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 SORPTION OF 137Cs ONTO WEATHERED MICACEOUS MINERALS FROM GEORGIA 

KAOLIN DEPOSITS 

by 

 

DOMINIQUE KWONG-MOSES 

Under the Direction of W. Crawford Elliott, Ph.D 

 

ABSTRACT 

This study examined the propensity for a weathered muscovite-rich test material to sorb 

137Cs in a dilute NaCl solution (1 mmol/L, pH 5) across a range of added stable Cs and Rb 

concentrations for 130 days at room temperature. This muscovite test material, slaked from 

processed kaolin ore, was composed of 76% muscovite, 21% kaolinite and 3% quartz. Sorption 

experiments in the absence of stable Cs and Rb yielded increasing Kd values (1.49 x 103 mL/g to 

1.18 x 104 mL/g) over 130 days for 137Cs sorbed onto muscovite. Sorption experiments with stable 

Cs and Rb displayed linear decreases in Kd values as functions of the concentrations of stable Cs 

and Rb. These findings are consistent with a Freundlich isotherm. After 130 days, the addition of 

NaCl (1 mM and 10 mM) caused the desorption of only a small fraction (0.011% - 1.476%) of the 

sorbed 137Cs from this muscovite test material.  The Kd values calculated after the desorption of 

137Cs were still generally large 6.93 x 103 mL/g to 1.40 x 106 mL/g. 137Cs was interpreted to be 

fixed at high affinity sites within the muscovite. This test material showed promise for being a 

sorbent for radiocesium contaminated waste solutions. 

INDEX WORDS: muscovite, mica, kaolin, radiocesium, 137Cs, sorption, Freundlich isotherm, 

desorption, fixation, legacy waste. 
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1 INTRODUCTION  

1.1 Radiocesium in the Environment 

Aqueous solutions of low-level radioactive waste have been found percolating through 

soils adjacent to sites of nuclear activity. A large constituent of this aqueous radioactive waste is 

radiocesium,137Cs. Concern for the fate of 137Cs stems fourfold from its high fission yield, 

moderately long half-life, high solubility and high biological availability (Evans et al., 1983).  Due 

to its high solubility, 137Cs has a high propensity to traverse groundwater and become mobile in 

certain regolith environments (Cornell, 1993). Radiocesium has a moderately long half-life (30.17 

years), compared to other non-transuranic fission products of 235U. 

Measureable concentrations of radiocesium have been introduced into the environment as 

a direct result of nuclear accidents, nuclear 

weapons testing, and other nuclear development 

activities. For example, at the Savannah River 

Site (Aiken, SC, USA), approximately 1900 

curies of 137Cs have been released into the 

environment, as reported in 1991 (Cummins 

1991). 

Another locality of high radiocesium 

contamination is the Fukushima Daiichi reactors 

(Fukushima Prefecture, Japan). Radiocesium 

and radioactive iodine were accidentally 

released from the Fukushima-Daiichi Reactor in 

2011 in one of the largest accidental releases of 

Figure 1 (above): Deposition of 134Cs and 
137Cs showing NW movement from the damaged 

Fukushima Daiichi plant (FDNPP) within the 

Fukushima Prefecture and neighboring 

prefectures. Modified from MEXT and DOE data 

(Yoshida and Takahashi, 2012). 
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radionuclides. Radioactive iodine decayed within a matter of days; thus, 137Cs is the remaining 

radionuclide found in soils near Fukushima, Japan. Figure 1 (left) showed the deposition and 

movement of 134Cs and 137Cs following the accident. Concentrations of radiocesium are listed on 

the map in units of Bq/m2. 

1.2 Statement of Problem 

Micaceous phyllosilicate minerals are known to sorb radiocesium and 

stable cesium, inferred from studies of soils and from the studies of isolated 

minerals.  The focus of this study is to understand the nature of sorption of 

radiocesium of a muscovite test material. The muscovite chosen for study is 

found as gangue material in the Georgia Kaolin deposits (Kogel et. al, 2000).  

The locality of Georgia kaolin deposits is indicated by the red arrow in the 

Geological Map of Georgia, USA presented in Figure 2. The Georgia kaolins 

are located in Sandersville, GA, just south of the Fall Line marking the 

boundary between the Piedmont (purple) and Coastal Plains (yellow) regions 

of the state. Georgia’s Coastal Plains region developed as a passive continental margin during the 

Cenozoic Era. 

 This muscovite has been separated from mined kaolin by Southeast Performance Minerals 

(David Avant, personal communication, 2017). It is then used in many industrial applications, 

including paper products, porcelain, concrete and beauty products (Kogel et al., 2000, Prasad et 

al., 1991). The ability of this muscovite to sorb and fix radiocesium has not been determined. This 

muscovite test material is predicted to serve as a good sorbent for radiocesium.   

Figure 2 

(above): 
Geological map 

of GA, USA. 

Red arrow 

indicates the 

locality of 

muscovite mica 

sample. 
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1.3 Chemical Nature of Phyllosilicates 

Phyllosilicate minerals are layered structures 

composed of tetrahedral and octahedral coordinated 

sheets. Muscovite is a 2:1 phyllosilicate mineral 

composed of two tetrahedral sheets bonded to a 

dioctahedral sheet, as seen in Figure 3 (left). The 

layer charge of muscovite is -1.  Net layer charge is 

satisfied by monovalent interlayer cations, most 

commonly K+, in the interlayer space between two 

muscovite layers.  The layers themselves are bonded 

electrostatically while covalent bonds connect Al or 

Si to -OH and O2- respectively. In nature, muscovite weathers in nature first by losing interlayer 

ions.  The loss of interlayer K+ produces a frayed edge site (FES) (e.g, Figure 4, Wampler et al., 

2012).  Cesium and/or other alkali metals are easily bonded in frayed edge sites (e.g. Evans et. al, 

1983; Lee et. al, 2017). 

1.4 Radiocesium Sorption by Phyllosilicate 

Minerals 

Through exploitation of the high cation 

exchange capacity (CEC) of micaceous minerals 

(vermiculite, illite, and weathered muscovite) for 

radiocesium, there is potential for in-situ “self-

remediation” where these micaceous minerals are 

present. The radiocesium may be fixed over time to frayed edge sites and/or interlayer zones of 

Figure 3 (above): Diagrammatic sketch of 

the structure of muscovite (Grim 1968), 

showing tetrahedral and octahedral layers, 

as well as interlayer cations. 

Figure 4 (above): A conceptual model 

(developed by Wampler et al., 2012) of the 

cross-section of an interlayer wedge of 

weathered muscovite mica being transformed to 

vermiculite. This model illustrates the difference 

between the exchangeable and fixed Rb and Cs 

cations in weathered micaceous phases. 
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weathered mica grains (Goto et al., 2014). Radiocesium and stable Cs are sorbed by cation 

exchange reactions with phyllosilicate minerals such as vermiculite or weathered muscovite (e.g. 

Goto et al., 2014, Zaunbrecher et al., 2015a, 2015b, Ishikawa et al., 2017, Fuller et al., 2015).  The 

effective fixation of radiocesium onto weathered mica grains will support the use of weathered 

muscovite for the in-situ fixation of mobile radiocesium in permeable backfill media, and for the 

cleanup of liquid low-level radioactive waste in on-site industrial applications.  
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2     MATERIALS & METHODS 

2.1 Sample Provenance 

The mica sample (~0.2 kg) studied herein was donated to Georgia State University 

Department of Geosciences by David Avant (Southeastern Performance Minerals, formerly 

Georgia Industrial Minerals). This mica was slaked from raw kaolin ore.  Southeastern 

Performance Minerals produced annually 58+ tons of muscovite mica for use in various products 

such as porcelain, construction materials, beauty products and paper products.   

2.2 Sample Splitting 

Using a Humboldt sample splitter (chutes: 3/8”), the ~0.2 kg sample was split into 

smaller ~0.012 kg subsamples or splits. Special care was taken to cover workspace with paper 

surrounding the splitter to recover material spilled during splitting.  Six 0.012 kg splits were 

produced for this study. The remaining unsplit material (0.1 kg) was stored for further use. Several 

splits were crushed in preparation for chemical and X-ray diffraction analyses.  Two of the sample 

splits were split again into subsamples of 0.006 kg. These subsamples were crushed in a cleaned 

ball mill with a tungsten carbide ball for 15 minutes. 

 A ~0.012 kg split was mailed to Activation Laboratories on Ontario, Canada for a major 

and trace element assay (Section 2.6). Another ~0.012 kg split was mailed to Dr. Brian Powell at 

Clemson University, for later use in batch sorption and desorption experiments (Sections 2.8 and 

2.9, respectively). 

