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Abstract

A new extractant-impregnated resin (EIR), chrome azurol S-impregnated on XAD-2010, is used as an adsorbent to separate
and preconcentrate U(VI) and Th(IV) ions prior to their spectrophotometric determination. Various instrumental techniques
such as elemental analysis, FTIR, and SEM analysis were employed for full characterization of the synthetic extractant. Opti-
mization of the adsorption and elution conditions of U(VI) and Th(IV) ions using synthesized chrome azurol S-impregnated
XAD-2010 were studied. Langmuir isotherm model has the best fitting experimental data with a maximum adsorption
capacity of 23.8 mg g~! for U(VI) and 25.4 mg g~! for Th(IV). The adsorption process of each metal ion using synthesized
chrome azurol S-impregnated XAD-2010 showed an exothermic pseudo-second-order adsorption process. High tolerance
limits for several studied metal ions on chrome azurol S-impregnated XAD-2010 were observed. The optimized method was
applied on an international certified samples and different rock types bearing thorium and uranium with accurate results.
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1 Introduction

The strategic issue of chemists is the exploration and min-
ing besides the processing of the ore materials containing
nuclear elements such as uranium and thorium, which repre-
sents the corner stone of the (industrial) nuclear technology
[1,2].

Furthermore, their accurate determination using several
advanced and simple techniques with economic procedures
was of great prominence for precise and accurate evaluation
of their occurrences in certain areas [3-5].

Problems encountering the spectrophotometric technique
(as a simple cheap and available technique) are mainly refer-
ring to spectral interference. In this situation, matrix con-
stituents of rock can be considered as the ordinary factor dis-
turbing elemental measurements. The spectral interference
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enhances the uranium and thorium absorbance value giving
incorrect concentration values [6, 7].

To solve this problem, the segregation including coprecip-
itation, solvent extraction, electrodeposition, ion-exchange
etc. [8—14] has been used in the analytical chemistry labo-
ratories for their precise and accurate determination. Solid
phase extraction (SPE) is one of the efficient preconcentra-
tion-differentiation procedures used, due to its simplicity and
confined usage of the organic solvents [15-24]. Solid phase
extraction of thorium and uranium is also a preferable choice
in analytical chemistry in common [25-33].

The Amberlite XAD resins are extremely important from
both the economic and environmental point of views for
solid phase extraction after their proper functionalization
[34-36]. The literature survey revealed that XAD-2000 and
XAD-2010 are used for the preconcentration and seclusion
of organic materials at trace levels [37, 38]; however, only
few studies on these resins were highlighted for preconcen-
tration of trace metals [39-41].

To achieve accurate and precise determination of both
elements, spectrophotometric method using the proper
sensitive and selective dye was merged with solid phase
extraction technique in this work. In the pursuance of
many researches on the extractant impregnated resins
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(EIRs) applications [27, 28, 42—-47], this work converges
on the eclectic separation and preconcentration of trace
amounts of thorium and uranium in their bearing rocks
using a new EIR containing Amberlite XAD-2010 resin
beads impregnated with chrome azurol S. The new EIR
adsorbent manifested eminent selectivity for thorium and
uranium sorption from aqueous solutions after adequate
optimization.

2 Experimental
2.1 Reagents

Chrome azurol S (CAS) and Amberlite XAD-2010 were
purchased from Sigma Chemicals.

All the common reagents were supplied by VWR BDH
Prolabo Chemicals (Fontenay-sous-Bois, France). On the
other hand, U(VI), Th(V), Na(I), K(I), Ca(1l), Mg(1I),
Al(IID), Mn(1l), Fe(III), Cr(VI), VO(II), Cu(1l), Co(III),
Ln(III), pb(I), Ba(Il), Mo(VI), B(III), Cd(II), and Zn(1I)
standard stock solutions, 1000 ppm, were analytical grade
and purchased from Merck (Darmstadt, Germany).

