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Abstract: In order to provide practical fundamental data for rare-earth elements (REEs) recovery from phosphoric acid and to better
understand REEs behavior during the phosphoric acid evaporation process, the solubilities of REEs in phosphoric acid with various
concentrations of phosphorus at different temperatures were measured. A simple linear model between REEs solubility and
phosphoric acid concentration is built and the experimental data are found to fit it very well (R*>0.94). Hydrogen-ion concentration is
found to be the predominant factor controlling the solubility of REEs in phosphoric acid. In addition, the solubility of REEs in
phosphoric acid is found to sharply decrease with increasing temperature, which can be attributed to the increase of the Gibbs energy
of the REEPO, dissolution reaction or the restraint of the disassociation of phosphoric acid molecules owing to the elevated

temperature.
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1 Introduction

To achieve the sustainable development of the rare-
earth-elements (REEs) industry, numerous studies have
been focused on the recovery of REEs from secondary
resources such as end-of-life wastes, industrial scraps [1],
residues [2,3], and flotation tailings [4,5], and from
REEs associated minerals such as uranium ore, and
phosphate rock [6—9]. Among these, phosphate rock is
considered as one of the most promising new sources of
REEs since there are about 125000 t of potential REEs
produced per year from phosphate rock [5].

Recovery of REEs from phosphate rock based on
H,SO,, HNO;, HCl and H3;PO, processes has been
extensively studied [10]. In particular, REEs recovery in
the H,SO, process has attracted considerable attention,
with the main challenges in this process being technical
issues and the cost overage owing to the low content of
REEs in phosphoric acid and phosphogypsum [11,12].
Previous studies have been tried to recover REEs from
phosphoric acid by means of crystallization, precipitation,

solvent extraction, ion exchange, etc [13—16], but the
industrial scale application of these processes has rarely
been reported. Furthermore, these previous studies are
mainly focused on the development of new technologies,
while ignoring the fundamental research of REEs in the
hydrometallurgical processes of phosphate rock.

However, the physico-chemical properties (practical
fundamental data) of REEs in phoshoric acid are of vital
importance for REEs recovery from phosphate rock,
because all the solution systems involved in REEs
recovery from phosphate rock are phosphoric acid
extended solutions such as HCI-H;PO,, HNO;—H;PO,,
H,S0O,~H;PO, and Ca(H,PO,),—H3PO,. For instance, the
solubility of REEs in phosphoric acid is a critical
parameter for the prediction of REEs leachablity and
precipitation efficiency [17] especially for the
crystallization and precipitation of REEs from
phosphoric acid (28%—40% P,0s), and for better
understanding of REEs behaviors during the evaporation
process of phosphoric acid (from 28%—32% to 54%
P,0s) [18,19].

So far, the solubility of rare earth phosphates in

Foundation item: Project (51674036) supported by the National Natural Science Foundation of China; Project (Z161100004916108) supported by the

Beijing Nova Program, China

Corresponding author: Liang-shi WANG: Tel: +86-10-82241180; E-mail: wls1657@163.com

DOI: 10.1016/81003-6326(18)64883-6



2376 Sheng-xi WU, et al/Trans. Nonferrous Met. Soc. China 28(2018) 23752382

non-phosphorus  aqueous  solution  has  been
systemetically studied in geochemistry [20—-23].
However, the solubility of rare earth phosphates in non-
phosphorus aqueous solution may not be able to guide
the exploitation of new technologies for REEs recovery
from phosphate rock owing to the high phosphorus
concentration and low pH value in the solutions involved
in these processes. Generally, phosphorus concentration
in leaching solution involved in phosphate rock
processing ranges from 28% to 54% P,0s. The pH value
of  phosphoric  acid solutions in  practical
hydrometallurgical processes ranges from 0.5 to 1.0 for
WPA [24], and much less than 1.0 for HCI-H;PO, and
HNO;—H;PO,. These factors would significantly affect
the precipitation—dissolution equilibrium of REEs in
aqueous solutions.