2.3 Sample Sieving 

To determine particle distribution of the test muscovite, a bulk sample of 0.5 g was 

sieved using the following U.S. Standard size sieves: No. 10, No. 20, No. 60, and No. 325. The 
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mass of each portion at each sieve was weighed and analyzed. Percent particle distribution by 

particle diameter was determined using Equation 1 as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =  
𝑚𝑠

𝑚𝑡
 × 100%           (1) 

In Equation 1 (above), the quantity ms refers to the mass of the sample at sieve size s. The 

quantity mt refers to the total mass of the bulk sample sieved. 

2.4 X-Ray Diffractometry 

A random mount of the powdered split was analyzed using a PANalytical X’Pert Pro™® 

X-ray diffractometer.  This powder was scanned using Cu radiation generated at 45 kV and 40 mA 

with a nickel filter.  The samples were scanned at roughly 1o 2θ/minute from 2-60˚2θ, using a ½ 

inch divergence and receiving slits. An oriented mount of the power was prepared by transferring 

a small amount of crushed muscovite in a deionized water slurry onto a petrographic slide and 

allowed to dry. Two oriented mounts were created.  One oriented mount was scanned using 

conditions similar to the analysis of the powdered bulk sample (air dry).  The second oriented 

mount was solvated in ethylene glycol vapor to detect smectite or interstratified phases (Moore & 

Reynolds 1998).    

D-spacing values obtained from X-ray diffractometry were compared against reference d-

spacing values for the minerals muscovite (muscovite 2M1), kaolinite (kaolinite 1Md), and quartz 

(quartz low) (Jackson 1985; Moore and Reynolds, 1997).  D-spacing values were calculated 

knowing θ for the observed diffracted peaks. Given θ, the d-spacing values were calculated from 

Bragg’s Law (Equation 2, below): 

𝑛𝜆 = 2 𝑑 𝑠𝑖𝑛𝜃      (2) 

In Bragg’s Law (above), λ is the wavelength for Cu radiation filtered with Ni, θ is the angle 

of diffraction, and n is the order of diffraction (effectively n = 1 for all reflections).  
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Additionally, semi-quantitative mineralogical analyses of these mounts were performed to 

determine estimates of the amounts of minerals present in these splits. The PANalytical HighScore 

software interfaced to the X-ray diffractometer housed in the Department of Geosciences at 

Georgia State University provided these semi-quantitative mineralogical analyses.   

2.5 Strong Acid Extraction with HNO3 

Four 1.00 g (~0.001 kg) subsamples of the original mica sample and four 1.0 grams (~0.001 

kg) test portions of the crushed mica were treated for 3 hours with hot (~100 ˚C), strong (65-70% 

wt/wt) HNO3
   This nitric acid was diluted to a 50% wt/wt for these extractions to approximate the 

EPA Method 3050B leaching technique.  These tubes were shaken every 15 minutes and vented 

periodically. Two method blanks (no mica, only nitric acid and centrifuge tube) were also included 

following the same extraction procedures.  

The methods of these extractions used in this study approximated the EPA Method 3050B 

(Environmental Protection Agency, 1996). These extraction methods were also used in the study 

of the Savannah River Site soils (Zaunbrecher et al, 2015b). This method was intended to remove 

metal ions complexed/sorbed on the mineral surfaces of these test portions.  

Following treatment, the test portions were centrifuged at 2000 RCF for 10 minutes using 

the floor model Heraerus Centrifuge. The supernatants were transferred to 15 mL PFA vials and 

evaporated in the HF hood (located in 615 KH). The salts formed by evaporation were redissolved 

using 5 mL trace metal grade 2% HNO3.  These test solutions were analyzed for K, Rb, and Cs at 

Clemson University.  All sampling methods for these analyses were conducted gravimetrically 

rather than volumetrically.    A 1g portion of each test solution was then diluted further with 9 g of 

2% HNO3 for analysis of K, Cs and Rb via quadrupole inductively coupled plasma mass 

spectrometry (ICP-MS), conducted at Clemson University’s radiochemical laboratory. 
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The concentration of aqueous M+ (Cs, Rb) in the test solutions were calculated using 

Equation 3 (below). Since each 1 g test sample of each test portion was diluted prior to 

measurement via ICP-MS, the following dilution correction is made for calculating Cs in solution. 

[𝐶𝑠]𝑎𝑐𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒 = [𝐶𝑠]𝐼𝐶𝑃−𝑀𝑆  ×  
𝑚𝑡𝑜𝑡𝑎𝑙,𝐼𝐶𝑃−𝑀𝑆

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑜𝑟 𝐼𝐶𝑃−𝑀𝑆
   (3) 

All ICP-MS measurements were made using Clemson University’s Thermo XSeries II 

quadrupole ICP-MS under the direction of Professor Brian Powell. The remaining solid residues 

were re-dissolved in 2% HNO3 and stored for possible later studies.  

2.6 Major and Trace Element Analyses by Activation Laboratories, Ltd. 

The mass fractions of major, trace, and lanthanide (Package REE-8) elements of the 

muscovite test material were determined by Activation Laboratories, Ltd. (Ancaster, Ontario, 

Canada). Test samples of the muscovite (not crushed) were fused in lithium metaborate/tetraborate 

fusion. The resultant glass was acidified and analyzed by ICP methods.  

2.7 Fractions Extractable 

Data obtained from the major and trace element analysis (Section 2.6) and the strong acid 

extraction (Section 2.5) were used to determine the fractions extractable of Cs, Rb and K, 

according to the equation: 

𝐹𝑀+ =
[𝑀+ ] 𝑎𝑐𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒

[𝑀+] 𝑡𝑜𝑡𝑎𝑙
 ×  100 %     (4) 

Where [M+]acid extractable represents the concentration of Cs, Rb or K measured in the acid 

treated mica via ICP-MS, as described in 3.3.2a. This analysis includes the dilution correction 

explained in Equation 3.  The quantity [M+]total represents the concentration of Cs, Rb or K reported 

by Activation Laboratories, Ltd. 
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The values used for [M+] measured from acid leaching are reported in Table 3b as the 

average values of measured Cs, Rb or K in units of ng/g. The values used for [M+] in the 

muscovite are reported in Table 5 as total Cs, Rb or K measured in the muscovite test material in 

units of µg/g. 

2.8 Batch Sorption Experiments 

Further chemical investigations were conducted in a batch setup to determine the mica’s 

ability to sorb 133Cs, 137Cs, and Rb.  Twenty-two batch sorption test portions were created 

gravimetrically using micropipettes. Approximately 0.1000 g aliquots of the mica split (not 

crushed) were mixed with about 8.0000 g de-ionized water, varying concentrations of stable 

cesium, and a constant concentration of radiocesium (1.0000 g of 10,000 dpm 137Cs stock solution, 

per test aliquot).  Rb was added to batch sorption test portions 8a, 9a, 10a, 8b, 9b and 10b.  To hold 

ionic strength constant, approximately 1.0 g of 0.01 M NaCl was added to each test portion. The 

following table (Table 1, below) describes the composition of each batch sorption test portion: 

Table 1: Gravimetric Descriptions of Batch Sorption Test Portions 

Sample 

ID 

Mass 

of mica 

added 

(g) 

Mass 

of 1.0 x 

105 

dpm 
137Cs 

Stock 

(g) 

Mass 

of 1.00 

x 10-3 

M 
133Cs 

Stock 

(g) 

Mass 

of 1.00 

x 10-4 

M 
133Cs 

Stock 

(g) 

Mass 

of 10 

mM 

NaCl 

(g) 

Mass 

of 

Water 

(g) 

Total 

Sample 

Mass 

(g) 

1a 0.1299 0.99 0 0 0.9067 7.8531 9.7498 

2a 0.1015 0.999 0 0.0453 1.0072 7.8783 9.9298 

3a 0.0985 1.007 0 0.1046 1.0081 7.8906 10.0103 

4a 0.1099 1.006 0 0.4951 1.0096 7.9281 10.4388 

5a 0.102 1.008 0.1 0 1.0094 7.8488 9.9662 

6a 0.1094 1.008 0.481 0 1.0095 7.8944 10.3929 

7a 0.11 1.002 0.99 0 1.0015 7.8386 10.8321 

8a 0.16 1.007 0 0.5013 1.0065 7.9229 10.4377 

9a 0.0987 1 0.1 0 1.0066 7.8727 9.9793 

10a 0.1028 1.006 0.493 0 1.005 7.877 10.381 
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11a 0.1458 0 0 0 1.0044 7.8679 8.8723 

1b 0.1068 1.007 0 0 1.0029 7.8634 9.8733 

2b 0.1044 1.002 0 0.051 1.0075 7.8722 9.9327 

3b 0.1158 1.009 0 0.1 1.0059 7.8475 9.9624 

4b 0.1348 1.018 0 0.5014 1.0069 7.9466 10.4729 

5b 0.12 1.011 0.1 0 1.004 7.8978 10.0128 

6b 0.101 1.002 0.499 0 1.0078 7.9142 10.423 

7b 0.1046 1.012 0.994 0 1.0068 7.8613 10.8741 

8b 0.102 1.004 0 0.4782 1.0056 7.8547 10.3425 

9b 0.1228 0.992 0.094 0 1.0043 7.8675 9.9578 

10b 0.1094 1.006 0.494 0 1.002 7.8357 10.3377 

11b 0.1057 0 0 0 1.0031 7.8432 8.8463 

 

All test portions were tumbled mechanically in Powell’s laboratory to facilitate reaction. 

