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Abstract 15 
Thermoelectric devices (TEDs) are solid-state devices capable of converting a temperature gradient into 16 
electric power. Due to their robust physical composition, the importance of TEDs has increased recently as 17 
their applications have broadened from the aerospace industry to the recovery of waste energy from heat 18 
sources. As a consequence, an increase in their consumption and future disposal is expected. Nowadays, 19 
there is no recycling process designed for TEDs, thus representing an open-loop stream of end-of-life 20 
products, which results in the loss of valuable materials. 21 
This work aims to address this future problem. Hereby, commercial thermoelectric devices were 22 
mechanically processed and characterised. With the experimental results thus produced, statistical entropy 23 
analysis was performed to propose a suitable recycling process. Three different mechanical processing 24 
systems are compared by their liberation and concentration efficiencies. Based on the final values of 25 
statistical entropy, a final mechanical processing system is proposed consisting of grinding in a ring mill, 26 
followed by sieving with 3350µm and 1000µm openings. Furthermore, the characterization results suggest 27 
the possible addition of a dense media separation step to enrich the different material present in the fraction 28 
<1000µm. The recommended system achieves a significant entropy reduction of Cu and separation of 29 
plastics from ceramics and semiconductors in only four steps. The final recoveries are TED components 30 
that may be suitable for metal refinement by other metallurgical means.  31 



Keywords: Thermoelectric devices, recycling, statistical entropy analysis, circular economy.  32 



1. Introduction 33 
Thermoelectric devices (TEDs) are solid-state heat and energy pumps designed to operate based on the 34 
Seebeck effect, where a gradient of temperature passed through a semiconductor generates an electric 35 
current, the inverse effect known as the Peltier effect (H. Julian Goldsmid, 2010; Yang et al., 2017). Due 36 
to their robust construction, operation not bound to a specific position, no movable parts, lightweight, and 37 
high degree of accuracy, these devices are applied in a vast set of industries, including aerospace, 38 
automotive, cooling and heating, medicine, sensors, and nuclear industries (Champier, 2017; EPSRC 39 
Thermoelectric Network UK, 2018; Riffat and Ma, 2003). The versatility of these devices is further 40 
increasing the variety of their applications, especially as energy-harvesting devices, for example generating 41 
power and heating from household façades, car exhausts, and electronic wearable devices (Haras and 42 
Skotnicki, 2018; Kishi et al., 1999; Patyk, 2013; Riffat and Ma, 2003; UNEP and International Resource 43 
Panel, 2011; Xu et al., 2007). Consequently, the global thermoelectric market and the production of Bi, Te, 44 
Sn and Cufor TED production are forecasted to increase, e.g, the market from US$320 million to US$720 45 
million between 2015 and 2021 (EPSRC Thermoelectric Network UK, 2018), and the production from 46 
2,800 to 46,000 tonnes of metallic Bi, 298 to 457 metric tonnes of Te, 299,000 to 335,000 tonnes of metallic 47 
Sn and 18,300,000 to 20,200,000 tonnes of metallic Cu, between 2014-2017 (Brown et al., 2019). It is thus 48 
reasonable to expect an increase of TEDs in waste streams representing potential losses valuable metals 49 
(Riffat and Ma, 2003; Twaha et al., 2016).  50 
The standard structure of commercially available TEDs, Figure 1A, consists of two ceramic plates enclosing 51 
several thermoelectric modules connected electrically in series and thermally in parallel schematically 52 
represented in Figure 1B (Champier, 2017). A thermoelectric module (TEM) is the basic unit of 53 
construction of a TED, built from positive (p-), and negative (n-) semiconductors connected to an electrical 54 
conductor.  55 



 
Figure 1 A) Thermoelectric Device type SP1848-27145-SA. B) Schematic diagram of the profile of a thermoelectric 

