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ABSTRACT 

A continuous melt suspension crystallization process has been presented for the purification of the phosphoric acid in 
this study, which is performed in the cascade of a mixed suspension mixed product removal (MSMPR) crystallizer and 
a gravity wash column for the subsequent solid-liquid separation. Dynamic behavior in the crystallizer and role of re-
flux ratio on the purification efficiency of column are studied in detail. A reasonable steady state with respect to the 
liquid phase is achieved after 3 to 4 hrs, which is followed by a solid-phase steady state in terms of the slurry density 
after 4 hrs. Reflux ratio is the effective parameter for separation and purification by the crystallization equipment from 
the influences of reflux ratio on the purity of product, the number of theoretical plates and the stability of the operations. 
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1. Introduction 

High-purity phosphoric acid has wide application in 
many fields such as medical, food, environmental protec-
tion and electronic industries. Now it can be produced in 
two ways: the so-called furnace process and wet process. 
The former process is energy intensive with a larger en-
vironmental impact. Therefore, the latter one tends to be 
favored, which is much more energy-saving and envi-
ronment-friendly [1]. In this process phosphoric acid is 
produced via the acidulation of phosphate rock with sul-
furic acid, so many impurities such as iron, aluminum, 
magnesium, fluorine, and sulfate can be included, and it 
must be purified before its further application. Several 
methods, such as, solvent extraction [2-5], ion exchange, 
electro-osmosis, and crystallization, are employed for the 
purification of phosphoric acid in order to remove these 
impurities from the acid [6,7]. Among these technologies 
crystallization presents several advantages such as higher 
efficiency, low running cost, and less impact to environ-
ment. Therefore, the crystallization technique is mainly 
employed for the purification of phosphoric acid at the 
top range. 

Several crystallization processes for purification of 
phosphoric acid have been studied [8-14], such as layer 
crystallization and recrystallization, they are normally 
operated in a batch mode and have a low production ca-
pability. However, suspension crystallization, which is  

normally applied in the purification of organic com-
pounds [15], such as canola oil [16] and cocoa butter [17], 
can be performed continuously at low energy consump-
tion and high product yield. Suspension crystallization 
has been adopted for the purification of phosphoric acid 
in the present work. As suspension crystallization con-
tinuously generates crystal nuclei, a continuous MSMPR 
(mixed suspension and mixed product removal) crystal-
lizer has been employed in this study, in which crystals 
with wider CSD are produced [18-20]. The suspension 
formed is separated from the mother liquor in a multi-
stage separation process in a wash column, which would 
probably lead to a final product of higher purity. Dy-
namic behaviors in the crystallizer including fluid me-
chanics and the change of liquid concentration and sus-
pension density of crystals during the continuous process 
are investigated in detail, the number of theoretical plates 
which can be used to describe the purification capability 
of column is calculated by the McCabe-Thiele type me- 
thod, and the effect of reflux ratio as an important opera-
tion parameter on the purification efficiency of column is 
also studied. 