Following 18 hours, 60 days, and 130 days of tumbling, test portions were sampled for analysis 

via ICP-MS and liquid scintillation counting. Test portions were removed from the sample 

tumbler, then centrifuged at 8000 RPM for 20 minutes.  

Sampling was executed gravimetrically, wherein 1 ml of supernatant was sampled via 

pipetting (using VWR micropipettes, and approximated density of the supernatant ≈ 1 g/mL) from 

each test portion. Each 1 mL sample of supernatant was then weighed to the milligram with an 

analytical balance. For ICP-MS analysis, the 1 g these subsample portions were diluted with 5 g 

2% HNO3. For the first and second samplings using liquid scintillation counting (LSC), 1 g 

subsample portions were mixed with approximately 15 mL of high sample load Optiphase HiSafe 

III scintillation cocktail (a proprietary organic mixture, manufactured by PerkinElmer). For the 

third sampling, 5 ml of high sample load scintillation was used, based on the number of available 

LSC vials. Additions of liquid scintillation cocktail were not measured gravimetrically. All liquid 

scintillation counting measurements were made using a Hewlett Packard TriCarb LSC.  These 

procedures adhered to the practices for handling radionuclides at Clemson University and were 

overseen by Prof. Brian Powell. 
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At equilibrium, the partitioning of Cs between the aqueous phase and the solid phase 

(muscovite) is described in terms of Kd, the distribution coefficient (Goto et al., 2008). For the 

purposes of this study, Kd is defined as concentration of Cs in the solid phase divided by the 

concentration of Cs in the aqueous phase as shown in Equation 5 below: 

𝐾𝑑 =
[𝐶𝑠]𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒

[𝐶𝑠]𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒
      (5) 

However, because each 1 g sample of each test portion is diluted prior to measurement via 

ICP-MS, the following dilution correction is made for the quantities “[Cs]solid phase” and “[Cs]aqueous 

phase” used in Equation 5. The concentration of the concentration of Cs in the solid phase and the 

concentration of Cs in the aqueous phase are given in Equations 6 and 7.  

[𝐶𝑠]𝑎𝑞𝑢𝑒𝑜𝑢𝑠 = [𝐶𝑠]𝐼𝐶𝑃−𝑀𝑆  ×  
𝑚𝑡𝑜𝑡𝑎𝑙,𝐼𝐶𝑃−𝑀𝑆

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑜𝑟 𝐼𝐶𝑃−𝑀𝑆
    (6) 

Equation 6 (above) details the dilution correction that should be made for [Cs]aqueous. The 

quantity [Cs]ICP-MS represents the concentration of Cs directly measured by the ICP-MS. This value 

is multiplied by the ratio of the mass of the sample measured by ICP-MS to the mass of the 

subsample removed from the batch sorption test portion for sampling via ICP-MS. 

[𝐶𝑠]𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 =
[𝐶𝑠𝑎𝑞𝑢𝑒𝑜𝑢𝑠 ,𝑡=0−𝐶𝑠𝑎𝑞𝑢𝑒𝑜𝑢𝑠,(𝑡)] × 𝑚𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑚𝑖𝑐𝑎
    (7) 

Equation 7 (above) details how [Cs]solid phase is calculated from the difference between [Cs] 

in the aqueous phase at the beginning of the sorption experiment (t = 0) and [Cs] in the aqueous 

phase at the time of sampling (t). This difference is then multiplied by the mass of the test portion, 

and normalized to the mass of the mica within that test portion: 

The above dilution corrections only need to be made for ICP-MS measurements. For liquid 

scintillation counting measurements, the concentration of 137Cs measured in dpm is not affected 

by the volume of scintillation cocktail added to the sample. 
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2.9 Batch Desorption Experiments 

Following third final sampling event for batch sorption experiments at 130 days of 

tumbling, all 22 test portions were centrifuged at 8000 RPM for 20 minutes. The supernatant liquid 

was decanted and replaced with 10 g 10 mM NaCl(aq) for 11 test portions, and 10 g 1mM NaCl(aq) 

for the remaining 11 test portions. 

With methods identical to batch sorption experimentation, desorption test portions were 

subjected to tumbling via mechanical tumbler and test portions were sampled after 60 days.  A 

second collection is planned at 130 days. Sampling procedures for obtaining the 1 g subsample 

were identical to those procedures used to collect the subsamples from the batch sorption 

experiments.  

For the calculation of Kd, the distribution coefficient for portioning of Cs into the aqueous 

and solid phases, begin with determining the net count rate measured by liquid scintillation 

counting. Net count rate is described as the difference between the measured count rate and the 

background count rate: 

    ∑ = 𝐶𝑃𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝐶𝑃𝑀 − 𝐶𝑃𝑀𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑                              (9) 

Where ΣCPM represents the net count rate in dpm, CPMmeasured represents the measured count 

rate and CPMbackground represents the background count rate. Net count rate is then divided by the 

mass of the LSC sample extracted from the test portion to obtain the concentration of Cs in the 

aqueous phase in dpm/g:  

[𝐶𝑠]𝑎𝑞 =
𝛴𝐶𝑃𝑀

𝑚𝐿𝑆𝐶
      (10) 

Where [Cs]aq represents the concentration of cesium in the aqueous phase in units of dpm/g, 

ΣCPM represents the net count rate in dpm, and mLSC represents the mass of the LSC sample 

extracted from the test portion in grams. 
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Then, the activity of the Cs described is found as the product of the total test portion volume 

and the concentration of Cs in the aqueous phase: 

𝛼𝐶𝑠 = 𝑚𝐿𝑆𝐶  ×  [𝐶𝑠]𝑎𝑞     

 (11) 

Where αCs represents the activity of cesium in dpm, mLSC represents the mass of the LSC 

sample extracted from the test portion in grams, and [Cs]aq represents the concentration of cesium 

in mol/L present in the aqueous phase.  The initial activity on the mica in dpm is calculated as the 

product of the concentration of Cs on the solid phase (dpm/g) and the mass of mica per test portion 

(g): 

𝛼𝑖,𝐶𝑠 = 𝑚𝑚𝑖𝑐𝑎  ×  [𝐶𝑠]𝑠𝑜𝑙𝑖𝑑     (12) 

Where αi, Cs represents the initial activity on the mica in dpm, mmica represents the mass of 

mica per test portion in grams, and [Cs]solid represents the concentration of cesium on the solid 

phase in mol/kg. The difference between the initial activity on the mica and the activity of Cs 

desorbed (dpm) describes the remaining activity on the total mass of mica: 

𝛼𝑚𝑖𝑐𝑎 = 𝛼𝑖,𝐶𝑠 − 𝛼𝐶𝑠      (13) 

Where αmica represents the remaining activity in dpm on the total mass of mica, αi, Cs 

represemts the initial activity on the mica in dpm and αCs represents the activity of the Cs desorbed 

in dpm. The remaining activity on the total mass of mica is divided by the mass of mica per test 

portion yields the concentration of Cs on the mica in dpm/g: 

 

[𝐶𝑠]𝑚𝑖𝑐𝑎 =
𝛼𝑚𝑖𝑐𝑎

𝑚𝑚𝑖𝑐𝑎
     (14) 
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Where [Cs]mica represents the concentration of Cs on the mica in units of dpm per gram, 

αmica represents the remaining activity on the total mass of mica in dpm, and mmica represents the 

mass of mica per test portion in grams.  

