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Abstract The preparation and characterization of three
different phases of zirconium phosphate (ZrP) have been
carried out using XRD, SEM, EDX, and FTIR spectros-
copy. The phases exchange and sorption properties
with three different radioisotope 234Th, 238U, and "3*Cs
were investigated.
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Introduction

Ton exchange technologies are widely applied for water and
waste treatment in different areas of research and industry
such as hydrometallurgy, biochemistry, medicine, and
environmental protection. Ion exchange as a separation
process is relatively easy and energy-efficient in compari-
son with other traditional waste treatment techniques used
in nuclear industry (e.g., solvent extraction, precipitation,
evaporation...). The nuclear industry produces large vol-
umes of radioactive waste which requires treatment prior to
final disposal. This requirement can be met with the use of
inorganic ion exchangers.

Ion exchange efficiency depends on many factors, the
main principal one being the selectivity of the exchanger in
use. Inorganic ion exchangers and adsorbent materials are
very important due to their chemical thermal, stability, and
resist to oxidation whereas unique selectivity to certain
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ions has definite advantages in comparison with other
traditionally used organic resins.

Zirconium phosphate (ZrP) has recently been demon-
strated as an excellent sorbent for heavy metals due to its
high selectivity, high thermal stability, and absolute
insolubility in water [1-3].

ZrPs can be exist in amorphous or crystalline phases and
have a general formula ZrO,-nP,05-mH,0-(xMO), where
n=0-25 m>0, x =0-5 M = metal ion.

Conventional methods of preparing amorphous ZrP can
be achieved the reaction between aqueous solutions of a
zirconium salt and a phosphorus containing reagent, such
as phosphoric acid or its salts [4-7]. Crystalline ZrP can be
prepared by treatment of amorphous ZrPs in the presence
of excess phosphoric acid at elevated temperature for a
long period of time [8] or by a reaction between aqueous
solutions of a zirconium salt and phosphoric acid to form a
gel and then heating the dry gel in water under hydro-
thermal conditions [9] or also via solid state reactions
between ZrO, or zirconium salts and salts of phosphoric
acid [6, 10].

The objective of the present study is the preparation and
characterization of ZrP in order to explore the behavior and
the mechanism of radionuclide sorption onto amorphous,
anhydrous crystalline and monohydrate crystalline phases
of ZrP, as well as, the sorption with three radioisotopes
234Th, 238U, and "**Cs ions elements in aqueous solution.

Experimental
Materials and instrumentation

The formation and characterization of ZrP were identified
using different techniques: X-ray diffraction (XRD), the
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data were collected with a Stoe StadiP Transmission X-ray
diffractometer. Infrared Fourier transform (FT-IR) spectra
were taken in Thermo Nicolet 6700 spectrophotometer
with a resolution of 4 cm™' as KBr disc. Approximate
particle size determinations ZrP samples were obtained
with a Tescan Vega II XMU Scanning Electron Micro-
scope (SEM). Energy Dispersive X-ray Spectroscopy
(EDX) is used in parallel with SEM for micro analysis
determination of the prepared samples.

Gamma spectroscopy and fluorometry measurements
were used for detection and determination of the studied
radioisotopes, respectively. Thorium (234Th, y, 63 kev,
92 kev) was separated from the natural uranium series
using the method described earlier [11]. Uranium 38U, o)
was separated from the natural uranium series by dissolv-
ing 1 g of U3;0g in 10 mL HNO; (8 M), then heated to
dryness and followed by dissolving in HCI (8 M), then
passed through an anion exchange resin for fixing uranium.
The uranium was finally extracted by resin elution using a
diluted HCI 0.1 M. Cesium (***Cs, 7, 606 kev, 797 kev)
was obtained by irradiating of 0.1 g of natural cesium at
the Miniature Neutron Source Reactor of Syria, MNSR
reactor at 5 x 10" n/s cm?® flux.

