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ABSTRACT: The solubility (from 0.95 °C to 19.11 °C) and
metastable zone width of phosphoric acid in tributyl phosphate
(TBP) have been measured using a laser method. The results
show that the solubility curve is remarkably dependent on
temperature in the experimental temperature range. A
polynomial fitting of the solubility data was obtained. The
metastable zone width increases directly with the increasing
rate of cooling but decreases with the increasing concentration
of phosphoric acid in TBP. An apparent secondary nucleation
order m for phosphoric acid in the TBP system was calculated
using Nyv́lt’s approach and revised using a modified linear
regression method. The effects of typical impurity ions (Al3+,
Mg2+, and Fe3+) on the metastable zone width for phosphoric acid in TBP were also investigated. The presence of impurity ions
can enhance the metastable zone width for phosphoric acid in TBP.

■ INTRODUCTION

With the rapid development of modern science and technology,
phosphoric acid is used in more and more product areas,
including medicines, food, chemical industry, environmental
engineering, and other fields.1,2 High-quality phosphoric acid
has been used extensively in several high-tech applications
which include silicon plane tubes, printed circuit boards, and IC
manufacturing.3,4 Since traditional phosphoric acid produced by
furnace process can hardly meet the increasing requirements for
high quality phosphoric acid, many methods such as
physisorption, electrodialysis, solvent extraction, and crystal-
lization treatment, have been applied for wet-process
phosphoric acid purification processes.5−7 Among those
methods, solvent extraction offers advantages including good
separation efficiency, economical operating costs, and technical
maturity.8 However, it has been found that the solvent
extraction can only upgrade phosphoric acid to industrial
grade. Subsequently, crystallization is employed to obtain
higher grade products.9,10 Two concerns for this process are an
extended synthesis route and high energy consumption
characteristics. At the bench scale, it can be found that the
crystallization takes place in organic extraction phase under
certain conditions during the phosphoric acid extraction
process. In other words, the phosphoric acid can be purified
twice (extraction and crystallization) in a single unit operation
(solvent extraction), and the process can achieve higher
purification efficiency. So this method could possibly be a

novel and feasible technique for wet-process phosphoric acid
purification.
As an ideal extraction agent, tributyl phosphate (TBP) has

been applied for phosphoric acid solvent extraction process
because of its immiscible with common aqueous solution, high
selectivity for phosphoric acid, and easy reproducibility.11,12 To
better understand this and optimize this new phosphoric acid
purification process, it is necessary to systematically study both
the crystal growth kinetics and the crystallization thermody-
namics.13 As is well-known, crystallization process depends on
the meatastable zone width (MZW) which is an essential
parameter in determining the operating conditions of
crystallization process.14,15 Determining the solubility data is
a prerequisite for understanding the MZW of any system. In
this paper, the solubility and MZW for phosphoric acid in TBP
were studied. In addition, a variety of factors such as cooling
rate, concentration of phosphoric acid in TBP, apparent
nucleation order, and effects of typical impurities ions were
also discussed. The experimental results can provide the basic
data that supports the phosphoric acid purification using the
proposed novel method.
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■ EXPERIMENTS
Materials. In this study phosphoric acid was offered by

Tianjin Kemiou Chemical Reagent Co. The main impurities in
phosphoric acid were analyzed using inductively coupled
plasma atomic emission spectrometer (model ICPS-7510)
and ion chromatography system (model ICS-90). The results
are shown in Table 1. Al(OH)3 and Mg(OH)2 were obtained

from Tianjin Kemiou Chemical Reagent Co.; TBP and FePO4
were obtained from Tianjin Yongda Chemical Reagent Co. and
Sinopharm Chemical Regent Co, respectively. All additives
used for the experiments were analytical reagent grade and
applied directly without further purification. The impurity ion
concentrations doped into phosphoric acid of TBP solution
were measured by ICPS-7510. The crystal seeds were obtained
by following steps: the first step was to obtain phosphoric acid
hemihydrate crystals (H3PO4·1/2H2O).