Finally, the concentration of Cs on the mica is divided by the concentration of Cs in the 

aqueous phase yields the Kd value in units of mL/g. 

𝐾𝑑 =
[𝐶𝑠]𝑚𝑖𝑐𝑎

[𝐶𝑠]𝑎𝑞
      (15) 

Where Kd is the partitioning coefficient in mL/g, [Cs]mica represents the concentration of 

Cs on the mica in units of dpm per gram, and [Cs]aq represents the concentration of cesium in the 

aqueous phase in dpm/mL. 

Liquid scintillation counting data is also used to calculate the fraction of Cs desorbed from 

the mica, as another measure of the reversibility of the sorption reaction. The fraction desorbed 

(D) is found by subtracting from unity the ratio of Cs concentration on the mica at the sampling 

time (t) to the Cs concentration on the mica at the start of the desorption process. Then, multiply 

by 100 for a percentage desorbed value. 

𝐷 = 1 −  
[𝐶𝑠](𝑡),𝑚𝑖𝑐𝑎

[𝐶𝑠](𝑖),𝑚𝑖𝑐𝑎
 ×  100%    

 (16) 

Where D represents the fraction desorbed as a percentage value, [Cs](t), mica represents the 

concentration of cesium on the mica at the sampling time t in dpm/g, and [Cs](i), mica represents the 

concentration of cesium on the mica at the beginning of the desorption period in dpm/g. 

2.10 Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy 

A sample of the muscovite was visualized using a Hitachi Field Emission SU-6600 

scanning electron microscope (SEM) at Clemson University. The gun voltage of the SEM was 20 
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keV, and the sample was imaged as uncoated, directly placed on carbon tape. Semi-quantitative 

analyses using energy-dispersive X-ray spectroscopy were conducted for a selection of the SEM 

images obtained. 
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3     RESULTS 

3.1 Sample Sieving 

The particle size distribution for the bulk sample is reported below in Table 2 (below): 

Table 2: Particle Size Distribution Results from Sample Sieving 

Sieve Size (U.S. 

Standard) 
Sieve Size (mm) 

Bulk Sample Mass 

(g) 

Percent Distribution 

(wt. %) 

No. 10 2.00 0 0 

No. 20 0.841 0 0 

No. 60 0.250 0.04 8 

No. 325 0.044 0.38 76 

Pan < 0.044 0.06 12 

 

Percent distribution values were determined according to Equation 1 (Section 2.3). From the 

data presented in Table 2, 8% of bulk sample particles have a diameter ranging from 0.250 mm to 

0.841 mm. The majority (76%) of bulk sample particles are between 0.044 mm and 0.250 mm in 

diameter, and 12% of bulk sample particles are smaller than 0.044 mm in diameter. 

3.2 X-Ray Diffractometry 

The diffraction scan for the powdered sample is shown in Figure 5 (below). This test  

material is composed of muscovite, kaolin group minerals, and quartz. The semi-quantitative 

abundances of these minerals were determined as: 76% muscovite, 21% kaolin group, and 3% 

quartz per phase determination using PANalytical’s HighScore Semi-Quantitative Analyses.  

 Each d-spacing value in Figure 5 (below) is paired with the single letter abbreviation for 

the mineral identity with which it corresponds, as determined via comparison against reference d-

spacing values published by M.L. Jackson of the University of Wisconsin (Jackson, 1985) and by  

Moore and Reynolds (1997).  A complete table of d-spacing values for the powdered sample with 

corresponding mineral identities per d-spacing value is included in the Appendix A.  
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The diffraction scans of the < 2 μm particle diameter materials prepared as an oriented 

mount on a glass petrographic slide are shown in Figures 6 and 7 (below).  Muscovite and kaolin 

group minerals are the predominant minerals seen in the < 2 μm particle diameter materials.  

 

This air-dried clay mount was created to test for the presence of smectite via comparison 

against an ethylene glycol random oriented mount, multi-layer clays and vermiculite. There was 

Figure 5: Diffraction scan for powder sample 

analysis via X-ray diffractometry. M: muscovite, 

K: kaolin group minerals, Q: quartz. 

Figure 6: Diffraction scan for air dried oriented 

clay mount. Each d-spacing value in Figure 6 is paired with 

the single letter abbreviation for the mineral identity with 

which it corresponds. (M for muscovite, Q for quartz, K for 

kaolinite.) A complete table of d-spacing values for the air 

dried random oriented clay mount is included in the 

Appendix A.  
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no change observed for the < 2 μm particle diameter test materials after being solvated in 

ethylene glycol vapor (Figure 7, below).   

 

3.3 Strong Acid Extraction with HNO3 

Tables 3a and 3b (below) showed the concentrations of Cs, Rb and K in the muscovite 

sample materials (crushed and as-is, respectively). Concentrations of Cs, Rb and K are reported in 

units of ng/g. These samples were treated with 70% nitric acid for 4 hours at 70º C.   K was the 

most abundant element measured in these leachates from the crushed muscovite (156,000 - 

177,100 ng/g).  Cs was the least abundant element measured (18.9-21.6 ng/g).   Rb concentrations 

varied from 586-664 ng/g. Table 3b showed the concentrations of Cs, Rb, K in the as-is (not 

crushed) mica sample, as measured per ICP-MS at Clemson University. K was the most abundant, 

Figure 7: Diffraction scan for ethylene glycol solvated random oriented clay mount. 

Symbols used as described in Figure 6. 



19 

with concentrations varying from 5,690-7,197 ng/g. Cs was the least abundant, with concentrations 

varying from 9.8-13.1 ng/g. The concentration of Rb varied from 31.0-39.3 ng/g. 

Table 3a: Concentrations of Cs, Rb, and K in Crushed Muscovite Sample of 

Leachates from Acid Leaching 

Aliquot 

ID 

Measured 

Cs (ng/g) 

RSD of 

Measured 

Cs (%) 

Measured 

Rb (ng/g) 

RSD of 

Measured 

Rb (%) 

Measured 

K (ng/g) 

RSD of 

Measured 

K (%) 

1 19.7 2.4 631 2.1 168900 2.3 

2 20.9 0.7 658 0.7 174800 0.1 

3 21.6 2.0 664 2.3 177100 1.8 

4 18.9 0.4 586 0.3 156100 0.4 

Average 20.275 1.375 634.75 1.35 169225 1.15 

Blank 

M 
1.0 0.5 0.1 2.0 22.0 8.3 

Blank N 1.0 1.9 0.1 2.8 18.8 12.0 

 

Table 3b: Concentrations of Cs, Rb, and K in As-Is Muscovite Sample of 

Leachates from Acid Leaching 

Aliquot 

ID 

Measured 

Cs (ng/g) 

RSD of 

Measured 

Cs (%) 

Measured 

Rb (ng/g) 

RSD of 

Measured 

Rb (%) 

Measured 

K (ng/g) 

RSD of 

Measured 

K (%) 

5 10.9 0.5 32.8 0.2 5890 0.7 

6 11.9 0.5 37.2 0.5 6799 0.6 

7 13.1 0.5 39.3 0.6 7197 0.5 

8 9.8 0.6 31.0 0.1 5690 0.7 

Average 11.425 0.525 35.075 0.35 6394 0.625 

Blank M 1.0 0.5 0.1 2.0 22.0 8.3 

Blank N 1.0 1.9 0.1 2.8 18.8 12.0 

 

3.4 Major and Trace Element Analyses by Activation Laboratories, Ltd. 

The concentrations of major elements of the muscovite (as received and split) are shown 

in Table 4 (below) as weight percent oxides. The sum of the major elements including LOI is 99.24 

wt. %. The wt. % K2O for the test muscovite appears to be low relative to wt. % K2O known for a 

known muscovite (11.81 wt. %). The results for the concentrations of Cs, Rb, and K for are given 

in Table 5 in units of µg/g. The complete report of analysis is given in the Appendix B of this 

report.   
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Table 4: Major Element Analyses 

Oxide   Muscovite test material 

(wt. % oxide) 

Na2O  0.52 

K2O  7.51 

SiO2 46.78 

Al2O3 34.24 

Fe2O3 1.57 

MgO 0.55 

TiO2 0.883 

CaO 0.02 

MnO 0.014 

P2O5 0.03 

LOI 7.11 

Total + LOI 99.117 

 

Table 5: Concentrations of Cs, Rb and K for 

Muscovite 

Analyte Muscovite test 

material (µg/g) 

Cs 245 

Rb 3.0 

K 62344 

 

3.5 Fractions Extractable 

The acid extractable fractions (FM+) of Cs, Rb and K from the muscovite have been 

calculated according to the procedure in Section 2.7 and are reported in Table 6 (below): 

 

Table 6: Fractions Cs, Rb, K Acid 

Extractable from Muscovite 

Analyte Fraction Extractable (%) 

Cs 0.04 

Rb 1.03 

K 0.09 
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3.6 Batch Sorption Experiments 

The sorption of radioactive cesium (137Cs) onto the muscovite was observed from LSC 

after 18 hours, 60 days, and 130 days of tumbling. The liquid phase 137Cs concentration is obtained 

directly from LSC measurement. Solid phase 137Cs is calculated from the difference between the 

quantity of added 137Cs and measured 137Cs in the aqueous phase, according to the equations in 

Section 2.8 that use 137Cs concentrations instead of Cs concentrations.  