Preparation of ZrPs

Three ZrPs phases were prepared, which were classified
and identified according to the preparation conditions. The
first phase, ZrP1 is the monohydrate crystalline with a
formula of Zr(HPO4),-H,O. The second phase ZrP2, with
the form of Zr(HPO4),, is amorphous in nature as eluci-
dated elsewhere [7, 12], while the third and last phase,
ZrP3 is the crystalline anhydrous form with the formula of
ZrP207.

ZrP1

The monohydrate crystalline phase (ZrP1) was prepared
applying the method proposed by Bauer and Helen [13,
14]. 25 mL aqueous solution of zirconyl chloride
(ZrOCl,-8H,0, 1 M) was slowly added to ten times excess
of 1 M H;3PO, (about 250 mL). The precipitated material
was washed several times with distilled water to remove
the un-reacted materials and impurities, then dried for
2-3 h at 95 °C and finally stored at room temperature.

ZrP2

Preparation of amorphous phase (ZrP2) has been carried
out as follows: 10 g of ZrOCl,-8H,0 was first dissolved
into 20 mL 2 M HCI solution. At the ambient temperature,
the above solution was gradually added into a flask con-
taining 180 mL phosphoric acid with a concentration of
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3.5 M within 30 min and shaken overnight at 120 rpm.
Thereafter, the precipitate (ZrP) was filtered, and then
rinsed first with about 500 mL 0.5 M H5;PO, solution and
finally washed by distilled water until the neutral pH is
obtained. The obtained particles, ZrP particles were des-
iccated at 50 °C for 24 h [2, 8] and stored at room tem-
perature for further work.

ZrP3

The crystalline anhydrous phase (ZrP3) was prepared by
two procedures:

(a) 17 g phosphoric acid (9 M) was added to excess of
10 g ZrOCl,-8H,0 (31 mmol). The reaction mixture
was heated at 90 °C for 24 h. The resultant white
product was washed twice with 50 mL distilled water
and one time with 20 mL of acetone. The obtained
solid material was dried overnight at 60 °C [8].

(b) 5 g ZrCly was dissolved in 30 mL HCI (2 M) and
stirred at room temperature, then 3 mL phosphoric
acid (2.3 M) was added to the stirred mixture. The
produced gel material was then refluxed in H;PO,4
(about 3.3 M) until crystalline ZrP was formed. The
precipitated solid was washed with H3PO, (0.7 M)
and then with distilled water and the pH was adjusted
to 4 in order to get rid of all un-reacted phosphate and
chloride ions. Finally the prepared compounds was
dried at 70 °C for 72 h [15].

Weight exchange capacity

To determine the total weight exchange capacity of ZrP,
1 g of the previous air-dried exchanger is swollen with
distilled water. The swollen resin was transferred to an ion
exchange column. Amount 200 mL of 0.1 M NaOH was
passed through the resin bed at a flow rate of 2-3 mL/min.
After the total amount of NaOH solution has passed
through the column, the residual liquid present in the col-
umn was ejected with compressed air. The loss of OH™
ions was determined by titration with 0.1 M HCI, and the
total weight exchange capacity, expressed in millimoles of
H™ per gram (mmol/g) of dry exchanger, was calculated as
mentioned in literature [16].

Results and discussion
Characterization

ZrP1 and ZrP2 were obtained as white hard granules
materials while the ZrP3 was formed as white powder.
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The sharp peaks in the XRD pattern of ZrP1 (Fig. 1)
correspond to the formula Zr(HPO,4),-H,O [17, 18]. Fig-
ure 2 shows three different FTIR spectra, The IR spectrum
of Zrpl shows a broad band observed at 3400 cm™' and
another band at 2360 cm™'. These two bands are corre-
sponding to O-H (hydroxyl group and water molecule) and
POH stretching vibrations, respectively. The peak at
650 cm ™! is connected with the O-H bond (out of plane).
The bands at 506 and 1080 cm ™" are assigned to Zr—O and
PO, asymmetric stretching vibrations which are the most
characteristics modes of ZrP1 [14, 19, 20].

