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ARTICLE INFO ABSTRACT

Editor: Dr. B. Van der Bruggen The purification of Tellurium to ultra-high purity levels using multi-pass zone melting remains as state-of-the art
method, but it is very time-intensive as slow and repeated processing are required. In this study, a rotational
Cooled Finger crystallisation approach is investigated as a pre-purification step to accelerate the purification
process prior to zone melting. A systematic experimental study was conducted using 4 N (99.99%) tellurium as
feed material, examining the combined effects of rotation rate (25-200 RPM) and cooling gas flow rate (20-120
L/min) on refining performance. Under favourable conditions, the Cooled Finger process achieved purification to
5 N (99.999%) within a single crystallisation step of 30 min. Total impurity concentrations were reduced from
100 ppm to ranges of 5-60 ppm, corresponding to refining efficiencies of 42-90%, with material yields ranging
from 8% to 25%. The results show that the refining performance is governed by the interplay between solidi-
fication dynamics, temperature gradient and solute transport, which are collectively controlled by the applied
rotation and cooling conditions. Compared to conventional zone melting, the Cooled Finger process provides
significantly faster impurity reduction. Using it as a supplementary method to zone melting substantially lowers
the impurity burden, and may reduce overall processing time required for achieving ultra-high purity tellurium.
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1. Introduction

Tellurium is a metalloid commonly produced as a by-product of
copper anode sludge processing and has found applications across
several industrial sectors. In metallurgy, tellurium is used as an additive
to enhance the mechanical properties of steel [1,2]. In the chemical
industries, tellurium chlorides are employed in metal coating processes
and as catalyst for the synthetic fibre production. Tellurium is also used
in glass and ceramics to provide blue to brown colours. The largest share
of tellurium application, however, is associated with advanced func-
tional materials, particularly photovoltaic solar cells in the form of CdTe
and thermoelectric materials based on BiyTes alloyed with either Sb (P-
type) or Se (N-Type) [3].

In the area of applications in solar cells and thermoelectric materials,
the use of high-purity tellurium as a starting material is crucial for the
development of II-VI semiconductor compounds, as elevated impurities
content can significantly affect the dopant incorporation and electrical
performance. The required purity of starting materials for
manufacturing process of such products is typically 5 N (99.999%) or
higher, with increasing demand for purities approaching 6 N
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(99.9999%) as material performance requirements continue to rise.
Several purification routes have been investigated to achieve ultra-
high-purity tellurium. As demonstrated in laboratory experiments, the
process of vacuum distillation has been shown to purify tellurium to
purities approaching 6 N [4,5]. However, this technique is not employed
industrially for the production of such high purity tellurium, likely due
to operation difficulty and limited process efficiency. At present, the
most advanced and widely adopted industrial processing technique is
zone melting, a fractional crystallisation-based process originally
introduced by Pfann [6] in 1952. This method has demonstrated the
capability to produce tellurium with ultra-high purity; however, it is
inherently time-intensive. Shim et al. [7] reported that purification of 4
N tellurium under hydrogen atmosphere required approximately 26.5 h
to reduce Bi from 5 ppm, Sb from 25 ppm, and Sn from 20 ppm to below
detection limits, and to decrease Se content from 50 ppm to 0.56 ppm.
Zaiour et al. [8] combined multi-zone melting and distillation to pro-
duce 7 N tellurium, with the cumulative time for the three-zone melting
stage amounting to approximately 10.5 h. Tian et al. [9] refined 400 g of
4 N tellurium to 5 N7 after nine passes of multi-zone melting, achieving
impurity removal of 89.49% over a total processing time of
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approximately 35.5 h. Numerous other studies have reported similar
trends, where ultra-high purity is achieved at the expenses of extended
processing durations [10-13].

Industrial production of high-purity tellurium follows the same
general pattern, requiring multiple zone-melting passes and long cu-
mulative processing times [14]. From an industrial perspective, where
process efficiency, throughput, and operating cost control are critical,
the prolonged processing times associated with zone melting present a
clear demand for improvement. In this context, alternative or supple-
mentary fractional crystallisation techniques that can reduce the im-
purity burden prior to zone melting are of particular interest.

One such technique originates from a process developed by Showa
Aluminium Corporation for the production of high purity aluminium
[15]. The process employs an immersed rotation cooling body to pro-
mote controlled crystallisation of high-purity metal on the surface of the
body. Subsequent modifications of this concept have led to what is now
referred to as the “Cooled Finger” process, which has been reported over
the past decade for the purification of several metals, including
aluminium [16], magnesium [17] and germanium [18]. Rather than
being proposed as a replacement for zone melting, the Cooled Finger
process offers potential as a supplementary pre-purification step,
enabling early-stage impurity rejection and thereby reducing the num-
ber of subsequent zone-melting passes required to achieve ultra-high
purity.

Similar to zone melting, the Cooled Finger process operates on the
principle of fractional crystallisation, which relies on difference in sol-
ubility of impurities between the solid and molten phases of a metal
[13,19]. The purification behaviour is commonly characterised using a
distribution coefficient, kg, defined under isothermal and isobaric
equilibrium solidification conditions, as shown in eq. (1).

