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Decontamination of the radiological pollutants takes a flagship role in the environmental
restoration. It improves safety and minimizes the cost of the advanced activities. Therefore,
this study was conducted to investigate the performance of pumice via a single-stage-fixed-
bed column system to remove Cs-137 radionuclides from real liquid radioactive wastes (LRWs)
and investigate the operation conditions affecting breakthrough occurrence. The pumice was
pure, identified by a Fourier-transform infrared spectroscopy (FTIR), a scanning electron
microscopy (SEM), a X-ray fluorescence spectrometry (XRF), and a X-ray diffraction (XRD)
investigations. LRWs samples were radiologically characterized before and after decontamination
by the gamma spectroscopy system with a high purity germanium (HPGe) detector. It is
innovative and non-destructive test method. Results revealed that LRWs were contained a
considerable concentrations of Cs-137 radioisotope. The maximum adsorption capacity was
106.47 kBq/g, which yielded at a bed depth of 0.2 cm, an influent discharge of 4 mL/min, a
Cs-137 concentration of 19013.33 Bg/L, and a temperature of 20°C. The Thomas and the
Clark models were appropriate for representing the data obtained from the experiments,
because of their strong correlation factors 0.95 and 0.97, respectively. Results indicated that
the adsorbed Cs-137 radionuclides increased with decreasing influent discharge and
increasing radionuclides concentration. Based on the suitable models' nature, the Cs-137
adsorption process was impulsive, happened on monolayer and heterogeneous surfaces, and
was controlled by chemical interactions onto active pumice sites.

1. Introduction

mass (Pereira et al., 2019). These effects can be created directly
or indirectly through free radicals, which can easily damage the

The radioactive waste is considered a significant part of the
hazardous waste. It can be generated as solid, liquid or gas from
many practices such as mining, radiotherapy, nuclear studies,
electricity generation, and nuclear weapons. As a part of radioactive
waste, liquid Radioactive Wastes (LRWs) comprise different
radionuclides with Alpha, Beta/Gamma emitters. They have several
adverse effects on organisms, such as increased body temperature
(Boratynski et al., 2021), deposits in soft tissues and cells, irritating
and ionizing the atoms, causing damage to chemical bonds, and
even biological deterioration (Obrador et al., 2022). In addition,
they affect many aquatic life species by accumulating in a muscle

chemical bonds and alter DNA genetic mutation (Juan et al.,
2021).

Generally, cesium is the main nuclide of concern in aqueous
media (Karabayir et al., 2021). It is a soft, malleable, silvery-
white element with the molecular symbol Cs. It readily combines
with chlorides to create a powder that is crystalline. It melts at
ambient temperature. Cesium-137, or Cs-137, is the most common
radioactive form of the element. It is generated from nuclear
fission. It releases high-energy beta particles that damage tissues
by releasing energy when Cs-137 molecules break apart in cells.
It also emits medium-energy gamma rays. Furthermore, internal
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exposure via the ingestion or inhalation of Cs-137 radionuclides
can cause the released radioactivity to be mobile in the soft tissues,
especially muscle tissue, exposing those tissues to beta particles
and gamma radiation and increasing the risk of cancer (Metwally
etal., 2017). Therefore, decontaminating Cs-137 radionuclides from
LRWs is a crucial stage in radiation protection. It improves
safety and minimizes the cost of the advanced activities (Park et
al., 2017). It can be treated by precipitation (Osmanlioglu, 2018),
resins (Tokar et al., 2022), reverse osmosis (Arnal et al., 2003),
zeolite-membrane group (Abbas et al., 2022), electrochemical
(Chen et al., 2020), solvent extraction (Xu et al., 2012), and
adsorption process (Gatea et al., 2023).

