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Abstract

A zirconium molybdophosphate composite was designed for the selective recovery of uranium ions. The synthesized com-
posite was well-characterized using SEM, EDX, FT-IR and XRD. U(VI) ions recovery from their aqueous solution by the
studied composite was investigated in terms of adsorption isotherm, and thermodynamics. The composite is highly efficient
and selective in U(VI) ions capturing with Langmuir adsorption capacity of 192.3 mg/g. Results showed that the composite
is highly efficient in removal for U(VI) ions from Abu Rusheid leach liquor. As well as, it exhibits long-term stability, reus-
ability, and fast kinetic in capturing of uranyl ions from leach liquor.
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Introduction

Uranium is a radioactive element with an average abundance
of 2-4 pg/g in the Earth’s crust. Uranium is a vital element
for the nuclear energy industry [1, 2]. Uranium and their
compounds are potential occupational carcinogens, because
of their toxicity and radioactivity nature. Uranium can pol-
lute the environment through mining and different nuclear
activities. Therefore, there is a growing interest in uranium
extraction from its sources and from the environment in view
of the economy and environmental tasks [1-3].

There are several technologies used in uranium extrac-
tion include chemical precipitation, solvent extraction, solid/
liquid extraction etc. [2, 3]. Solid/liquid of great importance
due to its simplicity, economy and environmental advan-
tage [4—6]. Solid/liquid extraction includes the transfer of
uranium ions from its bearing solutions to the solid sorb-
ent through their interaction/adsorption on the adsorbent
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functional groups. The transfer is stimulated by the selec-
tion of appropriate optimal conditions in the system (lig-
uid-phase, analyte and solid-phase) [2, 7]. The analyte after
adsorption on the solid phase is either eluted with a suitable
elute or further analyzed. There are several solid adsorbents
were used in uranium extraction like graphene oxide [2, 4],
petroleum pitch-based porous aromatic frameworks [5],
polypropylene [6], silica [7], polystyrene [8], glycidylmeth-
acrylate [9], chitosan [10], activated carbon [11], etc.
Newly growing demand to find nature adsorbents to
replace petrochemical products by natural adsorbents, in
this respect, inorganic composites have greater impor-
tance because of their advantages such as physicochemi-
cal stability, high solubility and a relatively high sorption
capacity due to their tendency to form complexes with a
large number of metals. Many of the inorganic composites
have been used to recover uranium from its bearing solu-
tions such as zirconium phosphate [12], zirconium and
titanium phosphates [13], zirconium-molybdopyrophos-
phate-tributyl phosphate [14], and silica—zirconium phos-
phate-phosphoric acid [15]. Strategies oriented towards
the development of environmentally friendly and cost-
effective purification adsorbents aimed at better extraction
of uranium ions. In this concern, zirconium molybdophos-
phate composites are important inorganic materials as it
exhibited long-term stability, high selectivity, reusability,
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and fast kinetic adsorption of various metal ions in our
environment, geological and industrial samples.

In this paper, zirconium molybdophosphate composite
was synthesized, characterized and tested for the selective
recovery of uranyl ions from Abu Rusheid leach liquor
(Abu Rusheid area, south Eastern Desert, Egypt). The
adsorbent was characterized using FT-IR, SEM, EDX,
and XRD techniques. The adsorption condition was opti-
mized by varying experimental parameters to investigated
the adsorption process in terms of, equilibrium, isotherm,
kinetic, thermodynamics, and practical view.

Experimental
Reagents and instruments

U(V]) standard solution is Sigma-Aldrich product. Ura-
nium ions were analyzed by the oxidimetric titration
method and by confirmed spectrophotometericlly by Arse-
nazo III method [16]. Other elements were analyzed by
ICP-OES, XRF, FT-IR, XRD, and SEM, (Supplementary
Information, SI).

Synthesis of (zirconium molybdophosphate)
composite

Zirconium molybdophosphate composite can be prepared
by mixing one gram of sodium molybdate (Na,MoO,) and
dipotassium hydrogen phosphate (K,HPO,). The mixture
was dissolved in 100 mL of water then, zircon chloride
(0.2 M) was added. The precipitate formed was re-dis-
solved in a 1.0 M HCI, followed by the addition of 30 mL
tributyl phosphate, after 4 h. the product was collected,
washed and dried for 8 h (SI).

