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Highlights 

 Standardized batch leaching test underestimated CdTe solar panel leachability 

 73% Cd released from non-encapsulated panel in column simulating landfill acidic phase 

 Cd concentration in acidic column effluent was 650-fold the US-EPA drinking water limit 

 Negligible release of Cd in column simulating the methanogenic phase of a landfill 

 Leaching impacted by pH and redox conditions that are influenced by microbial activity 

 

Abstract: A crushed non-encapsulated CdTe thin-film solar cell was subjected to two standardized 

batch leaching tests (i.e., Toxicity Characteristic Leaching Procedure (TCLP) and California 

Waste Extraction Test (WET)) and to a continuous-flow column test to assess cadmium (Cd) and 

tellurium (Te) dissolution under conditions simulating the acidic- and the methanogenic phases of 

municipal solid waste landfills. Low levels of Cd and Te were solubilized in both batch leaching 

tests (< 8.2% and < 3.6% of added Cd and Te, respectively). On the other hand, over the course of 

30 days, 73% of the Cd and 21% of the Te were released to the synthetic leachate of a continuous-

flow column simulating the acidic landfill phase. The dissolved Cd concentration was 3.24-fold 

higher than the TCLP limit (1 mg L-1), and 650-fold higher than the maximum contaminant level 

established by the US-EPA for this metal in drinking water (0.005 mg L-1). In contrast, the release 

of Cd and Te to the effluent of the continuous-flow column simulating the methanogenic phase of 

a landfill was negligible. The remarkable difference in the leaching behavior of CdTe in the 

columns is related to different aqueous pH and redox conditions promoted by the microbial 

communities in the columns, and is in agreement with thermodynamic predictions. 

Keywords: CdTe thin-film solar panel; landfill; leaching; cadmium; tellurium. 
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1. Introduction 

In recent years, solar photovoltaic (PV) technology has advanced due to a growing interest in renewable 

energy sources. While crystalline silicon has remained the dominant PV technology, thin-film solar panels 

have become increasingly popular [1]. The leading thin-film technology, cadmium telluride (CdTe), had a 

module production of 1.8 GWp in 2012, making it the second largest PV technology on the market [2]. Due 

to their efficiency and relatively low manufacturing energy requirements, CdTe solar cells had the shortest 

energy payback time among commercially relevant PV technologies [3]. 

 As their usage has increased, there has also been increased concern over the safety of CdTe solar 

cells because of the toxic compounds they contain. Cadmium is recognized as a toxic substance by the 

United States Environmental Protection Agency (EPA), which set a maximum contaminant level (MCL) 

for cadmium (Cd) of 0.005 mg L-1 in drinking water. Tellurium (Te), while not regulated by the EPA, has 

also been shown to have the potential to cause kidney, heart, skin, lung, and gastrointestinal system damage 

in rats and in humans [4, 5]. Furthermore, two individuals that were mistakenly injected with sodium 

tellurite died after 6 h of exposure [4]. The toxicity of CdTe itself is poorly characterized, but several studies 

have shown that CdTe [6, 7] and CdTe quantum dots are cytotoxic to mammalian cells [8-10]. CdTe can 

cause severe pulmonary inflammation and fibrosis [6]. Zayed and Philippe (2009) [11] studied the acute 

toxicity of CdTe to rats via nasal and oral routes. The median lethal concentration of aerosolized CdTe in 

the nasal exposure test was 2.7 mg CdTe L-1 atmosphere (particles were 2-3 µm in diameter). The acute 

toxicity was also evaluated with oral gavage administration together with carboxymethylcellulose. In the 

oral route the highest body weight dose of 2 g kg-1 was below the lethal concentration in a 14-d observation 

period. 

