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ABSTRACT

This work reports the uranyl (UOZ') extraction from water by the resins Amberlite IRA-93
(A-IRA-93) and the new modified Amberlite IRA-93 (mA-IRA-93), by liquid-solid extraction.
A comparative study investigated the extraction procedure for the solid phase extraction of
toxic uranyl ions by both the Amberlite IRA-93 (A-IRA-93) and the modified Amberlite IRA-93
(mA-IRA-93) resins in a batch process. The effect of solution pH, contact time, initial uranyl con-
centration, ionic strength and temperature were evaluated. The extraction process followed a
pseudo-second-order kinetics models for both resins. The thermodynamics data led to an endo-
thermic process for the sorption of uranyl ions by both resins. Thermodynamic study showed
a negative AG values for A-IRA-93 and mA-IRA-93, which indicated that the sorption process

of uranyl ions was spontaneous. The ratio AG

mA-IRA-93

/AG = 10.58 shows that the extraction

A-IRA-93

by the mA-IRA-93 was more spontaneous than the extraction by the A-IRA-93. The outcomes
have shown that the optimal experimental conditions without addition of sodium acetate for the
present study recommend the use of 0.03 g of A-IRA-93 and 0.02 g of mA-IRA-93 resins for ini-
tial uranyl concentration 10 mol L. Fractional experimental design 3¢) may provide a valuable
basis for industrial scale applications and was adequate in this study. The best extraction yield for
mA-IRA-93 resin was 100% at 3.5 pH, and an equilibration time of 30 min at 250 rpm, provided by
experiment: w(mA-IRA-93) =0.01 g, [UO?*] =10° mol L™ and [CH,COONa] = 0.2 mol L. Modified
Amberlite IRA-93 showed better affinity towards UO?* (a maximal capacity of 8.34 mg g™') under
optimum conditions. Modification of the resin Amberlite IRA-93 increases the retention capacity
by a factor of 2.21. The two proposed adsorbents are cost-effective and environmentally friendly
and potential candidates for treatment of water containing UO?2". The functionalized adsorbent
(mA-IRA-93) has research value and application potential in real waste water treatment.

Keywords: UOZ"; Extraction; Amberlite IRA-93 resin; Optimization

1. Introduction

Water contamination with toxic ions is becoming a great
environmental concern. Therefore, clean and non-contami-
nated water with permissible levels of metal ions has drawn
to develop effective technologies for toxic ions removal
from water solutions. Uranium is a heavy metal that can be
found at low levels within many rocks, sediments and soils.

* Corresponding author.

The average U concentration in the earth crust is between
2 and 4 ppm, but it can be enriched in soil and groundwa-
ter by several anthropogenic activities, such as by the release
from mill tailings of U mines, or by agricultural applica-
tion of phosphate fertilizers, which are often, associated
with U or by nuclear industries wastes [1]. It is also one of
the most commonly detected radioactive elements in water
and wastewater, so it has attracted wide concern [2]. Hence,
several studies have been made to evaluate U toxicity and
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bioaccumulation in animal and plant samples exposed to
water-only U concentrations [3-7]. It is in fact a hazardous
contaminant in the environment due to its radioactivity
and toxicity (carcinogenic for humans). Thereby, the World
Health Organization (WHO) recommends a drinking water
limit of 0.015 mg L™ [8].

The existence of highly mobile hexavalent uranium
(U(VI)) in the aquatic environment would exceedingly haz-
ard human being and natural ecosystems [9,10]. In order
to avoid serious harm to mankind, it is highly desirable to
find a promising efficient approach for U(VI) removal from
water.

Many water purification technologies including pho-
tocatalysis, ion exchange, and the solid phase extraction
(SPE), etc. [11-14] have so far been implemented to treat
U(VI) contamination. SPE is regarded as one of the simple
and most effective pre-concentration procedure among these
technologies, due to its simplicity operating and environmen-
tal friendliness [15-20]. Solid phase extraction of uranium is
also a preferable choice in the analytical chemistry [21-23].

Several properties of SPE such as selectivity, simplicity
of equipment, ease of operation and the multiple usages of
adsorbents for numerous separations and preconcentration
cycles without deprivation in the metal ion sorption capacity
have made their use popular [24-29].

Many resins have been used for the removal of uranyl
such as XAD-2010 [30], and ethylenediamino tris(methylene
phosphonic) acid grafted on polystyrene [21].

The Amberlite IRA-93 resin was used for solid phase
extraction studies of heavy metal ions [30] in the environ-
mental samples. But it has never been used in the extraction
of uranyl, especially with this new functionalized form. It is
a macroporous (particle size, 0.25-0.7 mm) styrene-divinyl-
benzene co polymeric backbone with tertiary amino groups,
and also a weak anion exchange resin defined as an adsor-
bent resin of the acrylic type [11].

The objective of our work is the extraction and isolation
of uranyl ions by a new effective and practical suitable sor-
bent. We will mainly focus on the comparison of the two
resins Amberlite IRA-93 (A-IRA-93) and its modified form
(mA-IRA-93) by grafting it with dimethylenephosphonic
acid (DMPA), we will also describe its synthesis (Fig. 1) and
its characterization.

The effects of analytical parameters, adsorption kinetic,
isotherm studies and temperature effect will be investigated.
Fractional experimental design 3" was used in this study
in order to define the operating conditions corresponding
to the best extraction yield of uranyl ions.

