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The retention of strontium onto synthetic zeolite Na A-X, candidate as backfill material in a near surface
disposal facility, was studied using batch and column techniques. In order to investigate the sorption
mechanism, the kinetic data were tested using pseudo-first-order, pseudo-second-order, homogenous
particle, and intraparticle models. The suitability of the geochemical conditions was preliminarily
assessed by conducting equilibrium sorption studies at different pH ranging from 2.0 to 9.0. To opti-
mize the design of the barrier, the effect of the initial concentration on the retention of Sr?* onto the
proposed material at three temperatures was investigated. The sorption equilibrium data were analyzed
using non-linear Freundlich, Langmuir, and D-R models to evaluate the sorption characteristics and the
thermodynamic parameters such as changes in free energy (AG), enthalpy (AH), and entropy (AS) were
calculated. To assess the effect of the utilized method to determine the retardation coefficients on the
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predicted concentration, a simple pulse analytical model was used.
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1. Introduction

Strontium-90 is a nuclear fission product that has biochemi-
cal behavior similar to calcium. After ingestion with contaminated
food about 70-80% of the dose gets excreted. The remaining stron-
tium will be deposited in bone and bone marrow, that might cause
bone cancer, cancer of nearby tissues, and leukemia [1]. Significant
amounts of strontium are present in spent nuclear fuel, and med-
ical and industrial radioactive wastes. The management of these
wastes aims to protect the environment from the waste hazards.
Disposal is the last step in radioactive management system that use
multibarrier concept to ensure the protection of the environment.
Robust selection and designs of these barriers utilize a combination
of physical controls and chemical barriers to provide a high level of
containment. The main function of the chemical barrier is to retard
radionuclide migration [2].

Many researches have been under taken concerning the evalua-
tion of the performance of natural and synthetic zeolite as inorganic
ion exchanger for the treatment of radioactive wastes, additive in
the immobilization of radioactive waste and as a backfill [3-15].
The wide application of these materials through out the radioactive
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waste management was based on the high ion exchange capacity
that induced from their structure. That is composed of crystalline
hydrated aluminosilicate, which is built up of tetrahedral SiO4
and AlO4 units bridged by oxygen atoms generating secondary
building units. These units may be connected to form rigid three-
dimensional structure with tunnel and cavities where the exchange
ions are located [14].

One of the mostimportant functional requirements for the back-
fill barrier is to provide a beneficial aqueous chemical environment
so it should have adequate capacity to achieve these requirements.
This study is a continuation of our previous work [13,14], at which
zeolite Na A-X blend was synthesized and characterized. Cesium
sorption and transport behavior were evaluated and the long-term
performance of this material was addressed by conducting a quan-
titative prediction of cesium migration using numerical modeling
and the results were compared to that of bentonite. The problem
of strontium containment is more complicated than that of cesium
due to the lower limit concentration, strontium uptake is very sen-
sitive to the presence of competing ions, especially calcium, and
strontium tends to form complexes with complexing agents [16].
In this work, the effect of the initial concentration on the retention
of strontium will be evaluated through the assessment of the per-
formance of the synthetic zeolite Na A-X blend. Within this goal,
a series of batch and column experiments is conducted and the
analyses of their results are utilized to gain insight into the sorp-
tion controlling mechanism and the sorption isotherm. Different
methods are utilized to determine the strontium retardation coeffi-
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Nomenclature

b Langmuir constant related to the energy of sorption

Gpi intraparticle intercepts at stage i

Cx concentration of metal ion in solution at state x
[mg/1]

Dy hydrodynamic dispersion coefficient [m?2/s]

D; particle diffusion coefficient [m?/s]

Dy particle size at x fraction [mm]

E energy of sorption estimated by D-R model [k]/mol]

k4 pseudo-first-order rate constant [min=1]

ko pseudo-second-order rate constant [g/mg min]

ke equilibrium constant

Ky distribution coefficient

Ky Freundlich constant indicative of the relative
adsorption capacity [mg/g]

Kpi intraparticle rate constant [mg/g min®?]

m weight of the adsorbent [g]

n Freundlich constant indicative of the relative sorp-
tion capacity

Q° Langmuir saturation capacity [mg/g]

Qx amount of metal ions sorbed onto zeolite Na A-X at
state x [mg/g]

qm maximum amount of ion that can be sorbed onto
unit weight of zeolite [mg/g]

R gas constant [8.314 ]J/mol K]

R? correlation coefficient

Ry retardation coefficient

Ry equilibrium parameter constant

T absolute temperature [K]

U number of effluent pore volume

v mean pore water velocity [m/s]

%4 volume of solution [1]

X distant traveled in flow direction [m]

X fraction attainment of equilibrium at time t

AG° Gibbs free energy [k]/mol]
AH° enthalpy change [k]/mol]
AS° entropy change [J/mol K]

Symbols

B constant related to sorption energy [mol2/k]?]
g polanyi potential

0 porosity

§ thickness of the liquid film

0d bulk density

Suffix

e equilibrium state

i stage of the intraparticle model
0 initial state

t time variant state

cient and a simple analytical model is used to predict the strontium
concentration.

2. Materials and methods

Fly ash, obtained from an Egyptian thermal electric power sta-
tion as by-product, was used to prepare zeolite Na A-X blend by
alkaline fusion and SiO, extraction method at laboratory scale. The
preparation procedure, characterization of fly ash and the produced
zeolite Na A-X were illustrated elsewhere [12-14]. The chemi-
cal composition of the fly ash and the elemental analysis of the
prepared zeolite are summarized in Table 1a, the physical proper-
ties of the zeolite are presented in Table 1b. The stock solutions of
Sr2* were prepared in simulated groundwater; the composition of
the groundwater is presented in Table 2 [13]. Batch and column
techniques were utilized to investigate the sorption and dispersion
characteristics of Sr* onto the proposed backfill. Both batch and
column experiments were carried out in triplicates and the mean
values were presented.