Characterization of (zirconium molybdophosphate)
composite

The analyses of trace elements were analyzed using ICP-
OES., 1976). The zirconium molybdophosphate com-
posite was characterized by X-ray fluorescence (XRF,
Philp’s experimental unit with automatic sample changer
PW 1510, JEOL-JSX-3222), Fourier transform infrared
spectrometer (FT-IR, Thermo Scientific-NICOLET iS10,
USA), X-ray diffraction (XRD, Phillips X-ray, PW3710,
fitted with a generator PW 1830 and Cu target tube PW
223/20 at 40 kV and 30 mA), and by scanning electron
microscope (SEM, X130 Philips type).
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Preparation of Abu Rusheid sample

The studied sample was subjected to uranium leaching
(=200 mesh size ground sample, 3 M H,SO, acid as a
leaching agent, 1/5 solid/liquid ratio, 200 rpm, and 0.5 h).
The obtained leach liquor filtered, then, its uranium con-
tent was measured.

Adsorption procedures

The retention of U(VI) on the prepared zirconium phos-
phate composite as a function of pH (1-7), time (5 to
150 min), initial uranium concentration (50 to 400 mg/L),
temperature (25-100 °C), and sorbent dose (2 to 20 mg)
were investigated using 10 mL of uranium solution at
optimum conditions of other factors. Three mineral acids
(0.10 to 1.0 M) were examined to eluate uranium from the
uranium loaded composite (SI).

The uranium uptake capacity (q,, mg/g), adsorption
efficiency (E%) and distribution coefficient (K,) were cal-
culated from the following equations [17].

mg\ _ _ K
%(;) =(C¢,-C)~ M
q.(%) = 100(C, - C,)/C, ©)
_ (Co - Ce) v
K, = lT - (©)

where m, V, C,, and C, are composite weight (g), the volume
of the solution (L), the initial and the final uranium concen-
trations (mg/L), respectively.

Results and discussions

Characterization of (zirconium molybdophosphate)
composite

X-ray fluorescence (XRF)

The prepared composite was identified by X-ray fluores-
cence (Fig. S1), the analysis illustrates that the prepared
composite contains ZrO,, P,Os, MoO; and K,O with a per-
centage of 70.8709, 17.1126, 10.10, and 1.9165, respec-
tively. From the latter results, we prove that the main ele-
ment oxides are ZrO,, P,0O5 and MoO; constituents of the
zirconium molybdophosphate composite.
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Fourier transforms infrared spectrometer

FTIR spectrum is a useful tool to identify molecular and
functional groups [18]. The spectrum of the prepared zirco-
nium molybdo-phosphate composite (Fig. S2) shows peaks
at 600, 790, 886 and 930 cm™! correspondings to PO43_.
The peak at 981 cm™! represented P=0 stretch. One band at
1259 cm™! is attributed to (RO); P=0. Two beaks at 1465
and 1600 cm™! are related to PO,. The band at 2878 cm™!
is attributed to O=P—OH, while the peak at 2962 cm~! s
corresponding to P-OH. Also, at 3588 cm™' represented
broadband involving OH stretch form. After uranium
adsorption, the bands of PO43 ~ were shifted to 615, 793 and
863 cm™! and the two peaks at 1259 and 930 cm™! were
disappeared. Also, six bands at 981, 1465, 1600, 2878 2962
and 3588 cm™! were shifted to 975, 1458, 1648, 2876, 2961
and 3596 cm™'. The major contributions from the phosphate
groups have been changed due to the reaction with uranium
ions.

Scanning electron microscope (SEM)

SEM images indicate that the surface of zirconium molyb-
dophosphate composite has a deep hole of different sizes,
(Fig. S3). While, the image of the surface after adsorption of
uranium shows that, the surface is amorphous to be growing
in clumps and coating cracks. The chemical composition
of zirconium molybdophosphate given by EDX analyses
is P 34.99%, K 7.69%, Ca 2.83%, and Zr 54.49%, where
this composition after uranium adsorption is P 25.65%, U
23.78%, K 4.09%, Ca 0.96%, and Zr 45.53%.

X-ray diffractions (XRD)

Comparative XRD patterns of the free zirconium molyb-
dophosphate are illustrated in Fig. S4a and the uranium
loaded one is shown in Fig. S4b. The diffraction peak of
zirconium molybdophosphate with uranium indicated at
5.180°, 52.215°,70.545°, and 83.280° was shifted to higher
values, confirming uranium adsorption on the composite.

