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ABSTRACT

The ion-exchange behavior of '**Cs* onto zirconium molybdate (ZM) and zirconium iodo-
molybdate (ZIM) under batch conditions was achieved in different media. Acetic acid and
EDTA were used as organic ligands; whereas sodium chloride and sodium nitrate were
used as inorganic media containing Na* as competing ion for '**Cs* adsorption on ZM and
ZIM. Based on Davis and Debye-Huckel Equations, the activities and the activity coeffi-
cients of the corresponding concentrations were calculated. Different isothermal models
were used to express the effect of activity on the amount of '**Cs* sorbed onto ZM and
ZIM. The best-fitted adsorption isotherm models were in the order of BET > Freundlich >
Temkin > Sips > Langmuir in case of '**Cs*/ZM, while the order was Temkin > Freundlich >
BET > Langmuir > Sips in case of '**Cs"/ZIM. Traditional surface complexation models
(SCMs) could not account for the sorption of '**Cs* onto ZM and ZIM in presence of differ-
ent ligands or competing ions; the 2-pK basic Stern model and the triple-layer model (TLM)
was not satisfactory, due to the high number of adjustable parameters involved in these
model variations. Furthermore, a purely diffuse layer model (DLM) generally gave the
poorest fit to experimental data when combined with the 1-pK approach and was only
slightly better when combined with the 2-pK formalism. Therefore, a new model, surface
site competition complexation model (SSCCM) was developed by G. M. Ibrahim and
B. El-Gammal, based on 2-pK DLM to test several sets of data, including those containing
ligand complexes and competing cations. The theoretical basis, postulates, the model
equations, and the calculations were discussed in detail. The new SSCCM succeeded in
explanation of the marked sets of sorption data in distinctive ionic strengths giving rise to
the different activities, species, and their distributions in existence of both the organic com-
plexing ligands as acetic acid and EDTA and sodium as monovalent competing ion. The
SSCCM explained the results of the solubility’s of the inorganic species by calculation of
their logarithmic ionic activity products and the corresponding saturation indices. In addi-
tion, the surface charges and surface potentials were computed. Since the calculations in the
SSCCM are based on the activities, the model could predict the real formation constants,
and in turn, it could be precisely used to calculate the different thermodynamic parameters.
Negative free energy changes indicate the spontaneous nature of the sorption process, while
the positive values for both enthalpy change and entropy change indicates that the sorption
process is entropy directed.
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1. Introduction

The operations of nuclear power plants as well as
nuclear fuel reprocessing and radioisotopes produc-
tion facilities generate large amounts of high-level
radioactive wastes. The major contaminants of these
wastes are fission products and actinides. The recov-
ery of valuable elements, lanthanides, and actinides
from high-level nuclear wastes is an area of world-
wide concern. Among the main fission products
released, cesium radioisotopes stand as the most
important fission products because of their high fis-
sion yield, long half-life (**’Cs (T;,,~30.17 y), '*°Cs
(T1/2~23x10° y), "**Cs (T1/2~2.06 y)), and serious
environmental impacts [1]. Radioactive cesium con-
tamination is of serious social and environmental con-
cerns. It presents serious threat to human health and
environment because it is a strong gamma emitter and
has high solubility that enhances its migration through
groundwater to the biosphere [2]. Besides, cesium can
be easily incorporated in terrestrial and aquatic organ-
isms because of its chemical similarity to potassium.
The solubility/mobility of cesium was amounted up
to 186, 209, 261, and 400 g/100 g of water at ~20°C for
CsCl, CsHCO;, Cs,COz;, and CsOH, respectively.
Besides its high mobility, cesium can travel in airborne
dust particles and can be present in food and water.
Therefore, the migration of '*’Cs has become a key cri-
terion of performance assessment in radioactive waste
repository construction. In addition, cesium radionuc-
lides are considered potentially dangerous to human
health, if exposed via ingestion route, cesium is 100%
absorbed from the gut to the body and is distributed
fairly uniformly throughout the body’s soft tissues.
Actually, Cs is the major cause of thyroid cancer in
Belarus, which took 70% of the fallout from the Cher-
nobyl nuclear disaster [1,2].

Adsorption of **Cs* ions by ion-exchange to min-
eral phases in solution is of great importance in the
regulation of many trace metals in the environment.
Among the most common inorganic ion-exchangers
including hydroxides, oxyhydroxides, and clay miner-
als, metal hydroxides have the highest affinity for
inorganic ions in solution due to their high specific
surface area (SSA), surface charge, and reactive site
density [3]. While the adsorption behavior of '**Cs*
on metal molybdates has not been extensively studied,
it is understood that both aqueous complexation and
potential ternary complex formation can influence the
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Fig. 1. Distribution coefficient plots of 134Cs* onto ZM and
ZIM as a function of contact time.

extent of adsorption to mineral surfaces [4]. Numerous
experimental and modeling studies for metal ion
adsorption have been performed and the data
obtained has been fit to a variety of adsorption iso-
therm or surface complexation models (SCMs) [5,6].
SCM that allow formation of inner- and outer-sphere
complexes between surface hydroxyl groups and
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Fig. 2. Logarithmic plots of distribution coefficient of 134Cgt
onto ZM and ZIM as a function of contact time.
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Fig. 3. Sorption isotherms of 134Cs* onto ZM using different
models.

complexing aqueous ions offer the greatest potential
for describing metal adsorption because they have the
ability to account for the impacts of pH, ionic strength,
and ternary complex formation. There are a number
of SCM that differ in their description of the interfacial
region both with respect to the description of the rela-
tionship between surface charge and potential, and
the location of the sorbed species [7]. The Non Electro-
static Model and the Diffuse Layer Model (DLM) offer
simplistic descriptions of the double layer region that
require minimal parameter estimation but only allow
formation of inner-sphere complexes. Both the Triple
Layer Model (TLM) and the Charge Distribution
Multi-Site Complexation (CD-MUSIC) model provide
a more complete description of the interfacial region
and the means to account for both inner- and outer-
sphere complexation as well as ligand exchange that
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Fig. 4. Sorption isotherms of 134Cs* onto ZIM using differ-
ent models.
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Fig. 5. Ibrahim-El-Gammal SSCCM plots for '**Cs*/ZM
system.

is consistent with spectroscopic measurements [8]. The
CD-MUSIC model can be differentiated from the TLM
by three major characteristics; representation of sur-
face acidity, placement of ions, and charge in electro-
static planes, and representation of reactive surface
adsorptions sites [9].

Although the aforementioned models could
describe the metal sorption in different situations,
they failed to study the screening effect caused by
the presence of some complexing ligands or compet-
ing ions [5-9]. The efforts utilizing the classical 2-pK,
CCM, and TLM models were unable to predict
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Fig. 6. Ibrahim-El-Gammal SSCCM plots for '**Cs*/ZIM
system.
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13%Cs* adsorption adequately or did not employ sur-
face species that are consistent with molecular scale
analyses. Thus, the development of a more accurate
SCM that incorporates ligand complexation effects or
competing ions with the main ion adsorption is war-
ranted. In this study, a new surface site competition
complexation model (SSCCM) describing '**Cs*
adsorption and aqueous speciation has been devel-
oped over a range of experimental conditions to
provide a tool for predicting the fate and transport
of '**Cs” down gradient at zirconium molybdate
(ZM) and zirconium iodomolybdate (ZIM) sites.
Competitive '**Cs* adsorption on ubiquitous minerals
such as ZM and ZIM has been evaluated over a
range of experimental conditions.

2. Experimental
2.1. Starting chemicals and solutions

Analytical rank chemicals were used in different
procedures; concentrated HNO;, HCl, NH,OH, and pH
buffers (BDH grade chemicals) were used in pH adjust-
ments with no further purification. Molybdenum(VI) in
nitric acid (from 69% w/v nitric acid, Prolabo, France)
was prepared at concentrations by dissolving reagent
grade (Acros, France) molybdenum(VI) oxide powder.
Zirconium(IV) in nitric acid was separately prepared at
concentrations by dissolving reagent grade zirconium
oxychloride (ZrOCl,-8H,0), (Merck, Germany) after
having determined the water content by thermogravi-
metry. Synthetic stock solutions of NaCl, NaNOj, acetic
acid (C,H40,), citric acid (C¢HgO;,), and HNO; were
prepared at different concentrations in deionized water
from 107° to 1 M solution.

2.2. Adsorbent materials
2.2.1. Preparation of zirconium molybdate

ZM was synthesized by the same procedure
reported earlier [10-14], but with different molar
ratios of the reactants, by dissolving molybdenum tri-
oxide (MoQOj;) in sodium hydroxide solution NaOH
(2molL™"); afterwards the sodium molybdate
(NayMoQO,) solution was neutralized with nitric acid
HNO; 2molL™) up to pH 4.5. The consequent
sodium molybdate solution is subsequently added
to zirconium(IV)oxychloride solution ZrOCl,-8H,O
(20mgmL™") and heated at 50°C (molar ratio of
Zr/Mo % 1.6) with constant stirring for 30 min. Then
the colloidal mixture formed is of pH 1-2 so the
sodium hydroxide solution (2mol L™") must be added
to the colloidal mixture up to pH 5. The colloidal
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mixtures were filtered, and the precipitate was
washed with demineralized water (DMW), dried at
105°C in a drying oven, then finally ground and
sieved to obtain the different mesh sizes.

2.2.2. Preparation of zirconium iodomolybdate

With a different way to that cited in literature [15],
ZIM could be synthesized in the laboratory, by syn-
thesis of iodic acid HIO3 because of reaction between
Iodine and chlorine in aqueous phase. To avoid com-
bustion, the acid was gently added to KOH in fume-
hood, so that potassium iodate, KIO; was produced.
A mixture of 0.5M potassium iodate and 05M
sodium molybdate solution to 0.5M zirconium(IV)
oxychloride solution was established with continuous
stirring to obtain a gel. The desired pH was adjusted
by adding dilute HCl or NHj solutions. The gel was
aged in the mother liquor for 24 h at room tempera-
ture and filtered under suction. The excess acid was
removed by washing with DMW, and it was kept in
an oven at 50°C for drying. The dried product was
then cracked into small granules by putting in DMW,
which was converted into the H-form by treating with
1M HNOj; for 24h at room temperature. Different
groups such as molybdate (OMoQO;) and iodate (OIO,)
would be converted to the protonated forms of
MoO,H, and IOz;H, respectively. The material was
finally washed with DMW to remove any excess of
acid [16-18].

