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Abstract

It has been demonstrated that the main obstacle for phoshosemihydrate use in the manufacture of
building materials which is formed due to sulphuric acid processing of the Khibiny apatite concentrate
consists in an increased content of phosphorus impurity in water-insoluble form. According to the technology
of sulphuric acid extraction of lanthanoid concentrate from phosphosemihydrate developed earlier an efficient
lixiviation of water-insoluble phosphorus accumulated in repeatedly used leaching solutions is achieved. We
proposed to remove phosphorus from sulphuric acid solutions in the form of hydrated titanyl phosphate
through the sedimentation by means of titanyl sulphate. Possibility is demonstrated for titanyl sulphate
regeneration via alkaline treatment of hydrated titanyl phosphate to result in obtaining a component of
detergents such as Na3PO4 ⋅ 12H2O. The variants of sulphuric-acid technology for phosphosemihydrate
processing are considered wherein the formation of wastes requiring for recycling is excluded.
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INTRODUCTION

Owing to the processing of phosphate ores
into the extraction phosphoric acid, as much
as 280 million tons of phosphogypsum is annu-
ally formed in the world, only a small part of
the substance finding practical use [1]. One of
the promising fields of phisphogypsum use is
presented by the manufacture of gypsum build-
ing materials. Phosphogypsum in Russia is ob-
tained mainly from the Khibiny apatite con-
centrate which is polluted with radionuclides
to an insignificant extent and consequently it
can be widely used in the manufacture of build-
ing materials.

The Khibiny apatite concentrate use to be
processed by means of sulphuric acid method
according to semihydrate and hydrate technol-
ogies. Phosphosemihydrate and phosphogyp-
sum, respectively, are formed as nonutilizable
waste products polluted with of phosphorus and
fluorine impurities whose content in manufac-
ture of building materials should be limited.

The engineering requirements for the prod-
ucts based on calcium sulphate utilized in the
building industry are established by the Knauf
Co. (Germany) which supervises the main en-
terprises of Russian gypsum industry [2]. In
order to use gypsum as a cement setting re-
tarder, as well as for the manufacture of plas-
terboard, wall board and gypsum blocks the
regulated content of insoluble and soluble Ð2Î5

and F species amounts to <0.6 and <0.05–
0.1 mass % calculated with respect to anhydrite,
respectively. Gypsum for wall board is allowed
to exhibit the following content of  phosphorus
and fluorine species, mass %: insoluble Ð2Î5

<0.5, insoluble F <0.4, soluble Ð2Î5<0.02, solu-
ble F <0.02.

The residual content of fluorine present
within phosphogypsum waste products mainly
in the form of 2–

6SiF  anion and water-soluble
Ð2Î5 is determined by water consumption for
washing. The content of co-crystallized (water-
insoluble) Ð2Î5 depends on the temperature and
molar ratio ÑàÎ : SO3 in the solution where-
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from calcium sulphate is crystallized [3]. It has
been revealed that the rise of the temperature
and molar ratio SO3 : ÑàÎ promotes a decrease
in the concentration of phosphorus within gyp-
sum crystals. So, as the temperature increased
from 55 to 85 îÑ in the presence of 1 % free
H2SO4 the mass fraction of Ð2Î5 in gypsum
crystals decreases from 1.1 to 0.55 %. With the
excess of calcium in the decomposed solution
equal to 0.2 and 0.4 mass %, the content of
Ð2Î5 in phosphogypsum at 85 îÑ amounted to
1.9 and 2.9 mass %, respectively. The presence
of water-insoluble phosphorus is determined not
only by isomorphic substitution of 2–

4SO  ions
by 2–

4HPO  ions, but also by entering low-solu-
ble phosphates into products, in particular hy-
drated lanthanide phosphates those use to bind
up to 0.26 mass % of Ð2Î5 (calculated with re-
spect to recalculation ÑàSO4) [4]. The content
of impurities depends on the features of the
technology under use, varies for phosphogyp-
sum manufactured at various enterprises, and
can change in time even for phosphogypsum
produced at the same factory. So, phosphogyp-
sum from Minudobreniya JSC (Voskresensk city)
with the humidity of 20 % contained 1.06–
1.50 mass % of Ð2Î5 (including 0.31–0.48 mass
% of water-soluble form) and 0.19–0.29 mass
% of F [5, 6]. Thus, the content of water-
insoluble Ð2Î5 calculated with respect to anhy-
drite can amount up to 0.94–1.29 mass %. In this
connection, phosphogypsum waste products of
the Russian factories in order to use them in
the manufacture of gypsum materials should
be purified from phosphorus impurities, where-
as fluorine impurities should be converted into
the water-insoluble state.

