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ABSTRACT

Sorption experiments were carried out to investigate the sorption behaviour of ®co(ll) and *zn(l1)
radionuclides from aqueous solutions onto zirconium(IV) selenomolybdate gel matrix. The effects of pH, initial
concentration of Co(ll) and Zn(ll), sorbent dose, contact time and temperature on the sorption process were
investigated. The data showed that the sorption kinetics and isotherms were fitted well to the pseudo-second-
order and the Freundlich models; respectively. Thermodynamic studies were carried out and it was found that
the process was spontaneous endothermic in nature. According to the data obtained, the prepared material
can be used as a promising sorbent for removal of 60Co(II) and 65Zn(II) radionuclides from aqueous solutions.
Keywords: Sorption; Co(ll); Zn(ll); Solid phase extraction; Sorption kinetics; Thermodynamic parameters.
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INTRODUCTION

Recently, scientists in different fields of science are concerned with facing environmental pollution to
rescue human health. Heavy metals are considered as a major cause of environmental pollution as they are a
main source of air, water and soil pollution and also found as a main component of waste released from
industry and medicine sector as well as from research and nuclear facilities [1-3]. The radioactive pollution is a
critical problem that attracts the attention of many scientists over the world due to the increased demand on
nuclear technology [4]. Cobalt-60 (T;,,=5.27 years) and Zinc-65 (T,,=245 days) are long-lived synthetic
radioactive isotopes that are produced by neutron activation [5-8]. They are of a particular interest due to
their relatively large abundance in the reactor and their ability to interact in the biological systems. They can
be released to the environment through leaks or spills at nuclear power plants. People may ingest them with
food and water that has been contaminated and that may result in an increased risk of cancers, so that their
removal from aqueous solutions is mostly needed [9, 10].

lon exchangers are widely used for the removal of such toxic heavy metals from both industrial and
nuclear waste solutions. For nuclear waste management, inorganic ion exchangers are used mainly to
concentrate the radioactivity into small volumes to ease its management process and also to facilitate the
recovery of some valuable radioactive nuclides for their reuse either in research or in different applications
and to lower the reactivity of the treated waste [11, 12]. Synthetic inorganic ion exchangers are distinct from
organic ones with their selective sorption properties, rapid rate of uptake, high thermal, chemical and
radiation stability [13-15].

Heteropolyacid salts are considered a distinct type of inorganic ion exchangers because they have
exchangeable protons and thus widely used as sorbents due to their wide and desirable variations available in
their compositions which enhance their selectivity [16, 17]. Their ion exchange capacity is higher compared to
single inorganic salts [18] and they are widely used for radiochemical separation of radioisotopes.
Heteropolyacid sorbents such as titanium(IV) molybdosilicate [19], tin(IV) Molybdotungstate, zirconium
molybdophosphate [20], Stannic silicomolybdate [21] and many others are efficient ion exchange sorbents for
the removal of metal ions as Cs(1), Pb(l), Ag(l), Co(ll), Zn(Il), Eu(lll) and Cd(ll).

This study aims to evaluate the applicability of the removal of 60Co(II) and 65Zn(II) radionuclides from
aqueous solutions using zirconium(IV) selenomolybdate sorbent.

MATERIALS AND METHODS
Materials

All chemicals used in this study were of analytical grade purity (A. R. grade) and were used without
further purification. Distilled water was used for solution preparations and washing. Cobalt chloride
(CoCl,.6H,0) was received from winlab Co.-U.K. Zinc sulfate (ZnS0,.7H,0) and Selenous acid (H,SeO;) were
received from Sigma-Aldrich Co.-U.S.A. Zirconium oxychloride (ZrOCl,.8H,0) and hydrochloric acid 37% were
received from Merk Co.-Germany. Sodium molybdate (Na,Mo00,.2H,0) was received from Prolabo Co.-Paris.

Instrumentations

Radiometric identifications and measurements were made by using a multichannel analyzer (MCA of
“Inspector 2000” model, Canberra Series, made in U.S.A, coupled with a high-purity germanium coaxial
detector (HPGe) of “GX2518” model. Samples of constant geometry were counted with low dead time (< 5%).
A pH-meter with a microprocessor (Hanna Instruments pH211 model, Portugal) was used for measuring pH
values of solutions. An analytical balance (A&D Engineering Inc., AND HR-202 model, USA) having dual range
(42 g/0.01 mg, 210 g/0.1 mg) was used for weighing.
Method

Radioactive isotopes
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For preliminary radiochemical investigations, 60Co(II) and 65Zn(II) radionuclides were produced by
thermal neutron irradiation of 0.1 g of cobalt chloride and zinc sulphate powders, respectively. The irradiation
process was carried out in the 22 MW water cooled Egyptian Second Research Reactor (ETRR-2) in Inshas,
Egypt. Each target was wrapped in a thin aluminum foil, placed in thick aluminum irradiation can and
irradiated at a thermal neutron flux of 10* n.cm™.sec™ for 4 hours.