 Electronic waste is often disposed in municipal mixed solid waste (MSW) landfills [12, 13]. For 

example, in Australia, 84% (by weight) of electronic waste generated in 2008 was landfilled [14]. In the 

United States, electronic waste has been reported to account for 70% of the Cd and lead (Pb) present in 

landfills [15]. Disposal of electronic waste into landfills raises concerns about the potential release of toxic 
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compounds into the environment. The US EPA uses the Toxicity Characteristics Leaching Procedure 

(TCLP) to characterize the potential of a solid waste to leach when disposed in a landfill and determine 

whether a waste material should be classified as hazardous according to its toxic characteristic [16]. If the 

waste fails the TCLP test, it must be disposed of in a hazardous waste landfill. The TCLP limit for cadmium 

is 1 mg L-1. While some TCLP leaching studies have reported concentrations of Cd lower than 1 mg L-1 

[17], others have obtained Cd concentrations exceeding 9 mg L-1 for CdTe solar cells [18, 19].   

Due to the presence of hazardous substances like Cd and lead (Pb) in PV technology, solar PV 

panels have been included in the European Union Waste Electrical and Electronic Equipment (WEEE) 

Directive [20] which is aimed at maximizing the collection, recycling and recovery of valuable and 

hazardous materials from electronic waste to optimize the use of natural resources, as well as, to prevent 

the entry of the toxicants into the environment. Despite the potential risks posed by PV technology, many 

other countries have not yet introduced regulations to prevent the disposal of CdTe solar cells in MSW 

landfills. 

 While some studies have assessed the chemical dissolution of Cd and Te from CdTe solar panels 

using different standardized tests simulating outdoor exposure and the landfill environment [17, 21-24], 

none have considered the potential impacts of the complex biogeochemical conditions commonly found in 

municipal MSW landfills on the mobility of these toxic contaminants. For instance, the pH of landfill 

leachates varies widely from highly acidic values typical of young landfills to circumneutral and slightly 

alkaline pH values characteristic of mature landfills [25, 26]. Such pH shifts could impact the dissolution 

of CdTe in the landfill leachate since both the corrosion of CdTe [27] and the aqueous solubility of Cd and 

Te are strongly dependent on pH [28, 29]. Municipal waste landfills are generally rich in anaerobic 

microbial activity. Anaerobic microorganisms are capable of reducing and precipitating tellurium [30-33], 

and such microbial transformations could potentially impact the dissolution of CdTe in the landfill 

environment. Microbial processes have previously been shown to promote the mobilization of some metals 

and metalloids in MSW landfills. For example, several studies have demonstrated the microbially-mediated 
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mobilization and biotransformation of arsenic under simulated landfill conditions [34-36]. A preliminary 

generic risk assessment for decommissioned thin-film CdTe panels disposed in a MSW landfill has been 

performed using a U.S. EPA software model based on TCLP data that concluded that under current 

production of PV panels there should be no risk to humans [24, 37]. 

The purpose of this study is to investigate the potential environmental risk posed by the disposal of 

CdTe solar cells in municipal waste landfills. For this purpose, crushed samples of CdTe cells were placed 

in continuous-flow columns simulating the chemical, physical, and biological environments at two of the 

different stages in the lifetime of a landfill (i.e. the acidic phase and the methanogenic phase) [25]. The 

release of both Cd and Te was then monitored to determine the potential hazards of this disposal method. 

2. Materials and methods 

2.1. Panel characteristics 

A thin-film CdTe solar panel was obtained from Abound Solar (Loveland, CO, USA) with dimensions of 

60 by 120 cm, and 14 kg in mass. The CdTe thin-film layer was deposited between two sheets of glass, one 

of the sheets served as a glass substrate; while, the other was used as a back cover. The Abound solar panel 

used did not contain a laminate layer (e.g. ethylvinylacetate) to encapsulate the Cd-containing film. Such 

layer is found in some CdTe PV modules commercially available [38]. Four fragments of the panels were 

separated in order to determine the film to glass mass ratio of the panel as follows: the films were manually 

separated from their corresponding glass cases and, the masses of both fractions were obtained with an 

analytical balance (Mettler Toledo AB304-s; Columbus, OH, USA); finally, the film to glass mass ratio 

was estimated to be 0.0053 ± 0.00042 w/w. 