The adsorption process is widely applied in water and
wastewater treatment due to its efficiency and uncomplicated
nature. It depends on both the adsorbate and adsorbent's chemical
and physical nature. It is used to remove a broad range of pollutants
like emerging pollutants (Al Ezzi and Ma, 2018), heavy metals
(Chai et al.,, 2021), dyes (Nasar and Mashkoor, 2019), and
radionuclides (Karabayir et al., 2019) through different adsorbents
such as activated carbon, enhanced bio-char (Zhou et al., 2020),
Nanoparticles adsorbents (Li et al., 2021), hierarchical adsorbents
(Tuaimah et al., 2020), and others. One of the promising green
materials adsorbents is the pumice. It is a high-porosity volcanic
formation. It forms from lava with high water content, water
vapour, and gases released from a volcano's impact. Natural and
modified pumice was utilized in treatments of water and wastewater,
such as support substances, filtration, adsorption, or to remove
organic impurities like phenol and inorganic substances like
heavy metals (Ratnawati et al., 2020).

Iraq has a problem with numerous facilities containing radioactive
waste. Most of them were in the Al-Tuwaitha zone, southeast of
Baghdad. These came from reactors, radio-chemical, and radio-
medical operations. These operations have stopped since 1991,
and the majority have been severely destroyed. One of the waste
categories to be concerned about is the legacy LRWs. LRWs
should be decontaminated in accordance with the ALARA concept
and the allowable limits for the safe discharge to the surrounding
environment to protect human health and the environment. In
addition, the performance of natural pumice (without modification)
in a fixed-bed column to adsorb Cs-137 radionuclides from real
LRWs has not yet been verified in the literature. Therefore, this
study was conducted to investigate the performance of the
pumice via a single-stage-fixed-bed column system to remove
Cs-137 radionuclides from real LRWs, taken from the Al-tuwaitha
nuclear site and investigate the operation conditions affecting
breakthrough occurrence.

2. Materials and Method

2.1 Preparation and Characterization of Pumice

The main material is pumice. It was purchased from a local
scientific bureau for import to Iraq. It was ground as powdered
using RETSCH grinder type (BB 50). The milled pumice was
cleaned with ordinary water multiple times and double-cleaned

with distilled water to remove pollutants. After that, it was dried
and sieved by a series of sieves. So, the granular pumice, which
passed through a sieve of 63 um, was collected and implemented
as an adsorbent material (Rajib and Oguchi, 2017).

X-ray diffraction (XRD), X-ray fluorescence spectrometry
(XRF), scanning electron microscopy (SEM), and Fourier-transform
infrared spectroscopy (FTIR) analyses were implemented to
characterize the surface morphology, structure and chemical
composition of pumice. An Ultima IV X-ray did the XRD test
diffract meter (RIGAKU) instrument. The X-ray fluorescence
spectrometer with wavelength dispersion PW 2400 Philips was
utilized for XRF analysis. A computerized scanning electron
microscopy (S-3000, Hitachi) was worked for the scanning electron
microscope (SEM) spectrometry integrated analysis system. As
well as a Fourier-transform infrared spectroscopy (FTIR) was
exploited to detect a spectrum of the infrared emissions of the
pumice. It is from Shimadzu Europe company. Furthermore, a 10
g of pumice powder and 100 mL of distilled water were mixed
slowly by a magnetic stirrer plate for an hour to determine the
pH of the pumice (Ismail et al., 2014). Subsequently, filter paper
was used to filter the pumice slurry and a pH meter of the
Lovibond type (Senso Direct 150) was used to detect the pH of
the filtered water.

2.2 Collection and Preparation of LRWs Samples

Two samples of LRWs, 15 and 25 mL, were taken from the Al-
Tuwaitha's liquid waste tanks. The initial concentrations of Cl1
and C2 were prepared for each sample by adding one litter of
distilled water (Agency, 2007). The initial pH was 5.

