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This research focuses on emulsification solvent extraction for purifying wet-process phosphoric acid. The
effects of various parameters, including stirring speed, phase ratio and emulsification time on the extraction
yield and droplet size distribution were investigated. The optimal conditions were determined. The influ-
ence of time and physical properties of solvent on average droplet diameter was fitted by dimensional
analysis. The results showed that the mathematical model has a strong agreement with the experimental
data. This model was reliable to predicting the droplet size in different conditions of manufacturing emul-

sion.

1. Introduction

Phosphoric acid (PA) is widely used in food, fertilizers, pharmaceuticals, electronics and other in-
dustries as an important raw material for chemical intermediate [1]. In these industrial applications, the pu-
rity requirement for PA, especially for wet-process phosphoric acid (WPA), is extremely high. Some tech-
niques for purifying PA have recently been developed, such as crystallization [2,3], ion exchange [4,5], ad-
sorption [6,7], and solvent extraction [8-10]. Among these, solvent extraction is an ideal purifying approach
because of its low energy consumption, comparatively simpler production technology and equipment, and
ease of automating batch production. The conventional solvent extraction method uses agitation or recipro-
cating sieve plate column to mix oil and aqueous phase [11]. However, because this method takes a long
time to reach the extraction equilibrium, it requires a large amount of extractant and a lot of floor space.

To optimize the solvent extraction process, it is necessary to increase the contact area and improve
the mass transfer efficiency of the two phases [12]. Emulsification solvent extraction (ESE) [13] is current-
ly the most successful approach for achieving the desired effects. During the emulsion-making process, the
two phases form an emulsion with a large interfacial area by mechanical forces. When compares to the tra-
ditional extraction methods, ESE can provide a larger specific surface area for mass transfer, which im-
proves the extraction efficiency, shortens the residence time, and reduces energy consumption and equip-
ment investment. Therefore, ESE has been widely used in the chemical industry, metallurgy [14], medical
[15], food [16] and other fields.

Many factors have an effect on the process of ESE [17]. Luo et al. [18] investigated the effects of the
D2EHPA volume fraction, the phase volume ratio, the initial pH of NaH,POj4 solution, the stirring time and
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agitation speed on the emulsification solvent extraction efficiencies of Fe** from sodium dihydrogen phos-
phate. Kara et al. [19] researched the effects of pH, the EDTA concentration, the ultrasonic extraction time,
and the centrifugation time on the extraction efficiency of trace elements from edible oils by ultra-
sound-assisted emulsification. Najafi et al. [20] investigated the effects of the extraction solvent volume,
the disperser solvent volume, the concentration of chelating agent, the salt effect and the extraction time on
the extraction of inorganic selenium in different environmental water samples. Zou et al. [21] studied the
extraction yield of PA and drop size of the emulsion affected by phase ratio, stirring speed, extraction time,
extractant and phosphoric acid concentration. These studies focus more on furnace-process phosphoric acid
with only a few impurities. Purification of WPA, which contains many impurities, is got more and more
attention in places where high-grade phosphate rocks are scarce. However, few researchers have studied
how the extraction process of WPA is influenced by various factors.

In this paper, extractant tributyl phosphate (TBP) was used to extract PA from the WPA dilute solu-
tion. A water-in-oil (W/O) emulsion of this extraction system was formed with high-speed stirring, wherein
the dilute solution is the dispersed phase and TBP is the continuous phase [22]. The effects of stirring speed
(N), phase ratio (¢) and emulsification time () on P,Os extraction yield were investigated. The droplet size
distribution (DSD) and average droplet size (ds3) of emulsion have two significances on this process. On
the one hand, it reflects the strength of the emulsion production process, and indirectly reflects whether the
mass transfer of the process is sufficient. On the other hand, DSD serves as both a guide for the subsequent
demulsification, and a microscopic characterization of the effectiveness of the demulsification procedure.
Therefore, DSD and ds3 of emulsion under different conditions were measured to evaluate the emulsifying
effectiveness. A model was established by dimensional analysis to correlate diz and the above parameters
and predict d43 during emulsification process. The operating conditions of emulsification extraction can be
optimized by this model, so that the extraction yield can reach the maximum quickly and daz will not be too

small.