2.2. Cadmium and tellurium content determination 

Film fragments were digested using 15 mL of concentrated HF (45% wt.) and 3 mL of concentrated HNO3 

(70% wt.) according to a modified EPA standard procedure [39]. Digested samples were then diluted in 

demineralized (DI) water and analyzed for Cd and Te. The samples were analyzed with an inductively 
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coupled plasma−mass spectrometer (ICP-MS, Agilent model 7700x; Santa Clara, CA, USA) operated with 

He as collision gas to reduce Ar based interferences. The detection limits were 1.6 ng L-1 for Cd and 32.5 

ng L-1 for Te. The panel was found to contain 7.31 ± 1.22 mg Cd and 7.68 ± 1.19 mg of Te per gram of 

film, respectively. 

2.3. Panel preparation 

The size of the panel was first reduced by breaking it with a hammer and the larger fragments were placed 

into a ball mill (Sepor, Wilmington, CA, USA). The milling process was carried out at 90 rpm. The CdTe-

containing film is not brittle and was poorly fragmented during milling. Therefore, the film fragments were 

manually separated from the glass fragments and their size further reduced with scissors. The length of the 

longest side of the snipped film ranged between 3-8 mm and the thickness of the film was ˂ 1 mm. The 

glass fragments were then sieved using a standard 3 1/2 mesh sieve (ASTM E11). The fragments that did 

not pass through were then sieved using a standard mesh no. 14 (ASTM E11), and the fragments that passed 

through were kept, resulting in glass fragments that ranged in size from 1.4–5.6 mm. 

2.4. Microbial inoculum 

A methanogenic anaerobic granular sludge obtained from a wastewater treatment plant at Mahou beer 

brewery (Guadalajara, Spain) was used to inoculate the columns. The inoculum contained 0.079 g of 

volatile suspended solids (VSS) g-1 wet wt. The maximum acetoclastic and hydrogenotrophic methanogenic 

activities of the sludge were 566 ± 64 mg methane as chemical oxygen demand (COD-CH4) g VSS–1 day–1 

and 571 ± 26 mg COD-CH4 g VSS–1 day–1, respectively.  

2.5. Columns set up and operational conditions 

Two continuous upflow columns (V= 280 mL) were prepared and operated in parallel to model different 

stages of a MSW landfill (Fig. 1). Each column was packed with 1.5 g of snipped CdTe film and 300 g 

crushed glass, corresponding to the same mass ratio as was present in the panels. Each column contained 

11.0 mg of Cd and 11.56 mg Te. Column 1 (acidic column) and column 2 (methanogenic column) were 
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used to study the effect of the leachate produced during the acidic phase (young landfill) and in the initial 

methanogenic phase (mature landfill, circumneutral pH) of a municipal landfill, respectively, on the 

dissolution and mobility of the Cd and Te species present in the solar panel. Both columns were inoculated 

with 9.800.03 g sludge-VSS L-1. The sludge used to inoculate the acidic column was heat treated in a 

VWR convection oven (1370GM, Radnor, PA, USA) at 70°C for 60 min to pasteurize the methanogenic 

microbial communities and thereby prevent an increase of the pH of the synthetic leachate due to the volatile 

fatty acids (VFA) degradation.  

The columns were fed a synthetic leachate solution composed of a mixture of VFA (please refer to 

the Supplementary Data (SD) section) with a final pH of 4.67  0.06. The pH of the influent of the acidic 

column was kept at 4.67  0.06. The pH values for landfill leachate in this stage have been reported to range 

between 4.5 and 7.5 [25]. The pH of the influent of the methanogenic column was adjusted to 6.71 ± 0.19 

using 10 M NaOH since microbial methanogenesis occurs only within a narrow pH range (circumneutral). 

The acidic and methanogenic columns were operated at 25°C for 30 days at an average hydraulic 

retention time (HRT) of 27.7  1.9 h and 28.8  2.2 h, respectively.  

2.6. Column sampling and monitoring 

Throughout the testing period, samples were taken of the influent and effluent of both columns to determine 

the pH, as well as, the concentration of soluble Cd, Te, and VFA using the analytical methods described in 

the SD section. The CH4 content of the gas produced in the columns was measured by monitoring the 

volume of liquid displaced in an inverted bottle filled with NaOH (2%, v/v) to scrub CO2. 

