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At present, the crystal size of sodium chloride prepared by a traditional crystallization process (such as stirred crystallization) is
inhomogeneous, and it has a great quantity of fine grains in crystallizer. *is work presents a novel approach for the growth of
sodium chloride from supersaturated solutions by reaction-extractive crystallization in a spray fluidized bed crystallizer (SFBC), in
which sodium sulfate solution is transformed into potassium chloride and sulphuric acid based on a reactive extraction-
crystallization process using triisooctylamine (TOL) in n-octanol as the extraction system. *is paper mainly studies the effect of
operating conditions (e.g., circulation flow rate, velocity ratio of oil and aqueous phases, crystallization temperature, hydraulic
residence time, and feed velocity) on the crystal size distribution (CSD) during the crystallization process of sodium chloride in a
SFBC. Experimental results show that the optimum conditions are 1.0362m/s as the best circulation flow rate, 9.5 : 8.5 as the best
velocity ratio of oil and aqueous phases, 313K as the best temperature, 4320 s as residence time, and 8mL.min−1 as the best feed
velocity. Meanwhile, the proposed extraction kinetic model about extraction rates is developed and validated against data from the
SFBC. And it proves that the reactive extraction system is controlled by diffusion and chemical reaction. Analysis of the extraction
kinetic model and comparison with experiments reveal that the extraction kinetic model results are in well agreement with
experiments. Furthermore, the uniform and large crystals can be obtained in a spray fluidized bed crystallizer without special
concentration since extraction and crystallization are carried out in the same equipment. In addition, all of the sodium chloride
products prepared under the optimal conditions in SFBC show a better CSD performance than the stirred crystallization. *is
research demonstrates that this process enables controlling the crystal size in a rather wide range, thus further underlining the
potential of this technique for applications in the crystallization industry.

1. Introduction

As a chemical raw material, well salt is widely used in the
agricultural, chemical, biochemical, and food industries [1].
*e development of salt production contributed to the
prosperity of border economy during the ancient times [2].
However, the rapid development of sea salt and lake salt
makes the development of well salt difficult. *e reasons are
as follows: (1) the sea salt has the wonderful quality (e.g., the
average content of sodium chloride in sea salt is 91.24%, the
average whiteness is 58.57%, and the average particle size is
91.41%) [3]. *erefore, it is an ideal manufactured material
for chemical salt and edible salt. (2) *e average content of
sodium chloride in lake salt is high, and the production cost

of lake salt is lower than that of well salt in industry [4].
Hence, economical and efficient crystallization technologies
are desired for industrial production of sodium chloride in
the past few years [5]. However, the entire production
process of well salt is complicated and the investment is high
due to the lack of large-scale salt making facility and related
technical research [6]. Consequently, improving the purity
of sodium chloride in well salts and reducing production
costs are important means to promote the development of
the salt industry [7].

*e reaction extraction is prospective in sodium chloride
crystallization with the advantages of easy scale-up and low
energy consumption [8]. Crystallization by reactive ex-
traction is considered a promising approach for the
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purification of sodium chloride, which is generally ac-
knowledged by academic circle [9]. In the reaction extrac-
tion combining crystallization, the mixed solution of
hydrochloric acid and sodium sulfate contacts with the
extractant, triisooctylamine (TOL) in n-octanol, and the
following reaction takes place:

Na2SO4 + HCI⟶ NaCI + H2SO4. (1)

In general, it can be seen from Equation (1) that this
reaction does not occur without external stimuli. In the
reaction extraction process, as sulphuric acid is extracted
from the aqueous phase by an extractant, the equilibrium
shifts to the right, yielding sodium chloride in the aqueous
phase. Moreover, the extractant could be recycled and
reused. *is novel coupled process is first suggested by
Kosswig and Praun in the soda industry. *ey put forward a
new process to produce soda using organic amines which
could be reused through distillation instead of inorganic
ammonia [10].

With the continuous improvement in the requirements
for crystal quality and environmental protection in global
industry, currently, it has become a prime target of reactive
extraction-crystallization to improve the yield and quality of
crystal at the same time [11]. Consequently, the design for
crystallizer strives to achieve safety and reliability, advanced
technology, and economic rationality while meeting pro-
duction requirements [12]. At present, as shown in Figure 1,
over 90% of sodium chloride production is from the stirred
crystallization [13]. As far as we know, although the oper-
ation is convenient, the crystals are very easy to collide with
the impeller during the growth process in a stirred crys-
tallizer and ultimately affect the main size of the crystal
products [14].