2.2 Preparation of the EIR

The CAS-impregnated XAD-2010 resin beads were pre-
pared using a dry procedure [43]. Before the impregna-
tion process, a pretreatment of Amberlite XAD-2010 resin
beads were handled with 1:1 methanol-water solution
comprising 6 M HCI for 12 h in order to drive out any
enduring monomers and other species of impurities which
may be found with the fabricated beads. The resin was
totally rinsed with double-distilled water and placed into
a drying oven at 323°K for 30 min. To prepare the impreg-
nated resin, portions of Amberlite XAD-2010 resin (1 g
of dry resin) were carried into a spectrum of glass stop-
pered bottles containing different concentrations of CAS
in 200 mL methanol, which was utilized as a solvent. The
entire contents were slowly shaken for 10 h to accomplish
impregnation process and then heated at 333°K in a drying
oven to drive out the solvent. Each EIR sample was then
conveyed to a porous filter and washed consecutively with
HCI1 (3 M) solution and enormous amounts of distilled
water until no color of CAS dye was found in the filtrate.
Eventually, the impregnated resins were dried at 323°K
and weighed. Compound structure was characterized by
means of SEM using a Jeol (Tokyo, Japan) JSM 5600 LV
scanning electron microscope, FTIR spectrometer Bruker
Vector 22 Germany in the range of 400-4000 cm™!, and
elemental analysis.
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2.3 Analytical procedures

U and Th were spectrophotometerically determined by using
the chromogenic reagents, Arsenazo-III and thoron I, respec-
tively [48]. Other interfering elements were analyzed using
Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES), Teledyne technologies.

2.4 Statistical and accuracy evaluation

Statistical techniques are applied, in the present work, in two
ways: one of them is for estimating precision and accuracy
of the analytical data and the second is for quality assur-
ance of the produced concentrate. A common practice in
analytical chemistry literature is to quote the mean (X) as
a common factor for estimating the precession (degree of
reproducibility or random error). Accuracy (A) of a meas-
urement method is defined as the measure of the closeness of
results to reference (well known) or true one. The following
equations are therefore applied [49-51]:
XX

Arithmetic mean: - X = s @))
n

where Xi=is an individual measurement, n =is the number
of measurements:
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where d represents the difference between the repeated
measurements.

2.5 Adsorption procedure

The adsorption process used batch technique to study dif-
ferent parameters affecting uranium and thorium adsorption
process for the prepared EIR in all experiments such as pH,
contact time, initial metal concentration, temperature and
interfering ions. Thus, a sample (S) weight of 0.1 g (m) was
added to a volume of 50 Ml (V) of U or Th aqueous solutions
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and equilibrated by stirring at room temperature. After a cer-
tain time, the solutions were filtered and the concentration
of uranium and thorium was spectrophotometrically deter-
mined. Both the determination of the adsorption coefficient
(Ads %) and the adsorption capacity (q) was calculated using
the following equations:

(€G-,
q-<T>X : @

€~ C)
Ads% = <?> X 100, (8)

where, C; and C; are the initial and the final concentrations
of aqueous phases, respectively.

3 Results and Discussion
3.1 Preparation of CAS-Impregnated Resin

Chrome azurol S dye (CAS) contains hydroxyl, carbonyl
and sulphonate groups which make it suitable for chelat-
ing with several metal ions. Chrome azurol S -impregnated
XAD-2010, CAS/XAD-2010, was efficiently prepared by
the impregnation method, described in the experimental
section. To prepare the suitable form of CAS/XAD-2010,
various impregnation ratios; g CAS g=! dry XAD-2010
adsorbent were studied and the data was illustrated in Fig. 1.
As shown, the weight change increases as the impregna-
tion ratio increases after which a plateau is reached at the

impregnation ratio of 1.5 g CAS g~! dry XAD-2010 adsor-
bent, where it was adopted as the optimum impregnation
ratio.

3.2 Characterization of the Modified Resin

In order to verify the presence of the active functional
groups of CAS in the modified resin, IR spectra of Amber-
lite XAD-2010 and the CAS/XAD-2010 modified resin were
studied (Fig. 2). The IR spectrum of Amberlite XAD 2010
resin exhibited less intense band at 3436 cm™', which can
be attributed to the stretching vibrations of adsorbed water
[52]. The bands at 2924 cm™" and 1632 cm™! are assigned
to the aliphatic—CH,—CH, chains and the phenyl rings,
respectively. The frequency at 1482 cm™ is assigned to C=C
stretching mode, while the peaks from 829 to 1120 cm™! are
attributed to C—C stretching vibrations. Upon modification
with CAS, the phenolic-OH band appears at 3432 cm™'. The
most noticeable change in the spectra is the band at 1274
and 1213 cm™! which are due to the stretching SO32_ band,
while C—Cl band appeared at 572 cm™'. Moreover, the bands
were assigned to C—O at 1121-1033 cm™' and the C=0
band at 1625 cm™'. The above mentioned bands indicate the
modification of Amberlite XAD 2010 with CAS.