GCs
C;: Concentration of elementin the (i=S) solid phase, (i=L)liquid phase

@

The distribution coefficient represents the theoretically achievable
extent of impurity segregation in a binary system, assuming complete
diffusion of rejected solute into the liquid phase. For a given system, the
value of ko may be less than or greater than unity. Impurities with kg < 1
exhibit limited solubility in the solid phase and are preferentially
rejected into the melt, whereas impurities with k > 1 tend to concentrate
in the solid, rendering their removal by fractional crystallisation more
challenging. It should be noted that distribution coefficients depend on
both equilibrium temperature and impurity concentration range, as
illustrated schematically in Fig. 1.
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Fig. 1. Eutectic binary diagram with k < 1 when B is <50 wt% (green area) and
k > 1 when B > 50 wt. (red area). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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In practice, equilibrium solidification conditions are rarely achieved
during metal purification. To account for non-equilibrium effects, Bur-
ton, Prim, and Slichter (BPS model) [20] proposed a more realistic
model incorporating the influence of a hypothetical diffusion boundary
layer thickness &, the growth rate of the solid phase V, and the diffusion
coefficient of the elements in the matrix D. The resulting effective dis-
tribution coefficient, k., is expressed in eq. (2).

ko
ko+(1 —ko)oexp<—%)

ke = 2

Within this framework, the hypothetical boundary layer thickness

(b~16e D% . v% . w’%) depends on the angular velocity of crystal
rotation w (in s’l), kinematic viscosity of melt v (in mzs’l), as well as
the diffusion coefficient of impurity in the melt D (in m%s D).

For the Cooled Finger process, the rotation rate (wcr) is directly
controlled through the rotation of the motor attached to the cooling
body (in revolutions per minute), while the growth rate is influenced by
the applied cooling gas flow rate (Q,). Curtolo et al. [21] experimentally
demonstrated the influence of both parameters on impurity removal
during aluminium purification. Lower cooling rates resulted in
improved purification efficiency due to reduced growth velocity,
whereas excessively low growth rates promoted temperature homoge-
nization and potentially back-melting [22]. Increasing wcr enhanced
impurity rejection up to an optimal limit, beyond which excessive tur-
bulence at the solidification front led to boundary layer instability, non-
uniform growth, and partial re-melting.

For tellurium, experimentally determined distribution coefficients
(kexp) obtained from various fractional crystallisation processes has been
compiled in Table 1. The majority of reported keyvalues are below
unity, suggesting that most impurities should, in principle, be removable
by fractional crystallisation. Unlike aluminium or magnesium systems,
equilibrium distribution coefficients for tellurium could not be calcu-
lated e.g. using Factsage ™ thermodynamic modelling software due to
the limited availability of reliable binary Te-X databases. This limitation
arises primarily from the extremely low solubility of many elements in
high-purity tellurium, resulting in solid-phase regions that are too nar-
row to be resolved in conventional phase diagrams. Despite this, several
impurities, including Fe, Ni, Pb, and Bi could be more difficult to be
removed by fractional crystallisation, potentially due to the possible
local formation of heavy molecules in tellurium like Fe;Tes, NijTes,
PbTe, BisTez and CuyTe [23].

Other than solubility, the efficiency of impurity removal during
fractional crystallisation is also strongly influenced by the solidification
morphology [22]. Planar solidification is generally considered the most
favourable regime for purification, as solute elements are rejected uni-
formly into the liquid phase and redistributed ahead of the advancing
solidification front. In contrast dendritic growth can promote solute
entrapment within intercellular or inter-dendritic regions, reducing the
effectiveness of impurity separation [26]. The stability of the solidifi-
cation front is governed by the balance between the temperature
gradient at the solid-liquid interface and the solidification front velocity
(compare Fig. 2), both of which are controlled indirectly by processing
conditions. In the Cooled Finger process, these parameters are influ-
enced by Qg and wcr, motivating the characterisation of temperature
gradients and solidification front velocity in order to assess the attain-
able solidification regimes and their implications for purification
efficiency.

Previous investigations by the authors [25] have indicated that the
Cooled Finger process may offer promising impurity separation behav-
iour in tellurium systems. However, a systematic evaluation of impurity
distribution behaviour, process parameters effects, and purification
limits for tellurium using this method remained lacking. Recent studies
have demonstrated the feasibility of rotational and immersed crystal-
lisation processes for the purification of tellurium, achieving high
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Table 1
Experimental determined distribution coefficient of Te, adapted from [1,13,24,25].
Element Kexp Element Kexp
Ag 0.08, 0.086 Mn 0.03, 0.08,0.1,0.2
Al 0.07, 0.19, 0.16, 0.14, 0.58[25],0.96[25] Mo 0.16
As 0.1, 0.031, 0.04,0.12, 0.72 Na 0.06, 0.67
Bi 0.5, 0.83, 0.92 Ni 0.04,0.58,0.39,0.82
Ca 0.01, 0.28 Pb 0.19, 0.02, 0.096
Cd 0.26 S 0.29
Cr 0.05, 0.24, 0.25 Sb 0.35
Cu 0.005, 0.011, 0.23, 0.32, 0.58 Se 0.44, 0.48, 0.58
Fe 0.02, 0.05, 0.26 Si 0.15
Hg 0.14 Sn 0.22
In 0.009, 2.82 Ti 0.004
v 0.06
Mg 0.093, 0.1 Zn 0.028, 0.25, 0.91
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Fig. 2. Solidification morphologies depending on solidification rate R (mm/s)
and temperature gradient G /K/mm), with the black arrows representing
growth direction. (reproduced from [26]).

impurity removal efficiencies and significantly reduced processing times
compared to conventional zone melting [19,27]. In one implementation,
rotation of the furnace or entire melt is required, introducing additional
mechanical and thermal complexity that may limit industrial scalability
[27]. Although the yield is not explicitly reported, the published data
indicate that only 1-16 g of purified metal were obtained from 3 to 6 kg
of feed material, suggesting a very low overall recovery. The other one
have primarily focused on demonstrating impurity removal potential,
while providing limited analysis of process configuration, yield, and the
effect of controllable parameters such as cooling body rotation rate and
cooling gas flow rate [19]. The overall refining efficiencies of approxi-
mately 75-80% under their respective operating conditions were re-
ported. However, direct quantitative comparison between different
crystallisation systems remains difficult due to variations in feed
composition, process configuration and performance metrics. Conse-
quently, a systematic evaluation of a mechanically simplified Cooled
Finger for tellurium, with quantitative determination of impurity dis-
tribution coefficients and mapping of process parameter, remains
lacking.