*e process of fluidized crystallization comprises the
characteristics of variable crystal movements and complex
fluidization behavior [15]. Hence, it has received more at-
tention due to its high mass transferring efficiency and well
multiphase mixing compared to a stirred crystallizer [16].
Hence, a reactive extraction-crystallization coupled process
needs to be investigated systematically in a SFBC. Figure 2
shows the flowchart of the system including extractive
crystallization in SFBC. *e entire reaction system mainly
includes feeding system, fluidized system, and sampling
system. *is process is controlled by continuous circulation
operation, and it is only required to clean the pump and
pipeline regularly. On the contrary, the recycling of the
extractant will greatly reduce production costs but will also
reduce waste liquid discharge as a result of environmental
pollution [17]. However, the crystallization of sodium
chloride by the coupled process in SFBC has rarely been
studied and documented, and the extraction mechanism is
investigated not combining with the coupled process but just
in the conventional way in the previous reports.

In this study, we present a reaction extraction combining
crystallization technique in a SFBC for the growth of sodium
chloride from supersaturated solution. *e experiment
operating the SFBC in a continuous mode is performed to
explore the effects of the important parameters (velocity

ratio of oil and aqueous phases, crystallization temperature,
hydraulic residence time, and feed velocity) on the desired
crystal size distribution, and the optimal conditions are
determined. *e coupled process is expected to offer a
reference for the industrial application.*is study provides a
new perspective to the understanding of the crystallization of
sodium chloride by the coupled process in industry in the
recent years.

2. Experimental Methods

2.1. Chemicals. Triisooctylamine (TOL) (mass
fraction≥95%) and n-octanol are provided by Langfang
Qianyao Technology co., Ltd., China. Sodium sulfate (AR)
and sodium hydroxide (AR) are purchased from Henan
Mingzhixin Chemical Products co., Ltd., China. And
hydrochloric acid (AR, mass fraction 36–38%) is from
Pengcai Chemical Works, China. *e aqueous solutions are
prepared using deionized water.*e supersaturated solution
of sodium chloride is prepared from the deionized water.
*e tiny crystals of sodium chloride are placed inside the
SFBC as the crystal seed material. All chemicals are used
without further purification.

2.2. Experiment

2.2.1. Experimental Setup and Procedure. *e mixed solu-
tions of hydrochloric acid and sodium sulfate with different
experimental conditions and the extractant of the trii-
sooctylamine (TOL) in n-octanol are prepared, respectively.
*e thermostatic water bath is controlled at temperatures of
308, 311, 313, 318, and 321K with a temperature uncertainty
of ±0.5 K.

A schematic diagram of the fluidized crystallization is
shown in Figure 3(a). *is study used a recirculation mode,
and all experiments are conducted at room temperature.*e
oil and aqueous phases are both delivered by the recircu-
lation pumps and preheated in a thermostatic water bath
before entering the spray fluidized bed crystallizer. *e
geometry of the SFBC applied in this work is illustrated in
Figure 3(b). *e SFBC that has V type wall has the fast
intermediate velocity and slow peripheral velocity [12]. *e
whole bed is 0.29m in height, and the bottom part as a spray
zone is made up of a 0.04m cylinder with 0.01m inlet di-
ameter. *e installation height of the fluidization zone is
0.09m above the bottom, and the diameter is 0.03m. *e
recirculation pump is turned on to suspend the crystal seeds
to a desired bed expansion level and homogenize the so-
lution [18]. *e two phases in the mixed solution are mixed
vigorously after flowing out of the top of the crystallizer. A
buffer tank between crystallizer and phase-separation tank
guarantees that the phases in the mixed solution can be
separated rapidly, and it can reduce the residence time. In
order to increase the axial velocity of the fluid and avoid the
crystal suspension in the solution, a guide tube is added into
the phase-separation tank and some holes are left on it. In
addition, the uneven diameter of the crystallizer inlet is to
promote the mixing degree of the oil and aqueous phases in
the spray zone of crystallizer. At the end of experiment, the
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generated crystals accumulating at the crystallizer bottom
are withdrawn and are oven-dried at 120°C for about
1–1.5 h.