2.1. Batch technique

A series of batch experiments was utilized to study the effect of
contact time and initial Sr2* concentration on the sorption kinetics,
investigate the effect of groundwater pH on the sorption process,
and to analyze the sorption isotherm data.

2.1.1. Kinetic studies

Kinetic batch studies were performed at ambient tempera-
ture (298 K) using three initial concentrations of 50.0, 100.0, and
150.0 mg/l for Sr2* sorption onto zeolite Na A-X blend at mean
groundwater pH of 7.0. For these investigations 0.1 g of the stud-
ied zeolite was immersed in 100.0ml Sr*-groundwater solution
under constant shaking using thermostatic shaker. A fixed volume
of (2 ml) of the aliquot was withdrawn at predetermined time inter-
vals while the solution was being continuously shacked, thus the
ratio of the solution volume to the zeolite weight does not change
from its initial value. The withdrawn aliquot was centrifuged to
separate the solid from the liquid phase. The obtained clear liquid
phase was diluted to an appropriate concentration range for ele-
mental analysis using atomic absorption spectrophotometer (Buck
scientific model VGP 210). The amount of sorbed Sr* at any time
q: (mg/g) was calculated as follow:

4= () (1)

where C, and C; are the initial and time variant concentrations of
Sr2* in groundwater (mg/1), V the volume (1) and m the weight (g)
of zeolite.

2.1.2. Effect of groundwater pH

The suitability of the geochemical condition was preliminar-
ily checked by examining the pH range at which the maximum
sorption of Sr2* jons take place on the studied zeolite and com-
paring this range with the mean groundwater pH (pH=7). Within
this context, a series of test tubes each containing 0.1g zeolite
immersed in 100.0 ml of Sr2*-groundwater solution at fixed tem-
perature (298 K) were utilized. The initial pH was adjusted to value
ranging from 2.0 to 9.0 using diluted solution of sodium hydrox-
ide or hydrochloric acid. The kinetic investigations showed that

Table 1a

Chemical composition of fly ash and synthetic zeolite Na A-X blends.
Composition (wt%) Ca0 Si0, Al,03 Fe, 03 MgO SiO3 Na, 0 K,0 Others pH
Fly ash 6.1 43.81 23.18 0.01 0.8 - 0.87 2.73
Composition (wt%) Na Al Si Ca Ti Mg Ee S K P
Zeolite Na A-X 27.79 33.41 38.34 0.067 0.081 0.062 0.01 0.002 0.056 0.004
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Table 1b

Physical properties of the prepared zeolite.
Properties Value
Porosity (6) 0.6
Bulk density (p4) (g/cm?) 0.8
Mean grain size, Dso (mm) 0.38
D10 (mm) 0.25
Dgo (mm) 0.4

the studied sorption process had reached equilibrium in 90 min, so
the tubes were shacked for 3 h to ensure that the reaction attained
equilibrium. Then the suspension was centrifuged to separate the
solid from the liquid phase, the clear liquid phase was analyzed
using the same mentioned procedure. The distribution coefficient
K4, was calculated using the following equation:
Co—Ce1 V
Ce } m

Ky = [ x 103 (2)
where Ce is the equilibrium concentration of Sr?* in groundwater
(mg/l).

2.1.3. Sorption isotherm

For isotherm studies, 100 ml of Sr2*-groundwater solution of
varying initial concentrations (100-1000 mg/l) were shacked con-
tinuously for 3h with 0.1g of zeolite at initial pH of 7 (mean
groundwater pH) at three different temperatures 298, 313, and
333 K. This temperature range was selected to be in consistent with
the temperature in intermediate level waste disposal for short lived
radionuclides that can reach a maximum of 353 K around the time
of backfilling, but, in the post-closure period, would more typi-
cally be between 323 and about 308 K between the core and the
edges of disposal vaults [ 17]. After equilibrium, the suspension was
centrifuged and analyzed and the equilibrium Sr2* concentration
retained in the zeolite (mg/g) was calculated using the following
equation:

4e=(C0-Co) (;7) 3)

2.2. Column technique

Column experiments were conducted in vertical down flow col-
umn with 4.5 cm inner diameter and 30.0 cm length to study the
transport phenomena under saturated conditions. The columns
were packed with zeolite Na A-X blend (with 0.8 bulk density,
0.6 porosity, and 250 wm particle size). Groundwater containing
initial Sr2* concentration of 50-150 mg/l was utilized as the lig-
uid phase. The groundwater was initially permeated through the
column to ensure that the steady state conditions were achieved
before introducing Sr2*, the inlet flow rate was 3.0 ml/min [13].

3. Results and discussion
3.1. Sorption kinetics
3.1.1. Effect of contact time

The effect of contact time was performed at initial Sr%* con-
centrations of 50.0, 100.0, and 150.0 mg/1 at ambient temperature
(298K) for the sorption onto zeolite Na A-X blend, the results

Table 2
Chemical composition of synthetic groundwater.