While the results of batch sorption experimentation describe the partitioning of total cesium 

into the aqueous and solid phases, the results of ICP-MS measurements are not reported. Instead, 

the distribution of total Cs in the aqueous and solid phases is assumed to be equivalent to the 

distribution of 137Cs between the two phases.  

Tables 7a, 7b and 7c (below) present the aqueous and solid phase concentrations of Cs as 

calculated from the LSC data for the three sampling events (18 hours, 60 days and 130 days, 

respectively). Tables 7a, 7b and 7c also include the Kd values for each batch sorption test portion 

at 18 hours, 60 days and 130 days and the concentration of total Cs in each batch sorption test 

portion. Note that samples 11a and 11b are blanks, containing no 137Cs and no 133Cs. 

 

Table 7a: Results for batch sorption experimentation as calculated from 

LSC data after 18 hours of tumbling 

Sample ID [Cs]aq 

(mol/L) 

[Cs]solid 

(mol/kg) 

Total [Cs] 

(mol/L) 

Kd (mL/g) 

1a 1.06 x 10-8 1.57 x 10-5 2.20 x 10-7 1.49 x 103 

2a 2.39 x 10-8 4.66 x 10-5 5.00 x 10-7 1.95 x 103 

3a 4.36 x 10-8 9.72 x 10-5 1.00 x 10-6 2.23 x 103 

4a 2.43 x 10-7 4.52 x 10-4 5.00 x 10-6 1.86 x 103 

5a 4.59 x 10-7 9.32 x 10-4 1.00 x 10-5 2.03 x 103 

6a 2.15 x 10-6 4.55 x 103 5.00 x 10-5 2.11 x 103 

7a 4.92 x 10-6 9.36 x 103 1.00 x 10-4 1.90 x 103 

8a 1.91 x 10-7 3.14 x 10-4 5.00 x 10-6 1.64 x 103 

9a 4.60 x 10-7 9.65 x 10-4 1.00 x 10-5 2.10 x 103 

10a 2.38 x 10-6 4.81 x 103 5.00 x 10-5 2.02 x 103 
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1b 7.90 x 10-9 1.96 x 10-5 2.20 x 10-7 2.48 x 103 

2b 2.08 x 10-8 4.56 x 10-5 5.00 x 10-7 2.20 x 103 

3b 3.57 x 10-8 8.30 x 10-5 1.00 x 10-6 2.33 x 103 

4b 2.10 x 10-7 3.72 x 10-4 5.00 x 10-6 1.77 x 103 

5b 4.46 x 10-7 7.97 x 10-4 1.00 x 10-5 1.79 x 103 

6b 2.46 x 10-6 4.91 x 103 5.00 x 10-5 1.99 x 103 

7b 4.76 x 10-6 9.90 x 103 1.00 x 10-4 2.08 x 103 

8b 2.46 x 10-7 4.82 x 10-4 5.00 x 10-6 1.96 x 103 

9b 4.29 x 10-7 7.76 x 10-4 1.00 x 10-5 1.81 x 103 

10b 2.38 x 10-6 4.50 x 103 5.00 x 10-5 1.89 x 103 

 

Table 7b: Results for batch sorption experimentation as calculated from 

LSC data after 60 days of tumbling 

Sample ID [137Cs]aq 

(mol/L) 

[137Cs]solid 

(mol/kg) 

Total [Cs] 

(mol/L) 

Kd (mL/g) 

1a 1.93 x 10-9 1.30 x 10-5 2.20 x 10-7 6.74 x 103 

2a 1.70 x 10-8 3.77 x 10-5 5.00 x 10-7 2.22 x 103 

3a 1.78 x 10-8 7.99 x 10-5 1.00 x 10-6 4.48 x 103 

4a 1.66 x 10-7 3.71 x 10-4 5.00 x 10-6 2.23 x 103 

5a 4.69 x 10-7 7.44 x 10-4 1.00 x 10-5 1.59 x 103 

6a 2.79 x 10-6 3.62 x 103 5.00 x 10-5 1.30 x 103 

7a 6.50 x 10-6 7.51 x 103 1.00 x 10-4 1.16 x 103 

8a 1.11 x 10-7 2.58 x 10-4 5.00 x 10-6 2.32 x 103 

9a 4.55 x 10-7 7.72 x 10-4 1.00 x 10-5 1.69 x 103 

10a 3.05 x 10-6 3.83 x 103 5.00 x 10-5 1.25 x 103 

1b 3.24 x 10-9 1.60 x 10-5 2.20 x 10-7 4.93 x 103 

2b 6.65 x 10-9 3.75 x 10-5 5.00 x 10-7 5.63 x 103 

3b 9.64 x 10-9 6.81 x 10-5 1.00 x 10-6 7.06 x 103 

4b 1.54 x 10-7 3.05 x 10-4 5.00 x 10-6 1.97 x 103 

5b 4.33 x 10-7 6.39 x 10-4 1.00 x 10-5 1.48 x 103 

6b 3.04 x 10-6 3.92 x 103 5.00 x 10-5 1.29 x 103 

7b 6.32 x 10-6 7.95 x 103 1.00 x 10-4 1.26 x 103 

8b 2.62 x 10-7 3.88 x 10-4 5.00 x 10-6 1.48 x 103 

9b 3.79 x 10-7 6.23 x 10-4 1.00 x 10-5 1.64 x 103 

10b 3.02 x 10-6 3.58 x 103 5.00 x 10-5 1.19 x 103 

 

Table 7c: Results for batch sorption experimentation as calculated 

from LSC data after 130 days of tumbling 

Sample ID [137Cs]aq 

(mol/L) 

[137Cs]solid 

(mol/kg) 

Total [Cs] 

(mol/L) 

Kd (mL/g) 

1a 9.63E-10 1.14 x 10-5 2.20 x 10-7 1.18 x 104 

2a 1.10 x 10-8 3.34 x 10-5 5.00 x 10-7 3.03 x 103 

3a 7.34 x 10-9 7.06 x 10-5 1.00 x 10-6 9.61 x 103 
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4a 1.04 x 10-7 3.31 x 10-4 5.00 x 10-6 3.18 x 103 

5a 3.15 x 10-7 3.31 x 10-4 1.00 x 10-5 2.10 x 103 

6a 2.61 x 10-6 3.20 x 103 5.00 x 10-5 1.23 x 103 

7a 6.21 x 10-6 6.68 x 103 1.00 x 104 1.07 x 103 

8a 6.13 x 10-8 3.31 x 10-4 5.00 x 10-6 3.74 x 103 

9a 4.01 x 10-7 6.78 x 10-4 1.00 x 10-5 1.69 x 103 

10a 2.89 x 10-6 3.38 x 103 5.00 x 10-5 1.17 x 103 

1b 2.42 x 10-9 1.40 x 10-5 2.20 x 10-7 5.79 x 103 

2b 2.08 x 10-9 3.31 x 10-5 5.00 x 10-7 1.59 x 104 

3b 5.06 x 10-9 5.98 x 10-5 1.00 x 10-6 1.18 x 104 

4b 6.40 x 10-8 2.74 x 10-4 5.00 x 10-6 4.28 x 103 

5b 2.25 x 10-7 5.71 x 10-4 1.00 x 10-5 2.53 x 103 

6b 2.96 x 10-6 3.46 x 103 5.00 x 10-5 1.17 x 103 

7b 5.89 x 10-6 7.08 x 103 1.00 x 104 1.20 x 103 

8b 1.73 x 10-7 3.47 x 10-4 5.00 x 10-6 2.01 x 103 

9b 2.32 x 10-7 5.53 x 10-4 1.00 x 10-5 2.38 x 103 

10b 2.78 x 10-6 3.17 x 103 5.00 x 10-5 1.14 x 103 

 

Figure 8 (below) plots the concentration of solid phase Cs in units of mol/kg against the 

concentration of aqueous phase Cs in units of mol/L for the three sampling events (18 hours, 60 

days and 130 days). The ratio of solid phase Cs to aqueous phase Cs appears to be increasing with 

time. In Figure 9 (below), the Kd value (calculated from Equation 5) for each batch sample test 

portion is plotted against the concentration of total Cs in the corresponding test portion.  The Kd 

values increased with time.  Additionally, an inverse relation was noted between the Kd values and 

the concentrations of total Cs in the test portion. 
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3.7 Batch Desorption Experiments 

Following 130 days of batch sorption experimentation, desorption test portions were 

created from sorption test portions by centrifugation and decanting of the supernatant liquid. The 

supernatant liquid was replaced with a solution of NaCl (10 mM NaCl in portions 1a-10a; 1mM 

NaCl in portions 1b-10b) to introduce Na+ as a counterion. These desorption test portions were 

tumbled for 60 days, then centrifuged, sampled, and yielded the following data. 

