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ABSTRACT

The radionuclide radiation risks brought on by nuclear weapons cannot be disregarded by the
operators. To protect the public’s health, radioactive cesium (Cs) polluted water must be treated
with sustainable materials. In this work, batch adsorption studies were investigated to separate the
radioactive isotope Cs-137 from the actual radioactive wastewater. In a batch adsorption method,
the natural clay kaolinite was described and chosen as an adsorbent. After 2 h, equilibrium was
attained with kaolinite having a removal efficiency of 75% for Cs-137. The adsorption kinetics of
Cs-137 on the surfaces of kaolinite clay were assessed. The experimental kinetic data for kaolinite
generated an outstanding match with the pseudo-first-order kinetic model. As a result, kaolinite
was determined as the appropriate media to be adsorbent for Cs-137.
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Radioactive pollution

1. Introduction

Due to its substantially greater threat to both current
and future generations’ health, radioactive contamination
has garnered more attention than chemical and biologi-
cal pollution. Different kinds of radioactive material were
discharged into the environment in the four well-known
nuclear catastrophes, which occurred in 1957 in the UK at
Windscale, 1979 in the USA at Three Mile Island, 1986 in
Russia at Chernobyl, and 2011 in Japan at Fukushima [1].
Under the Al-Tuwaitha Nuclear Research Center in Iraq,
which is close to the city of Baghdad, a significant amount
of radioactive wastewater including Cs-137 has accumulated
since 1991 [2]. Because Cs-137 has a half-life of 30y, it is able

* Corresponding author.

to readily harm a number of body organs [3]. The radioac-
tive substance Cs-137 has a significant negative impact on
human health and can cause harm to several illnesses and
organs, including cancer of the thyroid, liver, bladder, and
kidney [4]. Different methods, such as ion exchange [5-7],
chemical precipitation [8-13], membrane separation [14-16],
and adsorption [17-21], are currently being studied for the
treatment of water contaminated by radioactive. Adsorption
has a high activity and a low operating cost, and several stud-
ies have indicated that it is an effective method for remov-
ing radioactive elements from wastewater. The removal
of radioactive materials from aqueous solution has previ-
ously been examined, using artificial polymers [22], zeolite
[23,24], activated carbon [25,26], and bentonite clay [27].
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The clay minerals were the best treatment medium
for industrial wastewater because of their characteristics,
which make them ideal adsorbents because of their avail-
ability, low cost of manufacturing, nontoxic makeup, high
specific surface area, outstanding adsorption qualities, and
high potential for ion exchange [28]. Kaolin is the rock term
for the mineral kaolinite which is 1:1 phyllosilicate min-
eral. The structure of kaolinite is a tetrahedral silica sheet,
alternating with an octahedral alumina sheet, joined by
sharing a common layer of oxygens and hydroxyls. Large
cation exchange capacities and high total uptake of cesium
occur when the interlayer sites are available for adsorption
[29]. Several studies inspected the mechanism of cesium
adsorption by ion exchange with different potential sites
on mineral surfaces and studied the effect of the structural
characteristics of this clay minerals [30]. Other research
examined the parameters that influence adsorption, adsorp-
tion isotherms, thermodynamics, and kinetics for many clay
minerals [31].

In this work, the application of Iraqi natural clay minerals
such; as kaolinite as a very cheap, environmentally friendly,
most available adsorbent material in a batch adsorption
system. The actual samples of radioactive wastewater con-
taining Cs-137 have been treated using the kaolinite natural
clay beyond its characterization. Furthermore, the influence
of the various variables on the treatment via the adsorp-
tion process were examined. The isotherms and kinetics
of adsorption were investigated as well.