To understand the regularity of REEs solubility in
phosphoric acid and provide practical fundamental data
for REEs recovery from phosphoric acid, we measured
the solubility of La, Nd and Y in 15%—75% H3;PO, and
investigated the effect of elevated temperature on the
solubility of REEs in phosphoric acid. A linear model
between the solubility of REEs and concentration of
phosphoric acid was proposed on the basis of the
precipitation—dissolution  reactions of REEs in
phosphoric acid and the ionization processes of
phosphoric acid. The efficacy of the linear model was
evaluated against the measured REEs solubility in
phosphoric acid.

2 Experimental

The kinetic method [25] was introduced in this
work to measure the solubility of rare earth elements
since rare earth phosphates (REEPQO,) particles are very
difficult to dissolve in phosphoric acid even after
immersion for 50 d. Rare earth carbonates (Lay(COs)s,
Ndy(CO3)3, Y2(CO;)3) with  purity of >99% rare earth
oxides (REO) produced by Jiangsu Guosheng Rare Earth
Co., Ltd. (China) were used as the raw materials for rare
earth ions [26]. The phosphoric acid (>85% H;PO,) used
was of analytical grade and produced by Beijing
Chemical Works (China).

Prior to the experiments, 50 mL airtight glass tubes
to be used for the REEs solubility measurements were
soaked in an acid solution for more than 12 h and then
rinsed thoroughly with deionized water. Phosphoric acid
solutions of various concentrations were prepared by
diluting concentrated acid (85% H;PO,) in an airtight
tube. Rare earth (RE) carbonate particles were then
added into the tubes in many batches, and the addition of
solids in very small amounts for each batch was
controlled to guarantee the complete dissolution of the
RE carbonates until new particles were generated, which

indicated that the RE ion concentration was
supersaturated. The solid particles remaining in the
centrifuge tube were collected, washed, dissolved (using
diluted HNO3), and analyzed by ICP—OES (the particle
samples of one group were collected). The results
showed that in the newly generated precipitates more
than 97% of the REEs presented as RE phosphates and a
small amount of extra RE oxides were found that were
likely to have originated from the undissolved RE
carbonates (Table 1).

Table 1 Chemical analysis results of solid particle left in
centrifuge tube after centrifugation

Group No. w(REO)/% w(P,05)/%
1 (La,03) 70.2 29.8
2 (Nd,03) 70.7 29.3
3 (Y,05) 62.1 37.8

The prepared supersaturated solutions were then
kept in a shaker table in a water bath with 180 r/min
rotation for 15 d. The reaction temperature was
maintained at (25+2) °C set as room temperature and
[(3042)—(90+2)] °C set as elevated temperature via the
water bath. During this period of time, several parallel
samples were tested to examine the equilibrium time
(See Fig. 1; La, Nd and Y concentrations in 15% and
75% H;PO, were also tested and showed a similar
decreasing trend). Approximately 8 d was proven
sufficient to achieve the equilibrium of precipitation—
dissolution reaction of REEPO,. To ensure reaching
equilibrium, 15 d of shaking was adopted. After being
shaken for 15 d, the equilibrium solutions were
centrifuged to obtain clear solutions for the ICP—OES
tests.
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Fig. 1 ¢(La*>") vs time in 15% H3PO, phosphoric acid

Chemical analysis of aqueous solutions was
conducted by inductively coupled plasma optical
emission spectroscopy (ICP-OES) (PerkinElmer—

Optima 8300). A specific analysis method was built for
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REEs and P tests in phosphoric acid, with the wavelength
and the recovery given in Table 2. Samples of
equilibrium solution were diluted for element analysis
(La, Nd, Y and P).