2.7. Chemical oxygen demand mass balance 

The chemical oxygen demand (COD) concentration in the inlet and outlet streams of the columns was 

estimated by adding the COD of all species in these streams (Eq. 1 and 2). The mass balance for the 

components in the synthetic leachate, expressed as total COD, is represented in Eq. 3. 
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[COD]infl = [COD-C2]infl+[COD-C3]infl+[COD-C4]infl+[COD-C5]infl+[COD-C6]infl         (1) 

[COD]effl = [COD-C2]effl+[COD-C3]effl+[COD-C4]effl+[COD-C5]effl+[COD-C6]effl          (2) 

[COD]infl =    [COD]effl + [COD] methane + [COD] cells                                                  (3) 

Where: infl = influent, effl = effluent, C2 = acetate, C3 = propionate, C4 = butyrate, C5 = valerate, C6 = 

caproate, [COD]cells = organic matter COD used to produce new cells, and [COD]methane = organic matter 

COD used to produce methane.  

The last term in Eq. 3 ([COD] cells) was not considered in the COD balances since the cell growth 

yield associated with the anaerobic conversion of volatile fatty acids to methane is very low, typically less 

than 2-5% of the COD utilized [40, 41]. 

2.8. Standardized leaching tests 

The CdTe solar panel was subjected to the standardized TCLP [16] and the California Waste Extraction 

Test (WET) [42] leaching tests using the snipped film and crushed glass previously prepared for the 

continuous columns set up, at the appropriate film/glass mass ratio of ~ 0.005. These standardized tests are 

used to determine if a solid waste should be considered and handled as hazardous waste. If the waste fails 

the standardized leaching test it must be disposed of in a hazardous waste landfill instead of in a MSW 

landfill along with non-hazardous waste. The experimental conditions used in this work are described in 

the SD section. 

2.9. Redox potential vs. pH (Pourbaix) diagrams 

In this work, the W32-STABCAL software (Stability calculation for aqueous and non-aqueous systems, 

Montana Tech, Butte, MT, USA) and thermodynamic information published by the National Bureau of 

Standards NBS (NIST, U.S. Department of Commerce, USA) were used to plot potential-pH (Pourbaix) 

diagrams for CdTe. These diagrams showed the thermodynamically stable species of Cd and Te in complex 

aqueous systems under different redox potentials and pH conditions. 
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3. Results 

3.1. Leaching of soluble Cd and Te species from the solar panel 

Two continuous-flow columns packed with a mixture of CdTe thin-film and crushed glass of solar panels 

were run in parallel to investigate the impact of two simulated landfill conditions on the potential release 

of soluble Cd and Te from the CdTe semiconductor film into the environment. The columns were set up to 

simulate the acidic phase (acidic column) and, the initial period of the anaerobic methanogenic phase 

(methanogenic column) of a MSW landfill. 

Figure 2A shows the concentrations of Cd and Te in the effluent from the columns. In the acidic 

column, the concentrations increased during the first ten days, reaching maximum levels of 3.23 mg L-1 for 

Cd and 1.10 mg L-1 for Te, respectively. At this point of time, 47.7% and 12.6% of the total Cd and Te 

contained in the solar panel had been released to the effluent, respectively. The concentration of Cd in the 

effluent was found to be above the threshold limit established in the TCLP for this metal for approximately 

50% of the full operation time. The concentration of both Cd and Te in the effluent then decreased over the 

remainder of the experiment. Figure 3A shows the cumulative release of Cd and Te in the acidic column. 

Over the course of 30 days, 73% of the Cd and 21% of the Te were released. 