2.2.3. Characterization of ZM and ZIM

The based molybdate exchangers were character-
ized by advanced analytical tools. Simultaneous
DTA-TGA system, type DTA-TGA-50, Shimadzu,
Japan, was used to measure phase transformations
and weight losses from the sample, respectively, at a
heating rate of 10°Cmin~' under nitrogen gas to
avoid thermal oxidation of the ZM and ZIM
powders.

Powder X-ray diffraction (XRD, model XD610,
Shimadzu, Japan) data used for least-squares
refinements of lattice parameters were recorded on an
X-ray diffractometer, at room temperature, using
Bragg-Brentano geometry, with a back monochromatic
Cu Ko radiation. Samples were ground and mounted
on a flat sample plate. The diffraction pattern was
scanned over the angle range 4-90 (26) in step of 0.031
(26) and a counting time of 10s per step. The unit-cell
parameters were refined by a least-squares procedure.

Perkin Elmer FTIR, model BXII, USA, in the range
500-4,000 cm ™" was cast off to identify the IR spectrum



B. El-Gammal et al. | Desalination and Water Treatment 55 (2015) 2121-2143

of the different molybdate-based exchangers by acti-
vating the disc technique. In this concern, every sam-
ple was thoroughly mixed with KBr as a matrix, and
the mixture was ground and then compressed with a
special press to give a disc of standard diameter.

Laser diffraction particle size analyzer (SALD 2001,
Shimadzu, Japan) was used to distinguish between the
different mesh sizes obtained as well as their distribu-
tions.

Textural characterizations of the ZM and ZIM were
carried out by N, adsorption at 77 K using Autosorb I,
supplied by Quantachrome Corporation, USA. The
BET (N, 77K) is the most usual standard procedure
used when characterizing these exchangers.

2.3. Ion exchange studies
2.3.1. Distribution of **Cs* on different exchangers

The sorption of **Cs* on ZMB and ZIMB and the
ramification of the reaction media under various con-
ditions of ligand concentrations and pH was evaluated
by the distribution coefficient, K;. The estimation of K
was measured depending on two separate methods:

The first routine was used to calculate the differ-
ence between the total radionuclide activity of **Cs*
added, and that left in the suspension. In many exper-
iments, some ZMB, ZIMB, and/or '**Cs* sorbed to it,
could be adhered to the tube walls. This led to an
overestimation of the adsorption on the tube walls.
The logarithmic distribution coefficients were overesti-
mated by about 0.87; correction was made so that the
13Cs* is estimated on ZMB and ZIMB rather than the
tube walls.

In the latter procedure, the tube was leached with
acid after being washed with water and the amount of
13%Cs* lost during washing off in this method led to
an underestimation; log K; decreased at 0.06. Adsorp-
tion to the tube walls was taken into account in the
calculations, because it had a considerable effect on
the K, except for when a ligand was present-or when
Log K;—was used in calculation in the system accord-
ing to the following Equation.

(Ci—C)V

K =
TTTGW

1)

where C; and C; represent the initial and equilibrated
concentrations of the given metal ions in solution, and
V (mL) and W (g) are the volume of solution and the
mass of adsorbent, respectively.

In both procedures, replication of experiments was
conducted for estimation of the uncertainty of the
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results in presence and absence of ligand at different
concentrations. The standard deviation of the results
was about 0.091. The same procedures were carried
out using organic materials such as acetic acid and
EDTA as complexing agents and sodium chloride as
well as sodium nitrate of various concentrations as
competing ions.

2.3.2. Loading of "**Cs* on ZM and ZIM

Batch experiments were conducted to investigate
the adsorption of "**Cs* on ZMB and ZIMB from its
aqueous solution. 1g of ZM or ZIM was added into
25mL colorimetric tube containing the applicable con-
centrations at a pH value of 5.0 at 25°C. Then the mix-
ture was shaken vigorously for 10min and the
adsorption was maintained for a certain moment.
After centrifugation, the residual amount of 134Cs* on
ZMB and ZIMB in the supernatant was assayed
radiometrically using Nal(Tl) scintillation detector
connected to an ORTEC assembly (Nuclear
Enterprises), USA. The adsorption ratio (E%),
absorption capacity Q, (mgg ") at equilibrium, and
adsorption amount at time t (min) Q; (mgg™') were
calculated as follows:

E% = S0 =Ce s 100% %)
0
_ (CO - Ce)v
Q.= —w 3)
Co— C)V
="l @

where Cy (mg L"), C, (mg L™") and C; (mg L") are
concentrations of '**Cs® at initial, equilibrium, and
time ¢ (min) states, respectively. Later on, these Equa-
tions could be used in describing the sorption iso-
therms.

3. Results and discussion
3.1. Characterization of the exchangers
3.1.1. Characterization of ZM

In similarity to- and After- EI-Gammal and Shady
[12], the XRD patterns of ZM heated at different dry-
ing temperatures (50, 200, 400, 600, and 850°C),
revealed that ZM was amorphous but increasing the
drying temperatures, especially at 600 leads to the for-
mation of ZrOMoO, crystalline phase with significant
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improvement of crystallinity at 850°C with no phase
changes in the sample.

Also, the infrared spectra ZM showed a wide band
at ~2,500-3,600cm™ ! due to strong inter-and intra-
molecular hydrogen bonding. Another band at
600-900 cm ™' was assigned to M-O interaction vibra-
tions [19]. However, the band around 1,640 cm ! was
due to M-OH vibration, which could be ascribed to ¢
M-OH.

The DTA data of ZM revealed an endothermic
peak at about 109°C, concurs to loss of free water.
The weight loss continued up to 600°C, due to
removal of the crystalline water. The small exothermic
peak at 588°C, corresponds to the crystallization of
ZrO, and MoO; to form ZrOMoQO,. The total water
content obtained from TGA measurements and
calcination of the prepared materials was found to be
16.4 wt-%.

From the BET measurements, the surface area, Sy,
the total pore volumes estimated from the volume of N,
adsorbed at p/p =0.95, V,, and the average pore radius,
D,,, were found to be 175.36 m> g_l, 0.23 cm® g_l, and
12.36 A®, respectively, for ZM cation exchanger.

3.1.2. Characterization of ZIM

Chemically, ZIM was formulated as ZrO(OH),(105)
(MoQ,)-nH,O, which was naturally amorphous gran-
ules as indicated by its XRD.

Simultaneous DTA-TGA results indicated a
weight loss by 14-19% within the temperature range
until 150°C and augmented by an endothermic peak
at ~120°C. However, no peaks were observed up to
360°C, as there was no phase change at this tempera-
ture. At higher temperatures, an endothermic peak
was revealed at ~380°C that is attributed to the trans-
formation to MoO, and accompanied by weight loss
at the same temperature due to condensation of
internal water molecules to get this phase. The
exothermic peak revealed further crystallization to
ZrIMoOg at 590°C, with no weight loss. The thermo-
grams clarify that increasing the iodate content in
prepared exchanger decreases its caloric stability and
approves the stability of the synthesized precursors
up to 350°C. The thermal stability of these adsorbents
reflected their surface structure stability under high
temperature; the damage of the surface structure
resulted in the decrease of SSA. The obtained S, V,,
estimated from N, adsorbed at p/p=0.95 were about
22648 m>g™", 0.524cm®g ™', and 3.27 A", respectively.

B. El-Gammal et al. | Desalination and Water Treatment 55 (2015) 2121-2143

3.2. Calculation of the activity coefficients

The activity coefficient is an important parameter
for detection of the non-fictitious equilibrium distribu-
tion coefficient between the aqueous and solid phases,
and in turn, an actual determination of the thermody-
namic parameters is expected. In any A-B binary sys-
tem, the preference of the adsorbent for the two ions
could be expressed by the selectivity coefficient, K. 4_p).

EA-CB-ViBNOg

= )
Ep.Ca.yLANoO,

Kia-B) =

where y. is the mean activity coefficient of the electro-
lytes in the solution, C4 and Cg are the molar solution
concentrations of the competing ions A and B in
nitrate medium, respectively, whereas, the under
barred E4 and Ep are the equivalent fractions of the
same ions in the solid phase.

From Eq. (1), the mean activity coefficient is con-
sidered as an important factor that can be represented
by the Debye-Hiickel equation (6) [20].

