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Abstract: This paper focuses on a fractional crystallization methodology using a rotating and inter-
nally gas-cooled crystallizer to purity crude selenium. Experiments using a rotating and gas-cooled
crystallizer (cooled finger) were performed. The distribution coefficients of the main impurities (Pb,
Fe and Hg) in selenium were presented as a polynomial function of concentration. The experimental
parameters such as crystallization temperature and rotation rate were determined and discussed.
The appropriate crystallization temperature is 222 °C and the rotation rates are 120 and 300 rpm,
respectively. The purity of crude selenium increased from 99.9% to over 99.997%. Compared with
the traditional method such as zone melting, this method only takes less than one day to complete
several purifications, and the purification effect is better than the former. The removal rates of Hg,
Pb and Fe in Se are 28.70%, 97.63% and 96.28%, respectively. The direct yield of Se purified is 92.5%.
This study provides an efficient process for high-purity selenium, which has important industrial
applications.
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1. Introduction

Selenium is a nonmetallic, gray solid, one of the rare elements found in the earth’s
crust in small amounts. Berzelius, a Swedish chemist, discovered selenium in 1817; it has
been widely used in various high-tech fields such as the electronics industry, photocells,
solar cells, television and radio fax [1]. In addition, selenium can also be used in glass,
pigment, metallurgy and other industries.

The superpurification of selenium is usually achieved by chemical and physical
methods. Chemical purification includes hydrogenation reduction, selective leaching pre-
cipitation and thermal decomposition of hydrogen selenide [2-5]. These methods prepare
intermediate compounds by adding chemical agents followed by impurity separation.
The main physical methods are vacuum distillation and zone melting. Zha studied the
process parameters such as saturated vapor pressure, actual evaporation rate and adjust-
ment coefficient of selenium in vacuum distillation [6]. Zone melting involves the removal
of impurities from crude selenium [7-9]. However, the process goes through many steps
and takes several days to complete.

At present, more and more attention has been paid to researching the diverse uses of
pollutant removal. The Awual group has produced some adsorptive materials to remove
specific pollutants [10-12]. They directly fixed functional organic ligands onto mesopo-
rous silica to prepare composite adsorbents for the detection and removal of toxic copper
ions in contaminated water. They also studied the effect of chitosan-modified cotton cloth
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on removing reactive dyes from water. Awual et. al. fabricated optical composite materi-
als for cadmium ion detection and removal from wastewater solutions. Irwing M. et. al.
proposed degrading emerging contaminants in water by the catalytic chemistry of mi-
cron-scale brass or copper-zinc alloy [13]. Wang et al. studied the Al-Ga—-In-5n alloy that
can effectively remove p-CNB [14].

As an effective purification method, fractional crystallization has been widely used
in the past decades. Curtolo studied the effect of process parameters on the purity of alu-
minum during rotary fractional crystallization [15,16]. Yaghy introduced the wax deposi-
tion rate and pseudo-steady-state deposition mass values [17]. Joshua explored the heat
and mass transfer process of cold finger separation and pointed out that separation pro-
duction was mainly affected by convection transfer controlled by cooling gas flow [18].

This paper focuses on the separation and purification of crude selenium by rotating
internal air-cooled crystallizer. The rotational mechanism promotes homogeneous mixing
of the melt and a stable boundary layer, ensuring optimal separation of impurities. The
main impurities such as iron and lead in selenium were effectively removed by crystalli-
zation. Compared with other methods, the purification efficiency of this method is greatly
improved.

2. Theory

The crystallization process of metals is complicated. On the one hand, solid phase
precipitation from liquid phase will cause changes in material properties and structure.
Crystallization, on the other hand, is accompanied by heat and mass transfer. The distri-
bution coefficient K is generally defined as the ratio of the concentration of a component
in the solid phase divided by the concentration in the liquid phase:

K =
Cy

1)

Values (s and C) are the concentrations of impurity in the solid phase and in the
liquid phase, respectively.