In the methanogenic column, only very low concentrations of Cd and Te were measured in the 

effluent during the first 8 days of the experiment, and afterwards these contaminants could no longer be 

detected in the effluent for the remainder of the experiment. The maximum levels of Cd and Te observed 

in the effluent were 0.01 mg Cd L-1 (on the third day of operation), and 0.02 mg Te L-1 (on the second day 

of operation), respectively. Only 0.03% and 0.05% of the total Cd and Te in the solar panel, respectively, 

had been released to the effluent when their maximum levels were observed. Figure 3B shows the 

cumulative release in the methanogenic column. In total, 0.05% of the Cd and 0.18% of the Te were 

released.  
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Figure 2B shows that the pH of the effluent of both columns remained stable and very close to the 

pH of the respective influents over the course of the experiment. 

3.2. Chemical oxygen demand balance 

The continuous columns used in this work were fed with a synthetic leachate solution composed of a VFA 

mixture with an initial concentration of approximately 1.5 g COD L-1. To monitor the activity of the 

microbial communities in the anaerobic sludge, the concentration of the synthetic leachate of the influent 

and effluent, as well as, the production of methane in both columns were measured during the full time of 

operation.  Equations 2 and 3 were used to estimate the total COD in the influent and effluent of the 

columns, respectively.  

Figure 4A shows the time course of the COD concentration of the synthetic leachate in the influent 

and effluent of the methanogenic column. The COD concentration decreased progressively from its initial 

value in the influent until day 20, when the microorganisms in the anaerobic sludge were able to completely 

degrade the VFA mixture. Figure 4B shows the daily production of methane in the methanogenic column, 

as well as, the maximum expected production of CH4 (0.3670.036 g COD-CH4 day-1) based on the amount 

of COD added to the influent of the column. The daily methane production increased over time until it 

reached the maximum expected value at day 20 and remained stable until the last day of operation At that 

point of time, the mass balance in Eq. 3 can best be represented as [COD]infl = [COD] methane. 

In the case of the acidic column, no degradation of the VFA in the synthetic leachate or 

methane production was observed in the full time of operation as can be observed in Figure S1A 

(in supplementary data SD). This is consistent with the fact that the inoculum of the acidic column 

was subjected to heat treatment to inhibit methanogenic microorganisms. The low pH values of 

the column contents of the acidic column (pHeffluent = 4.740.10, Fig. 2B) were also below the 

optimal range for methanogenesis. 

3.3. Standardized leaching test 
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In this study, fragments of the CdTe solar panel were subjected to the EPA TCLP test and to the California 

WET leaching test to assess the potential dissolution of the toxic compounds present in the semiconductor 

material.  

Figure 5 shows the results for the TCLP and WET test performed with the CdTe solar panel. The 

concentration of soluble Cd determined in the TCLP and WET tests were 0.1500.006 and 0.2190.010 

mg L-1, respectively. The Cd concentration was 6.7-fold lower than the threshold limit established in the 

TCLP test and 4.6-fold lower than the one for the WET test. The concentration of soluble Te in the final 

solutions produced in the TCLP and WET tests were 0.0690.008 and 0.0740.011 mg L-1, respectively.  

4. Discussion 

4.1. Main findings 

4.1.1 Leaching of Cd and Te. The potential release of the toxic compounds from a CdTe thin-

film solar panel under conditions simulating those prevailing in young- and a mature MSW 

landfills was assessed in this work. The most important effect was observed in the acidic column 

in which a remarkable release of Cd was observed (ca. 73% of the Cd supplied as CdTe). The 

maximum concentration of Cd in the leachate was 3.24 mg L-1, which is 3-fold higher that the 

TCLP limit for Cd, and 650-fold higher than the U.S. federal MCL in drinking water (0.005 mg L-

1). Comparison of Cd levels in the leachate with MCL values provides information on the required 

attenuation to ensure that MLC levels are not exceeded in drinking water resources impacted by 

landfill leachate. The maximum concentration of dissolved Te measured in this leachate was 1.1 

mg L-1. In contrast, the release of dissolved Cd and Te species was negligible in the methanogenic 

column. To the best of our knowledge, this study represents the first attempt to comparatively 

assess the leaching behavior of a CdTe solar panel by considering both simulated acidic and 

methanogenic landfill conditions in a continuous flow fashion. 
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 Whereas the maximum flux of dissolved Cd detected in the acidic column was 0.246 mg Cd cm-2
-

cross section of the column hr-1, it is important to mention that the solar panel used in this study contained 

low levels of Cd and Te compared to the amount reported for other CdTe panels in several other studies. 