Xz, z_I05

1+ Ya;I05 ©)

logy+ = —

where X and Y are Debye-Hiickle constants (they
were taken as 0.5115(Lmol")"/? and 3.29 x 107 L'/2/
c¢m mol'/ 2 respectively), Z, and Z_ are the charge val-
ues of the positive and negative ions, respectively, a;
is the closest distance of ion approach (1.67 x 10~® cm),
which is smaller than that reported earlier for the
identical cesium salt in aqueous solution in the equiv-
alent conditions [21]. However, the ionic strength of a
given solution, I, can be expressed as:

1
I=3 > ez @)

Since the ratio of the mean activity coefficients of
the two exchanging ions are usually fractions between
0.99 and 1, Debye-Hiickle theory could be used in
determination of the thermodynamic equilibrium con-
stant, K., according to the following relationship [22]:

1
In Kg = /IHKC(A,B)L‘ZH (8)
0
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Table 1

Concentrations and activities (molL™) of aqueous
inorganic and organic species at pH=0.5 and [=0.2137
from 10 M CsNO; and 1 x 10 8 M acetate solution
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Table 4

Concentrations and activities (molL™) of aqueous
inorganic and organic species at pH=0.5 and [=0.2137
from 107> M CsNO; and 1M acetate solution

Component Concentration  Activity =~ Log activity Concentration Activity Log activity
Acetate-1 7.82E—13 5.81E-13 —12.236 Acetate-1 7.9444E—06 5.9063E-06 —5.229

Cs* 0.000999 0.000743  —3.129 Cs* 9.9949E—-04 74308E—04 —3.129
Cs-Acetate (aq) 3.12E-16 3.28E-16 —15.485 Cs-Acetate (aq) 3.1695E—09 3.3293E-09 —8.478
CsNO; (aq) 5.5E-07 5.78E-07 —6.238 CsNO; (aq) 5.5044E—07 5.7820E-07 —6.238

H* 0.42534 0.31623 -0.5 H* 4.2534E-01 3.1623E—01 —0.500
H-Acetate (aq)  1E-08 1.05E-08 —7.979 H-Acetate (aq)  1.0161E-01 1.0674E-01 —0.972
NO3 0.000999 0.000743  -3.129 NOj 9.9949E—-04 7.4309E-04 -3.129

OH"™ 4.28E-14 3.18E-14 —13.497 OH™ 4.2829E-14 3.1842E-14 -13.497
Table 2 Table 5

Species distribution of aqueous inorganic and organic
species at pH =0.5 and I=0.2137 from 10°>M CsNO; and
1x107® M acetate solution

Species distribution of aqueous inorganic and organic
species at pH=0.5 and I=0.2137 from 10>M CsNO; and
1M acetate solution

Component % of total concentration Species name Component % of total concentration Species name
Acetate™ 99.992 H-Acetate (aq)  Acetate™" 99.992 H-Acetate (aq)
Cs* 99.945 Cs* Cs* 99.945 Cs*

0.055 CsNO; (aq) 0.055 CsNO; (aq)
NO; 99.945 NO; NOj; 99.945 NO;

0.055 CsNO; (aq) 0.055 CsNO; (aq)

When 0.000M CsNOj natural solutions are pre-
pared in bidistilled water, both theoretical and calcu-
lated pH values were semi-identical as 6.998 and
6.997. This similarity is expected as both summations
of the negatively charged nitrate anions, and the posi-
tively charged cesium cations are identically recorded
as 9.9 x10 *molkg™'. On the other hand, the prepara-
tion of 0.001 M CsNOQO; led to a resultant pH of the sys-
tem=6.98;, the equilibrium concentration was
distributed between 99.9 x 10™*M as free Cs* and NO,
ions and 9.71 x 10" M combined CsNOj ion pair.

According to Egs. (5) and (6), the cationic and
anionic charges were equally distributed between the
main cationic and anionic species, respectively in the

Table 3

Mass distribution of aqueous inorganic and organic species
at pH=0.5 and I=0.2137 from 10 °>M CsNO; and 1x107®
M acetate solution

level of 9.99x10™* moleculekg™; charge difference
was kept at zero. The activity coefficients of both
species were found as 0.9649.

At pH 5, the charge difference was about 99.89 mol-
ecule kg™ at 0.2137 ionic strength. Therefore, the activ-
ity coefficients of both species were lowered to 0.74.
This may be attributed to the changes encountered in
the equilibrium concentrations of the species; the mo-
larities of Cs*, NOj, and CsNO; were found to be
9.99 x107*,9.99 x 107%, and 5.5 x 1077 M, respectively. In
contrast to the natural cause, at fixed pH=5, and
according to Egs. (2) and (3), the cationic and anionic
charges were not equally distributed between the prin-
cipal cationic and anionic species, that are recorded as

Table 6

Mass distribution of aqueous inorganic and organic species
at pH=0.5 and 1=0.2137 from 10°M CsNO; and 1M
acetate solution

Component Total dissolved % dissolved Total sorbed ~ Component Total dissolved % dissolved Total sorbed
Acetate™ 1E-08 100 0 Acetate™ 1.0162E—01 100 0
Cs* 0.001 100 0 Cs* 1.0000E-03 100 0
H* 0.42534 100 0 H* 5.2696E—01 100 0
NO; 0.001 100 0 NO; 1.0000E-03 100 0
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Table 7

Concentrations and activities (molL™) of aqueous
inorganic and organic species at pH=0.5 and [=0.2137
from 10> M CsNO; and 1M EDTA solution
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Table 10

Concentrations and activities (molL™) of aqueous
inorganic and organic species at pH=0.5 and [=0.2137
from 10°M CsNO; and 1M NaNOj; solution

Concentration  Activity Log activity Concentration  Activity Log activity
Cs* 0.000999 0.000774 -3.111 Cs* 1.4332E-04 1.1106E-04  —3.954
CsEDTA-3 1.52E-23 1.53E-24  —23.814 CsNO; (aq) 8.4987E—-04 1.0456E-03  —2.981
CsNO; (aq) 5.11E-07 6.28E-07  —6.202 H* 4.0810E—-01 3.1623E—01  —0.500
EDTA™ 1.04E-20 1.76E-22  —21.753 Na* 1.4075E+00 1.0906E+00  0.038
H* 0.4081 0.31623 -0.5 NaNO; (aq)  2.2463E+00 2.7636E+00  0.441
H,EDTA 2 8.14E-06 294E—06  —5.532 NaOH (aq) 3.5536E—14 43719E-14  —-13.359
H;EDTA™ 0.001568 0.001215 —2.915 NO; 1.1603E+01 8.9909E+00  0.954
H4EDTA (aq)  0.051125 0.062898 -1.201 OH™ 4.1093E—-14 3.1842E-14  —-13.497
HsEDTA+ 0.81172 0.62898 —0.201
H(EDTA+2 0.42629 0.15369 —0.813
HEDTA(Gi) 2 4.92E-11 495E-12  —-11.305
NO;1 0.000999 0.000774 -3.111
OH 4.11E-14 3.18E-14  —-13.497 Table 11
Distribution of aqueous inorganic and organic species at
pH=05 and 1=0.2137 from 10°M CsNO; and 1M
NaNOj; solution
Table 8 . .
Distribution of aqueous inorganic and organic species at Component % of total concentration Species name
pH=0.5 and I=0.2137 from 10°M CsNO; and 1M EDTA  Cg* 14.431 Cs™!
solution 85.569 CsNO; (aq)
) ) NO; 83.775 NO;*
Component % of total concentration Species name 16.219 NaNO; (aq)
EDTA™ 33.028 H,EDTA"2 Na* 38.521 Na*!
0.121 H,EDTA™ 61.479 NaNO; (aq)
3.961 H4EDTA (aq)
62.889 HsEDTA”"
Cs* 99.949 Cs*
0.051 CsNO; (aq) Tables 1-6 show the variations present because of
NO; 99.949 NO; adding acetic acid as a complexing agent. In low acetic
0.051 CsNO; (aq) acid concentrations, namely, 1 x 10°®M (Tables 1-3),

0.42634 cation kg™ and 9.9949 x 10~* anion kg ', giving
rise to charge difference 99.532230%. The activities of
the foremost ions were 7.4309 x 107, 7.4309 x 10~%, and
5.782 x 1077 for Cs, NO;, and CsNO;, respectively.

Table 9

Mass distribution of aqueous inorganic and organic species
at pH=0.5 and =0.2137 from 10°M CsNO; and 1M
EDTA solution

the ionic strength and charge difference calculated
were about 0.2137 and 99.532%, which could be attrib-
uted to the recorded cations and anions concentra-
tions. The equilibrium cations were about 4.2 x 107"
cation kg ', while the corresponding anions were
about 9.2x 107! that were distributed in solution as
shown in Tables 1 and 2. According to Table 3, the

Table 12

Mass distribution of aqueous inorganic and organic species
at pH=05 and I=02137 from 10°M CsNO; and 1M
NaNOj; solution

Component Total dissolved % dissolved Total sorbed ~ Component Total dissolved % dissolved Total sorbed
Cs* 0.001 100 0 Cs* 9.9319E—-04 100.000 0
EDTA™ 1.2907 100 0 H+ 4.0810E-01 100.000 0
H* 7.2336 100 0 Na* 3.6538E+00 100.000 0
NO; 0.001 100 0 NOj 1.3850E+01 100.000 0
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species are neither sorbed onto the exchanger nor pre-
cipitated in solution.

On increasing the acetic acid content to 1M, the
resultant cationic, anioic concentrations, and charge dif-
ference were about 4.2634 x 10! cation kg_], 9.9949 x
10 *anionkg ™', and 99.532230, respectively. As shown
in Tables 4-6, increasing the acetate content led to
increase in the Cs-acetate complexation from 3.28 x
107" to 3.3293 x 10, although the acetate itself has a
reversed activity when the concentration increased.
This could be attributed to the increased stability con-
stant for Cs-acetate complex in the aqueous phase with
expanding the acetic acid concentration.

Tables 7-9 show the different species present in solu-
tion as a result of coexistence of cesium nitrate and
EDTA whose concentrations are distributed in the fol-
lowing species order: Cs*, CsEDTA 3, CsNO; (aq),
EDTA™, HY, H,EDTA?, H;EDTA~, H,EDTA (aq),
HsEDTA*, H,EDTA*?, HEDTA(I) 2, NO; !, OH, as
0.000999, 152x107%, 511x1077, 1.04x107*°, 0.4081,
8.14x107°, 0.001568, 0.051125, 0.81172, 0.42629,
4.92x107", 0.000999, and 4.11 x 10", correspondingly.
In contrast to the case of acetic acid, the activity is less
than the concentration in Cs-EDTA complexation. The
main species present in solution were distributed
according to their types. The total EDTA species,
EDTA™, were distributed as HeEDTA"*(33.028%),
H;EDTA™ (0.121%), H4EDTA (aq), (3.961%), and
HsEDTA" (62.889%). On the other side, the inorganic
cesium ion was found distributed as free Cs* (99.949%)
and CsNO; (aq) (0.051%), while the nitrate anion was
distributed as NO3 (99.949%) and CsNOj; (aq) (0.051%).
The mass distribution of all cases showed no adsorbed
species, as no adsorbent was added until this moment.