16 Then the crystal
seeds could be obtained with the method of adding H3PO4·1/
2H2O crystals into TBP saturated solution (phosphoric acid in
TBP), followed by cooling of the saturated solution to −20 °C.
Solubility Experimental Method. The prerequisite for

determining the solubility was to prepare the TBP solution.
Phosphoric acid and TBP were mixed and stirred at a select
experimental temperature until liquid−liquid equilibrium was
reached. Separated by centrifuge (model TDZ5-WS), the
supernatant was removed, and the TBP solution was obtained
in this way. The solubility of phosphoric acid in TBP was
carried out in a double-jacketed crystallizer (500 mL, model
S212-500 mL, in Figure 1) using the isothermal method, where

the uncertainty in temperature was ± 0.05 °C. The procedure
was as follows: Crystals (mass fraction is 0.05 to 0.10) were
added to the TBP solution (prepared by the method denoted
above), and the mixture was stirred for 5 h to 6 h until liquid−
solid phase equilibrium condition was fully achieved at the
constant temperature, and then the phosphoric acid concen-
tration of the TBP saturated solution was determined.

Measurement of Metastable Zone Width. The meta-
stable zone width (MZW) is defined as the region between the
supersolubility and solubility data curves. It is determined by
cooling saturated solution at a constant speed until the
crystallization nucleating event occurs. The laser method was
applied to determine the MZW presence of the crystal seeds
(mass fraction is 0.001) in the experiment. The determination
of nucleating outbreak moment was based on observing the
sudden change in the laser light transmission intensity using a
laser receiver at programmed cooling experiments (seen in
Figure 2). The experimental devices, which included a double-

jacketed crystallizer, thermometer, and laser transmitting and
receiving device, are shown in Figure 1. The nucleation
outbreak was obtained by stirring the H3PO4/TBP solution for
1 h at the equilibrium temperature, whereupon crystal seeds
(mass fraction is 0.1%) were added and the temperature was at
a constant cooling rate until the laser transmission intensity
change was detected by laser receiving device. Recording the
corresponding temperature (nucleation temperature), the
MZW (ΔTmax) was determined by eq 1.

Δ = * −T t tmax
n

(1)

where t* was the equilibrium temperature and tn denoted the
nucleation temperature.17 These experimental steps were
repeated at various cooling rates of 3 °C·h−1, 6 °C·h−1, 12
°C·h−1, and 24 °C·h−1, respectively. The stirring rate was
maintained at 150 rpm. To ensure the accuracy of the
experiment, each test was run in triplicate. All experiments were
performed under atmospheric pressure. The estimated
uncertainties in experiments were summarized at Table 2.

Table 1. Impurities in Analytical-Grade Phosphoric Acid

impurity ions concentration/ppm

SO4
2− 1.1

F−

Al3+ 0.33
Mg2+ 0.29
Fe3+ 0.52

Figure 1. Schematic diagram for MZW and solubility measurements.
1. Laser generator; 2. crystallizer; 3. feeding injector; 4. stirring motor;
5. thermometer; 6. laser signal receiver; 7. signal display; 8. thermostat;
9. material outlet.

Figure 2. Graphical example for MZW measurement with the laser
method during programmed cooling process: ■, measurement points;
, trends of transmitted intensity.

Table 2. Uncertainties of Measurements Estimated for
Experiments

category estimated uncertainty

solubility data ± 0.03 %
temperature ± 0.05 °C
metastable zone width ± 0.05 °C
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■ RESULTS AND DISCUSSION
Solubility of Phosphoric Acid in TBP. The solubility data

of phosphoric acid in TBP at various temperatures are
summarized in Table 3 and Figure 3. As can be seen in Figure

3, the solubility curve is directly dependent on temperature in
the experimental temperature range (from 0.95 °C to 19.11
°C). The results are similar to those reported in the
literature.13,18,19 In addition, a polynomial fitting of the results
leads to the following eq 2. The fitting correlation coefficient
(R2) is 0.9955, suggesting that the polynomial expression is
accurate. In comparison to reported values in the literature, it
appears that the solubility is less than that of phosphoric acid in
water at the same temperature.17,18

= − + +x t t t0.00381 0.0725 0.725 37.883 2 (2)

where x denotes the mass fractions of phosphoric acid in TBP;
t is the corresponding temperature in Celsius. The relative
standard deviation (σ) between the measured solubility data
and the data calculated from eq 2 was 0.064. The σ is defined as
the following equation:
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where N is the number of experimental points; xcalc is the
solubility data calculated from eq 2; xexpt is the experimental
values of solubility.20

Metastable Zone Width for Phosphoric Acid in TBP. In
this study, laser transmission method was applied to determine
the MZW of H3PO4/TBP. The MZW was measured for
different cooling rates and various saturated solutions. The
MZW data are summarized in Table 4.