The CHNS elemental analysis of Amberlite XAD-
2010 and the CAS/XAD-2010 modified resin were studied
(Table 1). The elemental analysis of the CAS/XAD-2010
was conducted with an erratic increase in the C, H and N
contents than Amberlite XAD-2010. In addition, the pres-
ence of S element (1%) confirms the impregnation of CAS
into Amberlite XAD-2010 as shown in Table 1.

*
*
*

Fig. 1 Effect of the impregna- 1.4 -
tion ratio on the EIR preparation
at the condition that portions of
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Fig.2 FTIR spectroscopy of

the working polymeric resin:
a Amberlite XAD-2010 and b
CAS/XAD-2010 modified resin
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Table1 The CHNS elemental analysis (weight %) of Amberlite
XAD-2010 and the CAS/XAD-2010 modified resin

Sample C H N S
Amberlite XAD-2010 75.77 6.30 3.63 -
CAS/XAD-2010 modified resin 83.36 7.93 4.34 1.00

3.3 Effect of Acid Medium

From the critical parameters for solid phase extraction of
metal ions is the type of acidic medium. The effect of per-
chloric acid, hydrochloric acid, nitric acid and sulfuric acid
on sorption process and complex formation between metal
ions and synthesized EIR were studied. For this purpose,
50 mL aliquots of 500 pg L~ U(VI) and Th(IV) solutions
(pH 3) were treated with 0.1 g portions of EIR at 298 + 1 K.

- [ .
2000 1000 400

Wavenumber [cm-1]

As shown in Table 2, the adsorption of metal ions on syn-
thesized EIR with hydrochloric acid gave the highest adsorp-
tion percentages. As expected, increasing acid concentration
leads to enhance the salt effect and consequently, the adsorp-
tion process is encountered with some restriction. Also, the
crystals of salt occupy the superficial area of the EIR at
high salt concentrations, which diminish the EIR available
to interact with the analytes and played a negative role by
decreasing the recovery. The same behavior agreed with that
reported using other adsorbents [32, 53, 54]. Hydrochloric
acid was selected for optimum adsorption experiments.

3.4 Effect of pH
As mentioned above, the synthesized EIR (CAS/XAD-2010)

can uptake uranium and thorium in high yield from aqueous
hydrochloric acid solutions containing uranium and thorium.

Table 2 The effect of different

. . Acid conc. Th adsorption (%) U adsorption (%)
acid concentrations of several
acidic media HCIO, HNO; HCl H,SO, HCIO, HNO; HCl H,SO,
0.05 93.0 80.0 99.0 73.0 90.3 81.5 99.5 75.2
0.10 78.0 72.2 92.0 61.5 76.6 71.3 87.5 64.6
0.20 64.0 61.0 73.5 50.2 61.5 60.6 70.0 53.8
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Fig. 3 Effect of pH on the adsorption efficiency percent of uranium
and thorium using 50 mL of solution of 0.5 mg L' with respect to
U(VI) and Th(IV) ions

A glance at the extractant structure shows the presence of
different donating atoms or functional groups such as OH,
C=0, and S-donor ligands which readily form complexes
with uranium and thorium ions. The pH extensively affects
the metals ion accumulation on the adsorbent and their che-
late formation. The effect of pH on the adsorption process
was investigated in the range of 1-5 at the above optimum
conditions (Fig. 3).

It was found that the adsorption of uranium and thorium
were very low using hydrochloric acid solution (0.05 M)
with lower pH value. Lower adsorption of each analyte at
pH values lower than the optimum values can be due to the
rivalry of H" with analyte ions for special functional groups,
which are responsible for complexation of each analyte to
CAS/XAD-2010. In addition, there is the presence of ani-
onic species of these analyte ions at lower pH, which are
not adsorbed by EIR. It was noticed that increasing pH led
to increase uranium and thorium adsorption efficiency and
gave high yield at pH 3-5, may be due to the presence of
cationic uranium and thorium species (UO,CI* and Th*Cl5)
which is predominate in this region [55-58]. Hence, the pH
3 is selected for the quantitative adsorption of uranium and
thorium using the synthesized EIR (CAS/XAD-2010) in the
following experiments. The result agreed with that reported
earlier using other adsorbents [32, 52, 59-62].