device, adapted from (H. Julian Goldsmid, 2010) 
The semiconductors (yellow in Figure 1B) are most commonly made from Bi2Te3 because it efficiently 56 
converts a low thermal energy source (in the temperature range of 200–400 K) into electrical energy 57 
(Culebras et al., 2015; Mamur et al., 2018). Nevertheless, material development for more efficient 58 
semiconductors has recently raised the possibility to use materials of higher complexity (dopants, or nano-59 
structures) that reportedly boost energy throughput (Homm and Klar, 2011; Tan et al., 2016; Zhang and 60 
Zhao, 2015). It is common to find Sn-coated Cu and Al2O3 as electrical connectors and ceramic substrate, 61 
respectively. In some cases, TEDs present a plastic cover around the perimeter, protecting the internal 62 
components as displayed with dotted white areas in Figure 1B. Also, a fully operational TED includes an 63 
external wiring system (Cu and plastic), to transport the generated electric current (red and black wires in 64 
Figure 1A). As currently there are no recycling operations for the treatment of these devices, the present 65 
work shows the development of a pre-processing system for the recycling of TEDs reaching end-of-life 66 
(EoL). The system hereby proposed is based on experimental data obtained at laboratory scale, aiming to 67 
design a concentration process employing a minimum number of stages, hence, optimizing the  68 
concentration efficiency of a potential recycling system employing statistical entropy and material flow 69 
analysis. 70 
The use of material flow analysis (MFA) in conjunction with relative statistical entropy (RSE), presents a 71 
suitable option to describe a process in terms of its concentration capabilities (Brunner and Rechberger, 72 
2011; Rechberger, 1999; Rechberger and Brunner, 2002). RSE-MFA aims at overcoming the drawbacks of 73 
other traditional efficiency parameters by analysing a process from a systemic perspective, accounting for 74 
all the streams flowing in and out of the different transformation steps. Historically, this methodology has 75 
been studied and applied in various fields of resource management (Bai et al., 2015; Laner et al., 2017; 76 
Rechberger and Brunner, 2002; Rechberger and Graedel, 2002; Sobantka et al., 2014; Zeng and Li, 2016), 77 
but its application as a parameter to describe recycling systems is still a novelty. In recent publications MFA 78 
and RSE were employed to design and optimize a Li-ion battery recycling Pre-Processing (PP) system 79 
based on its entropy reduction capability (Velázquez Martínez et al., 2019b) and to determine the entropy 80 



evolution of PP stages and its implications on subsequent refining stages (Velázquez Martínez et al., 2019a). 81 
As a result of its reported advantages, this methodology is applied in this research work for the first time in 82 
the context of TEDs recycling. 83 

2. Current Status of TED Components Recycling 84 
2.1. Semiconductor: Bi2Te3 85 

Te is reported to be one of the scarcest elements on the Earth’s crust with a concentration of 1 ppb, and its 86 
economic importance is increasing due to its use for solar panel,TEDs production and as alloying compound 87 
in steel, Pb and Cu (U.S. Department of the Interior and U.S. Geological Survey, 2017; UNEP and 88 
International Resource Panel, 2011). The enrichment of Te occurs as a by-product of Cu and Pb production. 89 
Worldwide, only 1% of the Te coming from EoL solar panels is recycled, and its processing is still at early 90 
development stages (European Comission, 2017; UNEP and International Resource Panel, 2011). 91 
Te remains listed as a non-critical material by the European Union, even though its economic importance 92 
factor surpasses the criticality threshold (UNEP and International Resource Panel, 2011). As a consequence 93 
of the increasing importance of TEDs, Te recovery from EoL products may become a necessity. 94 
Nevertheless, the literature on the recycling of Bi2Te3 from TEDs is scarce. Among the few available 95 
references, there are reports of Bi2Te3 nanoparticle production from waste TEDs (Kim, 2013) and the 96 
recovery of Bi and Te in elemental form through a bio-hydrometallurgycall process (Bonificio and Clarke, 97 
2014). Even though the aforementioned studies were promising, they did not deal with the development of 98 
a full recycling process, including the mechanical treatment required to obtain the thermoelectric elements 99 
of interest. On the other hand, the target of this work is to design a recycling process with minimum 100 
statistical entropy for an efficient recycling of TEDs 101 
Bi is reported by the European Union as a critical raw material, presenting an Earth’s crust concentration 102 
of 8 ppb (European Commission, 2018). Bi enrichment occurs mostly as a by-product of W processing. 103 
Reportedly, Bi recycling rates are less than 5% in the US (U.S. Geological Survey, 2018) and only 1% in 104 
EU (European Commission, 2018). Bi also finds applications in the cosmetic industry, in ceramic glaze, as 105 
a non-toxic replacement for lead in brass, and fertilizer. However scarce, recycling of Bi is possible through 106 
different hydrometallurgical processes, e.g. recovery from HCl solution (Kim and Wang, 2008; Reuter and 107 
Worrell, 2014). Thus, possibly alleviating the shortage and primary raw material extraction directly linked 108 
to this element.  109 



2.2. Connectors and Wiring: Cu and Sn 110 
Cu extraction and refinement from primary sources is an on-going activity. However, the increasing need 111 
for this metal in addition to its high economic value renders extraction from secondary sources, i.e. 112 
recycling, a necessary operation.  Cu recycling recovers almost 50% of the Cu in the US and 95% in Europe, 113 
according to official reports by (European Commission, 2018; U.S. Geological Survey, 2018). In TEDs, 114 
Cu is found in two different components: in the form of Sn-coated electric connectors and as part of the 115 
wiring system. As a component, the extraction of the Sn-coated connectors and Cu-wires is relatively 116 
straightforward and, once separated, Cu can be enriched to high purity standards through hydrometallurgy 117 
(Li et al., 2017; Yoo et al., 2012).  118 