HCL, HaO

2. Materials and methods
2.1. Reagents

All solutions were prepared from analytical grade chem-
icals and distilled water. Commercially Amberlite IRA-93
resin (CAS No. 9036-92-4, purity 99%), was purchased from
Polysciences, Inc. Uranyl acetate dehydrate (UO,(CH,COO),
2H,O, (Mw = 426.13 g mol”, purity > 98%), arsenazo III
(szHmAs N,O,,S,, Mw = 774.34 g mol™, purity > 99%) ace-
tic acid (Mw = 60.052 g mol™, purity = 99.5%), hydrochloride
acid (37%) and ammonium acetate (purity > 97%) were pro-
vided from Sigma-Aldrich. Phosphorous acid (purity = 98%)
and formaldehyde were purchased from Riedel-de Haén
and Gifrer-Barbezat respectively. Sodium hydroxide (>97.0%,
pellets), sodium chloride and sodium acetate were purchased
from Prolabo Rectapur.

A stock solution of 10~ mol L™ of UO,(CH,COO),2H,0
was prepared by dissolving 0.4241 g in 1 L of distilled
water. The diluted solutions of uranyl ions were prepared
by appropriate dilution of the stock solutions. The initials
pH of the sample solutions were adjusted in the desired
range by adding dilutes of CH,COOH or NaOH solutions.

2.2. Apparatus

All pH measurements were performed with a WIW
3310 Set 2 digital pH meter. The extraction of UO?" on resins
was studied by batch technique. A shaker (Haier model) was
used for removal experiments except for temperature effect
where a magnetic stirrer (RCT basic IKAMAG stirrer with
ETS-D5 temperature controller) was used. Specord® 210 Plus
model analytic Jena UV-Vis spectrophotometer was used to
determine UOZ" as M™-Arsenazo III complex in aqueous
phase [32-34] and PFP7 Flame Photometer JENWAY was
used to determine Na* concentration. Fourier transform
infrared (FT-IR) spectrum was recorded on a Agilent tech-
nologies Cary 360 spectrometer. Field-emitting scanning
electron microscopy (SEM) images were carried out by a
HITACHI TM-1000 Tabletop microscope. A phase analy-
sis of a powder sample was carried out by a X-ray powder
diffraction measurements on a Model Rigaku-Miniflex 600
using Ni filtered Cu Ko, radiation (A = 1.5406 A). The study
was done between 2° to 79° 20 values with step size 0.02 and
a scan speed of 4°/min~'. A Bruker Advance 400 spectrometer
was used for ¥P MAS NMR analysis. Gas sorption measure-
ments were obtained from an 3Flex Version 5.00 adsorption
analyzer (Micromeritcs) by using N, at 76,964 K (liquid N,
temperature). The samples were degassed at 423 K for 8 h.
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Fig. 1. Scheme for synthesis of mA-IRA-93 resin.
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The Brunauer-Emmett-Teller (BET) method was applied for
total surface area evaluation and the pore size.

The statistical study of this plan was carried out by
Statistica 12.

2.3. Synthesis of Amberlite IRA 93 anchored with
di(methylene phosphonic) acid

The new sorbent, mA-IRA-93 was synthesized using the
Moedrizer-Irani reaction [21] (Fig. 1).

In a reactor fitted with a condenser, a mixture of hydro-
chloric acid 37% (18 mL), phosphorous acid (13 g) and
15 mL of distilled water, was vigorously stirred in order to
dissolve completely the phosphorus acid. The solution was
added to a 10 g of A-IRA-93 resin and an aqueous solution
of formaldehyde (15 mL, 37%) was added and refluxed for
5 h. The resulting polymer was filtered and washed with
distilled water and dried under vacuum [35].

2.4. Extraction and analysis procedure

In aqueous phase, the UOZ* concentrations were deter-
mined spectrophotometrically with Arsenazo III. In a test
tube, which contained 2 mL of ammonium acetate/HCl
buffer at pH = 2.0 [21], were added to 100 uL of UOZ* solu-
tion to be analyzed and 100 uL of Arsenazo III solution at
107 mol L. Arsenazo Il reacts with UO3"to form a blue com-
plexe which can be estimated at A__ =651 nm [17,20].

The general method of extraction, used for this study,
was described as follows: 0.03 and 0.02 g of A-IRA-93 and
mA-IRA-93 resins respectively were equilibrated with 4 mL
of uranyl ions solution of known concentration in a stop-
pered Pyrex glass flask at a temperature of (22°C + 1°C) in
a shaker for duration of 60 min. The choice of resin masses
was made after carrying out several tests beforehand, and the
best yields of extraction were found with these masses for
each of the resin.

The resin was separated by filtration and the filtrate
was analyzed by UV-Vis spectrophotometer in presence of
Arsenazo III for uranyl ions content [17].

The extraction of UO" ions on the resin at four different
temperatures 20°C, 30°C, 40°C and 50°C was investigated.
For temperature effect, a magnetic stirrer was used and stir-
ring speed was 250 rpm to maintain resin particles in sus-
pension. All data reported are based on the average of three
replicate measurements.

The percentage of metal ions that was sorbed on the resin
(i.e., extraction yield, Y (%)) was determined by comparing
its concentrations before and after extraction [Eq. (1)] [17].

Y (%) = %400 1)

i

where C. is the initial uranium concentration and C, its
equilibrium concentration.

