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Abstract. Gamma spectrometry was employed to measure the natural activity of radionuclides
using High purity germanium detector during the leaching of gibbsite sample from Abu Thor
locality using three different organic agents. Among these agents, EDTA exhibited the lowest
leaching efficiency for 28U, approximately 21%, while oxalic and citric acids achieved
efficiencies of 42.77% and 32.44%, respectively. The leaching process revealed that the
leaching efficiency of 24U and 22Th were higher than that of 238U, 23°Th, and 2%U.
Additionally, the radionuclides ??°Ra, 2**Ph, and ?'“Bi were predominantly found in the residue
of the three organic agents. The oxalic acid residual sample shows the highest ratios for
230Th/238Y), 2%6Ra/?%8U, and ??°Ra /2°Th ratios, all exceeding 1, with values of 1.33, 1.6, and
1.22, respectively. Therefore, the 22°Ra/?8U ratio is deemed superior for studying the behavior
and mobility of U.

Keywords: HP-Ge spectrometry; U and Th series; organic leaching; EDTA, Oxalic acid and
Citric acid

1. Introduction

Naturally U and Th are ubiquitous within rocks, ground and sediment. The composition of natural
uranium includes isotopes 28U, 2*°U, and #%U, with percentages of 99.284%, 0.711%, and a trace
amount of 0.0055%, respectively [1]. Thorium is naturally present in sediment in the forms of 2*2Th and
234Th, the latter being a progeny of 23U [2]. Under secular equilibrium the activity ratios between 28U
parents and its daughter nuclide is unity [3], however, this ratio is deformed from unity due to chemical
and physical fractionation [4]. 2°2Th is less soluble than 28U and is typically found mostly in secular
equilibrium with its progeny, including ?%®Ra, 2'?Pb, 2'?Bi, and 2®TI. Disequilibrium arises from
geochemical processes, where they result in mobility or accumulation of each of them at a rate depend
on the characteristic of the occurred disturbance [5] and relative to the daughter half-life [3]. Among
almost important factors leading to disequilibrium are weathering processes at the surface of the earth,
radionuclides chemically fractionated resulting from the variability in their chemical characteristics in
U series, diffusion of radon gas isotopes and physical fractionation through radioactive decay (alpha
recoil) [2]. The disequilibrium system of #4U/?®U provides a wide range of purpose for studying
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different Earth-surface processes. These include inquiry the development of weathering profiles, erosion
over time and examining sediment transfer processes across river catchments [3].

In oxidizing conditions, uranium typically exists in the hexavalent U*® state, predominantly as
UO,%* with notable mobility forming soluble carbonate and phosphate complexes. Conversely, under
geochemical conditions where dissolved oxygen is depleted, uranium adopts the U** state creating
insoluble complexes with inorganic ligands (hydroxides, phosphates and hydrated fluorides) [6].
Radium exists in a divalent state and displays moderate solubility in natural waters. It has the potential
to precipitate in various forms, such as sulphate, carbonate, and chromate salts. The decay series of
uranium, thorium, and actinium are the principal origin of radium isotopes (*®Ra, ?*Ra, ?**Ra and ?**Ra)
[7]. Radium can enter into groundwater through aquifer dissolution, desorption from the rock or
sediment surfaces, and expulsion from minerals during radioactive decay [8]. In the absence of any
separation between radionuclide mothers and daughters for a period of 8000 years, the geochemistry of
226Ra is entirely governed by Z°Th [9].

Natural thorium is exclusively composed of the isotope 22Th, serving as the origin nuclide in the
thorium decay chain. Thorium occurs solely in the tetravalent oxidation state in solutions, exhibiting
very slight solubility in nearly all watery environments due to Th** rise ionic potential [10], on the other
hand any amount of it can be dissolved is adsorbed and precipitated as a result of its ionic potential of
tetravalent state [11]. “°K is one of the natural radioactive isotopes, occurring in different rocks such as
metamorphic, magmatic, feldspathoids and micas, on the other hand it can be formed in sedimentary
environments related to its presence in potash feldspars and plagioclase [11]. The primary organic acids
generated by fungi in bioleaching for the purposes of dissolving uranium from uranium-bearing ores are
citric and oxalic acid [12]. In the bioleaching process, fungi possess the capability to extract uranium
from its ores by producing organic acids, namely citric and oxalic acids [13]. Both naturally-occurring
and artificially produced ligands, including citrate, oxalate, fulvic acid, humic acid and EDTA are
recognized for their ability to create robust aqueous complexes with U*® This phenomenon can markedly
increase the mobility of U*®[14-15].

