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A B S T R A C T

The protective function of a radioactive waste disposal is provided by natural geological barrier itself. Sand and
sandstone samples were taken from Inshas rad-waste disposal site and were subjected to geochemical-physical
examinations. The rock volumes of such samples were composed of 70% quartz and 10% plagioclase beside 17%
interstitial matter. The weathering indices indicated moderate weathering of the source materials. Provenance
studies suggested the derivation from recycled quartoze sediments. The presented high contents of the interstitial
Fe2O3 (hematite/goethite) and Al2O3 (clay/kaolinite) were important agents for preventing pollutants transport
via adsorption and the reduced porosity (10–20%) and permeability (0.1–6 md). Flow and transport of Cs+ and
Sr2+ ions in groundwater was simulated using fixed bed sand column under the effect of initial ion con-
centration. Hights of mass transfer zones of Cs+ testing beds and their rates of movement and fractional ca-
pacities were found to be higher than those of Sr2+. The maximum adsorption capacities were calculated using
Thomas and Yoon-Nelson models. The inlet concentration of both metal ions was directly related to the 50%
breakthrough time. The obtained data indicated a high opportunity of Inshas area to meet the requirements
posed by the International Atomic Energy Agency for shallow disposal.

1. Introduction

Low level waste is defined as a residual category for radioactive
waste material that is not otherwise categorized - and has no lower or
upper activity limits (Heimberg, 2016). The generated radioactive
waste is divided into liquid, solid and gaseous wastes. Aqueous liquid
radioactive wastes were generated during research reactor operations
and in other operations involving the application of radioisotopes (e.g.
medicine, research and education) (El-Naggar and Amin, 2018). Their
main radiations come from β emitters such as fission products (e.g.
137Cs and 90Sr). Strontium-90 is one of the most hazardous radio-
nuclides, posing a long term radiation hazard because of its long half-
life (~ 29 y) and high mobility (Froidevaux et al., 2006). The half life
time of cesium-137 is 30 years, its high water solubility enables it to
migrate long distances (Vejsada et al., 2005). The disposal of low and
intermediate levels radioactive wastes in the shallow ground is one of
the options being used to provide protection for man and his environ-
ment.

The principal for disposal option includes potential sites that are
evaluated on the basis of their ability to contribute to the isolation of

the waste and limit radionuclide emissions to minimize potential ad-
verse impacts on humans and the environment (IAEA, 1994). Inshas
area (~1.0 Km2; longitudes of 31° 20′ & 31° 30′ E and latitudes of 30°
15′ & 30° 25′ N) is considered as an important region for the Egyptian
Atomic Energy Authority (Fig. 1a). Inshas area is exposed by quaternary
deposits which represented by different formations like Inshas and
Bilbies ones (Fig. 1b). The former occupies the central part of the study
area that consists of cross-bedded sand, intercalated with Nile mud and
silt. While the later formation is located in the northern part of the area
and made up of medium to coarse grained and cross-bedded sands with
plant roots and carbonate pockets (Araffa et al., 2012). Many studies on
this area have carried out to evaluate its suitability for the disposal of
low levels radioactive wastes (Abdel-Aziz, 1996; Abdel-Karim et al.,
2016).

The multi-barriers concept that relay on using engineered barriers
to augment natural barriers has been developed (Abdel-Karim et al.,
2016; Abdel-Rahaman et al., 2009). Such developed studies based on
the fact that radionuclides can readily adsorb to iron (III) (hydr)oxides,
which are common minerals in soil and groundwater, such as goethite
and hematite, and clay minerals (Finch and Murakami, 1999).
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Adsorption to iron-bearing minerals is favored by the high binding af-
finity of radionuclide ions to geosphere (Bostick et al., 2002; Duff and
Amrhein, 1996; Wazne et al., 2003) due to their reactive surfaces and
high specific surface areas (Schwertmann and Cornell, 2003). In this
respect, a geochemical analysis was carried out by Abdel-Karim and co-
workers (Abdel-Karim et al., 2016) to investigate the mineral compo-
sition of the clay samples taken from Inshas disposal site. They con-
cluded that the adsorption capacity of Cs+ and Sr2+ onto clay sample
was increased when initial metal ions concentration was increased and
the increase of temperature led to decrease in the adsorption of these
ions. Additionally, Zeng and co-workers stated that red (Fe oxides-rich)
sandstones and sands are among the most common products of
weathering of rocks that are important adsorbents for radionuclides
(Zeng et al., 2009). Such importance is due to their relatively negative
charge, middle specific surface area and surface hydroxyl groups which
affects the fate and mobility of radioactive contaminants in the geo-
sphere (Singh, 2010).