2.3. Casing: Al2O3 119 
Al recycling is a widely and well-established operation worldwide, in comparison, recycling of its ceramic 120 
form is lagging. There are different after-life options for Al2O3, e.g. refurbishment at industrial-scale 121 
operations (Metaloy, n.d.; Washington Mills, 2019), employed as raw material for concrete additive 122 
manufacturing and possibly being employed for road construction (López-alonso et al., 2019; Sua-iam and 123 
Makul, 2017).  124 

3. Materials and Methods 125 
A total of 149 TEDs were divided into four samples (A, B, C, D) and treated mechanically by different 126 
processes, as seen in Table 1. The fractions obtained after processing were subsequently sieved and their 127 
density and chemical composition were analysed by pycnometry and X-Ray diffraction respectively (see 128 
below). Before mechanical treatment, the wiring system (black and red wires in Figure 1A) of all the TEDs 129 
was removed manually. Such components can potentially lower processing efficiency, introduce undesired 130 
material to the fractions, or damage laboratory scale equipment.  131 
Table 1 - Experimental setup for TED’s component liberation 132 

Sample No. of 
Batches 

TEDs 
per 

Batch 
Liberation 

Method 
Processin
g Time (s) RPM Sievin

g 

Chemic
al 

Analysi
s 

Densit
y 

Analys
is 

A 1 1 Manual 
Dismantling 

- - - Yes Yes 

B 16 5 Cutting 
Mill 

until 
passing 

1500  Yes Yes Yes 



C 12 4 Ring Mill 15 750 Yes Yes Yes 
D 5 4 Ring Mill 60 750 Yes Yes Yes 

 133 
Sample A in Table 1 consists of a single TED manually dismantled to estimate the real concentration of 134 
components and as a benchmark for an ideal separation process. Samples B, C, and D were liberated using 135 
a cutting mill (B) and a ring mill (C and D). Sample C was designed to match the distribution curve of 136 
Sample B, employing a different comminution mechanism. Samples C and D used the same grinding device 137 
but varying processing time. This experimental setup permitted the identification of optimal processing 138 
time and sieving method to separate the internal compounds efficiently. 139 

3.1. Mechanical Processing of Samples 140 
3.1.1. Manual Disassembly: Sample A 141 

Manual disassembly was carried out employing a hammer, pliers, and tweezers following the next 142 
procedure: 143 

1. Tap with a hammer to expose the internal components.  144 
2. Extract semiconductors utilising a tweezer.  145 
3. Extract Cu-connectors from the ceramic by pliers.  146 
4. Hand-sorting of components based on their aspect (Figure 2). 147 



 148 
Figure 2 Manually disassembled TED, Sample A 149 

As seen in Figure 2, the resulting fractions are easily differentiated visually. Fraction 1 consists of the Cu 150 
connectors, Fraction 2 by the semiconductor, and Fraction 3 by the ceramic substrate with the plastic cover. 151 
It is worth noting that, although the products of manual disassembly may be the closest to an ideal separation 152 
by mechanical means, they are not 100% pure. As seen, the ceramic substrate presents imprinted Cu-like 153 
material, and the connectors show a small proportion of semiconductor and Sn.  154 

3.1.2. Cutting and Ring Mill Liberation: Samples B, C and D 155 
Sample B 156 
Sample B processing was carried out with a Retsch SM300 cutting mill with a 2 mm screen attached at the 157 
downstream of the cutting chamber. The passing particles were extracted with the aid of a vacuum pump, 158 
while the remaining coarse fraction was collected with the aid of a brush. An image of a typical underflow 159 
fraction of shredded TED is presented in Figure 3. 160 



 161 
Figure 3 Typical outcome of the cutting mill, 1500 rpm with a 2 mm sieve at the output.  162 

As seen in Figure 3, there is no evident separation of components within the product material fraction.  The 163 
mixture obtained from the cutting mill is formed by semiconductor, ceramics, and Sn-coated Cu connectors 164 
with only a small concentration of plastics. The latter remained in the processing chamber, with attached 165 
ceramic particles.  166 
Samples C and D 167 
Samples C and D were processed utilising a Fritsch Pulverisette ring mill type 09.003, during 15 and 60 s, 168 
respectively (Figures 4A and 4B). 169 



  
Figure 4 Typical result of ring mill grinding during a) 15 seconds, b) 60 seconds. 