Table 13

Concentrations and activities (molL™) of aqueous
inorganic and organic species at pH=0.5 and I=0.2137
from 107> M CsNO; and 1M NaCl solution

Concentration  Activity Log activity
clr 1.8374E+00 1.4238E+00  0.153
Cs* 1.2734E-04 9.8675E—05  —4.006
CsCl (aq) 9.0708E—05 1.1160E-04  —3.952
CsNO; (aq)  7.7514E-04 9.5363E—04  —3.021
H* 4.0810E—-01 3.1623E—-01  —0.500
Na* 1.1833E+00 9.1692E-01  —0.038
NaCl (aq) 5.3183E-01 6.5429E-01  —0.184
NaNO; (aq)  1.9387E+00 2.3851E+00  0.378
NaOH (aq)  2.9876E-14 3.6756E-14  —13.435
NO3 1.1911E+01 9.2294E+00  0.965
OH"™ 4.1093E-14 3.1842E-14  —13.497
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On contrast to acetic acid and EDTA as complexing
agents, sodium nitrate and sodium chloride were used
as competing ions, especially when nitrate is selected as
a common ion and chloride as a new counter one. The
data are listed in Tables 10-15. The ionic strength was
kept as 0.9000 to overcome the misleading results for
activity and activity coefficients. In case of sodium
nitrate addition, 1.8157 cationkg™' and 11.603 anion
kg ! were recorded with 72.937760% charge difference
percentage. However, in case of sodium chloride addi-
tion, the charge difference was about 79.249535% due to
the presence of 1.5915 cation kg ' and 13.748 anion kg .
Because of sodium chloride presence, the halite phase
is possibly encountered with 1:1 stoichiometry mineral.
The mentioned mineral was under saturation, whose
saturation index could be calculated by the following
equation:

IAP
SI=1lo 9
s [ Ksp }
where Ky, is the solubility product that is related to

the equilibrium constant, IAP is the ion activity prod-
uct that is the product of free ion species activities,
and SI is the saturation Index of solid phase and dis-
sociated species in certain solubility reaction. If IAP >
K, subsequently the mineral could be precipitated.
However, if IAP =K, SI is zero and the mineral is in
equilibrium with solution. In case of halite, the loga-
rithm of ionic activity product and the corresponding
saturation index were about 0,116 and —1.434, respec-
tively.

Table 14
Distribution of aqueous inorganic and organic species at
pH=0.5 and 1=0.2137 from 10>M CsNO3 and 1M NaCl
solution

Component % of total concentration Species name
cr 77.550 cr

22.446 NaCl (aq)
NOj; 85.997 NO;

13.997 NaNO; (aq)
Na* 32.386 Na*

53.059 NaNO; (aq)

14.555 NaCl (aq)
Cs* 12.822 Cs*

78.045 CsNO; (aq)

9.133 CsCl (ag)
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Table 15

Mass distribution of aqueous inorganic and organic species
at pH=0.5 and [=0.2137 from 10°M CsNO; and 1M
NaCl solution

Component Total dissolved % dissolved Total sorbed
cr 2.3693E+00 100.000 0
Cs* 9.9319E-04 100.000 0
H* 4.0810E-01 100.000 0
Na* 3.6538E+00 100.000 0
NOj3 1.3850E+01 100.000 0

3.3. Traditional ion-exchange studies
3.3.1. Preliminary kinetic studies

Figs. 1 and 2 show the static adsorption curves of
13Cs* onto ZM and ZIM. All adsorbents had a high
adsorption rate during the early period of adsorption
(60 min, corresponding to the adsorption section for
rotary wheel), and the adsorption reached saturation
after 80 min. The saturated adsorptive ratio (Rs) of the
ZIM was superior to that of ZM under various investi-
gated conditions. For the same adsorbent, it was
found that the Ry improved with the increase in tem-
perature. The early adsorption rate and the saturated
adsorptive ratio reduced in the order of ZIM and ZM,
which was consistent with diminishing BET surface
area order. The prepared ZIM and ZM possessed
175.36 m*g ' and 226.48 m*> g, Sggr, respectively.

The adsorption capacity of adsorbent (2.33 mmol
g ' and 347mmolg ") was closely related to its
recorded surface area, the average pore size, D,,
(12.36 A° and 3.27 A°) pore volume, V (0.23cm>g™!
and 0.524cm®g™!) for ZM and ZIM, respectively. It
was found that the sizable pore size and/or pore vol-
ume could reduce the diffusion resistance and hence
increased the adsorption rate. Meanwhile, the large
BET surface area also favored the dissipation of the
adsorption heat through the solid adsorbent surface,
and facilitated the adsorption process.

3.3.2. Adsorption isotherm models

Some equilibrium isotherm Equations were used to
describe experimental adsorption data. The equation
parameters and the wunderlying thermodynamic
assumptions of these equilibrium models often pro-
vide some insight into both the adsorption mechanism
and affinity of the surface.

3.3.2.1. The Langmuir isotherm. In 1916, Langmuir [23]
developed a theoretical equilibrium isotherm relating
the amount of gas adsorbed on the surface to the
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pressure of the gas. The Langmuir model is probably
the best-known and most widely applied adsorption
isotherm. It has produced good agreement with a
wide variety of experimental data and may be repre-
sented as follows:

KX, Ce

_ 10

e =14KC, (10

where K; is Langmuir constant and X,, is maximum
saturation capacity of adsorbent (mg g™).

3.3.2.2. The Freundlich isotherm. In 1906, Freundlich [23]
presented the earliest known adsorption isotherm
equation. This empirical model can be applied to non-
ideal adsorption on heterogeneous surfaces as well as
multilayer adsorption, and it is formulated by the fol-
lowing equation:

ge = k:C/" 1)

where K; is Freundlich constant and # is a parameter.

3.3.2.3. The Temkin isotherm. Temkin isotherm deliber-
ates the effects of the heat of adsorption that decreases
linearly with coverage of the adsorbate and adsorbent
interactions [23]. These isotherms have been reported
for the adsorption of diverse anions and organic mole-
cules onto varying substrates. This equation has gener-
ally been applied in the following form:

}?—8 — B, In (K7C,)

m

(12)

where B, is Temkin parameter and Ky is Temkin con-
stant.

3.3.2.4. The BET isotherm. Brunauer, Emmet, and Teller
[24] developed a simple isotherm pattern (BET iso-
therm), which takes into account the multilayer
adsorption, extracting the monolayer capacity, and
hence the SSA. A number of refinements to the BET
model and to the experimental method had been
developed more recently, but the basic BET method
remains the widely used technique for measurements
of the SSA. This equation for liquid solution is:

KCe

13
1- KZCE)(l - che + Ksce) 13)

e:Xm
T

where K; and K, are BET constants.
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3.3.2.5. The Sips (or Langmuir and Freundlich) iso-
therm. Sips [25] derived an isotherm equation, which
was valid for localized adsorption, without adsorbate—
adsorbate interactions. In the low-pressure region, this
equation reduces to Freundlich isotherm. The Sips
equation is expressed in the following form:

Ge = Xm M (14)
1+ (KCo)'"

where K; and n are same as defined in Egs. (10) and
(11).

3.3.2.6. Nonlinear regression analysis. All the model
parameters were assessed by nonlinear regression
using the Graph Pad Prism 5.x software (Dennis
Radushev, USA). The optimization routine required a
defined error function in order to evaluate the fit of
equation to the experimental data [23]. Apart from the
nonlinear regression coefficient (Rz), the sum of
squared error (SSE) and the standard deviation of
residuals (Syx) were used to gage the goodness-of-fit.
SSE and Syx are defined as:

SSE = (Qi—4:)’ (15)
i=1
Sy = Sj—fE (16)

where g, is the observation from the experiment i, Q; is
the estimate from the isotherm for corresponding
gi, m is the number of observations in the experimental
isotherm, and df is degree of freedom (df is the num-
ber of data points minus the number of parameters
fit). The smaller values of Syx and SSE indicate the
better curve fitting [26].

Based on Egs. (5)-(7), all Egs. (10)-(16) used for
expressing the adsorption equilibrium are generally
represented in the form of activities instead of the
usual concentrations. Figs. 3 and 4 show the different
isothermal models that describe the effect of equilib-
rium concentration on the quantity adsorbed of
1%4Cs*/ZM and '**Cs*/ZIM at equilibrium. It could be
seen from the figures and after calculation of the val-
ues of RZ,SSE, and Syx for all adsorption systems that,
the Sips isotherm is the best. For the Sips equation, R2
varied from 0.9759 to 1, and this model provided a
good fit to the experimental data with low SSE and
Syx values as compared to the other models. The
obtained results showed that the best-fitted adsorption
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isotherm models were in the order of BET > Freund-
lich > Temkin > Sips > Langmuir in case of **Cs*/ZM,
while the order was Temkin > Freundlich >BET >
Langmuir > Sips in case of '**Cs*/ZIM. The correlation
coefficients of the BET in case of '**Cs™/ZM and the
Temkin in case of **Cs*/ZIM were about 0.999 and
9.989, respectively.

3.4. Establishment of Ibrahim- El-Gammal Surface Site
Competition Complexation Model (SSCM)

In this part, the new model by G. M. Ibrahim and
B. El-Gammal was developed so it describes the sur-
face site reactions for a certain cation in presence of
competing and complexing ligands. Theoretical basis,
postulates, and verification of the SSCCM were scien-
tifically discussed.

3.4.1. Theoretical framework of Ibrahim-EI-Gammal
SSCCM

The acidic-basic properties of the oxide are
described in this work using a surface complexation
approach with a 2-pK model by Egs. (17), (18) with
the constants K; and K, respectively, defined as
below.

