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Abstract

:

Radiocesium released by the severe nuclear accident and nuclear weapon test is a hazardous material. Illitic clays play a key role in the spatial distribution of radiocesium in groundwater environments due to selective uptake sites at the illite mineral, such as frayed edge sites. However, the cesium uptake capabilities of illitic clays are diverse, which could be associated with the illite crystallinity. This study was performed to determine the cesium uptake of illitic clays and evaluate the crystallinity effects on cesium uptake using statistical approaches. A total of 10 illitic clays showed various crystallinity, which was parameterized by the full width at half maximum (FWHM) at 10 Å XRD peak ranging from 0.15 to 0.64. The uptake behavior of illitic clays was well fitted with the Freundlich model (i.e., r2 > 0.946). The uptake efficiency of illitic clays increased with the decrease in dissolved cesium concentrations. The cesium uptake was significantly correlated with the FWHM and cation exchange capacity, suggesting that the uptake becomes higher with decreasing crystallinity through expansion of the edge site and/or formation of ion-exchangeable sites.
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1. Introduction


The Fukushima nuclear accident that occurred on 11 March 2011 resulted in widespread radionuclide contamination over the Northern Hemisphere. The greatest environmental concern is related to radiocesium (137Cs) due to its high toxicity and gamma-emitting properties with a relatively long half-life (t1/2 = 30.2 years) as well as its large amount of emission [1]. The extremely elevated activity concentration of 137Cs was found in the broad regions, showing 421,000 Bq kg−1 in a location ~200 km away from the nuclear power plants [2]. In addition, 0.01–0.03 Bq L−1 of 137Cs was detected in >20–30 m deep groundwater [3], and a relatively high concentration of 23 Bq L−1 was also found in beach groundwater [4]. These contamination and remediation issues are still a problem [5,6,7].



Once the 137Cs reaches the ground surface through rainfall and fallouts, the spatial distribution of 137Cs is predominantly controlled by geochemical uptake reactions with geological materials, such as clay minerals. In particular, the illitic clays play an important role in 137Cs uptake in the groundwater environment. Although they have a relatively smaller cation exchange capacity than other expandable clay minerals [8,9,10,11,12], high selectivity sorption sites are present for 137Cs [12,13,14]. Additionally, illite is among the ubiquitous minerals in groundwater environments [15].



The illite has at least two types of sorption sites, such as frayed edge site (FES) and planar site (PS) for cesium uptake, and their combinations result in complex uptake mechanisms [8,13,16,17,18,19]. The uptake of cesium to the FES is believed to be a cation exchange process at the “wedge zone” in the interlayer space [20]. In contrast, PS uptake is characterized by an adsorption process through electrostatic attractions of positive cesium and negatively charged mineral surface [9]. A few studies have developed cesium uptake models for illite, including cation exchange, surface complexation, and molecular simulations [12,13,16,21,22,23,24], and detected individual sorption sites using X-ray adsorption fine structure spectroscopy and transmission electron microscopy for complex uptake mechanism determination [17,19,25,26].



The illite mineral was significant for cesium uptake due to the contribution of FES, especially at low dissolved concentration. However, the cesium uptake capabilities of illitic clays were diverse, and they might be associated with the illite crystallinity. Although the effects of crystallinity on cation fixation have been studied for various clay minerals with potassium, calcium, and ammonium [27,28], the relationship of illite crystallinity and cesium was rarely studied. Only a few studies observed less cesium uptake capabilities for high-crystalline illite termed “sericite” [29]. This study was conducted to determine the uptake capabilities of illitic clays for cesium and evaluate the relationship of crystallinity on the cesium uptake using statistical approaches. In addition, the illite crystallinity was applied as a relative indicator to predict the cesium uptake performance for the illitic clays.