The studied boreholes (B6) located in Belbies formation, consist of
litho-stratigraphy succession (Fig. 2a) of quaternary and tertiary sedi-
ments arranged vertically from top to bottom as following: a) the
quaternary sediments which are represented by fine ferruginous red
sands and silty sand (~2m), b) tertiary sediments which is composed of
miocene compacted ferruginous fine red sand and sandstones (~5m),
clay (~1m), fine to medium sand (~7m) and coarse sand and sand-
stone (~ 12m) (Abdel-Aziz, 1996). The general groundwater flow of
the area is running from the east to the northeast direction. The abso-
lute level of groundwater is usually 12.9 to 14.2 m above sea level

which directly connected with Ismailia canal (Fig. 2b) (Araffa et al.,
2012).

Thus, the present study was designed to subject representative sand
samples, which were taken from Inshas low level radioactive waste
disposal site, to geochemical examinations. This was carried out in
order to explore the meeting between the study area and the require-
ments posed by IAEA for shallow disposal. In the context of achieving
this goal, sand and sandstone were sampled at different depths to make:
1) petrographic studies with the associated porosity and permeability;
2) quantitative elemental analysis in order to deduce the provenance of
the source rock, the degree of chemical weathering and maturity and
climatic conditions during sedimentation; 3) simulation of the flow and
transport of Cs+ and Sr2+ ions in groundwater through red fine sand
fixed beds and 4) mathematical modeling of the breakthrough data.

2. Materials and methods

2.1. Reagents

Chloride salts of cesium and strontium were products of Sigma-
Aldrich Co. Stock solutions of the tested chloride salts were prepared by
dissolving the respective appropriate quantities in de-ionized water
(18MΩ/cm).

2.2. Geological sampling

Dependence on borehole No. 6 (B6, Fig. 1b) which is located in

Fig. 1. Maps showing a: location and b: lithostratigraphy of the study area (Araffa et al., 2012).
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Belbies formation, three samples (samples 1, 2 and 3) was withdrawn.
These samples were taken at 0.4, 2.5 and 4.0 m depths representing
different varieties of fine sands which are red fine sand (RFS; at 0.4m)
and compacted red coarse sand & sandstone (CRCS; at 2.5 and 4.0m).

2.3. Characterizations

2.3.1. Physical, petrographic and geochemical analyses
The three representative samples from Inshas disposal site were

physically analyzed in terms of some grain size parameters (mean grain
size and sorting values). This was carried out in a Ro-Tap sieve shaker
using sieves (Փ1–4.25 f at 0.50 f intervals) for 20min. Cumulative
curves were constructed and the equations of Folk and Ward (Folk and
Ward, 1957) were applied. Modal mineralogical determinations were
carried out using 300 grains/thin section. The point counts were done

using both Gazzi-Dickinson (Gazzi, 1966; Dickinson, 1970) and stan-
dard methods. Petrographic studies have been carried out under the
polarizing microscope on thin-sections. Geochemical analyses were
done by the aid of X-ray fluorescence (XRF; Philips, Vacuum-Spectro-
graph with a Ga solution as an internal standard). Such quantitative
elemental analyses were utilized to determine the provenance, maturity
and climatic conditions during sedimentation, weathering of source
area, and tectonic setting.

2.3.2. Physico-chemical analyses
The RFS sample was dried, crushed and sieved through the 250-μm

sieve. It was characterized using X-ray diffraction (XRD; Shimadzu XD-
D1), Fourier transform infrared (FT-IR; BOMEM FTIR, MB-Series) and
differential thermal/thermogravimetric analyses (DTA/TGA; Shimadzu
DTG-60/60H with sample holder in N2 atmosphere).