2. Experimental
2.1 Materials
WPA was supplied by Sanhuan Chemical Co. Ltd. (Yunnan, China). Its main components are listed
in Table 1. TBP (purity 298.5%) was produced by Shifang Zhongcui Chemical Co. Ltd. (Sichuan, China).
Deionized water was used to dilute raw acid and produced by a making-water machine (Aquapro Industrial
Co., Ltd., ABZ1-1001-P, Taiwan, China).

Table 1. Main components of WPA.

Component P,0s SO4* Fe** F

Mass fraction /% 47.2 3.56 0.97 0.54

2.2 Emulsification extraction procedure

The experiments were carried out at the temperature (7) of 323 + 0.2 K. Appropriate volumes of
TBP and raw acid were accurately measured with a total volume of 500 mL and poured into a high beaker,
which was placed in a water bath pot for preheating at least 10 min. Then the high shear emulsification

machine’s (Youyi Instruments Co., Ltd., Fluko JRJ-300-I, Shanghai, China) stirring speed was adjusted to
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the required setting to agitate. Agitating was stopped after reaching a different extraction time, and a ho-
mogenization emulsion was obtained. A 150 mL sample of the emulsion was transferred to a particle size
analyzer (Sympatec GmbH, OPUS, Clausthal-Zellerfeld, Germany) immediately to observe the variation
and evolution of droplet size. Two phases were separated after a period of time. The oil phase (extract) was
obtained on the upper layer, while the aqueous phase (raffinate) was obtained on the lower layer. To calcu-
late the extraction yield, the mass of the two phases and phosphorus content were measured. Throughout
the procedure, a steady temperature was maintained. All of the experiments were repeated at least twice and
the results were averaged.
2.3 Analysis

The phosphorus contents of the raw acid and the aqueous phase are determined by the quinoline
phosphomolybdate gravimetric method [23].

Extraction yield is calculated by the following equation:

P (P,0,) — w, (P,0y)
o,(P,0;)

x100% (D

where E is extraction yield of PA, w«(P20s) and w.(P20s) are the mass of phosphorus pentoxide (P>Os) in
the raw acid and the aqueous phase, respectively.

dsz and DSD were measured with the particle size analyzer. DSD is expressed as the density distri-
bution (g3ln(x)) and calculated by the following equation [24]:
_ O (x +Ax) ~ 0, (x,)]x 2.3

In[(x, +Av)/x;]

where x; is the lower limit of the divided range of DSD, Ax is the length of the divided range of DSD, 2.3 is
equal to In10, Qs is the function of volume cumulative distribution, as given by the defining eq. (3). das is
calculated by eq. (4) [25]:

0,(x)

q3ln(x) (2)

_ Fraction of quantity of particles in the interval

3
Total quantity of the particles @

dy = Zdj/zdj‘ )
= =

where dj is droplet diameter.

3. Results and discussion

3.1 Traditional extraction method

In order to ensure the data accuracy of the extraction equilibrium of the experiment system, variation
of preliminary stirring time of the traditional extraction is performed by moderate heating in water. The
difference in physical property and concentration between the two phases determines the extraction yield:
in different states, the extraction equilibrium is predicted to have a similar regularity with the yield.

In this experiment (stirred, not emulsified), the phase ratio (¢, O/A) refers to the volume ratio of oil
phase and aqueous phase, and the value was set to 4:1. The mixture is placed in a constant temperature (323
K) water bath for 10 minutes. Then it was stirred at a low speed (400 rpm) to avoid emulsification and set a
different extraction time (stirring time). Following the cessation of stirring, the two phases were separated

and weighed quickly, and the phosphorus content is determined to calculate the extraction yield. The results
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are presented in Figure 1. The extraction yield increased significantly as the extraction time increased. It
should be noted that the traditional extraction has an equilibrium time of up to 30 min, implying that the
extraction will take a long time to complete.
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Figure 1. Effect of extraction time on the extraction yield under the conditions: N =400 rpm, ¢ =4:1, T =
323 K.
3.2 Effect of stirring speed on the extraction yield and DSD
It can be observed from the data in Figure 2 that there is essentially no variation in extraction yield
as the range of stirring speed (V) increased from 1000 to 6000 rpm. The other emulsion-making parameters:
t was 30 s and ¢ was 4:1. That means the mixed solution was dispersed into a multitude of minute droplets
by the mechanical emulsion, hence increasing their contact surface. As a result, even if NV of the ESEs in