The present study therefore aims to investigate the purification of
tellurium using the Cooled Finger process, with particular emphasis on
determining experimental distribution coefficients key, for several im-

purities, including As, Fe, Ni, Pb, Se and Zn. These elements were
selected due to their frequent occurrence in tellurium derived from
copper anode sludge, where they coexist with more commonly studied
elements such as Cu, Bi, Sb, Ag and Sn. While the segregation behaviour
of Cu, Bi, Sb and Sn during tellurium purification has been extensively
reported in the literature, comparatively limited data are available for
As, Ni, Fe, and Zn under fractional crystallisation. The influence of
cooling body rotation rate and cooling gas flow rate on purification ef-
ficiency is examined in detail, and the operational limits of the process,
including growth stability and yield considerations, are discussed.
Rather than proposing the Cooled Finger as a replacement for zone
melting, this work explores its potential role as a supplementary pre-
purification step capable of reducing the overall processing time
required to achieve ultra-high-purity tellurium.

2. Experimental methods

The Cooled Finger assembly consisted of a hollow steel shaft con-
nected to a motor, with an ET-10-graphite shell attached at its lower
end. The hollow shaft allowed cooling gas to flow internally, thereby
cooling the steel shaft, consequently the graphite shell and the sur-
rounding molten tellurium upon immersion. A schematic illustration of
the experimental setup, installed in a resistance heated furnace, is shown
in Fig. 3.

A series of 25 experimental trials were conducted to investigate the
purification tellurium using the Cooled Finger method. The key
controlled parameters were the rotation rate, wcr (in revolutions per
minute, RPM) and the cooling gas flow rate, Q; (in L/min). The selected
parameter ranges (25-200 RPM and 20-120 L/min) were defined based
on a combination of literature data, previous trials, and operational
constraints of the experimental setup. Previous studies on tellurium
systems have investigated ranges from 0 to 120 RPM at 10 L/min [27],
and 200/400 RPM without indication of cooling condition [19]; how-
ever, in the present work, the parameter window was extended to cover
a broader range of operating conditions. In addition, studies on com-
parable purification systems for metals such as Al [22] and Mg [17]
report rotation rates and cooling conditions within a similar order of
magnitude, supporting the physical relevance of the selected ranges. The
experiments were conducted at five different rotation rates (25, 50, 80,
120 and 200 RPM) and five different cooling gas flow rates (20, 40, 60,
100, 120 L/min). A detailed list of all experimental conditions is pro-
vided in Table 2.

Due to the tendency of tellurium to volatilise at temperatures well
below its boiling point [28], the experiments were not conducted in an
open system. Instead, all experiments were carried out in an enclosed
system continuously flooded with Ar gas to provide an inert atmosphere
free from oxidation of the metal, with the entire setup connected to an
off-gas suction system. For each experiment, approximately 6-6.5 kg of
tellurium with a purity of 99.99 wt% (Wuhan Tuocai Technology Co.,
Ltd., China, exemplary chemical composition in Table 3) was charged
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Fig. 3. Illustration of experimental setup for the cooled finger process: (a) schematic representation of the apparatus; (b) experimental configuration with the cooling
body submerged during crystallisation; and (c) configuration after completion of crystallisation and withdrawal of the cooling body.

Table 2
List of experiments and parameters.

Test Rotation rate, Cooling gas flow rate, Q,[L/min]
wcr [RPM]
1 25 20
2 25 40
3 25 60
4 25 100
5 25 120
6 50 20
7 50 40
8 50 60
9 50 100
10 50 120
11 80 20
12 80 40
13 80 60
14 80 100
15 80 120
16 120 20
17 120 40
18 120 60
19 120 100
20 120 120
21 200 20
22 200 40
23 200 60
24 200 100
25 200 120
Table 3

Chemical composition of the as-purchased tellurium as provided by the manu-
facturer (in ppm).

Cu Mg Bi Fe Na As Al Se Pb

8.733 0.1 1.025 7.79 18.91 0.1 0.1 11.126 0.1

into the crucible in the form of solid chunks. The amount of tellurium
was selected such that the molten metal reached approximately 70% of
the crucible height, ensuring safe operation and preventing overflow
during submersion and rotation.

The crucible was initially heated to 550 °C, i.e. almost 150 °C higher
than the liquidus temperature of pure Tellurium, to ensure rapid and
complete melting of the tellurium charge. After melting, the tempera-
ture was reduced and stabilized at approximately 5-10 °C above the
melting point. Once the melt was fully molten, an initial melt sample

was collected for the starting impurity concentrations (Cp). Since im-
purity concentrations in the ppm range can significantly influence the
experimental results, a separate analysis was performed instead of
relying on the supplier provided nominal composition. Following sam-
pling, the system was held undisturbed for 5 min to allow thermal ho-
mogenization of the melt.

Prior to submersion, the Cooled Finger was positioned inside the
furnace above the melt, such that it was preheated together with the
crucible and the tellurium material inside. This approach minimized
rapid solidification during immersion. The Cooled Finger was then
submerged into the molten tellurium roughly 5-7 cm above the bottom
of the crucible. Rotational speed and cooling gas flow were initiated
almost immediately to start crystallisation.