2.3 Description of Single-Stage-Fixed-Bed Column
System

The study of radionuclide adsorption on the pumice material was
implemented in a single-stage, fixed-bed column system at a
temperature of 20°C. Figs. 1(a) and 1(b) shows the extraction
chromatography column used to perform tests. It consists of
columns, a box, a pressure gauge, and a pump. The column was
made from fiberglass. It enlarges at the upper end to has a
diameter of 1.6 cm for a length of 1.7 cm, then its diameter
shrinks to be 0.6 cm for a length of 8.4 from its lower end. It was
connected at the upper end with a movable frustum cone funnel
to contain and pass the contaminated liquid per the designed
discharge. The box was 25 x 10 x 15 cm, made of fiberglass, has
12 injection columns, each with a plastic tap at the upper end to
control the liquid flow rate and a container at the bottom to
collect the treated liquid. The pump (04W1120) had a maximum
discharge volume of 28 L/min and operated at 220 V/50 Hz. A
pressure gauge of 0 — 30 inch Hg was connected between the
box and the vacuum pump to regulate the pressure to achieve the
proper liquid discharge.

2.4 Fixed-Bed Column Experiments
A single-stage-fixed-bed column system was used to study the
relationship between the bed thickness of the pumice stone, the
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Fig. 1. Column Chromatography System: (a) Picture, (b) Graph

Cs-137 radionuclides concentration in the LRWSs, and the
influent discharge of this liquid. Two concentrations from the
real LRWs were used. For each one, two fixed-bed thicknesses
(H1 of 0.2 cm and H2 of 0.4 cm) were applied individually to
examine two discharges of 4 and 6 mL/min. All the preceding
parameters were investigated at different adsorption times of 5,
10, 20, 30, 60, 120, 180, and 240 minutes. The pH and the
temperature of the LRWs were constant at 5 and 20°C,
respectively.

A known value of the pumice was loaded carefully into the
column as a fixed bed and sandwiched by a glass wool to
maintain stability. The distilled water was vacuumed through the
column before testing to prevent the possible forming of voids
and channelling. Steadily, an amount of LRWs was loaded onto
the column, the tap was opened, the vacuum pump was allowed
to operate, and the pressure gauge was adjusted to produce the
aimed discharge. The effluent sample was collected in a plastic
container at the end of the column. Finally, the polluted pumice
was disposed of in a double-layered nylon bag-lined shielded
barrel (Gatea and Kadhum, 2019). To minimize volume, the
barrel will be compacted using a compaction tool. After that, it
will be buried in a repository beneath the earth.

2.5 Characterization of LRWs

A gamma radiation spectrometer system was utilized to characterize
the LRWs before and after decontamination. It depends upon
emissions of the energy-related gamma lines for each radionuclide.
It was made by ORTEC company. It consists of three components.
The first is a Detector of High purity Germanium (HPGe) type
(GEM65P4-95), co-axial tool and pure germanium crystal. The
detector diameter is 71.9 mm, and the length is 73.1 mm. A lead
barrier of 10 cm surrounded the HPGe detector for radiation
protection. The detector operates under extreme cold by liquid
nitrogen. The second is a Pre-amplifier, model A257P. The third

Frustum cone funnd

Injection column
Plastic tap

Pressure gage

Vacuom punp

Sample
container

(b)

is Analytics channels, which involve 8000 units to document
pulses through their depths.

A known activity concentration standard sources are used to
continuously calibrate the system. To create a sample of 250 mL
that was comparable to the standard container of the calibration
source of the gamma spectrometer system, 10 mL of each sample of
LRWs, both before and after decontamination, were taken, put in
a standard container, and diluted with the distilled water. After
that, the filled container spent an hour inside a gamma spectrometer.
The results of the radionuclide type and concentration were shown
in Bq/L units on the attached computer. The concentration of each
sample was then modified in accordance with the dilution ratio
(Gatea et al., 2024).