The preparation time for Sample C (Figure 4A) was chosen to obtain a particle size distribution comparable 170 
to that obtained by the cutting mill. Sample D processing (Figure 4B) was designed to promote the 171 
separation of the metallic connectors by exploiting the differences in the malleability of the compounds. As 172 
observed in Figure 4A, low processing times (Sample C) resulted in a highly mixed particle population. 173 
Using an extended milling time (Sample D, Figure 4B) pulverised the brittle fractions (i.e., semiconductor 174 
and ceramic), keeping the soft compounds (Cu and plastics) deformed. The mechanical strength of Cu 175 
resulted in being of significant importance, as it prevented it from breaking into smaller particles during 176 
ring mill processing, unlike the rest of the compounds. Furthermore, upon the comparison of the plastic 177 
fraction from Figure 4A and Figure 4B, it is observed that after extended processing, the plastic particles 178 
agglomerate in a spiral-like shape visually larger than the pulverised and metallic fractions.  179 

3.2.  Particle Size Classification 180 
The material resulting from mechanical processing was sieved for 10 minutes in a Fritsch Analysette 181 
laboratory-scale shaking sieving tower using sieves with the opening sizes presented in Table 2.  182 
Table 2 Sieving system construction per sample.  183 

Sample Sieving Opening Sizes 
B (2000 μm), 1000 μm, 500 μm, 355 μm, 250 μm and 125 μm 
C 3350 μm , 2000 μm, 1000 μm, 500 μm, 355 μm, 250 μm and 125 μm 
D 3350 μm, 1000 μm 

 184 
From Table 2, the sieving of sample B began with the 1mm sieve as it was pre-sieved during shredding 185 
with a 2 mm screen. Sieving of Samples C and D started with a 3.35 mm sieve because they were not 186 
preliminarily screened and the larger particles present a substantial difference compared to that of the 187 



cutting mill. In comparison to Sample C, Sample D presented a higher mass of fine particles because of the 188 
significantly larger processing time, hence sieves of 3.35 and 1 mm were deemed sufficient for separation 189 
by size. 190 

3.3. X-Ray Diffraction  191 
The X-ray Diffractometry (XRD) apparatus used for composition analysis is a PANalytical X’Pert PRO 192 
MPD Alfa-1, with monochromatic radiation (Cu Kα1, λ=1.54056 Å). The measured XRD patterns were 193 
analysed using the reference intensity radio method as implemented in the“Match!” software (de Wolff 194 
and Visser, 1964). As the XRD equipment requires that samples are on a continuous flat surface, the 195 
particles between 1 mm and 125 μm were re-ground to achieve the particle size suitable for analysis, 196 
~125μm. As the Cu connectors are not suitable for re-grinding, these were tethered to an adhesive putty 197 
suitable for XRD. The plastic fraction was accounted for by mass-balance only due to their unsuitability 198 
for XRD characterisation.  199 

3.4. Density 200 
Density measurements were carried out in a Quantachrome UltraPyc 1200e pycnometer attached to a 201 
helium gas supply, using the following settings: 32oC analysis temperature, 42 kPa target pressure, 1 min 202 
flow purge for an average of 3 runs.  203 

3.5. Mathematical Background of Material Flow Analysis and Statistical Entropy  204 
A brief description of the RSE-MFA mathematical background is provided next, although a more detailed 205 
description of this methodology can be found in the works of (Brunner and Rechberger, 2011) and 206 
(Velázquez Martínez et al., 2019b, 2019a) for the interested reader. The combination of RSE-MFA is 207 
capable of describing the concentration or dilution of material throughput within defined boundaries 208 
employing the stream information (i.e., the concentration of elements of interest) as a basis. The resultant 209 
value of (RSEi,q) differentiates between the highest level of entropy (dilution) and 0 the highest 210 
concentration of elements. RSE requires individual entropy calculations (ℎ𝑖,𝑠, equation 2) of the ith 211 
component (element or compound) present in the sth process stream (in units of mass/time):  212 

𝒉𝒊,𝒔 = −�̃�𝒊,𝒔𝒄𝒊,𝒔 𝒍𝒐𝒈𝟐(𝒄𝒊,𝒔) ≥ 𝟎 (2) 

Where, 𝑐𝑖,𝑠 is the concentration [%] and �̃�𝑖,𝑠 is the dimensionless unit of standardised mass fraction, 213 
obtained by Equations 3 and 4: 214 

�̃�𝒊,𝒔 =
�̇�𝒔

∑ �̇�𝒊𝒔

 (3) 

�̇�𝒊 = �̇�𝒔𝒄𝒊,𝒔 (4) 



Where �̇�𝑠 is the mass-flow in the sth stream and �̇�𝑖 is the substance flow. Thus, the statistical entropy value 215 
of the ith component in the qth stage, Hi,q, is obtained by the sum of ℎ𝑖,𝑠 values, Equation 5.  216 

𝑯𝒊,𝒒 =∑𝒉𝒊,𝒔
𝒒

 (5) 

The q total amount of stages in a system equals the number of steps plus 1, q=n+1. The relative value of 217 
statistical entropy (RSE), Equation 6, standardises the entropy value between components, thus, making 218 
possible an objective comparison. As RSE requires a benchmark value, the entropy level of the feeding 219 
material, 𝐇𝐢,𝐪

𝐢𝐧𝐩𝐮𝐭 (Equation 7), is used in this work. The quotient expressed in equation 6 leads to a 220 
dimensionless value [bits/bits]. 221 