A number of chemical processing methods
were proposed for the reduction of phospho-
rus and fluorine concentration and/or neutral-
ization of their hazardous effect. The treatment
with calcium compounds in the form of limy
milk or slaked lime [7] provides the conversion
of phosphorus and fluorine from soluble spe-
cies into insoluble forms; however, their con-
tent in phoshogypsum does not change.

The reduction of the impurity content can
be achieved via leaching. For leaching phos-
phates and fluorides different authors proposed
to use water [5], sulphuric [8] and citric acid
[9], aqueous solutions of either ammonia [8] or

ammonium sulphate [10]. By means of aque-
ous leaching one could remove only water-sol-
uble part of impurities, therefore the gypsum
materials obtained would not meet correspond-
ing requirements. The use of ammonium com-
pounds is inefficient, too. Under acid leaching,
both water-soluble and water-insoluble phos-
phorus can pass into a solution, which allows
one to obtain gypsum products of required
quality. However thus solutions in which phos-
phorus will collect are formed. Under a repeat-
ed use of solutions the concentration of phos-
phorus grows until reaching a level whereat the
required phosphogypsum purification level be-
comes impossible. In this connection, the de-
velopment of methods for acid solution regen-
eration is necessary for practical realization of
the acidic purification technology.

The purpose of the present work consisted
in the studies on the possibility of combining the
process of sulphuric acid phosphogypsum puri-
fication from phosphorus impurities with the pro-
cess of lanthanide isolation from phosphogypsum
according to the method described in [11].

EXPERIMENTAL

The experiments were carried out with phos-
phosemihydrate produced at Ammophos JSC
(Cherepovets city). At this enterprise there is
the largest in Russia manufacture realized for
sulphuric acid processing the Khibiny apatite
concentrate. Under long-term storage in a hu-
mid atmosphere, phosphosemihydrate is con-
verted into phosphogypsum that, according to
the analysis,  contains 1.23 mass %  of  Ð2Î5 as
calculated with respect to ÑàSO4 ⋅ 2H2O, or
1.56 mass % as calculated with respect to ÑàSO4.
For the leaching of phosphorus impurities we
used a solution of sulphuric acid with the mass
fraction of 26 %, which is optimum for the
technology developed for the extraction of lan-
thanoids. The process of leaching was carried
out at a liquid-to-solid ratio L : S = 2 (deter-
mining the L : S value we took into account
the moisture contained within the initial phos-
phogypsum).

A weighed sample of phosphogypsum (with
the humidity of 22 mass %) was treated dur-
ing 25 min with a solution of sulphuric acid
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TABLE 1

Purification of phoshogypsum from phosphorus impurities of with a repeated use of sulphuric acid solution (initial

content of P2O5 and F amounted to 1.2 è 0.42 mass %, respectively)

Stage Weighed phospho- Volume, mL Content in dry Content

of filtrate gypsum sample, g Filtrate Washing phosphogypsum, mass % in filtrate, g/L

using dry humid water P2O5 F P2O5 F Na2O SiO2

   I 200 244 356 40 0.29 0.14 5.49 1.2 1.18 0.45

 II 150 182 268 20 0.40 0.06 9.67 1.9 1.96 0.82

III 100 122 178 20 0.41 0.15 13.6 2.5 2.83 0.96

with the mass fraction of 26 %, under stirring
at room temperature. The solution was filtered
(filtrate), a sediment on the filter was washed
out with a preset amount of water (washing
water, “scourage”) being then dried at 100 îÑ.
The consumption of washing water did not ex-
ceed 20 % of phoshogypsum mass, which pre-
vented forming an excess volume of the sul-
phuric acid solution. The filtrate and sediment
samples were analyzed. The content of  fluo-
rine was determined using a potentiometric
method (an I-160 ionometer, a fluoride-selec-
tive electrode) wherefore fluorine was prelimi-
nary distilled out of  the sediment and then was
absorbed by NaOH solution. Phosphorus in the
solutions was analyzed using a spectrophotomet-
ric method determining the intensity of colour-
ing for an ammonium-molybdenium complex.

A part of the filtrate remained after sam-
pling was joined with washing water, the con-
centration of sulphuric acid in the solution was
brought up to a preset value; the solution ob-
tained was used for processing the following
weighed phosphogypsum sample. The results of
the experiments are presented in Table 1.