2. Experimental 

The crystallization equipment includes a MSMPR crys-
tallizer (with a volume of 3 L) and a wash column which 
was constructed from a tube (20 mm i.d.) with a total 
length of 1200 mm. Wet process phosphoric acid which  *Corresponding author. 
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had been purified by solvent extraction was provided by 
Sinochem Fuling Chongqing Chemical Industry Co., Ltd. 
Concentrated wet process phosphoric acid of about 85 
wt% H3PO4 was crystallized in the crystallizer after ad-
dition of seed crystals by lowing temperature. Seed crys-
tals were prepared from a solution of reagent grade 
phosphoric acid (85% H3PO4 and specific gravity of 1.7) 
which was cooled to and kept at a temperature between 
–5℃ and –10℃ in plastic beakers, and its main size 
was about 0.1mm. A transistor relay was used to main-
tain the liquid level in the crystallizer constant by con-
trolling the feed flow rate. After 1 h of crystallization, 
magma in the crystallizer was entrained to the top of 
wash column by the screw propeller stirrer. Because of 
the density difference between crystal and liquid, crys-
tals in the magma settled down to form a loosely packed 
bed, which was melted at the bottom of column, and its 
temperature equaled the melt temperature of phosphoric 
acid hemihydrate. Part of the melt was withdrawn as 
purified product, and the remaining was returned to the 
column (refluxed) as wash liquid. The melt flew upward 
as the crystals replaced it, countercurrent contact be-
tween melt and crystals was enabled. The melt contain-
ing impurities was extracted as residual at the top of 
column. Feeding in the crystallizer and withdrawing of 
the product and the residual at the bottom and top of the 
column respectively could allow continuous operations 
of the crystallization equipment. The purity of the crude 
crystals descending in the wash column increases due to 
1) displacement of the mother liquor, 2) washing of the 
liquid layer adhering to the crystals, 3) crystallization of 
pure melt on the cold crystals, 4) sweating of the crystals 
in contact with the hot melt or adiabatic recrystallization 
of the crystals. 

As crystal moved through the column its temperature 
raised. At any height the crystal temperature equaled the 
equilibrium temperature of the melt corresponding to the 
composition. Thus, a temperature gradient was created. 
The top was relatively cold and the bottom was at the 
melt temperature of the purified product. Bed inversion 
can occur due to density differences caused by differ-
ences in temperature. The stirrer was used to reduce this 
effect also known as axial dispersion. 

Samples of magma were taken from the crystallizer at 
every one hour with a pipette of 25 mL. Solid-liquid sepa- 
ration was performed by filtration, the solid was weighed 
and can be used to measure crystal size with microscope, 
while concentration of phosphoric acid in the liquid was 
determined by gravimetric analysis. Suspension density 
of crystals MT in the magma can be computed by the 
mass of crystals and volume of samples. Samples of 
product and residual were also taken from the column at 
each hour. 

3. Results and Discussion 

3.1. Dynamic Behavior in the Crystallizer 

In order to achieve iso-kinetic removal of the magma and 
sample from the crystallizer, it is crucial that a homoge-
neous suspension of the crystals is maintained. Homoge-
neous suspension is defined as the condition which exists 
when the particle concentration and size distribution is 
constant throughout the vessel. This criterion is of great 
importance for MSMPR crystallizer. The stirring speed 
required for homogeneous suspension depends on the 
type of impeller used as well as on the crystallizer con-
figuration. Properties of the solid-liquid system such as 
particle density, solids concentration, density of liquid 
phase, size, size range and shape of solid particles, and 
viscosity of the liquid phase also affect uniformity of 
solids suspension [21]. Crystal sizes at different stirring 
speed in the crystallizer are shown in Table 1, which is 
important to aid in the design of subsequent downstream 
processes such as separation of solid and liquid phases 
and is also crucial in determining end-product quality. It 
shows that crystals become smaller as stirring in the 
crystallizer is faster, which is attributed to secondary 
nucleation at high stirring speed, and there is no signifi-
cant difference in crystal size at stirring speed of 200 and 
300 rpm. Based on the experimental analysis, stirring 
speed in MSMPR crystallizer can be chosen in the range 
of 200 - 300 rpm, which ensures full suspension of crys-
tals in the crystallizer and without secondary nucleation. 

Successive liquid concentrations and slurry densities at 
different time are shown in Figures 1 and 2, respectively. 
It is found that a reasonable steady state with respect to 
the liquid phase (liquid concentration determination) is  
 

Table 1. Crystal size obtained at different stirring speed. 