The amount of metal uptakes at time ¢, g, (mg g™), was
calculated by Eq. (2) [17]:

i Ct . V (2)
w

q(mgg™)=

where C, and C, are respectively the initial and time ¢, V is
the volume of the solution, w is the mass of the resin used.

The distribution coefficient (K,) of the uranyl ions
between the aqueous solution and the solid resin was also
calculated from Eq. (3) [17]:

4. [M]l. C.-C,
K (ng 1): resin _ i e V/Ct (3)
’ M), w
where [M] . and [M]aq were UOZ" ions concentrations

in resin phase (mg g™) and in aqueous solution (mol L™),
respectively. C, C, and C, are respectively the initial, time ¢
and equilibrium, UOZ" concentration (g L™). V is the volume
of the solution (4 mL). w is the mass of the resins used 0.02 g
of A-IRA-93 and 0.03 g of mA-IRA-93.

3. Results and discussion
3.1. Characterization studies

In the FT-IR spectra, the presence of phosphonic acid
was confirmed by the appearance of elongation absorp-
tions at v, (O-H) = 3,425 cm™, v_ (P=0) = 1,017 cm™, and
v, (P-OH) = 942 cm™ [35,36] with the disappearance of
NH, band at v_=2,925 cm™.

The P MAS NMR spectrum of mA-IRA, recorded at as
pinning rate of 14 KHz showed one peak of high intensity
at 0.9 ppm, attributed to the phosphonic PO(OH), units.

The morphologies and size distributions of the A-IRA-93
and mA-IRA-93 resins were characterized by SEM (Fig. 2)
and X-ray diffraction (XRD) (Fig. 3), respectively. The resins
are spherical (Fig. 2a and c) with a symmetric and medium
size (250-500 um), and have micropores on their surface
(Fig. 2b and d).

XRD diagrams and isotherms of the A-IRA-93 and the
mA-IRA-93 resins are presented in Figs. 3 and 4. Textural
and structural parameters of both resins used in this study
are given in Table 1.

The resins present a hexagonal structure with low sur-
face area and high pore size. After the functionalization,
a slight decrease in the unit cell parameter of the solid is
observed but the hexagonal structure is maintained. The N,
isotherm of A-IRA-93 was not different from mA-IRA-93.
According to the Brunauer-Deming-Deming-Teller (BDDT)
classification, the N, isotherms of the two resins belonged
to type-IV. The A-IRA-93 and mA-IRA-93 resins have some
micropores, and this conclusion was deduced from the
not increased N, capacity at a very low relative pressure
(P/P, < 0.05 micropores), the hysteresis loop at a medium
relative pressure (0.05 < P/P, < 0.9 mesopores) and the fur-
ther increased N, capacity at a higher relative pressure
(P/P,>0.95, macropores) [37].

3.2. Effect of pH

Extraction of uranyl ions by the A-IRA-93 and the
mA-IRA-93 resins from acetate medium was studied in the
pH range from 2.0 to 7.0. The study outcomes are shown
in Fig. 5.

From Fig. 5 it is observed that the two resins have
the same trend overall the uranyl ions sorption. We also
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Fig. 2. SEM images of the A-IRA-93 (a, b) and mA-IRA-93 resins (c, d).
Table 1
Textural and structural parameters of the A-IRA-93 and mA-IRA-93 resins

Adsorbent BET surface Pore volume Barrett-Joyner-Halenda Micropore surface d, A) a(A)

area (m?g™) (cm’ g™) pore size (nm) area (m?g™)
A-IRA-93 37.3022 0.318665 35.3815 36.0261 491 9.82
mA-IRA-93 33.2794 0.366068 45.5060 32.1775 4.07 8.14

observed that the retention of uranyl ions on the resin
increases with the pH from 2.0 to 3.5, and then the extraction
yield decreases with pH increase up to pH = 7. It can be
seen that maximal uranium extraction yields obtained at
an initial pH of 3.5 were 85.8% and 82.8% for mA-IRA-93
then A-IRA-93 respectively. This could be due to the

presence of UO,(CH,COO)", (UQO,),(OH)2* and UO,(OH)*
which are in equilibrium with the UOZ". The complexes
formed between UOZ(CH,COO)" and (UO,),(OH)?* and
functional group are more stable (Fig. 6) [38].

At higher pH (3.5 < pH < 7.0), UO? uptake decreased
slowly, this can be due to the presence of different more
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Fig. 3. Low angle XRD pattern of the A-IRA-93 and
mA-IRA-93 resins.
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Fig. 4. N, adsorption-desorption isotherms (measured at 77 K,
the outgas in temperature was 423 K, and the duration time
was 8 h).

stable and soluble U(VI) hydrolysis species such as
UO,(OH)" and (UO,),(OH)? (shown in Fig. 7). These spe-
cies are more difficult to adsorb [39]. To achieve a higher
adsorption capacity, the following adsorption studies were
carried out at pH, =3.5.

