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Fig. 1 Experimental set-up for diffusion experiments.
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Table 1 Parameters for X-ray spectral microcomputed

tomography (CT) system.
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Fig.2 Principle diagram of X-ray K-edge imaging.
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Fig. 3 Figures a to e show the relative iodide concentration profiles of sample B for the first to the fifth experiment, respectively. The

black solid curves represent the data fitted with an approximate formula of complementary error function.
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Table 2 The results for the X-ray K-edge imaging data fitting.
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The Pore Diffusion Coefficient of Iodide Ion in Rock Samples Using X-ray
K-edge Imaging

ZHAO Jijiang', WANG Zhe*, ZHANG Zhidv*, ZHAO Hong'
(1. National Research Center for Geoanalysis, Beijing 100037, China;
2. Institute of High Energy Phyisics, Chinese Acadamic of Science, Beijing 100049, China)

HIGHLIGHTS

(1) A diffusion experiment device is modified, which can continue to collect low-concentration solution, and prevent
interference from dead volume.

(2) The diffusion curve of iodide ion in limestone samples is obtained by X-ray K-edge imaging to reduce
interference from rock background.

(3) Diffusion data were fitted with an approximate formula of complementary error function to obtain the pore

diffusion coefficient and porosity for limestone samples.
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ABSTRACT
BACKGROUND: The diffusion process is important for environmental studies and pollution monitoring. When
contaminants are released into groundwater in the natural environment, they can diffuse into pore water in the rock
matrix driven by the concentration gradients. When the contamination source is removed after remediation, the
contaminated porewater can be a long-term contamination source to the groundwater in fractures via back diffusion.
The diffusion coefficients are the key parameters for the studies of the diffusion-reaction process of contaminants in
the environment, especially in natural porous rocks. The diffusion method, which measures the steady-state
diffusion flux of non-sorbing tracers, such as I and HTO, has been widely used for the determination of diffusion
coefficients. X-ray radiography techniques, which are non-destructive and can monitor temporal changes of tracers
in the porous rock medium, have been developed to obtain the pore diffusion coefficients in rock samples by fitting
a solution of Fick's second law of diffusion to profiles of Au (the change in the X-ray attenuation coefficient). The
value of Au is a function of the mass of a tracer along the X-ray path. However, the X-ray attenuation by the rock
matrix interferes with the determination of tracer signals, due to the low concentration of the tracer in the
porewaters. The method of X-ray K-Edge imaging using a photon counting detector (PCD), which takes images
from the two energy bins on both sides of the theoretical K-edge position of the tracer element and obtains the image
subtraction, can be used for the determination of diffusion coefficients to reduce the interferences from the rock
background.

This work focuses on the diffusion process of iodide ion in limestone samples. X-ray K-edge imaging with
energy-resolved computed tomography (CT) has been employed to image the iodide ion tracer in limestone samples.

The energy range is on both sides of the iodine K-edge (33keV) for X-ray K-edge imaging.

RESULTS: Modification of diffusion device. In this work, the diffusion device were modified to continuously
collect the low-concentration solution (Fig.1), which prevented the interference from the dead volume. The rock
samples were placed in sample tubes and inserted between the upper and lower protrusions of the sample cell. A
high concentration potassium iodide (KI) solution and a blank solution (deionied water) were pumped into the lower
and upper surface of the rock samples, respectively. Driven by a concentration gradient, iodide ion diffused from the
lower surface to the upper surface and was washed out by the blank solution. After a certain period of time, sub-
samples of blank solution were collected for measuring the iodide ion concentration.

X-ray K-edge imaging. The method of X-ray K-edge imaging was applied to obtain the iodide ion tracer
diffusion curve in the limestone sample using a spectral computed tomography. The X-ray energy thresholds were
set at 27-32keV and 34-39keV (Table 1), which were on both sides of the iodine K-edge position (33keV).

Diffusion experiments. The limestone samples, which were collected from Changxing, Zhejiang, China, were
cut as cylindrical samples (2.5cm diameter, 1-2cm length). Subsample A, B and C were the blank sample (no iodide
tracer), the sample for diffusion experiment, and the tracer-saturated sample (saturated with iodide tracer),
respectively. Sample B was mounted in a diffusion cell and then placed on the diffusion experiment device (Fig.1).
The iodide solution(KI, 1mol/L)was then circulated in the tracer reservoir and the low concentration solution
deionied water)was collected.