Preparation of zirconium(IV) selenomolybdate gel matrix

5.062 g ZrOCl,.8H,0 was dissolved in a small portion of distilled water and then completed to 62.5
mL, after that it was heated just to 60 °C, and left to cool to room temperature ~ 25 °C. Then, 3.025 g
Na,Mo0O, was dissolved in a small portion of distilled water and then completed to 50 mL to form Na,MoO,
solution. The pH value of Na,Mo0O, solution was adjusted to about 4.5 with 2 M HNO;. After that, 1.288 g
H,SeO; was dissolved in a small portion of distilled water and then completed to 50 mL. While stirring,
Selenous acid solution was added to the stirred sodium molybdate solution and the produced mixture was
added to zirconium oxychloride solution to form zirconium(IV) selenomolybdate (ZSM) gel mixing solution. The
pH of ZSM gel mixing solution was adjusted to 4.5 with 2 M Na,COj; solution, and stirred for about 10 min. The
gelatinous precipitate so formed was allowed to stand for 30 minutes in the mother liquor for digestion. The
resulting gel mixing solution was centrifuged and dried in an oven at 50 2C for about 24 hours. The dried gel
was immersed in water to be cracked into small granules and to remove the superfine particles. Finally, the
ZSM gel dried again at 50 2C.

Batch distribution studies

The prepared material was studied using the batch contact method. The distribution coefficients (Kg)
for 60Co(II) and 65Zn(II) ions in aqueous HCl and HNO; acids solutions onto zirconium(lV) selenomolybdate gel
matrix samples were determined by the static batch equilibration technique. Also, the batch experiments were
to demonstrate the effect of contact time, reaction temperature, initial concentration of co(ll) and *zn(l1)
and sorbent dose on the uptake of 60Co(II) and 65Zn(II) radionuclides. For this purposes, 10 mL of aqueous
solutions of cobalt chloride (tagged with Co-60) or zinc sulfate (tagged with Zn-65) with 0.1 g of the
Zirconium(IV) selenomolybdate gel material were shaken at 25°C + 1°C for 24 hours. Thereafter, the
supernatants were withdrawn and 2 mL of the supernatant solution was pipetted for radiometric assay. The
distribution coefficients (Ky) were determined using the following equation:

A—A V
x — (ml/g) ey

4= T

where; A; and A; are the counting rates of the aqueous phase before and after equilibration with the gel
matrix, respectively, Vis the volume of the aqueous phase (10 mL) and m is the weight of the matrix (0.1 g).
The percentage uptake, % U, on the solid could be calculated from equation (2) as:

A — A
% uptake = R 100 (2)

Where; 4; is the initial activity expressed in counts/sec and AJ,— is the residual activity.
Sorption kinetics

Sorption kinetics of ®Co(ll) and *Zn(ll) was conducted by contacting, in a glass bottles, the sorbate
solution (GOCO(II) or 65Zn(ll); 10 mL of 10 M for each) with 0.1 g of zirconium(lV) selenomolybdate gel matrix.
The bottles were kept in a thermostated water bath shaker at 25°C + 1°C. At appropriate time intervals; the
sorption of each ion on the gel material was followed with time until equilibrium is attained.
Sorption isotherms

Sorption isotherm experiments were conducted batch wise, by contacting different concentrations of

60Co(II) and 65Zn(II) solutions. The concentrations were ranged from 10° to 10 M for either 60Co(II) or 652n(||).
A 10 mL of each solution was added to 0.1 g of the zirconium(lV) selenomolybdate gel matrix and the mixture
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was shaken in a thermostated water bath shaker at 25 + 1 °C. Initial and equilibrium concentrations of metal
ions in the aqueous phase were determined and the amount of metal ions adsorbed per gram of the gel
material (q) was calculated using equation (3) as follows:

q=(C - CE:]; (3)
Where; m is the weight of the gel material (g) and V is the volume of the solution (L).

RESULTS AND DISCUSSION

The prepared zirconium(lV) selenomolybdate gel matrix was obtained in the form of glassy white
powder which has high mechanical resistance as well as high chemical stability in salts of NH4" and sodium
chloride solutions and is also stable in low mineral acids concentrations.