Crystallisation occurred on the surface of the graphite shell through
fractional crystallisation under forced cooling from the steel shaft and
rotation shear. Each crystallisation run was conducted for a fixed
duration of 30 min + 30s. This processing time was selected as a
compromise between purification efficiency and melt contamination, as
prolonged operation leads to impurity enrichment in the residual liquid
phase and a corresponding decrease in purification efficiency.

At the end of the crystallisation period, rotation was stopped first,
followed by the withdrawal of the Cooled Finger from the melt. Cooling
gas flow was maintained during withdrawal to prevent re-melting of the
crystallised tellurium. The remaining tellurium was left molten and a
residual melt sample (C) was collected immediately after removal of the
Cooled Finger. After cooling to room temperature under argon atmo-
sphere, the crystallised tellurium was mechanically detached from the
graphite shell. A solid product sample (C,) was taken from the crystal-
lised tellurium. Although the graphite shell is theoretically reusable, a
new one was used for each experiment in order to eliminate any risk of
cross-contamination between runs. The mass of the crystallised tellu-
rium was measured and the process yield was calculated by comparing
the mass of crystallised tellurium to the initial mass of tellurium charged
into the crucible. All collected samples (Cy, C1, and Cg) were analysed
using inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7850, Agilent Technologies, California USA). To ensure reliability, all
measurements were conducted in duplicates for each experimental trial.
Experimental distribution coefficients (kexp) and purification efficiencies
(n,) were calculated based on the measurement results. The growth rate
(V¢r) of tellurium during Cooled Finger crystallisation was determined
by dividing the average thickness of the solidified material by the fixed
crystallisation time of 30 min. Yield of the Cooled Finger was calculated
using the mass ratio of refine tellurium to input tellurium.
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C.:
Kexp.(y ===
exp, (i) CL,i
C,;: concentration of i = As,Fe,Ni,Pb,Seand Zn in the crystallised phase
C.;: concentration of i = As,Fe,Ni,Pb,Seand Znin the remaining melt

3
Z Csi >
=(1-=2% )*100%
w=(1-&g
Co,i : concentration of i = As, Fe, Ni, Pb, Se and Zn in the initial melt
@
dq, : average thickness of solidified layer;
tys is the crystallisation time
Y = 2+100%
o )

mcr : mass of refined Te;
my is the mass of input material

The three-dimensional results from the yield, growth rates, purifi-
cation efficiencies and distribution coefficients presented in the
following section were constructed from the 25 experimentally
measured parameter combination. For visualization purpose, the
discrete data were interpolated using the XYZ gridding function in
OriginPro 2023 onto a 30 x 30 matrix employing bicubic convolution
algorithm. The resulting surface plots of the results therefore do not
represent additional experimental measurements or fitted models.

Additionally, two separate experiments for temperature gradient G
measurements were performed for a representative cooling gas flow rate
of 60 L/min, selected as an intermediate operating condition within the
investigated parameter range. The objective of these measurements was
to characterise the solidification regime established under the Cooled
Finger process and to assess the proximity of the process conditions to a
planar solidification, rather than to conduct a full parametric study of
temperature gradients. Consequently, it provided insight into potential
design modifications of the Cooled Finger required to access different
solidification regimes in future process development.

Temperature data were recorded continuously from the onset of
crystallisation until the end of crystallisation period, including the
withdrawal of the submerged Cooled Finger. Two Type-K thermocouple
were fixed relative to the graphite shell at horizontal or vertical posi-
tions (compare Fig. 4). The thermocouple and the Cooled Finger
remained stationary during the experiment i.e. without rotation. The
error of the measurements is +0.005 K, and no thermocouple lag was

40 mm

0 mm

X

11.7 mm

7.5 mm

Fig. 4. Positions of the thermocouples within the solidified tellurium crystal
used for temperature gradient measurements, (a) vertical temperature mea-
surement at Y = 0 mm and Y = 40 mm; (b) horizontal temperature measure-
ment at Y = 0 mm between positions X7 = 7.5 mm and Xz = 11.7 mm relative to
the cooled finger.
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detected under the experimental conditions. The temperature gradients
Gyer and Gy, were calculated by taking the temperature difference over
the distance between the thermocouple.

3. Results and discussion

Temperature-time profiles recorded during solidification exhibited a
reproducible course consisting of an initial cooling stage followed by a
stable crystallisation period. Fig. 5 shows five representative
temperature-time curve obtained at different cooling gas flow rates, Q.
For all investigated rotation rates, wcr, the overall shape of the
temperature-time curves remained unchanged with no transient
behaviour observed, indicating that wcrdid not significantly influence
the thermal field under the present conditions. In contrast, variations in
Q; primarily influence the cooling rate of the melt, requiring higher
immersion temperature with increasing Q, to maintain stable near
crystallisation. During the main solidification interval, corresponding to
the quasi-plateau regions in the temperature-time profiles, only minor
temperature fluctuations were observed, with a total temperature
decrease of less than 1 K. This behaviour indicates that quasi-steady
thermal conditions were maintained over most of the solidification
period, supporting the use of averaged growth rates measured by taking
the thickness of the solidified metal over total time as solidification front
velocities, and averaged temperature gradients in the subsequent
analysis.

3.1. Yield and growth rate

Since the growth rate (V¢r) was determined by dividing the average
thickness by crystallisation time, the reported values therefore represent
an average V¢r over the full crystallisation period instead of transient
variations. Fig. 6(a) shows the combined influence of the cooling gas
flow rate, Qg and rotation rate, wcr on the measured Vcr. Over the
investigated range, Vcr increased monotonically with increasing Qg
from 20 to 80 L/min. At higher Q; (100-120 L/min), the increase in V¢r
became less pronounced, indicating a diminishing sensitivity to further
increases in cooling intensity. Here, the cooling capacity approaches a
limit where further heat transfer becomes restricted by the thermal
conduction between the steel shaft and graphite shell.