Fig. 2. a: vertical section showing the lithostratigraphy of the studied boreholes B6 (Abdel-Aziz, 1996), b: levels and direction of the groundwater flow (Araffa et al.,
2012).
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2.4. Fixed bed column investigations

This kind of investigations allows more efficient realization of the
adsorptive property of a geosystem with retardation of radio-con-
taminants. Unfractioned RFS sample was packed into a column of
16.0 cm height and 1.3 cm width. Different concentrations (50, 100 and
300mg/L) of Cs+ and Sr2+ aqueous solutions were prepared at pH of
7.0 ± 0.2. A high pressure pump (Nihon Seimitsu Kagaku Co. Ltd.
Japan, SP-D-2502 U) was used to feed solutions into the examined fixed
beds in an upward direction in order to minimize the entrapment of air
bubbles. Experiments were done at constant temperature, pH value and
flow rate (298 K, 7.0 ± 0.2 and 1.0 mL/min, respectively). Effluents
were collected from fixed beds in known fraction volumes for atomic
absorption spectroscopic analysis (Buck Scientific, VGP-210).
Desorption studies of Cs+ and Sr2+ from loaded fixed beds were carried
out using 1.0 M HCl.

3. Results and discussion

3.1. Physical properties of sand samples

Most of the sand and sandstone of Inshas area are reddish brown
colored, fine (0.10–0.25mm) to coarse (0.5–1.5mm) grained. The grain
size distribution of the studied site shows a unimodal class that mostly
in the fine to medium sand and sandstone size. Very coarse grains are
sometimes observed. The grain shape exhibits sub-spherical (55%),
spherical (40%) and angular (5%). The sorting of the present sedi-
mentary layers ranges from moderate to well sorted ( ̴ 0.35–0.65) (Folk
and Ward, 1957), which in turn was related to permeability values.
Barker and Tellam suggested that sand and sandstone layers have a
permeability range from 0.1 to 10 md (Barker and Tellam, 2006).
However, the present studied layers of Inshas disposal site have lower
permeability range (0.1–6 md) compared with the above referenced
ones. This probably due to the high compaction and cementation of the
rocks by red iron oxide, silica, calcite and clay which are usually re-
duced the porosity and permeability. This feature will decrease the
possibilities of infiltration of radionuclides to reach the ground water
aquifers through surface or rain water as well as a suitability of a dis-
posal site. The petrographic studies (Fig. 3) revealed that sand and
sandstone of Inshas area are composed mainly of quartz (mean 70% of
rock volume), with minor amounts of plagioclase (mean 10%). The
interstitial matter comprises clay matrix and cement, with a mean of
17% of rock volume. The matrix is composed of Fe-oxides (hematite,
goethite), clays and quartz grains of fine silt size. In a few cases, clayey
patches may represent a pseudomatrix derived from the deformation of
sand-sized clay aggregates. Based on angularity, sorting and matrix
content, most of sandstones are of medium mineralogical maturity.
Quartz grains are varied in size, shape and habit. Some plagioclase form
megacryst which exhibit lamellar twinning, glide plane and affected by
micro-fault deformation (Fig. 3a). Quartz is found as large grains
(Fig. 3b) or very fine fragmented grains (Fig. 3c), which grains usually
exhibit wavy extinction, probably due to their deformation. It is com-
monly associated by Fe-oxides and clay minerals. Secondary quartz
(after diagenesis) associated by clay minerals and iron oxides is recoded
(Fig. 3d).

3.2. Geochemical analysis

The elemental analysis of the three sand and sandstone samples
from Inshas disposal site are given in Table 1. The major oxide contents
are SiO2 (64.59–70.15 wt%), Fe2O3 (2.73–17.82 wt%), Al2O3

(3.32–6.51 wt%) and CaO (4.98–8.56 wt%). MgO, Na2O, TiO2, K2O and
MnO comprise minor amounts. The high contents of Fe2O3 and Al2O3

are important factors for the adsorption process of the nuclide metal
ions. Mahapatra and co-workers utilized the iron oxide–alumina mixed
nanocomposite as an efficient adsorbent for removal of metal ions

(Mahapatra et al., 2013). It is therefore that the presence of high con-
tents of iron oxides is more likely in controlling adsorption of Cs+ and
Sr2+ onto the studies sand samples. Additionally, the obtained data can
be utilized to deduce the provenance of the source rock, the degree of
chemical weathering and maturity and climatic conditions during se-
dimentation.

3.2.1. Provenance
The major elements provenance discriminant function diagram for

the studied sand samples (Shaohao et al., 2016) can be obtained by:

= + + +

+

Discriminant function 1 9.09 0.607 Al O 0.760 Fe O 0.616 CaO

0.509 Na O
2 3 2 3

2

− − −1.773 TiO 0.50 MgO 1.224 K O2 2 (1)

= + +

+ +

Discriminant function 2 0.445 TiO 0.07 Al O 0.438 CaO

1.475 Na O 1.426 K O
2 2 3

2 2

− − −1.142 MgO 0.25 Fe O 6.8612 3 (2)

The discriminant function diagram (Fig. 4a) indicates a quartzose
sedimentary source for the studied samples. The diagram discriminates
four major provenance categories of mafic, intermediate, felsic, and
quartzose recycled (Sahraeyan and Bahrami, 2012).