2.6 Column Data Analysis

The breakthrough and exhaustion (saturation) concentrations were
described as the concentration of radionuclides in the effluent
equal to 10% and 90% of the influent concentration, respectively
(Abdolali et al., 2017). The curve and time (#,) of breakthrough
are the main features that conclude from the packed-bed column
adsorption mechanism. The curve of the breakthrough is formed
by variation of the ratio of effluent to influent radionuclide
concentrations C/Co as a function of adsorption time. Egs. (1) and
(2) express the saturation time and the breakthrough, respectively
(Geleta et al., 2021).

te= J"jltotal(l—g-jdt 4 (1)

. Jzo(l—%)dt ’ @
where #, = the saturation time (min), #, = the breakthrough time
(min).

The total amount of the adsorbed radionuclides in the fixed-
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bed column for a specified feed concentration (C,) and the initial
discharge (Q) can be obtained from Eq. (3) (Han et al., 2009).

q €)

total= QA J:: mm/(l —gﬁ)dt ’
where Q = the discharge rate (mL/min), and 4 = the area under
the breakthrough curve.

The adsorption capacity (g,.) of the column is the maximum
quantity of the adsorbed Cs-137 radionuclides onto the pumice
particles at equilibrium status. It is a key of adsorbent material
(de Araujo et al., 2022). It is calculated as the ratio of the total
quantity of the adsorbed radionuclides (g,,.;) to the amount of
dry mass of the implemented pumice (m) as in Eq. (4).

g, = Qo — Sl )

m m

The experimental adsorption capacity (g,) or the quantity of
the removed radionuclides at (#,) can be estimated by Eq. (5).
C,0t
g, = & (5)

m

Equations (6) and (7) were implemented to estimate the liquid
volume at breakthrough (73) in (mL) units until the breakthrough
time and the total volume of the effluent (7}) in (mL) units until
saturation time, respectively.

Vy= 01, (6)

Ve= 01, (7

The mass transfer zone (MTZ) is the area of largest mas
transfer rate. It is evolving with adsorption process in the fixed-
bed column system (Qian et al., 2019). Eq. (8) (Futalan et al.,
2020) introduces the MTZ calculation.

MTZ = HT(—"’;’ D) ®)

where H; = total bed height (cm), 7, = saturation time (min), £, =
breakthrough time (min).

2.7 Modelling of Breakthrough Curves
The three numerical models applied to represent the adsorption
mechanism in the pumice fixed-bed column are presented below.

2.7.1 Thomas Model
The model is presented in Eq. (9) (Cruz-Olivares et al., 2013).
C, 1
ot , )
1+ exp[Kqug—KTCot}
where K; = Thomas rate constant (L/min Bq), C, = initial
concentration (Bg/L), C, = effluent concentration of the Cs-137
radionuclides at the time 7 (Bq/L), Q = discharge (mL/min), g, =
equilibrium adsorbate uptake (Bg/g) and m = weight of pumice
in a fixed-bed (g).

2.7.2 Adams-Bohart Model
The form of the Adams—Bohart model is Eq. (10) (Cruz-Olivares
etal., 2013).
e 1 , (10)
1+ exp[KABNU% —KABCOtJ

where K, = kinetic constant (L/Bq-min), v = linear discharge
(mL/min), Z = column bed depth (cm), N,, = saturation concentration
(Bg/L), and ¢ = time ranges (min) from the start to breakthrough.
The linear flow rate (superficial velocity) was calculated by Eq.

(11).

v=§, (11

where 4 = cross-sectional area of the fixed-bed (cm?) and O =
discharge rate (mL/min).

2.7.3 Clark Model
Equation (12) represents the Clark model (Altufaily et al., 2019).

C, 1 V(n-1)
Co [1 +Aeﬁrt:| ’

where n = Freundlich factor; 4 and r are Clark model constants

(12)

n—1
that represent the slope and intercept of a plot between [(%’) -1 }

and time.