Stirring speed (rpm) 200 300 400 500 

Crystal size (μm) 610 570 420 260 

 

 

Figure 1. Liquid concentration profile in the crystallizer at 
different XF. 
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achieved after 3 to 4 hrs. Liquid concentration decreases 
with the increase of feed concentration, which is attrib-
uted to the high crystallization yield of phosphoric acid at 
high feed concentration, and crystals thus obtained is also 
purer. Fluctuations in the liquor concentration are appar-
ent, possibly due to slight variations in the feed flow rate 
which is controlled by the transistor relay. A solid-phase 
steady state in terms of the slurry density is achieved 
after 4 hrs as shown in Figure 2. High level of super-
saturation and crystal growth rate in the crystallizer can 
be obtained at high feed concentration, so the suspension 
density of crystals increases with the increase of feed 
concentration. 

Seed crystals are always used to relieve supersatura-
tion in the crystallizer and prohibit spontaneous crystal-
lization in industry. Amount of seed crystals depends on 
the supersaturation in the crystallizer, size and purity of 
seed crystals, and the time crystal growth needed. The 
effect of seed crystals on the liquid concentration and 
suspension density of crystals are illustrated in Figures 3  
 

 

Figure 2. Suspension density profile in the crystallizer at 
different XF. 
 

 

Figure 3. Liquid concentration profile in the crystallizer at 
different seed crystal. 

and 4, respectively. It can be seen that liquid concentra-
tion becomes lower and suspension density of crystals 
increases when larger amount of seed crystals is added, 
which provides larger surface for crystal growth. Crystals 
thus obtained are large and uniform, and it can be puri-
fied more thoroughly in the wash column. However, add- 
ing too much seed crystals may cause secondary nuclea-
tion and devastate crystal growth, which can be indicated 
in Figure 4, suspension density changes little with the 
increase of crystal seed added. In order to shorten the 
time that crystallization equipment needs to achieve a 
steady state and prevent scaling of crystals in the wash 
column, MPSMPR crystallizer should be operated at a 
solid content between 30% - 40% of crystallizer volume. 
So it indicates that mass of seed crystals equals to 0.5 
wt% of feed acid is much enough to eliminate the super-
saturation and without induce secondary nucleation. 

3.2. Influence of Reflux Ratio on Purification of  
Phosphoric Acid 

In the melt suspension crystallization process, reflux ra-
tio is an important parameter which can be changed over 
a wide range, compared to others, such as feed concen-
tration, stirring speed in the column and crystal bed 
height. At the melting section, the crystals arrived at the 
heater and were melted. Then, a part of melt was with-
drawn as the product, while the rest was returned to the 
column to wash settling crystals. The reflux ratio, R, is 
defined as, 

SL

P P

R
 

 
 

P             (1) 

In which, ΦS, ΦL and ΦP are mass flow rate of crystal, 
reflux melt and product, respectively. The effect of reflux 
ratio on the purity of product is shown in Figure 5. Im-
purity F concentration was analyzed by fluorine elec-  
 

 

Figure 4. Suspension density profile in the crystallizer at 
different seed crystal. 
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Figure 5. Impurity F concentration profile in the product at 
different R. 
 
trode method. When reflux ratio is small, operation of the 
crystallization equipment becomes unstable and the im-
purity F concentration in the product is higher, because 
of the unsatisfactory countercurrent contacts between 
rising melt and settling crystals. Impurity F concentration 
in the product is found to be lower when the reflux ratio 
is larger, and this reduction becomes faster at higher re-
flux ratio, which is indicated by the transition of straight 
line to exponential curve. Because as the amount of re-
flux increases, the counter-current contacts between the 
settling crystals and the rising melt would be enhanced 
and consequently the purification of crystals would be 
more effective. The suspension density is also higher at 
large reflux ratio, and it was reported that impurity con-
centration of product is lower as the suspension density is 
higher [22]. 

The effect of reflux ratio on the concentration of 
phosphoric acid in the product is shown in Figure 6. 
Concentration of phosphoric acid in the product increases 
with the increase of reflux ratio, when reflux ratio is lar-
ger than 6, further increase in reflux ratio has no signifi- 
cant influence on the concentration of product. This can 
be attributed to that the purification mechanism is trans-
ferred from countercurrent washing to sweating as R in-
creases, which tends to purify phosphoric acid in a much 
slower way. 