2. Materials and Methods


2.1. Clay Materials


A total of 8 illitic clays (YC1 to YC8) were collected at the Yeongdong in Korea. The Yeongdong areas are well known as one of the largest illite deposits in the world [30]. The bedrock geology of Yeongdong comprises mica-rich schist, limestone, and granite gneiss. The illite ores were widely distributed in micaceous schist that was metamorphosed from volcaniclastic sediments [31]. The micaceous schist had been affected by the diagenesis with volcanism and/or their associated hydrothermal activities [32].



The other two clays of Montana illite (MI) and Chuzhou illite (CI) were utilized as reference materials to compare the cesium uptake and mineralogical characteristics with the Yeongdong samples. The MI and CI samples were purchased from “The Clay Minerals Society” (Virginia, USA, http://www.clays.org/) and “Bonding Chemical” (Texas, USA, https://www.bondingchemical.com/), respectively. The CI is a cosmetic-purified material and commercially labeled as “sericite”. Both MI and CI consist of high purity (>95%) illite contents [33,34]. All samples were pulverized with an alumina ball (Pulverisette2, FRITSCH, Idar-Oberstein, Germany) and sieved to particle size fractions of 45–53 μm, which are the main dimensions of commercial clay materials in Korea.




2.2. Material Characterization


X-ray diffraction (XRD) analysis was performed to determine the mineralogical properties using a multifunctional X-ray diffractometer (EMPYREAN, PANalytical, Malvern, UK) with CuKα (K-Alpha1 1.54060, K-Alpha2 1.54443) radiation at 40 kV and 25 mA. The radiation patterns were measured from 5° to 65° (2θ) with 0.013° (2θ) steps. The mineral components were determined by analyses of the peak positions and intensity in the patterns relative to the XRD database (HighScore Plus v.3.0c, PANalytical, Malvern, UK). The relative mineral contents in individual samples were semi-quantified through a modified external standard method [35].



Several artificial mineral mixtures of high-purity quartz, albite, and illite were analyzed to identify individual XRD peak position without any interferences between minerals. The CI was a good material for illite peak position due to the large intensity of peaks for XRD analyses. The peak positions were determined at 19.8°, 39.4°, and 22.0° for illite, quartz, and albite, respectively. The XRD analyses were repeated to confirm the measurement consistency. Averaged peak areas of each mineral were plotted with the mineral content to establish their relationship through linear regression. After the individual peak areas were analyzed for the YC samples, the developed empirical equation was utilized to determine the mineral contents of each YC. This approach assumed that all minerals in a sample were quantitatively identified, and total mineral contents were normalized to 100%.



The chemical compositions of clay materials (i.e., Si, Al, Ti, Fe, Mn, Mg, Ca, Na, K, and P) were determined by X-ray fluorescence (XRF) analysis (XRF-1800, SHIMADZU, Kyoto, Japan). The mineralogical morphologies were also observed by field emission scanning electron microscopy (FE-SEM: JEOL-7800F, Tokyo, Japan) after a platinum coating (20 mA, 250 s) to the samples. The accelerating voltage for the electron microbe was 15.0 kV under high vacuum pressure. In addition, the transmission electron microscopy (TEM: Libra 200 HT Mc Cs, Carl Zeiss, Oberkochen, Germany) energy-dispersive X-ray spectroscopy (EDS) was used to measure the basal spacing and chemical compositions for clay materials. The cation exchange capacity (CEC) was measured to estimate the cesium uptake capabilities of clays through the ammonium acetate method [36]. The concentrations of ammonium ion were analyzed using a protein/nitrogen automatic analyzer (Kjeltec auto 2400/8400 System, FOSS Tecator AB, Hoganas, Sweden). In addition, the specific surface area and pore structures of clay materials were observed by multipoint Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods with the gas sorption analyzer (ASIQM0000-4, Quantachrome, Boynton Beach, FL, USA).