The PV cell used in this work contained 0.8430.187 g Cd, and 0.8910.211 g Te per m2 of intact panel 

representing a mass percentage of 0.004  0.001% of each in the solar panel. Other works have reported 

contents of Cd and Te which are 7.4- fold to 74.6-fold higher than those used in this study [21, 22, 43]. The 

amount of Cd and Te in solar panels has been decreasing over time in an attempt to reduce production costs 

and comply with environmental restrictions [44, 45]. The large variability in Cd and Te content suggests 

that higher concentrations of soluble Cd and Te could be released if older CdTe solar cells are disposed in 

MSW landfills after they reach the end of their useful service life (25-35 years).  

 The findings of the present work correlate well with the results reported previously in chemical 

dissolution that used CdTe powder. Leaching tests conducted by Zeng et al. [27] demonstrated that CdTe 

has a high leaching potential, especially under acidic and aerobic conditions. Their study demonstrated that 

the concentrations of Cd released from CdTe powder when subjected to the TCLP and WET leaching tests 

were about 1500 and 260 times higher than the regulatory limit (1 mg L-1). The concentrations of soluble 

Cd determined in the present study are markedly lower than those obtained in the leaching studies 

performed with pure CdTe because CdTe solar cells contain a very large mass fraction of inert glass and 

the CdTe is present in a film. 

The potential dissolution and mobility of Cd and Te from CdTe solar panels due to physico-

chemical factors have been previously assessed using standardized batch leaching tests, and in one case, a 

column set up was used assessing leaching by rain. The TCLP data determined previously for CdTe solar 

panels show a large variability and soluble Cd values ranging from less than 0.15 to over 9.5 mg Cd L-1 

(i.e., almost 10-fold higher than the TCLP threshold) have been reported [18, 19, 23, 46]. Two standardized 

leaching tests were conducted according to the European Union landfill directive and the U.S. TCLP on 

CdTe modules manufactured by the British Petroleum Company (BP) [46]. The concentrations of Cd in the 
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produced leachates were lower than the thresholds limits established in the corresponding protocols. In a 

different study, a standardized batch leaching tests was performed according to the Norwegian Standard-

European Norm Characterization of waste. This test uses deionized water as the leaching solution. The 

concentration of Cd in final leachate was found to be below the threshold limit established for an MSW 

landfill (≤ 1 mg Cd kg-1 dw.) [22]. In a study performed to investigate the impact of rain conditions on the 

mobility and emissions of soluble Cd and Te species in the environment, the concentrations of dissolved 

Cd and Te released after one week of exposure were 1.0 and 0.3 mg L-1, respectively [21].  

4.1.2.  Microbial communities and redox conditions. The degradation of solid waste in 

MSW landfills occurs through a series of complex chemical and biological reactions [25]. During 

the acid phase of a landfill, cellulose and hemicellulose are hydrolyzed by bacteria to form 

monosaccharides, which are fermented by fermentative bacteria to volatile fatty acids. In this 

stage, the lowest pH of the leachate was reported to be 4.5 [25].  The synthetic leachate used in 

this work was constituted by a mixture of carboxylic acids representative of those formed by 

fermentative bacteria during the acidic phase. The initial methanogenic phase starts when the pH 

of the leachate increases and a minimal growth of methanogenic microorganisms begins. 

Methanogenic microorganisms are highly sensitive to pH, and methanogenesis occurs only within 

a narrow pH range (circumneutral). In the methanogenic phase, acetogenic bacteria convert 

carboxylic acids to acetate, H2 and CO2 which in turn are converted to methane by methanogens. 