TDS (mg/1) Soluble cations (ppm) Soluble anions (ppm)
K* Na* Mg* Ca*™ Cl- S04~ HCO;~
1.05 23 149 13 74 137 317 272

were shown in Fig. 1a. It is clear that the amount of sorbed SrZ*
increases with increasing the initial concentration of Sr2*. Also,
the sorbed amount sharply increases with time in the initial stage
(0-30min), and then gradually increases to reach an equilibrium
value in approximately 90 min. A further increase in the contact
time had a negligible effect on the amount of Sr2* sorbed. The rapid
Sr2* sorption portion might be attributed to the availability of large
number of vacant surface sites for sorption and after that time
interval; the remaining vacant sites become more difficult to be
occupied due to the repulsive forces between the solute molecules
on the solid and bulk phases [18]. According to these results, the
contact time was fixed at 3 h for the isotherm experiments to make
sure that the equilibrium was reached.

3.1.2. Sorption kinetics analysis

The results obtained from the effect of contact time on the sorp-
tion process, illustrated in Fig. 1a, were used to gain insights into
the nature of the sorption process of Sr¥* onto zeolite Na A-X
blend, to identify the controlling sorption mechanism and to deter-
mine the kinetic parameters that are of importance for designing
and modeling contaminant transport through engineered barri-
ers. Four kinetic models, pseudo-first-order, pseudo-second-order,
intraparticle diffusion and homogenous particle diffusion [19-24],
were used to analyze the experimental data using linear regression
scheme.

The analysis of the experimental data using pseudo-first-order
kinetic equation has been conducted; this model has been widely
used to analyze the sorption kinetics. It describes the sorption rate
based on the sorption capacity and assumes that the reaction rate
is limited by only one process or mechanism on a single class of
sorbing sites and that all sites are of the time dependent type [25].
The model equation is given by:

k]
log(ge — qt) = logqe — mt (4)

where g. and g; (mg/g) are the amount of metal ion sorbed onto
zeolite Na A-X at equilibrium and at time t, respectively and kq
is the pseudo-first-order rate constant (min~!). The parameters g
and k; are determined by applying the linear regression procedure
for Eq. (4). Fig. 1b shows the results of this analysis; the obtained
straight lines suggest the applicability of pseudo-first-order kinetic
equation to fit the experimental data. By comparing the values of
theoretically calculated equilibrium sorption capacities, ge, with
the apparent experimental sorption capacities, a considerable devi-
ation between these values is noticed as shown from Table 3 and
Fig. 1a. This deviation indicates that it is not appropriate to use
pseudo-first-order kinetic equation to represent the sorption of
Sr2* onto zeolite Na A-X blend for the entire sorption period. The
experimental data obtained within the initial stage of the sorp-
tion process (30 min) were further fitted to pseudo-first-order as
shown in Fig. 1c. By comparing the values of the correlation fac-
tor (R%), as indicated in Fig. 1b and c, higher values are observed for
fitting the experimental data within the first 30 min to pseudo-first-
order equation. This indicates that the sorption process within this
time period might be proceeded by diffusion through the boundary
[26,27].

Pseudo-second-order chemisorption kinetic rate equation is
derived on the basis of the sorption capacity of the solid phase [28].
It assumes that the rate of sorption is directly proportional to the
number of active surface sites and that the rate limiting step may
be a chemical sorption involving valence forces through sharing or
exchange of electrons between the adsorbent and the adsorbate
[29-31]. The linear form of the model is expressed as:

(i) - <k2]qz> * (%)t (5)
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Fig. 1. Kinetic modeling of the sorption of Sr** onto the prepared zeolite Na A-X blend at 289 K. (a) The effect of contact time at different initial Sr?* concentrations. (b, )
Pseudo-first-order kinetics for a sorption period of 60 min and initial stage (30 min) respectively. (d) Pseudo-second-order kinetics.

where ky is the rate constant of pseudo-second-order equation
(g/mgmin). The product kg2 is the initial sorption rate repre-
sented as h = kpq2. In accordance to the result of the analysis
of experimental data using the pseudo-second-order equation
(Table 3 and Fig. 1d), it was found that the relation is linear, and the
values of the correlation coefficient suggests a stronger correlation
between this equation and the experimental data. The correlation

coefficients have extremely high values (>0.999), and its calculated
equilibrium sorption capacity (qe) is consistent with the experi-
mental data. The examination of the initial sorption rate (h) values
indicates that the initial sorption rate increase as the initial con-
centration increases where the rate constants decreased markedly
with increasing the initial concentration. Similar phenomena are
observed for the sorption of Pb onto tuff zeolite and for the sorp-

Table 3
Results of the kinetic studies of Sr?* sorbed onto zeolite Na A-X.
Model Time scale Equation Model parameter Concentration
50 mg/l 100 mg/1 150 mg/1
Entire range ge (Mg/g) 27.8 65.6 74.01
ki (min—1) 0.047 0.052 0.054
R? 0.98 0.97 0.96
_ K B .. ..
Pseudo-first-order To 30 min log(ge — qt) =10gge — 55055t 4o (mg/g) 356 69.77 104.
ky (min!) 0.065 0.071 0.08
R? 0.997 0.996 0.995
Entire range qe (Mg/g) 48.08 95.24 138.89
Pseudo-second- (L) (), (L) ¢ k> (g/mgmin) 0.003 0.002 0.0015
order a )\ kpq? e h (mg/g min) 8.20 18.15 29.50
R? 0.999 0.999 0.999
n ticl Entire range —In(1-X)= ?%20 t 1o=Dsg Not valid
omogenous particle oo
diffuee 1M P Entire range In(1-X2) = ez D (m2[s) 2.64x 10712
b B R? 0.98 0.97 0.97
o =Dsg
To 20-25 min Qe = KT+ Cy; Kp1 (mg/g min®S) 8.49 17.52 26.12
Cp1 0.0 0.0 0.0
Intraparticle R? 0.961 0.933 0.934
P From 20 to 25 min K> (mg/gmin®5) 1.08 154 1.55
Cp2 35.09 75.11 116.54
R? 0.87 0.95 0.90




