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THE CHEMICAL BEHAVIOR OF THE
NATURAL MICROPOROUS MANGANESE-
OXIDE TODOROKITE IN ACTINIDES
(Th, U, Pa) AQUEOUS SOLUTIONS

P. Misaelides,"* T. Katranas,"" A. Godelitsas,""
H. Klewe-Nebenius,? and 1. Anousis®

"Department of Chemistry, Aristotle University,
GR-54006 Thessaloniki, Greece
2Forschungszentrum Karlsruhe, P.O. Box 3640,
D-76021 Karlsruhe, Germany
3NRCPS “Demokritos”, GR-15310 Aghia Paraskevi-
Attiki, Greece

ABSTRACT

The chemical behavior of natural todorokite in Th and U aqueous
solutions with initial concentrations between 10 and 1000 mgL ™"
and pH higher than the point of zero charge (pHpc) of the mineral
was investigated by instrumental neutron activation analysis and
x-ray photoelectron spectroscopy. The experimental results
indicated that considerable amounts of Th and U could be
bound by todorokite through different sorption mechanisms
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(especially surface precipitation) depending on the pH. The
maximum sorption ratios (Rgq) reached 697 and 94 mL g_l,
respectively. Exploratory experiments using >>>Pa in 1-0.001 M
HCI solutions also indicated the ability of the material to interact
with protactinium species even below its pHpzc, exhibiting high
Rq values (2.4-63.5 X 10*mL g~ "). The precipitation of insoluble
actinide hydrolysis products on the surface of the mineral can be
attributed to the increase in pH due to simultaneous interaction
with the H* cations.

Key Words: Todorokite; Manganese oxides; Actinides; Thor-
ium; Uranium; Protactinium

INTRODUCTION

Natural Mn oxides/hydroxides/oxy-hydroxides are very common minerals
in nature playing a very important role in the migration of heavy metals and
radionuclides in the geosphere. Todorokite ([Mn>*, Ca, Mg]Mné‘*OTHQO) is a
natural hydrated manganese oxide with a rather complicated chemical
composition (1), occurring in large quantities along with other relative minerals
(e.g., pyrolusite) in many areas of the world (2—6). Todorokite has also been
identified as a major component of the so-called Mn nodules existing in huge
quantities at the bottom of the oceans, consequently exhibiting a crucial
economic importance (7-9). In addition, todorokite occurs with other Mn
minerals in tuffaceous geological formations planned to be used for storage of
high-level nuclear wastes (HLW) such as the Yucca Mountain, USA (10,11).

The todorokite crystals possess a specific oxide-type structure with a
framework consisting of triple chains of edge-sharing MnOg¢ octahedra that
corner-share to form tunnels with three octahedra on a side (12,13). The presence
of tunnels (micropores), with dimensions 6.9 X 6.9 Az, allows the lattice to
accommodate water molecules as well as possibly exchangeable cations (e.g.,
Na*,Ca*") like zeolites. Consequently, natural todorokite is being explored as a
potential sorbent for the separation of hazardous ions from contaminated aqueous
media. Furthermore, the chemical behavior of the mineral towards dissolved
actinide species is of additional importance, as mentioned above, due to its
presence in potential HLW host rocks.

The published data concerning the interaction of actinides with todorokite,
and generally with natural Mn oxides, are exceptionally limited compared to
those for other geological materials such as clays and zeolites. Triay et al. (14)
presented the interaction of Am with the Mn oxide romanechite, whereas recent
experiments using synchrotron radiation techniques (15) indicated the strong
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affinity of Pu with mineral phases containing Mn oxides and provided spatially
resolved information about its oxidation states and coordination environment.
Even in the above works, associated with the Yucca Mountain Site
Characterization Project (YMP), there are no references towards the chemical
behavior of todorokite with respect to actinides including Th and U.

The present work also includes an exploratory investigation on the interaction
of todorokite with protactinium obtained using trace amounts of **Pa in aqueous
solutions of different HCI concentrations. Despite Th and U, Pa is one of the rather
rare elements on earth. Its long-lived isotope, BIpa (Ty: 3.276 X 10* yr) is a
member of the actinium natural radioactive series and can be found in small
quantities in uranium minerals in equilibrium with **>U (ca. 340 mg ton ' of natural
uranium). *'Pa has also received attention recently because of its production during
the operation of thorium-fuelled reactors (***Th(n,2n)**'Th — »*'Pa nuclear
reaction). The significance of 23pa (Ty0: 27 days), that is produced additionally by
means of the 232Th(n,~y)233Th — 233Pg nuclear reaction, is limited due to its short
half-life. Small amounts of ***Pa are also produced in nuclear waste through the
a-decay of 237Np (T 2.144 x 10° yr). Finally, it should be noted that inasmuch as
there are no publications about the interaction of natural Mn oxides (including
todorokite) with protactinium, the known facts regarding sorption of the element by
any kind of geological material are also very limited (16,17), obviously due to its
complicated aqueous chemistry.