2.3. Cesium Uptake Experiments


Cesium uptake experiments were carried out in a 50 mL polypropylene conical tube to evaluate the cesium uptake properties of clay materials at ambient temperature (23 °C). Approximately 10–300 mg of clays was added with 20 mL of distilled water into the preweighed tubes. The solid and water ratio was determined through prescreening uptake experiments to minimize the experimental error.



The stock solution of 1 × 106 μg L−1 was prepared by dissolving 1.68g of CsCl (ACS grade, Sigma-Aldrich) in 1 L distilled water (Direct-Q ICW-3000, Merck Millipore Corp., Burlington, MA, USA). The stable isotope (133Cs) was used as a surrogate for radiocesium (137Cs) based on the analogous physiochemical properties between stable and radiocesium [37]. The stock solution was diluted to make spiking solutions that are injected into the clay suspended batches to obtain five target initial concentrations (i.e., Ci ≈ 1 × 10, 1 × 102, 1 × 103, 1 × 104, and 1 × 105 μg L−1). Solid-free batches were also prepared in parallel with individual batches to evaluate the total initial mass (M0 [μg]) and potential mass loss (X [μg]) of cesium during the uptake experiment. All uptake and control tubes were prepared in duplicates and placed in an orbital shaker (SK-600, Lab. Companion, Minneapolis, MN, USA) for continuous mixing at 130 rpm. The equilibrium cesium uptake experiments were performed for 24 h. After the uptake reaction, the aqueous phases were separated through centrifugation at 3500 rpm for 30 min. The inductively coupled plasma mass spectrometer (ICP-MS [X-series], Thermo Fisher, Waltham, MA, USA) was utilized to analyze the dissolved cesium concentration in the aqueous phase at equilibrium condition (Cw [μg L−1]). The final pH of aqueous phases was ~6 for all batches.



The uptake equilibrium concentration (qe [μg kg−1]) was computed by a mass balance approach following qe= (M0 − CwVw) − X/ms. The solid mass (ms [kg]) and solution volume (Vw [L]) were gravimetrically determined, and X was negligible. M0 was controlled below approximately <10% error relative to the theoretical initial masses. Uptake distribution coefficients (Kd [L kg−1]) were defined as the ratio of qe/Cw, and the Freundlich isotherm (qe = KfCwn, where Kf and n denote the Freundlich coefficient [(μg kg−1)/(L μg−1)n] and exponent, respectively) was applied for a statistical fitting. The uptake reaction rate was analyzed by the pseudo-second-order kinetic model (t/qt = 1/k2qe2 + t/qe, where k2 [kg mg h−1] indicates the rate constant, and qt [mg kg−1] is the uptake concentration of cesium at time t [h]) based on the kinetic experiment at low concentration, Ci = 1 × 10 μg L−1 [38]. The kinetic experiment was performed from 10 min to 30 days, and the model parameters were determined by the slope and the intercept of t/qt versus t plot.




2.4. Statistics


The statistical relationship between the cesium uptake and material properties (i.e., illite contents, crystallinity, CEC, and BET) was determined through the bivariate 2-tailed Spearman’s correlation coefficient (IBM-SPSS v23.0). A statistical significance was defined as p values ≤ 0.05. Spearman’s correlation is a rank-based test to evaluate the correlation between two independent variables. If the two independent variables Xi and Yi are entered to evaluate Spearman’s correlation, they are converted to nonparametric ranks xi and yi, respectively. Then, Spearman’s correlation (rs) is written following rs = 1 − (6∑[xi − yi]2/d[d2 − 1]) at specific sample size (d) [39]. Spearman’s coefficient is relatively insensitive to the outliers of the population and useful for even a small-sized population because Spearman’s correlation is a nonparametric technique. Therefore, this statistical approach has been widely used in sorption uptake studies [40,41].