Effect of pH

Figure 1 shows the dependence of U(VI) adsorption on
pH on by zirconium phosphate composite, the results
indicate that U(VI) adsorption efficiency increases with
increasing the pH to 3.5 (adsorption efficiency =90%, and
q,= 180 mg/g) and then adsorption efficiency decreases
with the further pH increasing. The results show that the
prepared adsorbent has a good absorption capacity com-
pared to other adsorbents (Table S1). When the solution
is acidic, the adsorption on the protonated adsorbent sur-
face is facilitated by electrostatic attraction of the uranium
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Fig. 1 Effect of pH on of U(VI) adsorption efficiency by zirconium
molybdophosphate (200 ppm, 30 min, 10 mL uranium solution and
10 mg composite)
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Fig.2 Effect of time on of U(VI) adsorption using zirconium molyb-
dophosphate (10 mL of uranium solution of 200 mg/L, pH: 3.5, room
temperature and 10 mg composite)

anion species in solution with the positively charged sur-
face. At pH > 3.5, the protonation is decreased and the
surface begins to polarized and hence carry a negative
charge which electrostatic repulsed with uranium anions,
so the adsorption capacity is slightly reduced. The sug-
gested mechanism is electrostatic interaction between the
adsorbent and uranium ion species.

Effect of time

The effect of time (Fig. 2) clearly shows that uranium
adsorption efficiency increases with increasing the contact
time until it reaches a plateau after 30 min. Moreover, the
U(VI) adsorption efficiency was increased from 79% (5 min)
to 90% (180 mg/g). The rapid initial uptake of uranium by
zirconium molybdophosphate may be due to the availability
of completely vacant adsorption sites at the beginning of the
sorption process. After a rapid initial uptake, there was a
transitional phase in which the rate of uptake was slow with
uptake reaching almost a constant value at 30 min. The low
equilibrium time indicates a great efficiency of the zirco-
nium molybdophosphate adsorbent towards U(VI)ions from
their aqueous solution.
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Effect of initial uranium concentration

The effect of U(VI) concentration, expressed in terms of
both adsorption efficiency and maximum uptake (Fig. 3),
reveals that the maximum uptake (mg/g) of the adsorbent
improved with increasing U(VI) concentration, while,
adsorption efficiency (%) is decreased.

The decreasing in adsorption efficiency (%) may be due
to the fact that the lower U(VI) concentrations in the sorp-
tion medium have greater availability for sorption sites, and
this availability decrease as uranium ions increase (increase
in the ratio of adsorbate per mass unit of the adsorbent), so
adsorption efficiency (%) decrease while maximum uptake
(mg/g) increase.

Effect of temperature

On the other hand, the adsorption capacity decreases with
the increase in temperature (Fig. 4). It is clear that the
adsorption efficiency of uranium sharply decreased (from
90 to 40%) with an increase in the temperature from 25 to
100°C, respectively. The negative effect of temperature on
the adsorption process indicating that the process may be
exothermic in nature.

Effect of composite dose

The composite dose can affect the sorbent-sorbate equilib-
rium of the system (Fig. 5). Uranium adsorption efficiency
increased from 70 to 90% with an increased dose from 2 mg
to 10 mg and then remains constant. The higher composite
dose provides more available sorption sites and hence pro-
vides higher adsorption efficiency (%). Therefore, the opti-
mum composite dose was chosen as 10 mg of composite per
10 mL of uranium solution (Fig. 5).
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Fig. 3 Effect of U(VI) concentration on uranium adsorption by the
composite (pH: 3.5, 30 min, room temperature, 10 mL uranium solu-
tion and 10 mg composite)
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Fig.4 Effect of temperatures on uranium adsorption efficiency
(200 ppm uranium, 30 min, pH: 3.5, 10 mL of uranium solution and
10 mg composite dose)

Desorption and regeneration of the prepared
(zirconium molybdophosphate)

Desorption studies will help to regenerate the spent com-
posite. Uranium desorption from loaded zirconium molyb-
dophosphate was studied by H,SO,, HCL, and HNO; (SI).
The elution efficiency was found to be increased by increas-
ing the acid concentration, a maximum elution efficiency of
99% was obtained by using 0.25 M H,SO, or 0.75 M HNO;.

The adsorption—desorption cycle was repeated five times
using 0.25 M H,SO,. After five cycles the adsorption effi-
ciency of (zirconium molybdophosphate) composite was
decreased from 90 to 85% and the desorption decreased from
99 to 90%. Therefore, 0.25 M H,SO, acid could regenerate
the composite effectively.