EXPERIMENTAL

The representative natural todorokite sample used in the experimental work
(kindly supplied by the Museum of Natural History, London, UK) was from the
Montenegro mine, Cuba. The characterization of the above natural microporous
Mn oxide, described in a previous contribution (18), was performed using a
variety of analytical, thermal, and spectroscopic techniques. The cation exchange
capacity (CEC) of the material was investigated using the K* < Cs* method
applied for other natural microporous minerals such as zeolites (19), while its
point of zero charge (pHpzc) and the specific surface area (SSA) were also
determined by standard procedures. The main sorption characteristics of the
particular todorokite sample, quite relevant for the understanding of its behavior
either in aqueous or gaseous media, are summarized in Table 1.

The thorium and uranium solutions used for the experimental work were
prepared by dissolution of appropriate amounts of Th(NOj3)4-4H,O and
UO,(NO3),-6H,0O (Merck, KGaA, Darmstadt, Germany, pro analysi) in double
distilled water. Six solutions with metal concentrations between 1000 and
10mgL~" were prepared by dilution of an initial standardized solution
of 1000mgL~"'. The concentrations in all the solutions were checked
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Table 1. Sorption Characteristics of the Investigated Todorokite (18)

Cation exchange capacity (CEC) 15meq100g~"

Specific surface area (SSA) 25m>g ! (150°C), 39 m’*g ' (250°C),
59m?g~ " (350°C), 37m*g " (450°C)

Point of zero charge (pHpzc) 2.4

Potential exchangeable cations (w/w) Na (1.75%), Ba (1.06%), Ca (1.04%),

Sr (0.65%), K (0.4%)

spectrophotometrically using the Arsenazo(Ill) method (20). The above-
mentioned concentration range was selected mostly in order to simulate real
actinide-contaminated nuclear wastes, such as those of BNFL at Springfields,
UK, containing 180-750mgL ™" thorium. For the individual sorption
experiments, 50 mg of powdered todorokite was shaken for 24 hr with 10 mL
of the individual solutions in polystyrene centrifuge tubes at room temperature
(batch-type procedure). Preliminary tests indicated that the duration of the
treatment was sufficient for the establishment of the final equilibrium. After the
treatment the solid phases were separated using Nuclepore membrane filters,
washed several times with double distilled water, and air-dried. The pH of the
solutions was measured before and at the end of the treatment. The Th and U
content of the separated solid phases was determined by means of instrumental
neutron activation analysis (INAA) combined with high resolution <y-ray
spectrometry using a high purity germanium detector (CANBERRA Industries,
Meriden, CT, REGe-detector, efficiency 20%, resolution 2.1keV for the
1.332MeV ®°Co line) connected to a standard computer-based vy-ray
spectroscopy set-up. The quantitative determination of Th and U was performed
by means of the y-radiation ***Pa and **’Np using IAEA Soil-7 as reference
material. The irradiations were performed at SMW research reactor of the
NRCPS “Demokritos”, Athens, Greece (flux: 5 X 10" cem—? secfl).

The investigation of the interaction of todorokite with protactinium was
performed using **Pa (T} »: 27.4 days), which was prepared by irradiation of a small
amount of Th(NO3)4-4H,O by thermal neutrons in the above-mentioned research
reactor. The ***Pa is a decay product of 233Th (T1/: 23.3 min) and can be separated
from the irradiated thorium nitrate by means of ion exchange using procedures
described in the literature (21). The method used is based on the fact that
protactinium forms in concentrated HCl solutions (8 M ) negatively charged chloride
complexes (22,23) reacting with an anion anionic exchanger (in this work Dowex
1 X 2 resin), while thorium remains as cation in the solution. The elution of the
retained protactinium takes place by passing solutions of lower HCI concentration
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(4 M and lower) through the ion-exchanger column. Protactinium-233 solutions in
1-0.25 M HCI were prepared for the sorption experiments. In a further experiment,
233pa was separated from the irradiated thorium nitrate dissolved in 3 M HCI by
extraction using methyl-isobutyl-ketone (MIBK, Merck, KGaA, Darmstadt,
Germany,) and re-extraction by 0.1 M HCI. Pa solutions in 0.01 and 0.001 M HCI
were prepared by dilution of the solution in 0.1 M HC. The ***Pa concentration of
the individual solutions was determined by y-ray spectrometry. The contact time of
todorokite with the protactinium solutions was 8 hr.