As can be seen, the MZW increases with the increasing
cooling rate. The behavior is similar to that of phosphoric acid
in water.17,18 However, it appears that the MZW increases with
decreasing concentration of H3PO4 in TBP. This is the inverse
of the behavior for phosphoric acid in water, but similar to the
3-nitro-1,2,4-triazol-5-one + water system.21

Apparent Nucleation Order of Phosphoric Acid in
TBP. The relationships between cooling rate and MZW have
been studied by other investigators. Among those studies,
Nyv́lt’s approach is accepted by many researchers.15,18,22 This
can be expressed by eq 4:

Δ = − − + − ̇
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where −Ṫ denotes the constant cooling rate; and KN is the
nucleation rate constant; dWeq/dT is the slope of the solubility
dependence on temperature change. As can be seen from eq 4,
there exists a linear relationship between log ΔTmax and
log(−Ṫ). The straight line relationship can be expressed by the
following equation:

= +y A Bx (5)

where x = log(−Ṫ); y = log ΔTmax. The nucleation parameters
m (apparent secondary nucleation order) can be obtained by
fitting the parameters of eq 5:

=m B1/ (6)

Since the slope of the fitted line is the inverse of the apparent
secondary nucleation order, the straight lines corresponding to
the different supersaturations should exhibit a parallel relation-
ship. The experimental data and the data from y, x plots are
shown in Figure 4, and the coefficients A and B can be obtained
from the linear regression analysis (see in Table 5). However,
there are not exactly parallel relationships for fitted lines
obtained by linear regression because of the inevitable
experimental error. Therefore, the straight lines should be
revised with modified linear regression method and the slopes
of straight lines can be obtained from eq 7:
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where xi = log(−Ṫ) and yi = log(ΔTmax)i, p is the total number
of fitted lines, and Nj denotes the number of experiments
carried out for each straight line, j.23

Table 3. Solubility Data for Phosphoric Acid in TBP at
Temperature t and Pressure p = 0.1 MPaα

t/°C 100x/mass fraction t/°C 100x/mass fraction

1.53 0.3896 12.91 0.4368
3.04 0.3949 14.97 0.4477
4.96 0.3993 15.64 0.4578
6.89 0.4062 17.85 0.4981
9.03 0.4136 19.11 0.5182
10.94 0.4249

αStandard uncertainties u are u(t) = 0.05 °C, u(p) = 3 kPa, u(x) =
0.0003.

Figure 3. Solubility for phosphoric acid in TBP: ■, experimental data;
, polynomial fitting curve.

Table 4. MZW Data for Phosphoric Acid in TBP

H3PO4 ΔTmax/°C

100x/mass fraction 3 °C·h−1 6 °C·h−1 12 °C·h−1 24 °C·h−1

0.5182 3.83 4.27 5.05 6.26
0.4578 4.19 4.78 5.62 6.99
0.4442 5.51 6.17 7.65 8.93
0.4306 9.68 11.53 14.00 15.66
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For MZW data measured using the laser method, B is
calculated to be 0.2389, and the apparent secondary nucleation
order of H3PO4 in TBP is 4.19.
Effects of Impurities on the Metastable Zone Width

for Phosphoric Acid in TBP. It is well-known that impurity
ions doped into saturated solution have a significant influence
on the crystallization process. In this article the roles of typical
impurity ions (Al3+, Mg2+, and Fe3+) on phosphoric acid
crystallization in TBP were investigated. The MZW data and
apparent secondary nucleation order of the phosphoric acid
(mass fraction is 0.4578) in TBP in the presence of a variety of
impurity ions are summarized in Tables 6 and 7.
As can be seen, the presence of impurity ions (Al3+, Mg2+,

and Fe3+) can greatly enhance the MZW for phosphoric acid in
TBP. Among the examined ions, the influence of Al3+ on MZW
is the most significant, which concurs with literature reports.17

With respect to the apparent secondary nucleation order, the
same influence appears to occur in that the presence of
impurity ions can enlarge the apparent secondary nucleation
order. It also noted that the higher concentration of impurity
ions in the system there is, the greater effects on the apparent
secondary nucleation order there will be.
The influence of impurities on MZW can be explained by

various mechanisms.18,24 In general, the enlargement effect on
the MZW brought about by impurities can be explained
according to the adsorption of impurity molecules on the
surface of subcritical crystals embryos in the solution. The
impurities suppress the growth of embryos to larger than
critical size and induce the enlargement of the MZW.