2.8 Uncertainty of Measurements

The HPGe system is a tool used to measure radionuclides
activities in the LRWs and the uncertainty of the measurement
(Raut et al., 2020). The working principle of this system is based
on the generated electrical signals from gamma emissions that
result from radioactive decay. This conversion is time-varying
and dependent on various elements, including the transformed
medium, calibration of the system, effectiveness of detection, and
the laboratory conditions. As a result, the repeatedly characterization
of LRWs using the HPGe system produces slightly different
measurements. When presented graphically, each data point has
an associated uncertainty value that represents the measurement
procedure’ inherent standard deviation. The uncertainty measurement
is constantly kept below 5%, which is regarded as a reasonable
and believable standard (Tomkins, 2014; Ravindra et al., 2023).

3. Results and Discussion

3.1 Characterization of Pumice

In the XRD analysis of the pumice composition shown in Fig. 2(a),
there were high peaks of (2 Theta) in the curve at 23.4, 26.7, 31.1,
334,36,38.2,43.3,45.5,50.1,52.4,57.2,61.8,64.7,and 71.6°. The
major minerals of the pumice composition through XRD results
were fassaite mineral (Alg433Cag9ssF€02:Mg0 578511 728 Ti0500s) and
diopside mineral (CaMgSi,Oq) at 48% and 52%, respectively.
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Fig. 2. Identification of Pumice: (a) XRD Analysis, (b) FTIR Spectrum and SEM Tests
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Fig. 3. The Dominant Elements in Pumice

The weights of elements in the XRF analysis presented in Fig. 3
corroborate the XRD findings, revealing that the main elements
in pumice were Si, Al, Fe, Mg, Na, and K. Therefore, the pumice
was natural (Ersoy et al., 2010). Fig. 2(b) presents the FTIR domain
of the pumice powder. The distinctive peaks of wave number
were 786.96, 1018.41, 1421.54, 1645.28, 3414, and 3739.97 cm™".
The two wavelength 786.96 and 1018.41 cm™ are the fluctuations
of the bend and stretch of the Si-O correlation, respectively. The
wavelength below 1450 cm™ is the natural structure of the pumice.
The peaks of 1645.28 and 3739.97 cm™ are the bend and stretch
correlations of the H-O-H. In addition, Fig. 2(b) shows the SEM
photo of the pumice particles. It shows particles of different
sizes, rough surfaces, and sharp edges due to high cavities.

3.2 Characterization of LRWs

LRWs are radiologically characterized by a gamma spectroscopy
with a HPGe detector. The initial concentrations were 4623 and
19013.33 Bg/L for C1 and C2, respectively. The results revealed
that LRWs were contained a considerable concentrations of Cs-
137 radioisotope comparing with the level of 11 Bg/L for human
consumption (Nuccetelli et al., 2012).

1 2 ; ! § Jf

0.0 ? T

0 20 40

| ®m Q=4 mL/min
® Q=6 mL/min

60 e)'o 100 120
time (min
Fig. 4. Effect of Influent Discharge on Cs-137 Radionuclides Adsorption
Onto Pumice ((bed depth = 0.2 cm, C= 19013.33 Bg/L, pH = 5,

temperature = 20°C))

3.3 Factors Affecting Fixed-Bed Adsorption Performance
The factors of discharge, bed depth, and radionuclides concentration
were studied to evaluate a single-stage pumice-fixed-bed column
performance.