3.5 Effect of Contact Time and Kinetic Studies

Kinetic behavior of uranium and thorium adsorption from
0.05 M hydrochloric acid solution using the synthetic sorb-
ent, in terms of adsorbed amount q, (mg g™"), is illustrated
in Fig. 4. The adsorption into synthesized EIR (CAS/
XAD-2010) passes through two stages, the first stage
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Fig.4 Effect of time upon uranium and thorium adsorption efficiency
from chloride medium by using synthesized EIR

where adsorption increased rapidly up to 7 min. which is
attributed to more available sites of EIR for adsorption,
and finally equilibrium stage which has been attained at
15 min. Figure 4 referring to all the sites present on adsor-
bent get satisfied [63, 64]. It can be seen that over 75%
of uranium and thorium adsorption efficiency is achieved
within the first 5 min. In addition, equilibrium adsorption
(99.5% for U and 99% for Th) occurred within 15 min.

The experimental data was treated with various kinetic
models including the pseudo-first order and the pseudo-
second order for evaluating the kinetic mechanism of
adsorption process.

The equations of pseudo-first-order and pseudo-second-
order models are specified as follows [65-68]:

kit
| —qg)=1 -
og(q, — q,) = logg, 7303 )
r_ 1 + L
a9 kq  q. (10)

where q, and q, (mg g~!) are the capacities of each ana-
lyte adsorption by synthesized EIR at equilibrium and
time t respectively. k, (1 min~") and k, (g mg~! min~") are
pseudo first-order and second order sorption rate constants,
respectively. The values of constants (q., k;, and k,) were
calculated from the lines (Fig. 5) and given in Table 3.
Consequently, pseudo second order model has better fitting
experimental data performance in terms of higher correla-
tion coefficient and conformity with equilibrium adsorbed
amount ge. This suggested the kinetic process is mainly
controlled by the chemisorptions which involved chemical
bonding between metal ions and the resin active sites.
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Fig.5 Pseudo-first-order (a, b) and pseudo-second (c, d) kinetics of U and Th adsorption by synthesized EIR from the synthetic hydrochloric

acid (0.05 M HCl and 0.5 mg L~! of each U and Th) at 25 °C

Table 3 Kinetic parameters for
the adsorption of U(VI) and
Th(IV) ions onto synthesized
EIR (CAS/XAD-2010)

Metal ions  Exp. g, (mg g7!)

uvh 0.248
ThIV) 0.247

Pseudo-first-order Pseudo-second-order

g.(mgg™) K (min™) R* g (mggh) K, R
(g mg’l min’l)

0.187 0.312 0.96 0.268 2.61 0.984

0.181 0.264 0.97 0.255 2.60 0.980

3.6 Effect of Initial U and Th Concentration
and the Adsorption Mechanism

Based on mixing a series of batch experiments at ambi-

ent temperature (=25 °C), it can be concluded that the
adsorbed uranium and thorium increases with increasing