The crystallization rate is not zero in the process of metal crystallizing. Therefore, the
solid and liquid phases are not in equilibrium, and the purification effect should be ex-
pressed by the effective distribution coefficient (K, ). The effective distribution coefficient
describes the ratio of the actual distribution of impurities in the solid-to-liquid phase, con-
sidering the influence of the kinetic process at the solid-liquid interface and the transport
process near the liquid interface. The relationship between the distribution coefficient K
and effective distribution coefficient K, is as follows [19]:

K
Ke = 5 @
K+(1—-K)e D

According to Equation (2), the effective distribution coefficient K, is related to dis-

tribution coefficient K, solidification velocity v, impurity enrichment layer thickness &

and diffusion coefficient D. When %6 = 0, we have K, = K; when %5 — oo, then K, - 1.

Therefore, the value of the effective distribution coefficient is between K and one. It
means that the actual effect of crystallization on metal purification is lower than that of
the equilibrium conditions, and it depends on whether the reaction is in equilibrium. This
rule has important guiding significance for the process of metal crystallizing and refining.
When K, = K, the purification effect is the best. It is necessary to create conditions to re-
duce the thickness of the impurity enriched layer, so that the effective distribution coeffi-
cient is as close to the distribution coefficient as possible.

For a small enough growth rate, 6 depends simply on the rotation rate and physical
properties of the liquid phase [20].
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§ = 1.6DV3y1/6y~1/2) 3)

where v is the kinetic viscosity of the fluid and w is the angular velocity of crystal rotation.

From Equation (3), ¢ will be reduced when increasing the angular velocity of “the
cooled finger”. Furthermore, rotation leads to the reduction of the temperature gradient
between the crystallization front and the melt beside the crucible wall, keeping the heat
flow from the melt to the interface as small as possible. In a word, “the cooled finger”
angular velocity w has a great influence on the thickness of the impurity enrichment layer
thickness d. In order to explore the most suitable parameters such as cooled finger angular
velocity for crystallization to remove impurities, crystallization experiments were carried
out by a self-made rotating and gas-cooled crystallizer.

3. Experimental Procedure

A fractional crystallization device is used to study the impurity removal from sele-
nium as shown in Figure 1. The structures include a vacuum system, temperature detec-
tion system, air cooling system, heating system and a crystallization pot. The height of the
crystallizer is 148 cm, the outer diameter is 22 cm, and the inner diameter is 20 cm. The
whole crystallizer can be divided into three sections, which are controlled by the hydraulic
device to facilitate the operation of loading materials and replacing the crucible and other
operations. The crucible used in the experiment is a cylindrical crucible with an inner di-
ameter of 100 mm and an inner height of 225 mm. According to the different material
densities, 2-10 kg of raw materials can be put into it at a time. The crude selenium comes
from the product of laboratory distillation, and its composition is shown in Table 1. Stand-
ards 3N and 4N adopt the Chinese non-ferrous metal industry standard YS/T 1354-2020.

Temperature detection system

Air cooling system

Heater

Crystallizing
pot

Figure 1. Diagram of rotating crystallizer: (a) photograph of the rotating crystallizer; (b) structural
schematic diagram of the rotating crystallizer; (c); temperature control system of the rotating crys-
tallizer.
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Table 1. Raw material compositions (units: ppm).

Hg Fe Pb As Sb Te Bi Al
Raw material 1 19.72 18.53 2.75 4.92 2.44 2.94 2.63 1.01
Raw material 2 13.38 139 21.07 5.43 8.38 12.42 0.96 0.67
3N standard 10 100 20 30 10 100 / /
4N standard 3 10 5 5 5 10 5 8

The crystallization process is shown in Figure 2. After putting crude selenium into
the crucible, the equipment is vacuumed, and argon gas is pumped into the equipment.
This process is repeated three times to ensure no oxidation occurs when the crude sele-
nium is heated. A graphite heater is used to heat the samples and wrap around the cruci-
ble, and the temperature is controlled by an automatic temperature control system. Dur-
ing the holding time, the cooling gas flow rate is adjusted, and the temperature on the
“cooled finger” is fine-tuned to ensure the stability of the temperature. At the beginning
of the crystallization process, the temperature of the melt near the “cooled finger” de-
creases continuously through the blowing of gas in the “cooled finger” until the desired
crystallization temperature is reached. The temperature is kept constant until the end of
the experiment. The experimental scheme is designed to study the feasibility of the
method, that is, to study the effects of crystallization temperature and rotation rates on
crystallization. The enriched impurities are analyzed via inductively coupled plasma
mass spectrometry (ICP-MS).