3.2.2. Weathering in the source area
Weathering indices are useful tools to illustrate weathering profiles

and establish the extent of weathering. Table 2 gives the chemical index
of alteration (CIA) (Nesbitt and Young, 1982), the chemical index of
weathering (CIW) (Harnois, 1988), the plagioclase index of alteration
(PIA) (Fedo et al., 1995) and the mineralogical index of alteration
(MIA) (Voicu et al., 1997) which were calculated by:

=
+ + +

×CIA Al O
Al O CaO Na O K O

1002 3

2 3 2 2 (3)

=
+ +

×CIW Al O
Al O CaO Na O

1002 3

2 3 2 (4)

= −
+ + −

×PIA Al O K O
Al O CaO Na O K O

1002 3 2

2 3 2 2 (5)

= × −MIA 2 (CIA 50) (6)

The average CIA and CIW values of the studied sand samples were
ranged from 67.56 to 76.17% and 76.02 to 88.99%, respectively sug-
gesting a moderate weathering either of the original source or during
transport before deposition (Voicu and Bardoux, 2002; Harnois, 1988).
This may be associated with complete removal of alkali and alkaline
earth elements and an increase of Al2O3 contents (Fedo et al., 1995;
Dupuis et al., 2006). According to Voicu and co-workers, the MIA va-
lues can be subdivided into incipient (0–20%), weak (20–40%), mod-
erate (40–60%) and intense to extreme (60–100%) alteration (Fedo
et al., 1995). The investigated sand sample display MIA average values
of 44, indicating moderate alteration of these samples. The plot of CIA
versus Al2O3 depicts that most samples of moderate degree of weath-
ering for the source materials (Fig. 4c). The degree of the chemical
weathering was estimated using the PIA. To be ranged from 74.79 to
84.22% (Average ~ 81%) for Inhas disposal site indicating again, a
moderate weathering for the source.

3.3. Mineralogical, infra-red and thermal analyses

Fig. 5 shows different phases which are present in Inshas RFS
sample and their vibrational frequencies as well as thermal stability.
Fig. 5a revealed that the main mineralogical composition was quartz
(20.80o, 26.67o, 50.20o 2θ, 36.54o, and 60.03o), hematite and goethite
(54.28o and 64.14o, respectively) and calcite (39.4o) (Maurice, 1988).
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The presences of Fe (hydr)oxide (hematite and goethite) and clay mi-
nerals as diagenetic and alteration products within the sand and
sandstone samples decrease their permeability. They also may re-
sponsible for the most of adsorptive behavior. FT-IR spectrum (Fig. 5b)
showed the presence of sharp peak, with high intensity, at 1036 and
1086 cm−1 which may be due to stretching vibrations of SieOeSi and
SieOeAl, respectively (El-Naggar, 2014). The band arising at 445 cm−1

was assigned to bending vibrations of OeSieO (El-Naggar et al., 2013).
The recorded bands at 668 and 695 cm−1 were assigned to the sym-
metric stretching vibrations of SieAleO. The assignment at 794 cm−1

can be attributed to the stretching vibrational modes of OeTeO (T=Si
or Al) (Pacakova et al., 2000). Assignments around 3400 and
1600 cm−1 may be due to the bending vibrations of water which is
physically bonded to the aluminol and/or silanol groups (Dimas et al.,
2009; El-Naggar and El-Dessouky, 2017). The observed band at
1421 cm−1 representing the vibration of the calcite and as a

characteristic doubly degenerate asymmetric stretching, CO3 (C]O)
(El-Naggar and Amin, 2018). In the TGA/DTA curves (Fig. 5c), a first
continuous mass loss (about 1.06%) is observed at temperature up to
150 °C, which may be due to removal of external water molecule. Also,
there are endothermic peak at 574 °C with loss of mass about 1.86%. At
higher temperature, the sand sample is stable with the total mass loss,
which was 2.81% up to>1000 °C.