104 R.0.A. Rahman et al. / Chemical Engineering Journal 157 (2010) 100-112

tion of Cs and Sr onto zeolite A [4,32]. From these results, it could
be concluded that the sorption of Sr2* onto zeolite Na A-X blend
obeys pseudo-second-order kinetic equation for the entire sorp-
tion period and thus supports the assumption that the sorption
is due to chemisorption, through sharing of electrons or covalent
forces, until the surface active sites are fully occupied thereafter
Sr2* diffuses into the zeolite for further interactions and/or reac-
tions [29-31,33-38].

There are different stages in the sorption process by porous
adsorbents including: bulk diffusion, film diffusion, intraparticle
diffusion and physical and/or chemical reaction [14]. One or more of
the above-mentioned stages may control the sorption process. Bulk
diffusion could be ignored if sufficient mixing speed is achieved.
Both pseudo-first- and second-order equations include all steps of
sorption, in order to identify the controlling sorption mechanism;
the kinetic data were analyzed by homogenous particle model
equations, this model assumes that the rate determining step of
sorption could be described by either film diffusion, at which the
ions diffuse through the liquid film surrounding the particle Eq. (6),
or by particle diffusion at which the ions diffuse into the sorbent
beads Eq. (7) [39].

_30Go,

_In(1-X) = 6
(1 -x) = 250 ®)
2
~In(1 - Xx2) = 220 ™)
ro

where D is the diffusion coefficients in the liquid phase (m?2/s), and
D, is the particle diffusion coefficient (m?/s), X the fraction attain-
ment of equilibrium, § is the film thickness and r, is the radius
of the sorbent particle. The results of the analysis of the kinetic
data by homogenous particle model equations are illustrated in
Fig. 2a and b and the calculated parameters are listed in Table 3.
The plots of —In(1 — X) versus contact time is a linear relationship
that does not pass through the origin. This means that the film dif-
fusion is not the controlling sorption mechanism. Where the plots
of —In(1 —X?2) is a linear relationship that pass through the origin.
These results revealed that the particle diffusion might be the con-
trolling sorption mechanism at all studied Sr2* concentrations. The
values of the slope at the three studied concentration are constant
which shows that the diffusion coefficient is independent on the
initial concentration. The particle diffusion coefficient was calcu-
lated form the slope of —In(1 —X2) versus time as presented in
Table 3, the magnitude of the diffusion coefficients dependent on
the nature of the mechanism that control the sorption process. For
physical sorption, the value of the diffusion coefficient ranges from
1076 to 10~2m?/s and for chemisorption the value ranges from
1079 to 1017 m2/s the difference in these values is due to the fact
that in physical sorption the bounds of the molecules are weakly
and can easily break and the molecules can migrate, whereas for
chemisorption the molecules are strongly bound and mostly local-
ized [39]. The tabulated value of the diffusion coefficient is in the
order of 10-12 m2/s which confirms the result obtained from the
analysis of the data to pseudo-second-order that the sorption pro-
cess is chemisorption process. The obtained diffusion coefficient
is in the same range of other reported study for backfill material
composed of a mixture of clay and crushed rock [40].

Intraparticle diffusion model is based on Weber and Morris the-
ory, at which the sorption varies almost proportionally with t1/2 as
follow:

qt = <pi\[t+ Cpi (8)

where K,; the rate parameter of stage i (mg/g min%>). Cpi, the inter-
cept of stage i, gives an idea about the thickness of boundary layer,
i.e., the larger the intercept, the greater the boundary layer effect
[18]. Fig. 2cillustrates the analysis of the experimental data to intra-

particle equation, the plots of g; versus t9> shows the existence of
two portions representing two different stages in the sorption pro-
cess. The initial portion is due to surface sorption and rapid external
diffusion (boundary layer diffusion). The second linear portion is a
high and gradual sorption stage where the intraparticle diffusion
is the controlling mechanism [27]. The results presented in Fig. 2d
revealed that the initial portion of the sorption process was com-
pleted in the range of 20-30 min and the gradual portion was then
attained. The existence of the gradual portion (that does not pass
through the origin) indicates that there is some degree of bound-
ary layer control and suggest that the intraparticle diffusion is not
the only controlling mechanism. The experimental data within the
first portion were further analyzed using the intraparticle diffusion
equation. The values of the rate constants at the first stage were
given in Table 3. For the second portion, the value of the inter-
cept of the second stage gives an idea about the thickness of the
boundary layer, from the tabulated values it is shown that the inter-
cept increase as the concentration increase, this mean that as the
concentration increase the boundary layer effect will be greater
[18,41]