this study was quite different, they may have all reached extraction equilibrium in the same amount of time.
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Figure 2. Effect of N on the extraction yield under the conditions: t=30s, ¢ =4:1, T=323 K.
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The variation of density distribution of droplets (by density distribution) with the increasing N is
shown in Figure 3. At low speeds, the density distribution curve is monomodal, but as N increases, it pro-
gressively becomes bimodal, with smaller droplets emerging. The higher N, the more small droplets exist.
Increasing the mixing energy provides additional energy to break large-sized droplets into small-sized
daughter droplets [26]. The droplets are stretched into threads before breaking up [27] and producing
smaller droplets, resulting in the bimodal distribution. Agitation can generate small droplets, but it also
promotes the droplet flocculation and coalescence, both of which are intensified with a higher N. The rates
of droplet formation, flocculation and coalescence are dynamically balanced at a certain N. The droplet size
is restricted by the action of agitation, which is impossibly infinitesimal. The cumulative proportion of the

small droplets number improves slightly as N increases. Meanwhile the DSD curve offsets to the left.
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Figure 3. The evolution of DSD at different N under the conditions: t=30s, ¢ =4:1, T=323 K.

3.3 Effect of phase ratio on the extraction yield and DSD

¢ also plays a crucial role in terms of the overall extraction yield of the emulsion. The effect of ¢
ranged from 1:1 to 6:1 on the extraction yield, as presented in Figure 4. The other conditions: ¢ is 30 s and
N is 1000 rpm. It is obvious that the best result is obtained when ¢ is high. However, as extractant volume
increases, the improved mass transfer dynamics promote the balanced reaction; the emulsion becomes more
stable, which exacerbates the difficulty of phase separation. Therefore, in light of the aforementioned prob-
lems and circulation volume of the extractant, the appropriate ¢ is determined to be 4:1, which is in the case
of a high extraction yield.

As ¢ increases from 3:1 to 6:1, oil phase volume fraction increases and the distribution changes from
bimodal to stable monomodal (Figure 5). As ¢ increases, the moisture content decreases, and the interfacial
tension decreases, resulting in an increase in coalescence rate among small droplets and the formation of a
stable larger distribution [28]. The final variation in DSD is very little because the total volume maintains

constant in this experiment, with little change in the oil phase as ¢ increases to 4:1 or higher.
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Figure 4. Effect of ¢ on the extraction yield under the conditions: =30 s, N= 1000 rpm, 7= 323 K.
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Figure 5. The evolution of DSD of different ¢ under the conditions: =30 s, N= 1000 rpm, 7= 323 K.

3.4 Effect of emulsification time on the extraction yield and DSD

In order to determine the minimum time to achieve extraction equilibrium while reducing the sys-
tem’s input power, the effect of # on the extraction yield was investigated (Figure 6). ¢ ranges from 15 to
240 s under the other conditions: ¢ =4:1, N = 1000 rpm and 7 =323 K. As seen in Figure 6, the curve is on
the rise before 30 s, then varies slightly over a period of 40 to 240 s. It means that the extraction system has
reached equilibrium when ¢ equals 30 s. Increasing ¢ will increase energy consumption and may increase
the mutual combination of TBP and impurities in the dispersed phase, thereby reducing its ability to extract
phosphoric acid. As a result, 30 s was selected as the shortest ¢ that can reach equilibrium. Comparing Fig-

ures 1 and 6, it is found that the emulsification extraction technology can indeed make the extraction reach
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an equilibrium state in a short time, which greatly reduces the process time. In addition, the circulation
amount of the extractant in the extraction tank can be reduced, thereby saving space and material cost.

The stability of emulsion increases over . When ¢ is too short, the formation of oil-water interface is
unstable. The dispersed phase is unevenly scattered and easily formed a large number of irregularly shaped
water bags that are significantly larger than the stable droplets, reducing the mass transfer ability. However,
too long ¢ causes increased energy dissipation and emulsion stability. DSD changed little within the scope
of ¢ in this experiment (Figure 7), which has a ds3 of 50 pm, indicating that the emulsification process was
completed [29].
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Figure 6. Effect of 7 on the extraction yield under the conditions: ¢ = 4:1, N= 1000 rpm, 7= 323 K.
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Figure 7. The evolution of DSD of different 7 under the conditions: ¢ =4:1, N=1000 rpm, 7= 323 K.