Extensive research has been conducted on ethylenediaminetetraacetic acid (EDTA) as a
chelating agent for metals. Studies have demonstrated the extraction of zinc, cadmium, copper, and lead
in a 1:1 ratio through metal-EDTA complexes from polluted soils [16-17]. Aqueous alkaline solutions
containing EDTA have proven effective in dissolving Ba(Ra)SO. and extracting *Ra from uranium
tailings [18]. At pH 5.5 to 6.9 with the disodium salt by (EDTA), an anion complex of radium is formed,
below pH 4.5, no complex forms, while at pH 7-8 no free radium ions in solution can be detected [19].
This work aims to follow the radionuclides mobilization during different stages of gibbsite ore
processing and detect the capability of various organic acids in uranium leaching.

2. Experimental and Analytical Approaches

2.1 Characterization of the Ore

The Um Bogma Formation at Abu Thor is visible 40 kilometers to the east of Abu Zinema City in Sinai.
This geological formation exhibits an unconformable overlay on the Adedia Formation, consisting of
shales and sandstones. Simultaneously, it is covered by the non-fossiliferous bleached sandstones of the
Abu Thora Formation in an unconformable manner. The examined gibbsite sample was gathered from
Abu Thor locality, subjected to crushing, and ground to roughly (-60) mesh. Approximately 5 grams of
the gibbsite sample underwent further grinding to -200 mesh for major oxides chemical analyses,
employing the [20] method. The gravimetric determination of the loss on ignition (L.O.1) was carried
out at 1000 °C. X-ray fluorescence technique was used for the trace elements determination in the
Laboratories of Nuclear Materials Authority (NMA).
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The determination of 2®U, #%U, 2%U, #°Th, ?%Ra, and 2*’Th were conducted Hyper Pure
Germanium detector (HPGe) with a packed time ranging between 20 and 24 hours. The HPGe detector
features has an efficiency of approximately 60% relative to of a 3" x 3" Nal (TI) crystal efficiency, a
resolution of 2.3 keV, and a peak/Compton ratio of 56:1 at the 1.33 MeV gamma transition of ®°Co. The
framework underwent energy calibration, displaying gamma photopeaks within the range of 46 keV to
3000 keV. Efficiency calibration was carried out using three established reference materials for U, Th,
and K activity measurements: RGU-1, RGTh-1, and RGK-1, as provided by (IAEA) in 1987 [21-22].

2.2 Leaching process

The samples measured using Hyper Pure Germanium detector (HPGe) were transferred from the
ductile container and divided into exemplary sections for dissolution tests. Nonconventional organic
agents, specifically citric, oxalic, and ethylenediaminetetraacetic acid, were employed in the leaching
process with magnetic stirrers for agitation. Each leaching experiment involved agitation about 50 grams
of the finely grind sample with 150 ml of each acid concentration at 200 gm /£ for 1 hour at ambient
temperature. Following the dissolution, the sample slurry was filtered, washed multiple times with
distilled water, and then adjusted to a volume of 250 ml. The remaining residuals were dried at 110 °C,
Both the leachates and residuals were subjected to measurements for the aforementioned radionuclides
using the Hyper Pure Germanium detector (HPGe).