In this system, the state of extraction reaction changes
from “static” to “dynamic” in SFBC, which can effectively
prevent crystallizer clogging up. Meanwhile, according to
the crystallization kinetics principle, the “dynamic” state of
the extraction reaction can promote crystallization, and it is
also conducive to the floating of the oil phase with low
density and overflow from the top of the crystallizer. Each
experiment is repeated to assure reproducibility of the re-
sults. A summary for the conditions applied during ex-
periment campaigns is given in Table 1.

2.2.2. Extraction Kinetics Model. We assume that the ex-
traction of sulphuric acid by TOL could be described as
follows, respectively:

H2SO4(a)⇌H2SO4(ao), (2)

TOL(o)⇌TOL(ao), (3)

H2SO4(ao) + TOL(ao)⇌H2SO4 · TOL(ao), (4)

H2SO4 · TOL(ao)⇌H2SO4 · TOL(o), (5)

where (a), (o), and (ao) represent the aqueous phase, oil
phase, and the phase interface of two phases, respectively.
*e extraction rate (R) can be described as follows:

R �
V

A

d H2SO4 · TOL(ao) 

dt
� kf H2SO4 (a) − kb H2SO4 (o),

(6)

where kf and kb represent forward and backward rate
constants. *e values of kf and kb can be simply deduced by
the integrative of equation (6):

ai − ae

ai

ln
ai − ae

at − ae

�
A

V
kft, (7)

ae

ai

ln
ai − ae

at − ae

�
A

V
kbt, (8)

where ai, ae, and at represent initial concentration, equi-
librium concentration, and concentration of at time t of the
sulphuric acid. *e experimental extraction rate can be
obtained by substituting the values of kb and kf back to
equation (6).

Assume that the forward and backward reactions are
both first order. Equations (2) and (4) belong to slow re-
action. *e changes in the concentrations of sulphuric acid
in the aqueous phase can be described as follows:

−
dCH2SO4(a)

dt
⇌ k CH2SO4(a)

− CH2SO4(ao)
 , (9)

dCH2SO4 ·TOL(ao)

dt
⇌ k

+
CH2SO4(ao)

CTOL(ao)
− k

−
CH2SO4 ·TOL(ao)

.
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Figure 1: Experimental setup for stirred crystallization. 1, agitator; 2, crystallizer; 3, peristaltic pump; 4, mixed solution (aqueous phase); 5,
extractant (oil phase).
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Figure 2: *e process steps for preparing pure sodium chloride in
SFBC.
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Equations (3) and (5) belong to fast reaction. *e
changes in the concentrations of TOL in the oil phase can be
described as follows:

dCTOL(o)

dt
⇌
dCTOL(ao)

dt
, (11)

dCH2SO4 ·TOL(ao)

dt
⇌
dCH2SO4 ·TOL(o)

dt
. (12)

Substituting equations (10) and (12) into equation (6),
the extraction rate for can be approximately evaluated as
follows:

R �
kk

+
CH2SO4(a)

CTOL(ao)
− kk

−
CH2SO4 ·TOL(o)

k
+
CTOL(o)

+ k
×

V

A
. (13)

When t approaches 0, CH2SO4(a)
⟶ CH2SO4(a,0)

CTOL(ao)
⟶ CTOL(ao,0)

CH2SO4 ·TOL(o)
⟶ 0, and equation (13)

can be simplified as follows:

R �
kk

+
CH2SO4(a,0)

CTOL(ao,0)

k
+
CTOL(o,0)

+ k
×

V

A
. (14)

K� kV/A and K+ � k+V/A are introduced to simplify
equation (14), and we can find this as follows:

R �
CH2SO4(a,0)

1/K+
CTOL(o,0)

+
  +(1/K)

, (15)

where K, K+ is the constant of extraction rate. *is ex-
traction kinetic model involves the initial concentration of
sulphuric acid and TOL.

2.2.3. Experimental Characteristics

(1) *is reactive extraction-crystallization process is
controlled by the circulating operation in fluidized
bed crystallizer, which greatly simplifies the

Table 1: Experiment conditions.