Table 2 Recovery of REEs and phosphorus in phosphate
solution tested with ICP—OES

Wavelength/ Relative standard

Element am Recovery/% deviation/%
P 238.204 98.7 2.1
La 408.672 100.6 1.2
Nd 430.358 102.4 0.9
Y 324.227 95.6 1.1

3 Results and discussion

3.1 Equilibrium concentration of REEs in phosphoric
acid

The equilibrium concentrations of La, Nd and Y
(g/L) in 15%—75% H3PO, are plotted in Fig. 2 and listed
in Table 3. It should be noted that the phosphorus
concentrations measured by ICP—OES after equilibration
are slightly less than the calculated values (error is less
than 8%), but can be neglected. As the curves
demonstrate, the solubility of La*’, Nd®" and Y**
increases with increasing phosphoric acid concentration.
It is noted that increasing the concentration of
phosphoric acid leads to the increased concentration of
hydrogen ions, which facilitates the solubility of REEs,
while the presence of phosphate-ion would increase and
induce the precipitation of REEs. Therefore, a model for
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Fig. 2 Solubility of REEs in various concentrations of

phosphoric acid

the effect of phosphoric acid concentration on the
solubility of REEs in phosphoric acid solutions is
needed.

3.2 Theoretical analyses on solution chemistry

In phosphoric acid, phosphorus generally presents
as H;POj, H,PO;, HPO; and PO, , and their
concentrations depend on the ionization degree of
phosphoric acid. However, in phosphoric acid,
hydrolysis and phosphate complexation of the trivalent
REEs could be negligible at low pH (less than 1.0), at
which strongly protonated forms of H3P02 and
H,PO, are predominant [27,28]. Therefore, the
dissolution of RE carbonates by H;PO, and the
precipitation of RE phosphates can be expressed by the
following reactions:

Table 3 Concentration of REEs and phosphorus in phosphoric acid after equilibrium

For La For Nd ForY
w(H;PO,)/% ¢(H;PO,)/ c(La)/ c(H;PO,)/ ¢(Nd)/ c(H;PO,)/ e(Y)/
(gL™ (mmol-L™") (g'L™h (mmol-L™") (g'L™h (mmol-L™")
15 157 0.79 153 2.36 152 6.75
20 207 2.59 201 3.81 204 22.04
25 259 5.83 254 5.96 259 63.77
30 341 7.70 329 8.18 336 93.24
35 395 12.17 372 13.93 378 124.06
40 492 28.51 474 29.03 480 202.45
45 561 37.80 546 45.24 550 301.54
50 652 61.20 639 65.68 646 355.98
55 738 85.96 723 108.08 729 43921
60 833 105.69 814 126.99 822 562.70
65 942 113.75 925 130.53 936 630.53
70 1012 135.35 976 163.92 989 687.89
75 1123 171.71 1082 216.50 1098 794.40
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REE, (CO;); + 6H,POj —
2REE*"+6H,PO; +3H,0+3CO, (1)
REE** + H, PO’} =REEPO, | +nH" )

where n=0, 1, 2, 3, and REE*" represents RE ions.
The equilibrium constants of this reaction can then
be written as

_amy
a(REE*")a(H, PO} )

yH)" , c(H")" 3)
7(REE*")y(H,PO} ™) ¢(REE*")¢(H, PO}

KSn

where a represents the activity of ions, y the activity
coefficient of ions in phosphoric acid, and c¢ the
concentration of ions in phosphoric acid.

The average activity coefficient of these ions can be
calculated via the extended Debye—Huckel expression
[29], as follows:

Alz z_| JI
gy, =——— 7 4
1+ Ba'\[1
where z is the charge on the ion, 7 is the ionic strength, 4
and B are constants, and &' is an adjustable ion size
parameter.

Generally, in hydrometallurgy, the solubility

constant calculated by ionic concentrations is used to

replace the solubility constant calculated by ion activities.

From the perspective of engineering practice and to
simplify the deduction of equations between REEs
solubility and phosphorus concentration, we define QOs,
as follows:

c(HY)"

~ o(REE*)e(H,PO")

y(REE*")y(H, PO}~
y(H™Y"

The total concentration of phosphorus in phosphoric

acid solution 1is calculated as the accumulated

concentration of H3P02, H,PO,, HPO; and
PO3’,as

QS n

Ky

(5)

n

c(P)=c(H,POY) + c¢(H,PO; ) + c(HPO; )c(PO})  (6)

where ¢(P) represents total phosphorus concentration.