3.4. Fixed bed column investigations

3.4.1. Effect of metal ion concentration
The breakthrough curves of different concentrations of Cs+ and

Sr2+ adsorbed onto water saturated sand column are shown in Fig. 6.
They defined as the ratio between effluent and influent concentrations
(C/Co) vs. effluent volume (Veff, mL) using a bed depth of 16.0 cm at a
flow rate of 1.0 mL/min. At the influent concentration of 50.0mg/L, the
breakthrough (exhaustion) time was 28.17 and 20.0 h (1690 and
1200mL) for Cs+ and Sr2+, respectively. By increasing the influent
concentration to 300.0mg/L, faster exhaustion times were brought at
13.17 and 11.5 h (790 and 690mL) shifting breakthrough curves to the
left, for Cs+ and Sr2+, respectively. This notice may be due to the
positive relationship between the diffusion and mass transfer coeffi-
cients and the gradient's concentration (Uddin et al., 2009). Integration
of adsorbed ion concentration (Csor, mg/L) at a given flow rate (F, mL/
min.) versus time gives the area under the breakthrough curve which in
turn gives the total adsorbed amount of ions (Qtot,S, mg):

∫ ∫= = −
=

=

=

=
Q F C dt F C C dt

10 10
( )tot

t

t tot

sor t

t tot
in eff, 3

0
3 0S

(7)

The total fed amount of ions (X, mg) and column performance (CP,
%) were calculated by Eqs. (8) & (9), respectively, where Veff is the
effluent volume (ml).

=X
C V

10
in eff

3 (8)

Fig. 3. Photomicrograph showing a: Occurrence of
plagioclase megacryst which shows glide plane and
affected by micro-fault deformation, b: Large quartz
grain which shows wavy extinction, c: Fine-grained
fragments of quartz and clay minerals and d:
Secondary coarse grained quartz (after diagenesis)
associated by clay minerals and iron oxides.

Table 1
Quantitative elemental analysis (wt., %) of different sand samples from Inshas
disposal site.

Index Red fine sand (RFS) Compacted red coarse sandstone (CRCS)

Sample no. 1 (0.4m
depth)

Sample no. 2 (2.5m
depth)

Sample no. 3 (4.0 m
depth)

Na2O 0.32 0.33 0.20
MgO 1.01 6.52 6.65
Al2O3 6.51 3.32 5.12
SiO2 64.59 75.71 70.16
K2O 0.93 0.20 1.69
CaO 4.98 8.56 7.79
TiO2 0.44 0.07 0.13
Cr2O3 0.07 0.01 0.06
MnO 0.23 0.04 0.07
Fe2O3 17.82 2.73 4.53
Cl 0.1 0.16 0.29
LOI 3.00 2.35 3.31

LOI: Loss of Ignition.
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= ×
Q

X
CP 100tot,S

(9)

At the given experimental conditions, the total fed and adsorbed

amounts of ions, column performance and bed capacity were calculated
and given in Table 3.

3.4.2. Analysis of mass transfer zone (MTZ)
This zone suggests where adsorption was practically took place

along the examined fixed bed (Naddafi et al., 2007). The developed
performance of a fixed bed directly affects on the shape of the MTZ and
consequently its height (HMTZ, cm) which can be calculated using:

= −
+ −

H h t t
t F t t

( )
( )MTZ

e b

b c e b (10)

where h is the height of the fixed bed (cm); te is the exhaustion time
(min); tb is the breakthrough time (cm) and Fc is the factional capacity.
Within a MTZ, Fc is defined as the ratio between the quantity of the
adsorbed metal ion and the potential elimination capacity of an ad-
sorbent and can be obtained by Eq. (11) (Mahendra et al., 2015):

∫
=

−

−
F

C C dt

C t t

( )

( )c
t

t

in eff

in e b

b

e

(11)

The rate of movement of a MTZ (Uz, cm/min) is a function of the
adsorption capacity of a fixed bed and is directly related to HMTZ by:

Fig. 4. Geochemistry of the analyzed clay showing a: Provenance discriminant
function diagram for the studied samples after Shaohao and co-workers
(Shaohao et al., 2016) and Sahraeyan & Bahrami (Sahraeyan and Bahrami,
2012), b: Chemical index of alteration (CIA) versus Al2O3 and c: Chemical
maturity expressed by SiO2 versus Al2O3+K2O+Na2O after Suttner & Dutta
(Suttner and Dutta, 1986).

Table 2
Weathering and alteration indices of the Inshas disposal site sand samples.