Experimental parameters Condition 1 Condition 2 Condition 3 Condition 4 Condition 5
Velocity ratio of oil and aqueous phases 9.5 : 8 9.5 : 8.2 9.5 : 8.5 9.5 : 8.6 9.5 : 9
Crystallization temperature (K) 308 311 313 318 321
Hydraulic residence time (s) 3180 3420 4320 4860 5160
Feed velocity (mL.min−1) 6 7 8 9 10
Circulation flow rate (m/s) 0.3454 0.6908 1.0362 1.3862 —
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Figure 3: (a) *e schematic diagram of the experimental setup; (b) the structure chart of the spray fluidized bed crystallizer. 1, aqueous
phase feed; 2, oil phase feed; 3, recirculation pump; 4, buffer tank; 5, phase-separation tank; 6, crystallizer; 7, temperature probe; 8,
reclaiming port; 9, thermostatic water bath; 10, tee.
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production technology and makes the operation
convenient. It is conducive to cost reduction and
resources saving.

(2) As shown in Figure 3, this novel crystallizer is similar
toOslo crystallizer. It must be noted that the bottom of
the crystallizer is connected with pipes with different
diameters. It is emphasized that a fundamental aim of
this structure is to make the oil and aqueous phases
fully mix and react in crystallizer. *e extraction ef-
ficiency can be further promoted by this method.

(3) *e buffer tank is mainly used in prolonging the
residence time, improving the degree of the mixed
solution phase-separation. *erefore, it can guar-
antee the experiments to go smoothly.

(4) In order to improve the flow pattern of mixed so-
lution in SFBC and to remove the inclusion from
solution in crystallizer, it also needs to be empha-
sized that the outlet size of crystallizer and phase-
separation tank is large, which is conducive to the
timely flow of mixed solution at high circulation rate.

(5) Reducing the loss of extractant is the critical step in
this process. *e extractant has hydrophobic non-
polar group and hydrophilic polar group. *e smaller
the crystal size, the greater the surface energy, which
makes the crystal easier to adsorb the oil phase.
*erefore, in order to reduce the entrainment amount
of extractant in the crystal, improve the product
quality, and reduce the loss of extractant, it is nec-
essary to obtain crystal with coarse and uniform
distribution as far as possible. According to the
characteristics of monolayer adsorption, the following
equation is the ratio of the amount of extractant (ω)
adsorbed to the crystals with particle sizes d1 and d2
(d2>d1), respectively:

ω1

ω2
�
6m/ρd1

6m/ρd2
�

d2

d1
. (16)

It can be seen from equation (16) that the larger the
obtained crystal size, the smaller the amount of adsorbed
extractant, and the lower the loss of extractant, thereby
reducing the production cost. *erefore, we need to increase
the crystal size as much as possible, which can not only
reduce the loss of extractant but also improve the quality of
the final product.

In conclusion, we can see that oil and aqueous phases are
well mixed in crystallizer, and there is no obvious self-
separation of the mixed solution during the entire process of
the experiment. *e phases of mixed solution can be
spontaneously separated after entering the phase-separation
tank so that oil and aqueous phases can be separated and
recycled back to their phase slot, respectively. Mullin points
out that adding an appropriate amount of pure sodium
chloride as a seed crystal in crystallizer can promote crystal
nucleation, thereby shortening the induction period of
crystal nucleus and reducing the possibility of second nu-
cleation [19].

To better understand the influence of operating condi-
tions on CSD of crystals in this test, this paper uses the
coefficient of variation (C.V.) to detect the quality of the
crystal after the reactive extraction-crystallization experi-
ment. In general, generated crystals vary not only in CSD but
also in the coefficient of variation (C.V.). *e C.V. is a
statistical measure of the dispersion of data points in a data
series around the crystal mean particle size [20]. *e co-
efficient of variation represents the ratio of the standard
deviation to the mean particle size, and it is a useful statistic
for comparing the degree of variation from one data series to
another, which reflects the uniformity of crystals [21]. *e
larger the values of C.V., the wider the CSD. On the contrary,
the smaller the values of C.V., the narrower the CSD, and the
more uniform the crystal size.