Rotation of the Cooled Finger introduced a secondary modulation of
Vcr. For a given Qg, changes in the Cooled-Finger rotational velocity, ocr
resulted in only minor variations in the measured growth rate with no
abrupt transitions across the investigated parameters space. This in-
dicates that, within the present operating window, the growth rate is
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Fig. 5. Selected temperature-time profile during Cooled Finger crystallisation.
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Fig. 6. Process parameter map showing the dependence of tellurium growth rate on wcr and Q, during Cooled Finger crystallisation: (a) three-dimensional colour
map of growth rate; (b) corresponding bubble plot, where bubble's size represents the crystallised yield (%).

primarily by the cooling intensity, while rotation plays a subordinate
role.

To further visualise the material yield, the same dataset is presented
in Fig. 6(b) using a bubble representation, where the bubble size cor-
responds to the material yield, defined as the ratio of collected solidified
mass to the initial charge.

At low Qg (20 and 40 L/min), weak cooling intensity slows down
crystallisation and thereby results in lower yield, with a barely
decreasing yield with increasing wcr. From yield perspective, this effect
is unfavourable; however, the associated improvement in purification
efficiency is of equal relevance and therefore should be considered in
parallel (Section 3.2). At an intermediate Qg of 60 L/min, the collected
mass showed no clear dependence on wcr, while at higher Q, (100 and
120 L/min), increasing wcr only resulted in a marginally higher
collected mass. This suggest that, under sufficient cooling conditions,
solidification is predominantly governed by heat transfer, and the effect
of rotation remains secondary. The slight variations observed with
increasing wcr can be attributed to hydrodynamic effects such as shear

at the solid-liquid interface and modifications of local cooling condi-
tions, which may influence crystal attachment and growth kinetics, but
do not significantly alter the overall yield.

Compared to previously reported rotation crystallisation of tellu-
rium, which reported a highest yield of 0.9% (27 g from 3 kg input feed),
the present work achieves significantly higher material recovery, with
yields ranging from 8.6% to 25.4%. It is worth noting that the obtained
yields are comparable to those reported for aluminium and magnesium
using similar Cooled Finger setup from the same laboratory, where
average yields are approximately 13% with a maximum of approxi-
mately 30%. This suggests that the observed yield is primarily governed

by the characteristic of the setup rather than being solely material-
specific. In this context, the yield is consistent with the process behav-

iour, and further increases can be expected with extended crystallisation
time.

3.2. Purification efficiencies and K-values of selected impurities

The implications of the above growth behaviour for impurity rejec-
tion are reflected in the purification efficiency, #,, shown in Fig. 7. The 5,
obtained across all investigated conditions ranged from 42.2% to 90.4%.
All refined samples exceeded 4 N5 purity (< 50 ppm total impurities),
demonstrating stable purification performance across the investigated
operating window, even when optimal conditions are not met.

A clear dependence of 57, on w¢r was observed. At low w¢r (25 and 50
RPM), refining efficiencies remained consistently low and showed
limited sensitivity to Q. Increasing wcr to 80 RPM resulted in a clear
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Fig. 7. Purification efficiency of all impurities in tellurium as a function of
rotation rate and cooling gas flow rate during Cooled Finger refining.

improvement in #,, while further increase to 120 and 200 RPM led to
substantially higher values. All samples reaching 5 N purity were ob-
tained at high w¢r (200 RPM at 20 L/min and 200 RPM at 40 L/min),
with lower Qg consistently resulted in higher ,. The overall contribution
of Qgto the variation in purification efficiency remained limited, typi-
cally accounting for less than 15% differences across the investigated
range. At high wcr (120-200 RPM) combined with high Qg (100-120 L/
min), purification efficiency tended to decrease slightly, despite these
conditions yielding with 25.47% the largest collected metal (compare
Fig. 6(b)).

The highest 7, were observed under combined of high w¢r and low
Qg conditions, since lower Qg promotes slower solidification, allowing
more time for solute rejection and redistribution. Although reduced
cooling intensity may decrease temperature gradient, previous Gy,
measurements indicate that the system remains within the cellular so-
lidification regime, such that moderate reductions do not induce den-
dritic instability, and instead support improved purification
performance through kinetic effects.

Several conditions yielded products close to, but not exceeding the 5
N purity threshold e.g. 11-20 ppm of total impurities corresponding to 4
N8-4 N89 for tests at 120 RPM. To provide quantitative context for the
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purification performance, Table 4 summarises the initial and final im-
purity concentrations for four representative samples. These include two
conditions achieving 5 N purity (1 and 2), one condition corresponding
to the lowest purification efficiency (3), and one near-threshold case at
4 N85 purity (4). These near-threshold cases are attributed to minor
variations in trace impurity concentrations at the sub-ppm level, where
small absolute differences can lead to relatively large changes in
calculated purification efficiency. Such fluctuations are inherent to high-
purity purification and do not indicate a fundamental limitation of the
process. Overall, these results demonstrate that substantial impurity
rejection can be achieved within a short crystallisation time (~30 min).
Further optimisation, particularly through improved thermal control or
extended solidification times, may enable even higher and more
consistent purity levels.

The measured initial impurity concentrations of the melts differed
slightly from the values from the raw material composition in Table 3.
This discrepancy may be attributed to batch-to-batch variations in the
raw materials, possible volatilization or redistribution of impurities
during melting, and sampling uncertainty. Therefore, the experimen-
tally measured impurity concentrations were used as the initial values
for all analyses and calculations.