RESULTS AND DISCUSSION

From the data presented in Table 1 one can
see that after triple use of  the sulphuric acid
solution the residual content of P2O5 in phos-
phogypsum amounts to 0.41 mass % with re-
spect to dry phosphogypsum, or 0.52 mass %
with respect to anhydrite ÑàSO4. The product
obtained meets technical requirements for the
content of phosphorus.

The residual content of phosphorus in the
product is determined both by non-disclosed
water-insoluble forms, and by water-soluble

phosphate ion. The amount of the latter
depends on the amount of sulphuric-acid
solution captured by phosphogypsum and on
the concentration of phosphorus therein. The
results of the first cycle of phosphgypsum
sulphuric acid leaching (see Table 1) show that
the solution has been entered with 2.11–2.20 g
from 2.4 g Ð2Î5 contained in phosphogypsum
(the first value was determined from the
content of Ð2Î5 in phosphogypsum, the second
one was determined from the content of Ð2Î5

in the filtrate; rather law discrepancy indicates
a sufficient accuracy of the method used for
Ð2Î5 analysis). Hence,  the residual content of
water-insoluble phosphorus in phosphogypsum
amounts only 0.1 mass %, whereas 0.19 mass %
of phosphorus has passed into phosphogypsum
with the mother solution. With the increase in
phosphorus concentration in the solution the
contribution of the water-soluble phosphorus
remaining in the mother solution to the total
content of phosphorus in phosphogypsum under
purification would abruptly increase.

The sulphuric acid solution remained with-
in phosphogypsum should be neutralized, which
would demand a significant consumption of ei-
ther limestone or lime. As a result, the impuri-
ties contained in the mother solution would re-
main in phosphogypsum, which could make it
unsuitable for using as a building material.

The humidity of the filtered phosphogyp-
sum does not exceed 30 %. With the replace-
ment of this volume of water by equal vol-
ume of the sulphuric acid solution, in 1 ton of
phosphogypsum there will be 1000 × 0.3
× 1.19 × 0.26 : 0.7 = 65 kg of 100 % H2SO4 (1.19
stands for the density of the solution with sul-
phuric acid concentration of 26 mass %). Neu-
tralization of this amount of sulphuric acid
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Fig. 1. Residual content of H2SO4 (in % with respect to
initial content) in phoshogypsum depending on water
consumption (WC) for washing (displacement mode).

requires for 37 kg ÑàÎ; as the result 113.6 kg
of ÑàSO4 ⋅ 2Í2Î is formed. In this connection it
is appropriate to carry out a complete separa-
tion of the mother sulphuric acid solution when-
ever possible, and to develop a method for the
solution purifying from phosphorus (the regen-
eration of sulphuric acid solution).

Two methods for reducing the amount of
mother solution captured by phosphogypsum
have been studied. The first one consists in
washing phosphogypsum with water. The effi-
ciency of acid washing removal was simulated
in the displacement mode with no counterflow
used. From the data presented in Fig. 1 one can
see that at the consumption of washing water
equal to 100–150 kg per 1000 kg of phosho-
gypsum the residual content sulphuric acid and
water-soluble phosphorus could be 2–2.5-fold
reduced. With the use of a counterflow mode
the efficiency of washing removal should in-
crease. However, the use of washing is possi-
ble only provided that the humidity of phos-
phogypsum supplied for purification is much
less than the humidity of the product obtained
after the purification. From the difference of
these values one can determine possible con-
sumption of water for washing excluding the
formation of the excess of washing solution.

Another method is based on the separation
of the mother solution via centrifugation [12].
It has been found that at the separation factor
Fr = ω2R/g = 11.8, where ω = 2πnR/60 (a lab-
oratory centrifuge with a radius R = 0.06 m, the
rotation frequency n = 7000 min–1; the indus-
trial an alogue being with R = 1.2 m,

n ~ 220 min–1) the residual content of the sul-
phuric acid solution amounted to 3.65 % of
phoshogypsum mass after the centrifugation
during 5 min. In this case 5.4 kg ÑàÎ is re-
quired for the neutralization of the sulphate
solution remained in 1 ton of phosphogypsum,
which would result in the formation of 16.6 kg
of ÑàSO4 ⋅ 2Í2Î. It should be also noted that
with the separation of the mother solution via
centrifugation the loss of rare-earth elements,
the consumption of sulphuric acid and the hu-
midity of the product obtained are lowered,
which allows one to reduce power input for dry-
ing the product, too. In addition, the amount
of phosphorus remaining with the mother so-
lution decreases. Due to this fact a higher level
of its accumulation could be allowed as well as
a less frequent regeneration should be required
for the sulphuric acid solution.