Adsorption equilibrium studies
Generally, adsorption isotherms are used to understanding
the adsorption mechanism [19]. The most frequent models

used are the Langmuir and Freundlich models. The Lang-
muir model represents a monolayer coverage adsorption
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Fig.5 Effect of composite dose on uranium adsorption using the zir-

conium molybdophosphate (200 ppm of uranium, 30 min, room tem-
perature, pH: 3.5 and 10 mL of uranium solution)
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1.2 5 Table 2 Kinetic model parameters
y = 0.0052x + 0.0378
RE=0.9971 Kinetic models Parameters 298 K
0.8 -
= First-order parameter q, (mg/g) 8.45
o K, (min™") 0.0241
041 R 0.8182
. Second order parameter q, (mg/g) 181.81
0 ! o p” p ™o K, (g/mg. min) 0.0045
R? 0.9997
C.
Fig.6 Langmuir isotherm model of U(VI) adsorption onto the adsor-
bent 1
y =0.0055x + 0.0067
0.75 1 R =0.9997
Table 1 Langmuir and Freundlich parameters of the adsorption pro- -
cess g 0.5 1
Isotherm models Parameters 298 K 0.25 -
Langmuir isotherm Equation Y=0.0052x+0.0378 0
Gmax (M/2) 192.30 0 50 100 150 200
b (L/mg) 0.137 Time, (min.)
R 0.9971
Freundlich isotherm Equation ¥=02735x+1.7119 Fig.7 Pseudo-second order model of uranium onto the zirconium
k; (mg/g) 51.51 molybdophosphate
1/n (mg min/g) 0.2735
R 0.6804

process (Langmuir [20]) expressed by the following equa-
tion [20, 21]:

C, 1 C,
+

QE meax

Qmax (4)
where b and q,,,,, are Langmuir constant and the maximum
capacity (mg/g). The Langmuir plots of (Fig. 6) show higher
correlation coefficient values and Table 1 shows a maxi-
mum capacity (g,,,,) much close to experimental capacity
this indicates that the U(VI) ion adsorption process is fitted
with Langmuir isotherm model confirming the monolayer
coverage of uranium onto the adsorbent and indicate the
favorability of the chemical adsorption process.

Freundlich isotherm model suggested a multilayer het-
erogeneous adsorption process [17, 21, 22]:

logg, = logK; + %logCe ®)

K and n are constants related to the adsorption capacity
and energy of adsorption, respectively. Freundlich plots (Fig.
S5), and adsorption parameters (Table 1) show that the val-
ues of K (mg/g) are lower than the experimental capacity of
U(VI) on the composite indicated that the adsorption process
is not a heterogeneous the experimental data does not fit

Freundlich isotherm. Also, The Freundlich plot gave a slope
less than unity indicating the nonlinear sorption behavior
with U(VI) in the concentration range studied.

Adsorption kinetic studies

Two kinetic models were used to analyze the adsorption
of U(VI) onto the composite. Firstly, the pseudo first order
model was applied according to Eq. 6 [21, 23]:

Log(q, — ¢,) = logq, — (K,/2.303)t (©6)
where g, and g, (mg/g) are the uranium adsorbed at time t
(min) and at equilibrium, respectively. k; is the adsorption
rate constant (1/min). The adsorption rate constant (k) can
be determined experimentally by the plotting of Log (¢, —g,)
versus t (Fig. S6). From the data in Table 2 (the sorption
capacity of 8.45 mg/g, besides R? value of 0.8182) it can
conclude that the adsorption processes don’t fit a pseudo
first order kinetic model.

The second model is pseudo second order model which
is given by Eq. 7 [21, 24, 25]:

t/q,= 1/kq; + (1/4.)t (7)

The straight lines of plots of #/g, against t give the slope
1/g, and the intercept 1/k,q%e (Fig. 7). The calculated value
of g, is found to be 181.8 mg/g and the correlation coefficient
(R?) equals 0.9997, respectively (Table 2). The obtained q,
is perfectly close to the experimental one, indicated that the
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process is mainly controlled by the chemical adsorption
mechanism on the composite active sites [26]. The rate of
adsorption is less controlled by intra-particle diffusion due
to the bulky size of U(VI) ions that implies that adsorption
of U(V]) is dependent on the concentration of both the metal
ions and active sites concentrations.

Thermodynamic of the uranium adsorption process

Thermodynamic parameters associated with the adsorption
(enthalpy change (AH, KJ/mol), entropy change (AS, KJ/
mol K) and Gibbs free energy (AG, KJ/mol)) were calcu-
lated by Egs. 8-10 [21, 26]:

AG = —2.303RT log k, 8)
AG = AH—-TAS &)
kd = (Co - Ce)/ce X V/m (10)

where K, is the adsorption equilibrium constant (L/g) and R
is the universal gas constant (8.314 J/mol K). By plotting a
graph of Log K, versus 1000/T, K™, the values AH and AS
can be calculated from the slope and intercept, respectively
(Fig. 8).