The experimental distribution coefficients key, of the investigated
impurity elements Fig. 8 exhibit clear but element-dependent trends as a
function of wcr and Qq. Although it was mentioned that increasing
rotation generally promotes solute rejection, the response of individual
elements is non-monotonic, likely due to the differences in element-
specific diffusion coefficient as well as chemical reactivity and in-
teractions with other elements.

Selenium exhibits two maxima in ke, at low rotation (25 RPM)
combined with both lowest (20 L/min) and highest (120 L/min) Qg.
Between 40 and 100 L/min, key, decreases smoothly with increasing
wcr, from approximately 0.6 to 0.25, indicating progressively enhanced
segregation. Arsenic shows a similar result, with elevated key, values at
low rotation (40 RPM) and low or high cooling gas flow rates, followed
by a gradual decrease at higher rotation rate, spanning 0.4 to 0.15. Lead
follows the same general trend, with keyp, values in the range 0.15 to 0.5,
suggesting comparable segregation behaviour among these elements.

Nickel displays a distinctly different behaviour, where although
there are two pronounced maxima in ke, at 25 RPM for both 20 and 120
L/min, the remaining conditions resulted in a broad plateau with limited
sensitivity to either wcr or Qg. Across the investigated parameters, kexp
for Ni remains within 0.04-0.2 excluding the two maxima, indicating a
weaker dependence on process parameters compared to Se, As, and Pb.
Zinc shows only weak sensitivity to both wcrand Qg, with kex, remaining
in the range of 0.16 to 0.30, except for a single maximum at 40 RPM,
120 L/min. Iron exhibits the most pronounced w¢r dependence. Between
25 and 80 RPM, ke, remains around 0.31 to 0.37 for all Qg except 120 L/
min. At 120-200 RPM, a consistent decrease in ke, is observed across all
Qq, reaching values as low as 0.129 (200 RPM at 20 L/min).

The differing behaviour of Fe and Zn may reflect mutual interaction
effects commonly reported for these elements in metallic systems (e.g.
I-FesZnyo, Ox-FeZny, or (-FeZn;s3), potentially influence diffusion
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behaviour and local solute re-distribution even at trace concentrations.
This further applies to the mentioned system of Fe—Te, Ni—Te and
Pb—Te, representing one possible explanation for the observed local
maxima in the distribution coefficients. While the formation of inter-
metallic phases cannot be confirmed under the present conditions, such
interactions may contribute to the observed deviations form monotonic
behaviour.

The formation of intermetallic compounds generally requires local
enrichment of impurity species, sufficient undercooling, and adequate
time for nucleation and growth. At lower wcr, reduced melt convection
leads to the development of solute accumulation at the interface.
Simultaneously, higher Q; enhance heat extraction, increasing the de-
gree of local undercooling and could theoretically favour local phase
interactions if such phases were thermodynamically stable under the
investigated conditions.

However, the increased incorporation of elements such as Se and As
at low rotation rates cannot be attributed to intermetallic formation like
the other elements, but is more likely governed by mass transport lim-
itations in a local multi-component system. The mass transport limita-
tion may also apply to the other elements, as impurity clusters,
intermetallic compounds and individual elements may accumulate,
limiting diffusion between the interfacial region and the bulk melt. Such
interactions between elements can modify their effective thermody-
namic behaviour, including changes in activity, partitioning tendencies,
and interfacial properties.

It should be noted that the investigated impurity concentrations are
in the ppm range, and the calculated values are therefore based on very
small absolute differences in concentration. As a result, even minor
variations in measured values can lead to relatively large changes in the
calculated coefficients. For example, a change from 1 ppm to 0.6 ppm at
a given reference concentration corresponds to a significant relative
difference, although the absolute variation remains minimal. This
inherently high sensitivity must be considered when interpreting fluc-
tuations in the distribution coefficients. The average deviation was
found to be within £0.05 ppm, indicating a high level of analytical
precision and confirms that the observed trends are reproducible within
the limits of measurement uncertainty.

Although the calculated k., ranges are relatively broad compared to
the values in Table 1, this variation arises primarily from two factors.
First, the investigated impurity concentrations are at trace levels, where
small absolute deviations in ppm can translate into comparatively large
changes in calculated distribution coefficients. Second, the experiments
were conducted over a wide operational window encompassing signif-
icantly different rotational speeds and cooling intensities, which inten-
tionally produces strong variations in solute transport conditions.

Overall, the results indicate that rotation rate is the dominant
parameter governing impurity segregation, while Qg plays a secondary
role that becomes relevant primarily at higher wcr. Most reported
tellurium purification studies quantify impurity removal on an element-
specific basis, typically though multi-pass zone melting. Processes that
are more directly comparable to the present Cooled Finger approach
have been reported to exhibit very low yield of 0.5% - 1%, and limited
product purity with total impurities of 13.08 ppm from 52.23 ppm,