The absence of any sharp peaks in the X-ray powder
pattern (Fig. 1) for ZrP2 indicates the amorphous nature of
the material [7, 12]. The FTIR spectrum of ZrP2 (Fig. 2)
exhibits a broad band in the region around 3400 cm™'
which is attributed to —OH stretching band. A sharp with
a medium intensity band at 1635 cm™' is assigned to
(H-O-H) bending band. The band at 1080 cm™ ! is con-
firms the formation of P=0 stretching. fundamental bonds
presented in Zr(HPO,), [2, 21].

The sharp peaks in the XRD for ZrP3 (Fig. 1) indicates
clearly the crystalline nature of this phase and were cor-
respond the formula ZrP,O; [22-24]. In the absence of
hydrogen in this crystalline phase leading to the disap-
pearance of band observed previously at 2360 cm™' (POH
stretching mode). Also, the O-H stretching band at
3400 cm™ ' shifted to lower frequency and it is narrower
than the bands observed in the two previous phases
(Fig. 2). This observed IR result is consistence with XRD
observations confirming the existence of anhydrous crys-
talline phase (ZrP3).

Fig. 1 XRD pattern of ZrP 3200
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The SEM results are compatible with the previously
observed XRD and IR data. The micrography images of
ZrP are shown in Fig. 3, which shows clearly the presence
of the three phases of ZrP (ZrP1: monohydrate crystals,
ZrP2: amorphous, ZrP3: anhydrous crystals). On the other
hand, the oxygen, phosphorus, and zirconium elemental
contents of the surfaces for three phases were determined
using EDX technique. Table 1 summarizes the theoretical
and measured values for above mentioned elements for the
three investigated phases. The reported data in Table 1 for
O/P, O/Zr, and P/Zr ratios between theoretical and mea-
sured values are very close to each other. This emphasis
that the three obtained phases has the suggested formula as
pointed out in this work.

Sorption studies

The Na' weight exchange capacity of ZrP at room tem-
perature was determined using an acid-base titration
method. The weight exchange capacity results for the dif-
ferent phases are given in Table 2. The weight exchange
capacity is in the following order: ZrP1 > ZrP2 > ZrP3.

Six standard (Merck) aqueous solutions with different
concentrations (acidic or basic milieus) were used for the
preparation of radioisotope solution as follows: tartaric acid
(0.01-3 M), citric acid (0.01-3 M), HCI (0.1-8 M), HNO;3
(0.1-8 M), NaOH (0.1-8 M), and NH,OH (0.1-8 M).

The sorption of radioisotopes on these three phases of
ZrPs (three forms) was investigated as follows; 20 mL from
each last six standard aqueous solution containing one of the
following radioisotope ***Th (1000 cps), >**U (75 ppm), and

ZrP2

30.0 40.0 50.0 60.0 2Theta
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Fig. 2 FTIR spectra of ZrP ]
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Fig. 3 Micrography SEM of ZrP samples
Table 1 Theoretic atomic numbers and that calculated with EDX for O, P, and Zr of ZrP
Element and rapport ZrP1: Zr(HPO4),-H,O ZrP2: Zr(HPO4), ZrP3: ZrP,O,
Calculated Theoretical Calculated Theoretical Calculated Theoretical
O (at%) 74.7 75.0 73.3 72.7 69.9 70.0
P (at%) 17.4 16.7 17.3 18.2 20.0 20.0
Zr (at%) 7.9 8.3 94 9.1 10.1 10.0
O/P 4.3 4.5 4.2 4.0 35 3.5
O/Zr 94 9.0 7.8 8.0 6.9 7.0
P/Zr 2.2 2.0 1.9 2.0 2.0 2.0
134Cs (500 cps) was added to 0.5 g ZrP and left for 24 hfor ~ Thorium

sufficient ionic exchanging. It should be mentioned here

that, the experiments were repeated three times with each
individual prepared ZrP phases. By the way, the radioac-
tivity was measured before and after mixing with ZrP.
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The sorption behavior of ***Th on ZrP is varying from a
solution to another and it depends on the ZrP phase. The

