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Abstract The effect of NaCl concentration (10.0–

1,000 mM) on 226Ra adsorption was investigated in the

presence of montmorillonite and kaolinite. A positive

correlation was observed between the dissolved 226Ra and

NaCl concentrations in the presence of these adsorbents.

Distribution coefficients decreased from the order of 104 to

100 (mL g-1) with an increase in NaCl concentration.

Although the coefficients were higher for montmorillonite

than kaolinite at lower NaCl concentrations, the trend was

reversed at higher NaCl concentrations (C500 mM) owing

to the sharper reduction of the coefficient for

montmorillonite with the increase in NaCl concentration.

The rapid reduction was ascribed to higher negative charge

density of montmorillonite, which leads the Ra2? adsorp-

tion mechanism to approach charge-compensating ion

exchange.
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Introduction

Radium (Ra) is produced from U, Th, and Ac decay series

in natural environments, and it has various isotopes with

different half-lives: 223Ra (11.4 day), 224Ra (3.66 day),
226Ra (1,599 year), and 228Ra (5.75 year). Owing to the

potential risks associated with their radioactivity, their

behavior in natural aquifers has attracted considerable

attention from the viewpoint of water resource assessments

[1–4], risk management for mining workers [5, 6], and

safety assessment for the underground disposal of radio-

active wastes [7–11].

In natural groundwater, Ra concentrations are often

higher in saline aquatic systems [1, 4, 9, 10, 12–16]; var-

ious mechanisms have been suggested to explain this

phenomenon, such as competitive adsorption of Ra with

other cations [1, 10, 12, 14, 16, 17], formation of soluble

Ra complexes with Cl- [8], competitive Ra and Ba

incorporation into solid-phase barite [12], ionic-strength-

dependent silica reequilibration on quartz grains [12], and

dilution by freshwater [13].

The phenomenon of Ra adsorption on aquifer solids was

readily manifested by the 224Ra/228Ra [7, 10, 13] and
222Rn/226Ra [4] radioactivity ratios in groundwater. Among

the adsorbents, clay minerals play an important role owing
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to their high cation exchange capacity (CEC) and large

specific surface area [18]. The accumulation of Ra in clay

minerals during dissolved Ra transportation was consis-

tently indicated by Pb isotopes in clay minerals in the Oklo

uranium deposit, central Africa [11].

It has been confirmed via adsorption experiments that

Ra has high affinity for clay minerals [5, 19–23]. However,

the effect of salinity on the Ra adsorption has not been

revealed in relation to crystal structure and CEC of the clay

minerals. To understand salinity-dependent Ra concentra-

tions in natural groundwater in terms of clay mineral types

in the aquifers, this study focused on the effect of NaCl

concentration on Ra adsorption on montmorillonite and

kaolinite, which are commonly formed by water–rock

interactions [24] yet have different CEC and crystal

structures [18, 24].

Experimental

Clay mineral treatment

Wyoming (USA) montmorillonite (SWy-2) and Georgia

(USA) kaolinite (KGa-2) were purchased from the Clay

Minerals Society (Chantilly, VA, USA). Their structures

are illustrated in Fig. 1. Montmorillonite is made of one

octahedral layer with both sides fused by Si4? tetrahedral

layers (2:1 structure), whereas kaolinite is made of one

octahedral layer with only one side fused by a Si4? tetra-

hedral layer (1:1 structure). In montmorillonite, some Al3?

in the octahedral layer is absent or replaced with Mg2?,

giving a permanent negative charge to the mineral. The

negative charges are compensated by ion exchangeable

cations intercalated between the layers. At the broken edge

of the crystal lattice, ionized surface groups (sianol and

aluminol) with net negative charges [18] are exposed. The

edge sites are major adsorption sites for kaolinite [18]

because kaolinite has a much lesser permanent charge

compared to montmorillonite [18].

The exchangeable cations in these clay minerals were

saturated with Na? via repeated dispersion and centrifu-

gation using 1,000 mM NaCl for three times. The car-

bonate minerals as impurity were also removed by

dispersing in pH 5.0 sodium acetate buffer solution (Mor-

gan solution). To check the exchangeable cation compo-

sition, the treated clay minerals were repeatedly dispersed

and centrifuged in 1,000 mM NH4Cl for four times.

Finally, each treated clay mineral was ultrasonically dis-

persed in 10.0 mM NH4Cl solution and centrifuged. By

measuring the cation (Na?, K?, Mg2?, and Ca2?) con-

centrations in the solution, the exchangeable cation com-

position was evaluated. Each of the NH4
?-saturated clay

minerals obtained by the above procedure was repeatedly

dispersed and centrifuged in 1,000 mM NaNO3 for five

times. By measuring the NH4
? concentration in the solu-

tion, the CEC of each treated clay mineral was determined

[25].

