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As part of a study involving sorption experiments with actinide ions sorbed onto phosphate compounds and to
understand the sorption mechanisms, we have Ðrst synthesized the following three solids : (zirconiumZrP2O7
diphosphate), (zirconium oxophosphate) and (thorium phosphate diphosphate).Zr2O(PO4)2 Th4(PO4)4P2O7
These compounds have been characterized using X-ray powder di†raction, IR spectroscopy and EPMA. The
speciÐc surface areas, measured by the method, are 5.5 ^ 0.1, 0.9^ 0.2 and 1.2^ 0.2 m2 g~1,N2-BET
respectively. The average grain size of the powdered samples is around 10 lm. The (pH corresponding topHIEP
the isoelectric point) determined by electrokinetic measurements is 3.6 for 4.0 for and 6.8ZrP2O7 , Zr2O(PO4)2
for By simulation of the titration curves obtained for the three solids, we have determined,Th4(PO4)4P2O7 .
using the FITEQL code (constant capacitance model), the surface acidity constants using a sorption site number
close to 7 sites nm~2 for the zirconium diphosphate, 7.5 sites nm~2 for the zirconium oxophosphate and 4 sites
nm~2 for the thorium phosphate diphosphate.

Caracte� risation des proprie� te� s acido-basiques de surface de compose� s phosphate� s à base de zirconium et de
thorium. Dans le cadre dÏune e� tude des me� canismes dÏadsorption dÏions actinides sur des surfaces mine� rales
phosphate� es, nous avons re� alise� la synthèse des trois compose� s suivants : (diphosphate de zirconium),ZrP2O7

(oxophosphate de zirconium) et (phosphate diphosphate de thorium). Les solidesZr2O(PO4)2 Th4(PO4)4P2O7
obtenus ont e� te� caracte� rise� s par di†raction des rayons X, spectroscopie infrarouge et microanalyse par sonde
e� lectronique (EPMA). La surface spe� ciÐque, de� termine� e par la me� thode BET dÏadsorption dÏazote, est de
5,5^ 0,1, 0,9^ 0,2 et 1,2^ 0,2 m2 g~1, respectivement. La taille moyenne des e� chantillons pulve� rulents est
voisine de 10 lm. La valeur du (pH du point isoe� lectrique), de� termine� e par mesures e� lectrocine� tiques, estpHPIE
de 3,6 pour 4,0 pour et 6,8 pour La simulation des courbes de titrage deZrP2O7 , Zr2O(PO4)2 Th4(PO4)4P2O7 .
suspensions de chacun des solides a e� te� re� alise� e à lÏaide du code FITEQL (modèle à capacite� constante), ce qui a
permis de de� terminer les constantes dÏacidite� de surface en utilisant des densite� s de sites de surface voisines de 7
sites nm~2 pour le diphosphate de zirconium, 7,5 sites nm~2 pour lÏoxophosphate de zirconium et 4 sites nm~2
pour le phospate diphosphate de thorium.

Among the potential materials under investigation, phosphate
compounds are expected to play an important role in the
safety of underground radwaste repositories because they
could be used for the engineered barrier. Sorption reactions at
the mineralÈwater interface is one of the types of reactions by
which radioactive contaminants such as U, Np, Pu, Am and
Cm may be immobilized in the subsurface.1h3 Therefore, a
detailed knowledge of the sorption mechanisms is needed.
They do not depend only on the chemical properties of the
metal ion potentially sorbed (e.g., hydrolysis), but also on the
surface properties of the sorbent. Most of the studies done on
phosphate compounds have been carried out on apatite4h6 or
on ion exchangers.7,8 But the sorption mechanisms for such
materials are rather difficult to understand because surface
complexation and ion substitution can occur simultaneously.
For this reason, it appears very interesting to investigate the
sorption process onto phosphate solids, which do not present
any possibility of such ion exchange.

The solid compounds chosen for this purpose were zir-
conium diphosphate zirconium oxophosphate(ZrP2O7),and thorium phosphate diphosphate[Zr2O(PO4)2] They have been chosen because of their[Th4(PO4)4P2O7].low solubility9 and therefore can be considered as possible
candidates for long-term storage.10,11 The two zirconium
phosphate compounds allow us to study separately the e†ect

* Fax : ]33 1 69 15 71 50 ; E-mail : simoni=ipno.in2p3.fr

of each of the two phosphate groups present in the thorium
phosphate diphosphate. Sorption of EuIII, UVI and CmIII ions
onto these three matrices has been investigated and will be
reported in coming papers.

