defined as bm:Dm/d2 for OL-1
and by, = D,/ L? for OMS-1. The estimated b,, values are given in Table 2.

The results show that acid uptake takes place by displacement of the
metal counter-ions and a small contribution of Mn*" dissolution is also
present. The rate constant, kg;s, in Eq. (3) was estimated as 5.0 - 1072 and
2.0-10°2 mol/(Ls) for OL-1 and OMS-1, respectively. The overall
exchange rate is largely determined by desorption of the metal cations
and no reliable estimate for the proton diffusion coefficient was obtained.
The slower rate of OMS-1 is thus mainly due to slower diffusion of diva-
lent Mg>" when compared with univalent Na™ in OL-1. In view of the
complexity of the OMS materials, the simple model gives a reasonable
description of the systems.

Similar measurements were also made with the silica-supported
materials in order to compare the acid uptake rates. The experimental
data shown in Fig. 10 indicate that the exchange rates in unsupported
crystals and in macro-porous silica composites were surprisingly similar.
The assumption of microcrystalline diffusion control seems to be
acceptable for OMS-1, while the contribution of macropore diffusion
resistance appears to be significant for OL-1/silica. However, the same
simplifying assumption was used for both materials in order to make
the calculations easier and faster. The kinetic experiment also showed
that mechanical resistance of the silica composites was insufficient to
stand prolonged intensive mixing.

Even though the exchange rates were similar, a marked difference
was observed in the acid uptake capacities. The proton exchange capacity
of OL-1 decreased slightly from 1.9 to 1.7 mequiv/g when supported on
silica. On the other hand, only about 1.0 mequiv/g of protons was
exchanged in silica-supported OMS-1 and this is less than half of the
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Figure 9. Changes in solution concentrations of H* (a) and Mg (b, diamonds)
and Mn?" (b, circles) during batch acid uptake experiments. T=25°C, I=0.1 M
(NaNO3). OMS-1: solid symbols, OL-1: open symbols. Solid lines were calculated
from Eqs. (1)-(4) with the parameter values of Tables 1 and 2.

capacity of the original OMS-1. This large difference appears to be due to
the heating of the silica composite at 250°C. A similar heating cycle was
therefore made for the unsupported material, too, and then the uptake
curve was measured again. Before measurement, the material was
re-wetted in the supporting electrolyte solution for a week. The capacity
decreased irreversibly to 1.1 mequiv/g, which is close to the value
obtained for the OMS-1/silica composite. The diffusion rate (not shown)
remained, however, practically unchanged.

It is possible that the heat-treatment enhanced the disproportionation
of Mn®>" and part of the framework manganese was removed in the
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Table 2. Mass transport parameter b, for different cations in unsupported and
silica-supported micro-crystals of OL-1 and OMS-1 at 25°C

b (1072 1/5)

Cation OL-1 OMS-1 OL-1/silica OMS-1/silica
H* (40) €] ®) 4

Na™ 10 nd. 0.3 1

Mg** nd. 0.7 nd. 0.8
Mn2* 2 0.3 0.1 0.2

Cu** 0.007 0.15 0.01¢ 0.3¢
Ni** 0.004 nd. 0.01¢ 0.1¢
Cd* nd. nd. 0.03¢ 0.1¢

nd.: Not determined.
“Estimated from the break-through data only.

re-wetting step. It has been found (19), that both acid treatment and drying
bring about disproportionation in OL-1 and a similar effect can be expected
also in OMS-1. Moreover, the heat-treatment decreased the water content in
OMS-1 from 14 to 9.3wt%. At the same time, a marked decrease was
observed in the differential thermal analysis (DTA) peak at 150°C and in

0.012

0.010

0.008 1

0.006 -

0.004 4

0.002 A

Solution concentration c(H+), mol/L

0.000 T T T T T

A5 1105

Figure 10. Changes in solution concentration of H™ during batch acid uptake
experiments with silica-supported OMS material. 7=25°C, I=0.1 M (NaNO,).
OMS-1: solid symbols, OL-1: open symbols. Solid lines were calculated as in Fig. 9.
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IR absorptions at 3400 and 1620cm™'. The IR bands can be assigned to
water with a low order of hydrogen bonding (32). The results thus suggest
that disordered water is removed irreversibly from the tunnel sites. Changes
in tunnel structure are unlikely at 250°C, because the OMS-1 crystals have
been reported to be stable up to 600°C (5,29).