2. Experimental work
2.1. Clay mineral preparation and characterization

Clays have characteristics that depend on their geolog-
ical formation and mining location. Deposits of benton-
ite and attapulgite occur in Wadi Bashira of the Western
Desert (Iraq). Kaolin clay samples were taken from the
Ga’ara Depression in the Western Desert (Iraq). The kaolin
clay representative samples were supplied and crushed by
a jaw crusher (Retsch BB1, Germany) and then milled in
a rotating cylinder ball mill to pass a 75-u sieve opening.
Chemical wet analyses to identify the chemical composi-
tion of the kaolin clay mineral was achieved in the Central
Laboratories Department/Iraqi Geological Survey. X-ray dif-
fraction mineralogical analyses were performed using the
Ital Structure Model MPD 3000 (Spain, Al Razi Metallurgical
Center, Tehran, Iran). Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) techniques
were employed to investigate the morphology of the kaolin
clays with the TESCAN MIRA3 Instrument (Australia, Al
Razi Metallurgical Center, Tehran, Iran). Particle-size distri-
bution analyses were made using a Brookhaven Instruments
(USA) 90Plus particle size analyzer (Nanotechnology
Center, UOT, Iraq). The specific surface area (SSA) and cat-
ion exchange capacity (CEC) for the kaolin clay minerals
were obtained from technical reports of the Iraqi Geological
Survey (Baghdad, Iraq). The Fourier-transform infra-
red spectroscopy (FTIR) analyses of the kaolin clays was
run with (Bomem MB-Series FTIR Spectrometer, France).
According to ASTM E 1252-98(21) to specify the functional
groups.

2.2. Radioactive wastewater sample preparation

The samples of the radioactive wastewater were taken
from a reservoir underneath the destroyed Radiochemical
Laboratories at the Al-Tuwaitha Site (Iraq). The gamma spec-
troscopy analysis was conducted using a closed-end, coax-
ial, p-type model (GEM65P4-95/ORTEC (USA, Al-Tuwaitha
Site (Iraq)) high purity germanium detector (HPGe), yield-
ing high-level waste (HLW) containing radioactive cesium
(Cs-137) with a specific activity of 4.5 GBq/L [32]. As per the
appropriate safety procedure (PS), the sample was diluted
with distilled water to a safe limit to be handled within the
laboratory. The activity was reduced to about 6,372 Bq/L,
which is considered the initial activity concentration.

2.3. Batch adsorption experiments

A batch mode experiments were carried out to evaluate
the use of the kaolinite Iragi clay minerals in the adsorp-
tion of Cs-137 from the radioactive wastewater. In glass
containers, a constant amount (0.1 g) of kaolinite clay was
added to 30 mL of radioactive wastewater samples with a
Cs-137 activity concentration of 6,372 Bq/L and a pH of 6.
The sample containers were shaken on a shaking table
at 200 rpm at room temperature (25°C) for different mix-
ing times (i.e., 0.5, 1, 1.5, 2, and 3 h). At the end of mixing
time, the filtration of samples was done by using a 0.45-u
Whatman™ filter. The separation of solid particles from the
solution was conducted using centrifugation rather than fil-
tration using filter paper to avoid some adsorption of con-
taminant in filter paper. Filtrate samples (20 mL) were put
into a Marinelli Beaker to measure the radioactivity concen-
tration of cesium after treatment, using gamma spectros-
copy (HPGe detector). The Cs-137 (ug/L) concentrations in
the filtrates were estimated using Eqs. (1)—(4) [33].

Specific Activity (S.A.) = AxAavxw O
m
w= S.A.xm .
A x Aav

where Aav is Avogadro’s number (6.02 x 10% nuclei/mol),
A is the radioisotope decay constant (s), m is the atomic
weight (g/mol), and w is the weight (g).

2 0693
half life "2

®)

Cs isotope concentration in filtrate(C) =

(4)

SHES

These clays were compared by studying the removal
efficiency (R%), adsorption capacity, q, (mg/g), and adsorp-
tion coefficient, K, (L/g), respectively, of the Cs-137 isotope
at equilibrium, using Eqgs. (5)—(7) [34]:

R concentration of adsorbed cesium C, -C,
0 = =

— - - x100  (5)
initial concentration of cesium

0

_ amount of cesium adsorbed _ (Cn - Ct,) xV

(6)

e

amount of adsorbent M
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4.
=C (7)

where C, and C. are the initial and equilibrium concentra-
tion of the radioactive cesium (mg/L), V is the volume of
the solution (L), and M is the weight of the clay mineral
materials (g).