Index Red fine sand (RFS) Compacted red coarse sandstone (CRCS)

Sample no. 1 (0.4 m
depth)

Sample no. 2 (2.5 m
depth)

Sample no. 3 (4.0m
depth)

CIA 76.17 72.48 67.56
PIA 84.22 74.79 83.88
CIW 86.32 76.02 88.99
MIA 52.34 44.96 35.12

Fig. 5. Characterization of the red fine sand (BFS) sample showing a: X-ray
diffraction, b: FT-IR spectrum and c: TGA/DTA curves.
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= =
−

U H
t

H
t tZ

MTZ

Z

MTZ

e b (12)

where tZ (min) is the time required for the movement of a MTZ down its
own length. The percentage of saturation of the column is given by:

= + − ×Saturation h F H
h

% ( 1) 100c MTZ
(13)

Data in Table 4 indicated that the heights of MTZ were decreased by
increasing the initial metal ions concentration indicating faster ad-
sorption at high concentration gradients. The Fc, HMTZ and UZ regarding
Sr2+ were higher than those of Cs+ reflecting more adsorption sites
available for adsorption of the former than the later ion. The smallest
ionic radius of Sr2+ (0.112 nm) compared to Cs+ (0.167 nm) (Daniels
and Alberty, 1966) may be responsible for passing Sr2+ quit readily
through more active sites than Cs+.

3.5. Mathematical description

3.5.1. Thomas model
When a fixed bed column is designed the maximum adsorption

capacity is needed to be assessed. Here, Mathematical modeling of the
breakthrough data is a suitable tool to gain information about transport
of contaminants along the naturally designed Inshas sand columns.
Thomas model (Thomas, 1944) is widely applied in this concern as-
suming the Langmuir isotherm and the reversible 2nd-order reaction
kinetics Eq. (14).

=
+ −

C
C K q m F K C t

1
1 exp( / )

eff

in Th o Th inTh (14)

where KTh and qoThare Thomas's rate constant (mL/minmg) and its
maximum adsorption capacity (mg/g), respectively. While m and F are
mass of the sand bed (g) and flow rate (mL/min), respectively. By the
aid of the linear expression of Thomas model [Eq. (15)] the model
parameters can be computed by plotting ln(Cin/Ceff− 1) vs. t (Fig. 7).

⎜ ⎟
⎛
⎝

− ⎞
⎠

= −ln C
C

K q m
F

K C t1in

eff

Th o
Th in

(15)

Data in Table 5 revealed comparable values of Thomas's rate con-
stant (KTh) for both metal ions which were linked to the metal ion
concentration with an inverse relationship. The maximum adsorption
capacities of the designed sand columns were calculated theoretically
(qoTh). It was found to be close to the experimentally obtained ones.
These findings reflected the applicability of Thomas model to describe
the presented adsorption processes which may be due to extremely
small resistances of the internal and internal diffusion along the fixed
bed (Aksu and Gönen, 2004). Such small resistances can be considered
as acceptable phenomena regarding the radioactive waste disposal
purposes.

3.5.2. Yoon-Nelson model
The basic assumption of this model (Yoon and Nelson, 1984) related

Fig. 6. Effect of metal ion concentration on the breakthrough curves of Cs+ and Sr2+ adsorbed onto Inshas disposal site sand column. (pH, 7.0 ± 0.2; bed depth,
16.0 cm; bed width, 1.3 cm; influent flow rate, 1.0mL/min.; ambient temperature).

Table 3
Effect of Cs+ and Sr2+ influent concentration on breakthrough capacity of
Inshas disposal site sand column.

Metal ion Cin, mg/L X, mg Qtot,S, mg CP, % Bed capacity, mg/g

Cs+ 50 83.66 60.41 72.22 2.28
100 124.74 89.80 71.99 3.39
150 250.00 158.11 63.24 5.97

Sr2+ 50 58.41 41.77 71.51 1.58
100 105.65 74.11 70.21 2.80
150 167.00 104.51 62.58 3.94

Table 4
Parameters of mass transfer zones of Cs+ and Sr2+ adsorbed onto Inshas disposal site sand column, as affected by metal ion concentration.

Metal ion Cin, mg/L te, min. tb, min. tZ, min. Fc HMTZ, cm UZ, cm/min. Saturation, %

Cs+ 50 1650 850 800 0.432 10.70 0.013 61.55
100 1200 620 580 0.516 10.09 0.017 69.09
300 610 290 320 0.730 9.78 0.031 83.27

Sr2+ 50 1180 430 750 0.569 15.01 0.019 61.79
100 870 310 560 0.599 13.88 0.025 64.80
300 630 210 420 0.719 13.13 0.031 76.63

(pH, 7.0 ± 0.2; bed depth, 16.0 cm; bed width, 1.3 cm; influent flow rate, 1.0 mL/min.; ambient temperature)
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the decrease in the probability of an adsorbate to be adsorbed to its
breakthrough and adsorption onto an adsorbent. Regarding a single
component system, it can be expressed by Eq. (16) in which KYN and τ
are the Yoon-Nelson's rate constant (min−1) and the time required for
50% adsorbate breakthrough (min), respectively.