Metal uptake kinetics was measured only for unsupported OL-1 and
OMS-1. The uptake curves of copper and nickel measured at pH 5 are
depicted in Fig. 11. The solid lines represent the calculated uptake curves
obtained with the diffusion parameters of Table 2. A comparison of the
copper diffusion parameters (Table 2) indicates that the migration in
the inter-layer spaces of OL-1 is much more restricted than in the
tunnel-shaped pores of OMS-1. On the other hand, no significant differ-
ence was observed in the diffusion rates of Ni and Cu in OL-1.

Breakthrough Curves

The properties of the OMS/silica composites in fixed-bed operation were
first studied by running three consecutive acid-base pulses through the mate-
rial. The outlet profiles during the acid pulses in the OMS-1/silica bed are
shown in Fig. 12. The calculated curves shown as solid lines were obtained
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Figure 11. Uptake kinetics of Cu (squares) and Ni (triangles) in OL-1 (open
symbols) and OMS-1 (filled symbols) at 25°C and pH 5, I=0.1 M (NaNO,).
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Figure 12. Outlet conductivity of three acid pulses (a: pulse 1: solid diamonds,
pulse 2: solid squares, pulse 3: open triangles) and outlet concentration profiles
of Mg*" (diamonds) and Mn*" (squares) during pulse 1 (b) in OMS-1/silica
bed. 7=25°C, BV=9.5mL, feed flow rate 0.23 BV/min. Solid lines were
calculated from Egs. (1)—(6).

using Egs. (1)-(6) and the literature values for equivalent conductivities of
the electrolytes involved. The equilibrium parameters estimated for the
unsupported oxides were used, but the diffusion parameters were
re-adjusted because of the simplified mass transport model (Eq. (6)) used
in the fixed-bed calculations. These adjusted values are given in Table 2.
As shown in Fig. 12a, the capacity after the first run decreased about
20%, probably due to the disproportionation of Mn>" and subsequent
desorption of Mn”>*. Equation (2) shows that dissolution of Mn*"
consumes acid and the experimental data suggest that the main part of
Mn at oxidation state 3 was dissolved during the first acid pulse. The
difference in acid consumption between runs 2 and 3 was only 5%.
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The apparent proton uptake capacities estimated from the calculated
data were 1.3, 0.9 and 0.8 mequiv/goms.

The amounts of displaced magnesium and manganese during the first
run were 0.80 and 1.3 mequiv as calculated by integration of the outlet
profiles shown in Fig. 12b. The total number of equivalents in the eluted
metals closely agrees with the total apparent exchange capacity of the bed
(2.2 mequiv in pulse 1). Moreover, the total normality of the displaced
cations eluting before the acid front is practically the same as the acid
feed concentration. Ion exchange thus appears to be the main mechanism
for acid uptake. The marked decrease of acid uptake in pulse 2 indicates,
however, that a part of the acid consumption is due to the Mn>* dispro-
portionation reaction (Eq. (2)). If the amount of Mn eluted during pulses
1 and 2 (1.3 + 0.16 mequiv) is compared with the difference in the appar-
ent acid uptake (2.2—1.5mequiv), the simple balance calculations
indicate that about 40% of the eluted manganese stem from the
disproportionation reaction.

These findings are in reasonable agreement with the molecular
formulas given in the section titled “Material Characterization” and a
substantial amount of exchangeable Mn?" thus seems to be present in
OMS-1 even before the acid pulse. Moreover, the above reasoning is
supported by the model calculations. All the curves were computed using
the same ion-exchange capacity of 0.83 mequiv/goms and the additional
acid consumption can be satisfactorily explained by the Mn disproportio-
nation reaction included in the model. The Mn>" content in the bed was
computed after each pulse and this value was used as the starting point
for the next pulse. The disproportionation rate constant needed, however,
some readjustment and a value kgjs=6.0-107° mol/(Ls) was used instead
of 2.0- 10~ mol/(Ls) estimated from the batch kinetic data.

After the last acid pulse and water washing, a pulse containing
Cu, Ni, and Cd was loaded in the OMS-1/silica bed. The results of
the loading step are shown in Fig. 13a. The metal uptake capacities
of the prepared materials were quite small. For example, the final
copper loading was 0.14mmol/gonms. This value is about half the
uptake observed in equilibrium measurements at pH 5 (see Fig. 8).
The difference can be explained by considering the pH conditions in
the bed. As shown in Fig. 13a, the pH was about 3 under the metal
fronts and competition by H' thus decreased the metals uptake. At
the same time, only a part of the protons initially present in the bed could
be displaced by the metals. It seems, therefore, that OMS-1 is too weakly
acidic and the whole capacity cannot be effectively utilized in acid-form.
The balance between acid and metals uptake is satisfactorily explained by
the model, as indicated by the relatively good agreement between the
calculated and experimental curves.
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Figure 13. Outlet concentration profiles during the loading (a) and acid elution
(b) steps in OMS-1/silica bed. T=25°C, BV=9.5mL, feed flow rate 0.23
BV /min. Mn: squares, Cu: open triangles down, Ni: open diamonds, Cd: solid
triangles up, pH: open circles. Solid lines were calculated as in Fig. 12.