Adsorption experiment

For 226Ra adsorption experiments, 0.10 and 1.00 g of the

treated clay minerals were dispersed in 30 mL of 10.0, 100,

Fig. 1 Crystal lattice of

a montmorillonite and

b kaolinite [18]. The image of

negative charge (-) distribution

in the crystal structure is

illustrated below the crystal

lattice
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500, and 1,000 mM NaCl in 50 mL centrifugation tubes

(Nalgene). In each system, 0.3 mL of 226Ra stock solution

(3,200 dpm mL-1 equivalent to 6.4 9 10-6 mM) was

added to realize an 226Ra concentration of

6.3 9 10-8 mM. According to the thermodynamic data

[8], Ra2? should be the dominant Ra species in the

experimental solutions. In the adjustment of pH, an alkali

(e.g., NaOH) was not added to prevent the contamination

of extra cations other than H?. Alternatively, a pre-deter-

mined amount of 100 mM HCl was added to each solution

in the presence of montmorillonite to adjust the pH to

5.0–5.5 to be the same pH range of the solution in the

presence of kaolinite. Blank samples for each NaCl con-

centration without clay minerals were similarly prepared.

After shaking the sample solutions (including the blank)

using a mix rotor for 2 days at room temperature

(*25 �C), filtered (0.45 lm, DISMIC-25cs, cellulose

acetate) supernatants were collected in 100-mL glass

beakers after centrifugation. The solutions in the beakers

were evaporated on a hot plate at 140 �C. The 226Ra

adsorption experiment at a condition of 10.0 mM NaCl

concentration in the presence of 1.00 g of montmorillonite

was avoided, because filtration was virtually impossible

owing to remaining clay particles in the supernatant after

the centrifugation.

The retained 226Ra in the 100-mL beaker after evapora-

tion was re-dissolved using 2 mL of 100 mM HNO3 and

poured into a plastic cylindrical container (diameter:

22 mm; height: 45 mm) with a filter paper on the bottom of

the container to absorb the solution. The solution in the

plastic container was subsequently dried with the aid of an

infrared lamp. Residual 226Ra on the 100-mL beaker was

again re-dissolved by 2 mL of 100 mM HNO3, poured into

the plastic container, and dried by the above procedure. The

re-dissolution (for 100-mL beaker) and drying (for plastic

container) processes were repeated four times. Finally, the

filter paper on the bottom of the plastic container was cov-

ered by a circular disk (diameter: 22 mm; thickness: 2 mm)

and tightly sealed by an adhesion bond that filled the space

between the disk and the wall of the container. The recovery

of 226Ra in the sample solutions through the above proce-

dure was higher than 90 % regardless of the sample NaCl

concentrations. After aging the plastic containers for at least

three weeks, they were used for c-ray spectrometric analyses

using coaxial-type Ge detectors.

Analytical procedure

The c-ray spectrometer was calibrated by the standards

prepared in the same geometrical arrangement as the

samples. The sample 226Ra activities at 186 keV agreed

with those measured via daughter nuclides, indicating that

leakage of 222Rn from the sample was negligible. The
226Ra activity was obtained from its daughter (214Pb) peak

at 351.99 keV owing to its superior detectability. The c-ray

spectroscopy counting errors were usually lower than

±1 %. The relative standard deviation (RSD) of the mea-

surements was about 0.06, judging from the fourfold blank

sample measurements (n = 4). The adsorbed amounts of
226Ra on the clay minerals were calculated by the differ-

ence between the 226Ra concentrations of the sample and

the blank. In the determination of the exchangeable cation

composition and CEC for the clay minerals, the cation

concentrations were measured by ion chromatography

(Dionex, ICS-1,000). The RSD of the measurements were

less than 0.011, 0.007, 0.060, 0.005, and 0.002 for Na?,

NH4
?, K?, Mg2?, and Ca2?, respectively (n = 2). To

assess purity of the clay minerals, X-ray powder diffraction

(XRD) analyses (RIGAKU, RINT1200) with CuKa radia-

tion at 40 kV and 30 mA were performed for original and

treated (Na?-exchanged and carbonate-removed) mont-

morillonite and kaolinite.

Fig. 2 X-ray powder diffraction profile for a montmorillonite and

b kaolinite before and after Na? replacement for exchangeable

cations and carbonate removal

J Radioanal Nucl Chem (2014) 299:569–575 571

123



Results

Clay mineral characterization

In the XRD spectrum, aragonite (CaCO3) in the original

montmorillonite was not recognized in the treated mont-

morillonite (Fig. 2a). Quartz was found in both the original

and the treated montmorillonite. The effect of quartz on the
226Ra adsorption experiment was neglected because quartz

has negligible affinity with Ra compared to montmoril-

lonite [5, 26]. No impure minerals were found in both the

original and the treated kaolinite (Fig. 2b).