Then, combining Eqgs. (5) and (6) gives the
following equation, in which the relationship between
REEs solubility and total phosphorus concentration is
built:

+33 +32
Py <H) c(H")
Os;¢(REE™)  O,¢(REE™)
c(H") . 1 )

05 c(REE™)  Ogoc(REE*)

1 1 +43
P)=——————(—c(H
“® C(REE3+)(QS3 T

| O B
—cH") +—c(H")+—) (8)
QSZ ¢ QSl ‘ QSO

11
REE3+ S A H+ 3
REE= ) (o

L (H e )+ ) ©)

Os) Osi Oso

In fact, reaction represented by Eq. (1) is one-step
reaction in the entire precipitation process. Previously,
H, PO}~ was generated through ionization of H,PO .
For the three-stage ionization processes of H3;PO,, as
shown in Egs. (10)—(12), their ionization constants at
25 °C are pK;=2.14 [Eq. (10)], pK,=7.20 [Eq. (11)], and
pK;=12.34 [Eq. (12)], respectively. Hence, phosphorus is

dominated by H;PO} under this experimental
condition:

H,PO}<—=H'+H,PO; (10)
H,PO, —H'+HPO3~ (11)
HPO; —H'+ PO} (12)

Based on the above-mentioned two facts, assuming
that the total concentration of phosphorus is equal to the
concentration of H3P02 (Assumption 1), Eq. (9) can
be simplified as follows:

c(REE™)=—— 1 cary (13)
c(P) Os3
However, the concentration of hydrogen ions in
phosphoric acid can be calculated using the reaction
equilibrium constant of Eq. (10) via the following
equation:

x = CHLPOY)(I)

14
¢(H,POY) (14)

.. c(H;PODK,
H)=—23""4""1 15
= inpoy) (4

For the ionization of phosphoric acid, the generation
of each mole H" would also produce one mole of
H,PO, , which means that c(H")=c(H,PO}) .

c(H") =[c(H;PO))K, 1" (16)

According to Assumption 1, the total phosphorus
concentration can be expressed as

¢(P) = ¢c(H,POY) + ¢(H,POy) (17)

By combining Egs. (15) and (17), the equation
expressing the relationship between total phosphorus
concentration and hydrogen concentration is obtained:
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+c(H") (13)

C‘(H+ )2
K

1

¢(P) = ¢(H,PO})? + ¢(H,PO}) =

With an inverse function, the equation between c(H")
and c(P) is obtained:

o) = K PLeP) + 12 -2 K, (19)

where K=1x107" and ¢(P) ranges from 1.07 to
11.35 mol/L, indicating that c¢(P)>>(K,/4); therefore, K,/4
can be neglected during the calculation of ¢(H"). Then,
Eq. (19) is obtained:

c(HY) =[K,c(P)]"? -1/2K, (20)

Combining Egs. (20) and (13), one obtains

4
¢(REE*") =ﬁ(1<1c(1>))”2 _K& "
Os3 803 Kc(P)
3K 1 3K,°
72 2
40q3 (K, c(P)) 20q;
¢(REE*") = L(KS/ZC(P)”Z -k} L.
Os3 c(P)
3k 1 3K -
12~ ) (22)
4 ¢(P) 2

In Eq. (22), K;=1x10"*'* and ¢(P) ranges from 1.07

to 11.35 mol/L, indicating that the values of Kf%
c

—; are much less than those of
4 ¢(P)

and

3K,?

1
K ?c(P)’*  and ; therefore, K;>—— and
c

(P)
3 K15/2 1
c(REE*):

can be neglected in the calculation of

2
(REE*) = QL(KIMC(P)M _%) _
S3
2
QL(K1 (KeP))'? -0 (23)
S3

3.3 Effect of phosphoric acid concentration on

solubility of REEs

It is known from Egs. (2) and (3) that two major
factors controlling the solubility of REEs in phosphoric
acid are the concentration of hydrogen ions and that of
phosphorus. Furthermore, the equation between c¢(P) and
c(H") has been deduced (Eq. (20)). Therefore, to study
the effect of phosphoric acid concentration on the
solubility of REEs, a linear model that defines [K;c(P)]*’
as the independent variable and the solubility of REEs as

the dependent variable was proposed. The experimental
data were then processed using this linear model.