 

 

Table 8a:  Desorption using 10 mM NaCl after 60 days 

Sample 

ID 

[Cs137]mica 

(dpm/g) 

[Cs137]aq 

(dpm/mL) 

Initial 

[Cs137]mica 

(dpm/mL) 

Fraction 

Desorbed 

(%) 

Measured 

Desorption Kd 

(mL/g) 

1a 1134264 -1.997203915 21923.5507 -0.023 -5.68 x 105 

2a 1448065 7.055029228 21721.8291 0.079 2.05 x 105 

3a 1526636 42.21954162 21719.69803 0.464 3.62 x 104 

4a 1375457 21.97363164 20807.44759 0.241 6.26 x 104 

5a 1438303 36.96303696 21837.47091 0.417 3.89 x 104 

6a 1328507 78.87380192 20940.89259 0.891 1.68 x 104 

7a 1315134 122.0722509 19972.22575 1.378 1.08 x 104 

8a 942148 135.9184489 20830.32595 1.476 6.93 x 103 

9a 1462142 34.8987935 21635.71873 0.389 4.19 x 104 

10a 1403346 72.5440806 20923.30064 0.826 1.93 x 104 
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Tables 8a and 8b (above) present data collected from 60 days of desorption for test portions 

containing 10 mM NaCl and 1 mM NaCl, respectively. Tables 8a and 8b present the concentrations 

of 137Cs in the aqueous phase, as measured by LSC and normalized to the volume of NaCl in each 

test portion. The concentration of 137Cs in the solid phase is calculated as the difference between 

the measured aqueous 137Cs and the original concentration of 137Cs on the mica at the start of the 

desorption period. The quantities for fraction desorbed, as presented in Tables 8a and 8b, are 

calculated according to Equation 16 in Section 2.9. The Kd values presented in Tables 8a and 8b 

are calculated according to Equation 15 in Section 2.9. 

Note that no data is reported for batch desorption test portions 11a and 11b, because batch 

desorption test portions 11a and 11b were blanks containing mica, but no stable cesium or 

radiocesium. 

Figure 10 (below) plots the Kd in units of (L/kg) against the initial concentration of total 

Cs in mol/L. The data is presented in a logarithmic scale, allowing for differentiation of the two 

Table 8b:  Desorption using 1 mM NaCl after 60 days 

Sample 

ID 

[Cs137]mica 

(dpm/g) 

[Cs137]aq 

(dpm/mL) 

Initial 

[Cs137]mica 

(dpm/mL) 

Fraction 

Desorbed 

(%) 

Measured 

Desorption Kd 

(mL/g) 

1b 1402067 0.998601957 22021.07636 0.011 1.40 x 106 

2b 1437985 12.01682355 21780.69876 0.132 1.20 x 105 

3b 1306046 10.04520342 21867.47289 0.109 1.30 x 105 

4b 1146762 11.0486139 20987.09009 0.118 1.04 x 105 

5b 1241631 24.97752023 21800.52838 0.276 4.97 x 104 

6b 1430943 25.06014435 20756.13034 0.284 5.71 x 104 

7b 1412043 70.92907093 20093.639 0.784 1.99 x 104 

8b 1441718 90.22556391 20959.43585 1.000 1.60 x 104 

9b 1184690 42 21508.9732 0.472 2.82 x 104 

10b 1325813 31.05268606 21010.93898 0.351 4.27 x 104 
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groups of batch desorption test portions—one group of test portions containing 10 mM NaCl; the 

other containing 1 mM NaCl. The Kd value for the lowest stable Cs test portion with 10 mM NaCl 

(Sample 1a) could not be calculated. The measured LSC for this sample was < 0 (Table 8a).

 

3.8 Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy 

The following images (Figures 11-15) were obtained from imaging the uncoated muscovite 

using a Hitachi Field Emission SEM SU-6600 with 20 keV gun voltage. Semi-quantitative 

analyses using energy-dispersive X-ray spectroscopy (EDS) are included for Figures 11-13.  

Figure 11 (below) showed a view down the c-axis of one muscovite flake. Evidence of 

extensive weathering visible, manifesting as stair-step patterns of the image. These stair step 

patterns may be the result of a partial removal of either tetrahedral or octahedral sheet. 
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Figure 11: SEM images and semi quantitative analyses using EDS to 

determine quantities of Ti, Fe, V, O, Al and Si for a mixed composition 

(muscovite and unidentified component) flake of test material.  
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Weathering, as such, may have created additional binding sites for 137Cs—perhaps directly 

on the edges of each stair-step shown in Figure 11. Such binding sites would undoubtedly 

contribute to the Freundlich-nature of the sorption isotherms described in Sections 2.8 and 3.6. 

Figure 11 (above) showed SEM images and semi quantitative analyses for a mixed 

composition flake of test material. Two regions of interest were examined. The first region of 

interest is located on the bottom “shelf” of the stair-step configuration. From semi-quantitative 

analysis, potassium was not a significant element found in this region of the flake. Therefore, 

assuming that potassium is primarily held in the interlayer of muscovite, the lack of potassium 

indicates that this region is not muscovite.  

The second region of the muscovite is located on the “higher” portion of the flake’s stair-

step topography. Contrary to the first region of interest, the significant concentration of potassium 

present indicates that this portion of the flake may be muscovite. 

Figure 12 (below) shows a near-oblique view of a muscovite flake, wherein various 

aberrations are visible on the surface of the flake. Again, this may be attributed to processes 

through which this muscovite was slaked. Again, there exists a possibility of specificity for 

radiocesium binding at any of these weathered sites. This view of the muscovite nearly shows the 

frayed edge sites at the extreme edges of the flake; however, no optimal view of an FES was 

obtained via SEM. 

Figure 12 also includes semi-quantitative analyses generated via EDS to quantify O, Al, 

Si, K, Na, Ti, Fe and Li present within this flake of test material. The presence of significant 

amounts of potassium lends to the interpretation of this particular flake as muscovite, assuming 

that K is held within the interlayer of the mineral.  
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Figure 12: SEM 

images and semi quantitative 

analyses using EDS for to 

determine quantities of O, Al, 

Si, K, Na, Ti, Fe and Li for a 

flake of test material. 
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There may be several interpretations for the muscovite 

shown in Figure 13 (above). One such interpretation is that 

Figure 13 shows a muscovite flake that had been subjected to 

a bending moment. As a result, the flake has split incompletely 

and unevenly at the center of the image, revealing various smaller layers within the muscovite. In 

Figure 13: SEM 

images and semi quantitative 

analyses using EDS for to 

determine quantities of Al, Si, 

K, O, Ti, Fe, Mg, and Na for a 

flake of test material. The 

blue arrow in the top left 

image shows a frayed edge 

site (FES) 
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the process, this weathering and bending moment may have created more sorption sites for 

radiocesium. 

Again, the semi-quantitative yield of potassium in this particular flake shown in Figure 13 

is indicative of a mica identity. Figures 14 and 15 (below) show SEM images of flakes without 

semi-quantitative analyses using EDS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 14 

Figure 15 

Figures 14 

and 15 (left): 

SEM images 

showing 

individual 

flakes of the 

bulk mica 

sample. No 

EDS semi-

quantitative 

analyses are 

included for 

these SEM 

images. The 

blue arrows 

show frayed 

edges.  
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4 DISCUSSION 

4.1 Sample Sieving 

Table 2 (Section 3.1) presents results from sieving a 0.5 g portion of the muscovite test 

portion. From Table 2, 8% of particles have a diameter greater than 0.250 mm and less than 0.841 

mm. The majority (76%) of bulk sample particles are between 0.044 mm and 0.250 mm in 

diameter, and 12% of bulk sample particles are smaller than 0.044 mm in diameter. By convention, 

84% of this material is comprised of sand-sized (0.050 mm) particles. This test material is of larger 

grain size than other illites or muscovites studied for 137Cs sorption (e.g. Rajec et al., 1999) or 

powdered test materials (e.g. Clay Mineral Society Source Clay Materials).  