Sorption Studies
Distribution coefficient studies (K;)

Batch equilibration method was used to investigate the pH dependence of the distribution
coefficients of 60Co(II) and 65Zn(II) in HCI solution onto zirconium(lV) selenomolybdate gel matrix. The results
are shown in Fig. 1. It is clear that the sorption of %co(I1) and ®zn(l) onto the sorbent follows more or less a
cation exchange mechanism. It is observed that the corresponding K4 values decrease with increasing [H'] in
the equilibrating solutions due to the competition between Co(ll) and Zn(ll) to exchange with H' on the surface
of zirconium(IV) selenomolybdate gel matrix. At low acid concentrations, high K4 values of 60Co(II) and 65Zn(II)
are obtained due to the predominance of cationic species [Co(I1)(H,0)]*" for cobalt and zn**, [zZn(OH)]" and
[ZnCl]" for zinc. The decrease of the corresponding K4 values with increasing the acid concentration may be
due to the competition between cationic species of cobalt and [H'] and due to the predominance of the
anionic species of zinc. Similar behaviour of Co(ll) and Zn(ll) is obtained in HNO3 acid solutions as shown in Fig.
2.
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Fig. 1: Distribution coefficients of mCo(II) and GSZn(II) in HCl solution onto zirconium(IV) selenomolybdate gel matrix as a
function of concentration of the equilibrating media.
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Fig. 2: Distribution coefficients of 6(’Co(ll) and 65Zn(II) in HNO; solution onto zirconium(IV) selenomolybdate gel matrix as
a function of concentration of the equilibrating media.
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Fig. 3: Effect of contact time on the uptake of 60Co(II) and 65Zn(II) radionuclides onto zirconium(lV) selenomolybdate gel
matrix

The effect of contact time on the percentage uptake of *°Co(ll) and *Zn(ll) radionuclides using the
prepared zirconium(IV) selenomolybdate gel matrix was investigated as shown in Fig. 3. From this figure, the
uptake increases with time and attains equilibrium in about 20 hours with uptake percent of about 95% and
99% for 60Co(II) and 65Zn(ll) radionuclides; respectively. A further increase in contact time has a slight effect on
the uptake of cobalt and zinc up to 48 hours, where it did not represent any remarkable effect. Based on these
results, 20 hours was taken as the equilibrium time in sorption experiments. Basically, the removal of sorbate
was rapid, but it gradually decreased with time until it reached the equilibrium. The removal of cobalt and zinc
ions showed a fast rate of sorption during the first hours of the sorbate-sorbent contact and the rate of
percent uptake became almost insignificant due to a quick exhaustion of the sorption active sites. In other
words, the rate of percent ion removal was higher in the beginning due to a larger surface area of the
adsorbent being available for the sorption of the ions.
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Effect of initial concentration
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Fig. 4: Effect of initial concentration on the uptake of *°Co(ll) and GSZn(I 1) radionuclides onto zirconium(IV)

selenomolybdate gel matrix

The effect of initial metal ions concentrations (10 - 10 M for each ion) on their uptake percent using
the prepared zirconium(lV) selenomolybdate gel matrix is shown in Fig. 4. This figure clarify that, the uptake
percent decreases with increasing the initial concentrations of 60Co(II) and 65Zn(II). This could be attributed to
the availability of sufficient sorption sites on the synthesized material required for the sorption of metals ions
at lower initial metal concentrations. However, at higher metal ion concentrations, the available sorption sites
are relatively low compared with metal ion concentrations.

Effect of sorbent dose
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Fig. 5: Effect of sorbent dose onto the uptake of 60Co(II) and 65Zn(II) radionuclides on zirconium(lV) selenomolybdate gel

matrix

The effect of the sorbent dose was studied at 25 + 1 °C by varying the sorbent amounts from 0.01 to 0.5 g.
For all these runs, initial concentration of *°Co(1l) and **zn(1l) radionuclides were fixed at 10 M for each. Fig. 5
shows that, the uptake percent of *°Co(ll) and ®zn(ll) increased rapidly with increasing the amount of
zirconium(lV) selenomolybdate gel matrix from 0.01 to 0.1 g. At doses higher than 0.1 g, the uptake slightly
increased till equilibrium achieved and seems to be constant. The increase in the rate as well as the percent of
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uptake of 60Co(II) and 65Zn(II) with increasing sorbent dose can be attributed to the availability of more
sorption sites.