We present in this paper the main structural characteristics
of these phosphates such as crystallinity, morphology (size
and shape of the grains) and their surface properties such as
speciÐc surface area, sorption site density and acid-base
properties. Moreover, as the pH-dependent surface charge is
needed to predict the ion sorption onto surfaces, we have
determined the pH corresponding to the point of zero charge

and the one corresponding to the isoelectric point(pHpzc) of the three compounds under study. The is(pHIEP) pHIEPdetermined from electrokinetic measurements while ispHpzcobtained from potentiometric titrations. The andpHpzc pHIEPare equal for a solid suspension in a given salt solution if there
is no speciÐc adsorption of the supporting electrolyte. These
values will be useful to determine the surface acidity constants
of the three solid compounds using the FITEQL code (version
3.2).12

Synthesis and Structural Characterization of the
Phosphate Compounds

Since the surface properties of a solid are conditioned by its
structure, we have Ðrst characterized the three synthesized
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phosphate compounds using X-ray powder di†raction, infra-
red spectroscopy and electron probe microanalysis (EPMA) to
verify the crystallinity and the purity of the obtained products.
Moreover, we have performed BET measurements to deter-
mine the speciÐc surface area and we have also measured the
size and the shape of the grains. As the structural character-
ization is not the subject of this paper, we will only give a brief
outline of the main results.

Compound synthesis

The synthesis of the phosphate compounds is widely described
in the literature.13h15 Zirconium phosphate matrices were
synthesized in aqueous medium from zirconyl chloride

FlukaÈAldrich) and ammonium phosphate(ZrOCl2 É 8H2O,
FlukaÈAldrich) solutions. The mole ratio (r \(NH4H2PO4 ,

was Ðxed to 1 : 1 and 2 : 1 for the zirconium oxo-PO4/Zr)
phosphate and the zirconium diphosphate[Zr2O(PO4)2]compounds, respectively. The thorium phosphate(ZrP2O7)diphosphate matrix was synthesized using[Th4(PO4)4P2O7]the same route as for the zirconium phosphates but we have
used the thorium nitrate salt Rhoü ne-[Th(NO3)4 É 4H2O,
Poulenc] to prepare the cation solution. The mole ratio (r \

was equal to 3 : 2 for this synthesis. These solutionsPO4/Th)
were mixed and the precipitate formed was dried at 120 ¡C
and then heated at 400 ¡C to expel volatile substances. After
heating under air atmosphere at 1250, 1280 and 950 ¡C for

and respectively, wellTh4(PO4)4P2O7 , Zr2O(PO4)2 ZrP2O7 ,
crystallized phases were obtained. The powdered samples were
then washed with distilled water and ground to obtain a
homogeneous grain size.

Thorium phosphate diphosphate16 and zirconium oxo-
phosphate (JCPDS Ðle No 36-352) are both orthorhombic
while zirconium diphosphate is cubic (JCPDS Ðle No 24-1490)
.

Physico-chemical characterization

Crystalline phases were identiÐed by X-ray powder di†raction
patterns recorded on a Philips PW 1050/70 apparatus using
Cu Ka rays and a Ni Ðlter. The powder di†raction patterns
(not presented here) conÐrmed that all samples were very well
crystallized and that no secondary phases were observed.

Infrared spectra were recorded by means of a Hitachi
I-2001 spectrophotometer. This technique is particularly
useful in order to determine if PwOwP bridges are present or
not in the structure.17 Thus, we have conÐrmed that there is
no zirconium diphosphate minor phase formed during the
synthesis of zirconium oxophosphate because of the absence
of a vibrational band arising from PwOwP in the IR spectra.
For thorium phosphate diphosphate, we have obtained a
spectrum that presents vibrations corresponding to both
PwOwP bridges and groups, as already reported in thePO4literature.10 The zirconium diphosphate IR spectrum does not
present any absorption band corresponding to groups,PO4which indicates that there is probably no secondary phase
formed during the synthesis.