Diffusion coefficient measurements. The limestone sample was taken out of the diffusion cell for X-ray K-
edge imaging in an X-ray spectral CT from the second day after the diffusion experiment was started. The original
images were converted into 8-bit grayscale images using Imagel] software, where the grayscale values were
correlated with the normalized iodide tracer concentrations (C, /Cy). To minimize the shape effect of cylindrical
samples, the average greyscale values, which were selected from the area of =5mm to the center of radial direction,
were used for calculating the iodide ion pore diffusion coefficient. The normalized concentration (C, /Cy) is a
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. o . o . . . C,
function of diffusion distance (x) and diffusion time (¢), which has an analytical solution as = erfc(
0

X
2 \/D_pt]’
where erfc is the complimentary error function and D, is the pore diffusion coefficient. The diffusion curve data
(Fig.3) were fitted with an approximate formula of complementary error function (Eq.3) using SigmaPlot 14. The
results show that the pore diffusion coefficient, D, is (1.12+0.22)x 107" m%s™".

Before starting the X-ray radiography experiment, a through diffusion experiment was conducted on the
limestone sample (24.74mm diameter, 14.73mm length). The iodide ion concentration was determined using ICP-
MS and the steady-state iodide flux was used to calculate the effective diffusion coefficient, D,, based on Fick’s first
low of diffusion. The effective diffusion coefficient D, for limestone samples was (2.2+0.7)x 10"°m?s™" and porosity

¢ was 0.02 calculated by D.=¢-D,.

DISSCUSION: In previous studies on diffusion coefficient measurements in rocks using X-ray radiography
techniques, the X-ray source generates a continuous energy spectrum of X-rays, and the grayscale of the resulting
image reflects the average attenuation coefficient of X-rays within the energy range passing through all rock
matrices. The background of the rock, which is larger in mass than the tracer (iodide ion), can cause significant
interference. In this work, the X-ray K-edge imaging method has been used. Within this selected energy ranges on
both sides of the iodine K-edge, there is a noticeable difference in the attenuation coefficients between the rock
background and iodide ion. The tracer iodide ion can be effectively separated from the rock background, which
improves the signal-to-noise ratio.

In previous studies, fitting of the complementary error function has often been done by manual parameter
adjustment, which can introduce artificial uncertainties. In this study, a modified diffusion device is used, and an
approximate formula of the complementary error function is applied for data fitting. This approach minimizes
systematic errors from both the experimental setup and data processing. The iodide ion is easily oxidized in the
environment by an oxidant, such as oxygen. This oxidation can lead to changes in the diffusion coefficient of iodide
ion. In this work, sodium thiosulfate is added to the iodide tracer solution to prevent the oxidation of the iodide ion.

The relative iodide ion concentration profiles of sample B (Fig.3) show that the iodide concentration is
decreased with increasing diffusion distance and the diffusion curve become flat with increasing experimental time.
D, for the first sampling deviates from the average D, values. This can be attributed to the fact that during the initial
stages of the diffusion experiment, the iodide ion may not have formed an ideal diffusion curve in the limestone
samples. As a result, the diffusion coefficient obtained from diffusion curve fitting deviates significantly.

The D, value obtained from this work agrees with previous studies, in which the D, value ranges from
5.3x10 "m*s™" to 5.6x10 °m*s". Correspondingly, the porosity of the limestone obtained in this study is 0.02,
which is consistent with the reported porosity range of limestone in the literature (0.005-0.042). These results
validate that this method will be feasible for determining the pore diffusion coefficients and porosities in rock
samples. The method development of X-ray K-edge imaging using an X-ray spectral CT provides a method to
obtain the pore diffusion coefficients and reduce the interference from the rock matrix.

Since the concentration changes when the experiment is paused for X-ray CT imaging can introduce
disturbances to the entire diffusion process, the experimental results can be obviously affected. In future work,
diffusion devices might be modified to be placed inside X-ray CT. Therefore, X-ray K-edge imaging of samples can

be carried out without interrupting the diffusion process, avoiding any disruptions that may affect the results.

KEY WORDS: X-ray spectral computed tomography; X-ray K-edge imaging; pore diffusion coefficient; iodide;

limestone
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