The x-ray photoelectron spectroscopy (XPS) spectra were obtained at the
Institute of Instrumental Analysis (IFIA) at the Research Centre Karlsruhe,
Germany, using a VG ESCALAB-5 instrument (Thermo VG Scientific,
Imberhorn Grinstead, UK) equipped with a Mg K,, x-ray source. The correction
for the charging of the nonconducting sample was made taking into account the
Cls photopeak at 285 eV assigned to surface contamination by the atmosphere.

RESULTS AND DISCUSSION

The results of the thorium and uranium uptake by the investigated
todorokite sample are given in Figs. 1 and 2. The absolute thorium uptake was
found to be in the range 1.1-42.8 mgg~', whereas the corresponding values for
uranium were 0.64—25.8mgg~'. The analysis of the initial material by INAA
also indicated the presence of 7 ug g~ ' of uranium (18). No thorium was detected
during the analysis of the initial todorokite sample. The uranium uptake values
(I') were found to obey a Freundlich-type relation I'= 0.12[Ceq]0‘81237 [Ceql
denoting the equilibrium uranium concentration in the solution. The thorium
uptake by the investigated material does not seem to obey a similar relation. The
sorption ratio values (Ry) for the case of thorium calculated from the

Thorium-uptake by natural Todorokite

50 1
40 * o
30 + Y

20

Th-uptake (mg/g)

0 200 400 600 800 1000
Final Th-Concentration (mg/L)

Figure 1. Thorium uptake (mg g~ ') by todorokite.
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Uranium-uptake by natural Todorokite
30
25 1 L
20 Py
15
10

U-uptake (mg/g)

0 + + t +
0 200 400 600 800 1000
Final U-concentration (mg/L)

Figure 2. Uranium uptake (mgg ") by todorokite.

concentration of the element in the solid and liquid phase ranged between
44mL g~ " (for the 1000mgL ™" solution) and 697mL g~ "' (for the 50 mgL ™"
solution). The Ry values for uranium were found to be lower varying in the region
between 21 and 94 mL g~ (for the 1000 and 10mg L ™" solutions, respectively).

The thorium uptake by todorokite cannot be justified by the rather low CEC
(15meq 100 g~ ") of this natural microporous mineral, and most probably is due
to other processes rather than ion exchange. The initial pH of the thorium
solutions (1000—10mg L_l) varied between 2.9 and 4.0 whereas the final pH
varied between 2.7 and 7.9 (Fig. 3) evidently due to the simultaneous sorption of
H* cations causing an unfavorable intense hydrolysis of the initial Th** ions.
Therefore, surface precipitation of thorium solid hydrolysis products and
adsorption of species such as [Th(OH)]** could be the sorption mechanisms

¥/ Final pH
f Initial pH
Initial Th-Concentration (mg/L)

Figure 3. Variation of the pH of the thorium aqueous solutions during their interaction
with todorokite.
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responsible for the considerable amount of thorium bound by the material.
Thorium solid hydrolysis products, including Th(OH),, generally are indistinct
amorphous compounds and their precise identification on surfaces even
spectroscopically is rather difficult. The surface precipitation of Th compounds
has also been demonstrated on the basis of relevant experiments including other
microporous minerals such as natural zeolites (24,25).

The uranium sorption by todorokite depends strongly on its aqueous
chemistry also related to the pH of the used solutions (1000—10mgL~"). The
hydrolysis of the uranyl ions begins practically at pH > 3 and mononuclear (e.g.,
[UO,(OH)*]) as well as polynuclear (e.g., [(UO,)»(OH),1*, [(UO,)5(OH)s]Y)
hydrolysis products of the general type [(UO,).(OH),]** " are formed. The
occurrence of species U,0%", U;03" and polymeric species of the type
UOz(UO3)i+ has also been proposed (26,27). At pH < 4, the most dominant
species is the hydrated uranyl cation (28,29), which can be sorbed through ion
exchange by natural microporous materials (30). The initial pH of the U solutions
used during this work was between 3.5 and 5.4, whereas the final pH was between
3.9 and 8.0 (Fig. 4) attributed to the sorption of H* cations by the material.
Therefore, one could expect a contribution of ion exchange of uranyl cations only
in the case of the sorption from the most concentrated solutions. The removal of
uranium by todorokite from solutions of lower concentration most probably is
due to other sorption mechanisms such as surface precipitation of neutral solid
hydrolysis products (in fact distinct U phases) or even adsorption of positively-
charged species of the type [(UO,)(OH)]". Similar phenomena, concerning an
evident surface precipitation of particular U phases, have been observed in the
case of other minerals, such as zeolites, galena, and pyrite (31,32).

f Final pH
Initial pH

50

100 50 &1
500
750 1000
Intial U-Concentration (mg/L)

Figure 4. Variation of the pH of the uranium aqueous solutions during their interaction
with todorokite.
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Counts

375 380 385 390 395 400 405
Binding Energy (eV)

Figure 5. Raw XPS data concerning U-phases bound on the surface of the interacted
todorokite crystals. Two main peaks assigned to U-4f;,, (381.7eV) and U-4f5,, (392.6eV)
binding energies can be recorded after the appropriate correction (—4.6eV), due to the
charging of the nonconducting samples, taking into account the standard C1s photopeak at
285¢eV.