= SOHj = = SOH + H*

[= SOH][H*]

K =
' [=SOHj]

(17)

Kl — Kilm (_ AZF’#O)

2RT
=SOH= =SO" +H"

_ [=SO7][HT]
K= [= SOH]

- AzF%)

(18)

nt

K=k ( 2RT
where y, is the surface potential, depending upon
the model chosen to describe the interface, F is the
Faraday’s constant (96485.309 C mol™!), R is the gas
constant (8.31451Jmol 'K ™), T is the absolute tem-
perature (K), and Az is the charge changing at the
surface. In both Egs. (17) and (18), Az=-1. This
hypothesis implies that the sites attainable by titra-
tion are amphoteric, which is not always verified
[27].
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The constant capacitance model (CCM) is the sim-
plest description of the interface. In this model, acid
adsorption is based on a ligand-exchange mechanism.
All surface complexes are considered inner-sphere
complexes and the background electrolyte ions do not
form surface complexes, so that the relationship
between surface charge (7 in C m™®) and surface
potential (y, in V) is linear [28] as

o = Ci (19)

where C is the capacitance (Fm ) of the system.

Sposito [29] explained that this model cannot be
used to describe adsorption as a function of ionic
strength, and that it should be restricted to specifi-
cally adsorbing ions forming inner-sphere complexes
with little dependence on the ions. This model
was originally restricted to high ionic strength
conditions (I>0.1molL™") but Liitzenkirchen [30]
proposed that it can be also applied to lower ionic
strengths. This model requires a low number of
adjustable parameters, namely the capacity C,
which is ionic strength dependent, surface site
concentration N, and the surface acidity constants
™MK, and ™K, from reactions represented by
Egs. (17) and (18).

The double DLM [31,32] describes the interface
as composed of a double layer of counter-ions at
the surface to compensate surface charge of the
particle. The compact layer, closely linked to the
surface, and the diffuse layer, where both counter-
ions and co-ions are present and the interactions
between the ions and the oxide surface are weaker.
The diffuse layer does not migrate with the particle.
The potential at the compact/diffuse boundary
(shear plane) is called (~potential.

In the framework of the DLM, surface charge of an
oxide in a 1:1 electrolyte is given by:

zFy,
= 1/8RTerepl10° sinh 0
g EREN Sin <2RT>

where ¢z is the relative dielectric constant of the med-
ium (80.2 for water at 293.15K), g is the vacuum
dielectric constant (8.854x 1072 (2N 'm™), z is the
electrolyte ion charge, and I is the ionic strength (mol
L™"). Then, expressing ¢ as a function of the oxide
parameters and site concentration leads to:

(20)

P ([=soH;] - = 507)

sS

(21)

g =
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[H]

ini Fy,
F H+ K texp -7

o= L= som [ H1___ = (i) (22)
Css Kim exp (5{1139)

Rearranging Eqs. (20) and (22) e.g. in the case of the
DLM, leads to:

B Ktexn()
K exp(t) [F17]  \/8erg,RTI10° y Css
o\ =soH F
1HY Kten(p)
. H
Klfexp(%) [ ]

(Yo
X Smh(RT) (23)
The calculation of the (—potential from vy is given in
[33] in the DLM framework:

ze\ zey,
tanh ( 4kT> = tanh <4kT) exp(kx)

where z is the electrolyte ion charge, e is the elemen-
tary charge of electron (1.602x107" C), k the
Boltzmann constant (1.38 x 10_23]K_1), x (nm™Y) is the
reverse Debye length, and x (nm) is the distance at
which {(-potential is measured. Some authors define
that distance as the outer Helmholtz plane using the
more advanced TLM ({=vg), but we will adjust this
parameter, as well as logq intg. values, by a trial-and-
error approach to minimize the sum of squares. This
definition implies that the permittivity is autonomous
of position — or that the properties of water are the
same whatever the distance to the surface —, which
can be questioned knowing literature values [34], and
recent advances on the structure of water at the
surface [35].

Practically, the oxide surface charge can be deter-
mined either by potentiometric or electrophoretic titra-
tions. The fitting of the data with an appropriate
surface complexation model permits to determine the
oxide characteristics. Moreover, determining the point
of zero charge (PZC) of the oxide is of importance.
PZC is the pH at which the surface charge of the
oxide is nil. Following this, generic names are of sev-
eral definitions, depending on the authors and experi-
mental method. The evolution of electrophoretic
mobility of particles as a function of pH leads to the
determination of the isoelectric point (IEP), defined as
the pH, where the electrophoretic mobility is nil [36].
Potentiometric titrations of the oxide performed at
various ionic strengths lead to the determination of

(24)



B. El-Gammal et al. | Desalination and Water Treatment 55 (2015) 2121-2143

Table 16
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Ibrahim-El-Gammal SSCCM constants for sorption of '**Cs*/ZM and '**Cs*/ZIM in presence of different complexing

agents and their verification using different statistical methods

logk; = —Kgp log[Ltorar] + logIge

Equation

o 13Cs*/ZM 134Cs*/ZIM

System

Agent CH;COOH EDTA NaNos NaCl CH;COOH EDTA NaNos NaCl

Residual Sum of Squares  0.04152 0.0957 0.0538 0.02145 0.02341 0.10578 0.11676 0.04489

Pearson’s r —0.94906 —0.95871 —0.96698 —0.97756  —0.96456 —0.96819 —0.92894 —0.9424

Adj. R-Square 0.88417 0.90564 0.92423 0.94822 0.91877 0.92696 0.84008 0.8696

Equation parameters Value Standard Error Value Standard Error

CH;COOH Log Ics 2.69667 0.05185 I 3.1286 0.03893

CH;COOH Kep 0.08691 0.01178 Kgp 0.0792 0.00885

EDTA Log Ics 1.96475 0.07872 I 2.60625 0.08276

EDTA Kes 0.14767 0.01788 Kep 0.17821 0.0188

NaNos Log Igp 2.36361 0.05902 I 2.50316 0.08695

NaNojs Kgs 0.12462 0.01341 Kes 0.1214 0.01975

NaCl Log Ics 2.43442 0.03727 I 2.66084 0.05391

NaCl Kea 0.09622 0.00847 Kgp 0.08457 0.01225

T the point of zero salt effect (PZSE) [37]. The titration
able 17 . .

Concentrations and activities (molL™) of aqueous CUTVes are altered according to ionic strength [35-37],

inorganic and organic species at pH=0.5 and I=0.2137
from 10°M CsNO; and 1M acetate solution in presence
of ZM as adsorbent (V/m=100mL g ")

Concentration  Activity Log activity

=SOH(1) 1.6E-07 1.6E-07  —6.797
=SOH; (1) 0.010024 0.010024  —1.999
Acetate” 8.93E-06 6.92E-06 —5.16
Cs* 0.001 0.000775  —3.111
Cs* D(1) 2.44E-19 2.44E-19 -18.612
Cs-Acetate (aq)  3.31E-09 4.07E-09 -8.391
CsNO; (aq) 2.33E-18 2.86E-18 —17.543
H* 0.4081 031623  —0.5
H* D(1) 9.98E-17 9.98E-17 —16.001
H,MoO5;! 8,755,300 147,910  5.17
H;MogOs5 1.02E+11 1.74E+08  8.24
H-Acetate (aq)  0.10162 0.12502  —0.903
HMo,05; 70,661,000 120,230  5.08
HMoO;, 0.000709 0.00055  -3.26
Mo, O, 7,040.7 0.72444  —0.14
MogOy¢ 1.42E+14 24E+12  12.38
MoO5(H20)5(aq)  1.4125 1.7378 0.24
MoO;,? 2.77E-07 1E-07 -7
NO; 4.55E-15 3.53E-15 —14.452
NO; D(1) 0.001 0.001 -3
OH™ 4.11E-14 3.18E-14 —13.497
OH D(1) 0.009024 0.009024  —2.045

[38,39] and the intersection point of these curves is
defined as PZSE. For pH=PZSE, the cationic and
anionic exchange capacities are equal. For pure oxides,
with no specific adsorption, PZSE and IEP should be
equal, and they can be merged together under the
name PZC.

3.4.2. Ibrahim-El-Gammal SSCCM postulates

The traditional SCM adopt systems, which con-
sider a charged region at the surface of the adsor-
bent that can interact with the counter ions in
solution at that interface. However, the new Ibra-
him-El-Gammal SSCCM approach considers that
interaction in presence of competing ions and/or in
presence of complexing agents. Such species may be
positively charged as in case of competing ions or
adversely charged as in case of the ligands, which
have the ability to form complexes with different
stabilities with the parent ion prior to its complexa-
tion to the solid surface at the interfacial region.
According to the current pH, for heterogeneous sur-
face, the following site reactions concerning proton-
ation or deprotonation are possible:

= SOH + H"= = SOH}
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Table 18

Distribution of aqueous inorganic and organic species at
pH=0.5 and 1=0.2137 from 1073 M CsNO; and 1M acetate
solution in presence of ZM as adsorbent (V/m=100mL g™ ")

Component % of total concentration Species name
OH D(1) 90.024 (DOH D
9.976 (DNO5;D
Cs* 100.000 Cs*
NO; 100.000 (HNO;'D
Acetate” 99.991 H-Acetate (aq)
H'D(1) 99.756 (OH'D
0.244 (1)Cs'D
=SOH(1) 99.998 =SOH;
MoO,? 0.072 HzMogOs55
99.928 MogOye
Table 19

Mass distribution of aqueous inorganic and organic species
at pH =0.5 and I'=0.2137 from 10> M CsNO; and 1 M acetate
solution in presence of ZM as adsorbent (V/m=100mL g ")

Component Total dissolved % dissolved Total sorbed

=SOH() 0 0.000 1.0024E-02

Acetate™ 1.0163E-01 100.000 0

Cs* 1.0000E—-03 100.000 2.4444E-19

H* 1.7051E+15 100.000 1.1024E-02

MOO;'?' 1.1368E+15 100.000 0

NOy 4.5561E-15 0.000 1.0000E—-03

[= SOH;r ]

Ki=—/——— 2" 25
' = SOHJH"] @

Table 20
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. AzF
K=K <_ 21#0)

=SOH= =S5O~ +HT

_ [=SO7[H"]
K= [= SOH]
_ yint 7AZF¢O

In the presence of monovalent cation, M*, a competi-
tion with the protonation reaction occurs; cation
adsorption is analogous to metal hydrolysis in solu-
tion [40], so that