3. Results and Discussion


3.1. Cesium Uptake Properties of Illitic Clays


3.1.1. Material Characterization


A total of 10 illitic clays (YC1 to YC8, CI, and MI) were characterized to determine BET, CEC, illite contents, and crystallinity that are potentially associated with cesium uptake reactions (Table 1a). The major minerals of YCs were illite, quartz, and albite (Figure 1a). The illite was a majorly constituent mineral for YCs, and the contents ranged from approximately 35 to 75%. In particular, the 10 Å XRD peaks (2θ ≈ 8.8°), which indicated the d-spacing of a basal plane for illite, exhibited diverse kurtoses, suggesting the various crystallinity of illite in the illitic clays (Figure 1b). The CI had the sharpest peak, while a more rounded peak was observed for the MI. The sharper peak indicates the greater crystallinity, regardless of the illite contents [42,43]. The SEM images also showed a rigid and sleek surface morphology for CI but a soft and rough surface for MI (Figure S1 in the Supplementary Materials).



The full width at half maximum (FWHM) of 10Å peak was utilized to parameterize the illite crystallinity (Table 1a). Although the FWHM could be affected by the sampling conditions, such as grain-size and/or particle orientation [44], the FWHM and illite crystallinity typically have an inverse relationship [45]. The FWHM values of MI and CI were 0.64 and 0.15, respectively, and most of the YC samples had a narrow range of FWHM ≈ 0.20 to 0.30 except YC1. These results suggest that CI is the highest crystalline illite, and MI is a much less crystalline illite than the other samples.



The FWHM was significantly correlated with the CEC through Spearman’s correlation, but not with the illite contents (Table 1b). Interestingly, the CI showed approximately four times lower CEC than the MI (Table 1a). Although CEC values of YCs were mostly located between CI and MI, the YC1 had greater values of CEC = 0.161 eq kg−1 than MI. However, after ethylene-glycol treatment, the XRD results indicated the presence of other expandable clay minerals in the YC1 (Figure S2). Considering that the CEC is typically an important factor for the uptake reactions of clays, the illite crystallinity seems to be an indicator of the uptake properties of illitic clays for cesium.




3.1.2. Cesium Uptake Isotherms


The cesium uptake behavior of MI and CI that contain low and high crystalline illites, respectively, was compared. The uptake reactions of both clays rapidly reached apparent equilibrium within 24 h (Figure S3). However, the k2 values of the pseudo-second-order kinetic model indicated an order of magnitude faster reaction rate for CI (k2 = 0.034) at a low aqueous concentration relative to MI (k2 = 0.003).



The cesium uptake isotherms of illitic clays were illustrated in the logarithm of qe and Cw (log [qe] vs. log [Cw]), and the Freundlich model was utilized to characterize the uptake properties (Figure 2). All uptake isotherms were statistically fitted well with the Freundlich model (i.e., r2 > 0.946) (Table 2). The highest cesium uptake was observed for MI, but the lowest uptake capabilities for CI over the whole experimental range of dissolved concentrations, Cw ≈ 1 × 10 to 1 × 105 μg L−1. The uptake affinities of YCs were placed between MI and CI, showing the distribution of Kf values from 8 × 103 to 2.4 × 104 [(μg kg−1)/(L μg−1)n]. Even though YC1 exhibited the greatest cesium uptake capability among the YCs, it is likely to be affected by expandable clay components.



The uptake behaviors of clay samples were nonlinear with the n values in the range of 0.401 to 0.500, indicating that the uptake efficiency increased with decreased dissolved cesium concentrations. The nonlinear Freundlich isotherms implied that the cesium uptake occurs on the multisites, such as the FES and PS, with different sorption mechanisms depending on the cesium concentration conditions [12,13].