For the solid-liquid mixing system, crystallization in 
the column is similar to rectification, and multistage 
crystallization is needed to gain product of high purity, 
length of purification section is determined, so the num-
ber of theoretical plates can be used to describe purifica-
tion capability of column. The more number of theoreti-
cal plates, the higher separation efficiency of column has. 
Mass balances around the melting section are expressed 
as, 

Total:                          (2) S L   

Phosphoricacid:    1XS n L n P PX X        (3) 

in which XP is mass concentration of phosphoric acid in 
the product. Therefore, the enriching line is calculated by 
the equation after substitution of Equation (1), where XC, 
XL are mass concentration of phosphoric acid in the crys-
tal and melt, respectively, 

1

1 1C L

R
PX X

R R
 

 
X           (4) 

The q-line is represented as, in which XF represents 
mass concentration of phosphoric acid in the feed acid, 

1

1 1C L

q
FX X

q q
 

 
X           (5) 

q is the value that indicates the thermal condition of the 
feed, for the feed at saturated temperature, q = 1. 

The number of theoretical plates can be computed by 
graphical method, which is shown in Figure 7, AB is the 
phase diagram of the phosphoric acid-H2O system, BC is 
diagonal, FG is the enriching line, EF is q line, while DF  
 

 

Figure 6. The relationship between product concentration 
and R. 
 

 

Figure 7. Calculation of the number of theoretical plates. P
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is the recovery line, which could be drawn by a straight 
line that connects the point (xM, xM) and the point where 
the q line and enriching line intersect, xM is the concen-
tration of phosphoric acid in the residual stream. The 
number of theoretical steps, N, is calculated by the 
McCabe-Thiele type method. For instance, N is about 2.8 
for Figure 7. 

The number of theoretical plates N at different reflux 
ratio is shown in Figure 8. It can be seen that N is larger 
as the reflux ratio increases, and remains almost constant 
at last. As the reflux ratio increases, more fresh melts are 
provided by the reflux flows of the melts, it is possible to 
increase the amount of settling crystals and the suspen-
sion density is higher. So the crystal bed height increases, 
which is the real site of purification takes place, and 
hence more efficient purifying process is being carried 
out within in the bed. The number of theoretical plates N 
changes little after R is larger than 6, because the purifi-
cation mechanism of countercurrent washing transfers to 
sweating, and impurities diffuse from crystals to melt 
slowly which tends to decrease the impurity removal 
efficiency, and this is consistent with the result indicated 
in Figure 6. Although product is much purer and the 
column has higher purification efficiency under high 
reflux ratio, the product yield decreases, so it should be 
determined by throughput of product. 

4. Conclusion 

Continuous suspension crystallization to purify phospho-
ric acid were conducted in a cascade of MSMPR crystal-
lizer and a gravity wash column, dynamic behavior in the 
crystallizer and the influence of reflux ratio on the sepa-
ration and purification capability of column were studied 
experimentally. A reasonable steady state with respect to 
the liquid phase (solution concentration determination) is 
achieved after 3 to 4 hrs, and this is followed by a 
solid-phase steady state in terms of the slurry density  
 

 

Figure 8. Effect of R on the number of theoretical plates. 

after 4 hrs. Stirring speed in MSMPR crystallizer is 200 - 
300 rpm, which ensures full suspension of crystals and 
without secondary nucleation. Impurity concentration of 
products is lower and consequently the number of theo-
retical plates is larger as the reflux ratio increases. It is 
found that reflux ratio is the effective parameter for 
separation and purification by the crystallization equip-
ment from the influences of reflux ratio on the purity of 
product, the number of theoretical plates and the stability 
of the operations. 
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