Sorption kinetics

To investigate the potential rate-determining steps involved in the sorption of ®co(ll) and *zn(ll)
onto zirconium (IV) selenomolybdate gel matrix, both pseudo-first-order and pseudo-second-order kinetic
models are used to fit the experimental data [22].

The pseudo-first-order rate expression of Lagergren model [23, 24] is one of the most widely used
rate equations to describe the sorption of a sorbate from the liquid phase and generally expressed as follows:
In(g, —g;) = Ing, —k;t (4)

where, g. and g; are the amounts of 60Co(II) and 65Zn(II) ions sorbed on zirconium(lV) selenomolybdate
sorbent at equilibrium and time t (mg.g_l), respectively, k; is the pseudo-first-order rate constant (min™"). The
plots of In (g.-q;) verses t give straight line as shown in Fig. 6.
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Fig. 6: Pseudo - first - order plots for sorption of 60Co(II) and 65Zn(II) onto zirconium(lV) selenomolybdate gel matrix

The pseudo-second-order equation is expressed as follow [22]:

i:(h2)+ﬁi@ (5)

Rk
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where, g. and g; are the amounts of metal ion sorbed on the zirconium(lV) selenomolybdate sorbent at
equilibrium and time t (mg.g_l), respectively, k, is the pseudo-second-order rate constant (g.mg_1 min_l). The
plots of (t/q;) versus t are shown in Fig. 7.
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Fig. 7: Pseudo - second - order plots for sorption of 60Co(II) and SSZn(II) onto zirconium(lV) selenomolybdate gel matrix
The rate constants k; and k, of the pseudo-first order and the pseudo-second order models are
obtained from the plots of represented in Figs. 6 and 7. The rate constants, the correlation coefficients and the

calculated g, for the two kinetic models of ®°Co(ll) and *°Zn(l1) are shown in Table (1).

Table (1): Kinetics parameters for sorption of 60Co(II) and 65Zn(II) by zirconium(IV) selenomolybdate sorbent

pseudo-first-order pseudo-second- order
Sorbate K, R % K, R? a
Co 0.004 0.974 0.497 0.011 0.991 0.626
Zn 0.003 0.958 0.471 0.0153 0.993 0.683

From Table (1), the correlation coefficients (R°) of the pseudo-first order model are 0.974 and 0.958
for ®°Co(ll) and *°Zn(l1), respectively. While for the pseudo-second-order model, the correlation coefficients (R?)
are 0.991 for 60Co(II) and 0.993 for BSZn(II). These results indicated that the sorption of 60Co(II) and 65Zn(II) on
the prepared zirconium(lV) selenomolybdate gel matrix followed the pseudo-second order model rather than
the pseudo-first order model. Which means that, the sorption of 60Co(II) and 65Zn(II) onto zirconium(IV)
selenomolybdate gel matrix depends on both; the concentration of sorbent and the metal ions. So, it can be
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concluded that chemical interaction takes place during the sorption process i.e., the process is chemisorption
Sorption isotherm

Sorption isotherms are important for the description of how molecules of the sorbate interact with the
sorbent surface. Hence, the correlation of equilibrium data using either a theoretical or empirical equation is
essential for the sorption interpretation and prediction of the extent of sorption. The equilibrium sorption data
were generally interpreted using Langmuir and Freundlich models [25]. Langmuir model [26] is based on the
assumption of monolayer formation of sorbate ions on the sorbent surface. The linear form of this equation is
expressed as:

C 1 Ce

=—+
QE‘ QNEIKL Qi"”.ﬂl’

m

(6)

where g, (mg.g_l) is the sorbed amount of 60Co(II) and 65Zn(II) ions at the equilibrium concentration C,
(moI.L_l), Qmax is the maximum sorbed amount of 60Co(II) and 65Zn(II) in mg.g_1 and k; is Langmuir constant
(L.mg'l) which is related to the intensity of sorption.
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Fig. 8: Langmuir plots for sorption of 60Co(II) and 65Zn(II) onto zirconium(IV) selenomolybdate gel matrix

Figs. 8 a and b compiles the plots of C. /q. as a function of C, for the sorption of cobalt and zinc. From these
figures, linear plots are obtained with R’ values of 0.974 and 0.987 for 60Co(II) and 65Zn(II); respectively.