3.2. Effect of groundwater pH

Change in the environmental conditions such as groundwater
pH might affect the sorption process. This usually causes marked
changes in the retention of contaminants onto the engineered barri-
ers. The suitability of the geochemical conditions was preliminarily
assessed by conducting equilibrium sorption studies at different
pH ranging from 2.0 to 9.0. It was observed that the values of the
Sr2* distribution coefficients (k;) increases as the groundwater pH
increases and nearly reaches a plateau at pH 6 (Fig. 3a). This reflects
that the material is showing a reasonable retention performance
at the mean groundwater pH (pH = 7). This effect of pH is observed
markedly in mineral oxides such as silica and alumina [42]. The low
values of cation sorption at acidic groundwater might be attributed
to the fact that at low pH the barrier surface becomes more posi-
tive or less negative because of proton sorption from groundwater
onto the charged sites. Also, at acidic groundwater the solubility of
zeolite constituents is noticed and so there will be relatively small
number of available sites [14]. The enhanced sorption of Sr2* with
increasing pH value is related to the hydroxyl group at the zeolite
surface that might be coordinated by two similar atoms (two Si or
two Al) or different ones (one Si and one Al) this lead to the exis-
tence of different surface hydroxyl group properties and therefore
sorption affinity. Three main reactions might be responsible for the
sorption of bivalent cations at the prepared zeolite:

=OH + Sr’** & =0"Sr** + Ht (9)
2(= OH) + Sr** & (= 07 ),Sr?* 4+ 2H+ (10)
=OH + Sr** +Hy0 &= 0"Sr** +0H + 2H* (11)

As indicated in the above equations the interaction of SrZ*
releases hydrogen ions so the increase of groundwater pH will favor
the sorption of Sr2*. Also, there is a possible correlation between the
complexation reaction of surface hydroxyl groups and the ability to
form hydrated complexes by Sr2* cations as seen from the analogy
between the reactions [43].

Sr’t +H,0 & Sr** +OH + Ht (12)
Sr2t + =0OH « O~ Sr2t +H*t (13)

3.3. Sorption isotherm analysis

The waste packages and the backfill are disposed in the disposal
facility. Under natural evolution scenario, the engineered barriers
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Fig. 2. Evaluation of the controlling sorption mechanism by using homogenous particle diffusion equation (a, b) and intraparticle diffusion equation (c-e).

degrade through different possible feature, event and process and
the disposed radionuclides start to diffuse from the waste pack-
age into the surrounding pore water [13]. The transfer of these
radionuclides from the pore water to the backfill is an important
process that reduces the radionuclides release to the environment.
To optimize the design of the barrier, a proper understanding of
the sorption isotherm is needed that describe the retention of
the radionuclides on the barrier at different initial concentrations.
Fig. 3aillustrates the effect of initial concentration on the retention
of Sr2* onto the zeolite Na A-X blend at the three studied temper-
atures; the batch distribution coefficient (Ky), as a general ability
of the barrier to remove the radionuclides, was utilized. The fig-
ure shows that at high initial concentration ranges (higher than
500 mg/1) the effect of ambient temperature on the assessment of
the distribution coefficients is negligible. On the other hand for

lower initial concentration, as the ambient temperature increases
the distribution coefficients will increase. Accurate comparison of
the distribution coefficients requires identical experimental con-
ditions in terms of volume to mass ratio, equilibrium solution
composition, material, temperature, etc because all of these fac-
tors can affect the value of K. So it will be unreliable to provide a
comparison with other reported studies for the retention in terms
of Kd'

The examination of the relationship between Sr2* concentration
remaining in the groundwater and those sorbed on the synthetic
zeolite Na A-X blend show a concave curve which suggest a pro-
gressive saturation of the solid (Fig. 3b). Linear regression was
utilized to fit the experimental data to the linear form of Freundlich,
Dubinin-Radushkviech (D-R), and Langmuir isotherm equations,
and the least square method has been applied to determine the
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Fig. 3. Sorption isotherm analysis for Sr? on zeolite Na A-X blend at three studied temperatures (a) effect of initial concentration and pH on the distribution coefficients, (b)
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Fig. 4. Examination of the behavior of experimental isotherm data for sorption of Sr2 on zeolite Na A-X blend at three different studied temperatures using non-linear D-R,

Freundlich and Langmuir models.

isotherm parameters [44-47]. To assess the nature of the zeolite
surface, the experimental data were fitted to the linear form of Fre-
undlich isotherm. This isotherm is an empirical equation employed
to describe the interaction between the sorbed molecules and
heterogeneous systems and suggests that sorption energy expo-

nentially decreases on completion of the sorption centers of a
sorbent and the non-linear formis expressed by the following equa-
tion [44,48]:

e = KfCeUn

(14)
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Table 4
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Results of linear regression of the experimental data to different two parameters isotherms for Sr>* sorbed onto zeolite Na A-X blend.

Model Equation Parameter Temperature (K)
298 313 333
logge = log Ky + %log Co n 3.73 412 4.80
Freundlich isotherm Ky 55.69 67.22 85.27
R? 0.964 0.964 0.974
Ry H# b 0.024 0.031 0.042
Langmuir isotherm ' @ 22 22 S22
e % = ﬁ + Q]—uCe R 0.45-0.04 0.39-0.03 0.31-0.02
R? 0.987 0.998 0.998
Inge = Ingn — B&? qm 2714 275.7 277
D-R isotherm b 0.005 0.003 0.001
E= (72/3)’1/2 R? 0.870 0.863 0.821

the linear form is given by [44,48]:

logge = log Ky + (%) log Ce (15)
where K; the Freundlich constant (mg/g).

The visual examination of the results, Fig. 3¢, suggests that
the sorption of Sr2* onto zeolite Na A-X blend obeys Freundlich
isotherm up to nearly initial concentration (500 mg/l) then a con-
siderable deviation is noticed. Table 4 shows the results of fitting
whole range of the experimental data to the model, it is clearly
shown that the correlation coefficients have high values indicating
that the zeolite surface is heterogeneous. The values of Freundlich
intensity constant (n) are greater than unity and less than 10 for
Sr2*. These values suggest that the proposed backfill shows an
increased tendency for sorption with increasing solid phase con-
centration. The numerical values of the sorption capacity (Ky) are
presented in Table 4, the sorption capacity increases by increasing
the ambient temperature.