Table 4
Initial and final impurity concentrations (ppm) of representative samples illustrating the purification performance under selected processing conditions (DL: detection
limit).
Samples and parameters Na Al Cr Mn Fe Ni Cu Zn As Se Pb Sum
200 RPM, 20 L/min Final 0.03 0.98 0.19 0.08 1.97 0.26 <dl 1.36 0.02 1.78 0.18 5.63
Initial 33.11 3.0 0.35 0.096 5 1.2 11.2 2.73 0.15 2.95 0.68 60.45
200 RPM, 40 L/min Final <dl 0.97 0.29 0.3 1.97 0.69 0.04 0.42 0.08 1.79 <dl 6.55
Initial 19.66 1 0.41 0.73 10.2 7.1 6.32 1.517 0.21 1.87 0.11 47.45
50 RPM, 60 L/min Final 19.29 0.95 <dl <dl 3.85 0.45 0.04 0.48 0.04 4.83 0.1 30.03
Initial 32.03 1 <dl <dl 8.68 1.85 1.26 0.85 0.089 5.17 0.16 51.08
120 RPM, 60 L/min Final 5.25 0.97 <dl <dl 4.69 0.95 0.21 2.06 1.16 0.99 0.095 15.39
Initial 34.06 1 <dl <dl 28.32 5.64 0.39 2.3 1.92 2.95 0.32 76.9
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Fig. 8. Experimental distribution coefficient k.x, as a function of wcr and Q, during Cooled Finger purification of tellurium: (a) Se, (b) Fe, (c) Zn, (d) As, (e) Pb and
(f) Ni.

despite higher nominal purity claims by the authors [27]. In contrast,
the present study evaluates overall purification performance via
resulting total purity enhancement within a single fractional crystal-
lisation step. This approach reflects the intended role of the process as a
supplementary pre-purification stage rather than a replacement for zone

melting. As a result, direct comparison of individual impurity removal
efficiencies is therefore not appropriate.

3.3. Temperature gradient

The measured vertical temperature gradient, Gy, initially reached
approximately 0.16 K/mm and stabilized at around 0.06 K/mm for the
remainder of the process, while the horizontal temperature gradient Gpo,
ranged between 0.4 and 4.2 K/mm (compare Fig. 9). The measurements
were performed at 60 L/min without rotation and therefore represent
reference condition rather than a complete mapping of the thermal field.

The reported gradients are based on temperature differences be-
tween two fixed measurement points. For assessment the solidification
regime, the relevant gradient corresponds to the condition where one
measurement point is located in the solid phase and the other remains in
the liquid phase. This condition is achieved only in the horizontal
measurement configuration (Fig. 9 (b)). At the beginning of the exper-
iment, both thermocouples were located in the liquid phase; the tran-
sition to a solid-liquid measurement condition is indicated by the
increase in the Gy, observed after approximately 20 min from the onset
of crystallisation. From this point onward, the measured horizontal

temperature gradient reflects the thermal conditions at the solid-liquid
interface and can therefore be used to characterise the solidification
regime according to Fig. 2.

The growth rate, V¢r under stationary conditions (without rotation)
was approximately 0.0092-0.0094 mm/s. Under the combined condi-
tions of Gy, and Vcr the expected solidification morphology lies within

5.0
Start of crystallisation — Removal of Cooled Finger
g 0.18 4 / E 4.5
g E 4.0
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=3 0)
° S 35
2 014+ 4
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@ 230
& =
= 0.12 a k.
oo 2.5 7.
Q 2 .5mm 117 mm
£ 010+ Removal of Cooled Finger 2,0
g B
£
s 0.08 - 1.5 4 . ~
? E Start of crystallisation e
& 0.06 - H 104 Crystal grew around X;
0.04 : : : ; | | . 031 ; : : : : : . ;
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
Time (min) (a)

Time (min)

(b)

Fig. 9. Measured temperature differences during solidification: (a) vertical temperature gradient (b) horizontal temperature gradient.
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the oriented cellular structures (compare Fig. 2), approaching the
transition to coarse oriented dendritic growth. However, examination of
the crystallised product revealed no clear evidence of dendritic features
(Fig. 10(a)). Instead, the solidification morphology was dominated by
oriented cellular growth in the growth direction. For clarity, the ex-
pected growth of solidification morphology is therefore illustrated in
simplified form in Fig. 11. Comparing the cellular and planar growth
morphologies in Fig. 2 indicates that the Cooled Finger process operates
close to the planar stability limit in terms of V¢r, but that the available G
are insufficient to fully suppress cellular instabilities [26]. From a pu-
rification processing perspective, this oriented cellular regime is pref-
erable to dendritic solidification, as solute re-distribution occurs
preferentially along the growth direction rather than being trapped
between dendrite arms.

At lower Qq, reduced heat extraction capacity of the Cooled Finger
limits the attainable temperature gradient G at the solid-liquid interface,
thereby weakening directional heat flow away from the interface. Under
such conditions, the liquid ahead of the interface could become effec-
tively undercooled due to solute enrichment instead of temperature,
promoting dendritic instabilities rather than stabilising the cellular
front. This is consistent with the observed interface morphology, where
enhanced local undercooling that would lead to increased solidification
rates at the interface causes the formation of equiaxed dendritic struc-
tures (Fig. 10b). In contrast, high Q, are expected to enhance heat
removal from the Cooled Finger, increasing G and extending the stability
range for cellular or near-planar solidification. However, this stabilisa-
tion is only achieved provided that the solidification velocity does not
increase excessively. In the present Cooled Finger setup, the parallel
increase in cooling intensity and solidification velocity cannot be fully
decoupled, limiting the extent to which a stable planar front can be
maintained.

Rotation, which was not applied during gradient measurements, is
expected to further modify both the thermal and solute fields by
enhancing convective heat transfer in the melt and reducing solute
boundary layer thickness § [22]. While this may improve mass transport
conditions, it simultaneously alters the local solidification dynamics,
making control of the thermal and solute fields challenging. Achieving
planar solidification in the Cooled Finger process therefore requires
combined optimisation of cooling intensity and rotational speed.

