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Abstract 

The Cu(In,Ga)Se2 (CIGS) thin-film solar panels (TFSPs) are widely used in 
integrated photovoltaic (PV) and solar power systems because of their perfect PV 
characteristics and ductility. However, the semiconductor layers of these panels 
contain potentially toxic metals. In this study, the potential environmental pollution 
arisen by CIGS TFSP treated as construction trash at the end of their useful life was 
examined. Acid extraction was used to simulate leaching toxicity followed by 
burying CIGS TFSP material in different soils, namely a synthetic soil, a Mollisol, 
and an Oxisol, to determine whether metal pollutants might be released into the soil. 
A vegetable, Brassica parachinensis L. H. Bariley (VegBrassica), was selected to 
grow in these polluted soils to investigate the uptake of metals and their 
bioaccumulation.  
The simulative remediation of contaminated soils was carried out using a 
remediation module created by the combination of activated carbon and modified 
mineral waste material (MMWM) in this research. The activated carbon derived 
from the waste biomass material was produced by an environmental friendly 
method, and the MMWM was obtained through a thermal dehydroxylation 
treatment. The physiochemical properties of MMWM, with focusing on mineral 
phase transformation, were related to the changes in surface morphology due to 
dehydroxylation occurred during the process of thermal treatment of MMWM 
samples, and the adsorption performances of metal (lead, Pb) and organic 
compound (methyl orange, MO) onto this newly modified MMWM were studied. 
Furthermore, an end-of-life treatment method was designed and proposed for 
harmless disposal of CIGS TFSP.   
Various metals, including Pb, zinc (Zn), nickel (Ni), chromium (Cr), gallium (Ga), 
copper (Cu), indium (In) and aluminum (Al) were found to be released into the soil 
and caused contamination when scrapped end-of-life CIGS TFSP were buried, and 
the rates of metal release changed with the variations of both the amounts of CIGS 
TFSP material in the soil and the soil properties. The increases in concentrations of 
heavy metals such as Zn, Cu, Ni, Ga, Pb, In, and Cr were correlated with the 
amounts of CIGS TFSP material added in soils. The Pollution Index and the 
Nemerow Contamination Index calculated from our results confirmed that, when 
buried, the CIGS TFSP material polluted the soil. Plants grew well in the synthetic 
soil and the Mollisol, but those in the Oxisol showed prominent signs of chlorosis 
and died after 30 days. The bioaccumulation factor (BF) and concentration of Zn 
were 3.61 and 296 mg/kg, respectively in VegBrassica grown in the synthetic soil with 
10% (200 g to 2 kg of soil) of added CIGS TFSP, while the BF and concentration 
of In were 3.80 and 13.72 mg/kg, respectively in VegBrassica grown in the Mollisol, 
indicating that bioaccumulation occurred.  
The thermally treated MMWM samples showed morphological transformation 
mainly on surface based on the scanning electron microscopy (SEM) observations, 
and an increasing trend in BET specific surface area (SSA) from 120 to 500 ℃ 
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followed by a decreasing trend up to 1000 ℃. Thermal modification had 
successfully improved Pb adsorption capacity up to 515 mg/g, corresponding to 
MMWM modified at 600 ℃ with an SSA of 6.5 m2/g. The MO adsorption capacity 
was also improved after thermal treatment of MMWM, which performed the best 
adsorption of 87.6 mg/g at 400 ℃. The adsorption of Pb and MO were mainly 
chemisorption and monolayer coverage, as pseudo-second-order model and 
Langmuir equation displayed good relationships of correlation for Pb and MO 
adsorption data. It is therefore indicated that the newly designed soil remediation 
modules could significantly remove metals from the contaminated soils.  
In summary, soils can be contaminated by metal pollutants released from CIGS 
TFSP, and considerable uptake of metals can be observed in plant with different 
absorption patterns. The technologies used and adsorbents produced in this work 
reveal their significance in potential application for remediation of contaminated 
soils.  
 