3. Result and Discussion

3.1. Preexperiment of Reactive Extraction-Crystallization.
At different temperatures, the crystals with different sizes
have different setting velocities in the supersaturated solu-
tion, which is caused by the drag force and gravity generated
by the rising of the fluid on the crystals in SFBC. If the crystal
rise velocity in the solution is equal to the settling velocity, it
can be suspended in the solution. Generally speaking, the
crystal rise velocity needs to be greater than the settling
velocity to make the crystal suspend in the solution without
causing “dead zone” in crystallizer. *e different circulation
rates of the crystallizer produce different rise velocities for
the suspended crystals. Due to the impact of fluid in SFBC,
the generated crystals will continue to be fluidized and
suspended in the expanding zone of crystallizer. At this time,
the size and number of crystals will be different under
different heights of crystallizer. *e value of settling velocity
can be evaluated as a function relation of crystal volume
concentrations from the correlation reported by Richardson
and Zaki [22]:

vg � v0 1 − CV( 
n−1

, (17)

where vg is the hindered settling velocity, v0 is the free
settling velocity, CV is the volume concentration of crystals,
and n − 1 represents the experimental fitting index. *e
experimental fitting index is estimated as the function of the
Reynolds number by Garside and Al-Dibouni [23]:

n �
5.1 + 0.27Re0.5

1.0 + 0.1Re0.9 . (18)

*erefore, we need to investigate the settling velocity of
crystals with different sizes at different temperatures, so as to
select the appropriate circulation rate.

It can be seen from Figure 4 that the setting velocity of
sodium chloride crystals decreases with the increase in
temperature. Lower viscosity of the solution was associated
with higher temperature. Meanwhile, the setting velocity of
crystals is proportional to the viscosity of the solution. It can
be seen that if the temperature is too high during the ex-
periment, the setting velocity of crystals in solution will
decrease. Once the values of setting velocity drop to the
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point where it is unable to balance with the fluidization
velocity of crystals, the generated sodium chloride crystals
will be easily carried out by the fluid, resulting in the loss of
product quality. *erefore, the setting velocity of crystal
should not be too small. On the contrary, as the crystal
grows, the setting velocity of crystals increases. Once it is
greater than the minimum fluidization rate, the fluidized
state of crystallizer bed layer is likely to change from the
fluidized bed back to the fixed bed again, which will
eventually affect the crystal quality. It is necessary to control
the circulation rate strictly to balance the crystal settling
velocity in SFBC. *erefore, the reasonable control of cir-
culation rate is a key step in the experiment.

3.2. Experimental Studies on the Extraction Process

3.2.1. Effect of Technological Parameters on Extraction Rate.
It can be seen from Figure 5 that when the circulation flow
rate is less than 1.0362m/s, the extraction rate increases with
the increase in circulation flow rate; when the flow rate is
greater than 1.0362m/s, the extraction rate decreases, thus
affecting the extraction efficiency. When the contact area of
oil and aqueous phases is constant, the extraction rate is
directly proportional to the circulation rate. However, when
the circulation flow rate is greater than a certain value, the
contact reaction time of the two phases decreases, which
affects the extraction efficiency. *erefore, the extraction of
sulphuric acid by TOL is likely to be a diffusion-controlled
process. In order to ensure that the two phases of solution
can fully contact with each other and do not affect the
extraction efficiency, we select 1.0362m/s as the optimal
circulation flow rate. Figure 6(a) shows that the extraction
rate increases as the concentration of sulphuric acid in-
creases. Figure 6(b) indicates the effect of concentration of

TOL revealing that the extraction rate first increases and
then decreases with the increasing concentration. *e ex-
traction rate is the highest when the concentration is 0.8
moL.L−1. When the concentration is beyond 0.8 moL.L−1,
the viscosity of the oil phase increases progressively because
the impact of diluents becomes progressively weaker,
leading to the deceleration of the reaction extent.

3.2.2. Effect of Different Temperatures on Extraction Rate
Constants. *e temperature is the important factor in the
research of extraction kinetics. By studying the effect of
temperature on extraction rate, we can deeply understand
the extractive reaction system and obtain the thermody-
namic data such as the activation energy of extractive re-
action. If the activation energy of the extractive reaction is
greater than 40KJ/mol, the extraction process is controlled
by a chemical reaction. When the activation energy is less
than 20KJmol−1, the extraction process is controlled by
diffusion reaction. It can be seen from Figure 7 that the
extraction rate constant increases with the increase in
temperature, indicating that high temperature is conducive
to the extractive reaction and accelerates the mass transfer
rate. According to Arrhenius equation k� k0exp (−E/RT),
the activation energy of extraction is 24.9 KJmol−1, which
proves that the system is controlled by diffusion and
chemical reaction. On the contrary, high temperature may
lead to the failure of the extractant, so the selection of
temperature should be based on the experimental results of
crystal size distribution.