3.3. Effect of contact time

To study the effect of contact time, we have obtained
the extraction yields at different times and different
weights of resins (Fig. 8). It is seen that the extraction
yield of uranyl ions on A-IRA-93 resin increases over
time, for the three resin masses tested. Equilibrium is
reached after 60 min of stirring. The uranyl ions sorption
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Fig. 5. Removal of uranyl ions by A-IRA-93 (a) and mA-IRA-93
(b) resins, as a function of initial pH. [UOZ"] = 10* mol L7,
w(A-IRA-93) = 0.03 g, w(mA-IRA-93) = 002 g, V = 4 mL,
@ =250 rpm, T=22°C+1°C, and ¢,= 60 min.

capacities for the three masses, w = 0.020, 0.025 and 0.030 g
of resin were g, = 5.60, 3.95 and 3.76 mg g, respectively.
However, for mA-IRA-93, we observe that the extraction
efficiency increases rapidly with increasing time. The time
needed for mA-IRA-93 to adsorb the maximum of uranyl
was 30 min and the UO?" ion sorption capacities for the
three masses w = 0.020, 0.1 and 0.2 g of resin are g, = 8.09,
1.66 and 0.74 mg g, respectively. Thus, extraction with
mA-IRA-93 was more efficient than with A-IRA-93; the
time of extraction was smaller (30/60 min).

Therefore, for the same mass used w = 0.02 g for the
two resins, the mA-IRA-93 will give better results for
the extraction of UO?".

3.4. Adsorption kinetics

Kinetics of sorption describing the solute uptake rate,
which, in turn, governs the residence time of the sorp-
tion reaction, is one of the important characteristics defin-
ing the efficiency of sorption [37]. The linear form of the
pseudo-first-order rate equation is expressed as Eq. (4):

In(q, —q,)=1Ing, -k, -t 4)

The linear form of the pseudo-second-order rate equation
is given as [36],

qt qe qe

where g, and g, are the amounts of sorbed UO?" on the two
resins A-IRA-93 and mA-IRA-93 at equilibrium and at time ¢,
respectively (mg g™), k, is the first-order adsorption rate con-
stant (min™), k, is the pseudo-second-order adsorption rate
constant (g mg™ min™).
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Fig. 6. Diagram of the predominence of the uranyl species in aqueous phase given by MEDUSA, [UO2"] =10 mol L™, 1 <pH <12 [33].
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Fig. 7. U(VI) hydrolysis species.

The correlation coefficients (R?) for the pseudo-first-
order equation and the theoretical g, values were cal-
culated from the pseudo-first-order equation are not in
agreement with the experimental data (Table 1), suggest-
ing that this adsorption system is not a pseudo-first-order
reaction. High correlation coefficients are obtained when
employing the pseudo-second-order model and the cal-
culated equilibrium sorption capacities were similar to
the experimental data (Table 2). This indicates that the
pseudo-second-order model can be applied to predict the
adsorption kinetic (Fig. 9).
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3.5. Diffusion study

The uranyl ions transport from the solution phase to
the surface of the A-IRA-93 and the mA-IRA-93 resins
occurs in several steps [40,41], (i) the diffusion of ions from
the solution to the A-IRA-93 and the mA-IRA-93 surfaces,
(ii) the diffusion of ions within the solid resin and (iii) the
chemical reactions between ions and functional groups
of the resins. The adsorption of the metal is governed
by the slowest of these processes.

If the liquid film diffusion controls the rate of exchange,
Eq. (6) can be used.

-In(1-F)=k-t (6)

where F is the fractional attainment of equilibrium, which is
expressed as F = g,/q, [41], q, and g, are the amounts of sorbed
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Fig. 8. Removal of uranyl by A-IRA-93 resin (a), mA-IRA-93 resin (b) as a function of time with three different weights of resins.
[UOZT=10"mol L, pH=3.5, V=4 mL, @ =250 rpm, and T =22°C + 1°C.
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Comparison of the pseudo-first-order and pseudo-second-order models for the adsorption of uranyl
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Adsorbent w, g Dorpy M8 g’ Pseudo-first-order model Pseudo-second-order model
0.02 5.6023 Dueay = 2-2512 mg g™ Goqeary = 0-8061 mg g™
k, =0.0395 min™ k,=0.0468 g mg™' min™
R?*=0.77 R*=0.99
0.025 3.9540 Doeay = 34179 mg g™ Dogeary = 46720 mg g™
A-IRA-93 k, =0.0563 min™* k,=0.0181 g mg™ min™
R?*=0.97 R*=0.99
0.03 3.7689 Doeary = 3-1783 mg g™ Dogeary = 2290 mg g™
k, =0.0754 min™ k,=0.0316 g mg™ min™*
R*=0.98 R*=0.99
0.02 8.3439 ygeary = 02493 mg gl oeary = 8-8448 mg g™
k, =0.1029 min™ k,=0.0343 g mg™ min™
R*=0.96 R*=0.99
0.10 1.6782 ey = 0-1197 mg gl Dogeary = 1.6845 mg g™
mA-IRA-93 k, =0.0711 min™ k,=1.9866 g mg™ min™
R*=0.79 R*=0.99
0.20 0.7414 Jyeary = 0-0475 mg g~ ey = 0-7330 mg g™
k, =0.0271 min™ k,=6.8712 g mg™ min™
R*=0.71 R*=0.99
2
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Fig. 9. Pseudo-first-order and pseudo-second-order plots of UO}" adsorption kinetics onto: A-IRA-93 resin (a, c), respectively
and mA-IRA-93 resin (b, d), respectively, as a function with three different weights of resins. [UO3"] = 10 mol L™, pH = 3.5,
V=4mL, @ =250 rpm, and T=22°C +1°C.
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UQOz2 on the two resins A-IRA-93 and mA-IRA-93 at equilib-
rium and at time ¢, respectively (mg g™).

In the case of diffusion of ions in the A-IRA-93 and the
mA-IRA-93 resins phase controlling process, the relation
used is Eq. (7) [41].