Keywords: Biomass activated carbon, Cu(In,Ga)Se2 (CIGS) thin-film solar panel, 
End-of-life treatment, Modified mineral waste material (MMWM), Soil 
remediation 
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1.1 Background and Literature Review 

1.1.1 The Development of Photovoltaic Industry 

Solar energy, which is radiant light and heat from the sun, has been harnessed by 

humans for decades. It has been becoming a kind of increasingly common energy 

sources worldwide and always regarded as a clean energy with zero carbon 

emission and endless resource (Rahim et al., 2012; Archer et al., 2017). Solar 

energy is one of the most promising renewable energy sources, but it occupies only 

a small market share of the total energy supply in the world (Hosenuzzaman et al., 

2015). To date, fossil fuels (e.g. petroleum, coal and natural gas) still support more 

than 80% of daily energy consumption in the world, which are the major 

contributors to greenhouse gas (GHG) emissions (Mondal, & Denich, 2010). 

According to Holmberg et al. (2017), the worldwide total energy consumption 

increased by 2.3% in developed country and 5% per year in developing countries. 

With the energy resources becoming scarce and expensive, more and more 

governments and companies shifted from consuming traditional fossil energy to 

renewable energy such as solar energy (Kannan, & Vakeesan, 2016). The 

development of new photovoltaic (PV) industry is very fast in developed countries: 

annual growth rate of solar energy in U.S. was approximate 22% in 2010, and new 

PV modules generating a total of 8 Gigawatt (GW) were installed in 2015 (Zhao et 

al., 2013; Marquis et al., 2011; Kumar Sahu, 2015; Urban et al., 2016). Newly 

installed PV capacity in Germany grew to 7.3 GW in 2009, up 20% than the 



3 

 

previous year; the various forecast scenarios predict demand rose to 15.4-37 GW in 

2014, more than five times the size of 2009 (Gonzalez-Cisneros et al., 2013; 

Konagai, 2017). Based on the report of SolarBuzz solar price index (electricity, 

system and module prices) in 2010, Germany was the largest PV market of 

European countries, in which demand had been stimulated by very attractive feed-

in tariffs. In the report of Marketbuzz (2009), the PV industry generated 38.5 billion 

US dollars in revenues, which included the sale of solar modules, associated 

equipment, and installation of solar system. Grid-connected applications are also 

stimulated by market incentive programs (Bhandari et al., 2017; Fuller, & Guo, 

2017). The newly installed PV facilities have increased rapidly recently, and PV 

industry has become one of the most promising branches among renewable 

industries. It is predicted that renewable energy would be accounted for 

approximately two thirds of world power generation in year 2040, half of which 

will be contributed by solar PV systems and wind power (Fuller, & Guo, 2017). 

From 2002 to 2017, as China utilized lower solar panel producing costs than other 

countries such as Germany and United State, more than 90% of the solar PV panel 

was produced by China. The decreasing cost of PV power generation resulted in 

the rapidly development of global PV market, newly installed PV power generation 

capacity has increased from 5.1 GW (2002) to 188.8 GW (2014) (Rahim et al., 2012; 

Fuller, & Guo, 2017; Li et al., 2017). In 2015, approximately 234 GW PV capacity 

was installed globally (Konagai, 2017). China (15.13 GW) is ranked the first of 

new-added PV installed capacity in 2016, followed by the second Japan (11 GW) 
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and third United States (7.3 GW) (Konagai, 2017).  

China is a country with plentiful solar resources, the annual average radiation on a 

horizontal plane is 1492.6 kWh/m2 (Tibetan plateau region1750.1 kWh/m2), which 

is higher than most of European countries (1200 to 1600 kWh/m2) and United State 

(1400 kWh/m2) (Zou et al., 2017). It has been reported that the total energy 

production from PV industries in China was only 4.8 GW in 2007, and this number 

increased rapidly to 28.05 GW in 2014 and further to 43 GW in 2015, and is 

estimated to reach 114 GW by the end of 2019 (Urban et al., 2016; Zou et al., 2017). 