EPMA experiments were performed on a Cameca SX 50
apparatus using an acceleration voltage of 15 kV and a 10 nA
current beam. The diameter of the analytical spot was about 1
lm. The weight percentages obtained for zirconium, thorium,
phosphorus and oxygen for the three phosphate compounds
are in very good agreement with those expected. Furthermore,
no evidence for polyphase systems has been detected.

The morphology of the grains is also very important when a
surface interacts with ions. Thus, we have determined the
grain size distribution using a Coulter LS 230 apparatus. The
results indicate that the average particle size is around 10 lm
for all of the compounds under consideration. Moreover,
scanning electron microscopy experiments have shown a

Table 1 Average grain size, speciÐc surface areas and surface site
density for the three phosphates

Average SpeciÐc Surface
grain size/ surface site density/

Compound lm area/m2 g~1 sites nm~2
Th4(PO4)4P2O7 10 1.2^ 0.2 2È3
Zr2O(PO4)2 10 0.9^ 0.2 B3
ZrP2O7 10 5.5^ 0.1 B6

spherical shape of the grains for all samples.
We have determined the speciÐc surface area for the three

phosphates from adsorption isotherms using the BETN2method. The measured speciÐc surface areas are very small
except for These results are not surprising if we con-ZrP2O7 .
sider the high synthesis temperatures used for Th4(PO4)4P2O7and and the much lower temperature needed forZr2O(PO4)2ZrP2O7 .

The results concerning the speciÐc surface area and the
grain size are summarized in Table 1.

Surface Characterization
Study of the electrokinetic phenomena brings to the fore the
fact that the surface of a solid (oxide or silicate) immersed in
an aqueous solution develops an electrical charge.18,19 The
origin of this charge is attributed to the amphoteric disso-
ciation of surface MOH groups created by hydration of the
solid surface after immersion. This mechanism usually
explains the pH dependence of the surface charge and the
existence of a pH resulting in zero charge. Knowledge of this
parameter is of practical interest because the nature and the
quantity of the sorbed species, as well, depend on the surface
charge state (by means of electrostatic interactions). The pH
corresponding to the point of zero charge can be determined
from potentiometric measurements while the pH at the iso-
electric point can be obtained by performing electrophoretic
experiments. Both are identical if the supporting electrolyte
does not adsorb speciÐcally onto the surface. Some authors
have shown that hydroxyapatite and silicates immersed in
aqueous solutions have the same surface behaviour as oxides
(dissociation of the amphoteric surface sites).19,20 Thus, we
can expect that the three phosphate compounds under con-
sideration will present similar properties and we have per-
formed electrophoretic measurements in order to verify this
assumption. Moreover, these results will allow us to model the
pH dependence of the surface charge for the phosphate com-
pounds under study, which is the Ðrst step to interpret ion
sorption isotherms.

Electrophoretic measurements

The electrophoretic measurements were performed on suspen-
sions containing the phosphate compounds using a Coulter
DELSA 440 apparatus. Potassium nitrate salt was chosen in
order to Ðx the ionic strength because it is usually admitted
that K` and ions do not adsorb speciÐcally.21 KOHNO3~and solutions were used to adjust the pH value of theHNO3suspensions. All the solutions were prepared using deionized
water.

The suspensions for both and wereZrP2O7 Zr2O(PO4)2prepared under the same conditions : about 2 g of the solid are
immersed in 50 mL of the background salt solution and the
resulting mixture is shaken for two days in a Turbula at 50
rpm. The aqueous suspension is then centrifuged at 3500 rpm
for 30 min and part of the supernatant is taken o† and ad-
justed to the desired pH with small volumes of acidic or
basic solutions.
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For the suspensions were obtained usingTh4(PO4)4P2O7 ,
the same procedure as described above except for the centrifu-
gation step, which was 3500 rpm for 10 min.

The results so obtained show a positive zeta potential at
low pH values while it is negative for high pH values. This
clearly indicates a change in the particle charge and conse-
quently an amphoteric behaviour of the surface for the three
compounds under study. Thus, the surface mechanism usually
used for oxides will be used for the three phosphates under
consideration.