𝑹𝑺𝑬𝒊,𝒒 =
𝑯𝒊,𝒒

𝑯
𝒊,𝒒
𝒊𝒏𝒑𝒖𝒕

 (6) 

𝑯𝒊,𝒒
𝒊𝒏𝒑𝒖𝒕

= 𝐥𝐨𝐠𝟐 [∑�̃�𝒊,𝒒

𝒒

] (7) 

 222 
4. Results and Discussion 223 
4.1. Weight Distribution 224 
4.1.1. Sample A  225 

Table 3 presents the weight fraction [w/w%] of the components obtained by manual disassembly (Sample 226 
A). It is observed that in the TEDs hereby employed, there the largest fraction is that of ceramic and plastics, 227 
followed by connectors (>60w/w%). Thus, it is logical to focus on obtaining rich fractions of Cu and 228 
semiconductors, as they are the most economically valuable compounds. In this case, the plastic fraction 229 
represents a low economic value and is considered an impurity, hence, its efficient separation from the rest 230 
is necessary. 231 
Table 3 TED w/w% Distribution by component. The plastic attached to the ceramic and wire were not efficiently separated, hence, 232 they are presented in the same fraction  233 

Component w/w% Semiconductor 11% Connectors 31% Ceramic and Plastic 38% Wire and Plastic 19%  234 



Furthermore, the values presented in Table 3 are similar to those reported in previous publication (Balva et 235 
al., 2017), although they also reported Sb and Se which are commonly used as dopants in semiconductors. 236 
Other materials, i.e. Cu, Sn, Te, Bi, and Al (described as, Semiconductor, Connectors and Ceramic in Table 237 
3), are found in similar concentration in both works, suggesting that our findings are applicable to TEDs 238 
from other manufacturers than those specifically used hereby 239 

4.1.2. Samples B and C: Cutting and Ring Mill Processing  240 
The processing setups of Samples B and C were designed to produce particles with matching particle size 241 
distributions. Figure 5 presents the results of these processes. 242 

 243 
Figure 5 Cumulative Weight Distribution: Samples B and C 244 

In Figure 5, Sample B includes the fraction of the cutting mill retained above 2 mm. It is observed that from 245 
a mass distribution perspective there is no difference in processing by either setup. Thus, further analysis, 246 
e.g., chemical and RSE-MFA, are required for a suitable decision making. 247 

4.2. Chemical Characterization Analysis 248 
The chemical characterisation was performed in search for the typical materials reported by the published 249 
literature (Bonificio and Clarke, 2014; H. Julian Goldsmid, 2010), that is, Bi2Te3 for semiconductor, Al2O3 250 
for ceramic substrate, and Sn-coated Cu for the connectors. Please refer to the Supplementary Material for 251 
a detailed version of the XRD pattern chart. 252 
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4.2.1. Sample B: Cutting Mill Processing 253 
Table 4 presents the results of the chemical characterisation of size factions from Sample B. The fractions 254 
retained by the 1000µm, and 2000µm sieve underwent a manual sorting to obtain the weight proportion 255 
(w/w%) of Ceramic, Cu, Plastics and Semiconductors 256 

Table 4 Average chemical composition of the sample B fractions. *The accuracy of XRD analysis is at 2% concentration. 257 

Fraction w/w% Std_Dev Bi2Te3 Std_Dev Al2O3 Std_Dev 
Sn-

Coated 
Cu 

Std_Dev Plastics Std_Dev 

<125 μm 16% 0.9 26% 1.3 73% 1.6 <2%* - 0% 0.0 
125 μm 7% 0.3 11% 1.0 88% 1.8 <2%* - 0% 0.0 
250 μm 5% 0.2 7% 0.8 93% 0.8 <2%* - 0% 0.0 
355 μm 8% 0.3 6% 0.8 94% 0.9 <2%* - 0% 0.0 
500 μm 32% 1.7 5% 0.3 95% 0.5 <2%* - 0% 0.0 

1000 μm 19% 2.4 15% 0.0 45% 0.0 36% 0.0 4% 0.0 
2000 μm 14% 0.0 3% 0.0 7% 0.0 83% 0.0 8% 0.0 

 258 
As shown in Table 4, the highest w/w% value was retained in the 500 μm sieve. Semiconductor reports 259 
mainly in the finest fractions. However, the presence of the semiconductor in all fractions is attributed to 260 
dust-like particles getting attached to larger ones. Al2O3, on the other hand, is most densely distributed in 261 
the fractions ≤ 500 µm sieve, indicating the possible use of a sieving system to concentrate this compound. 262 
The Sn-coated Cu connectors and plastic fractions were clearly recovered in the larger sieve fractions.  263 

4.2.2. Sample C: Ring Mill, Short Processing Time 264 
Table 5 presents the results of the chemical characterisation of Sample C. The fractions retained by the 265 
1000 µm, 2000 µm, and 3350 µm sieves underwent manual sorting to obtain the weight proportion (w/w%) 266 
of Ceramic, Cu, Plastics and Semiconductors. 267 