3.3.1 Influent Discharge

The breakthrough curves for two down flow discharges (4 and
6 mL/min) are illustrated in Fig. 4, with a bed depth of 0.2 cm, a pH
of LRWs of 5, an initial Cs-137 concentration of 19013.33 Bg/L,
and a temperature of 20°C. An increase in the discharge led to
steeper breakthrough curves. The slow motion of 4 mL/min may
have created a suitable contact time for relocating (Cardona et
al., 2023) the radionuclides onto the pumice by allowing Cs-137
radionuclides to permeate in the pumice cavities and occupy
additional active sites of the alkali metals like K" and Na" within
the pumice. In addition, the diffusion resistance of the external
contact layer decreased, resulting in a well distribution of LRWs
in the fixed-bed column and ultimately maximizing the diffusivity
of Cs-137 radionuclides among the pumice particles (Daffalla et
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Table 1. Operating Conditions of the Pumice Fixed-Bed Column

Z cm Cy Bg/L Qo mL/min  t, min t. min V, mL V. mL MTZ cm Guotat KBQq q. kBg/g q» kBq/g
0.2 4623 4 4 151 16 604 0.10 2.79 27.93 0.75
6 2 35 12 210 0.20 0.98 9.77 0.55
0.4 4623 4 11 137 44 548 0.30 2.53 8.44 0.67
6 5 80 30 480 0.40 221 7.39 0.46
0.2 19013.33 4 3 140 12 560 0.10 10.64 106.47 2.28
6 1 67 6 402 0.20 7.7 77.00 1.14
0.4 19013.33 4 4 155 16 620 0.30 11.78 39.29 0.95
6 2 46 12 276 0.40 5.24 17.49 0.76
al., 2022). Thus, a higher adsorption capacity was attained (i.e., 4.0
106.47 kBq/g). Therefore, the best pumice performance was ' ) P P
with the lowest LRWs discharge. 0.8- i b "
Table 1 shows the breakthrough report. For Cs-137 concentration
of 19013.33 Bqg/L and a bed depth of the pumice of 0.2 cm, an 0.6+ .
increasing discharge from 4 to 6 mL/min lead to a reduction in o & @
the breakthrough time from 3 to 1 min, the saturation time O0.4-
decreased from 140 to 67 min, and decreased the volume of the -
treated LRWs from 560 to 402 mL. Consequently, the column’s 02{u" e **®
maximum adsorption capacity (q.) and the adsorption capacity at '-l. m Z=02cm
breakthrough time (q,) were decreased from 106.47 to 77 kBq/g O'O'I ® zZ=04cm

and from 2.28 to 1.14 kBq/g, respectively, when the discharge
increased from 4 to 6 mL/min. Likewise, in Table 1, when the
Cs-137 concentration lowered to 4623 Bg/L in the moved LRWs
through 0.2 cm bed depth in the two separate discharges of 4 and
6 mL/min, the values of breakthrough and exhaustion time were
decreased from 4 to 2 min and from 151 to 35 min, respectively.
The volume of the treated LRWs lowered from 604 to 210 mL
with increasing discharge. In addition, gy, g. and g, were reduced
from 2.79 kBq, 27.93 kBg/g, and 0.75 kBq/g to 0.98 kBq, 9.77 kBg/g,
and 0.55 kBg/g, respectively, with increasing discharge of LRWs
from 4 to 6 mL/min. This is due to that the quantity of the
adsorbed Cs-137 radionuclides through a unit bed of height
MTZ is rapidly enlarged, speeding the saturation of bed and
decreasing the residence time for Cs-137 radionuclides onto the
pumice surface (Patel et al., 2022). The MTZ may enhanced via
the increasing molecules in the growing adsorption layer (Hadi
etal., 2011). In addition, the effect of the discharge variation was
recorded for the overall breakthrough parameters in Table 1
when the layer depth increased to 0.4 cm for both concentrations
of Cs-137 radionuclides. El-Kamash (2008) concluded from a
study used zeolite in a fixed-bed column system to remove
radionuclides from aqueous waste, the uptake of radionuclides
decreased with increasing discharge rate and increased with
increasing initial radionuclide concentrations and bed height.