We present in Fig. 1 the zeta potential variation vs. pH for
the three phosphates. The obtained values are about 3.6pHIEPfor 4.0 for and 6.8 forZrP2O7 , Zr2O(PO4)2 Th4(PO4)4P2O7 .
Despite the fact that the thorium phosphate diphosphate com-
pound has the same structure as zirconium oxophosphate, the
obtained values for both solids are quite di†erent. OnpHIEPthe other hand, the values obtained for the two zirconium
compounds are roughly similar. This di†erence could indicate
that the nature of the matrix cation is more inÑuential than
the structure of the solid, as has already been reported in the
literature.22h25

Potentiometric titrations

We have performed potentiometric titrations of an aqueous
suspension of each of the compounds in solutions atKNO325 ¡C, under an argon controlled atmosphere, using a com-
bined Ag/AgCl electrode and a Radiometer Analytical SA
titration system. During the experiment, the suspension is

Fig. 1 Zeta potential variation vs. pH for andZrP2O7 , Zr2O(PO4)2(medium: 0.05 MTh4(PO4)4P2O7 KNO3)

continuously stirred to prevent settling. About 3 g of dried
powder sample are suspended in 150 mL of the supporting
electrolyte solution. The suspension obtained is acidiÐed with

(c\ 0.1 M and V \ 3 mL for and 0.3 mL forHNO3 ZrP2O7the others) and shaken for at least 15 h. As titrants, 0.1 M and
0.01 M solutions of KOH were used. All the solutions were
prepared using deionized water. The titration was carried out
on the aged suspension by adding incremental volumes of
base, for times in accordance with pH equilibration.

First of all, we have determined the time required to reach
equilibrium between the dried powdered solid and the
aqueous medium (hydration time). For this purpose, we have
performed titration experiments of di†erent suspensions con-
taining the same powdered sample mass (about 3 g) immersed
in 150 mL of 0.5 M solution after several hydrationKNO3times (1, 5, 10, 15 h, . . .). Equilibration is considered to be
reached when the obtained titration curve for a time t is the
same as the one obtained at time t [ 5 h. The hydration times
determined for the three phosphates are close to each other
and around 10 h. For all potentiometric experiments this time
was Ðxed equal to 15 h.

The surface site density can be directly determined from the
potentiometric titration curve of the suspension. If we plot the
mole number of OH~ ions added to the suspension vs. the
mole number of these aqueous ions (related to the pH
measurement), the Ðnal part of the obtained curve is linear. In
this range, reaction no longer occurs and the total quantity of
hydroxide ions introduced is entirely found in the solution.
The solid surface has totally reacted and the amphoteric sites
are no longer protonated. The obtained titration curve for the
background salt alone (without solid) presents a linear part as
well. After extrapolation of this linear part to a zero OH~
concentration for both suspension and background salt we
can determine the uptake of OH~ by the solid phase by sub-
tracting these two values.26 Thus, knowing the speciÐc surface
area and the quantity of powdered solid in the suspension we
can calculate the surface site density. As an example, we
present in Fig. 2, the result obtained for the thorium phos-
phate diphosphate compound. The extrapolation of the linear
part for both suspension and background salt alone leads
to 7.5 ] 10~5 and 4.9 ] 10~5 moles, respectively. Thus,
2.6] 10~5 moles of hydroxide ions have been consumed by
the solid surface. Considering that, at the initial pH value of
the titration experiment, the amphoteric sites were fully proto-
nated, the number of surface sites is 1.3 ] 10~5 moles, which
leads to a surface site density equal to 2.2 sites per nm2. The
values obtained for the three compounds are reported in
Table 1. However, although this procedure allows one to
obtain the titration curve with only a single experiment in
contrast to the one consisting of performing separately acidic
and basic titrations,27 it is necessary to assume that the

Fig. 2 Quantity of hydroxide ions added to the solution vs. the
number of aqueous OH~ moles for a thorium phosphate diphos-(…)
phate suspension and (ÈÈ) potassium nitrate salt alone.
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surface sites are fully protonated after the initial addition of
to the solution. In fact, this condition can only be veri-HNO3Ðed if the Ðrst acidity constant of the amphoteric sites is rather

high compared to the initial pH value of the titration experi-
ment. In the case of the simplest compound under investiga-
tion the obtained value is 3.6. The initial pH(ZrP2O7), pHIEPvalue of the titration experiment was around 3, and thus, the
fully protonated sites assumption is probably not justiÐed and
the surface site density value determined from the poten-
tiometric titration leads to a lower value than the real one.