@ Springer

the initial uranium and thorium concentrations in solu-
tion till the saturation plateau. The maximum uranium and
thorium adsorption capacity was acquired by conducting a
fixed EIR (CAS/XAD-2010) weight (0.1 g) with 50 mL of
U and Th (at different concentrations) in hydrochloric acid
(0.05 M), and at optimum conditions for each metal ion.
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From Fig. 6, we can conclude that the maximum adsorp-
tion capacity of uranium and thorium from hydrochloric
acid by EIR (CAS/XAD-2010) was 22.5 mg U g~! EIR
and 24.25 mg Th g~! EIR. It is interesting to compare the
achieved U(VI) and Th(IV) adsorption capacities on the
synthesized EIR with other previously prepared adsorbents.
It was found that the synthesized EIR is competitive when
compared with other previously prepared adsorbents such
as modified naphthalene (q,,,, 1.88 mg U g~ [30]), car-
minic acid (CA) impregnated XAD-16 (1.93 mg U g'and
1.92 mg Th g™! [32]), 3-Hydroxy-2-naphthoic acid/Ambe-
lite XAD-2 (g, 0.047 mmol U g™' and 0.011 mmol Th g™!
[47]), Silica modified with thodamine-B (g,,,, 35 mg U g"!
[33]), alizarin red S-impregnated XAD-2010 (q,,.«
20.2mg U g and 18.25 mg Th g”! [47]), CAB/XAD-2010
(@max 156.2 mg U g7! [53]), alizarin red S/Doulite A101
(Gmax 0.68 mmol U g™! [53]), N,N-dibutyl-N-benzoylth-
iourea/Amberlite XAD-16 (g,,,, 0.9 mmol U g' [59]),
Mannich type resin (g,,,, 5.2 mg U g'and 2.28 mg Th ¢!
[69]), modified benzophenone (qy,,, 2.42 mg U g‘1 [72]
and 1.1 mg Th g~!' [70]), Quinoline-8-ol impregnated
XAD-4 (q,,, 2.74 mg U g~! [71]), o-Vaniline semicarba-
zone impregnated XAD-4 (q,,,, 2.89 U g™! [72]), pyrogallol
impregnated XAD-2 (q,,,, 6.71 mg U g”! [73]), modified
silica (q,, 3.02 mg U g™! [74]), Tiron impregnated XAD-2
(Quax 7-70 mg U g7! [75]), and [(2-dihydroxyCASinoylphe-
nylamino) methyl] phosphonic acid functionalized XAD-16
(3.55 mg U g"'and 3.25 mg Th g~! [76]).

The infrared technique was used for further study of the
adsorption mechanism (Fig. 7). Comparing both spectra of
EIR before and after adsorption, it can be observed that; the
main difference between absence of thorium and uranium
ions (Fig. 2b) and their complexation with impregnated resin
(Fig. 7a, b) was the shift if some band which were observed

Initial metal concentration, mg/L

due to interaction with U and Th. The band belonging to C=0
unit of synthesized resin was shifted and reduced to 1620 cm™!
and 1624 cm™! for Th and U, respectively. Also, the IR spec-
trum of the modified resin loaded with uranium and thorium
were characterized by the shift of C—O bands to 1032 and
1090 cm™!. The band of OH becomes less intense due to
the interaction with U and Th ions. The spectra showed new
bands of the complexes in the lower frequency range which
were assigned as v(M—-O) [77]. As a result, we can say that
the ketonic and phenolic groups are coordinated to the U and
Th ions and the result agreed with that previously reported
[29, 78-82] which indicates that adsorption of uranium and
thorium takes place through complexation with CAS loaded
on the resin and that Amberlite XAD 2010 is applied only as
an immobilization substrate for CAS reagent.

The SEM and EDX images of the CAS/XAD-2010 syn-
thesized resin before and after uranium(VI) and thorium (IV)
adsorption are shown in Fig. 8a—c, respectively. From the SEM
images it can be clearly observed that there are brilliant spots
on the resin beads after U(VI) and Th(IV) adsorption com-
pared to that uniformity and smooth surface of CAS/XAD-
2010 synthesized resin before adsorption.

3.7 Isotherm Studies

In order to describe and understand the adsorption proper-
ties of uranium and thorium from 0.05 M hydrochloric acid
towards synthesized EIR, Langmuir and Freundlich models
were established to fit the experimental data. The equation
of Langmuir (11) and Freundlich (12) models is specified as
follows [81-83]:

Ce_i_'_ 1

9. B dmax

)

K gmax '
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Fig.7 FTIR spectroscopy of
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here, Ce (mg L) is the equilibrium concentration of metal
in the liquid phase; g,,,,, (mg g7!) is the monolayer capac-
ity in model of Langmuir; K; (L mg™!) is the Langmuir
equilibrium constant; k; and n are characteristic Freundlich
constants related to the relative adsorption capacity of the
adsorbent and adsorption intensity, respectively.

The linear plots of (C./q.) vs. C, for Langmuir isotherm
(Fig. 9a, b) or log q. vs. log C, for Freundlich isotherm
(Fig. 9c, d) give the constants of these models, from slope
and intercept, which are given in Table 4 and represented
adsorption properties of uranium and thorium from 0.05 M
hydrochloric acid towards synthesized EIR. Consequently,
Langmuir isotherm model has better fitting experimental
data performance in terms of higher correlation coefficient
and conformity with equilibrium uranium and thorium
adsorbed amount from hydrochloric medium. This indicates
that monolayer adsorption was the main interaction mecha-
nism of uranyl and thorium ions with the adsorbent.