As is known from Fig. 2, the increasing trend of
REEs solubility in phosphoric acid is quite mild at
15%—-35% H;P0O,, while the trend becomes fierce at
35%—75% H;PO,4, which can be attributed to the
variation of hydrogen-ion concentration caused by the
dissolution of RE carbonates. The dissolution of RE
carbonates introduces ¢(H,PO, ) by 3 times the amount
of ¢(REE*) and restrains the ionization process of
H;PO,. It is known from Eq. (14) that the concentration
of hydrogen ions in phosphoric acid depends on
¢(H3PO} )/c( H,POy ), while the value of ¢( H;POY )/
c¢(H,POy ) at 15%—35% of H;PO4 is much smaller than
that at 35%—75% of H;PO,. Therefore, the experimental
data were fitted using a linear model (Eq. (23)).

As shown in Figs. 3 and 4, the experimental data fit
well with the linear model (the correlation coefficient R
ranges from 0.94 to 0.99). Furthermore, the solubility of
REEs in phosphoric acid increases with increasing
phosphoric acid concentration. In addition, the slopes
and intercepts of simulated straight lines are obtained
from Figs. 3 and 4. The equilibrium constants of the
precipitation—dissolution reaction (QOs;) of REEs in two
phosphoric acid concentration ranges are obtained
according to Eq. (23). For example, the equilibrium
constants of the precipitation—dissolution reaction of
La*" in phosphoric acid can be calculated using the
following equations:

Qs3 = Kl /kn (24)
Oss =3K{ /(2b,) (25)

where Qs; is the equilibrium constant of the
precipitation—dissolution reaction of La*", Nd** and Y**
in phosphoric acid, K; the first-stage ionization constant
of phosphoric acid, and &, and b, the slope and intercept,
respectively, of the simulated straight line in Fig. 3 (&
and b, for La, k, and b, for Nd, and k3 and b; for Y, with
c(P) ranging from 15% to 35% H;PO,) and Fig. 4 (k, and
b, for La, ks and bs for Nd, and k¢ and b¢ for Y, with c¢(P)
ranging from 35% to 75% H3;PO,). The QOs; value
calculated by Eq. (24) is much less sensitive to the error
of the REEs solubility measurement than that calculated
by Eq. (25) due to different order-of-magnitude values
between K, and K% Therefore, the Os; value calculated
by Eq. (24) is considered to represent the equilibrium
constant of the precipitation—dissolution reaction of
REE’" in phosphoric acid. The equilibrium constants
obtained from Figs. 3 and 4 using Eq. (24) are given in
Table 4. The deviation between the two slopes for the
same element (La, Nd and Y) with different H;PO,
concentration ranges in Figs. 3 and 4 is primarily caused
by the effect of the dissolution of RE carbonates. The
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Table 4 Values of slope and intercept of simulated curves and
corresponding QOs;

Constant Simulated value Os3
ki 0.1816 0.0399
) 0.1807 0.0401
k3 1.9734 0.0037
ky 1.5768 0.0046
ks 1.9906 0.0036
ks 6.7219 0.0011

ki, ky and kj are the slopes of the simulated straight line for La, Nd, Y in
Fig. 3 and k4, ks and ke are the slopes of the simulated straight line for La,
Nd, Y in Fig. 4, respectively.

dissolution of RE carbonates consumes hydrogen ions in
three folds of REEs in phosphoric acid and generates
H,PO,, leading to the retardation of the ionization of
H,POj . Moreover, in the low range of 15%—35%
H;PO,, the reduction concentration of hydrogen ions is
less sensitive because of the relatively low solubility of
REEs. At 15%—35% H;PO,, the sharply increased REE
solubility leading to a large consumption of hydrogen

ions and the retardation of H,POj ionization becomes
significant. In addition, Qg; is very sensitive to the
variation of hydrogen concentration according to Eq. (5)
(n=3).