=SOH +M"==SOM + H"

_ [=SOM][H"]

K = [= SOH|M"] @7
_ wine[ _AzFY,

K=K (_ 2RT )

For divalent cations, M?*, the following 2 surface reac-
tions are possible

= SOH + M?'= =SOM" + H*

Formation constants and the related enthalpies of formation for inorganic and organic species at pH =0.5 and I=0.2137
from 10> M CsNO; and 1M acetate solution in presence of ZM as adsorbent (V/m =100mL g™")

Stoichiometry
Component log K AH (k] mol ™) Acetate” Cs* H* H,0O MoO, 2 NO;
Cs-Acetate (aq) —-0.12 0 1 1 0 0 0 0
CsNO; (aq) 0.02 0 0 1 0 0 0 1
H2M060;1§O£14 51.17 -218 0 0 8 -3 6 0
HsMogOqg 69.74 -275 0 0 11 —4 8 0
H-Acetate (aq) 4.757 0.41 1 0 1 0 0 0
HMo,0,; 58.58 —248 0 0 9 —4 7 0
HMoO;, 4.24 22 0 0 1 0 1 0
Mo705, 52.86 -258 0 0 8 —4 7 0
Mo80, 74.38 -285 0 0 12 -6 8 0
MoO5(H20); (aq) 8.24 -25 0 0 2 0 1 0
OH~ -13.99 55.81 0 0 -1 1 0 0
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Table 21

Concentrations and activities (molL™") of aqueous inor-
ganic and organic species at pH=0.5 and [=0.2137 from
10°M CsNO; and 1M EDTA solution in presence of ZM
as adsorbent (V/m=100mLg ")

Concentration Activity =~ Log activity
=SOH(1) 1.6E-07 1.6E-07  —6.797
=SOH; (1) 0.010024 0.010024 —1.999
Cs* 0.001 0.000775  —3.111
Cs*D(1) 2.44E-19 2.44E-19 -18.612
CsEDTA ™ 1.52E-23 1.53E—24 —23.814
CsNO; (aq) 2.33E-18 2.86E-18 —17.543
EDTA™ 1.04E—20 1.76E-22 —21.753
H* 0.4081 031623  —05
H™D(1) 9.98E-17 9.98E-17 —16.001
H,EDTA 2 8.14E-06 2.94E-06 —5.532
H,Mos05;* 8,755,300 147910  5.17
H;EDTA™ 0.001568 0.001215 2915
HsMogO,g 1.02E+11 1.74E+08 8.24
H,EDTA (aq) 0.051125 0.062898  —1.201
HsEDTA* 0.81172 0.62898  —0.201
HEDTA*? 0.42629 0.15369  —0.813
HEDTA(i) 4.92E-11 4.95E-12 —11.305
HMo,0,; 70,661,000 120,230  5.08
HMoO*" 0.000709 0.00055  —3.26
Mo;O,; 7,040.7 0.72444  —0.14
MogOy. 1.42E+14 24E+12 1238
MoOs(H,0)s(aq)  1.4125 1.7378 0.24
MoO,? 2.77E-07 1E-07 -7
NO; 4.55E-15 3.53E-15 —14.452
NO; D(1) 0.001 0.001 -3
OH™ 4.11E-14 3.18E-14 —13.497
OH D(1) 0.009024 0.009024  —2.045
Table 22

Distribution of aqueous inorganic and organic species at
pH=0.5 and 1=0.2137 from 10> M CsNO3 and 1M EDTA
solution in presence of ZM as adsorbent (V/m =100mL g ')

Component % of total concentration Species name

OHD(1) 90.024 (HOH D
9.976 (DNO;D

Cs* 100 Cs*

NO; 100 (DNO5; D

EDTA™ 0.121 H;EDTA™
3.961 H,EDTA (aq)
62.889 HsEDTA"
33.028 HGEDTA"?

H'D(1) 99.756 (HH'D
0.244 (1)Cs'D

=SOH(1) 99.998 =SOH;

MoO;,? 0.072 H;MogOys
99.928 MogOye
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[= SOM *|[H*]

Ky = k
[= SOH]|[M2*]

(28)

Ky = Kjf‘(— Az '/’0)

2RT
= 2SOH + M?*'= = (SO),M + 2H*

_ = (SOMIHT?
= sonp >

AzFy,
2RT

Ks = K (

In the presence of some competing ion and/or
some complexing agents such as EDTA, the surface
reaction constants are expected to decrease, due to
ligand—cation complexation, or due to cation—cation
completion. In other words, based on the diffuse
double layer model, the novel linear relationship,
the SSCCM governing the effect of ligand concentra-
tion on the sorption process on a heterogeneous sur-
face rather than the tested isotherms could be
represented as:

log K. = —Kgg log[Lrorat] + logIgsK:.

) AzFys
_ Klm _ %) logk
c ( 2RT> o8t
; AzF
= —Kgg log[LroraL] + logIcpks = ks nt(_ 2R7le0>
(30)

where Kgp and Igp are Ibrahim-El-Gammal constants,
which represent the competition-complexation stabil-
ity constant and the theoretical initial distribution
coefficient in the absence of the complexing agent

Table 23

Mass distribution of aqueous inorganic and organic species
at pH=0.5 and 1=0.2137 from 10°M CsNO; and 1M
EDTA solution in presence of ZM as adsorbent (V/m=
100mL g ™)

Component Total dissolved % dissolved Total sorbed
=SOH(1) 0 0 0.010024
Cs* 0.001 100 2.44E-19
EDTA™ 1.2907 100 0

H* 1.71E+15 100 0.011024
MoO, > 1.14E+15 100 0

NO; 4.56E-15 0 0.001
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Table 24
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Formation constants and the related enthalpies of formation for inorganic and organic species at pH=0.5 and I=0.2137
from 10> M CsNO; and 1M EDTA solution in presence of ZM as adsorbent (V/m =100 mL g_l)

Stoichiometry

Component log K AH (k] mol ™) Cs* EDTA™ H* H,O MoO;,? NO;
CsEDTA® 1.05 0 1 1 0 0 0 0
CsNO; (aq) .02 0 1 0 0 0 0 1
H2EDTA 17.221 -36 0 1 2 0 0 0
H,MogOy; 51.17 218 0 0 8 -3 6 0
H;EDTA™ 20.338 —28.9 0 1 3 0 0 0
HsMogOs 69.74 -275 0 0 11 -4 8 0
H4EDTA (aq) 22.552 -27.9 0 1 4 0 0 0
HsEDTA* 24.052 -25.9 0 1 5 0 0 0
H¢EDTA™> 23.94 -25.1 0 1 6 0 0 0
HEDTA(Gi) > 10.948 -21 0 1 1 0 0 0
HMo,057 58.58 248 0 0 9 -4 7 0
HMoO, 4.24 22 0 0 1 0 1 0
Mo,0,¢ 52.86 ~258 0 0 8 4 7 0
MogOj 74.38 -285 0 0 12 -6 8 0
MoO3(H;0)s(aq) 8.24 -25 0 0 2 0 1 0
OH™ —13.997 55.81 0 0 -1 1 0 0
Table 25

Concentrations and activities (molL™") of aqueous inorganic and organic species at pH =0.5 and 1=0.2137 from 107°M
CsNO; and 1M NaCl solution in presence of ZM as adsorbent (V/m =100mL g ")

Concentration Activity Log activity

=SOH(1) 1.5967E-07 1.5967E-07 —6.797
=SOH; (1) 1.0024E-02 1.0024E-02 -1.999
cr 1.8362E+00 1.4228E+00 0.153
CI'D(1) 1.3397E-03 1.3397E-03 —2.873
Cs* 1.2742E-04 9.8734E—-05 —4.006
Cs™D(1) 8.0033E-21 8.0033E—-21 —20.097
CsCl (aq) 9.0702E-05 1.1159E-04 —3.952
CsNO; (aq) 7.7507E—04 9.5354E—04 —-3.021
H* 4.0810E—-01 3.1623E-01 —0.500
H'D(1) 2.5633E-17 2.5633E-17 —-16.591
H,MoeO5;' 8.7553E+06 1.4791E+05 5.170
H3M0802;85 1.0214E+11 1.7378E+08 8.240
HMo;0,, 7.0661E+07 1.2023E+05 5.080
HMoO, 7.0920E—04 5.4954E—-04 —3.260
Mo,05; 7.0407E+03 7.2444E-01 —0.140
MogO,¢ 1.4199E+14 2.3988E+12 12.380
MoO3(H,0)3(aq) 1.4125E+00 1.7378E+00 0.240
MoO,? 2.7738E—-07 1.0000E—-07 —7.000
Na* 1.1839E+00 9.1734E-01 —0.037
Na*D(1) 7.4359E-17 7.4359E-17 —-16.129
NaCl (aq) 5.3172E-01 6.5416E—01 —0.184
NaNO; (aq) 1.9382E+00 2.3845E+00 0.377
NaOH (aq) 2.9890E-14 3.6773E-14 —13.434
NO; 1.1903E+01 9.2230E+00 0.965
NO; D(1) 8.6842E—-03 8.6842E—03 —2.061
OH™ 4.1093E-14 3.1842E-14 —13.497
OH D(1) 2.9982E-17 2.9982E—-17 —-16.523
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Table 26

Distribution of aqueous inorganic and organic species at
pH=0.5 and [=0.2137 from 10°M CsNOs and 1M NaCl
solution in presence of ZM as adsorbent (V/m =100mL g ')

Component % of total concentration Species name
OH D(1) 86.635 (DNO;'D

13.365 (DOCI-1D
NO; 85.938 NOj;!