3.1.3. Uptake Mechanisms and Frayed Edge Sites


The FES shows much stronger uptake affinities for cesium ions through a relatively slow ion-exchange mechanism compared to the PS representing the adsorption mechanism [12]. Thus, the FES predominantly controls the cesium uptake reactions under low cesium density surroundings, even though FES typically has small amounts for total CEC of illite mineral [16,20,46]. However, the increase in the cesium concentration hinders the uptake of FES due to their limited numbers and distribution, and the PS plays a more important role at high concentrations [9]. The slower, greater, and more nonlinear cesium uptake behavior of MI at low dissolved concentrations, therefore, should reflect the ion exchange mechanism into the FES.



Assuming that the MI and CI represent low and high crystalline illites, respectively, the FES seem to be related to the illite crystallinity. The lower crystallinity facilitates the formation of FES in the illite, because FES is mainly formed by expanding a basal plane at the weathering edge site [19,47,48]. The production of FES could be associated with the weathering processes of illite through the exchange of interlayer K to Ca [20,49,50]. The hydrated Ca retains in the water phase of the interlayer due to the strong, hydrated energy of Ca, and it causes the expansion of basal spacing from 1.0 to 1.4 nm [19,49]. Figure 3a exhibits the TEM images of the illite mineral in the MI before cesium uptake experiments. The basal spacing of MI was constantly 1.0 nm in the layered structure, while it was expanded to 1.4 nm near the edge in the FES-like structure. After uptake experiments, the concentrated cesium elements were observed at the edge site of illite through the TEM-EDS analysis, and their distribution was quite analogous with Ca (Figure 3b). The XRF results of illitic clays also showed approximately 10 times higher Ca contents for MI than CI (Table S1), which suggested more FES distribution in the MI.





3.2. Correlation between Cesium Uptake and Crystallinity


3.2.1. Spearman’s Correlation Coefficients


Spearman’s coefficients were computed to determine the relationship of clay properties and Kd at various dissolved concentrations (Table 3). The cesium uptake was remarkably correlated with the FWHM and CEC, but not with illite contents and BET. In particular, the CEC exhibited excellent correlation coefficients over all experimental concentrations. This suggests that the dominant mechanism of cesium uptake by the illitic clay is the ion exchange processes [16,23].



Although the FWHM showed a strong correlation in the low–moderately high concentrations (i.e., Cw < 1 × 104 μg L−1), it was not correlated with the cesium uptake at high concentration, Cw ~ 1 × 105 μg L−1. In contrast, a significant correlation of BET and Kd was found at the high concentration only. These results imply that the BET becomes a more important uptake property with the increase in cesium concentration because the adsorption onto PS begins to contribute predominantly to the cesium uptake processes. Additionally, the significant relationship between the FWHM and CEC suggests that the FWHM is a potentially useful indicator to estimate the cesium uptake capabilities for the illitic clays.




3.2.2. Illite Classification by Crystallinity


Interestingly, the cesium uptake was not correlated with the illite contents (Table 3), even though the Kd values of illite for cesium are at least 200 and 20 times greater than those of quartz and albite, respectively, at low concentrations [8]. We presumed that illite crystallinity was associated with these results because the low crystalline illite of MI exhibited the greatest uptake capability for cesium. Therefore, the illite is classified as low (LCI) and high crystalline illite (HCI) components using FWHM to evaluate the relationship between individual illite components and cesium uptake capabilities.



The FWHM was used as a relative indicator to quantify the contents of LCI and HCI in the YCs [43]. Firstly, the MI and CI were blended with various mixing ratios from 0 to 100 wt% to simulate the YCs as mixture clays of LCI and HCI. The MI and CI are regarded as end members representing the LCI and HCI, respectively, in this study. Second, the nonlinear relationship of FWHM and the illite content of the blended materials were developed, and it was utilized to estimate the percentile ratio of LCI and HCI components in the YC samples (Figure 4). Finally, the LCI and HCI components of individual samples were quantified by multiplying each percentile ratio and illite content (Table 1). The YC1 was excluded for this analysis due to the existence of other expandable clay minerals.