It is pertinent that the market share of thin film PV panels is increasing compared 

with traditional silicon based PV panels because of their perfect characteristics and 

ductility. China has become the biggest PV producing country in the world, and the 

export of solar facilities of China came with the total value of 21 million Euros from 

the European countries in 2011, and exports are accounted for 70% of total output 

of domestic PV industry.  

1.1.2 Types of Photovoltaic Modules 

To date, si-crystals are number one in top of the PV industry market, which 

represent 90% of the material used for manufacturing PV cells (44% mono si-

crystals, and 46% multi- crystals) (Preduşcă, & Fluieraru, 2017). The maximum 

theoretically efficiency of a silicon PV cell is 29% under a standard condition (100 

mW/cm2), and the highest experimental efficiencies of PV cell were confirmed 28.8% 

(GaAs-thin film), 26.7% (Si-crystalline), 21.9% (Si-multi-crystalline) and 21.7% 
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(CIGS-thin film) (Swanson, 2005; Polman et al., 2016; Preduşcă, & Fluieraru, 

2017). New technologies such as spin, dip and spray coating are applied to deposit 

thin films, such non-vacuum deposition methods with the benefits of less energy 

usage and better material utilization (Kajal et al., 2018). With the development of 

thin-film technology, high conversion efficiency and low cost make thin-film PV 

panels become a great competitor to traditional silicon PV panels. But thin-film PV 

panels seem to contain more contaminants than silicon ones as the metal thin-film 

takes the place of usual silicon wafer to generate electricity. Such thin-film PV 

technology using cadmium telluride (CdTe) and copper indium 

disulphide/diselenide (CIS) becomes gainful due to its low production costs, low 

energy and materials demands during manufacturing. For instance, chalcogenide 

solar cells consist of II-VI and I-III-VI2 semiconductor such as CdS/CuInSe2 (CIS), 

Cu (In, Ga) Se2 (CIGS) and CdTe (Frhenakis et al., 2008). Those compounds are 

suitable for terrestrial PV energy generation in terms of their high efficiency, long-

term stable performance and low-cost production (Ramrakhiani, 2017). Tiwari et al. 

(2017) reported a new method to produce CZTSe thin films which prepared by e-

beam evaporation from the bulk source, such thin film can be used as an absorber 

material in PV and thermoelectric solar cell. In addition, thin-film PV panels are 

available to be obtained at a competitive price. The energy pay-back time for such 

module is as low as around 1 year for CdTe- (Fthenakis et al., 2006; Frhenakis et 

al., 2008) and 2.8 years for CIS-systems (Raugei et al., 2007). In the articles refer 

to PV recycling, there is also a concern regarding their disposal as they may contain 
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regulated materials (e.g. Cd, Pb and Se). Research on the options for recycling 

manufacturing waste and used solar cells is currently underway (Sharma et al., 

2009). 

1.1.3 Current Situation of Photovoltaic Module Recycling 

As the final regulation of the Clean Power Plan (CPP) was officially issued in 2015 

under the authority of the Clean Air Act, it influenced the solar industry by requiring 

countries to reduce carbon emissions by 26 percent (based on 2005’s level) before 

2020 and by 32 percent before 2030 (Fuller & Yang, 2017). Numbers of PV 

facilities have been installed in the world to reduce the emission of GHGs. the end-

of-life treatment of such facilities is the problem we should meet in the coming 

decades. Usually, the lifetime of most installed crystalline silicon PV modules is 

considerably long with a 20-30 years period (Fthenakis et al., 2000; Dias et al., 

2016). According to the estimation of Rocchetti and Beolchini (2015), the expected 

mass of waste PV panels will amount to 3 million tons in 2035, and approximate 

45,000 tons will be the CIGS panels. Modern PV facilities provide the 

environmental benefits of zero emissions during operation, which is always 

regarded as environmental friendly energy sources (Corcelli et al., 2016). However, 

there is a concern about the environmental risk to treat the end-of-life solar facilities 

as normal construction garbage, burying in domestic landfill or applying as the 

backfill materials, as those PV facilities may contain some contaminants (e.g. Cd, 