3.8 Effect of Temperature (Thermodynamics
Studies)

For evaluation of the effect of temperature for adsorption of

U(VI) and Th(IV) from hydrochloric acid (0.05 M) using
synthesized EIR (CAS/XAD-2010), the adsorption process

@ Springer

2000 1000 400
Wavenumber [cm-1]

was conducted in a series of batch experiments under various
temperatures ranged from 25 to 65 °C. The other parameters
were as follows: concentration of each uranium and thorium
0.5 mg L™!, EIR amount 0.1 g, and volume of 50 mL. From
Fig. 10, it can be illustrated that heating in the examined range
slightly affects the adsorption. Therefore, 25 °C can be con-
sidered as the optimum temperature for uranium adsorption
experiments.

The thermodynamic parameters of the uranium and thorium
adsorption upon EIR synthesized adsorbent have been deter-
mined to get an insight into the adsorption behavior of U(VI)
and Th(IV) toward EIR. The accurate equilibrium thermody-
namic constant (Kg) used in Van't Hoof equation was estimated
according to Lima et al. [84]. So, from the obtained results
of the best adsorption isotherms (Langmuir model), the equi-
librium constants (Kj,erm) Were calculated and their values
were converted from L mg™" into L mol™". Therefore, the k;
(L mol_l) was used in the Van't Hoof equation, in order to esti-
mate the thermodynamic parameters (AH, AS, and AG) [84]:

K =K, /7, (13)
In(K?) = —~AH/RT + AS/R, (14)
AG = AH-TAS, (15)

where Kg (L mol™!) is the thermodynamic equilibrium
constant, y is the coefficient of activity, and the slope
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Fig.8 SEM and EDX images of CAS/XAD-2010 before adsorption (a), U-loaded CAS/XAD-2010 (b) and Th- loaded CAS/XAD-2010 (c)

and intercept of the linear relation between In K? and
7! (Fig. 11) were used for calculation of enthalpy (AH,
kJ mol™") and entropy (AS, J mol~! K~!) respectively.
The negative value of AH (—12.49 kJ mol™! for U and
—12.47 kJ mol™'for Th) indicated that the adsorption pro-
cess of U(VI) and Th(IV) by EIR was an exothermic reac-
tion. The values of AS are 66.05 J mol~' K~! for U and

67.62 J mol~! K~! for Th. Negative Gibbs free energy AG
value (—32.17 kJ mol™ for U and — 32.63 kJ mol™! for Th)
demonstrated the spontaneous property of this adsorption
[47, 85-87].
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Fig.9 Langmuir (a, b) and Freundlich (¢, d) models of U and Th adsorption by synthesized EIR
Table 4 Isothe.rm parameters Metal ions EXP. ¢pax Langmuir parameters Freundlich parameters
for the adsorption of U(VI) and (mg g—l)
Th(IV) ions onto synthesized G (M g7 K (Lmg™) R n Kf R?
EIR (CAS/XAD-2010)
[8[Q%0) 22.50 23.8 1.733 0.997 1.81 9.11 0.915
Th(IV) 24.25 25.44 2.04 0.997 1.48 13.58 0.907

3.9 Interference Effect

The interference effect was necessary to be studied for
spectrophotometric determination of thorium and ura-
nium in different geological rock samples. Some of the
common cations associated with studied metals and may
show adsorption behavior on the CAS-modified resin and
interferes during their spectrophotometric determination
namely, Na*, K*, Ca?*, Mg?*, AI’*, Mn?*, Fe’*, Cr®",

@ Springer

VO**, Cu**, Co’*, Sr?, Ln**, NO;~, SO,2~, PO,*", and
HCO;™.

In the present experimental section, the effect of the
above listed cations was studied by adding different volumes
from their working solutions to a constant uranium and tho-
rium (1 pg mL~") concentration. The absorbances of these
mixtures were measured in aqueous solutions after contact-
ing with CAS/XAD-2010 adsorbent at the optimized studied
conditions. From the obtained results (Table 5), it was found
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Fig. 10 Effect of temperature on the adsorption efficiency of uranium
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hydrochloric acid, 0.1 g EIR, 15 min contact time)

that; the synthesized CAS/XAD-2010 adsorbent gives high
tolerance limit and emphasizes the selective adsorption of
uranium and thorium from hydrochloric acid medium.