In comparison to established techniques such as zone melting, where
thermal gradients and growth conditions can be more effectively
decoupled, the Cooled Finger approach exhibits inherent limitations in
separating thermal control from mass transport or growth control. The
results obtained in this study therefore supports that, under the inves-
tigated conditions, the Cooled Finger method is better suited as a

Growth Direction Growth Direction O

Fig. 10. Surface morphology of crystallised product (a) cross-section (b) solid-
liquid interface.
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Fig. 11. Schematic illustration of the solidification morphology during Cooled
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supplementary purification step rather than a standalone technique.

3.4. Burton-Prim-Slichter (BPS) analysis and evaluation of the diffusion
boundary layer

According to the BPS model, the effective distribution coefficient
kefr = kexp is related to the ratio of diffusion boundary layer thickness to

solute diffusivity (%). Linearising the model yields a proportional rela-

tionship between In (ﬁ — 1) and the growth rate Vgg, from which &

Xp

can be obtained from the slope of the fitted lines. The individual BPS
plots constructed for each wcr are presented in Fig. 12 (a)-(e), while the
resulting & values are summarised in Fig. 13. Although V¢r and &
contribute to the effective segregation behaviour, a direct quantitative
correlation between these two values cannot be established from the
present data.

For Se, As and Ni, & decreases systematically with increasing rotation
rate. This behaviour is consistent with classical boundary layer theory.
The observed trend therefore supports the expected dynamic thinning of
8 under increasing rotational intensity, in agreement with previous
studies on convection-controlled segregation in melts.

In contrast, Pb, Fe and Zn exhibit a non-monotonic dependence of%
on rotation rate. An initial increase in £ is observed between 25 and 80
RPV, followed by a decrease at higher rotational speeds. Since only a
single diffusion boundary layer is present under each experimental
condition, changes in & cannot be attributed solely to melt-dynamic ef-
fects. Instead, the behaviour suggest that the effective diffusivity D of the
segregating species may vary with processing conditions.

One possible explanation is the transient formation of solute com-
plexes or compound species in the melt. If transport occurs partially
through compound diffusion rather than individual elemental diffusion,
the effective diffusivity may differ from the tabulated values for pure
elements. Such a change would alter the extracted 3 ratio without
necessarily reflecting a true increase in 8. Similar considerations of
compound-assisted transport during high-purity metal purification have
been discussed in previous studies [29].

These results indicate that while rotation predominantly governs &
thinning [17,27,30], element-specific interactions in the melt may
additionally influence the apparent diffusion behaviour. Consequently,
the & values derived from the BPS analysis should be interpreted as
effective transport parameters reflecting the coupled influenced of
convection and chemical interactions, rather than purely geometric
boundary layer thicknesses.

4. Summary

The present study evaluated the purification behaviour of tellurium
in a rotational Cooled Finger crystallisation system, with particular
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focus As, Fe, Ni, Pb, Se, and Zn. Across the investigated parameter
window, stable directional growth was maintained within the cellular
solidification regime, with measured horizontal temperature gradients
in the range of 0.4-4.2 K/mm and average interface velocities of
approximately 9 pm/s.

Purification efficiencies between 42% and 90% were achieved
within a fixed crystallisation time of 30 min, with all refined samples
exceeding 4 N4 purity from 4 N and two reaching 5 N purity. A clear
dependence of impurity rejection on rotational speed was observed,
while cooling gas flow rate primarily influenced material yield. The
yield-purity trade-off demonstrates that high rotational speeds com-
bined with low to moderate cooling intensities provide the most
favourable compromise between purification performance and material
recovery.

Element-specific segregation behaviour revealed systematic trends
for Se, As, and Ni, while Pb, Fe and Zn exhibited non-monotonic re-
sponses to increasing rotation. The experimental distribution co-
efficients kexp for the investigated impurities fall within the following
ranges: Se (0.25-0.87), Fe (0.13-0.50), Zn (0.16-0.52), Pb (0.15-0.73),
and Ni (0.03-0.50). Analysis within the Burton-Prim-Slichter framework
showed that the effective 3 ratio decreases with increasing rotational
speed for most elements, indicating the dynamic thinning of the solute
boundary layer. Deviations from monotonic trends suggest that multi-
component interactions in the melt may influence the effective trans-
port behaviour of certain elements.

In the context of conventional zone melting, the present results
highlights the potential of the Cooled Finger process as a rapid pre-
purification step. While literature reports that multi-pass zone melting
typically requires 10-35 h to achieve significant impurity reduction and
ultra-high purity levels, the present study demonstrates that substantial
impurity removal from 60 ppm to ~5 ppm can be achieved within a
single 30 min crystallisation. Even under less favourable conditions,
impurity levels were reduced from 51.08 ppm to 30.03 ppm within the
same processing time.

Although the absolute purity levels remain below those attainable by
extended multi-pass zone melting, the results proved that the Cooled
Finger is highly effective in rapidly reducing the initial impurity burden,
enabling more efficient downstream purification and reducing process-
ing time required to reach ultra-high purity levels. In this context, the
primary value of the process lies not in maximizing individual impurity
removal, but in improving overall purification process efficiency,
throughput and time-to-purity. Therefore, the technical feasibility of the
Cooled Finger process at laboratory scale has been demonstrated.
However, the work should be regarded as a proof-of-concept investi-
gation, and further studies are required to evaluate industrial imple-
mentation. Future research should address scale-up considerations,
including the influence of geometry on productivity, optimisation of
heat extraction, and feasibility of continuous or semi-continuous oper-
ation. Further studies should also consider the behaviour of other im-
purity elements commonly present in copper anode slime-derived
tellurium, including Bi, Sb, Sn and Ag, to further broaden the evaluation
of the Cooled Finger purification process.
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