After the illite minerals were separately treated as the LCI and HCI, the estimated illite contents indicated that the HCI was a more dominant component than LCI in the YC materials. The LCI and HCI contents were approximately 10–30% and 25–50%, respectively (Figure 5). In particular, the YC2, YC3, YC6, and YC7 showed only ~10% of LCI contents. Note that they also had relatively lower cesium uptake affinities of Kf = 8 × 103 to 1.1 × 104 [(μg kg−1)/(μg L−1)n] compared to other samples (Table 2). The correlation result supports the significant effects of the LCI component on the cesium uptake capabilities for the YCs (Table 4). The strong statistical relationship between the CEC and LCI contents indicated the predominant contribution of LCI to overall cesium uptake through cation exchange processes. In contrast, the HCI was not correlated with the Kd values, even though it is one of the illite components in the YCs.






4. Conclusions


Determination of the geochemical properties of clay materials is important for environmental geochemists to understand the migration of radionuclides in groundwater environments. The illitic clays are strongly involved in the retention and retardation processes of radiocesium, because they have selective cesium uptake capabilities (e.g., FES).



This study exhibited that the cesium uptake was significantly correlated with the illite crystallinity and CEC. In particular, the uptake capabilities of low crystalline illite were up to 15 times greater than the high crystalline illite, and their differentials were intensified at relatively low dissolved concentrations. These results suggested that the predominant uptake mechanism of illite and cesium was an ion-exchange process at the FES, related to the crystallinity degree. Therefore, the illite crystallinity can be applied as a relative indicator to predict the cesium uptake performance of illitic clay materials without comparatively long, time-consuming chemical uptake experiments.
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Figure 1. (a) XRD peaks and (b) enlarged 10Å peak of illite for MI, CI, and YC1–8 (I: illite, Q: quartz, A: albite). 
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Figure 2. Cesium uptake isotherms for YC1–8. Each symbol represents the experimental results with the error bar (2σ), and the black dotted line shows the Freundlich isotherms. The symbols and dashed lines of blue and red indicate the experimental data and Freundlich isotherms for MI and CI, respectively. 






Figure 2. Cesium uptake isotherms for YC1–8. Each symbol represents the experimental results with the error bar (2σ), and the black dotted line shows the Freundlich isotherms. The symbols and dashed lines of blue and red indicate the experimental data and Freundlich isotherms for MI and CI, respectively.
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Figure 3. (a) TEM image of MI before cesium uptake, and (b) the TEM-EDS results of cesium-sorbed MI. The labeled points reveal the classified uptake sites distributed on the illite particle. 
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Figure 4. Calculated relative contents of low crystalline illite (LCI) and high crystalline illite (HCI) for the YC2–8 using full width at half maximum (FWHM) of 10 Å XRD peak. The YC1 was excluded for this analysis due to the existence of other expandable clay minerals. The dotted red line indicates the LCI and HCI reference line experimentally determined by the mixture of MI and CI samples with 0%, 25%, 50%, 75%, and 100% of mass ratio, respectively (red symbol). 
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[image: Water 13 00409 g004]







[image: Water 13 00409 g005 550] 





Figure 5. Individual mineral contents for YC2–8. Illite contents were classified as high crystalline illite (HCI) and low crystalline illite (LCI) by using full width at half maximum of 10 Å XRD peak. 
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Table 1. (a) Individual mineral contents, full width at half maximum (FWHM) of 10 Å peak, cation exchange capacity (CEC) and specific area (BET) of clay samples, and (b) Spearman’s coefficients between mineralogical properties of clay samples.
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(a)

	
Illite

	
Quartz

	
Albite

	
FWHM

	
BET

	
CEC




	
(%)

	
(%)

	
(%)

	
(°)

	
(m2 g−1)

	
(eq kg−1)