4n@—Fﬂ:k¢ @)

In both Egs. (6) and (7), k is the kinetic coefficient or rate
constant which is defined by Eq. (8) [41].

k=~ ©)

where D is the diffusion coefficient in the A-IRA-93 and the
mA-IRA-93 phases and 7, is the average radius of A-IRA-93
and the mA-IRA-93 resins (0.3 mm).

When the adsorption of metal ion involves mass trans-
fer accompanied by chemical reaction the process can be
explained by the moving boundary model [41]. This model
assumes a sharp boundary that separates a completely
reacted shell from an unreacted core and that advances
from the surface toward the center of the solid with the

Y. Benmansour et al. / Desalination and Water Treatment 249 (2022) 281-296

progression of adsorption. In this case, the rate equation is
given by Eq. (9) [41].

3-3(1-F)" —2F =kt )

After testing both mathematical models proposed
above, diffusion analysis was adequate with the parti-
cle model diffusion for mA-IRA-93, however, adsorption
can be explained by chemical reaction model for A-IRA-
93, with good correlation coefficients at initial adsorption
(t < 30 min) (Fig. 10; Table 3). For the present system, the
value of D, fall well within the values reported in literature,
especially for chemisorptions system (10°-10"7 m? s™!) [42].

3.6. Effect of initial metal concentration

The extraction equilibrium of uranyl ions between
aqueous solution and resins can be described by a sorp-
tion isotherm. The extraction experiments were per-
formed using different initial concentration of UO;* at
T = 22°C + 1°C. Sorption of uranyl ions on A-IRA-93 and
mA-IRA-93 resins were presented in Fig. 11 in term of
extraction yield as a function of the initial uranyl ions
concentration in the aqueous medium.
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Fig. 10. Plots of diffusion study for UO" sorption on A-IRA-93 and mA-IRA-93 resins at different time. [UO}*] =10*mol L™, V=4 mL,
@ =250 rpm, and T =22°C + 1°C. Film diffusion (a), particle diffusion (b), and chemical reaction (c).
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Table 3

Kinetic and diffusion parameters of uranyl onto A-IRA-93 and mA-IRA-93 resins

Adsorbent Film diffusion, Eq. (6) Particle diffusion, Eq. (7) Chemical reaction, Eq. (9)
A-IRA-93 k =0.07544 min™! k=0.06213 min! k =0.02005 min™!
w=0.03g R*=0.99 R*=0.98 R*=0.99
D, =5.6713 x 10 m*> min™" D =1.8302 x 10~ m* min™
mA-IRA-93 k=0.1029 min! k=0.09168 min! k =0.02458 min™!
w=0.02g R*=0.98 R*=0.98 R*=0.96
D, =8.3687 x 107 m> min™' D, =2.2437 x 10" m*> min™"
structure. As the metal/sorbent ratio increases, sorption
1004 mm °® ° sites are saturated, resulting in decreases in the sorption
./ \(b) efficiency.
904 For A-IRA-93 resin, at low concentrations, the extraction
. ® ® yield of uranyl sorption is 100% for initial concentrations
S 6. (1.107-5 x 10° mol L™). This can be explained that by a total
% sorption.
= For higher initial uranyl concentrations (1.10*-1.107
& ™1 mol L), the graph seems to be constant at around 58%.
3 @
5 60 l\ S 3.7. Isotherm adsorption
50 — The sorption data (Fig. 12), commonly known as
adsorption isotherms, are basic requirements for the design
00000 00002 00004 00006 00008 00010 of adsorption systems. Adsorption models, Langmuir

[UO,2 (mol.L )

Fig. 11. Extraction of uranyl ions by: (a) A-IRA-93 and
(b) mA-IRA-93 resins as a function of initial UOZ" concentra-
tion. pH = 3.5, w(A-IRA-93) = 0.03 g, w(mA-IRA-93) = 0.02 g,
V=4mL, @ =250 rpm, T =22°C £ 1°C and ¢, = 60 min.

The data indicates that the initial metal concentration
determines the equilibrium concentration, and also deter-
mines the uptake rate of metal ion and the kinetic character
of the process for both resins.

In the case mA-IRA-93 resin, at low concentrations,
the ratio of the initial number of moles of UO2" ion to the
available surface area of resin is larger and subsequently,
the fractional ion exchange becomes independent of initial
concentrations. The rapid metal extraction has significant
practical importance, as this will facilitates with the small
amount of resins to ensure efficiency and economy.

The amount of UOZ ions adsorbed per unit mass of the
mA-IRA-93 resin increased with the initial metal concentra-
tion as expected. This is due to the fact that sorption sites
took up the available metal ions more quickly at low con-
centration, but metal needed to diffuse to the inner sites
of the sorbent for high concentration. The extraction yield
of uranyl sorption was 98% at [UOZ?] = 8. 10~ mol L. The
initial rate of sorption was greater for higher initial uranyl
concentrations, because the resistance to the metal uptake
decreased as the mass transfer driving force increased.

It is also noticed that an increase in the initial uranyl
concentration leads to a decrease in the metal removal.

This can be explained as follows: at low metal/sorbent
ratios, there are a number of sorption sites in mA-IRA-93

[Eq. (10)] and Freundlich [Eq. (11)], were used to describe
the equilibrium between adsorbed UOZ* ions on the
A-IRA-93 resin and the mA-IRA-93 resin sites [41]. For
the interpretation of the two models, we have used the
following equations [43].

