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Abstract

Tests show that the conductivity and viscosity of solutions of phosphoric acid (54% P,0s) change as increasing quantities of vanadium are
added, indicating that the metallic cation interacts with the phosphoric acid molecule. This behaviour is confirmed by measurements of acidity.
Determination of Ry(H) shows that the acidity of the environment increases as a function of the concentration of V(V), suggesting that the interaction
between the vanadium and the phosphoric acid molecule releases H* protons.

Spectrophotometric measurements are used to determine the type of interaction, the nature of the species resulting from the interaction between
the vanadium and the phosphoric acid molecule, and the number of protons involved.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphoric acid is an important intermediary with numerous
applications in the synthesis of fertilisers and the production of
pure chemicals for use in the food industry and in surface treat-
ments [1-4], for which phosphoric acid of very high purity is
increasingly required [5]. Recovery of valuable elements (such
as uranium, vanadium, rare earths, etc.) and elimination of harm-
ful components (such as cadmium, molybdenum or lead) from
industrial phosphoric acid [6-8] is generally carried out by
liquid-liquid extraction or by precipitation [3-5,9]. It is impor-
tant to understand the way these impurities behave in phosphoric
environments so that they can be removed or recovered as effi-
ciently as possible.

In this paper, we present the results of a study we carried out
into the behaviour of vanadium (V) in concentrated phosphoric
acid, involving the following:

- measurement of conductivity and viscosity;

- determination of the acidity of the phosphoric environment
and changes in acidity in the presence of the vanadium cation
(V(V));

- investigation by spectrophotometric measurements.

* Corresponding author. Tel.: +212 2 23 06 80; fax: +212 2 23 06 74.
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2. Experimental method

Conductivity and viscosity were measured using a Tacussel
CD 810 conductivity meter and a Haake Rotovisco RV 100 vis-
cosity meter, respectively.

A Volta Lab PGZ 100 potentiostat controlled by a micro-
computer using Volta Master 4 software and an Inolab ion meter
were used to determine Ro(H) acidity.

A Helios y UV-vis spectrometer controlled by Vision 32
software was used for spectrometric measurements.

Vanadium V(V) was added to the solution in the form of
V,05. Chemicals used were of analytical quality.

3. Results and discussion
3.1. Study of solution conductivity and viscosity

Measurements of conductivity and viscosity of a solution of
phosphoric acid (54% P,0O5) containing increasing quantities of
V(V) are shown in Fig. 1.

Fig. 1 shows that conductivity increases as the concentra-
tion of vanadium increases, reaching a peak at a concentration
of 5 x 1073 M of vanadium, after which it declines. Within the
range of concentrations studied, the conductivity of the solution
is always higher than that of phosphoric acid without vanadium.
Viscosity decreases, reaching a minimum at a concentration of
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Fig. 1. Evolution of (a) conductivity (¢) and (b) viscosity (1) of phosphoric acid
(54% P,0s5) with concentration of V(V).
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Fig. 2. X-ray diffraction spectrum of the precipitate VOPO4-2H;0.
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5 x 1073 M of vanadium, and then increases. The viscosity of
the solution is always lower than that of phosphoric acid without
vanadium. Maximum conductivity and minimum viscosity coin-
cide with the appearance of a precipitate, which X-ray analysis
showed to be VOPO4-2H,0 (Fig. 2).

Plotting conductivity against the concentration of V(V) ions
(Fig. 1a) shows that, with the concentration of phosphoric acid
studied, variation in conductivity is relatively significant (up to
50%) and can be attributed solely to the effect of adding the
vanadium salt (V20s). This is confirmed by the plot of viscosity
against concentration of the V(V) ion (Fig. 1b).

The viscous character of concentrated phosphoric acid is due
to the hydrogen bonds between the H3;PO4 molecules [10]. These
produce pseudo-macromolecules (Fig. 3) of large size (intensi-
fied viscous character) which limit the movement of the H* ions,
reducing the conductivity of the solution.

It is probable that adding vanadium ions to the solution leads
to interactions between the vanadium ions and the molecules of
phosphoric acid, whereby a compound forms between V(V) and
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Fig. 3. Representation of the pseudo-macromolecule of phosphoric acid.

Table 1

Acidity of the phosphoric acid (54% P,0s) at different concentrations of V(V)
[V(V)] (mol/L) Ro(H)
0 —6.24
1073 —6.58
1074 —6.68
1073 —6.86
5% 1073 -7.03
1072 —6.75

the phosphate species, destroying the hydrogen bonds, reducing
the size of the pseudo-macromolecules (leading to a reduc-
tion in viscosity) and probably releasing H* protons which are
more mobile than V(V) (leading to an increase in conductiv-
ity).