2.4. Adsorption kinetics

The adsorption mechanism of Cs-137 on the kaolinite
clay surfaces was investigated using the data resulting from
the effect of contact time. The three linearized models of
adsorption kinetics which applicate to evaluate the experi-
mental result were: pseudo-first-order (Lagergren model),
pseudo-second-order, and intraparticle diffusion (Weber—
Morris model), which are represented by Egs. (8)—(10),
respectively [35,36].

ln(qe —q,):lnqe —kt (8)
t 1 t
LS ©)
a9, kg a,
q,= kyt”2 +C (10)

where g, and g, are the adsorption capacity (mg/g) at equi-
librium and at time t (min), respectively; k, and k, are
adsorption rate constants of the pseudo-first-order (min™)
and pseudo-second-order (g/mg-min), respectively; kp is
the intraparticle diffusion rate (mg/g-min®®) constant, and
C is the diffusion intraparticle constant.

3. Results and discussion
3.1. Clay mineral characterization

The results of the chemical and mineralogical analy-
ses for the kaolinite sample of natural clay minerals are
shown in Table 1 and Fig. 1.

The theoretical chemical formula of kaolinite is 39.5%
ALO, 46.5% SiO, and 14.0% H,O. From Table 1 the
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Table 1
Chemical analyses of kaolinite clay ore

Chemical composition Kaolinite
SiO, (%) 50.22
ALQO, (%) 33.52
Fe, O, (%) 1.65
CaO (%) 0.32
MgO (%) 0.08
SO, (%) 0.07
L.OI (%) 12.1
Na,O (%) 0.04
K,O (%) 0.48
Cl (%) 1.47

kaolinite sample had high content of (50.22%) of SiO, when
compared with pure kaolin of (46.54%), the rest of the silica
as quartz [37,38].

In the mineralogical analyses of kaolinite sample,
the major peaks of kaolinite at diffraction angles (20)
with (12.5° and 25°) while the minor peaks for quartz at
(27°) diffraction angle as appearing in Fig. 1. Fig. 2 dis-
plays the SEM images for the kaolinite clay before and
after loading with Cs-137, there was some disorder of the
layered-like structure.

EDX qualitative elemental compositions analysis by
identifying a material’s crystal structure was achieved
at a certain point referred to as (a) on the kaolinite ¢ clay
surfaces after adsorption, as presented in Fig. 3.

The EDX spectrum detects at that point (a) on clay sur-
faces for the kaolinite clay, the presence of Cs-137 by La
and Lp in the range of 4-5 K after adsorption of the radio-
active wastewater (Fig. 3). The particle size of the kaolinite
clay was investigated using a Brookhaven 90Plus particle
size analyzer. This test is based on dynamic light scattering
principles. The mean particle size of the kaolinite powder
is presented in Fig. 4.

According to the particle size analysis, kaolinite exhib-
ited the smallest particle size. The surface areas were cal-
culated using the Brunauer—-Emmett-Teller method. As
shown in Table 2, kaolinite had the low specific surface area
and cation exchange capacity.

The FTIR spectra of kaolinite before and after the
cesium adsorption is shown in Fig. 5. Before the kaolin-
ite adsorbed (KB) the following stretching vibration bands
were appeared such as: AI-OH-Al, Si-O-Si, Si-OH, AI-OH,
Si-0O-5i/Si-O-Al, and AI-OH at 3,699/3,620; 1,032; 1,007;
912; 757 and 696 cm™, respectively. After the adsorption of
kaolinite (KA) as shown in Fig. 5. (K), a new band appeared
at 3,655 cm™, which means that adsorption may occur on
the AI-OH-ALI sites. Furthermore, the spectrum showed a
slight shift on the Si-O-Si/Al-O-Si sites as it appeared at
764 cm™, while it was 757 cm™ before adsorption.

3.2. Batch adsorption results
3.2.1. Activity concentration and removal %

The results of the batch adsorption experiments are
shown in Fig. 6. The maximum reduction in the Cs-137
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Fig. 1. X-ray diffraction patterns of kaolinite clay ores.
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Fig. 2. Scanning electron microscopy images for the kaolinite clays. a: certain point on the three clay surfaces analyzed after

adsorption.
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Fig. 3. Energy-dispersive X-ray spectroscopy analysis of the
kaolinite clays after adsorption.

activity concentration was achieved at 304 Bq/L during the
2 h that it took for the uptake of cesium to reach equilib-
rium for kaolinite. The R% of the adsorption results were
determined from Eq. (5). However, at an equilibrium time
of 2 h, the removal efficiencies reached 75% for kaolinite,
as illustrated in Fig. 6. The removal efficiency of kaolinite
decreased after 3 h of adsorption time. This convergence
in the removal efficiencies could be the result of the rap-
prochement in the chemical and mineralogical compositions
of the kaolinite clays as displayed in Table 1 [18].