3.2.3. Comparison of Nucleation Rate. As shown in Table 2,
the application of nonlinear regression analysis in
establishing extraction kinetic model that the extraction
kinetic model demonstrates describes the extraction rate
data well. *e correspondence among experimental and
extraction kinetic rate is shown in Figure 8. As shown
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previously, the extraction kinetic model suggests that the
extraction rate is proportional to the concentration of
sulphuric acid. As can be seen, compared with the kinetic
model, the extraction rate of sulphuric acid predicted by
equation (15) is demonstrated to correlate more closely to
the experimental results, deviating by less than 15%.*e K
value is much higher than the K+ value, which indicates
that the mass transfer rate of sulphuric acid in the aqueous
phase is much higher than that at the phase interface.

3.3. Experimental Studies on the Crystal Size Distribution of
Sodium Chloride. Since the entire crystallization process is
controlled by the continuous operation, the oil and aqueous
phases are continuously flowing, mixing, and reacting in

crystallizer. If the solution supersaturation produced by the
crystallization process is not evenly absorbed by the sus-
pended crystals, it will cause excessive local supersaturation
and produce fine grains in crystallizer. Obviously, these are
not the results we expect. In addition, a partial channeling in
the bed will occur if the crystals are not fully fluidized in the
fluidized bed, which will cause some particles to accumulate
at the bottom of the crystallizer. It not only affects the quality
of the crystal products but also is not conducive to the
crystallization operation. Furthermore, the crystal block at
the bottom of the crystallizer needs to be removed fre-
quently, which actually increases the production cost.
*erefore, it is necessary to explore the optimal conditions to
facilitate the crystallization operation. *e effects on the
reactive extraction-crystallization process are quantified by
single-factor experiments in order to determine the optimal
conditions for the coupled process.
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3.3.1. Effect of Velocity Ratios of Oil and Aqueous Phases.
*e velocity ratio between organic phase and aqueous phase
has an important effect on the reactive extraction-crystal-
lization process. *e experiments are performed with five
velocity ratios, respectively, and the results are shown in
Figure 9. *e results indicate that there are some differences
among the size distributions when the velocity ratio is 9.5 : 8
and the crystal main size is about 0.425–0.600mm.*is may
be due to the fact that the beds of solids fluidize poorly with
bumping and spouting in the SFBC under this velocity ratio
of oil and aqueous phases, resulting in the insufficient
growth of crystal. In addition, according to the results, we
concluded that, under the same experimental conditions, as
the velocity ratio decreases, the crystals become larger.
Obviously, the crystal size distribution of the latter four
groups is relatively uniform. In order to indicate the dif-
ference crystal size distribution visually, it is necessary to
focus on calculating the coefficient of variation (C.V.) of
crystals in different phase ratios. *e C.V. of crystals is
defined by the following equation [24]:

C.V. �
50 PD84% − PD16%( 

PD50%
, (19)

where PDm% is the aperture size with cumulative mass
fraction of m%.

Table 3 list the C.V. of the product under different ve-
locity ratios, revealing that, with the velocity ratio being 9.5 :
8.5, the C.V. of crystals is the lowest, the crystal quality is the
best, and the crystal size distribution is the most uniform.
However, it should be noted that the velocity ratio should
not be too large because the large velocity ratio will lead to
poor mixing effect of oil and aqueous phases in the ex-
traction zone of the crystallizer. If the acid in solution cannot
be extracted in time and increases the acidity of the mother
liquor, this will not only prolong the extraction time, and it
will also lead to the generation of fine grains dissolved in the
mother liquor, which will affect the reactive extraction-
crystallization process. Consequently, we select 9.5 : 8.5 as
the optimal velocity ratio.