■ CONCLUSIONS
In this study, the solubility and metastable zone width of
phosphoric acid in tributyl phosphate at various concentrations
were examined using laser detection method. The results
indicate that the solubility curve is directly dependent on
temperature in the experimental temperature range (from 0.95
°C to 19.11 °C). A polynomial fitting of the solubility can be
obtained as the equation x = 0.00381t3 − 0.0725t2 + 0.725t +
37.88. For metastable zone width, the MZW increases with the
increasing cooling rate. However, the metastable zone width
decreases with the increasing concentration of phosphoric acid
in TBP. The apparent secondary nucleation order in this
system was calculated using Nyv́lt’s approach. Revised with
modified linear regression method, the apparent secondary
nucleation order m of phosphoric acid in TBP is 4.19 with the
laser method. The effects of impurities (Al3+, Mg2+, and Fe3+)
on the metastable zone width of phosphoric acid in TBP were
assessed. The presence of impurity ions can enhance the
metastable zone width for phosphoric acid in TBP. Similar to
the MZW, the presence of impurity ions can enlarge the
apparent secondary nucleation order.

■ AUTHOR INFORMATION
Corresponding Author
*Tel.: +86 539 8766600. E-mail: dr.mayong@gmail.com.

Funding
We are thankful the Project funded by China Postdoctoral
Science Foundation (no. 2014M551910) and the Doctoral
Program of Linyi University (no. LYDX2013BS013) for
financial support.

Notes
The authors declare no competing financial interest.

Figure 4. Relationship between log ΔTmax and log(−Ṫ) for
crystallization of H3PO4 in TBP. The error bars show the standard
deviations. ■, mass fraction is 0.5182; red ●, mass fraction is 0.457;
green ▲, mass fraction is 0.444; blue ▼, mass fraction is 0.4306.

Table 5. Fitted Line Equation and Parameters for
Phosphoric Acid in TBP

H3PO4 100x/mass fraction nucleation equation R2

0.5182 y = 0.4583 + 0.2370x 0.9897
0.4578 y = 0.4962 + 0.2454x 0.9934
0.4442 y = 0.6185 + 0.2402x 0.9937
0.43.06 y = 0.8777 + 0.2364x 0.9944

Table 6. MZW Data with Impurity Ions for the Phosphoric
Acid (Mass Fraction Is 0.4578) in TBP

ΔTmax/°C

impurity ions 3 °C·h−1 6 °C·h−1 12 °C·h−1 24 °C·h−1

Al3+ 200 ppm 13.89 15.32 17.64 19.00
100 ppm 10.53 11.89 13.98 15.19
50 ppm 6.24 7.43 9.64 10.96

Mg2+ 200 ppm 10.83 11.52 13.50 14.87
100 ppm 6.65 7.92 9.14 10.60
50 ppm 5.02 6.43 7.22 8.79

Fe3+ 200 ppm 11.09 13.04 14.72 16.00
100 ppm 7.99 9.08 10.25 12.33
50 ppm 6.50 7.38 8.59 10.60

Table 7. Fitted Line Equation and Parameters with Impurity
Ions for the H3PO4 (Mass Fraction Is 0.4578) in TBP

impurity ions nucleation equation R2 m

Al3+ 200 ppm y = 1.0685 + 0.1559x 0.9937 6.41
100 ppm y = 0.9372 + 0.1820x 0.9933 5.49
50 ppm y = 0.6607 + 0.2818x 0.9923 3.55

Mg2+ 200 ppm y = 0.9510 + 0.1601x 0.9875 6.25
100 ppm y = 0.7204 + 0.2225x 0.9990 4.49
50 ppm y = 0.5872 + 0.2592x 0.9911 3.86

Fe3+ 200 ppm y = 0.9693 + 0.1763x 0.9897 5.67
100 ppm y = 0.8003 + 0.2049x 0.9947 4.88
50 ppm y = 0.6934 + 0.2333x 0.9933 4.29
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