3.2.2. Mechanisms of Cs sorption

In kaolin clay the active sites locate only in type (I) the
planar (basal) surface and type (II) the edges of the inter-
layers which show low cation exchange capacity compared
with that of type (III). Since the kaolinite structure does not
expand, kaolinite does not tightly adsorb Cs in its struc-
ture, it is interstratified with vermiculite and micaceous
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Fig. 4. Particle size analyses for the kaolinite clay.

Table 2

Mean particle size with a specific surface area for the kaolinite
Sample Kaolinite
Mean particle diameter (nm) 61.3
St. deviation 1.07
Density (g/cm?®) 2.6
CEC (meq./100 g) 3.5
Specific surface area (SSA) m?%/g 37.6

layers [39]. In case of kaolinite the ion exchange capability
is due to broken bonds at the edges of the clay planes and
to hydroxyl groups on the basal lamellar. These results
indicate that Cs is adsorbed not only at the “frayed edge”
site, but also at other sites where Cs is reversibly adsorbed
as reported by the study of Erten et al. [40] and Shahwan
et al. [41]. Comans and Hockley [42] and Comans et al. [43]
have proposed a model with two different mechanisms of
Cs sorption. One of these mechanisms is instantaneous and
reversible on a timescale of a few days and less. The other
is irreversible, occurs at longer times, and is caused by Cs
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migration into the interlayers. Slow Cs migration into inter-
layers was also proposed by Evans et al. [44]. These agreed
with the decrees of cesium adsorption (desorption) by
kaolinite after 2 h in the results as clarified in Fig. 6b because
some of the cesium site reversible on the basal planes of
kaolinite.

3.2.3. Adsorption capacity and distribution coefficient

The adsorption capacity (q,) and adsorption distribution
coefficient (K,) for the kaolinite clay minerals at different
contact times were calculated from Egs. (6) and (7), respec-
tively. The adsorption capacity (g,) and adsorption distribu-
tion coefficient (K,) for the kaolinite clay minerals can be seen
in Fig. 7a and b, respectively. These results clarified that the
prime adsorption distribution coefficient (K,) and adsorp-
tion capacity (g, obtained for kaolinite after 2 h of contact
time were caused by using a very low Cs-137 initial activity
concentration, owing to the fact that the sorption increased
sharply at the low sorbate initial concentration [45,46].

Transmmitance (%)

Wave No. (Cm-1)

Fig. 5. Fourier-transform infrared spectra of kaolinite before
adsorption (KB) and after adsorption (KA).
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Radioactive activity concentration (Bq/L)
2000

0

0 0.5 1 2 3
t (h)

3.3. Adsorption kinetics

The results of the submitted kinetic models—pseu-
do-first-order [Eq. (8)], pseudo-second-order [Eq. (9)], and
intraparticle diffusion [Eq. (10)] are displayed in Fig. 8a—c,
respectively, for the kaolinite clay mineral. The adsorption
mechanisms of Cs-137 for the kaolinite clay mineral better fit
the pseudo-first-order kinetic model with a high regression
coefficient, (0.9169) compared with the pseudo-second-order
model (0.9018), respectively.

The predicted adsorption capacity (g, by the pseu-
do-first-order model for kaolinite approached the experi-
mental adsorption capacity (q,), as illustrated in Table 3.

The intraparticle diffusion adsorption kinetic model
is based on the assumption that the rate-controlling step
may involve valence forces through ion exchange, sub-
stitution, or complexation (Wei et al. [47] and Al-Rahmani
et al. [48]). Since the plot of g, vs. t*% in the intraparticle
model, as shown in Fig. 8c, did not pass the through the
origin, intraparticle diffusion did not completely affect the
adsorption process. Also, the correlation coefficient (R?)
of the diffusion model was lower than the pseudo-first
and second-order correlation coefficient for kaolinite, as
shown in Table 3. The convenience of the pseudo-first-order
model with the experimental result means that the adsorp-
tion is controlled by ionic exchange, in which electrostatic
interactions played a significant part [47,48].