3.5 Variation of DSD with settling time

Following emulsification under the conditions: #=30s, ¢ = 4:1, N= 1000 rpm and 7= 323 K, about
150 mL emulsion was transferred immediately to the particle size analyzer to observe the variation of DSD
with settling time () (Figure 8). With #; increasing from 5 to 55 min, the number of the small droplets in

the range of 5-20 um reduces to zero, and the change of DSDs range from 20—100 pum is little. This phe-
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nomenon can be explained by two reasons. First, Brownian motion exists in the emulsion, and because
small droplets have a higher curvature, they have a higher chemical potential and solubility. As # increases,
small droplets coalesce into large droplets and are disappeared [30]. Second, the measuring area of the an-
alyzer may be fixed, resulting in measured droplets always being suspended in this area and changing
slightly. However, it reflects DSDs of the "rigid particles" when the droplets reach dynamic equilibrium in
suspension [31,32]. It is also the phase separation’s technical bottleneck. As shown in Figure 8, dis of the

"rigid particles" is about 52 pum, and the ranges of these DSD curves are about 20 to 100 pum.
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Figure 8. The variation of DSD with #;: =30s, 9 =4:1, N=1000 rpm and 7= 323 K.

3.6 Mathematical modeling for predicting the average droplet diameter

Dimensionless analysis has been widely applied in chemical industry to reduce the experiment times
and simplify the experiment process. The theoretical foundation of dimensional analysis is Buckingham Pi
theorem, the details of which can be found in the literature [33-36]. In this experiment, the average droplet
diameter (d43) was correlated with stirring speed (&), phase ratio (¢), emulsification time (z), settling time

(t;), and density of dispersed phase (pq). These independent variables correlate to the following equation:
$(ps, Nt 1, @, dy;) =0 5)

The first step is to determine the dimensions of both dependent and independent variables (Table 2).
Knowing the outer diameter of stirring paddle (0.07 m), NV can be converted to linear velocity (v), which is
calculated by eq. (6). Measuring the density (pq and pc) and volume (V4 and V;) of the two equilibrium
phases, the density of the mixture (pm) can be calculated, which is calculated by eq. (7).

e Nx3.14x0.07 (6)
60
pdVdJ’_pCVC
_I7d’d Fe'c 7
P v (7
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Table 2. The dimensions of parameters.

Variables Typical units Dimensions ?
Density of dispersed phase (pq) kg/m? LM
Linear velocity (v) m/s L!MOT!
Emulsification time (7) s LM T!
Settling time (¢;) s L'MOT!
Density of the mixture (pm) kg/m? L>MIT?
Average droplet diameter (d43) m L'MOT?

2L-length, M-mass, T-time

Secondly, three independent dimensionless groups are formed according to the Buckingham Pi the-

orem:
= = s 3= (3

Finally, using eq. (8) to cover for eq. (5), it can be shown that a further form of eq. (5) may present

as:

¢£t—s o ”—"‘}o ©

t’ vt p,

Only three parametric spaces are used to describe the process, and ds3 can be expressed by the fol-

lowing equation:

dy=vxtx f(m,my) (10)

To utilize data adequately, it’s necessary to get the concrete form of eq. (10). Due to large amounts
of data used, only the data under the conditions in this manuscript are listed in Table 3. The content of
phosphoric acid in the two phases is not very high, and TBP is poorly water-soluble during the extraction
process. However, the precipitation of impurities and the loss result in a slight decrease in the volume of
the two equilibrium phases.

The nonlinear regression equation is obtained by mathematical analysis software, and through the
way of comparing experimental with calculated values to find the best-fitting equation. The final form can
be compressed to the following expression:

d, = vt(a tbr +en’ +dr’ ven' + fr, +gn] + h;zf)x 10°° (11)
where a = 1.504; b = 1.632x107}; ¢ = -9.344x107%; d = 2.248x107%; e = -1.509x1073; f= 1.416x10"; g =
4.493x10'; h=4.621x10".