According to the results, copper can be separated from Ni and Cd,
but Mn dissolving from OMS-1 elutes very close to Cu (Fig. 13). The
selectivity coefficients K¢y ni and Kcy/cq estimated from the break-
through results were 21 and 3. The loaded metals were eluted from the
bed with 0.05M HNOj; and the obtained outlet profiles are depicted in
Fig. 13b. The metals desorbed relatively easily and the material was stable
enough to endure several runs without marked dissolution. A comparison
of the experimental and calculated curves indicates, however, that less
copper was actually obtained than was expected on the basis of the load-
ing curve. It seems possible that part of the copper is bound at framework
sites and desorption at the studied conditions can be very slow.

A similar metal separation experiment was carried out also with
silica-supported OL-1. Results shown in Fig. 14 are qualitatively similar
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Figure 14. Outlet concentration profiles during the loading (a) and acid elution
(b) steps in OL-1/silica bed. T=25°C, BV =5.0mL, feed flow rate 0.3 BV/min
(loading) and 0.16 BV/min (elution). Mn: squares, Cu: open triangles down,
Ni: solid diamonds, Cd: solid triangles up, pH: open circles. Solid lines were
calculated as in Fig. 12.

to Fig. 13 but they indicate that the metal capacities of OL-1/silica are
even smaller than those of OMS-1/silica. The calculated breakthrough
curves were obtained with an exchange capacity 0.4 mequiv/gor. This
result is quite surprising in view of the equilibrium uptake data of the
unsupported materials shown in Fig. 8 for copper. It is possible that
the low uptake rate of the transition metals in OL-1 (see Table 2) makes
part of the material inaccessible during the fixed-bed experiment. The
acid elution profiles (Fig. 14b) again show that somewhat less Cu was
recovered experimentally than was predicted by model calculations.
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Moreover, the large amount of eluted Mn could not be correlated with
the proposed model.

The role of the silica support in the observed breakthrough
behavior was checked by running acid and metal pulses through a
bed of commercial silica gel (Kieselgel 100). The acid uptake was
negligibly small in comparison with the OMS/silica composites
and practically no metal selectivity was observed. Consequently, the
effects observed in Figs. 12-14 can be confidently ascribed to the
manganese oxides.

CONCLUSIONS

Two types of OMS manganese oxides, layered OL-1 and tunnel-type
OMS-1, were synthesized and supported on silica. The materials were
tested for equilibrium metal uptake, uptake kinetics, and for behavior
in fixed-bed operations. The results showed the characteristic properties
of the manganese octahedral molecular. The experimental data were cor-
related using the NICA equilibrium model and the Nernst-Planck equa-
tion for ion transport in the solids.

The results of the equilibrium and kinetic experiments indicate
that both oxides have high affinity for transition metals Cu, Ni, and
Cd, and reasonable exchange rates can be attained because of the
small particle dimensions. These properties can be utilized in a cyclical
fixed-bed operation, when the OMS micro-crystals are supported on
porous silica. The breakthrough behavior correlates relatively well
with the proposed model thus allowing simulation at different condi-
tions. Some drawbacks inherent to these materials must, however, be
taken into account. The exchange capacity of OL-1 and OMS-1 cannot
be fully utilized in a simple loading-acid elution cycle, because the
materials are too weakly acidic. Moreover, instability at acidic condi-
tions and in the presence of reducing agents limits their use in hydro-
metallurgical separations. For these reasons, more potential
applications for OMS manganese oxides may be found in hydrometal-
lurgical tailings management, in environmental engineering, and in the
removal of radio-nuclides.

ACKNOWLEDGEMENTS

Financial support from the Academy of Finland is gratefully acknowl-
edged. The authors also thank Ms. Anne Hyrkkédnen for assistance in
experimental and analytical work.



08:56 25 January 2011

Downl oaded At:

Nanoporous Manganese Oxides 3071

LIST OF SYMBOLS

S o
g <8

o
®

=T

oY 's v <= qﬂ;,gvg&&”u Z 3 hsgg\
2 6.;‘
ol

mass transport parameter, 1/s

bed volume, mL

concentration, mol/L

average diameter of OL-1 crystals, m
micro-crystalline diffusion coefficient, m*/s

axial dispersion coefficient, m?/s

Faraday constant and

empirical parameter (Eq. (1))
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