−
= −

C
C C

exp K t τK( )eff

in eff
YN YN

(16)

The Yoon-Nelson model parameters can be computed according to
its linear form given in Eq. (17) by plotting ln [Ceff/(Cin-Ceff)] vs. t
(Fig. 8).

⎜ ⎟
⎛
⎝ −

⎞
⎠

= −ln
C

C C
K t τKeff

in eff
YN YN

(17)

Accordingly, the quantities of the adsorbed metal ions (qoYN, mg/g)
can be calculated by:

=q C Fτ
mo
in

YN (18)

Data given in Table 5 indicated that increasing in the inlet con-
centration of both Cs+ and Sr2+ led to an increasing in the Yoon-Nelson
rate constant (KYN) which associated with an decreasing in the 50%
breakthrough time (τ). Also, it was observed that lower concentrations
gave better fitting than higher ones indicating the applicability of Yoon-
Nelson model to describe adsorption of low concentrations of Cs+ and
Sr2+ onto Inshas sand column.

3.6. Adsorption-desorption studies

The adsorption and desorption characteristics of Cs+ and Sr2+ ions
in soil and/or groundwater systems are very important with respect to
environmental pollution. The adsorption-desorption studies of Cs+ and
Sr2+ ions onto/from Inshas sand column were carried out Fig. 9. The
total amounts of adsorbed (Qtot,S, mg) and desorbed (Qtot,D, mg) Cs+ and
Sr2+ were calculated by integrating the area above the breakthrough
curves and the area beneath the displacement curves, respectively. Such
amounts beside the desorption percentage were given in Table 6.

4. Conclusion

The protective function of a radioactive waste disposal is provided
by natural geological barrier itself, which is selected in such a way that
its low permeability and stability characteristics should prevent con-
tamination from reaching the biosphere. In this regard, a primary
concern is the contamination of groundwater which is considered a
very important vector for pollution. Nevertheless, conclusion remarks
of a natural geological barrier of Inshas area can be summarized as
following:

• Most of the sand and sandstone of radioactive waste disposal site at
Inshas area were reddish brown colored with grain size distribution
showing a unimodal class that mostly in the fine to medium grained.
Shapes of grains exhibited sub-spherical (55%), spherical (40%) and
angular (5%) types. The sorting of the present sedimentary layers
ranged from moderate to well sorted which was associated with
lower permeability range (0.1–6 md).

Fig. 7. Thomas modeling of the breakthrough data of Cs+ and Sr2+ adsorbed onto Inshas disposal site sand column, as affected by metal ion concentration. (pH,
7.0 ± 0.2; bed depth, 16.0 cm; bed width, 1.3 cm; influent flow rate, 1.0 mL/min.; ambient temperature).

Table 5
Parameters of Thomas and Yoon-Nelson models to describe the adsorption of Cs+ and Sr2+ onto Inshas disposal site sand column, as affected by metal ion
concentration.

Metal ion Cin,
mg/L

qoexp
mg/g

Thomas model parameters Yoon-Nelson model parameters

KTh,
mL/min mg

qoTh,

mg/g

R2 KYN,
min−1

τ,
min

qoYN,
mg/g

R2

Cs+ 50 2.28 0.181 2.358 0.965 9.0 E-3 1253.24 2.358 0.972
100 3.39 0.134 3.464 0.975 1.35 E-2 917.90 3.466 0.981
300 5.97 0.049 5.829 0.961 1.48 E-2 513.63 5.931 0.950

Sr2+ 50 1.58 0.185 1.604 0.960 9.3 E-3 846.91 1.604 0.969
100 2.80 0.112 2.328 0.952 1.12 E-2 616.92 2.328 0.950
300 3.94 0.047 5.235 0.955 1.41 E-2 462.51 5.243 0.951
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• According to the petrographic examinations, the rock volumes of the
representative sand samples were composed of 70% quartz, 10%
plagioclase and 17% interstitial matter. In the major cases, the latter
percent was composed of iron oxides, clays and quartz of fine silt
size. While in few cases, a pseudo-matrix, derived from the de-
formation of sand-sized clay aggregates, may be represented.