The comparison of ds3 between the calculated and experimental data is shown in Figure 9, with the
coefficient of determination (R*) of 0.935, indicating a good alignment in the microcosmic field. It is possi-

ble to match and predict ds3 for most conditions of ESE.

-89 -



Table 3. Linear velocity, densities of the two equilibrium phases and mixture under different conditions.

Emulsification Stirring Phase Density of Density of con- Linear Density of
time (s) speed ratio dispersed tinuous phase (p.,  velocity mixture
(rpm) (p)  phase (kg/m’) kg/m’) (m/s) (kg/m*)
30 1000 4:1 1569 1020 3.66 1129
30 2000 4:1 1587 1020 7.33 1132
30 3000 4:1 1595 1020 10.99 1134
30 4000 4:1 1603 1020 14.65 1135
30 5000 4:1 1610 1020 18.32 1137
30 6000 4:1 1615 1020 21.98 1138
30 1000 1:1 1569 1032 3.66 1301
30 1000 2:1 1550 1028 3.66 1201
30 1000 3:1 1535 1026 3.66 1153
30 1000 5:1 1483 1015 3.66 1092
30 1000 6:1 1468 1008 3.66 1073
10 1000 4:1 1574 1017 3.66 1127
45 1000 4:1 1569 1020 3.66 1128
60 1000 4:1 1569 1020 3.66 1128
75 1000 4:1 1569 1020 3.66 1129
90 1000 4:1 1569 1020 3.66 1128
65

Calculated data [pm]

Experimental data [pm]

Figure 9. Comparison between experimental and calculated data.

As indicated by the form of 7, and =z, (eq. (8)), =, is the related parameter of time, and 7, is
that of physical properties of solvent. The variation of ds3 with 7, is illustrated in Figure 10. For all the
cases shown in Figure 10, ds; slips from a beginning rising trend and then levels off in the end as 73 in-
creases, which can be explained for two reasons. On one hand, droplets with different sizes have different

settling velocities driven by gravity and buoyancy. According to Hadamard-Rybczynski equation [37], the
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settling velocity of large droplets is greater than that of small droplets. The droplets collide at random and
high frequency with settlement, but the general rule is that small droplets coalesce into large droplets, and
large droplets coalesce into larger droplets. And then these larger droplets break up to form two phases, so
the large droplets first increase and then decrease until there are some rigid small droplets that are less
likely to coalesce. On the other hand, large droplets might catch smaller ones as they pass through the

measurement area, so some larger droplets are measured first, followed by smaller ones.
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Figure 10. Effect of 7, onds. (m 7,=2 Exp.,0 7z,=2 model, A 7,=5Exp., A z,=5model, ® 7z,=10
Exp., © 7,=10 model)

Figure 11 displays z; corresponding to dis. The longer #, the more likely it is that coalescence will
occur, which contributes the formation of larger droplets. However, the effect of 7 on the droplets size
shows a inverse relationship. The solution generates a large number of small droplets with increasing 7. The
number of small droplets reduces following coalescence from the perspective of DSDs, but that of large

ones does not always increase, indicating that the forms of coalescence are multitudinous.

IS 'S ' W
= O =) —
T T T T

Average droplet size, d,; [um]

w
-]
T

Figure 11. Effect of 7, onds. (m 7, =0.625 Exp.,o0 7, =0.625 model, A 7, =0.686 Exp., A 7,
=0.686 model, ® 7,=0.718 Exp., © z,=0.718 model)
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4. Conclusion

In this work, experiments have been performed to investigate and quantify the effect of process pa-
rameters and formulation variables on the extraction yield and the relative size of droplets. The optimal
conditions are as follows: stirring speed of 1000 rpm, phase volume ratio of 4:1, and emulsification time of
30 s. As the emulsification time and rate increase, the average droplet diameter decreases until it reaches a
limit size. It was clearly demonstrated that DSD is more concentrated and the size is larger under optimal
conditions. Application of the dimensional analysis has been allowed to identify the above-mentioned pa-
rameters. A process model based on the relationship between key variables is established, and it predicts the

diameter of droplets successfully during the emulsifying process.
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