3.3.2 Bed Depth

Figure 5 illustrates the adsorption behavior of the Cs-137
radionuclides onto pumice at two-bed depths with a concentration of
19013.33 Bq/L, a pH of 5, a temperature of 20°C, and a down flow
discharge of 4 mL/min. The study tested two-bed depths of 0.2 and

80 100 120 140 160 180

time (min)

Fig. 5. Effect of Bed Depth on Cs-137 Radionuclides Sorption onto
Pumice (Q = 4 mL/min, C= 19013.33 Bqy/L, respectively, pH
= 5, temperature = 20°C)

0 20 40 60

0.4 cm, which formed from a 0.1 and 0.3 g dry weight of the pumice,
respectively. Fig. 5 shows a noticeable increase in the breakthrough
time and the saturation time with an increase in the bed depth from
0.2 to 0.4 cm. For the 0.2 cm bed depth, the breakthrough and the
saturation time occurred at 3 min and 140 min, respectively. In
contrast, the 0.4 cm bed depth occurred at 4 min and 155 min,
respectively. This behavior was related to the larger specific surfaces,
suitable adsorption time, and more active sites to bind Cs-137
radionuclides onto the pumice with increasing bed depth (Soto et al.,
2017). An increase in the bed depth yielded an additional mass
transfer zone that caused a more decline in the breakthrough curves.
When the bed depth was increased, there was more mass transfer
than axial diffusion. Other studies (Acheampong et al., 2013; Riazi et
al., 2016; Zhang et al., 2019) have concluded that for better fixed-bed
column sorption, beds with a higher amount of adsorbent would be
more effective to provide additional active sites for sorption.

3.3.3 Concentration of Inlet Cs-137 Radionuclides

The effect of the change in concentration on the breakthrough
curves is presented in Fig. 6, using a pH of LRWs of 5, a
temperature of 20°C, a bed depth of 0.2 cm, and a down flow
discharge rate of 4 mL/min. The breakthrough curves for Cs-137
radionuclides occurred due to alterations in the influent concentration
in the column bed. Fig. 6 reveals that the style and the slope of
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the breakthrough curves were remarkably different with an
increase and decrease in the Cs-137 radionuclides concentration.
Increasing the Cs-137 radionuclides concentration in the moving
LRWs through the fixed-bed column produced a noticeable
reduction of the treated LRWs volume to get the breakthrough
point. The treated LRWs volume (Table 1) was changed from

1.0 4 * ®
- 5
0.8 1 & ®
B ®
)
3y s
0.4 4 s
-
0.24m
L J L
g m C=19013 Bqg/L
0.0+ | ® C=4623Ba/L

0 20 40 60 ,80 100 1)50 140 160 180
time (min
Fig. 6. Effect of Concentration of Cs-137 Radionuclides Sorption onto
Pumice (pH = 5, bed depth = 0.2 cm, and at temperature =

604 mL at the lowest concentration of 4623 Bq/L to 560 mL at
the highest concentration of 19013.33 Bg/L. The radionuclides
with a higher concentration (19013.33 Bqg/L) yielded shorter
breakthrough and saturation times, which were 2 min and 140 min,
respectively, than the lowest concentration (4,623 Bg/L), which
were 3 min and 151 min, respectively. The early breakthrough
and saturation time could have resulted from the higher amount
of Cs-137 radionuclides in a higher concentration, which
provided less mass transfer impedance (Patel, 2020). These
findings demonstrated that the Cs-137 radionuclides’ removal
mode is significantly concentration-reliant. A lower impeding
force for the radionuclide transfer and a greater concentration
inclination were predicted at higher concentrations (Cardona et
al., 2023). Moreover, the lowest concentration (4,623 Bq/L)
had a smaller slope than the curve of the higher concentration
(19013.33 Bq/L) in Fig. 6. It means less transformation of Cs-
137 radionuclides between the contact layer of LRWs and the
pumice surface. These outcomes assume that altering the initial
adsorbate concentration as a kinetic force influenced the saturation
rate and the breakthrough time (Chen et al., 2012). Therefore,
the adsorption capacity increased from 27.93 to 106.47 kBq/g
by increasing the inlet concentration of Cs-137 radionuclides in