3.10 Adsorption Mechanism

The adsorbent chemical composition plays an important
role in expressing the adsorption mechanism. Several possi-
ble reactions may interfere for the removal of metal ions by
adsorption, from such actions are acid—base interactions, ion
exchange, coordination/chelation, complexation, precipita-
tion, physical adsorption, and electrostatic interactions. FTIR,
SEM, EDX and elemental analysis techniques are most widely
used to understand the mechanism of adsorption. Usually, the
hydroxyl and carboxyl functional groups seem to be the major
routes for the adsorption of U and Th. The adsorption of U

Table 5 Effect of foreign
ions on the adsorption of

Metal ion Tolerance ratio

uranium and thorium from Th(IV) 18/4%))

hydrochloric solution with equal

concentration of 1 pg mL~! for Ca** 5000 4000

both analytes Mg>* 5000 4000
Na* 5000 4000
K* 5000 4000
Sr+ 5000 4000
AP 5000 4000
Mn?* 5000 4000
Fe* 200 200
Co** 700 700
Cu?* 700 700
Zn>* 700 700
cd** 700 700
Vo 500 500
NiZ* 500 500
Pb%+ 500 500
Ln** 100 100
Zr+t 100 100
NO;~ 5000 5000
SO, 3000 3000
o 950 950
HCO,~ 900 900

and Th can occur mostly by complexation with the mentioned
functional groups. The involvement of these groups could be
attributed by shift of FTIR peaks as shown in Fig. 7. In many
cases, the pH dependent adsorption studies have followed a
very similar pattern where initially, the adsorption perfor-
mance of the adsorbent increased with the increase in the pH
value, reached a maximum at a certain pH, and then decreased
at higher pH [15, 16]. This trend has been explained by con-
sidering the electrostatic interaction between the surface of
the adsorbent and the metal ion species at a particular pH. At
lower pH (Fig. 3), the surface remained positively charge due
to protonation of the functionalities [60] and no appreciable
sorption of metal ion was observed because of the electrostatic
repulsion between the metal ion and the positively charged
surface. A gradual increase in the pH favored the adsorption
as a shift in the surface charge from positive to negative led to
the electrostatic attraction between the metal ions and the sur-
face of the adsorbent and form high stable complexes through
the ionizable hydroxyl and adjacent carboxylate groups [24].
With regards to Langmuir adsorption constant calculated for
each one of the metal ions, it is approved that the adsorption
can be carried out via a chemisorption process according to
the following equations:

2(H,CA) + UO,** 2 (HCA),UO, + 2H*, (16)

2(H,CA) + Th** 2 (CA),Th + 4H™, (17)

@ Springer



684

Chemistry Africa (2019) 2:673-688

Table 6 Effect of different

Reagent conc.  Th elution (%)

U elution (%)

eluting agents concentrations M)
upon U(VI) and Th(IV) from (NH,),CO4 HC1 NH,H,PO, (NH,),CO4 HC1 NH,H,PO,
the loaded EIR

0.5 12.0 43.8 1.0 33.7 38.5 54.0

1.0 20.6 99.5 1.5 68.0 65.0 99.6

2.0 22.5 99.5 1.9 70.2 71.6 99.6

where the bar denotes the species in the organic phase of the
impregnated resin and H,CA is the acidic form of it.

3.11 Elution Studies

Quantitative desorption of U(VI) and Th(IV) was performed
with various eluting agents such as hydrochloric acid,
ammonium dihydrogen phosphate, ammonium carbonate,
and hydrochloric acid which form stable complexes with
uranium and thorium [32, 54, 69, 87, 88]. For this purpose,
10 mL aliquots of each eluting agent with various concen-
trations were treated with 0.1 g portions of loaded EIR at
298 +1 K for 10 min. From Table 6, we can conclude that
the maximum elution efficiency (99.6%) of uranium was
achieved by 1 M ammonium dihydrogen phosphate while,
the maximum elution efficiency (99.5%) of thorium was
achieved by 1 M HCI. From these results the selective elu-
tion of uranium over thorium was achieved.

3.12 EIR Reusability

The EIR reusability was checked by subjecting the synthe-
sized EIR (CAS/XAD-2010) to several loading and elution
experiments. The capacity of the synthesized EIR (CAS/
XAD-2010) was found to be practically constant (variation
< 1%) after its repeated use for more than 50 runs, thus indi-
cating the multiple use of EIR is feasible.