In the methanogenic column, the VFAs in the synthetic leachate were assumed to be converted via 

acetate, H2 and CO2 by acetogenic bacteria in the sludge. Since the pH of the influent of this column 

(6.710.19) was favorable for the growth of methanogenic microorganisms, methane was progressively 

formed until a stable production of methane was observed. Due to the expected production of H2 by the 

acetogenic bacteria, and to the fact that methanogens are highly sensitive to oxygen, it is acceptable to 

assume that strong reducing conditions prevailed in this column. 
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4.2. Mechanisms of CdTe dissolution 

The different leaching behaviors observed for CdTe in the two columns operated in the present study might 

be explained by the different pH levels and by differences in the redox conditions promoted by the microbial 

communities present in the methanogenic inoculum. Figure 6 shows the Pourbaix diagram obtained for the 

CdTe-H2O system. The diagram was generated using the highest concentration of each element observed 

in the effluent of the acidic column. The dashed lines represent the stability region of water and can be 

defined by the following equations: 

Upper stability line: 𝐸ℎ = 1.23 − 0.059 𝑝𝐻                                                   (4) 

Lower stability line: 𝐸ℎ = − 0.059 𝑝𝐻                                                           (5) 

In the region above the upper dashed line (Eq. 4) water releases oxygen. The region below the 

dashed lower line (Eq. 5) corresponds to the conditions at which water becomes unstable and releases 

hydrogen. 

As mentioned before, there was no substantial evidence of microbial activity in the acidic column 

based on the lack of VFA consumption and methane production. The resazurin redox indicator dye in the 

column effluent was pink indicating microaerophilic conditions that may have resulted from the lack of 

microbial consumption of traces of dissolved oxygen. Under these conditions, the presence of an important 

fraction of soluble Cd and Te would be expected based on thermodynamic considerations, which is in 

agreement with the extensive dissolution of CdTe observed in the acidic column. According to the Pourbaix 

diagram, the redox potential for the lower water stability is -0.276 V and the one for the upper limit is 0.954 

V. The thermodynamically stable species expected for Te are elemental Te, HTeO3
- (tellurite), and H6TeO6 

(tellurate). The stable species for Cd are CdTe, and soluble Cd2+. The results are in agreement with our 

previous study investigating the leaching behavior of CdTe under different pH and redox conditions. Those 

results confirmed a marked enhancement in the dissolution of CdTe powder both at acidic pH levels and 

under aerobic conditions [27]. 
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Due to the methanogenic microbial activity, highly reducing conditions are expected in the 

methanogenic column. CdTe is thermodynamically stable in aqueous solution under those conditions and 

no soluble Cd or Te would be expected in the system. According to the Pourbaix diagram, the redox 

potential for the lower water stability is -0.396 V, and the one for the upper line is 0.834 V. The 

thermodynamically stable species for Te are elemental Te and CdTe, and for Cd, CdTe is the only stable 

species. The absence of dissolved Cd in the circumneutral leachate could also be due to some extent to the 

decreased solubility of Cd2+ with increasing pH.  

4.3. Implications 

The evidence found in this work indicates that the standardized TCLP and WET leaching tests might 

underestimate the leaching of Cd and Te from disposing decommissioned CdTe solar panels in landfills. 

Although some previous works have stated that CdTe is an insoluble form of Cd and that CdTe is expected 

to have low bioavailability in the environment [47], the results obtained in the present study as well as 

another related investigations [27] indicate that a high fraction of the Cd and Te in CdTe panels could be 

potentially released if non-encapsulated CdTe solar panels are discarded in municipal landfills. Leaching 

of Cd and Te is expected to occur mainly during the acidic phase of a landfill in which low pH values are 

dominant.  