(b)

Figure 2. Schematic diagram of the principle of the crystallization process: (a) photograph of the
crystallization process; (b) structural schematic diagram of the crystallization process; (c) the cooled

finger.
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4. Results and Discussion
4.1. Calculation of Distribution Coefficient

According to Equation (1), the distribution coefficient as a function of concentration
was calculated based on the individual binary phase diagram of Se-X (X = Pb, Fe, Hg)
systems [21]. Figure 3 shows the liquidus used for fitting. The Xs and Xt in the binary
phase diagrams were defined as a polynomial function of concentration as F = Ax* +
Bx®+ Cx? + Dx + E. By substituting the temperature F into the fitting equation, x ob-
tained by calculation is the concentration of impurity elements in selenium under the
equilibrium state at a specific temperature, and this value is Cz in Equation 1. The abscissa
of the closest solid phase line corresponding to Cv is the value of Cs. Divide Cs by Ctto
obtain the distribution coefficient of impurities at a specific temperature. Table 2 shows
the parameters of polynomial functions for each system.
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Figure 3. The liquidus curves used to fit: (a) Pb-Se system; (b) Fe-Se system and (c) Hg-Se system.

Table 2. The parameters of polynomial equations for Pb-Se, Fe-Se and Hg-Se systems.

Equation

A

B C D E Range of x R?

Fipb-se)
Fopb-se)
F3(re-se)
Fae-se)
Fs(Hg-se)

—6.681 x 107*
—-2.357x 1072
—0.2769
0
-3.496x 1073

0.1043 2.239 145.7 0 93.4-98.5% 0.9986
4.646 —228.9 —-6.271 840.2 98.5-100% 0.9932
55.27 —2757 —82.39 —-989.5 99.8-99.98% 0.9995

0 0 —2.845 x 10* 2.845221 x 10° 99.98-100% 0.9989
0.9422 —84.78 2554 0 86-100% 0.9957

The coefficient of determination R? of the polynomial equation obtained is close to
one and is highly reliable for calculating distribution coefficients. When the temperature
is 222 °C, the distribution coefficients of the main impurities Pb, Fe and Hg in selenium
are 10.36, 16.07 and 6.25, respectively. For the system with K > 1, the impurities are en-
riched in the solid phase during crystallization. The larger the deviation between K and
one, the better the crystallization effect.

4.2. Crystallization Temperature

Experiments at different crystallization temperatures are carried out, and the results
are shown in Table 3. It can be seen from Table 3 that 222 °C is the most suitable temper-
ature for impurity enrichment and crystallization. Since the melting point of selenium is
222 °C, if the melt temperature is lower than 222 °C, there will be a large amount of sele-
nium melt attached to the “cooled finger” and the effect of removing impurities is not
obvious. When the temperature is higher than 222 °C, the impurities enriched by crystal-
lization will melt with the increase of temperature, which makes it difficult to enrich.

Table 3. The compositions of crystallization products at different temperatures.

Temperature/°C

Rotation Speed/rpm Holding Time/min Hg/ppm Pb/ppm Fe/ppm

212
217
222
227

120 120 7.84 23.31 254
120 120 9.52 15.35 387
120 120 27.03 18.43 899
120 120 15.51 11.71 512
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232 120 120 12.46 13.37 311
Raw material 1 19.72 2.75 18.53

Impurities

4.3. Rotation Rate

The crude selenium in the crucible was kept at 230 °C to study whether the density
affects the separation of impurities, as shown in Figure 4. A total of 73.37 g of raw material
was put into a crucible, and the weight was 73.36 g at the end of the experiment, only 0.01
g of crude selenium was volatilized. The specific compositions of solid phase are listed in
Table 4. Impurities are Pb, Fe, Hg and other elements.