0.063 (DNO5; D

13.994 NaNO; (aq)
Na* 32.401 Na*

14.552 NaCl (aq)

53.047 NaNO; (aq)
Cs* 12.829 Cs*

9.132 CsCl (aq)

78.038 CsNO; (aq)
H'D(1) 25.633 (DH'D

74.359 (DNa'D
Cr 77.498 Cr

22.442 NaCl (aq)

0.057 (OHCI'D
=SOH(1) 99.998 =SOH;
MoO,? 0.072 HsMogOs5

99.928 MogOye

and [Ltorar] is the total ligand concentration, K. is
the equilibrium constant, and k; is the distribution
coefficient in mLg™'. The negative sign indicates
decreasing partition coefficient with increasing the
ligand concentration. The SSCCM is an advantage,
because it requires relatively few fit parameters and
a large widespread database, as it is based on the
surface site reactions [41]. However, it is expected
that the stability constants are ionic-strength-indepen-
dent. The SSCCM could be applied to evaluate the
complex formation ability in presence of mixed
ligands. By plotting a relationship between both loga-
rithms of the equilibrium constant or the distribution

Table 27

coefficient in mLg ' with the total ligand molar
concentration, a straight line is expected to appear.
Fitting the extrapolated straight line could fairly
assess the competition-complexation stability con-
stant and the distribution coefficient at zero-ligand
concentration.

3.4.3. Verification of SSCCM

Based on Eq. (30), the two-layer surface site
competition- complexation model incorporated into
MINEQL+, v. 4.6 [42] was utilized to model
1%*Cs+/ZM. The results of the batch experiments
were compared to that obtained by MINEQL+. The
two-layer SSCCM and the database of Dzombak and
Morel [43] were utilized to predict '**Cs* removal by
ZM and ZIM with large ionic strengths. MINEQL +
utilizes the Davis equation to calculate the activity
coefficients for various components. The Davis equa-
tion works well for ionic strength values less than
0.5M, and wusually, Pitzer equations are recom-
mended to calculate the activity coefficients in high
ionic strength solutions [44]. However, it is possible
to use the conventional extended Debye-Huckel
equation, which is similar to Davis’s equation to
model ion-interactions in the '**Cs*/ZM and '**Cs*/
ZIM systems. As it could be seen from Figs. 5 and 6,
the logarithmic plots of partition coefficients linearly
decreased with the corresponding logarithmic equilib-
rium concentrations.

As shown in Table 16, the new model succeeded
in explanation of the effect of ligand concentration
on the partition coefficient of the original ion
134Cs*/ZM and '*Cs*/ZIM systems. The statistical
errors are within the accepted values. In addition,
the correlation coefficients could be theoretically ver-
ified. As the slope of the curve increases, the forma-
tion constant of the ion-ligand increases. In case of
NaNO; and NaCl, increasing their concentration
would be responsible for the same effect observed

Saturation indices and their stoichiometries of inorganic species at pH=0.5 and [=0.2137 from 10°M CsNO; and 1M
NaCl solution in presence of ZM as adsorbent (V/m=100mLg ")

Component logIAP SI Stoichiometry

H,MoO4(s) -8.000 4.876 1 MoO,? 2 H*!

Halite 0.116 -1.434 1 Na* 1 iy -1 H,0

MoOj(s) -8.000 0.000 1 MoO;, 2 2 H* -1 H,0

Na;Mo,0(s) -15.075 1.522 2 MoO, 2 2 Na™* -1 H,0O 2 H*
Na;MoOj(s) -7.075 -8.565 1 MoO,? 2 Na*

Na,MoO,:2H,0(s) -7.075 -8.299 1 MoO, 2 2 Na* 2 H,0
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Table 28

Mass distribution of aqueous inorganic and organic species
at pH=0.5 and [=0.2137 from 10°M CsNO; and 1M
NaCl solution in presence of ZM as adsorbent (V/m=
100mL g™ ")

Component Total dissolved % dissolved Total sorbed
=SOH(1) 0 0.000 1.0024E—-02
Clr 2.3680E+00 99.943 1.3397E-03
Cs* 9.9319E—-04 100.000 8.0033E-21
H., 1.7051E+15 100.000 2.0048E—-02
MoO,? 1.1368E+15 100.000 0

Na* 3.6538E+00 100.000 7.4359E-17
NO; 1.3842E+01 99.937 8.6842E—-03

in case of acetic acid or EDTA as complexing
agents. This could be attributed to completion of
Na* ion with '**Cs*/ZM or '**Cs*/ZIM, regardless
of the co-anions present in solution.

As it could be seen from the postulates, the
SSCCM is ionic strength dependent. Therefore, one
goal of this study is to determine whether the
SSCCM can adequately describe '**Cs* adsorption
on ZM over significant ranges of ionic strength and
sorbate/sorbent ratio as well as the mineral-mineral
interactions’ possibilities. ZIM was excluded from
calculations due to complexity, as extra iodate
surface is present. Tables 17-20 show the effect of
addition of ZM as an adsorbent to the current sys-
tem using V/m=100mLg '. At the interfacial
region, the sum of the «cations was about

Table 29
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0.4091 cationkg™" and 5.6849 x 10'*anionkg ', reach-
ing a charge difference as 100%. The surface poten-
tial because of different charges distribution over the
distinct planes was calculated. 1.1844E-01V at yw (O)
plane was only present, while zero voltage were
observed at (B) and (D) planes. On the other hand,
the charge density, g, is about 0.55267 Cm* as ¢
(O) plane, which was completely reversed, —0.55267
as o (DDL) plane. Due to the addition of ZM, two
species that may undergo solubility are present in
the tested DL. H,MoQO4(s), which has a logarithmic
ionic activity product, equal to —8.000 that was pre-
cipitated as its saturation index is about 4.876. The
stoichiometry of that compound is about 1, 2, and
-1 for MoO,?, H* and H,O, respectively. The latter
compound is MoO; (s) with a logarithmic ionic
activity product equal to —8.000 which is in equilib-
rium between the solid and aqueous phases as its
saturation index is zero.

The replacement of acetic acid with EDTA led to a
change in the surface charges, on the surface, to be
2.07 cation kg and 5.68 x 1014 anion kg ' with charge
difference 100%, while the same charge density held
constant at 0.11856 V surface potential. As it could be
seen from Tables 21-24, most of the cesium was not
sorbed on the surface as it was complexed by EDTA.
This result was augmented by the SSCCM stability
constant and supported by the lowering k; values with
the concentration of the EDTA concentration.

On the other hand, Tables 25-34 were explained
using SSCCM according to the postulate that compet-
ing ions could reduce the cation adsorption on the

Formation constants and the related enthalpies of formation for inorganic and organic species at pH=0.5 and [=0.2137
from 107>M CsNO; and 1M NaCl solution in presence of ZM as adsorbent (V/m =100 mL g_l)

Stoichiometry
Component log K AH (k] mol ™) Cr Cs* H* H,O MoO, 2 N (NO3) Na*
CsCl (aq) -0.1 0 1 1 0 0 0 0 0
CsNO; (aq) 0.02 0 0 1 0 0 0 1 0
H,MoeO,;' 51.17 -218 0 0 8 -3 6 0 0
H;MosO,g 69.74 ~275 0 0 11 -4 8 0 0
HMo,0,; 58.58 —-248 0 0 9 —4 7 0 0
HMoO, 4.24 22 0 0 1 0 1 0 0
Mo,057 52.86 ~258 0 0 8 -4 7 0 0
MogO, 74.38 —285 0 0 12 ) 8 0 0
MoO;(H,0); (aq) 8.24 -25 0 0 2 0 1 0 0
NaCl (aq) -3 -8 1 0 0 0 0 0 1
NaNO; (aq) -.55 0 0 0 0 0 0 1 1
NaOH (aq) —13.897 59.81 0 0 -1 1 0 0 1
OH™ -13.997 55.81 0 0 -1 1 0 0 0
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Table 30
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Concentrations and activities (mol L™") of aqueous inorganic and organic species at pH=0.5 and 1=0.2137 from 10°M
CsNO; and 1M NaNO; solution in presence of ZM as adsorbent (V/m =100 mL g_l)

Component Concentration Activity Log activity
=SOH(1) 1.5967E-07 1.5967E-07 —6.797
=SOH; (1) 1.0024E-02 1.0024E-02 -1.999
Cs* 1.4342E-04 1.1113E-04 —3.954
Cs™D(1) 7.8959E-21 7.8959E-21 —20.103
CsNO; (aq) 8.4977E—04 1.0454E-03 —2.981
H* 4.0810E-01 3.1623E-01 —0.500
H'D(1) 2.2468E—-17 2.2468E—-17 —16.648
H,Mo405;! 8.75563E+06 1.4791E+05 5.170
H3M0802;§5 1.0214E+11 1.7378E+08 8.240
HMo;0,, 7.0661E+07 1.2023E+05 5.080
HMoO, 7.0920E-04 5.4954E-04 —3.260
Mo, 05, 7.0407E+03 7.2444E-01 —0.140
MosO,¢ 1.4199E+14 2.3988E+12 12.380
MoO;(H,0); (aq) 1.4125E+00 1.7378E+00 0.240
MoO;? 2.7738E-07 1.0000E-07 —7.000
Na* 1.4082E+00 1.0911E+00 0.038
Na*D(1) 7.7525E-17 7.7525E-17 -16.111
NaNO; (aq) 2.2456E+00 2.7627E+00 0.441
NaOH (aq) 3.5554E-14 4.3741E-14 —13.359
NO; 1.1594E+01 8.9837E+00 0.953
NO3,D(1) 1.0024E-02 1.0024E-02 -1.999
OH™ 4.1093E-14 3.1842E-14 —13.497
OH D(1) 3.5529E-17 3.5529E-17 —16.449

surface sites due to competing effect caused by the
extra positively charged cation rather the steric hin-
drance encountered in complexation by acetic acid or

Table 31

Distribution of aqueous inorganic and organic species at
pH=05 and 1=02137 from 10°M CsNO; and 1M
NaNO; solution in presence of ZM as adsorbent (V/m=
100mL g™ ")

Component % of total concentration Species name
OH D(1) 100.000 (ODNO; D
NO;* 83.708 NO;