Table 5 Average chemical composition of the sample C fractions. *The accuracy of XRD analysis is at 2% concentration. 268 

Fraction w/w% Std_Dev Bi2Te3 Std_Dev Al2O3 Std_Dev 
Sn-

Coated 
Cu 

Std_Dev Plastics Std_Dev 

<125 μm 17% 0.6 20% 2.5 80% 2..6 <2%* - 0% 0.0 
125 μm 11% 0.8 13% 0.9 87% 0.7 <2%* - 0% 0.0 
250 μm 7% 0.1 7% 0.6 93% 0.6 <2%* - 0% 0.0 
355 μm 7% 0.1 6% 0.9 94% 0.9 <2%* - 0% 0.0 



500 μm 11% 0.4 4% 0.4 96% 0.4 <2%* - 0% 0.0 
1000 μm 37% 0.7 1% 0.0 36% 0.0 62% 0.0 1% 0.0 
2000 μm 8% 1.9 0% 0.0 62% 0.0 29% 0.0 9% 0.0 
3350 μm 2% 0.8 0% 0.0 24% 0.0 32% 0.0 43% 0.0 

 269 
As seen in Table 5, the processing for Sample C develops particle fractions similar to that of Sample B, 270 
with the exception that the highest mass fraction retained in the former is at the 1000 μm sieve. 271 
Nevertheless, it is worth noting that the semiconductor in Sample C reports to the finer fractions and, unlike 272 
Sample B, is not detected in relevant quantities in sieves 1000 m and larger.  273 

4.2.3. Sample D: Ring Mill, Extended Processing Time 274 
Sample D was designed to obtain three well-defined fractions exploiting the differences in the malleability 275 
of the compounds. Table 6 presents the chemical composition of the fractions: 276 
Table 6 Chemical composition of every fraction in Sample D.*Data obtained from mass-balance calculation. 277 

Fraction w/w% Std_Dev Content Fraction 
Composition 

<1000 μm 59% 0.3 Ceramic Substrate 
Semiconductor  

Al2O3: 77%* 
Bi2Te3: 23%* 

1000 – 3350 μm 38% 0.1 Connector (Sn-
coated Cu) 

~99% 

>3350 μm 3% 0.1 Plastics ~99% 
From Table 6, the <1 mm particles represent a brittle fraction formed by the pulverised form of the ceramic 278 
substrate and the semiconductor, the intermediate size fraction by deformed Sn-coated Cu connectors, and 279 
the >3.35 mm by amorphous plastic bodies. The sharp separation of the materials presented in Table 6 280 
suggests that the separation efficiency is favoured by longer milling times. The extended processing time 281 
entails only marginal separation inefficiencies, as the “Fraction Composition” in Table 6 closely approaches 282 
99% for connectors and plastics. Such inefficiencies are attributed to dust-like particles (of semiconductor 283 
and ceramic substrate) encrusted in larger size particles.  284 

4.3. Density Analysis 285 
4.3.1. Sample A 286 

Table 7 presents the density of the fractions obtained by manual disassembly, excluding the wiring system, 287 
as it is removed before shredding.  288 



Table 7 Average density measurements. 289 
Element Density [g/cc] Std_Dev Theoretical Density 

[g/cc] (Lide, 2005) 
Connectors (Cu) 8.49 0.3 8.96 

Ceramic Substrate (Al2O3) 4.05 0.1 3.97  
Semiconductor Material 

(Bi2Te3) 7.14 0.1 7.74 
In Table 7, the ceramic fraction has a considerably different density compared to semiconductor, which can 290 
be utilised as an advantage for separation. It is thus reasonable to exploit this relative difference for further 291 
treatment of the <1 mm fraction in Sample D. The slight difference displayed between theoretical and 292 
measured densities may be due to the by the presence of other materials in the recovered fraction, although 293 
the deviation from theoretical density values is minimal.  294 

4.3.2. Samples B and C 295 
To explore further separation possibilities, the fractions of Samples B and C were tested for density. The 296 
values obtained are as presented in Table 8.  297 
Table 8 Density  measurements per fraction.  298 

Fraction Sample B [g/cc] Std_Dev  Sample C [g/cc]  Std_Dev 
<125 μm 6.3 0.04 5.8 0.07 
125 μm 5.4 0.10 5.1 0.23 
250 μm 5.0 0.09 5.0 0.04 
355 μm 4.8 0.06 5.0 0.40 
500 μm 4.4 0.03 4.4 0.08 