Table 1 summarizes the exchangeable cation composi-

tions and CEC for the treated clay minerals. Only Na? was

detected as an exchangeable cation in the treated mont-

morillonite. The releasable Na? amount (73.8 mmol

100 g-1) was roughly consistent with CEC of the treated

montmorillonite (82.3 mmol 100 g-1). Similarly, the

releasable amount of Na? (4.9 mmol 100 g-1) from the

treated kaolinite was comparable to CEC of the treated

kaolinite (3.1 mmol 100 g-1). These observations signified

successful Na? exchange for exchangeable cations in the

treated clay minerals. On the other hand, the releasable

amount of K? (8.7 mmol 100 g-1) from the treated kao-

linite was higher than its CEC, implying another source of

K? from cation exchangeable sites. The effect of released

K? from the treated kaolinite on the 226Ra adsorption

experimental results was not taken into account, because

Na? concentrations in the experiment (C10.0 mM) should

have been higher than the released K? concentrations in

the experiment based on the releasable K? amount

(8.7 mmol 100 g-1) of the treated kaolinite.

Adsorption experiment

Table 2 summarizes the percentage of dissolved 226Ra in

the presence of the clay minerals and distribution coeffi-

cients (mL g-1) of 226Ra. The dissolved percentage of
226Ra in the presence of both clay minerals (Fig. 3)

increased with the NaCl concentration. At the highest NaCl

concentration (1,000 mM), the dissolved percentages of
226Ra were more than 80 % regardless of the clay minerals

and solid/liquid ratios. The dissolved percentages of 226Ra

were always higher in the presence of kaolinite than in the

presence of montmorillonite, except at higher NaCl con-

centrations (C500 mM). A lower solid/liquid ratio resulted

in higher 226Ra dissolved percentages at a given NaCl

concentration regardless of the clay minerals.

The distribution coefficients decreased with an increase

in the NaCl concentration from the order of 104 to 100

(Fig. 4). They were higher for montmorillonite than for

kaolinite at lower NaCl concentrations (B100 mM), while

the opposite trend emerged at higher NaCl concentrations.

An increase in the solid/liquid ratio resulted in up to a five-

fold decrease in the distribution coefficients at higher NaCl

concentrations (C500 mM).

Discussion

The distribution coefficient dependence on NaCl concen-

tration was fitted by the function D = aQb, where D is

distribution coefficient (mL g-1), Q is the NaCl concen-

tration (mM), and a and b are fitting parameters. b repre-

sents the distribution coefficient dependence on NaCl

concentration, with b = -1 indicating inversely propor-

tional reduction of the distribution coefficient with an

increase in NaCl concentration. Lower b values (\-1)

signify more rapid reduction of the coefficient. Figure 4

shows the results of the fits with the optimized fitting

parameters in the formula and square of the correlation

coefficients (R2). The b values were lower for montmoril-

lonite (average -1.37) than for kaolinite (average -0.91),

indicating more rapid reduction of the coefficient for

montmorillonite with an increase in the NaCl concentration.

Webster et al. [27] developed a mathematical model to

describe the dissolved 226Ra concentration dependence on

salt concentration in the presence of sediment particles.

This model assumes that the adsorption flux of salt and Ra

(mol s-1) is proportional to their concentrations (mol L-1)

and vacant adsorption site density of the adsorbent

(mol m-2). The desorption flux of salt and Ra (mol s-1)

are proportional to their adsorbed concentrations

(mol m-2) on the adsorbent. Finally, the vacant adsorption

site density is inversely proportional to the salt concen-

tration. The model predicts that inversely proportional

reduction of the distribution coefficient emerges with the

salt concentration elevation. Average b values (-0.91)

near -1 in the case of kaolinite could support the validity

of the model, while those (-1.37) in the case of mont-

morillonite were significantly lower than the model pre-

diction (b = -1).

Table 1 Exchangeable cation composition and CEC for treated clay

minerals

Exchangeable cation

(mmol 100 g-1)

CEC (meq

100 g-1)

Na? K? Mg2? Ca2?

Treated

montmorillonite

73.8 D.L. D.L. D.L. 82.3

Treated kaolinite 4.9 8.7 D.L. D.L. 3.1

Treated clay minerals were those in which exchangeable cations were

exchanged with Na?, and carbonate minerals were removed via

sodium acetate buffer solution at pH 5.0

CEC cation exchange capacity, D.L. detection limit
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Tachi et al. [23] described the Ra2? adsorption on

montmorillonite as

2ZNaþ Ra2þ ¼ Z2Raþ 2Naþ ð1Þ

where Z is the cation adsorption site of montmorillonite.

The equation leads to the different salinity dependence of

the Ra2? distribution coefficient from the Webster’s model

as shown below. Then, the derived salinity dependence is

compared with the experimental results.