ZrP1 is excellent exchanger for ***Th because the sorption
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Table 2 Weight exchange capacity for different phases of ZrP 100 U/ HCl
ZrP1 ZrP2 ZrP3 80 1ZrP % 2ZrP @ 3ZrP
8.9 mmol/g 6.9 mmol/g 6.3 mmol/g °
> 60
o
2
was fully in HCI, HNO;, NaOH, and NH,OH solutions. 3 40
Nevertheless, at low concentrations of tartaric acid and o,

. . . . . 2 -~
citric acid (less than 0.1 M), the 24Th sorption is lower 2 i .
(between 80 and 95%). ji__ & . & .

In ZrP2 and ZrP3, the sorption of **Th in HCI, NaOH, 0 2 4 6 8
tartaric acid, and citric acid milieus was fully. While in Concentration (M)

NH4OH solution, the sorption was lowered to 80%. The
kinetic behavior of ***Th sorption on ZrP phases in HNO;
solution is illustrated in Fig. 4. As can be seen in Fig. 4,
234Th sorption on ZrP2 increases with increasing HNO;
concentration. On the contrary, the sorption on ZrP3
decreases with increasing concentration of HNOs5. But, it
should be pointed, that the sorption is complete with ZrP1
phase. The obtained results can be explained on the fol-
lowing bases: considering that the mechanisms of sorption
for ZrP1 phase are a accompanying of the two sorption
mechanisms for ZrP2 and ZrP3 phases, which will be
discussed later. Therefore, the sorption of 234Th on ZrP1
would be the sum of the ZrP2 and ZrP3 curves (Fig. 4).

Uranium

It has been found that the sorption of ***U on ZrP is lower
than ***Th in all aqueous solutions for the three different
phases of ZrP. In all acid solutions, the sorption of uranium
on ZrP decreases with increasing acid concentrations. The
238y sorption is worse in the HNOj solution, it does not
exceed 60% at best (0.3 M). In HCI solution (Fig. 5), the
percentage sorption is better than HNOj5 solution with, 85%
yield. But the best sorption of uranium is in citric acid
(Fig. 6) and tartaric acid (Fig. 7), where the sorption is
more than 90%. This result is agreeable with the changes of
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Fig. 4 Th sorption on ZrP in solution of HNO;

Fig. 5 Uranium sorption on ZrP in solution of HCI

surface properties produced by citric acid during the
hydration process [25]. It can be concluded that the best and
worst uranium sorption will be with ZrP2 an ZrP3 phases,
respectively. Moreover, the sorption on ZrP3 becomes better
in the presence of organic acids with ZrP,0; due to increase
of uranium sorption constants [25].

Cesium

Generally in acid solutions, the sorption of '**Cs on ZrP1 and
ZrP2 phases was nearly fully but with ZrP3, the '**Cs sorption
increases with increasing acid concentration (Fig. 8).

In HCI solution, the rate of sorption was less than 60 and
100% for concentrations lower and higher than 1 M,
respectively. In HNOg, tartaric acid and citric acid solu-
tions, the sorption of '**Cs is about 80%.

For alkaline solutions, the sorption of '**Cs with NaOH
on ZrP1 phase was between 84 and 100% with all inves-
tigated concentrations (Table 3). Regarding ZrP2 phase,
the sorption of '**Cs is less than previous phase (about
56% with 0.5 M NaOH). Finally, the sorption of '**Cs with
NaOH on ZrP3 phase is lower for concentrations lower
than 1 M in particular (about 30% with 0.8 M NaOH).