The leaching results reported in the current study were obtained in accelerated column tests 

simulating the conditions in the acidogenic and methanogenic phases of a MSW landfill. The actual Cd 

concentrations in a given landfill would depend on the amount of PV panels disposed, panel design, panel 

fragment size, climatic conditions, landfill management and design, etc. The risk that leachate impact 

groundwater is minimized in modern MSW landfills that are designed with daily cover of the waste, storm 

water management, use of liners at the bottom of the landfill, and a leachate collection system [48]. Releases 

into groundwater are, thus, particularly a problem in landfills that were not originally designed to prevent 

migration of the leachate (unlined landfills). Elevated concentrations of metals and metalloids have been 

measured in samples of groundwater collected in locations close to landfills receiving electronic waste [49]. 
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Furthermore, release of these highly toxic compounds into the landfill, could impact the microbial 

communities degrading organic waste and, thereby, the waste stabilization process. Our findings from a 

previous work indicated the methanogenic activity of anaerobic sludge are highly inhibited by the presence 

of Cd and Te soluble species [50]. 

The significant leaching of toxic Cd demonstrated in the present study under simulated, acidic landfill 

conditions indicates the need for further investigation of the leaching potential of decommissioned CdTe 

PV panels, and suggests the need for measures to minimize their disposal in MSW landfills. In this sense it 

is important to point out that, as previously mentioned, the European Union has recently adopted the WEEE 

Directive that aims to achieve a high degree of separation of PV panels and other electronic waste in order 

to minimize their disposal in MSW landfills, reduce the entry of toxicants into the environment, and ensure 

recycling and recovery of valuable and hazardous materials from these waste resources [20]. The U.S. Solar 

Energy Industries Association (SEIA) did also launch a solar PV recycling program in late 2016 to improve 

the environmental sustainability of the U.S. solar industry [51]. 

5. Conclusions 

The biogeochemical conditions prevailing during the different stages of a landfill potentially affect the 

release of the toxic soluble compounds from decommissioned non-encapsulated CdTe PV cells. During the 

acidic phase of a young landfill, the highest release of Cd and Te will be expected as a result of the low pH 

prevailing in the landfill environment. In contrast, during the methanogenic phase of a mature landfill, low 

corrosion of CdTe caused by the highly reducing conditions in the landfill environment only allows for 

marginal release of soluble Cd and Te species. Given the high toxicity of Cd, these results suggest the need 

for measures to minimize the disposal of decommissioned CdTe PV panels in MSW landfills. 
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Figure captions 

Figure 1. Schematic of the continuous columns used in this work (panel A). Image of the layered packing 

of the columns (panel B). Snipped CdTe film and crushed glass fractions of solar panels used in the column 

packing (panel C). 

Figure 2. Release of soluble cadmium (Cd) and tellurium (Te) from a CdTe solar panel and pH of the 

effluent of continuous flow columns operated under simulated landfill conditions as a function of time. 

Panel A: Concentrations (in mg L-1) of Cd (●) and Te (■) in the effluent of the column simulating the 

conditions of a young, acidic landfill (pH 4.67  0.06); and concentrations of Cd (○) and Te (□) in the 

effluent of the column simulating the conditions of a mature methanogenic landfill (pH 6.71  0.19). Panel 

B: pH of influent () and effluent (◊) of the column simulating an acidic landfill; pH of the influent (▲) 

and effluent (∆) of the column simulating a methanogenic landfill. 

Figure 3. Time course of the cumulative release of soluble cadmium (●, ○) and tellurium (■, □) from the 

solar panel in the continuous columns (as % of the total initial metal concentration supplied as CdTe). Panel 

A: Column simulating the conditions of an acidic landfill. Panel B: Column simulating the conditions of a 

methanogenic landfill. 

Figure 4. (Panel A) COD concentration in the influent (▲) and effluent (∆) of the methanogenic column 

(pH 6.71  0.19). (Panel B) Daily production of methane as a function of the operation time: (▲), maximum 

expected concentration based on the amount of COD added to the influent; (∆), daily measured production. 

Figure 5. Concentrations of soluble Cd (filled columns) and soluble Te (blank columns) released from the 

CdTe solar panel in the US-EPA Toxicity Characteristics Leaching Procedure (TCLP) and the California 

Waste Extraction Test (WET) leaching tests. 

Figure 6. Pourbaix diagram for the CdTe − H2O system at 25C. Pourbaix diagrams were constructed at 

activities of 2.9 x 10-2 mM Cd, and 8.6 x 10-3 mM Te.
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