When an equilibrium state is established in Eq. (1), the

following relationship is established [28]

K ¼ Z2Rað Þ Naþð Þ2

ZNað Þ2 Ra2þ� � ð2Þ

where K is equilibrium constant, and the quantity in

parentheses is activity of the species, which is

approximated by molar concentration (M) in the

following discussion. Almost all the cation exchange

sites of the clay minerals are expected to be occupied by

Na?, because clay minerals were Na?-saturated, the salt

concentration were adjusted by NaCl, and Ra2?

concentration (6.3 9 10-8 mM) was extremely smaller

than the Na? concentrations (C10 mM). Therefore, the

cation exchange site concentration of the clay minerals

occupied by Na? (ZNa) should approximate the total cation

exchange site concentration (Z)t (M).

ðZÞt ffi ZNað Þ ð3Þ

Equations (2) and (3) yield the following relationship.

Z2Rað Þ
�
ðZÞt

Ra2þ� � ¼ KðZÞt
Naþð Þ2

ð4Þ

The left-hand-side term expresses a quantity

proportional to the distribution coefficient of Ra2? with

clay minerals, which is inversely proportional to the square

of Na? concentration in the right-hand-side term.

Table 2 Percentage of

dissolved 226Ra in the presence

of clay minerals and distribution

coefficients of 226Ra

The errors are estimated from

uncertainty of the measurements
a The experiment was not

performed in this condition

owing to impossibility of the

experimental solution for

filtration because of remaining

clay particles in the solution

after centrifugation

Samples Solid/liquid ratio NaCl concentration

(mM)

Dissolved 226Ra (%) Distribution

coefficient (mL g-1)

Montmorillonite 0.10 g/30 mL-1 10.0 3.0 ± 0.6 9,580 ± 1,820

100 63.5 ± 0.8 170 ± 5

500 88.9 ± 0.4 35.9 ± 1.6

1,000 95.1 ± 0.5 15.6 ± 1.6

1.00 g/30 mL-1 10.0 –a –

100 19.3 ± 2.0 126 ± 13

500 57.6 ± 0.5 22.2 ± 0.3

1,000 86.1 ± 0.5 4.84 ± 0.20

Kaolinite 0.10 g/30 mL-1 10.0 23.5 ± 1.3 959 ± 57

100 89.1 ± 0.7 34.2 ± 2.4

500 88.7 ± 0.4 38.0 ± 1.6

1,000 92.2 ± 0.7 24.9 ± 2.2

1.00 g/30 mL-1 10.0 4.2 ± 0.2 680 ± 25

100 49.4 ± 0.3 30.8 ± 0.3

500 88.8 ± 0.6 7.11 ± 0.30

1,000 83.2 ± 0.8 6.03 ± 0.30

Fig. 3 226Ra dissolved percentages in the presence of a montmoril-

lonite and b kaolinite at 0.10 g/30 mL-1 and 1.00 g/30 mL-1 solid/

liquid ratios as a function of NaCl concentration. Analytical errors

arising from uncertainty of the measurements were within the size of

the plots
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The average b in case of montmorillonite (-1.37) was

intermediate between -1, as predicted in the model of

Webster et al. [27], and -2, as predicted from Eq. (4). The

higher CEC of the montmorillonite than that of the kao-

linite (Table 1) indicate higher negative charge density of

the montmorillonite. The positive charge of a Ra2? ion

adsorbed on the montmorillonite should then be compen-

sated by more negative charges (up to -2) than the case of

the kaolinite. The situation should lead the adsorption

mechanism of Ra2? on montmorillonite to approach the

Eq. (1) (complete charge compensation). This could be the

reason for the lower value of b for the montmorillonite than

that for the kaolinite.

Although distribution coefficient (mL g-1) is not

expected to be dependent on solid/liquid ratios [27], a

negative correlation was observed between them in our

experiments (Fig. 4, especially at NaCl concentrations

C500 mM). This phenomenon could be explained by

reduced mobility of clay particles, hence reactivity of those

with 226Ra, at higher clay particle and salt concentrations

[29].

Conclusion

A positive correlation was observed between the dissolved
226Ra and NaCl concentration in the presence of mont-

morillonite and kaolinite. Although CEC was considerably

higher for montmorillonite (82.3 mmol 100 g-1) than for

kaolinite (3.1 mmol 100 g-1), the distribution coefficients

for montmorillonite became comparable to or lower than

those for kaolinite at higher NaCl concentrations

(C500 mM). The rapid decrease in the coefficient for

montmorillonite with an increase in NaCl concentration

was attributed to higher negative charge density (CEC) of

montmorillonite, which leads the Ra2? adsorption mecha-

nism to approach charge-compensating ion exchange. It

was concluded that CEC and relevant crystal structure of

the clay minerals significantly influence salinity depen-

dence of Ra adsorption on the clay minerals in natural

groundwater.
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