Dubinin-Radushkevich (D-R) isotherm is applied to find out
the sorption mechanism based on the potential theory assuming
heterogeneous surface. The model is expressed as [46]:

e = qm eXp (W) (16)
The linear form of the model is given by:

Inge = Ingm — B&? (17)
E=(-2p)"" e

where @, is the maximum amount of ion that can be sorbed onto
unit weight of zeolite (mg/g), B constant related to sorption energy
(mol2/KkJ?), ¢ is the polanyi potential = RT1n(1 + 1/Ce), where R is the
gas constant (k]/mol K), and T is the absolute temperature (K), and

Table 5

E is the mean free energy of the sorption (kJ/mol). Linear regres-
sion analysis using paired of Ing. and &2 (Eq. (17)) resulted in the
derivation of g, B, E and the correlation factor (R?). The examina-
tion of the results revealed that correlation between this model and
the experimental data is respectively week compared with that of
Freundlich model. The values of D-R parameters are presented in
Table 4. The maximum sorption capacities of zeolite (qr;) is in the
ranges of 271-277 mg/g for Sr2*.

Langmuir isotherm model is based on the assumptions that the
sorption takes place at specific homogenous sites within the adsor-
bent, the adsorbent has a finite capacity for the sorbate and that
all sites are identical and energetically equivalent because the sor-
bent is structurally homogeneous [45]. The equation of Langmuir
is represented as follows:

Q°bCe

9= 17hc (19)

The linear form of equation is given by:

Ce 1 1

=€ _ +—C, 20

g~ Qb T (20)
1

Ri=1T5e (21)

where Q° is the monolayer sorption capacity (mg/g), b is the
Langmuir constant, and R; is the equilibrium parameter constant.
The results of fitting the experimental data to the linear form of
Langmuir model (Table 4) illustrate high values of the correla-
tion coefficients (R?) that indicate that this model provide a good
representation of the experimental data. The value of equilibrium
parameter (R;) indicates the type of isotherm to be irreversible
(R; =0), favorable (0 <R, < 1), linear (R, =1), or unfavorable (R; >1).
The ranges of R; values (Table 4) were found to be less than 1 and
greater than 0 indicating the favorable sorption isotherms of Sr2*
onto zeolite. The numerical value of monolayer sorption capacity

Results of the non-linear regression of the experimental data to different isotherms for Sr2* sorbed onto zeolite Na A-X blend.

Model Equation Parameter Temperature (K)
298 313 333
qe = Kfc;/” n 43 4.74 5.37
L K 68.03 80.47 96.25
Ereundlichlisotheuny Error 0.024 0.021 0018
R? 0.947 0.949 0.952
ge = QG b 0.025 0.035 0.050
+bCe
. Q 307.38 307.54 308.55
Lttt g el Error 0.0049 0.008 0.017
R? 0.947 0.933 0.867
_ (RTIn(1+1/Ce))? qm 2714 275.7 277
= ex —_—
D-R isotherm de = Amexp ( —2E2 ) b 0.005 0.003 0.001
R? 0.870 0.863 0.821
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Table 6

Results of the non-linear regression of the experimental data to different isotherms for Sr?* sorbed onto zeolite Na A-X blend.

Model Equation Parameter Temperature (K)
298 313 333
; qe = K:CJI" n 3.27 3.58 435
preandlich T K 48.47 59.45 79.38
isotherm R? 0.995 0.996 0.996
_ (RTIn(141/Ce))? qm 294.8 302.6 305.4

D-Risother ac = amexp (S b 0.006 0.005 0.002
-Risotherm E 9.12 10.0 15.81
R2 0.95 0.963 0.921

(Q°) and the free energy of adsorption constant (b) evaluated form
the slope and intercept of Ce/qe versus C, are given in Table 4. The
value of the saturation capacity (Q°) corresponds to monolayer cov-
erage and defines the total capacity of the zeolite for a specific ion.
Langmuir model supposed that the saturation capacity (Q°) is coin-
cided with saturation of a fixed number of identical surface sites,
so the values of (Q°) should be independent on temperature. But it
should be noted that various reported studies indicate that small to
modestincrease or decrease in the saturation capacity with increas-
ing the temperature were observed that are due to the association
of the sorption to surface functional group rather than a set of iden-
tical surface sites [49-52]. As observed from Table 4, the value of
the saturation capacity is constant independent on the temperature
where the results of the kinetic analysis and effect of pH revealed
that the sorption process take place on surface functional group
rather than a set of identical surface sites.

Due to the violation between the results obtained from fitting
the experimental data to the linear form of Langmuir model and
that revealed from the kinetic studies, the experimental data were
fitted to the non-linear forms of Freundlich, D-R and Langmuir
equations. The calculated parameters from the linear fitting were
used as initial guess to the non-linear fitting to reduce the execution
time. Fig. 3d-f illustrates the experimental, non-linear and linear
fitted isotherm data by the studied models at the three studied
temperatures and the results are listed in Table 5. From the visual
examination of these plots, it is clearly shown that fitting the data to
Freundlich model produce overestimated values for the amount of
Sr2* sorbed onto zeolite Na A-X blend where the other two mod-
els will produce underestimated values. Also, it is noted that the
non-linear fitting results are closer to the experimental data. This
remark is consistence with other reported studies that indicate that
the transformation of the non-linear isotherm equations to linear
form implicitly alter their error structure and may also violate the
error variance and normality assumption of standard least squares
[48,53-55].