1000 μm 5.0 0.13 5.9 0.03 
2000 μm 5.6 0.20 3.6 0.24 
3350 μm - - 2.2 0.16 

Table 8 shows that the density fractions are similar throughout all fractions in Sample B and fraction smaller 299 
than 1mm in Sample C. The larger fraction of Sample C, i.e. 2 mm and 3.35 mm, are mostly formed by 300 
plastics, hence their understandably lower density values. From the results in Table 8, there is no indication 301 
that separation based in density can be employed to obtain high purity fractions from these specific samples.  302 

4.4. Statistical Entropy Analysis 303 
Statistical Entropy Analysis (SEA) is employed in this section to describe the concentration efficiency of 304 
the mechanicall processing of Samples B, C, and D. In total, B, C, and D samples (top of Figures 6, 7, and 305 



8) are formed by 8, 10 and 5 stages, respectively. The statistical entropy value at any stage is influenced by 306 
the current and previous entropy values. For example, in Figure 6 (Top) the RSE value of Stage_5 is defined 307 
by the streams S9, S8, S6, S4, and S2. The same logic applies for the rest of the stages and components. 308 
From the RSE perspective, those processes that keep the entropy unchanged or increased (plateau or 309 
positive slope in the RSE chart) are counterproductive and thus, should be avoided.  310 

4.4.1. Sample B 311 
In Figure 6 (bottom), it is clear that processing TEDs by this mean only reduces entropic values during the 312 
first half of the process (before the 1mm sieve).  313 

 

 Figure 6 Top: Stage-node diagram (Sample B); Bottom: Entropy evolution chart (Sample B). 
As seen in Figure 6 (Bottom), the most significant concentration effect is carried out during the “wire 314 
removal” and “cutting mill” stages. Unlike the other liberation stages, the cutting mill depicts an early 315 
entropy reduction because the processing chamber presents a 2 mm screen at its output. In other words, the 316 
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cutting mill stage is simultaneously liberating and classifying particles with a high content of ceramic and 317 
Cu. As this setup creates a relatively uniform distribution of particles smaller than 1 mm, subsequent sieving 318 
steps do not promote any further concentration. The semiconductor also presents a minor reduction of 319 
entropy as the concentration of this compound is promoted in the smaller fraction. Supported by the RSE 320 
analysis, it is evident that this processing system entails four redundant sieves, i.e. 0.5 mm, 0.355 mm, 0.25 321 
mm, and 0.125 mm. 322 

4.4.2. Sample C 323 
Similarly to the previous section, the treatment process for Sample C (Figure 7 Bottom) depicts an entropy 324 
reduction effect limited to the first half of the process, i.e. before the 1 mm sieve. The RSE reaches a plateau 325 
in subsequent stages, reflecting no overall concentration effect.  326 

 

 Figure 7 Top: Stage-node diagram (Sample C); Bottom: Entropy evolution chart (Sample C). 
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In this case, the 1 mm sieve presents the most critical entropy reduction of the system, as especially seen in 328 
the Cu fraction. However, after the 1mm sieve, the reduction of entropy is negligible, thus turning the 329 
subsequent stages redundant in a similar fashion than Sample B.  In Sample C, the 3.35 mm sieve may also 330 
be redundant since it only reduces de entropy of the small fractions of plastic. The SEA suggests to remove 331 
sieves smaller than 1 mm, and possibly the 3.35 mm sieve. Despite the similarities in size characteristics, 332 
upon a comparison of the final statistical entropy values in Samples B and C, it is seen that the latter is only 333 
advantageous in the separation of plastic, which is a low valuable fraction. Considering these perspectives, 334 
short processing time in the ring mill is less suitable for entropy reduction than the cutting mill. 335 

4.4.3. Sample D 336 
As explained in Section 3, Sample D was processed in the ring mill for 60 s. Figure 8 (Top and Bottom) 337 
present the stage-node diagram and RSE chart for Sample D.  338 

 



 Figure 8 Top: Stage-node diagram (Sample D); Bottom: Statistical entropy evolution chart (Sample D). 
As seen in Figure 8 (bottom), sample D presents a sharp entropy reduction for all compounds in specific 339 
processing stages.  The RSE curve behaves differently between the various compounds, especially seen in 340 
the Cu and Plastic fractions. Plastic reaches its final value in the 3.35mm sieve after two abrupt reductions. 341 
Cu, on the other hand, relies heavily on a single stage (i.e., 1 mm sieve) to reach the lowest RSE value of 342 
the chart. As seen, the continuous reductions of statistical entropy in the processing system for Sample D 343 
represent an efficient process with no redundant stages. Table 9 presents the final entropy values of the 344 
compounds in all processing samples:  345 
Table 9 Summary of final RSE values in Samples B, C, and D.  346 

Sample 
Number of non-

redundant 
stages 

Compound RSE at final stage [-] 
Sn-coated Cu Semiconductor Ceramic Plastic 

B 4 0.43 0.68 0.39 0.66 
C 5 0.47 0.69 0.56 0.55 
D 5 0.13 0.66 0.26 0.34 
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As observed in Table 9, Sample D is the most efficient option. Unlike its counterparts, processing of Sample 348 
D reached a lower entropic value in all cases with a similar number of stages. The justification of the RSE 349 
values and curves are as follows:   350 