4.2 X-Ray Diffractometery 

Figure 5 (see section 3.2) showed the 1 hour diffraction scan from powder sample (15-

minute crush) analysis. Phase determination via PANalytical’s High Score Semi-Quantitative 

analyses yielded that the mica sample was composed of 76% muscovite (2M1), 21% kaolinite 

(1MD) and 3% quartz (low). Kaolinite and quartz are expected phases to be found in this type of 

material. The quartz and kaolinite have low cation exchange capacities. These phases would not 

be expected to sorb radiocesium, Cs, or Rb.  

With respect to experimentally determined d-spacing values, the HighScore software 

indicated that the mineral dickite is a better match than kaolinite; however, based on the sample’s 

original locality, the sample deductively contained kaolinite. The most intense diffraction peaks 

corresponding exclusively to nacrite (2.41Å) and dickite (2.32Å) were not observed (Moore and 

Reynolds, 1997). Kaolinite is the prevalent kaolin group mineral in this test material.   
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There was no appreciable difference between the d-spacing values obtained from the air-

dried mount (Figure 6) versus those obtained from ethylene glycol solvated mount (Figure 7). 

Ethylene glycol solvation served as a primary test for the identification of smectite via X-ray 

diffraction (Moore and Reynolds, 1997).  Organic solvents, chiefly ethylene glycol and glycerol, 

expand the inter-atomic sheet spaces (d-spacing values) of smectite clays (e.g.; montmorillonite, 

nontronite, beidellite, etc), mixed-layer clays and vermiculite (Jackson, 1985; Moore and 

Reynolds, 1997). Therefore, since the d-spacing values remain unchanged in the ethylene glycol 

solvated mount, the sample is unlikely to contain significant fractions of smectite. This solvation 

demonstrated also that mixed layer interstratified kaolinite-smectite (if present) interstratified 

minerals were not present in this sample.  An evident assymetric peak on the high d-spacing side 

of the 001 peak for kaolinite was not observed. Kaolinite was not interlayered with other 

phyllosilicate minerals (muscovite). 

4.3 Strong Acid Extraction with HNO3 

Tables 3a and 3b (Section 3.3) detailed the results of a strong acid extraction treatment on 

the muscovite mica sample. Treatment with hot, strong HNO3 was intended to liberate metal ions 

from the muscovite test material to determine the extractable fractions of Cs, Rb and K. Table 3a 

specifically showed results of a strong acid extraction treatment of a 15-minute crush sample of 

the muscovite mica. Because this aliquot set was crushed, it appeared that more metal ions were 

extractable than if the sample were not crushed, as in Table 3b. Aliquots “M” and “N” in both 

Tables 3a and 3b represent method blanks. Smaller muscovite grains were more susceptible to 

chemical attack due to higher surface area.   
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4.4 Major and Trace Element Analyses by Activation Laboratories, Ltd. 

Table 4 (Section 3.4) showed selected results from the major and trace element analyses 

(Package 8-REE, conducted by Activation Laboratories, Ltd.) as weight percent oxides of major 

elements. Table 5 (Section 3.4) showed the concentrations of Cs, Rb and K found in the muscovite 

in units of µg/g, for later use to determine fractions of Cs, Rb and K acid extractable from the 

interlayer of the muscovite (Sections 2.7, 3.5 and 4.5). Cesium was the least abundant element 

found in the leachates. Potassium was the most abundant ion found in the leachate.  The low K 

contents of this muscovite is consistent with the low K contents of muscovite from the Georgia 

Kaolin deposits (Elser, 2004). Chemical weathering likely removed a significant portion of K from 

this muscovite test material as opposed to mineral separation and processing to create this test 

material.  

4.5 Fractions Extractable 

Table 6 (Section 3.5) showed the calculated fractions of Cs, Rb and K extractable from the 

muscovite test material.  Cs, Rb, and K are understood to be interlayer cations in muscovite.  These 

extractable were expressed as percentages. These values are calculated according to Equation 4 

(Section 2.7) from the ratio of analyte extracted using 70% HNO3 to the amount of analyte 

measured by Activation Laboratories, Ltd. Relatively negligible quantities of Cs, Rb and K were 

acid extractable (0.004%, 1.03%, and 0.009%, respectively), indicating that a negligible quantity 

of these cations are naturally present in the mineral to impact the results of batch sorption 

experimentation. 

4.6 Batch Sorption Experiments 

Figure 8 (Section 3.6) shows isotherms of radiocesium sorption onto muscovite as 

calculated from radiocesium measurements using LSC. In Figure 8, the aqueous phase 
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concentration of Cs in mol/L is plotted against solid phase concentration of Cs. The isotherms 

shown in Figure 8 represent three different data sets derived from the three sampling events 

occurring after 18 hours (grey dots), 60 days (yellow dots) and 130 days (blue dots) of continuous 

mechanical tumbling. The slope of a line from the origin (on a linear-scale plot, not shown) through 

these data points will express the ratio of the solid phase concentration of Cs (in mol/kg) to the 

aqueous phase concentration of Cs (in mol/L). This slope represented the distribution of Cs into 

the solid and aqueous phases (distribution coefficient Kd) in each batch sorption test portion. 

Figure 8 appeared to show a trend of decreasing Kd values over time, fitting a Freundlich 

isotherm.  These decreased Kd values support the idea of multiple binding sites in and on the 

muscovite surface (e.g. Goto et al., 2014; Durrant et al., 2018). Some of these binding sites have a 

higher affinity for Cs than others. In a kinetic model of sorption of Cs onto the test muscovite, the 

specific sites with higher affinity for Cs would, in theory, be filled first, accounting for the high 

Kd values observed at the beginning of the sorption period. An example of these high affinity sites 

might include the theoretical frayed edge site (FES), or sites within the muscovite interlayer 

(Zaunbrecher et al.,  2015a, b). After the high affinity sites are filled within the FES, other 

exchangeable interlayer sites were filled. A third possible site was the siloxane surface that are 

able to weakly interact/sorb Cs, but with significantly lower affinity. Finally, the decrease in Kd 

value could be attributed to the kinetic processes or mass action, wherein there are now a lower 

quantity of sites (low affinity, or high affinity) able to sorb Cs and the rate of reaction is slowed 

accordingly. 

It is important to note that batch sorption experiments in this study were not observed to 

reach equilibrium. However, Kd values for each test portion are calculated according to Equation 

5 (Section 2.8) assuming an equilibrium was reached. 
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Calculated Kd values for batch sorption test portions are plotted against the concentration 

of total Cs in Figure 9 (Section 4.5). Figure 9 also highlighted the effect of sorbate concentration 

on the mica’s sorption behavior. Generally speaking, as the concentration of total Cs added to each 

test portion was increased, the test portions appeared to approach equilibrium much faster, as 

evaluated in the change in Kd value per aliquot over time. Kd values for high [Cs] test portions 

seemed to change minimally as compared to low [Cs] test portions. For example, the test portions 

with the highest concentrations of total Cs (1.00 x 10-4 M and 5.00 x 10-5 M) showed decreases in 

average Kd values of 9.20 x 102 L/kg and 8.01 x 102 L/kg, respectively from the 1st sampling event 

(18 hours) to the 3rd sampling event (130 days). 

For the test portions with the lowest two concentrations of total Cs (2.20 x 10-7 M and 5.00 

x 10-7 M), Kd values increased on average by 6.81 x 103 L/kg and 7.39 x 103 L/kg, respectively 

from the 1st to the 3rd sampling events.  

Generally speaking, there were large increases in Kd at low [Cs], but not at high [Cs]. This 

trend suggests that high [Cs] test portions are closer than low [Cs] test portions to reaching an 

equilibrium. 

For the measurement of 137Cs by LSC, it is inferred that a decreased Kd value results from 

a “sorbate equilibrium” wherein 137Cs is being “bounced out” of the mica by 133Cs, thus changing 

the concentration of aqueous 137Cs measured via LSC and the Kd values calculated from these 

measurements.  