Pb and Cu etc.) (Cyrs et al., 2014; Dias et al., 2017). Such electronic waste 
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(including end-of-life solar facilities) is often disposed in municipal mixed solid 

waste dumpling site (Ramos-Ruiz et al., 2017). In Australia 84% and United State 

70% (by weight) of Electronic waste generated was landfilled in some developing 

countries (Widmer et al., 2005; Ramos-Ruiz et al., 2017). Disposal of such 

electronic waste into dumpling site raises concerns about the potential release of 

hazardous compounds into the surrounding environment. As indicated by Ramos-

Ruiz et al. (2017), large amounts of cadmium (Cd) and telluride (Te) in CdTe solar 

panels could be released when non-encapsulated CdTe solar panels are discarded, 

and such leaching of Cd and Te is dominated by pH value. In the world wide, many 

companies and research groups have reported different methods for PV facilities 

recycling (Table 1.1).  

 

Table 1.1 Different methods for recycling or recovery of PV module 

Methods (target) Condition Weakness Country 

Nitric acid dissolut

ion1 

(Si-crystals) 

60 ℃, 25 hrs Acid waste, 

emission of NOx 

gases 

UK 

Thermal 

decomposition in 

inert gas2 

(c-Si- crystals) 

520 ℃, 90 mins Thermal diffusion 

of silver, emission 

of NOx gases 

USA 

Fluidized bed 

combustion3 

(Si- crystals) 

450-470 ℃, 30 mins Reprocessing, 

degradation of PV 

cell, NOx gases 

Belgium 

Wafers recycling5 

(Si- crystals) 

EVA thermal 

decomposition, manual 

Emission of 

hazardous gases 

Germany 
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separation, re-etching, 

clean and reuse 

Wet mechanical 

processing4 

(CdTe) 

500 ℃, Disintegration 

(< 20 mm) 

High energy 

demand 

Germany 

Chemical leaching5 

(CdTe) 

Disintegration, 

chemical leaching 

High energy 

demand, expensive 

equipment, use of 

chemicals 

USA 

Mixed waste 

treatment5 

(CdTe/CdS) 

Disintegration 300 ℃, 

pyrolysis treatment, 

dry etching (Cl2 

400 ℃), precipitation 

High energy 

demand, further 

purification 

required  

Denmark 

Hydrometallurgy5 

(CIGS & GIS) 

Oxidation, evaporation, 

reduction by inorganic 

reducing agents 

Further 

modification 

needed 

India 

(1 Bohland et al., 1997; 2 Sakuta et al., 1998; Frisson et al., 1998; 3 Bruton et al., 1994; 

Fthenakis et al., 2000; 4 Berger et al., 2010; Zhang & Xu, 2016; 5 Tao & Yu, 2015; 

Granata et al., 2014; Shin et al., 2017) 

1.1.4 Major Kinds of Metal Contaminants 

Heavy metals have aroused great concern on human health as they are not 

biodegradable and remain in nature for thousands of years (Nriagu et al., 1996). 

The accumulation of metals in anthropogenic contaminated soils were mainly 

originated from mining and smelting industry, fossil fuel consumption and disposal 

of metal containing trash (Li et al., 2001; Ha et al., 2009; Morgan et al., 2013). 

Metals in the soil are divided into five different styles: exchangeable ion, carbonate 

bounded, Fe-Mn oxides bounded, trapped in organic matter, and residual (Tessier 
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et al., 1979). The sorption-desorption processes in solution are mostly influenced 

by the changes of exchangeable metal ions. The carbonate bounded metals can be 

associated with sediment carbonates and is susceptible to changes with the 

concentration of exchangeable ion. The third style of metal is bounded to Fe-Mn 

oxides, which act as nodules, concretions, cement between particles, or as the 

coating layer on particles; these oxides are thermodynamically unstable under 

anoxic conditions. In addition, the metals can be trapped in organic matters in 

various forms, such as in living organisms. This kind of trapped metal can be 

accumulated in organic matter under natural environment as bioaccumulation in 

certain living organisms. The release of exchangeable metals will occur once such 