The determination of radionuclide leaching efficiency was conducted through the following equation:

Activity concentration in the leachate

Leaching Efficiency (%) = — — — X
Activity concentration in the original sample

3. Results and Discussions
3.1 Characteristics of the studied sample

The major oxide chemical analysis presented in Table 1 reveals that the predominant constituents of
the examined gibbsite sample are SiOz, Al.Os, Fe;O3, MnO, CaO, MgO, and SOz, with respective
concentrations of 15.3%, 17.4%, 17.6%, 9.68 %, 3.5%, 6.0%, and 3.53%. The chemical analysis of
Trace elements as shown Table 1, indicate that the main components of the studied gibbsite sample are
Zn, Zr, Pb and Ni with assay 6811, 6762, 3879 and 1305 ppm respectively. On the other hand, chemical
index of alteration (CIA) was calculated from the major oxides of this sample which used as an index
of major element diversity resulting from alteration processes and transmutation of feldspars, volcanic
glass and other labile components to clay minerals according to the following equation:

CIA = [Al:0s3/(Al:03+ K,0+ Na;O+Ca0)]x100

Worldwide average CIA values for shale vary from about 70 and 75; 50 for fresh granites [23], while
ultimate weathering values may reach t0100 [24]. In the studied gibbsite sample CIA value is 71.48
which indicate moderately weathered terrains.

Table 1. Summarizes the chemical analysis of the gibbsite sample.

Maj . ) IA
Ox?é%; Sio,  ALO; TiO, FeO; CaO MgO NaO K, O MnO P,Os Cud Cl- SO, LO.lI %%))
Wt., % 15.32 174 031 176 35 6 25 082 968 13 128 067 353 196 7184
Trace cr Ni Zn zr Rb Y Ba Pb sr Ga V Nb

elements

ppm ud 1305 6811 6762 148 ud 258 3879 695 635 84 220

(u.d: Under Detection)
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3.2 Radiometric measurements

Table 2 provides the activity concentrations of Th and U radionuclides in the examined gibbsite sample,
including several calculated ratios. The isotopic ratios of various radionuclides offer insights into the
processes occurring in these rock varieties.

3.2.1 Original ore Sample: The activity ratio of 22Th/?8U in the original ore sample is 0.03, this ratio
deviates from the typical values found in the Earth's crust, which range from 3 to 4 [8, 25] suggesting
an enrichment of uranium in this sample. The **U/?8U activity ratios (ARs) are 0.59 less than 1,
implying a discriminatory leaching of 2**U compared to 28U from the rock, which can be attributed to
the prevailing oxidizing conditions [8, 26]. The ?°Ra/?8U and ?°Th/?8U isotopic ratios are 1.14 and
1.19, respectively closed to 1 suggest equilibrium between 23U with its daughter 2Ra and #° Th. The
226Ra/?0Th activity ratio is close to unity (0.96), indicating equilibrium conditions that have persisted
for a maximum time period of 8 thousand years. The 2*8U/?*°U activity ratio is 21.69, falling within the
natural ratio range (21.7). So, from all the calculated ratios suggest that the two radionuclides mobility
are nearly identical.

3.2.2. Leachate analysis: After subjecting the samples to leaching experiments involving various acids,

the concentration of radionuclides in the leachate was quantified using gamma-ray spectroscopy. The
results, depicting the activity of radionuclides such as 28U, 2%*U, 235U, 2%Th, 20Th, 2%6Ra, 22Th, 2P,
214Bj and “°K, are presented in Table 2 and Figure 1. Notably, EDTA demonstrated the least leaching
efficiency for 238U, approximately 21%, while oxalic and citric acids achieved efficiencies of 42.77%
and 32.44%, respectively. An important observation is the consistent leachability of 22°U and 2°8U across
all leaching agents. On the other hand, the leaching of 2**U varied with respect to 28U and 2*U across
all leaching agents. Notably, EDTA demonstrated the highest leaching efficiency for #4U,
approximately 76.89 %, while oxalic and citric acids achieved efficiencies of 73.6 % and 66.25 %,
respectively.