3.4. Comparative study

A comparison between the results of this study and
previous studies is illustrated in Table 4. This table offers
important details regarding how effectively kaolinite adsor-
bent may increase Cs-137 capacity for adsorption from other
adsorbent materials. Kaolinite has an excellent adsorption
efficiencies of Cs-137 were achieved by kaolinite (75%) for a
2-h equilibrium time without functionalization or treatment
of its surface. One may conclude that adding a functional
group to the surface of kaolinite will increase its adsorption

80

Removal %
[} W - n (=) 1
[—} [—) [—) (—} [—} [—)

o
=

(=]

0 05 1 2 3
t (h)

Fig. 6. Effect of contact time on (a) activity concentration and (b) removal % of Cs-137 from radioactive wastewater for kaolinite.



5 E-04

5E-04 1

3 E-04
3 E-04
2 E-04
2 E-04
1 E-04

Adsorption Capacity (ug/g)

5 E-05
0 E+00

4E-04 |
4 E-04 -

W.A. Muslim et al. / Desalination and Water Treatment 307 (2023) 162-170

1.0E+00

9.0E-01
8.0E-01
7.0E-01
6.0E-01
5.0E-01

Kd

t (h)

Fig. 7. (a) Adsorption capacity (q,) and (b) adsorption distribution coefficient (K,) for kaolinite.
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Fig. 8. Adsorption kinetic models for kaolinite (a) pseudo-first-order adsorption kinetic model, (b) pseudo-second-order adsorption
kinetic model and (c) intraparticle diffusion adsorption kinetic model.

Table 3

Kinetic models parameters for the adsorption of kaolinite

Experimental Pseudo-first-order model Pseudo-second-order model  Intraparticle diffusion model
9, (mg/g) 9, (mg/g) R 9, (mg/g) R C (mg/g)
Kaolinite 0.45E-6 0.26E-6 0.917 0.26E-6 0.9018 0.4 0.025
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Table 4
Adsorption capacities of Cs-137 by various adsorbents
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Adsorbents Adsorption capacity Q__ (mg/g) Removal efficiency % Equilibrium time References
Nanocomposites 280.82 NA 24 h Jang and Lee [49]
Nanoparticles with PEG  274.70 64.8 1h Qian et al. [50]
Microparticles 16.30 97.0 10 min Wang et al. [51]

Cobalt hexacyanoferrate 92.12 NA 4h Yousefi et al. [52]
Charcoal modified 133 99 220 min Nazmul Hasan et al. [53]
Kaolinite NA 75 2h This study

capacity. This result suggest that kaolinite is strong, stable,
and efficient sorbents for Cs-137 removal compared with
other various kinds of modified adsorbents. Moreover, kaolin-
ite is easily applied as adsorbents with a natural, low cost,
eco-friendly, and simple batch sorption process compared
with synthesized adsorbents, such as zeolites, composites,
and bio-sorbents for Cs-137 radioactive decontamination.

4. Conclusion

Bentonite and attapulgite had the smallest particle
size and the highest specific surface area, they have better
cation exchangeability and, effective functional sites than
kaolinite. Excellent adsorption efficiencies of the Cs-137
isotope were achieved by bentonite (98%) and attapulg-
ite (97%) for a 2-h equilibrium time. During 2 h of contact
time, kaolinite only exhibited an acceptable adsorption
efficiency (75%) of the Cs-137 isotope, but this efficiency
decreases after 2-h of contact time which could be a desorp-
tion of the Cs-137 isotope to solution. Therefore, kaolinite
clay neither efficient nor stable in the Cs-137 adsorption.
The high values of adsorption achieved in this study
resulted from the use of low-radioactivity concentrations
of Cs-137 (~6.372 KBq/L). The kinetics of Cs-137 adsorption
on the three clay surfaces were evaluated. The pseudo-
second-order kinetic model produced an excellent fit with
the experimental kinetic data for bentonite and attapulg-
ite. According to the results, the local raw bentonite and
attapulgite were the most suitable clays (which should be
selected rather than the other phyllosilicate clays, such
kaolinite) to manage the decontamination process of the
Cs-137 isotope from wastewater. Therefore, the three cho-
sen adsorbents proved to be promising materials for the
removal of the radioactive isotope Cs-137 because they are
inexpensive, available, and effective adsorbent materials.
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