It is found that the slope of the simulated straight
lines in Figs. 3 and 4 increases with increasing atomic
number of the REEs. This demonstrates that the
increasing trend of REEs solubility in phosphoric acid
increases with increasing REEs atomic number. In other
words, the difference between light REEs (LREEs) and
heavy REEs (HREEs) becomes more significant with
increasing phosphoric acid concentration.

In fact, the linear model (Eq. (23)) can be converted
to an equation expressing the relationship between the
solubility of REEs and the concentration of hydrogen
ions as follows:

C(REE™) = EL[c(H) - K] (26)
S3
Equation (26) clearly demonstrates that in
phosphoric acid (15%-75% H;PO,4) the predominant
factor affecting the solubility of REEs is the
hydrogen-ion concentration [c(H")].

3.4 Effect of temperature on solubility of REEs in
phosphoric acid

It has been proven that elevated temperature reduces
the solubility of REEs in phosphoric acid [20]. Based on
this principle, KIIKOWSKA et al [14] recovered 98% of
the REEs from phosphoric acid by heating the solution to
200 °C and maintaining at that temperature for 1 h. Since
then, some improvements have been made, but no further
reports on this method have been carried out, to the best
of our knowledge, due to the high energy consumption
and stringent apparatus requirements. In our previous
study, we designed a stepwise method that achieved the
recovery and grouping of LREEs and HREEs from
phosphoric acid according to the difference in their
solubilities at elevated temperature. However,
fundamental data about the effect of temperature on
REEs solubility in phosphoric acid have rarely been
available.

The effect of temperature on the solubility of REEs
in phosphoric acid was investigated by measuring REE
solubility in phosphoric acid at various concentrations
(10%, 20% and 30% P,0s) and different temperatures
(20, 30, 40, 50, 60, 70, 80 and 90 °C) for a treatment
time of 15 d. The curves in Figs. 5—7 show that the
solubility of REEs in phosphoric acid decreases
dramatically with increasing temperature. The decreasing
trend of LREEs (represented by La and Nd) is consistent
with that of HREEs (represented by Y), while the
solubility of Y is one order of magnitude larger than that
of La and Nd.
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The reduction of REE solubility in phosphoric acid
caused by elevated temperature can be explained by two
phenomena: weakening of the phosphoric acid ionization
process and decrease of the Gibbs energy of the REEPO,4
precipitation reaction. Regarding the former, when the

temperature is elevated from 20 to 50 °C, a reduction of
K, from 107%™ to 107** occurs, indicating that the
hydrogen-ion concentration decreases with increasing
temperature [23,30]. In turn, the solubility of REEs in
phosphoric acid decreases. Regarding the latter
phenomenon, the Gibbs energy of the REEPO,
dissolution with nitric acid increases with increasing
temperature [31]. Investigations carried out by
CETINER [30], in fact, demonstrated that the solubility
reactions of LREE phosphates are exothermic. Therefore,
the elevated temperature would reduce the solubility of
REE:s in aqueous solutions, including phosphoric acid.

From the results above, we know that LREEs are
easily precipitated, but HREEs are difficult to remove in
the process of phosphoric acid evaporation (from 30%
P,0s to 54% P,05).

4 Conclusions

1) Solubilities of La, Nd and Y in phosphoric acid
with various phosphoric acid concentrations at different
temperatures were measured. It is found that the
solubility of REEs increases with increasing phosphoric
acid concentration.

2) A linear model ¢(REE™)=1/Q;-
{K,[K,c(P)]"? =3K?2/2} is built that fits the measured
REEs solubility very well (R*>0.94). The predominant
factor controlling the solubility of REEs in phosphoric
acid is, on the basis of the linear model of the
experimental data, determined to be the hydrogen-ion
concentration.

3) In addition, the experimental data demonstrate
that elevated temperature significantly decreases the
solubility of REEs in phosphoric acid, because the
elevated temperature leads to the retardation of the
ionization process of phosphoric acid and the decrease of
the Gibbs energy of the REEPO, precipitation reaction.
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