• Quartz grains were varied in size, shape and habit. They were found
as large grains or very fine fragmented ones exhibiting wavy ex-
tinction. After the diagenesis, secondary quartz which associated by
clay minerals and iron oxides was recorded.

• Under the effect of the micro-fault deformation of Inshas area, some
plagioclase can form megacryst exhibiting glide planed- lamellar
twinning.

• Samples were subjected to geochemical analysis. Their major oxide
contents were SiO2, CaO, Al2O3 and Fe2O3, respectively. The pro-
venance of the source rock, the degree of chemical weathering and
maturity and climatic conditions during sedimentation were de-
duced from elemental analysis data to be of quartzose sedimentary
source, of moderate weathering and of moderate alteration, re-
spectively.

• The red fine sand sample was characterized by means of X-ray

diffraction, Fourier transform infrared and thermal analyses. The
XRD data revealed that the main mineralogical composition was
quartz (20.80o, 26.67o, 50.20o 2θ, 36.54o, and 60.03o), hematite
and goethite (54.28o and 64.14o, respectively) and calcite (39.4o).
The bond vibrations of TeOeT, OeTeO (where T= Si or Al) and
the physically bonded water to aluminol and/or silanol groups were
assigned using FT-IR. DTA/TGA results reflected the thermal stabi-
lity of the examined red fine sand sample.

• Breakthrough curves for the adsorption of Cs+ and Sr2+ onto the
red fine sand of Inshas disposal site were constructed, at ambient

Fig. 8. Yoon-Nelson modeling of the breakthrough data of Cs+ and Sr2+ adsorbed onto Inshas disposal site sand column, as affected by metal ion concentration. (pH,
7.0 ± 0.2; bed depth, 16.0 cm; bed width, 1.3 cm; influent flow rate, 1.0 mL/min.; ambient temperature).

Fig. 9. Adsorption-desorption curves of Cs+ and Sr2+ onto/from Inshas sand column at different metal ion concentrations. (Desorption: influent 1.0M HCl at flow
rate of 1.0 mL/min.; ambient temperature).

Table 6
Total adsorbed and desorbed amounts of Cs+ and Sr2+ ions onto/from Inshas
sand column at different metal ion concentrations.

Metal ion Cin, mg/L Qtot,S, mg Qtot,D, mg Desorption, %

Cs+ 50 60.41 8.05 13.33
100 89.80 25.02 27.86
300 147.20 104.56 70.65

Sr2+ 50 41.77 8.26 19.77
100 60.62 23.45 38.68
300 139.47 87.71 62.89
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temperature. Effect of metal ions concentration (50–300mg/L) was
explored at constants of influent flow rate (1.0 mL/min.), bed depth
(16.0 cm) and bed width (1.3 cm). Data revealed that by increasing
the influent concentration to 300.0mg/L, faster exhaustion times
were brought at 13.17 and 11.5 h, compared to 28.17 and 20.0 h for
50mg/L, shifting thebreakthrough curves to the left side, for Cs+

and Sr2+ respectively. Additionally, the total fed and adsorbed
amounts, columns performance as well as beds capacity were cal-
culated.

• Mass transfer zones were examined in terms of their heights (cm),
the exhaustion times (min), the breakthrough times (cm), the fac-
tional capacities and the rates of movement of MTZs (cm/min). The
heights of MTZs were decreased by increasing the initial metal ions
concentration indicating faster adsorption at high concentration
gradients. Hights of MTZs of Cs+ testing beds and their rates of
movement and fractional capacities were found to be higher than
those of Sr2+.

• The experimentally obtained adsorption data were analyzed using
Thomas and Yoon-Nelson models. The maximum adsorption capa-
cities of the designed sand columns were calculated theoretically
using the two examined models and were found to be close to the
experimentally obtained ones. Increasing the inlet concentration of
both metal ions led to an increasing in the Yoon-Nelson rate con-
stant which associated with a decreasing in the 50% breakthrough
time.

• The adsorption-desorption studies of both metal ions onto/from
Inshas red fine sand columns were carried out using 1.0 M HCl at
constant influent flow rate of 1.0 mL/min. Cesium ions were ob-
served to be easily desorbed faster than strontium ones recording
the desorption ranges from 70.65 to 13.33% and from 62.89 to
19.77%, respectively.
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