Hence, it's observed that the transfer proportion of the lighter isotope of uranium exceeded that
of the heavier ones. This suggests that 24U exhibits higher mobility compared to its precursors and
daughters across all leaching agents. Research focused on developing the conceptual model of oxidative
isotope fractionation of 24U indicates that 2*Th, a daughter nuclide of 238U, tends to be pushed into rock
matrix areas due to alpha-recoil. This movement results in the accumulation of oxygen atoms around
the 24Th nuclei [27]. The high energy released during decay can elevate the oxidation potential at the
terminus of the 2*Th recoil trajectory. Consequently, U may be activated into the more stable
hexavalent oxidation state. This phenomenon occurs alongside the presence of 28U existing in the fourth
oxidation state within rock-forming minerals.

The elevation of the 2**U/?U isotopic ratio to larger than 1 in EDTA leachate solutions (2.18)
signifies the lowest efficiency in leaching of 2*8U (20.72%) and the higher efficiency in leaching 2*U
(76.89%). In contrast, decrease in the 2*U/?*®U activity ratio < 1 was noted across all leaching agent
residuals (EDTA 0.55, Oxalic acid 0.34, and Citric acid 0.38), indicating the U migration into the
residual. The remarkably low leaching efficiency for 23°Th, 2“Pb, and 2*Bi across all leaching agents
ranged from 12.37% to 14.78%, from 0.14% to 3.67%, and from 0.10% to 4.38%, respectively. The
immobilization of 2°Th, 214Pb, and 2**Bi may be attributed to the high iron oxide content (17.6%) and
manganese oxide content (9.68%) [26, 28]

The radionuclides ??°Ra, 2“Pb, and 2“Bi were predominantly found in the residue of the three
organic agents, suggesting an association with radium sulfate or to some extent insoluble mineral phases
such as refractory oxides and alumina silicates. There was a notable high-efficiency leaching of 2%2Th
by the leaching agents EDTA (88.9%) and Oxalic acid (81.98%), the enhanced leaching efficiency of
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232Th may be realized to its faint activity and its adsorption on soluble organic matter [26]. The activity
concentration of “°K in the residual material for all leach agents and leach liquor of the leach agents
(EDTA and Oxalic acid) was found to be higher than that of the original rock, as shown in Figure 4.
This abnormal increase in potassium values may be related to the occurrence of Pb (3879 ppm) as a
component of the original sample, which could cause self-attenuation effects on the radionuclides in the
original sample. So, the absence of Pb in the leachate results in a decrease in self-attenuation, allowing
for the measurement of gamma activities in the inner grains. Another effective factor is the increments
in the ratio of clay minerals in the residual relative to the pregnant solution and ore sample.

Tables 2, along with Figure 2 histograms, illustrate the comparison between the activity of
radionuclides, including 28U, 24U, 2%°U 234Th, 2%Th, 2%6Ra, 232Th, 24Pb, 214Bi, in the original sample and
the resulting residual from three leaching agents. It is observed that the activity concentrations of most
radionuclides in the residual, especially “°K, are higher than those present in the original rock.
Furthermore, the total activity concentrations for various radionuclides in both the pregnant solution and
residual material surpass the activity levels detected in the original sample. This observation is attributed
to the impact of acid solutions utilized during the leaching experiments, which likely facilitated to the
cleaning of the residual grain surface. Consequently, the cleaning process permits the measurement of
gamma activities in the inner grains, as discussed in previous studies [8, 29].

Figure 3 histogram illustrates the comparison of several calculated isotopic ratios, including
238Y/238Y, 20Th/28Y, 226Ra/?*U, and 2°Ra/ 2°Th, in the original sample and resulting residual from three
leaching agents. The ratio 2**U/?*8U is consistently below 1, indicating the lowest ratio for the original
and all residual samples, ranging from 0.59 to 0.34. The highest leaching efficiency for >**U is observed
with Oxalic acid. Consequently, the Oxalic acid residual sample exhibits the highest ratios for 2°Th/?%8U,
226Ra/?*®U, and 2%Ra/?*Th, all exceeding 1, with values of 1.33, 1.6, and 1.22, respectively. Therefore,
the 22°Ra/?8U ratio is deemed superior for studying the behavior and mobility of U.