1. Semiconductor and Ceramic: 351 
Semiconductor and Ceramic curves report to the same streams due to their similar brittle mechanical 352 
properties. The 60s processing in the ring mill pulverises these compounds. Thus, they are only recoverable 353 
from the 1 mm sieve underflow as a heterogeneous mixture.  These materials, however unlikely to be 354 
separated from each other by particle size, can be separated by density based on the properties reported in 355 
Table 7.  356 

2. Sn-Coated Cu connectors:  357 
The extended time in the ring mill affects the Cu connector, as they do with the Semiconductor and Ceramic. 358 
During processing in the ring mill, the malleability of the copper comes into play flattening, instead of 359 
pulverising Cu, resulting in the efficient capture of this material at size opening sizes >1 mm. However, the 360 
RSE value of Cu does not reach a null entropy value because of its presence in two different fractions, wire 361 
fraction and the retained by the 1 mm sieve.   362 

3. Plastic fraction  363 
In Sample D, this fraction reaches its final entropy after the 3.35mm as the extended processing time, 364 
promote the formation of clusters with large sizes. The link between plastic and the rest of the materials 365 
ends, as at the 3.35 mm there is no plastic passing to the subsequent fraction. The plastic does not reach a 366 
null RSE value because of its presence as an impurity into different streams, i.e., wire fraction and the 367 
retained by the 3.35 mm sieve.   368 
Furthermore, an ideal scenario, (i.e., RSE=0 for all components), would require the use of additional 369 
processing steps. As an example, the plastic and Cu fractions likely require additional liberation process for 370 
the extracted wire, in addition to the separation of the Cu and Plastic by the 3.35 mm and 1mm sieves, as 371 
found in this work. The fine fraction, semiconductor and ceramic, may be subsequently separated by a 372 
dense media separation process. However, it should be kept in mind that additional steps inevitably imply 373 
an increased resource quota of the process. 374 



5. Proposed System  375 
Based on the results above, the mechanical processing system to treat TEDs, presented in Figure 9, is 376 
proposed. The purpose of this process is to recover materials in a form that could be used in the manufacture 377 
of new TEDs. 378 

 379 
Figure 9 Schematic of the proposed process 380 

The process begins with the removal of the wiring system from the TEDs, a well-established practice in 381 
recycling plants (Li et al., 2017). Clean TEDs are then ground extensively in a ring mill, liberating the 382 
enclosed materials. This processing setup keeps the metallic and plastic fractions partially unaffected but 383 
pulverises the brittle compounds, i.e., ceramic substrate and semiconductor. Once ground, the processed 384 
material is transferred to a 2-step sieving system with opening sizes of 3.35 mm and 1 mm. The first sieve 385 
extracts the agglomerated plastic fraction, while the second separates the Cu connectors from the pulverised 386 
mixture of semiconductor and ceramic substrate. Thereafter, Bi2Te3 and Al2O3, may be subsequently 387 
separated by a dense media separation process. Admittedly, the experimental work presented did not test 388 
dense media separation, and so it is an item that should be considered for future research. 389 

6. Conclusions 390 
This work presents a first approach to the study of recycling of Thermoelectric Devices (TEDs). 391 
Commercially available TEDs were processed mechanically using different milling equipment (cutting and 392 



ring mill) and processing time (15 and 60 s). Once liberated, the components were then sieved and analysed 393 
to obtain characterisations based on particle size, chemical composition and density. The different 394 
processing set-ups of the samples produced (labelled B, C, and D) were evaluated by statistical entropy 395 
analysis (SEA) to identify a process with the highest concentration action. 396 
The SEA results reflect that a combination of extended processing time in the ring mill along with 2 sieves 397 
(3.35 mm and 1 mm) present a sharper decrease on entropy value of Cu and plastics. Whereas, the other 398 
equipment and sieves employed presented higher levels of entropy (lower concentration) among all the 399 
compounds. Consequently, the proposed system entails a ring mill step and the two sieves mentioned above, 400 
and, it is capable of reducing the entropy of the throughput efficiently thus, reflecting a highly efficient 401 
separation process especially seen in the Cu and plastic fractions. The rest of the compounds, i.e. Bi2Te3 402 
and Al2O3, invariably presented comparatively high levels of entropy since they remain mixed. However, 403 
their separation may be possible using dense media separation, as demonstrated in Section 4.3. Thus, as the 404 
importance, application, production and affluent into waste streams of TEDs is expected to increase, this 405 
work presents a possible efficient mechanical processing system for the recycling of this material. Finally, 406 
presenting an alternative to reduce the necessity of primary raw materials for TED manufacture and, 407 
consequently, the loss of valuable and naturally scarce elements.  408 
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