Additional information about the chemical behavior of todorokite in the
U aqueous solutions, resulting in the metal uptake by the mineral
predominantly through surface precipitation, can be obtained by the XPS
measurements performed on the interacted solid. Figure 5 shows a plot of the
raw XPS data obtained during these measurements. The two peaks of this
graph belong to U-4f;,, and U-4f5/, binding energies appearing, after charging
correction, at 381.7 and 392.6eV. The correction for the charging of the
nonconducting samples made taking into account the Cls photopeak at 285eV
amounts to —4.6eV. The U-4f;, binding energy of 381.7eV corresponds to
the presence of a U-phase of the type UO; (33) bound to the surface of the
todorokite particles. The same crystalline U oxide was observed in the case of
interaction of natural zeolite crystals with uranyl nitrate solutions (34).
Relevant results involving surface precipitation were presented for the case of
the uranium sorption on colloidal hematite, where extended x-ray absorption
fine structure (EXAFS) measurements gave spectra very similar to the phase
UO,(OH)»-H,0, which is known as schoepite (35). The XPS measurements
also indicated that the oxidation state of the framework manganese ions
(Mn**) on the surface of todorokite crystals remained unchanged after the
interaction with the U-containing aqueous solution (binding energy of Mn-2ps,
5. 642.3¢eV).

The recent information on the protactinium aqueous chemistry is rather
restricted compared to other lower actinides. Most of the studies in the
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literature were performed using ***Pa, because of the limited availability of
231pa and its long half-life. On the other hand, the 233pa studies in solutions
have been conducted at very low concentrations mainly because of its high
radioactivity and polymerization tendency. The most stable oxidation state in
solutions is the Pa(V), which tends to hydrolyze, forming oxy-hydroxide
species (36) and finally precipitates as a hydrated oxide (Pa,Os-x HO) unless
strong complex compound forming agents are present. The hydrolysis of
pentavalent protactinium, increasing with the pH of the solution, is extremely
complicated and not yet understood completely. The presence of actinyl(V)
ions (PaO) could be possible in solutions of very high acidity eventually and
even be formulated as PaO(OH); (23). Complexing agents in very strong
solutions replace the oxygen atoms of protactinyl ion forming anionic halide
species such as PaX; and PaX3~ (where X: F, CL..). Extraction studies
(22,37) have indicated that, at HCl concentrations higher than 6 M, the
formation of PaCl, and PaCl%7 is possible (also leading to the Pa separation
using anionic ion exchangers). At lower acid concentrations (below 6M)
negatively (e.g., Pa(OH)Cls , Pa(OH),Cl, ) and positively (e.g., Pa(OH)ClgL)
charged hydroxy-chloride species are formed. The formation of neutral species
(e.g., Pa(OH),Cly) is also possible.

The Ry values for the uptake of protactinium from 1, 0.5, 0.25, 0.01, and
0.001 M HCl solutions, calculated from the concentration of 2>*Pa in the solid and
liquid phase, are given in Table 2. The initial pH of the investigated solutions was
lower than the pHpzc (2.4) of the mineral (18). At pH values lower than 2.4, the
studied todorokite is positively charged, and is able to sorb anionic species, whereas
at pH values higher than 2.4 the mineral is negatively charged and can act as a
cationic sorbent. However, the use of the todorokite sample as anionic sorbent (in
low pH solutions) is limited by the dissolution phenomena apparently leading to a
prompt release of Mn from its crystal structure (18). The obtained Ry values could

Table 2. Sorption Ratio (Ry) Values Calculated for the Removal of
Protactinium from Aqueous Solutions of Different Concentrations by
the Todorokite Sample Under Investigation

HCI Concentration Initial Pa Concentration R4-Value
M) (ngL™h (x10*mLg™"
1 0.64 2.4

0.5 0.18 1.6

0.25 0.15 1.1

0.01 0.05 0.2
0.001 0.004 63.5
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reflect the diminishing amount of anionic Pa species macroscopically in 1, 0.5, 0.25,
and 0.01 M HCl solutions. Although the values of Table 2 have a rather qualitative
character, they indicate the high sorption ability of the material against low
concentrations of Pa anionic species. Pa sorption experiments performed using
0.001 M HCI solutions lead to almost total removal of the element assigned to the
surface precipitation of the insoluble protactinium hydrolysis products (38). In the
last case, the pH of the solution was increased drastically by todorokite (pH ~ 6)
fundamentally due to the simultaneous uptake of H* cations, as also took place in the
case of the Th and U solutions.
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