&: &_‘_; (10)
qe qm (qm KL)
Ing,=InK, +n-InC, (11)

where C, is the equilibrium concentration of uranyl
(mg L), g, is the amount of uranyl ions sorbed on the
A-IRA-93 resin and mA-IRA-93 resin (mg g™'), K, is the
Langmuir adsorption constant (L mg), g, is the maximum
amount of uranyl ions that can be sorbed (mg g”), K, is
the Freundlich adsorption constant (g™'), and # is a constant
that indicates the capacity and intensity of the adsorption
process, respectively.

The Sips isotherm is a combined form of Langmuir and
Freundlich models [19]. When approaches a low value, the
Sips isotherm effectively reduces to Freundlich, while at
high, it predicts the Langmuir monolayer sorption char-
acteristic. The model can be written as [19]:

— qmsKSC;/”

12
1+K,CM" (12)

q(i

The Sips linear equation model is expressed as:

1 1 1 1
= et — (13)
qe qms : KS Ce qms
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Fig. 12. Freundlich, Langmuir and Sips isotherms plots for the sorption of uranyl onto: A-IRA-93 resin (a, ¢, e), respectively and
mA-IRA-93 resin (b, d, f) respectively, with three different weights of resins.

where g__(mg g™) is the Sips maximum adsorption capacity,
K, (g™ is the Sips model isotherm constant, and 1/n is the
Sips model exponent.

We concluded from the best correlation coefficients
(Table 4) that the Freundlich equation fits the data better
than the Langmuir model for the A-IRA-93 resin indicating

a multilayer adsorption nature of this metal ions on this
resin [44].

The Langmuir model indicates that the removal of
UQO?2 ions is uniformly distributed in a monolayer coverage
at the surface of the sorbent [45]. It is noteworthy that the
mA-IRA-93 shows significantly similar extraction capacities,



Y. Benmansour et al. / Desalination and Water Treatment 249 (2022) 281-296 291

towards UO?* ions as compared with other materials as seen
in Table 5.

3.8. Effect of ionic strength

The influences of sodium salts on uranyl extraction
were studied at varying concentrations of NaCl and
CH,COONa in the ranges of (0-1 mol L7). Figs. 13 and
14 show that, for mA-IRA-93, it can be seen that the
addition of the CH,COONa salt influences the uranyl
extraction yield (from 96.3% to 81.4%) for a salt con-
centration interval (from 0 to 1 mol L™). NaCl salt also
affects the extraction yield (from 98.3% to 79.95%) for
a salt concentration interval (from 0 to 0.8 mol L™). This
can however be explained as the result of an electrostatic
competition of Na* at higher concentrations, with UOZX.
Since deprotonated P-OH groups on mA-IRA-93 are

Table 4

negatively charged, they will electrostatically attract any
cation. So, for high ionic strengths, adsorption sites will be
surrounded by counter ions and they partially lose their
charge, this weakens the binding force due to electrostatic
interaction [41]. For A-IRA-93, it can be seen that the addi-
tion of the CH,COONa salt slightly influences the uranyl
extraction yield (from 91.9% to 83.0%) for a salt concen-
tration interval (from 0.3 to 1.0 mol L). This result can be
explained also by a slight competition between the UOZ"
and Na* cations on the active sites of the Amberlite IRA-93
resin. However, the NaCl salt has not an influence on the
extraction efficiency of UOZ" ions.

3.9. Thermodynamic parameters

The effect of temperature on the removal of uranyl
ions from acetate solution by A-IRA-93 resin and mA-IRA-93

Comparison of isotherm models parameters for the adsorption of UO}" on A-IRA-93 resin and mA-IRA-93 resin

Adsorbent w, g Freundlich isotherm Langmuir isotherm Sips isotherm
1/n=-0.92986 g, =2.0819 mg g™ q,.=22368 mg g™
0.02 K,=1.84x10*g™ K, =-99795.86 L mg™ K,=-10.79 Lmg™
' R?=0.97 R?=0.97 R?=0.87
1/n=0.5814
1/n =-2.06608 g, =0.4811mg g q,.=0.5899 mg g™
K,=7.35x10710 g K, =-53139.29 L mg’! K,=-5.86 L mg"
A-IRA-93 0.025 f L s
R*=0.89 R*=0.81 R*=0.63
1/n=0.4556
1/n=-1.32139 g, =0.8039 mg g™ q,.=09235mg g™
0.03 K,=1.65x10°g™ K, =-75400.10 L mg™ K;=-8.39 Lmg™!
R*=0.93 R*=0.91 R*=0.75
1/n=0.5673
1/n=-0.2363 q,=32638 mg g™ q,.=52070 mg g™
0.02 K.=035¢g™ K, =-4.2190 x 10° L mg™ K,=-288.19 Lmg™!
' R*=0.71 R*=0.95 R*=0.23
1/n=7.6377
1/n=-0.0484 g, =1.4637 mg g™ q,.= 15562 mg g
K.=0.84g" K, =-8.0082 x 10° L mg™* K,=-2367.71 Lmg™
-IRA- 0.10 £ L s
mA-IRA-93 R>=0.86 R?=0.99 R?=0.50
1/n=11.7840
1/n=-0.1851 g, =0.6011 mg g™ q,..=0.6030 mg g
0.20 K,=0.08 g K, =-9.6593 x 10° L mg™ K,=-98.30 Lmg™
' R*=0.99 R*=0.99 R*=0.99
1/n=1.5114
Table 5