(b)

Detection point

Impurities

Figure 4. Diagram of the effect of density on impurity separation: (a) diagram of the static experi-
ment; (b) photograph of the static experiment.

Table 4. Sample compositions of static experiment (units: ppm).

Hg Fe Pb As Sb Te Bi Al
Sample 19.44 18.53 3.52 5.76 8.49 7.03 0.31 4.22
Raw material 1 19.72 18.53 2.75 4.93 2.44 2.94 2.63 1.01
3N standard 10 100 20 30 10 100 / /

We found that melting and static sedimentation had poor effect on the separation of
selenium impurities and needed to change the experimental conditions to remove the im-
purities.

Five rotation rates were selected to determine the most suitable parameter. The effect
of crystallization rotation rate on impurity enrichment was investigated, and the optimum
crystallization rotation rates were obtained. The enriched impurities were analyzed by
ICP-MS, and the enrichment factors were compared. The enrichment factor is defined as
the ratio of concentration on the “cooled finger” to the initial one, subtracted from 100%,
which is

C.
Enrichment Factor = (C—S —1)x100% 4)
0

The greater the enrichment factor, the more metallic impurities are removed. Enrich-
ment factors of Pb, Fe and Hg, the main impurities in selenium, are shown in Figure 5. It
reveals that the enrichment factor of each impurity varies significantly under different
rotation rates. At 120 rounds per minute (rpm), the enrichment factor of Hg is the largest,
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and at 300 rpm, the enrichment factor of Pb is the largest. The enrichment factor of Fe is
positive in the whole range and is suitable for removal by fractional crystallization.

160 To— iz
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Figure 5. Enrichment factors of main impurities in selenium at different rotational rates.

4.4. Purification of Crude Selenium

From Table 3 and Figure 5, it is found that 222 °C and 120 rpm are the most conducive
parameters for Hg removal. The best conditions for removing Pb are 222 °C and 300 rpm.
At the same time, Fe is easily removed in the whole range.

After nine passes of crystallization, the impurity contents in crude Se are shown in
Table 5. The volatile substances produced in the crystallization process were analyzed,
and the contents of Hg, Pb and Fe are 437, 560 and 68.07 ppm, respectively.

The removal rates of the main impurities Hg, Pb and Fe in Se are 28.70%,97.63% and
96.28%, respectively. The direct yield of Se purified to 99.997% is 92.5%, and the result is
satisfactory.

Table 5. The impurity content in crude selenium after different crystallization times.

o . Impurity Content/ppm
Crystallization Times Mass/g b Te He As
Raw material 2 2000 21.07 139 13.38 543
1 1986 18.71 95 12.45 5.10
3 1947 10.27 33.81 10.25 4.66
5 1914 5.63 16.19 9.86 4.21
7 1887 248 11.83 9.72 3.86
9 1853 <0.5 5.17 9.54 3.15
Crystallization Times Mass/g Sb Te Bi Al
Raw material 2 2000 8.38 12.42 0.96 0.67
1 1981 7.13 10.57 0.61 <0.5
3 1943 5.45 6.31 <0.5 <0.5
5 1903 3.84 4.55 <0.5 <0.5
7 1884 341 3.78 <0.5 <0.5
9 1853 2.89 2.27 <0.5 <0.5
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5. Conclusions

Fractional crystallization separation experiments of crude selenium under different
conditions were investigated. The results are in agreement with the theoretical calculation
of fractional crystallization. The relationship between impurity concentration in crude se-
lenium and crystallization temperature and rotation rate was discussed.

The selenium-rich liquidus curves of the Pb—Se, Fe-Se and Hg-Se systems were fitted
to polynomial equations. The distribution coefficients of main impurities Pb, Fe and Hg
in selenium are 10.36, 16.07 and 6.25, respectively. These values are greater than one, so
impurities are enriched in the solid phase. The experimental results show that the opti-
mum crystallization temperature of fractional crystallization is 222 °C. The rotational
speed of 120 rpm is the best for mercury enrichment. The rotational speed of 300 rpm is
the best condition for removing lead impurities. The enrichment performance of iron is
better at different rotational speeds. The impurity in selenium can be effectively removed
by fractional crystallization.
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