4.7 Batch Desorption Experiments 

Results from batch sorption experimentation yield Kd values ranged from 1.0 x 103  to  1.0 

x 106 mL/g. Excluding the negative Kd values (derived as a result of background activity 

measurements by LSC), the results showed a strong correlation of decreased Kd for 137Cs with 
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increased concentrations of added stable cesium. This correlation is due to stronger Cs sorption to 

a limited number of high affinity sites, which causes increased Kd at lower total cesium 

concentrations. This correlation held true for both the 1 mM and 10 mM NaCl batch desorption 

test portions. 

Two different concentrations (1 mM and 10 mM) of NaCl were used in batch desorption 

test portions to examine the effect of counterion concentration on desorption behavior. Kd values 

are consistently smaller for the 10 mM NaCl test portions than for the 1 mM NaCl test portions 

due to mass action. A larger concentration of competing sodium cations leads to more “bouncing 

out” of cesium cations from binding sites on the mica.  

Overall, Kd values derived for desorption are all large, meaning that very little 137Cs is 

being desorbed from the mica. Large Kd values support practical industrial application for the 

muscovite. 

4.8 Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy 

In attempts to visualize the test muscovite, an uncoated sample portion was subject to 

scanning electron microscopy (SEM). Figures 11-15 (Section 3.8) constitutesd a sample of images 

obtained via SEM. 

With respect to the three varieties of binding sites present in phyllosilicate minerals, as 

described by Evans et al., (1983), the muscovite flake in Figure 11 displays several examples of 

planar sites for electrostatic and exchangeable radiocesium bonding.  

Figures 12 and 13 show a muscovite flakes with a particularly prominent frayed edge site 

(FES), which qualifies as a type of interlayer binding site. Such interlayer sites typically 

contributed to strong sorption and fixation of radiocesium into the muscovite interlayer, wherein 

K+ was formerly lost due to weathering processes. 
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Figures 14 and 15 show muscovite flakes with several examples of planar sites and frayed 

edge sites, contributing to exchangeable sorption, as well as fixation of radiocesium onto the bulk 

muscovite sample. 
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5 CONCLUSIONS 

The following conclusions are derived from this study: 

The muscovite test material was obtained from Southeastern Performance Minerals as a 

waste product of kaolin processing. The muscovite test material fraction consisted of 8% of the 

larger than 250 microns, 76% larger than 44 microns, and 12% was smaller than 44 microns. This 

test material is composed of 76% muscovite, 21% kaolinite, 3% quartz and 1% unidentified phases 

per semi-quantitative X-ray diffraction analyses. Kaolinite and quartz were not considered 

important in the sorption and desorption of radiocesium. 

The muscovite is K-poor, relative to the known major element analyses of muscovite. 

Muscovite, KAl2(AlSi3O10)(OH2), typically contains about 11.81 wt. % K2O.  The K-poor quality 

of the muscovite can be attributed to excessive weathering.  Substantial concentrations of K were 

released from the interlayer during chemical weathering in nature. 

Batch sorption experiments in dilute a NaCl solution with varied concentrations of stable 

Cs, 137Cs and Rb yielded increasing Kd values of radiocesium sorption per mass test material over 

time. The Kd values increased from 1.49 x 103 mL/g at the first sampling, to 1.59 x 104 mL/g in 

the third sampling. The Kd values also increased with decreasing concentrations of stable Cs. This 

dependence of Kd on stable Cs concentration was consistent with a Freundlich model isotherm. 

Batch desorption experiments (60 days) in dilute NaCl solutions (1 mM and 10 mM) 

yielded likewise high Kd values, ranging from 6.93 x 103 mL/g to 1.40 x 106 mL/g. These high Kd 

values indicated that only a small fraction (0.011% - 1.476%) of the 137Cs was removed from the 

mica by desorption. This fraction is smaller compared to recent values obtained by Durrant et al 

(2018). High Kd values as such suggest a fixation of 137Cs onto the limited number of high affinity 

sites at the apex of the frayed edge site within the muscovite interlayer. 
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Batch sorption and desorption experimentation results generally support the three site 

models for radiocesium sorption onto clay minerals (Evans et al, 1983). These models describe 

three kinds of binding sites for radiocesium: 1) surface and planar sites, 2) wedge sites, and 3) 

interlayer sites. 

SEM imaging helped visualization of possible high affinity sites for 137Cs fixation by 

stressing the excessively weathered nature of the test muscovite. Several kinds of weathered sites 

were found at the edges and on the surfaces of mica flakes. The ideal view of a frayed edge site 

was not obtained via SEM at this time. 

Further evidence supporting the existence of the observed sorption and desorption behavior 

of this test material warrants further study to show the utility of this mica as industrial /radionuclide 

sorbent applications. 

 

6 FUTURE WORK 

Possible endeavors for future experimentation on this muscovite fraction could include: 

 To complete the sorption and desorption isotherms and to quantify the sorbent capacity of 

the muscovite, batch sorption and desorption experiments may be continued with more 

test portions over a longer tumbling period. 

 Batch sorption and desorption experiments may be repeated using varied kinetic 

configurations. 

 Atomic models of the sorption/fixation mechanism may be developed. 

 SEM imaging of the muscovite may continue, especially to visualize high-affinity sites 

and to obtain an optimal view of frayed edge sites. 
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 Ion-exchange constants for the sorption of radiocesium onto the test muscovite may be 

calculation using the Vanselow model (Sposito). 
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APPENDICES  

Appendix A: X-Ray Diffractometry 

Table A: Supplemental D-spacing values annotated in powder sample diffractogram of the 

muscovite sample (Figure 1, Section 4.2) 

Table A: Annotated d-spacing values in powder sample diffractogram 

d-Spacing value (Å) Mineral 

9.96418 Muscovite 

7.15977 Kaolinite 

4.98793 Muscovite 

4.45724 Muscovite, Kaolinite 

4.29447 Muscovite, Quartz 

4.10598 Muscovite  

3.87449 Muscovite 

3.73530 Muscovite 

3.57812 Kaolinite 

3.49122 Muscovite 

3.32656 Muscovite, Quartz 

3.20101 K-spar? 

2.99227 Muscovite 

2.86098 Muscovite 

2.78960 Muscovite 

2.59328 Muscovite, Kaolinite 

2.50367 Muscovite, Kaolinite 

2.49624 Muscovite 

2.45878 Muscovite, Quartz 

2.38058 Muscovite, Kaolinite 

2.24549 Muscovite, Quartz 

2.20396 Muscovite, Kaolinite 

2.14984 Muscovite 

2.13024 Muscovite, Quartz 

2.05921 Muscovite 

1.99669 Muscovite, Kaolinite, Quartz 

1.96639 Muscovite 

1.94612 Muscovite 

1.81721 Muscovite, Quartz 

1.78794 Kaolinite 

1.73014 Muscovite 

1.66131 Muscovite, Kaolinite 

1.64507 Muscovite 

1.59961 Muscovite 
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1.55670 Muscovite, Kaolinite, Quartz 

 

 

Table B: D-spacing values annotated in air dried random oriented clay mount diffractogram 

(Figure 2, Section 4.2) 

Table B: Annotated d-spacing 

values in air dried random oriented 

clay mount diffractogram 

d-Spacing 

value (Å) 

Mineral 

9.99884 Muscovite 

7.17005 Kaolinite 

4.99852 Muscovite 

3.58014 Kaolinite 

3.33013 Muscovite, Quartz 

3.19978 Muscovite 

2.99527 Muscovite 

2.86550 Muscovite 

2.79476 Muscovite 

2.56677 Muscovite, Kaolinite 

2.49701 Muscovite 

2.38636 Muscovite, Kaolinite 

 

Table C (below): D-spacing values annotated in ethylene glycol solvated random orientated clay 

mount diffractogram (Figure 3, Section 4.2) 

Table C: Annotated d-spacing 

values in glycol solvated random 

oriented clay mount diffractogram 

d-Spacing 

value (Å) 

Mineral 

9.98465 Muscovite 

7.15231 Kaolinite 

4.99394 Muscovite 

3.57931 Kaolinite 

3.32983 Muscovite 

3.19918 Muscovite 

2.99268 Muscovite 

2.79379 Muscovite 

2.56987 Muscovite, Kaolinite 

2.49952 Muscovite, Kaolinite 

2.3879 Muscovite, Kaolinite 
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Appendix B: Major and Trace Element Analyses by Activation Laboratories, Ltd 

The following is the full Certificate of Analysis, tabulation of results, and quality control 

information provided by Activation Laboratories, Ltd., after analysis of the muscovite test 

portion: 
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