Therefore, although our results are in good agreement with
the ones reported by several authors.28,29 who proposed
surface site densities ranging from 1 to 20 sites per nm2, the
values presented in Table 1 will be considered only as an
initial guess for modelling the titration curves, and not as
accurate experimental values.

Surface acidity constants

We have determined the surface acidity constants for the three
phosphate compounds using the FITEQL 3.2 code.12 Several
surface complexation models are able to simulate the experi-
mentally observed acid-base titration properties28h30 but the
three most important ones are the double layer model (DLM),
the constant capacitance model (CCM) and the triple layer
model (TLM). The DLM, which is the simplest one, is usually
limited to low ionic strength conditions. In contrast to this
model, application of the CCM is restricted to constant ionic
strength conditions and is also usually limited to high ionic
strengths (higher than 0.1 M). The TLM may be expected to
model titration data successfully over a wide range of ionic
strengths and it allows to take into account surface reactions
between the background electrolyte ions and the surface sites.
Considering our experimental conditions (ionic strength \ 0.5
M) we can use both CCM and TLM, but the latter model is
the more complex with seven adjustable parameters and the
Ðrst one has been preferred for simplicity (only four adjustable
parameters). These parameters in the CCM are the proto-
nation constant the acidity constant the total numberK1, K2 ,
of surface sites and the inner-layer capacitance term C. TheNttwo constants correspond to the following equilibria :

K1MOH] H` A8B MOH2`

K2MOH A8B MO~] H`

For Ñuoroapatite some authors20 propose andyCawOH2`yPwO~ as the dominant surface groups. But, in a previous
paper,31 we have shown that the cations sorbed onto the
phosphate compounds under study are only bound to the
oxygens of the surface phosphate groups. Moreover, we have
shown that for the zirconium diphosphate compound there is
only one sorption site while there are two di†erent types of
sorption sites for both the thorium phosphate diphosphate
and zirconium oxophosphate compounds. For theZrP2O7 ,
single type of surface site corresponds to the surface oxygens
of the diphosphate groups. For the two others, the surface
sites were assigned to the surface oxygens of both phosphate
and diphosphate groups for (according to theTh4(PO4)4P2O7structure of this compound) and to the oxygens of both oxo
and phosphate groups in the case of the zirconium oxophos-
phate. Thus, we have considered phosphate and oxo groups
for modelling the titration curves obtained for Zr2O(PO4)2and phosphate and diphosphate groups for Th4(PO4)4P2O7 .

For the determination of the surface acidity constants, we
proceeded as follows. The total number of surface sites has
been approximately determined from potentiometric measure-
ments and these values were used as initial guess. The values
determined previously from electrophoretic measurements

allow us to reduce the number of degrees of freedom by one,
according to the fact that the two intrinsic acidity constants
are linked by this simple relationship to the point of zero
charge :

[log(K1) [ log(K2)]/2\ pHpzc
As phosphate compounds were not extensively studied,

there is no reported value for the inner-layer capacitance for
such solids. Nevertheless, for oxides the values used in most of
the studies range from 1.0 to 1.5 F m~2 and some authors29
propose to adopt a value of 1.0 F m~2 for CCM simulation,
unless some other value gives substantially better results.
Therefore, we have Ðrst tried to simulate our titration curves
using the above cited values. But, no good Ðt has been
obtained under such conditions and we have been compelled
to use higher values. For all the phosphate compounds con-
sidered here, the capacitance value needed to Ðt quite well the
titration curves is higher than 2 F m~2. Although it was pos-
sible to Ðt the thorium phosphate compound using a value
around 2.5 F m~2, we chose to use the same capacitance value
for the di†erent phosphate compounds under study, C\ 3.08
F m~2, which gives quite good Ðts for the three matrices. This
value seems to be rather high compared to the one usually
used for oxides but it could be explained considering that
phosphate compounds are very insulating materials and thus
the capacitance value should be rather high in comparison
with the ones used for oxide materials.