3.3.2. Effect of Temperature. In order to investigate the
influence of temperature on CSD in the reactive extraction-
crystallization system, experiment is performed at temper-
ature values from 308K to 321K, while all other parameters
are kept constant; the results are shown in Figure 10. *e
pronounced change in crystal size with temperature has
been confirmed by determining the corresponding CSD. It
can be seen that there are no obvious differences among the
size distributions, and the mass fraction of main crystal size
increases initially and then decreases off with temperature
increase. *e mass fraction of main crystal size varies from
53% at 311K to 56%m at 313K and 52% at 321K. Overall, a
moderate increase in temperature is conducive to crystal-
lization. *e extraction process is a spontaneous endo-
thermic reaction. Accordingly, adequate increase in bed
temperature is helpful for the extraction. However, when the
temperature is higher than 313K, the effect of temperature
on the nucleation and growth of the crystal is not obvious,

9.5 : 8 9.5 : 8.2 9.5 : 8.5 9.5 : 8.8 9.5 : 9
0

10

20

30

40

50

60

70

M
as

s f
ra

ct
io

n 
(%

)

Velocity ratio of oil and aqueous phases

≤0.425mm

0.425–0.600mm

0.600–0.850mm

≥0.850mm

Figure 9: Effect of different velocity ratios of oil and aqueous
phases on crystal size distribution.

Table 3: C.V. of the crystals with different velocity ratios of oil and
aqueous phases.

Velocity ratio C.V.
9.5 : 8.2 40.12
9.5 : 8.5 32.56
9.5 : 8.8 34.55
9.5 : 9 37.43
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Figure 10: Effect of different temperatures on crystal size
distribution.
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which can also be reflected from the C.V. of crystals (Ta-
ble 4). *e kinetic coefficient of sodium chloride crystalli-
zation is not sensitive to temperature, and thus, it is not
possible to control the main crystal size by means of
adjusting the temperature. Meanwhile, a too high temper-
ature is unfavorable for the reactive extraction-crystalliza-
tion process and results in high energy consumption. From
this perspective, the temperature of 313K is selected as the
most appropriate optimized condition.

3.3.3. Effect of Hydraulic Residence Time. *e crystal size
distributions of sodium chloride generated at different hy-
draulic residence times are displayed in Figure 11. *e re-
action equilibrium is achieved after a long contact time due
to the complicated liquid-liquid-solid phase system. It is
pretty obvious that the mass fraction of the main crystal size
with a longer residence time is larger than that of the crystal
with a shorter residence time. Meanwhile, the mass fraction
of the small crystal gradually decreases with the increase in
the residence time under the residence time less than 4320 s.
*is indicates that the growth of large crystals is fast while
that of small crystals is relatively slow during this growth
process.*is is probably because the setting velocity of large-
size crystals is high, and the solution contacting at the
bottom of the crystallizer has a high supersaturation. *ese
factors promote the growth of large crystals. In the mean-
time, the main crystal size can be effectively increased by
extending residence time. However, it should be noted that
when the crystal size increases to some extent, the generated
crystals need to be taken out in time to avoid clogging of
crystallizer, which can ensure the stability of the crystal size
distribution in the fluidized bed. Additionally, the coeffi-
cients of variation in crystal exceed 35% except 4320 s in
Table 5. Considering the abovementioned factors compre-
hensively, the hydraulic residence times of 4320 s is selected
as the optimal experimental condition.

3.3.4. Effect of Feed Velocity. Furthermore, the effect of
feeding velocities on the CSD is also investigated in this
study. *e sulphuric acid is continuously dropped into the
sodium sulfate solution. *e size distributions of the gen-
erated sodium chloride are shown in Figure 12. As shown in
Figure 12, the mass fraction of the crystal main size with a
higher feeding velocity is greater than that of the product
with a slower feeding velocity. *is is because the crystal
growth rate increases with the increase in feeding velocity.
However, the reaction time between the oil and aqueous
phases is reduced due to too fast feeding when the feeding
rate is greater than 8mL.min−1, resulting in the decrease in
the final crystal size. Meanwhile, the increase in feeding
velocity will also increase the extraction reaction rate be-
tween the oil and aqueous phases, resulting in excessive local
supersaturation in SFBC. *is leads to an increase in the
amount of fine crystals and a decrease in the mass fraction of
crystal main size.*e value of crystal C.V. is the lowest when
the feed velocity is 8mL.min−1 in Table 6. Consequently, we
select 8mL.min−1 as the optimal feeding velocity.

*erefore, the optimal conditions in the coupled reactive
extraction-crystallization process, as obtained by the single-
factor experiments, are as follows: velocity ratio of oil and
aqueous phases 9.5 : 8.3, temperature 313K, hydraulic re-
action time 4320 s, and feed velocity 8mL.min−1.