3.13 Application of Proposed Method on Standard
Geological and Granitic Samples

The proposed method was applied for preconcentration and
determination of U(VI) and Th(IV) in different samples
including international reference and geological samples to
verify its applications and validations. The samples were
firstly decomposed by Afifi et al. and Fouad et al. [89, 90]
to overcome the high concentration of major oxides. The

Table 7 Comparison of uranium
and thorium concentrations in
standard reference rock samples

Certified
value (ppm)

Standard sample

Concentration of U, Th found S.D.

using present method (ppm)

S.E.

Error (%)

Accuracy

and the present studied method DL-1a® 76 Th
116 U
DH-1a* 91Th

2629 U
Nim.G®

51 Th

15U

76.3
75.6
75.8
115.5
115.6
115.9
91.2
90.8
91.8
2627.5
2626.9
2627.0
51.3
50.8
50.6
154
14.8
15.2

0.36

0.21

0.23

0.32

0.36

0.21

0.208

0.12

0.135

0.186

0.208

0.12

0.27

0.106

0.148

0.007

0.408

0.804

+0.36

+0.208

+0.23

+0.32

+0.25

+0.306

Certified values reported by Canadian Central for Mineral and Energy Technology standards (CANMET),

certifying agency

PCertified values reported by SA Bureau of standards P/Bag X191, Pretoria 0001 (SARM1)

S.D standard deviation, S.FE standard error
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Tablg 8 Compar{son between Granitic Expected U, Th
uranium and thorium
concentrations in the granitic
rock samples using the present

sample ID concentration
(ppm)*

Concentration of U, Th found S.D. S.E. Error (%)  Accuracy
using present method (ppm)

method M50 167.2 Th

49U

M57 93.9Th

24U

T77 115 Th

30U

T78 81.3 Th

60U

167.2 0.306 0.176  0.106 +0.305
166.8
167.4
49.0 0.21 0.12 0.248 +0.208
48.7
48.6
93.8 0.152  0.088 0.09 +0.153
93.9
93.6
24.0 0.30 0.174  0.72 +0.30
244
23.8
115.5 0.252  0.145 0.126 +0.251
115.8
115.3
30.0 0.20 0.11 0.38 +0.20
29.6
29.8
81.3 0.45 0.26 0.319 +0.451
80.8
81.7
67.8 0.29 0.166  0.247 +0.288
67.3
67.3

4Analyzed by ICP-OES and Laser fluorometer

serious interference from above studied cations was avoided
by masking with potassium cyanide (1 x 107> M) [91], Then,
uranium and thorium was separated from acidic solutions
using synthesized EIR (CAS/XAD-2010) adsorbent at the
optimum studied conditions and analyzed in the eluted solu-
tions spectrophotometrically with good accuracy (Tables 7
and 8). Thus, these results indicated that the proposed
method is accurate, simple and cost-effective for analyzing
studied samples containing uranium and thorium.

4 Conclusions

A combination between separation of U(VI) and Th(IV) ions
by a high stable EIR and spectrophotometric determination
was described. The new EIR was prepared by impregnat-
ing chrome azurol S onto Amberlite XAD-2010 beads. The
maximum adsorption capacity with respect to interested
metal ions was acquired by contacting a fixed EIR (CAS/
XAD-2010) weight (0.1 g) with 50 mL of each uranium and
thorium ions solution (pH 3) in hydrochloric acid (0.05 M)

for 15 min contact time at room temperature. Langmuir
isotherm model has the best fitting experimental data with
a maximum adsorption capacity of 23.8 mg g~! for U(VI)
and 25.44 mg g~! for Th(IV). The adsorption process of
each metal ion by synthesized chrome azurol S-impregnated
XAD-2010 showed an exothermic pseudo-second-order
adsorption process. The loaded metal ions were selectively
eluted using 1 M of 10 mL HCI solution for Th(IV) and
1 M of 10 mL ammonium dihydrogen phosphate solution
for U(VI) using 10 min contact time. The tolerance lim-
its for several metal ions on chrome azurol S-impregnated
XAD-2010 were calculated and gave high tolerance limit.
The optimized method was applied to reference and different
rock types bearing thorium and uranium with good accurate
results.
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