When taken into account that the content
of water-insoluble Ð2Î5 in purified phospho-
gypsum does not exceed 0.2 mass %, and the
residual content of the sulphuric acid  solution
amounts to 5 mass % of phosphogypsum, the
permissible content of Ð2Î5 in the mother sul-
phuric acid solution should not exceed ~75 g/L.
Hence, the regeneration could be carried out not
earlier than after 15 cycles of the solution use.

We have studied the possibility of phosphate
ion sedimentation from the mother sulphuric
acid solution according to the reaction

3–
4 4 2 2

2–
4 2 4

PO TiOSO H O+ ( –1)H O

TiOPO H O + SO

n+ ⋅

→ ↓ ⋅    (1)

Fig. 2. Level of Ð2Î5 transfer into the liquid phase (in %
with respect to initial content) depending on the time of
TiOHPO4 ⋅ nH2O treatment with NaOH solution (30 g/L
concentration).
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Fig. 3. Schematic diagram for the centrifuging regeneration
of  sulphuric acid solution contaminated with phosphorus.

Fig. 4. Process flowsheets for the purification of phospho-
semihydrate from phosphorus using water washing ofsulphuric acid solution (à) and centrifuging separation of
the solution (b).

à

b

To a solution containing 10.45 g/L of Ð2Î5, in
the presence of polyacrylamide, was added a
quantity of TiOSO4 ⋅ H2O stoichiometrically re-
quired for reaction (1); after 25 min passed, a
sediment was filtered. The additive of poly-
acrylamide provides a plausible filtration rate.
The residual content of P2O5 in the solution
was equal to 4.34 g/L which content depends
on TiOHPO4 ⋅ nH2O solubility in the sulphuric
acid solution.

Due to the fact that hydrated titanium oxo-
hydrophosphate TiOHPO4 ⋅ nH2O represents an
efficcient sorbent of metal cations, in particu-
lar caesium, strontium, uranium radionuclides,
it could be used, for example, for the deactiva-
tion of liquid radioactive waste products [13]. In
addition, in order to establish the potentiality
for the regeneration of TiOHPO4 ∙ nH2O we have
studied the level of phosphorus transfer into
the liquid phase depending on the treatment
time in the process of interaction between
TiOHPO4 ⋅ nH2O and NaOH solution (30 g/L con-
centration) (Fig. 2). The experiment was carried
out at L : S = 25, which corresponded to NaOH
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consumption equal to 112.5 % with respect to
the stoichiometry, according to the reaction
TiOHPO4 + 3NaOH → Na3ÐÎ4 + TiO(ÎÍ)2
       + H2O   (2)

As one can see from the data presented in
Fig. 2, the alkaline hydrolysis of
TiOHPO4 ⋅ nH2O proceeds completely enough.
The organization of a counterflow process pro-
vides a higher level of phosphorus isolation to
yield Na3PO4 ⋅ 12H2O which is widely used as a
component of detergents. The compound
TiOSO4 ⋅ H2O could be obtained via the sulphati-
zation of TiO(ÎÍ)2 ⋅ õÍ2Î using the technique
proposed in [13]. A schematic diagram for the
purification of sulphuric acid solution from
phosphorus with the regeneration of
TiOSO4 ⋅ H2O is presented in Fig. 3.

CONCLUSION

Thus, according to the results of the stud-
ies performed, in order to carry out large-scale
tests one could recommend process flowsheets
presented in Fig. 4. The method including sepa-
ration of sulphuric acid solution from phosph-
ogypsum by means of centrifugation (see Fig.
4, b) is considered to be much more promising.
With the use of this pattern, the consumption
of the reagents for the leaching of phospho-
gypsum and the neutralization of acidic solu-
tion is reduced; the volume of the sulphuric
acid solution supplied to the regeneration can
be considerably reduced since one has an op-
portunity for a much higher phosphorus accu-
mulation level therein before the neutralization.
Thus, the consumption of titanyl sulphate de-
creases to a considerable extent as well as power

inputs for thermal treatment of purified phos-
phogypsum can be reduced.

However, in order to realize the pattern sug-
gested it is necessary first of all to determine
the efficiency of lanthanoid extraction from
phosphosemihydrate with the use of sulphuric
acid solution with the increased phosphorus con-
tent for leaching both them and phosphorus,
since the use sulphuric acid solutions is studied
only for the content of Ð2Î5 > 20 g/L. In addi-
tion, there can be difficulties observed in the
choice of a centrifuge suitable for operation
with sulphuric acid media.
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