In order to check this hypothesis (release of H* protons
resulting from the presence of V(V)), we carried out Ry(H)
measurements in order to monitor the way the acidity of the
environment changes with the concentration of V(V).

3.2. Determination of the acidity of the phosphoric
environment as a function of the concentration of vanadium

The acidity of the concentrated phosphoric environment was
measured by determining Ry(H) in accordance with the Strehlow
hypothesis [11]. The ferrocene/ferricinium pair (F.*/F.) was
taken as the redox indicator and the quinone/hydroquinone pair
(Q/H2Q) as the pH indicator. Ry(H) was determined using sim-
ple potentiometric measurements, taking the system (F.*/F.)
as the comparison. Ro(H) acidity is related to measurements of
potential by the following equation [3]:

EM0(Q/HQ) — EMO(Q/H,Q)
Ro(H) = ey
0.058

where EM29(Q/H,Q) represents the potential of the system
(Q/H,Q) measured in water and EF20-21d(Q/H, Q) represents
the potential of the system (Q/H,Q) measured in the phosphoric
acid solution. These potentials are expressed in relation to the
system F.*/F,.

We measured the Ro(H) of solutions of pure phosphoric acid
at 54% of P, 05 containing different concentrations of vanadium
V(V). Results are given in Table 1.

Examination of the results in Table 1 shows firstly that the
acidity of the phosphoric acid solution when it does not con-
tain V(V) is comparable to that given in the literature [3] and
secondly that the acidity of the environment rises significantly
as the concentration in V(V) increases. This increase in acid-
ity reflects the increasing number of free protons in the solu-
tion. These free protons, which are more mobile, appear after
V(V) ions is added to the concentrated phosphoric acid solu-
tion. They probably arise from the interaction of V(V) with
the molecules of phosphoric acid. This confirms the hypoth-
esis put forward during the study of conductivity and viscos-
1ty.

In order to obtain more information on the interaction which
might be occurring between the V(V) ions and the phosphate
species in the phosphoric acid environment, we carried out spec-




N. Sefiani et al. / Journal of Photochemistry and Photobiology A: Chemistry 180 (2006) 213-217 215

1,2

8 08

=R (b)
£

= 0.6
w

£

< 04

0.2

(a)

0 T T 1
200 250 300 350

Wavelength (nm)

Fig. 4. Spectrum of a solution HCI 2 M without (a) and with 1073 M V(V) (b).

trometric tests (UV-vis) in the environment with and without
V(V).

3.3. Spectrophotometric study

As a first step, we carried out spectrophotometric measure-
ments in an environment containing V(V) but not containing any
phosphate species. For this, we used a solution of hydrochloric
acid. The UV-vis spectra of a solution of hydrochloric acid in
the presence and absence of V(V) are shown in Fig. 4. Exam-
ination of the spectrum (Fig. 4b) shows an absorption peak at
A =240 nm. The intensity of this peak increases with the increas-
ing concentration of V(V), and can therefore be attributed to the
presence of the latter in the solution.

When phosphoric acid is substituted for hydrochloric acid,
the absorption peak at A =240 nm (corresponding to free V(V) in
solution) disappears and is replaced by a new peak at A =301 nm
(Fig. 5). For a given concentration of V(V), the position of the
new peak is not affected by the concentration of H3POy in the
range of concentrations studied (0.5-12 M). The appearance of
the new absorption peak when HCl is replaced by H3PO4 shows
that there is an interaction between V(V) and the phosphate
species. This type of interaction (probably the formation of a
coordination compound) is the same throughout the range of
concentrations of phosphoric acid studied, indicating that the
compound which results from the interaction between the phos-
phate ions and the V(V) is the same whatever the concentration
of phosphoric acid. In order to simplify tests, we chose to con-
tinue our investigations on a solution of phosphoric acid at a
relatively low concentration.

This interaction between the vanadium (V) and the phos-
phoric acid molecules results in the formation of a compound
accompanied by the displacement of the H* protons, which can
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Fig. 5. Spectrum of a solution of H3PO4 0.5M without (a) and with 1073 M
V(V) (b).
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Fig. 6. Absorbance as a function of volume of phosphoric acid added.

be represented as follows:
nM+mL < ML, +zH" 2

where M represents the metallic cation, L the complexing agent
and M,,L,, is the complex formed.
The stability constant of the complex is defined by:

[M,, Ly JIH* T
Kpmz; = ——7——— 3
MLy ®
or
Knmz / M, Ly, ]
[H]* M M) L @
where K},,. is the conditional stability constant and is related

to the pH of the solution by the following equation:

logK’/

nmz = logKm; + zpH (®)]
3.3.1. Determination of the stability constant of the
coordination compound