With NH4OH, the best '**Cs sorption was with ZrP2
phase (Table 4). Similarly, Parker et al. found that amor-
phous ZrP can selectively remove Cesium even in the
presence of a competitive ion of high concentration [1]. As
100% of cesium sorption is obtained by ZrP, it can be
concluded that this method is competitive with electro-
chemical ion exchange technique [26].

It can be concluded that the differences in the behavior
of ZrP phases are related to the structures and the com-
positions for these phases. Moreover, the differences
between the ion exchange properties of crystalline phases
(ZrP1 and ZrP3) could be explained by the building of
different structural arrangements [27].

The sorption could be explained by the two following
mechanisms. The first mechanism is ion exchange, while
the second mechanism is ions adsorption on the surface. In
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100 U/ Citric acid Table 4 Cesium sorption in NH,OH

804 1ZrP % 22rP @ 321P Conc. NHLOHM) 0.1 03 05 08 1 3 5 8
3 & ZrP1 sorption (%) 86 66 42 63 79 78 77 67
_E = e ZrP2 sorption (%) 100 71 92 82 96 92 86 &9
% 10 o ZrP3 sorption (%) 47 44 43 46 84 83 80 83
2]

20

. o Zr(HPO,),+1/2 M* — ZrM, ,H(POy4),+H™"
L
0+ — .: = =
0 0.5 1 1.5 2 25 3 where M represents the corresponding element of heavy

Concentration (M)

Fig. 6 Uranium sorption on ZrP in citric acid
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Fig. 7 Uranium sorption on ZrP in tartaric acid
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Fig. 8 Cesium sorption on ZrP3 in acid solution

Table 3 Cesium sorption in NaOH

Conc. NaOH (M) 0.1 0.3 05 08 1 3 5 8

ZrP1 sorption (%) 100 100 87 84 92 88 89 &5
ZrP2 sorption (%) 100 8 56 59 74 79 83 80
ZrP3 sorption (%) 45 58 48 30 8 80 83 73

the amorphous phase ZrP2, the ion exchange mechanism
is dominant and can be represented by the following
equation [2]:

@ Springer

metal.

For anhydrous crystalline phase ZrP3, in absence of the
hydrogen atoms (which play main role in the ion exchange
mechanism), the adsorption mechanism is dominant. This
could be explained by the formation of active sites in solid/
liquid interface due to the hydration of ZrP,0O; [25].

Finally, for monohydrate crystalline phase ZrPl,
adsorption mechanism occurs on the surface, as well as the
ion exchange mechanism, see the following equation [5]:

Zr(HPO,),-H,0 + M* — ZrMH(PO,), -nH,0 + H*

where M is a metal and »n is a number (M = Na when
n =>5).

This interpretation is compatible with the previous
mentioned results of the exchange capacity and sorption,
where generally the ZrP1 phase is the best active one while
the ZrP3 phase is the least active.

On the other hand, the sorption could become better
using the ZrPs in saline form, due to its better sorption
capacity for heavy polyvalent metals [28].

Conclusion

Three phases of ZrPs were prepared by adding zirconyl
chloride to phosphoric acid at different conditions. The
samples were characterized by XRD, SEM, EDX, and
FTIR spectroscopy. Ion exchange and sorption behavior
was investigated using 234Th, 238U, and '**Cs as radioiso-
topes in aqueous solutions and with different acid and
bases mediums.

The best sorption of thorium was found to be with ZrP1
phase apart from solutions concentrations. In addition to
that, the ZrP1 is considered to be the best used phase for
cesium sorption. The best sorption of Uranium was with
ZrP2 phase in the tartaric acid with a concentration less
than 1 M.

It is suggested that, the ZrP can be used as ion exchange
resins. All the three prepared phases of ZrP have different
exchange properties. It is emphasized also that ZrP phases
can be used for actinides separation in aqueous solution.
For example a method to separate thorium from uranium
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using ZrP1 phase in 3 M HNOj solution could be proposed
according to obtained in this article (the sorption of tho-
rium was complete, while the uranium sorption was less
than 10%).
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