Table 2. Activity and isotopic ratios of radionuclides in original, pregnant solution and residual
samples by EDTA, Oxalic Acid and Citric acid.

EDTA Oxalic Acid Citric acid

Radionucli Original ~ Leachate  Leachabilit Res:dua Leachate Leachabilit Residual Leachate Leachabilit Res:dua

de (Bake)  (Bal) YO gy @I ¥y @ik B YO gy
238 series
Z4Th 4263.5 865.7 20.31 3771.8 1823.4 42.77 3629.4 13745 32.24 4614.3
24mPa 4262.3 900.6 21.13 36715  1868.2 43.83 3561.6 137408 3224 5045.7
Average 4262.9 883.1 20.72 3721.7 1845.8 43.3 3595.5 1374.08 32.24 4829.9
24y 2506.9 1927.7 76.89 2038.6 1845.2 73.6 1381.9 1660.9 66.25 1835.4
230Th 5080.6 751.03 14.78 4205.4 628. 6 12.37 4448.9 686.7 13.51 4811.2
226Ra 4870.8 106 2.2 4583.1 75.4 0.02 5418.1 313.6 6.56 5875.8
214pp 4020.8 147.8 3.67 3059.4 514 1.28 4163.7 5.78 0.14 4836.9
24Bj 3963.7 173.4 4.38 2950.3  69.7 1.76 4008.1 3.89 0.10 4705.1
235 series
235y 196.6 40.41 20.56 171.13 84.76 43.11 165.50 63.07 32.09 222.5
232Th series
28Ac 36.8 32.1 88.5 57.64 33.63 93.68 53.88 5.4 14.88 54.4
208T| 35.9 31.1 86.6 33.77 25.226 70.27 uld uld uld 24.3
Average 36.1 31.6 88.9 26.63 29.43 81.98 53.88 5.4 14.96 394
K 238.8 1028.50 856.59  1018.35 714.92 220.1 736.3
28 /235 21.69 21.85 21.75 21.78 21.59 21.79 21.71
Z4y/238Y 0.59 2.18 0.55 1 0.34 1.21 0.38
Z0Th/2%yY 119 0.85 1.13 0.34 1.33 0.50 1.00
226Ra/%38Y 1.14 0.12 1.23 0.04 1.6 0.23 1.22
226Ra/?%Th  0.96 0.14 1.09 0.12 1.22 0.46 1.22
U (ppm) 343.78 71.22 263.45 148.86 247.78 110.81 389.5
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Figure 3. Variations of the 234U/?%8U, 220Th/?%8U,
226Ra/”®U and ??°Ra/?°Th activity ratios in
original, and residuals.

Figure 1. Leaching efficiency (%) of different
radionuclides by different organic agents.
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different radionuclides in original and residuals. in original and residuals.

4. Conclusions

Gibbsite rock sample was collected from Abu Thor locality, Sinai, Egypt, to study the leaching behavior
and mobility of radionuclides in U-series. An HPGe detector was employed to measure the activity of
U-series radionuclides in the ore sample, the pregnant solution resulting from different organic agents,
and its residual phases. The data clarified that the leaching of 2%*U is greater than 238U and 2*°U across
all leaching agents due to the alpha recoil effect. In addition to, the leachability percentage of 2*°U closely
matched that of 238U across all leach liquors, maintaining a natural ratio value of 21.7. On the other hand,
low leaching efficiency for 2°Th, 21*Pb, and 21Bi in all leaching agents may be realized to the high iron
and manganese oxide content. Radium series radionuclides (**Ra, 2B, 2*Pb) exhibited low solubility
in all tested organic agents’ solutions, leading to their concentration in the residual samples.
Consequently, the 22°Ra/?*8U ratio was identified as superior for studying the behavior and mobility of
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U. Additionally, the summation of activity for various radionuclides in pregnant solutions and residuals
with the studied organic agents exceeded the activity in the original ore samples due to the effects of
leaching process which result in cleaning of the residual grain surface and hence permits freeing gamma
rays to be detectable.
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