Comparison of uranyl removal capacities of the mA-IRA-93 with other sorbents

Materials C,x10*mol L' pH w,g Contact time, min Capacity, mg g™ References
Lewatit TP 260 0.3 41 0.060 120 [45]

PVA with functionalized with 25 45 0300 30 [38]
vinylphosphonic acid (PVA-VPA)

Phosphonic acid-imbedded polyurethane 0.24 70 0200 5h [46,47]
foam mA-IRA-93 1.0 3.5 0.020 60 This work




292

resin at pH =35, V=4 mL, w=0.03 g and w = 0.02 g for
A-IRA-93 and mA-IRA-93 resins respectively, & = 250 rpm
and concentration of [UOZ] = 10~ mol L™ was studied for
the determination of thermodynamic data such as, the
Gibbs free energy change (AG), enthalpy change (AH) and
entropy change (AS). AG was calculated using the following
equations [40]:

AG=AH-T-AS (14)

AG=-RT-InkK,, (15)

where R is the gas constant (8.314 ] mol™ K™) and T the
temperature (K).

100-
' S A
80- l><_
< 60, —a— ARA-93+ UO
E 1 —o— A-IRA-93+ Na*
s 40 —A— mAIRA-93+ UO,*
85 mMA-IRA-93+ Na*
é% 20-
04 © [ ] v [ ] o
00 02 04 06 08 10

[NaCl] (mol.L )

Fig. 13. Removal of uranyl and sodium by A-IRA-93 and
mA-IRA-93 resins as a function of initial concentration of
NaCl. [UG;] = 10* M, pH = 3.5, w(A-IRA-93) = 0.03 g, w(mA-
IRA-93) =0.02 g, V=4 mL, & =250 rpm, T = 22°C + 1°C and
t,= 60 min.

10014
] A——a
80- - a——p
< 60 —a— AIRA-93+ U0 *
2 —e— AIRA-93+ Na*
> 40 —a— mAIRA-93+ UO *
[y 2
g mMA-IRA-93+ Na*
S 20
5 o— U
0- (V] (V] \-//
00 02 04 06 08 10

[CH,COONa] (mol.L ™)

Fig. 14. Removal of uranyl and sodium by A-IRA-93 and
mA-IRA-93 resins as a function of initial concentration of
CH,COONa. [UO}] = 10* M, pH = 3.5, w(A-IRA-93) = 0.03 g,
w(mA-IRA-93) =0.02 g, V=4 mL, @ =250 rpm, T = 22°C + 1°C
and f = 60 min.
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The relation between K, AH and AS can be described
by Van’t Hoff correlation in Eq. (18).

_a5_aH

InK

p= R TRT (16)

Fig. 15 shows the removal yield of uranyl ions onto
A-IRA-93 and its modified form resins as a function of the
temperature. It can be seen that the extraction yield of uranyl
increases with increasing temperature, this attitude indicates
that uranyl sorption on both resins is an endothermic and
spontaneous process, as supported by the positive values
of AH and AS (Fig. 16 and Table 6), the decrease in AG val-
ues with increase in temperature showed that the sorption
was most favorable at higher temperature.

AG < 0 indicated that the sorption process of uranyl
was spontaneous for the two resins. The ratio AG,_, .../
AG, 1ag; = 10.58 show that the extraction by the mA-IRA-93
is more spontaneous than the extraction by the A-IRA-93.

1004 n n n
] (b)
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% 1 » ° )
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s
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8 504
404 ®
0 15 20 25 30 35 40 45 50 55
Temperature (°C)

Fig. 15. Removal of uranyl by: (a) A-IRA-93 and (b) mA-IRA-93
resins as a function of temperature, pH=3.5, [UO?]=10*mol L,
w(A-IRA-93) = 0.03 g, w(mA-IRA-93) = 0.02'g, V = 4 mL,
@ =250 rpm, and ¢, = 60 min.
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Fig. 16. Plot of Eq.14 for the uranyl sorption on (a) A-IRA-93 and
(b) mA-IRA-93 resins.
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Table 6

Thermodynamic parameters for the removal of UO;* on A-IRA-93 and mA-IRA-93 resins

Material AH (k] mol™) AS (J mol* K™) AG (k] mol™) at 295°K
A-IRA-93 0.11331 x 107 36.0243 -10.6270
mA-IRA-93 1.2769 x 107 381.2271 -112.4607

3.10. Fractional experimental design 35 Table 7

A fractional factorial design 3¢ is proposed. It is built
from 9 tests. It was defined by the design matrix shown in
Table 7.

Furthermore, the study of such a system was based on
the analysis of variances which expresses the importance
of the influence of each of the factors (X,, X, and X,) on the
response (Y). This analysis adopts the quadratic mathemati-
cal model described by Eq. (17):
Y=a,+Xa,-X,+2b-X’ (17)
where a4, is the average yield of the extraction; a, and b,
represent the coefficients of the model.

3.11. Factors and areas of study

Preparing for the experiment involves first looking for
all the factors that can influence the process being stud-
ied, and then the areas of study for each of these factors.
Therefore, the parameters which seem to be dominant are:

e Mass of the mA-IRA-93,
* Molar concentration of the metal [UOZ],
* Molar concentration of sodium acetate (CH,COONa).

In addition, each of them is studied in its own domain
of influence as indicated in Table 8. In addition, it is imper-
ative to note that all the experiments of this plan are carried
out at:

o T=22°C+1°C;
e pH,=35;
* Mechanical agitation of 250 rpm.