In a Ðrst step, we have considered the simplest compound
which presents only one single type of surface site.(ZrP2O7),The surface acidity constants so determined for the diphos-

phate groups were used in a second step as initial guess for
modelling the titration curve obtained for Th4(PO4)4P2O7 .
We have pointed out from the electrophoretic measurements
that the nature of the cation matrix is very inÑuential. Conse-
quently, the acidity constant values are expected to be slightly
di†erent for the diphosphate groups belonging to thorium
phosphate diphosphate and to zirconium diphosphate. More-
over, the crystalline structure of these two compounds is dif-
ferent (orthorhombic and cubic). The best Ðt was obtained
considering that the diphosphate groups are less acidic in the
case of than in the case ofTh4(PO4)4P2O7 ZrP2O7 .

We have applied the same rules in order to determine the
two constants for the zirconium oxophosphate compound.
The obtained values corresponding to the groups of thePO4thorium phosphate have been used as initial guesses and then
these values have been slightly adjusted. The phosphate
groups of the zirconium oxophosphate compound have been
found to present a more acidic character than the ones of the
thorium phosphate.

The intrinsic acidity constants determined for the three
phosphate compounds are reported in Table 2. We can note
that for the thorium phosphate compound, the surface
amphoteric sites are less acidic than for the zirconium com-
pounds. For example, if we consider the phosphate groups for
both and which present theTh4(PO4)4P2O7 Zr2O(PO4)2 ,
same crystalline structure, the obtained constants values are
about 2 orders of magnitude lower in the case of the zir-
conium compound.

Table 2 Surface acidity constants determined using the CCM with a
capacitance of 3.08 F m~2

Site
density/

Compound sites nm~2 log(K1) log(K2) Groups

Th4(PO4)4P2O7 4 6.5 [7.8 PO4[6.3 P2O7Zr2O(PO4)2 7.5 4.4 [5.3 PO43.3 [3.9 oxo
ZrP2O7 7 3.2 [4.2 P2O7
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The obtained site densities for the three phosphates under
investigation are quite close to the experimental ones deter-
mined from the potentiometric titrations. The obtained con-
centration ratios for the two types of sites of the thorium
phosphate diphosphate and the zirconium oxophosphate
compounds are, respectively, andPO4/P2O7B 3.2

According to the formula of these twoPO4/oxo B 1.2.
materials, and the concentra-Th4(PO4)4P2O7 Zr2O(PO4)2 ,
tion ratios are in rather good agreement with the ones
expected, 4 and 2, respectively. Nevertheless, we can only con-
sider the trend of these ratios because the compounds under
study are nanocrystallines and thus all crystallographic orien-
tations are possible.

Conclusions
The aim of the present work was to determine the surface
acidity constants for di†erent phosphate compounds using
surface complexation modelling. We have chosen the constant
capacitance model because of its ability to simulate titration
curves for high ionic strength conditions and the use of a rea-
sonable number of adjustable parameters (4).

We have performed electrophoretic measurements using a
non-speciÐc adsorbable electrolyte as background salt in
order to determine the point of zero charge for each com-
pound. Using the fact that the two surface acidity constants
are related to the point of zero charge, we have reduced the
degrees of freedom by one in the calculation. Moreover, the
surface site density determined from potentiometric titrations
have been used as the initial guess in the simulation.

The thorium phosphate compound under consideration
presents two types of phosphate groups and thus, the determi-
nation of its surface properties appears to be rather complex.
In order to study separately the e†ect of each of these phos-
phate groups, we have also studied both zirconium diphos-
phate and zirconium oxophosphate compounds and we have
correlated the results obtained for the three matrices.

First, the titration curve for the zirconium diphosphate
compound was simulated. The obtained acidity constants
were used as initial guesses for the surface acidity constants of
the diphosphate groups belonging to the thorium compound.
In the same way, we have used the value obtained for the PO4groups of the thorium phosphate diphosphate as an initial
guess for the groups of the zirconium oxophosphate. ThePO4Ðnal simulations Ðt the experimental data rather well.
However, the inner-layer capacitance used in these calcu-
lations (around 3 F m~2) seems rather high compared to the
ones usually used for oxide compounds (around 1 F m~2).
This result could be due to the very insulating character of the
materials under consideration.

This work is the Ðrst step of an extensive study of the sorp-
tion mechanism of uranium(VI) and europium(III) on phos-
phate surfaces. Using the surface acidity constants determined
in this work and the results of a structural study published
elsewhere,31 it will be possible to simulate accurately with the
same model the experimental sorption isotherms for these two
ions and then to calculate the corresponding surface complex-
ation constants.
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