	
MI

	
~100

	
-

	
-

	
0.64

	
29.3

	
0.147




	
YC1

	
<47

	
25

	
28

	
1.22

	
28.5

	
0.161




	
YC2

	
35

	
33

	
32

	
0.22

	
5.9

	
0.040




	
YC3

	
35

	
65

	
-

	
0.21

	
3.7

	
0.023




	
YC4

	
68

	
32

	
-

	
0.23

	
7.5

	
0.060




	
YC5

	
75

	
25

	
-

	
0.26

	
7.6

	
0.046




	
YC6

	
40

	
60

	
-

	
0.21

	
2.6

	
0.031




	
YC7

	
35

	
42

	
23

	
0.19

	
9.3

	
0.037




	
YC8

	
68

	
32

	
-

	
0.20

	
2.1

	
0.087




	
CI

	
~100

	
-

	
-

	
0.15

	
7.3

	
0.035




	
(b)

	
Illite Contents

	
FWHM

	
BET

	
CEC




	
Illite Contents

	
1.000

	

	

	




	
FWHM

	
0.180

	
1.000

	

	




	
BET

	
0.303

	
0.559

	
1.000

	




	
CEC

	
0.432

	
* 0.657

	
0.527

	
1.000








*: Correlation is significant at the 0.05 level (2-tailed).
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Table 2. Parameters of Freundlich isotherms for the illitic clay samples.
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Freundlich Model




	
Kf [(μg kg−1)/(L μg−1)n]

	
n (-)

	
r2






	
MI

	
4.5 × 104

	
0.401

	
0.995




	
YC1

	
2.4 × 104

	
0.480

	
0.985




	
YC2

	
1.1 × 104

	
0.436

	
0.954




	
YC3

	
9.4 × 103

	
0.440

	
0.968




	
YC4

	
1.9 × 104

	
0.466

	
0.946




	
YC5

	
1.4 × 104

	
0.442

	
0.978




	
YC6

	
8.7 × 103

	
0.463

	
0.960




	
YC7

	
8.0 × 103

	
0.464

	
0.988




	
YC8

	
1.6 × 104

	
0.441

	
0.976




	
CI

	
4.8 × 103

	
0.500

	
0.986
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Table 3. Spearman’s correlation coefficients between illite properties and Kd of samples at various Cw, respectively.
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Kd (L kg−1) at Ranged Cw (μg L−1)




	
1 × 10

	
1 × 102

	
1 × 103

	
1 × 104

	
1 × 105






	
Illite Contents

	
0.303

	
0.352

	
0.259

	
0.414

	
0.605




	
FWHM

	
* 0.742

	
** 0.809

	
** 0.827

	
** 0.821

	
0.565




	
BET

	
0.418

	
0.467

	
0.345

	
0.333

	
* 0.636




	
CEC

	
** 0.855

	
** 0.915

	
** 0.867

	
** 0.842

	
** 0.903








**: Correlation is significant at the 0.01 level (2-tailed). *: Correlation is significant at the 0.05 level (2-tailed).
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Table 4. Spearman’s correlation coefficients between quantified mineral contents and Kd after classifying illite as low crystalline illite (LCI) and high crystalline illite (HCI).
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BET

	
CEC

	
Kd (L kg−1) at Ranged Cw (μg L−1)




	
1 × 10

	
1 × 102

	
1 × 103

	
1 × 104

	
1 × 105






	
LCI

	
0.285

	
* 0.778

	
** 0.837

	
** 0.929

	
** 0.912

	
** 0.929

	
* 0.695




	
HCI

	
−0.333

	
−0.017

	
−0.217

	
−0.183

	
−0.100

	
−0.067

	
0.167




	
Quartz

	
−0.479

	
−0.647

	
−0.311

	
−0.395

	
−0.311

	
−0.420

	
* −0.672




	
Albite

	
0.160

	
−0.091

	
−0.297

	
−0.183

	
0.274

	
−0.479

	
−0.342








**: Correlation is significant at the 0.01 level (2-tailed). *: Correlation is significant at the 0.05 level (2-tailed).
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