0.072 (DNO;'D

16.214 NaNO; (aq)
Na*' 38.540 Na,

61.460 NaNO; (aq)
Cs™t 14.440 Cs,

85.560 CsNO; (aq)
H'D(1) 22.468 (DH'D

77.525 (DNa*D
=SOH(1) 99.998 =SOH,
MoO;,? 0.072 HsMogOs5

99.928 MogOye

EDTA. Moreover, increasing the ionic strengths by the
addition of NaCl or NaNO; would negatively affect
the sorption process by lowering the pH of the
system. In '*Cs*/ZM system, the charges on the
molybdate surface were about 1.59 cationkg™ and
5.68 x 10"* anion kg, respectively. On comparing the
effect of acetic acid and EDTA as complexing agents,
NaCl, and NaNO; as competing media, it was found
that both cases would cause lowering of the sorption
content as could be explained based on the SSCCM.
However, the decrease in the sorption process in the
former case would be expected to be less than the
later one. This could be explained by the nature of the
molybdate surface, which acts as perfect cation
exchanger, as well as the size of the ions resulting
from the complexation process. This would result in
more steric effects that can render the inner-sphere
sorption or diffusion [15]. Another main difference is
the formation of new solid species with different
solubilities. In case of addition of NaCl to the **Cs*/
ZM system, each of the subsequent species with their
logarithmic ionic activity products and the corre-
sponding saturation indices were respectively found,
(HoMoOy(s), —8.000, 4.876), (Halite, 0.116, —1.434),
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Table 32
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Saturation indices and their stoichiometries of inorganic species at pH=0.5 and I=0.2137 from 10°M CsNO; and 1M
NaNO; solution in presence of ZM as adsorbent (V/m =100 mL g_l)

Component logIAP SI Stoichiometry

H,MoO,(s) —8.000 4.876 1 MoO;,? 2 H* -1 H,0

MoOs(s) —8.000 0.000 1 MoO;2 2 H* -1 H,O

NayMo,O(s) —14.924 1.672 2 MoO;2 2 Na* -1 H,O 2 H*
NayMoQOy(s) —6.924 -8.414 1 MoOZ2 2 Na™*

Na,Mo0O,4:2H,0(s) —6.924 —8.148 1 MoO;2 2 Na* 2 H,O

Table 33 4.876), MoO5(s), —8.000, 0.000, (Na,Mo0,O(s), —14.924,

Mass distribution of aqueous inorganic and organic species
at pH=05 and 1=0.2137 from 10°M CsNO; and 1M
NaNO; solution in presence of ZM as adsorbent (V/m=
100mL g™ ")

Component Total dissolved % dissolved Total sorbed
=SOH(1) 0 0.000 1.0024E—-02
Cs* 9.9319E-04 100.000 7.8959E-21
H* 1.7051E+15 100.000 2.0048E—02
MOOZZ 1.1368E+15 100.000 0

Na* 3.6538E+00 100.000 7.7525E—-17
NOy 1.3840E+01 99.928 1.0024E-02
(MoOs(s), —8.000, 0.000), (Na,Mo,O,(s), —15.075,
1.522), (Na,MoOy(s), —-7.075, —8.565), and
(Na,Mo00O4.2H,0(s), —-7.075, —8.299). On the other
side, addition of NaNO3; would enhance the formation
of the following species: (H,MoO4(s), —8.000,
Table 34

1.672), (Na,MoQy(s), —6.924, —8.414, and
(NapMoO4:2H,0(s), —6.924 and 8.148). As could be
noticed, HoM0O4(s), NaxM0,Oy(s) are insoluble spe-
cies, while MoOj; is in equilibrium with the solution
under these conditions.

3.4.4. Thermodynamic of adsorption

In technological practice, thermodynamic variables
such as enthalpy change (AH®), entropy change (AS°),
and free energy change (AG®) are crucial and must be
taken into consideration in order to determine the
spontaneity of a process. These parameters were
obtained from adsorption experiments at various tem-
peratures, namely, at 298, 308, 318, and 333K using
the following equations [45]:

(31)

Formation constants and the related enthalpies of formation for inorganic and organic species at pH =0.5 and I=0.2137
from 10> M CsNO; and 1M NaNOj; solution in presence of ZM as adsorbent (V/m=100mL g ")

Stoichiometry
Component log K AH (k] mol ™) Cs* H* H,O MoO, 2 N (NO3) Na*
CsNO; (aq) 0.02 0 1 0 0 0 1 0
H,Mo,0,,! 51.17 -218 0 8 -3 6 0 0
HsMogOs5 69.74 -275 0 11 —4 8 0 0
HMo,0,; 58.58 —248 0 9 —4 7 0 0
HMoO, 4.24 22 0 1 0 1 0 0
Mo, 0, 52.86 -258 0 8 —4 7 0 0
MogO,¢ 74.38 —285 0 12 -6 8 0 0
MoO5(H,0); (aq) 8.24 -25 0 2 0 1 0 0
NaNO; (aq) —0.55 0 0 0 0 0 1 1
NaOH (aq) -13.897 59.81 0 -1 1 0 0 1
OH~ -13.997 55.81 0 -1 1 0 0 0
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Table 35
Effect competing ion concentration on the change in free energy of adsorption of **Cs*/ZM and "**Cs*/ZIM

AG (k] mole™)

%Cst/ZM Cs*/ZIM
Competing ion concentration CH3;COOH EDTA CH;COOH EDTA CH;COOH EDTA CH;COOH EDTA
1.00E-08 —7.928 -5.382 —6.937 -6.309 —9.575 -10.312 -7.529 —7.041
1.00E—06 —7.755 —5.301 —6.886 —6.204 —9.523 —10.399 -7.437 —6.886
1.00E—05 —5.725 —4.703 —-5.816 -5.301 -8.520 —8.997  —6.643 —6.103
1.00E—04 —5.636 —3.466 —5.143 —4.845 —8.391 -8.112  -5.816 —6.044
1.00E—03 —5.465 —2.821 —4.432 —4.302 -8.112 —6.886  —5.301 —6.005
1.00E—02 —4.845 -1.714 —-3.693 —3.693 —7.437 —5.143  —4.302 —4.703
1.00E-01 —4.565 —0.398 —2.925 —2.821 —6.886 —4.175  —4.432 —4.050
1.00E+00 —4.175 1.003  -1.318 —2.211 -6.005 -3.031 -1.516 —3.246

AG’ = —RTInK, (32)

AS AH®  AG®

R RT

In (K,) R RT

(33)

where K. is the equilibrium constant. The values of
AH® and AS° were obtained from the slope and inter-
cept of van't Hoff plot of In(K,) vs. 1/T. The use of
van't Hoff plot is an indirect, but accurate method to
calculate thermodynamic adsorption parameters at
solid-solution interfaces. For accurate calculations, the
real equilibrium constant and in turn the remaining
thermodynamic parameters were computed using the
activity results based on the Ibrahim-El-Gammal
SSCCM.

According to the SSCCM, Tables 20, 24, 29, and
34 show the formation constants and the related
enthalpies of formation for the inorganic and organic
species at pH=0.5 and I=0.2137 from 10> M CsNO;
and 1M CH;COOH, EDTA, NaCl, and NaNO; solu-
tions, respectively, in presence of ZM as adsorbent

Table 36

(V/m=100mLg '). Few species such as HMoOj,
have a positive enthalpy of formation, while the
remaining species are formed by exothermic reac-
tions. Therefore, the comprehensive enthalpy change
would be affected by the heat of formations of the
species mentioned in those tables. Actually, the all-
inclusive adsorption reactions are not enthalpy
dependent; they are entropy directed. This fact is
clearly seen in Tables 35 and 36 as the free energy
of the different adsorption systems have negative
values, which indicate the spontaneous nature of the
system. The positive values of the entropy indicate
the increasing randomness in the '**Cs*/ZM system;
at least 15-20 species are present in solution. Espe-
cially, Table 35 shows the effect competing ion con-
centration on the change in free energy of
adsorption of '**Cs*/ZM and '**Cs*/ZIM. Negative
free energies are generally encountered, which
agrees with the continuous spontaneity of reactions.
However, this spontaneous nature of adsorption
decreases as the concentration of the ligand
increases.

Thermodynamic parameters for the adsorption of 134Cs* on ZM and ZIM

System Temperature (K) AG°(KJ mol ™) AH*(k] mol ™) AS°(J mol ! K)
Bicgt/7ZM 298 -9.08068 36.546 135.87

308 ~7.5607

318 —6.5164

333 —-6.328
134Cg* /ZIM 298 -12.3019 45.256 165.894

308 -8.69241

318 -7.33028

333 -7.136
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4. Conclusion

The sorption behavior of **Cs* onto ZM and ZIM
under batch conditions after preparation and charac-
terization of ZM and ZIM was carried out in the
absence and presence of some complexing agents and
some competing sodium ion. Based on Davis and
Huckel Equations, the activities and the activity coeffi-
cients of the corresponding concentrations were calcu-
lated. Therefore, the different isothermal models were
used to express the effect of concentration on the
amount of "**Cs* sorbed onto ZM and ZIM at a con-
stant temperature in their real equilibrium conditions.
A new model, SSCCM was developed based on 2-pK
DLM to test several sets of data; applying the 2-pK
basic Stern model and the TLM was not satisfactory.
This is may be due to the high number of adjustable
parameters involved in these model variations, which
made the optimization procedure of the applied com-
puter codes not to converge. Furthermore, a purely
DLM generally gave the poorest fit to experimental
data when combined with the 1-pK approach and was
only slightly better when combined with the 2-pK for-
malism. The new SSCCM succeeded in explanation of
the distinct sets of sorption data in different ionic
strengths giving rise to the different activities, species,
their distributions for both organic complexing ligands
as acetic acid and EDTA and sodium as monovalent
competing ion. The SSCCM explained the results of
the solubility’s of the inorganic species by calculation
of their logarithmic ionic activity products and the
corresponding saturation indices. Since the calcula-
tions in the SSCCM are based on the activities, the
model could predict the real formation constants, and
in turn, it could be clearly used to calculate the differ-
ent thermodynamic parameters.
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