The results in Fig. 4a—f depicted that the behavior of the exper-
imental isotherm data could be divided into two trends; the limit
of each trend was determined using a trial and error procedure
to maximize the correlation coefficients (R?). It was found that
the first trend includes Sr2* concentration sorbed onto zeolite Na
A-X blend from nearly 80-280mg/g and the second trend from
280 to the saturation value. The first trend fit better to Freundlich
model where the second trend fit better to the Langmuir and D-R
model. This might be attributed to the fact that with progres-
sive surface coverage of zeolite at intermediate concentrations,

the attractive forces between the radionuclides such as van der
Waals forces, increases more rapidly than the repulsive forces,
exemplified by short-range electronic or long-range Coulombic
dipole repulsion, and consequently, the radionuclides manifest
a stronger tendency to bind to the zeolite site [48]. Where at
the high concentration values, the zeolite approach its saturation
capacity.

The first trend was fitted to the non-linear Freundlich isotherm
equation and the second trend fitted to both non-linear Langmuir
and D-R equations, the results indicate that the data fit Freundlich
and D-R better (Table 6). This confirms that the sorption occur on
the heterogeneous surface of the zeolite, the value of the equilib-
rium values estimated from D-R are nearly equal to that of the
experimental data. The mean free energy values of the sorption
are in the range of 8-16 k/mol, this confirm that the sorption is
controlled by ion exchange mechanism.

3.4. Thermodynamic studies

Based on fundamental thermodynamics concept, it is assumed
that in an isolated system, energy cannot be gained or lost and
the entropy change is the only driving force. In environmental
engineering practice, both energy and entropy factors must be con-
sidered in order to determine if the sorption process will occur
spontaneously. Gibbs free energy change, AG°, is the fundamen-
tal criterion of spontaneity. Reactions occur spontaneously at a
given temperature if AG® is a negative quantity. The values of
thermodynamic equilibrium constant at different studied temper-
atures were determined from the plot of In(ge/Ce) versus ge[56].
The variation of K. with temperature, as summarized in Table 7,
showed that K. values increase with increase in sorption tem-
perature, thus implying a strengthening of adsorbate-adsorbent
interactions at higher temperature. Also, the obtained negative
values of AG° confirm the feasibility of the process and the sponta-
neous nature of the sorption processes. Other thermal parameters
such as enthalpy change (AH°), and entropy change (AS°) were
also calculated. The values of enthalpy change (AH°) and entropy
change (AS?), calculated from the slope and intercept of the plot
of InK. versus 1/T (figure omitted) are also given in Table 7. The
change in AH° for Sr2* in zeolite Na A-X blend was found to be
positive confirming the endothermic nature of the sorption pro-
cesses. AS° values were found to be positive due to the exchange
of the Sr* ions with more mobile ions present on the sorbent,
which would cause increase in the entropy during the sorption
process.

Table 7
Values of thermodynamic parameters for sorption of Sr2*ions onto zeolite Na A-X.
Temperature (K) K. AG° (k]/mol) R? AH° (k]J/mol) AS° (J/mol K)
298 10.5 -5.83 0.96 1.44 0.024
313 11.16 —5.98 0.97
33 11.2 -5.99 0.96
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Fig. 5. Plots of U — 1/v/U versus C/C, for Sr?* at three feed concentration (50, 100,
150 mg/1) on linear probability scale.

3.5. Column experiment and construction of breakthrough curves

To determine the hydrodynamic dispersion coefficient in lab-
oratory, the result of the column studies were reported in terms
of effluent pore volume variable (U = (vt/0)). Fig. 5 illustrates the
effluent relative concentration, C/C, as a function of (U — 1)/+/U on
linear probability scale. As shown from the figure, the measured
experimental data could be presented as straight lines and the
values of the hydrodynamic dispersion coefficient were calculated
using the following equation:

1+ pl(f Cl/n—l
6n
Rf e
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R " 313
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Fig. 6. Variation in the retardation coefficient as a function of initial concentration
at three studied temperatures.

where

p 9q

Rf = (1 + 5 8(:)

The results obtained from the analysis of the sorption equilibrium
data were used to quantify the retardation coefficient of Sr2* onto
zeolite Na A-X blend. In this respect to the derivative of Freundlich
equation with respect to the Sr2* concentration in the groundwater
up to 500 mg/I initial concentration and D-R equation derivative
from 500 mg/l initial concentration were utilized to determine the
retardation coefficient as follow:

100 mg/g < C < 500 mg/g
(26)

2E2

- pRTngZ exp <(R’Tln(1 + 1/5))2> In <C+ 1) ( L ) (1) 500mg/g < C < 1000 mg/g

2
vL{ U-1 U-1

D =% 7‘ e (22)
8( VU loga VU 0416>

The values of the hydrodynamic dispersion were found to be
0.064, 0.212, and 0.296 (m?/y).