3.12. Establishment of the mathematical model

The extraction of uranyl ions by mA-IRA-93 was
studied using the test matrix shown in Table 9. Statistical
studies are carried out using the STATISTICA 12 software
which is suitable for the resolution of fractional plans, type
36-1[48].

The lowest yield was 25.3%. It was obtained with 0.01 g
of mA-IRA-93, a concentration equal to 0.6 M of CH,COONa
and a concentration of 102 M of UO?Z".

* Bestyield was 100% and it was observed on experiment 9.
* Mean extraction yield was around 65.3%.

Therefore, the results were translated into mathematical
polynomials using variance analysis (ANOVA). The results
are shown in Table 10.

Design matrix for a 3¢ fractional factorial experiment

N° experiment X, X, X, Response (Y) %
1 -1 -1 -1 Y,
2 -1 0 +1 Y,
3 -1 +1 0 Y,
4 0 -1 +1 Y,
5 0 0 0 Y,
6 0 +1 -1 Y,
7 +1 -1 0 Y,
8 +1 0 -1 Y,
9 +1 +1 +1 Y,
Table 8
Selected parameters and field of study
Parameter Designation Range studied
Mass of mA-IRA-93, (g) Q 0.01-0.05
[UO}], M) C 10°-10"°
[CH,COONa], (M) S 0.2-1.0

4. Conclusions

A novel method was proposed to synthesize a new
sorbent the di(methylenephosphonic) acid grafted on
Amberlite IRA 93 resin using the Moedrizer-Irani reaction
and was used subsequently as support material for UOZ
ions sorption. The extraction yield was determined as a
function of various parameters such as extraction time,
initial pH, uranyl concentration, temperature and ionic
strength. The maximal experimental capacities obtained
were 3.77 mg g™ for A-IRA-93 resin and 8.34 mg g for
mA-IRA-93 resin. Modification of the resin increases the
retention capacity by a factor of 2.21. The removal of uranyl
achieves equilibration at 30 and 60 min for mA-IRA-93 resin
and A-IRA-93 resin, respectively. Optimal extraction yield
was achieved for an initial pH equal at 3.5 for the two resins.

The kinetics of uranyl sorption on the two resins fol-
lows the pseudo-second-order model. The equilibrium
isotherm for sorption of the investigated metal ions has
been modeled successfully using the Freundlich isotherm
for A-IRA-93 resin and Langmuir isotherm for mA-IRA-93
resin. Diffusion models indicated that particle diffu-
sion model was adequate for mA-IRA-93 resin; however,
adsorption can be explained by chemical reaction model
for A-IRA-93 resin. Thermodynamics data leads to endo-
thermic process for the sorption of UOZ* ions on the two
resins. Thermodynamic study has shown also a negative
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Table 9
Parameter values and their responses when extracting UO3*

Y. Benmansour et al. / Desalination and Water Treatment 249 (2022) 281-296

N° experiment Parameters Reduced variables Response
mA-TRA-93, (g) [UOF], M) [CH,COONa], (M) X, X, X, Extraction yield, Y (%)

1 0.01 10° 0.2 -1 -1 -1 100

2 0.01 10 1.0 -1 0 +1 44.0

3 0.01 107 0.6 -1 +1 0 25.3

4 0.03 10° 1.0 0 -1 +1 100

5 0.03 10+ 0.6 0 0 0 65.3

6 0.03 103 0.2 0 +1 -1 317

7 0.05 10° 0.6 +1 -1 0 84.0

8 0.05 10+ 0.2 +1 0 -1 74.4

9 0.05 10 1.0 +1 +1 +1 42

Table 10

Mathematical models of extraction of UO}* by mA-IRA-93

Mathematical model in reduced coordinates

Y (%) =633 +3.67X, - 20.78X, - 2.25X, + 3.41X X, + 1.14X X, + 2.63X X, — 6.45X X X, (17)
Mathematical model in real coordinates
Y (%) = 66.99 —14.40Q — 421.18C — 15.515 + 6,542.5QC + 270.38CS + 329.56QS - 8,062.5QCS (18)

AG values which indicates that the sorption process of UOZ*
ions is spontaneous.

The highest extraction yield was investigated by means
of 361 factorial design studies. It provided by experi-
ment: w(mA-IRA-93) = 0.01 g, [UO?] = 10° mol L7 and
[CH,COONa] = 0.2 mol L7; and w(mA-IRA-93) = 0.03 g,
[UOZ] = 10° mol L™ and [CH,COONa] = 1.0 mol L™. The
polynomial model developed herein for the uranium(VI)
SPE yield may provide a valuable basis for industrial scale
applications.

In view of the results obtained in this study, these res-
ins can be a promising as new sorption materials for
immobilization and pre-concentration of rare earth elements,
radioactive metal and heavy metal ions from large solutions
volume. The proposed adsorbents is cost-effective and envi-
ronmentally friendly and a potential candidates for treat-
ment of water containing UO?". The functionalized adsorbent
(mA-IRA-93) has research value and application potential in
real waste water treatment.
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Symbol
Y (%) — Extraction yield
C. — Initial uranium concentration

i

C, — Equilibrium uranium concentration

C, — Uranium concentration at time ¢

q, — Amount of metal uptakes

1% — Volume of the solution

w — Mass of resin

K, — Distribution coefficient

M],.... UO:* ions concentrations in resin phase

[M]aq UO:* ions concentrations in aqueous solution
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