The stability constant of the vanadium—phosphate complex
was determined using direct photometry. To a given volume
(V=50mL) of a solution containing a given concentration of
V(V) (1073 M) at fixed pH (buffer solution), we added increas-
ing quantities of phosphoric acid solution with known concen-
tration. At the same time, we monitored the evolution of the
absorbance of the resulting solution at A =301 nm. Results are
shown in Fig. 6. This graph shows that as known quantities
of phosphoric acid are added, absorbance increases, reaching a
maximum after which it stabilises. This stability indicates that
all the V(V) ions initially present in the solution have reacted
with the phosphate ions added. For the same volume and the
same concentration of V(V) in the solution, full absorbance is
reached more rapidly if a higher concentration of phosphoric
acid is used.

At a concentration of 1073 M of V(V) and 10~2 M phospho-
ric acid, maximum absorption is reached when 10 mL of acid
has been added to 50 mL of the solution of V(V). This makes it
possible to determine the molar ratio of phosphorus/vanadium
involved in the reaction. Results obtained for the different con-
centrations of phosphoric acid used correspond to the same
molar ratio of n(P)/n(V)=m/n=2. We can, therefore, say that
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Fig. 7. Absorbance as a function of the volume of phosphoric acid added at
different values of pH.

under the conditions of the experiment, V(V) forms a compound
with two phosphate species (n=1 and m=2, K/,_).

Computer analysis of the results in Fig. 6 using an appropriate
program [12,13] gave a conditional stability constant K,_ of
5 x 10°. This constant depends on the operating conditions and
in particular on the acidity of the environment (see reaction (2)).

The compound formed by the interaction between the vana-
dium and the phosphate ions contains twice as many moles of
phosphorus as of vanadium. The value of the constant is rela-
tively high. The compound, is therefore, stable.

3.3.2. Study of the influence of pH on K’12Z
We know that

K>
l2: = ﬁ (6)
or
logK',. = logK 2. + zpH @)

In theoretical terms, the relation between log K, .andpHisa
linear one. To verify this in practice, we carried out experiments
similar to those shown in Fig. 6 but over a range of different
values of pH (concentration of H3PO4 was fixed). Results are
shown in Fig. 7. Maximum absorbance depends upon the value
of the pH of the solution, showing that K /12z varies as a function
of pH.

Fig. 8 shows for pH<?2 that K'|,_ follows a linear develop-
ment as a function of pH. The slope of the straight line represents
the value of z, which is equal to 1.98; in other words, z=2. Com-
plexation of V(V) by phosphoric acid thus corresponds to the
release of two H* protons.

This demonstration of the release of the H* proton following
the formation of a coordination compound involving the V(V)
and the phosphate species confirms the results of the measure-
ments of conductivity and Ro(H) acidity.

The conditional stability constant of the compound is shown
to increase as the pH of the solution rises (Fig. 8). If this trend is
repeated in a concentrated solution of phosphoric acid, the com-
pound formed would be less stable. But this extrapolation should
be treated with caution since, in a concentrated solution, the
coefficient of activity of the species present in the environment
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Fig. 8. logK/,, as a function of pH.
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Fig. 9. Probable structure of the complex formed.

in general and of those involved in the complexation reaction
falls below one. Their influence on the characteristics of the
reaction should be taken into consideration. Determination of
the coefficient of activity of the species concerned would allow
a more accurate estimate of the conditional stability constant
involved in the formation of a coordination compound between
vanadium and the phosphate species in a concentrated solution
of phosphoric acid.
Consequently:

- in the light of the spectrophotometric results;

- given that according to the literature [14], V(V) occurs as
VO,* in a concentrated acid environment;

- given that one V(V) bonds with two phosphate species in the
complexation reaction, leading to the release of two protons;

- in view of studies of the speciation of V(V) in an acidic envi-
ronment and its interaction with other acids [15],

- the probable structure of the complex arising from the interac-
tion between V(V) and the phosphate species in a phosphoric
acid environment can be represented in Fig. 9. The most likely
complexation reaction, can therefore, be written:

VO,(H,0)" +2H3P0,4 < VO,0(PO3H),' ™ +2H301T  (8)
4. Conclusion
We used measurements of conductivity, viscosity and Ro(H),

together with spectrophotometric analysis to show that vana-
dium ions react with phosphate species to form a coordination
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compound in the ratio n(P)/n(V) =2, leading to the release of
two H* protons. The probable reaction is:

VO,(H,0)" 4 2(H3PO4) <> VO,0(PO3H), ! 4+ 2H;0™"

The conditional stability constant at pH 1.5 is K},, =5 x 10°.

According to our results and to other similar works, the
probable structure of the complex formed is proposed in
Fig. 9.
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