May - June 2016 RJPBCS 7(3) Page No. 1430



ISSN: 0975-8585

The linear form of Freundlich equation is expressed as follow [27]:

logg, = logKy +—logC, (N
n

Where, g, is the sorbed amount of ®co(ll) and *zn(l1) (mg.g'l), C. is the equilibrium concentration of elements
in solution (mg.L‘l), ke is Freundlich isotherm constant and n is a Freundlich isotherm exponent constant
related to the sorption intensity. Fig. 9 a and b displays the plots between log g. and log C. for the sorption of
cobalt and zinc. It was found that the correlation coefficients values are 0.990 and 0.993 for 60Co(II) and
65Zn(II); respectively.

01l m Zn
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log C,

Fig. 9: Freundlich plots for sorption of GoCo(II) and 65Zn(II) onto zirconium(IlV) selenomolybdate gel matrix

Table (2): The correlation constants for Langmiur and Freundlich isotherms for 60Co(II) and 65Zn(II) sorption onto
zirconium(IV) selenomolybdate sorbent

Langmiur isotherm Freundlich isotherm
Sorbate - 5 5
K, (Lmg™) Amax (Mg/8) R Ke (mg/g) i/n R
Co 0.412 3.345 0.974 0.734 0.473 0.990
Zn 1.354 3.715 0.987 1.470 0.289 0.993

Comparing the correlation coefficient values (RZ) of Langmiur model with those of Freundlich model
as shown in Table (2), it was found that, Freundlich isotherm is more fitted to the experimental date of *°Co(ll)
and 65Zn(II) than Langmiur model. So, Freundlich isotherm is more suitable and applicable in the present
sorption systems.
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Effect of temperature and thermodynamic parameters

The sorption of ®co(ll) and ®zn(l1) onto zirconium(IV) selenomolybdate gel matrix was carried out at
three different temperatures 298, 313 and 333 °K. Fig. 10 compiles the plots of In K4 as a function of the
reciprocal of absolute temperature for the sorption of cobalt and zinc. It is evident from this figure that the
temperature elevation improves the sorption processes 60Co(II) and 65Zn(II) radionuclides which indicates that
the present sorption processes are endothermic.
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2484 |-

X

- 2415
2.346 |

2.277 |
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2.208 | ® Zn
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Fig. 10: Effect of reaction temperature on the sorption of 60Co(ll) and 65Zn(II) radionuclides onto zirconium(IV)
selenomolybdate gel matrix

Based on the data given in Fig. 10, thefmodynamic parameters such as enthalpy change (,il.H=),
entropy change (A5) and Gibbs free energy (4G}, can be explained on the basis of by using Vant Hoff
equation [28]:

ot~ () () a

nKy =\-27 )t (8]

AG® = AH® — TAS® (@)
AG® = —RT InK, (10)

Where K, is the distribution coefficient (mL g'l), R (0.008314 kJ mol™ K'l) is the ideal gas constant and T (K°) is
the temperature in degree Kelvin.

Table (3): Thermodynamic parameters for sorption of 60Co(II) and 65Zn(II) radionuclides onto zirconium(IV)
selenomolybdate gel matrix at different temperatures

Sorbate (l:) AG®, (Kl.mol™) | AH®, (Kl.mol™) (K.l.n?:I'll.K'l)
298 -13.57
Co 313 -15.61 16.41 100.60
333 -17.09
298 -14.86
Zn 313 -15.61 4.94 66.40
333 -17.18

The thermodynamic parameters for the sorption of 60Co(II) and 65Zn(II) ions onto the zirconium(1V)
selenomolybdate gel matrix at various temperatures were calculated and summarized in Table (3). The

May - June 2016 RJPBCS 7(3) Page No. 1432



ISSN: 0975-8585

positive values of AH indicate that the studied sorption processes are endothermic. Furthermore, the
negative values of AG° demonstrate the spontaneous behavior of the sorption processes [29]. The decrease in
the value of AG® with the increase of temperature shows that the reaction was more spontaneous at high
temperature which indicated that the sorption processes are favored when temperature increases [30].
Finally, the positive values of AS°® suggested that the increased randomness at the solid-solution interface
during the sorption process [31].

CONCLUSION

Sorption of 60Co(II) and 65Zn(II) radionuclides onto the prepared zirconium(lV) selenomolybdate gel
material are studied and the obtained results showed that the sorption process either of ®co(ll) and *zn(ll)
radionuclides is dependent on the pH value as well as the reaction temperature. The sorption processes of
®co(ll) and *zn(ll) ions follow the pseudo-second order and the Freundlich models. Thermodynamic studies
indicate that the sorption process is spontaneous endothermic in nature and accompanied by entropy gain
under the investigated conditions.
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