3.4. Comparative Experiment

3.4.1. Experimental Procedure. In the last part of this paper,
we do a contrast test between different crystallization pat-
terns. As shown in Figure 1, the reaction extraction in a
stirred crystallizer is conducted in batch-mode crystalliza-
tion. *e supersaturated solution is prepared by dissolving a
defined amount of sodium chloride in deionized water. *e
solution is filtered before crystallization to guarantee that the

Table 4: C.V. of the product with different temperatures.

Temperature (K) C.V.
308 33.75
311 32.98
313 32.15
318 35.22
321 36.76
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Figure 11: Effect of different hydraulic residence times on crystal
size distribution.

Table 5: C.V. of the product with different hydraulic residence
times.

Hydraulic residence times (s) C.V.
3180 38.67
3420 36.11
4320 33.95
4860 35.43
5169 35.23
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solution is clear and free of impurities. Turn on the peri-
staltic pump to transport the oil and aqueous phases into the
crystallizer after adjusting the speed of the impeller. Sub-
sequently, a part of the solution is drawn at regular intervals
for pH measurement after the two phases of the solution are
fully mixed in a stirred crystallizer and thorough stirring
throughout the 0.5 h experiment.

3.4.2. Effect of Stirring Rate. In stirring extraction, the
stirring rate has a great influence on particle size. When the
other experimental conditions are constant, the mass frac-
tion of crystal main size shown in Figure 13 decreases with
increasing stirring rate, which may be due to shear stress. On
the contrary, the results show that the mass fraction of the
crystal main size is about less than 40%, which is less than
that of the fluidized crystallization under the same experi-
mental conditions. *e higher the stirring rate, the larger the
shear stress, resulting in more fine grains in a stirred
crystallizer. Although the high stirring rate is beneficial to
the crystal growth process, there are still some crystals that
only move at the bottom of the crystallizer without growth.
On the contrary, the probability of collision between crystal
and impeller is increased, and secondary nucleation is more
likely to occur in a stirred crystallizer.

3.4.3. Effect of Phase Ratio. Figure 14 displays the mass
fraction of the crystal main size produced by fluidized
crystallization is obviously larger than that of the stirred
crystallization, while the mass fraction of the small crystal is
smaller than that of the stirred crystallization under the same
phase ratio. In a stirred crystallizer, the shear stress between
crystals and impeller is large, which would cause particles to
collide fiercely. In addition, the induction period of small-
diameter seeds is longer, so crystal growth consumes more

Table 6: C.V. of the product with different feed velocities.

Feed velocity (mL.min−1) C.V.
6 37.37
7 35.65
8 33.22
9 34.43
10 36.97
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Figure 13: Effect of different phase ratios on crystal size
distribution.
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Figure 12: Effect of different feed velocities on crystal size
distribution.
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supersaturation, thereby inhibiting the generation of crystal
nuclei.

4. Conclusion

In this research, the multiphase reactive extraction-crys-
tallization process is investigated systematically in order to
offer a novel and useful perspective for the crystallization of
sodium chloride in a SFBC. *e optimal conditions in the
coupled reactive extraction-crystallization process, as ob-
tained by the single-factor experiments, are as follows:
circulation flow rate 1.0362m/s, velocity ratio of oil and
aqueous phases 9.5 : 8.5, temperature 313K, hydraulic re-
action time 4320 s, and feed velocity 8mL.min−1. In the
experiment, we should pay attention to the fact that the
residence time of the mixed solution is too short due to the
excessive circulation rate in crystallizer, which leads to the
solution not being separated in time in the phase-separation
tank, resulting in poor extraction effect. Meanwhile, this
work proves that the reactive extraction system is controlled
by diffusion and chemical reaction. *e proposed extraction
kinetic model about extraction rates is developed and val-
idated against data from the SFBC. Analysis of the extraction
kinetic model and comparison with experiments reveals that
the extraction kinetic model results are in well agreement
with the experiment. In a final step, the values of CSD are
taken as the index and compared with the experimental data
in a stirred crystallizer. Operating the SFBC in the con-
tinuous mode increases the mass fraction of crystal main size
in the solution. *e experimental results provide valuable
information for future crystallization process operations.
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