20°C) the LRWs from 4623 to 19013.33 Bq/L.
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= 5, temperature = 20°C, and C = 19013.33 Bg/L)
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3.4 Modelling of Breakthrough Curves

The models of the Adams-Bohart, the Clark and the Thomas
were applied to the experimental parameters of a fixed-bed
system at operating conditions of a down flow discharge of
4 mL/min, a bed depth of 0.2 cm, a pH of 5, a temperature of
20°C, and a Cs-137 concentration of 19013.33 Bg/L. The achieved
results for the models were plotted and are illustrated in Fig. 7. It
displays the correlation factors for the Adams—Bohart, the
Thomas, and the Clark models, which were 0.62, 0.95, and 0.97,
respectively. Therefore, both the Clark and the Thomas models
are the optimal models to represent the obtained data. Based on
the suitable models’ nature and the simulation processes, the
radionuclide adsorption process was impulsive, occurred on
monolayer and heterogeneous surfaces, and was controlled by
chemical interactions onto the active pumice sites (Chen et al.,
2013).

4. Adsorption Mechanism

The adsorption mechanism can be interpreted through knowing
the behaviour of the related statistical models with the experimental
results. For the Clark and the Thomas models, the regression
factors (R?) were 0.97 and 0.95, respectively. Hence, Both the
Clark and the Thomas models are supported by the data obtained
from the down flow fixed-bed column adsorption of Cs-137
radionuclides onto the pumice. The Thomas model considers
that the interaction process in the fixed-bed column yields the
Langmuir adsorption mechanism (Cruz-Olivares et al., 2013)
while, Clark's model adopted the idea that group exchange in
adsorption follows the Freundlich isotherm (Altufaily et al.,
2019). Therefore, the adsorption process occurred on mono-layer
and heterogeneous surface. On the other hand, Fig. 8 shows the
more affected elements of pumice, which analyzed by XRF
analysis before and after adsorption of Cs-137 radionuclides.
There is an apparent decline in the weight of K™ and Na" cations
after adsorption compared with their weights in the used pumice.
The decline in K" and Na" weights belongs to the ion exchange
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Fig. 8. The XRF Analysis Shows the Main Interchanged Elements of Pumice
with Cs-137 Radionuclides (0.2 cm bed depth, 4 mL/min Influent
Discharge, and Cs-137 Concentration of 19013.33 Bgy/L at 20°C)

process between Cs-137 radionuclides and the mentioned cations
(Abbas et al., 2022; Gatea et al., 2024).

5. Conclusions

The pumice in a down flow single-stage fixed-bed column
system showed a significant efficiency in eliminating Cs-137
radionuclides from real LRWs. Its characteristics elucidated that
it is a natural material. LRWs were characterized by a gamma
spectrometry system and revealed that the liquid was contaminated
with Cs-137 radionuclides. The discharge, the bed depth and the
initial concentrations of Cs-137 radionuclides were used to evaluate
the pumice-fixed-bed column efficiency. The results proved that
the adsorption performance was inversely proportional to the
discharge and directly proportional to the Cs-137 radionuclides
concentration in the LRWs. The Adam-Bohart, the Thomas and
the Clark models were used as numerical models to represent the
dynamic mechanism of the adsorption process. The models were
applied at a 4 mL/min down flow discharge, a 0.2 cm bed depth,
a pH of 5, a temperature of 20°C, and a Cs-137 concentration of
19013.33 Bq/L. The correlation factors for the preceding models
were 0.62, 0.95, and 0.97, respectively, indicating that the Clark
and the Thomas models were more significant in explaining the
obtained experimental data than the Adam-Bohart model. Based
on the suitable models' nature and the simulation process, the
radionuclides' adsorption process was impulsive, happened on
monolayer and heterogeneous surfaces, and was controlled by
chemical interactions onto active pumice sites.
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