All thermodynamic parameters obtained from the plot-
ted graph are listed in (Table 3). The negative values of AH
suggest the exothermic nature of the adsorption of uranium
onto the prepared composite. The value of AG suggests a
spontaneous adsorption reaction.

Uranium adsorption from the Abu Rusheid
leach liquor using the prepared zirconium
molybdophosphate composite

Table 4 shows the analyses of major and trace elements in
the studied sample. The Abu Rusheid sample has uranium
concentration assaying 2000 mg/kg.

In this case, 1 kg of the Abu Rusheid sample with
particle size -200 mesh was subjected to acid leaching

y =1.6894x - 4.8132
R2=10.9552

- 1.2 4
M .
o0
3
—

0.4 4 *

T T T 1
216 2.8 3 3.2 34
-0.4
1000/T, K

Fig.8 A plot of log K, against 1000/T for uranium adsorption onto
the prepared zirconium molybdophosphate
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Table 3 Thermodynamic parameters for the uranium adsorption onto
the prepared (zirconium molybdophosphate)

Tempera- AH, (KJ/mol) AG, (KJ/mol) AS, (KJ/mol K'7)
tures, (°K)

298 —32.34 —-5.44 —0.0902

308 —3.55 —0.0934

318 —2.49 —0.0938

338 —0.899 —0.093

358 0.237 —0.0909

at the following optimum conditions: 3.0 M H,SO, acid
with ratio 1:5 (S/L) for 0.5 h. at room temperature, with
leaching efficiency (90%). After that, the solution was fil-
tered then the uranium was measured in leach liquor. The
obtained leach liquor has 360 mg/L for uranium.

The applied experiment was achieved under the pre-
viously optimum conditions (pH 3.5, 200 rpm stirring
speed, 30 min contact time at room temperature) by mix-
ing 5L of the studied leach liquor with 1.8 g of the pre-
pared zirconium molybdophosphate composite. U(VI)
was eluted from the loaded prepared composite and then
it was precipitated using sodium hydroxide at pH 7 as
sodium diuranate (Na,U,0O5). The final product was dried
at 110 °C for 1 h, the uranium content was found to assay
about 67.5% and the purity of it was 90%. The chemi-
cal composition of uranium precipitate as given by EDX
analyses is P 10.53%, S 0.19%, K 11.09, Ca 6.48%, Fe
1.94 and U 69.76%. Finally, a schematic flow sheet for the
precipitation of uranium from the Abu Rusheid area was
presented in Fig. 9.

Table 4 Chemical composition the studied sample

Major elements Trace elements content

content

Major oxide wt.%  Element mg/kg Element mg/L
SiO, 7151 U 2000 Mn 210.728
Al O4 1250 Zr 194.83 Mo 1.7961
TiO, 0.12  Sr 16.286  Ni 5.364
Fe20§ 6 Cr 8.762 TI 5.679
CaO 1.0 Cd 3.373 v 1.5533
MgO 0.13 Co 0.5825 Ba 63.495
Na,O 0.13 Cu 63.567 As 1.0436
K,0 6.563 Zn 1977912  Sb 6.3834
P,0; 0.12 Pb 61.868 Sn 20.024
L.O.I 1.08 Li 1146.0922 B 12.8155
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Fig.9 Proposed flow sheet for
the extraction of uranium by
zirconium molybdophosphate
composite

1 kg sample,
-200 mesh size, U=2000 mg/kg

v
Leaching

v

1/2h. contact time, stirring speed 200 rpm at room temperature, (leaching

3M H2S04, (1:5) S/L ratio,

efficiency=90%)

Residue

v

Filtration

A 4

Leach liquor,
U=360 mg/L

Y

Adsorption using prepared composite,

(Zirconium molybdophosphate)

v

pH=3.5, composite dose=1.8 g, 1/2h. contact time,

5L of uranium solution at room temperature

Leach liquor

v

Filtration

L

Uranium loaded onto the prepared composite

Conclusions

Zirconium molybdophosphate composite was successfully
synthesized for the selective extraction uranium from its
sources under optimized conditions (pH 3.5, 200 rpm,
30 min. The maximum uptake capacity of the prepared
composite has attained 180 mg/g where the Langmuir
adsorption capacity of 192.3 mg/g. Good reusability of

v

Uranium elution and precipitation

}

Na:U.0~

zirconium molybdophosphate also indicated that the excel-
lent adsorption stability for uranium recovery. Finally,
the optimized factors have been carried out for uranium
adsorption from Abu Rusheid leach liquor, Abu Rusheid
area, south Eastern Desert, Egypt. The final precipitate
of uranium was confirmed by chemically and by the EDX
techniques.
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