3.6. Assessment of the barrier performance

To assess the performance of the prepared zeolite as a backfill a
simple analytical model was used. To derive the analytical model,
it was assumed that the backfill is porous, homogeneous, isotropic,
saturated; and the flow reached steady state so Darcy’s law was
applied. The one-dimensional advection-dispersion equation for a
reactive contaminant is given below [57]:

o pdg  8°C  oC

oo P Vi (23)

By introducing the concentration in the in liquid phase in the term
((p/6) (0g/dt)), the following equation is obtained:

dC  pdgdC _  ¥*C  aC

o teace P Vi (24)
aC 9%C oC
Rf& :Dﬁ —‘U& (25)

C C+1 C

The variation in the retardation coefficient as a function of initial
concentration at different temperatures using Eq. (26) are illus-
trated in Fig. 6 (scatter pattern), at low concentration the effect
of temperature on the retardation coefficient is very obvious. As
the initial concentration increase this effect become negligible
approaches a constant value of 1. Another way to determine the
retardation coefficient is to use the distribution coefficients (1 +
(p[n)Ky), the distribution coefficients could be determined either
from fitting the experimental isotherm data to linear isotherm
model (solid line) or from dividing the amount sorbed on the
remaining concentration in the groundwater (ge/C.) dotted line
pattern. Fig. 6 presents a comparison between the retardation coef-
ficients obtained from the above mention methods, as shown in the
figure the retardation coefficient calculated from using (ge/Ce) to
estimate the distribution coefficient give the highest values for the
retardation coefficient.

The integration of the governing Eq. (24) using specific boundary
conditions for the system of interest, provides a number of analyt-
ical solutions. Some of these solutions have been derived for one-
dimensional pulse contaminant input or a continuous input [58].

2
Co exp ((x —ut) > 27)
\/4nD;t 4Dyt

To assess the effect of the utilized method to determine the retar-
dation coefficients on the prediction of Sr concentration, the values
of the hydrodynamic dispersion coefficient, the water velocity
and the distance were fixed at constant values. Fig. 7 shows the

C(x, t) =
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Fig. 7. Effect of the calculation of retardation coefficient method on the Sr concen-
tration as a function of time using (a) Eq. (26), (b) (ge/Ce), and (c) linear isotherm
model.

effect of the method to determine the retardation coefficients
on the predication of the concentration as a function of time. A
considerable effect is noticed between the predicted concentration
values (Fig. 7a-c), the utilization of the distribution coefficient
values to determine the retardation coefficients will over estimate
the predicted concentration. This might lead to a conservative
design that reduces the amount of the waste disposed in the

disposal facility. A greater care should be given to the estimation
of the retardation confident for low inventory.

4. Conclusion

The technical feasibility of using zeolite Na A-X as sorbing bar-
rier was examined by evaluating sorption characteristics of Sr2*
onto the prepared zeolite. The results illustrate the controlling sorp-
tion mechanism, the sorption isotherm and the thermodynamic
parameters. The specific conclusions pertaining to the results pre-
sented herein can be drawn as follow:

(1) From the examination of the effect of contact time it was found
that the sorption of Sr2* is due to two trends. At the first trend
the amount of sorbed strontium increases sharply with time
and then gradually increases to reach an equilibrium value in
approximately 90 min.

(2) To determine the controlling mechanisms, the experimen-
tal data were analyzed using four kinetic model equations.
The results of the analysis indicate that the sorption of Sr2*
onto the proposed backfill is a chemisorption process and that
within the first 30 min the sorption might be proceeded by
diffusion. The intraparticle diffusion and boundary layer effect
were found to be the controlling mechanisms Also it was found
that as the concentration increase the boundary layer effect
will be greater.

(3) The suitability of the geochemical conditions was prelimi-
narily assessed by conducting equilibrium sorption studies at
different pH ranging from 2.0 to 9.0, It was observed that the
values of the Sr2* distribution coefficients (ky) increases as
the groundwater pH increase and nearly reaches a plateau at
pH 6. This reflects that the material is showing a reasonable
retention performance at the mean groundwater pH.

(4) To optimize the design of the barrier, the effect of the initial
concentration on the retention of Sr2* on the zeolite Na A-X
blend at three temperatures was investigated. At high initial
concentration range the effect of ambient temperature on the
assessment of the distribution coefficients is negligible. Where
at lower initial concentration, as the ambient temperature
increases the distribution coefficients will increase.

(5) Due to the violation between the results obtained from fitting
the experimental data to the linear form of Langmuir model
and that revealed from the kinetic studies, the experimental
data were fitted to the non-linear forms of Freundlich, D-R
and Langmuir equations. The results of non-linear fitting are
closer to the experimental data. This was attributed to the fact
that the transformation of the non-linear isotherm equations
to linear form implicitly alters their error structure and may
also violate the error variance and normality assumption of
standard least squares.

(6) The experimental isotherm data were found to be best
described by Freundlich isotherm up to 500 mg/I initial con-
centration then the data are best described using D-R model.

(7) The analysis of the isotherm data confirms that the sorption
occur on the heterogeneous surface of the zeolite, the value of
the equilibrium values estimated from D-R are nearly equal
that of the experimental data, the mean free energy values of
the sorption is in the range of 8-16 k/mol, this confirm that
the sorption is controlled by ion exchange.

(8) From the thermodynamic analysis the endothermic nature of
the sorption processes was confirmed, and it was found that
the exchange of the Sr2* ions with more mobile ions present
on the sorbent, which would cause increase in the entropy
during the sorption process. Negative values of AG° confirm
the feasibility of the process and the spontaneous nature of
the sorption processes
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(9) To assess the effect of the utilized method to determine the
retardation coefficients on the predicted concentration, a sim-
ple pulse analytical model was used. It was concluded that
the prediction of the concentration was found to be highly
affected by the method utilized to determine the retardation
coefficient.

(10) Generally the utilization of the distribution coefficient values
to determine the retardation coefficients will produce over-
estimated values for the predicted concentration. This might
lead to a conservative design that reduces the amount of the
waste disposed in the disposal facility. A greater care should
be given to the estimation of the retardation confident for low
inventory.
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