organic matter is degraded in natural environment with oxidizing conditions. Beside 

the four mentioned fractions, some metals are held within the crystal structure of 

minerals. This part of metals is very stable and not expected to be released under 

the conditions normally encountered in nature. Plants commonly acquire essential 

nutrients including metals from soil and storage primarily in tissues; the 

concentrations of metals in the plant tissues are associated with those in the soil. 

But the selective absorbing ability of the plant root system can result in the 

accumulation of selected metals in plants. Most metals are harmful to health when 

the concentrations exceed the normal tolerate ranges.  

Copper (Cu) 

Copper is one of the most essential elements for living organisms (Radojevic & 

Bashkin, 2006). The adult body contains about 1.4 to 2.1 ppm copper. Copper acts 



10 

 

as a co-factor in various enzymes, which combines with certain proteins to produce 

enzymes that act as catalysts to assist metabolism. The recommend daily intake of 

metal Cu should not exceed 12 mg for adult male and 10 mg for adult female. Cu 

deficiency could result in anemia-like symptoms. However, accumulated over high 

concentration of Cu in the body can result in acute toxicity due to redox cycling and 

the generation of reactive oxygen species that damage DNA, and cause chronic 

diseases such as Wilson’s disease and cirrhosis of liver (Farhan et al., 2016). The 

symptoms of acute copper poisoning include nausea, vomiting and abdominal and 

muscle pain. 

Cadmium (Cd) 

Cadmium (Cd) is a kind of widespread heavy metal, which is hazardous to animal 

and human when accumulated in plants tissues. It can be released through natural 

weathering and erosion, but the dose is very low. The amount of Cd discharged from 

anthropogenic sources is much higher than that from natural pathway (Khan, & 

Frankland, 1983). Mineral industry contributes most part of release as Cd always 

associated with other mineral such as zinc, copper and aluminum (Tang et al., 2017). 

According to Dalcorso et al. (2008), Cd shows very high toxicity to all type of living 

organisms, easily transfers and can be accumulated through the food chain. Many 

biochemistry activities such as photosynthesis, carbohydrate and nitrate 

metabolism, water balance, and DNA and lipid matrix that are vital for organisms 

are damaged by the existence of Cd (Lin, & Aarts, 2012). Ingestion of Cd containing 

food would result in some cardiovascular diseases, damage of kidney, and would 
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cause sterility in males and females. The initial targets of cadmium are kidneys and 

skeletal, and there is high potential to get cancer if people have exposed to cadmium 

during a long period of time (Satarug, 2003). Exposure to low Cd environment for 

a long period of time will also cause bone brittle. Many people suffer from the itai-

itai disease caused by Cd poisoning in Japan due to long-time intake of Cd 

containing seafood (Satarug, 2003). Cadmium was found to be accumulated in 

residents’ bodies by having rice that is irrigated by Cd contaminated water of Jinzu 

River in Toyama. As a result, the residents were experienced high rate to get renal 

tubular dysfunction (Fukushima et al., 1974, Nogawa et al., 1981).   

Chromium (Cr) 

Chromium (Cr) is reported to be one of the most abundant heavy metals in the 

twenty-first century (Hough et al., 2004). Chromium has various valence states, and 

trivalent (Cr3+) and hexavalent (Cr6+) forms are relatively stable. Trivalent form of 

chromium is most commonly seen in nature, while the hexavalent is mainly released 

by anthropogenic activities, such as pigment, mining and lumbering industry 

(Hughes et al., 1994). In China, some researches related to drinking water system 

reported that the corrosion of old chromium-containing pipes can release high 

concentration of Cr3+, which will be further oxidized by chlorine residual (for 

drinking water disinfection) to from Cr6+. The major route of exposure to Cr6+ will 

make different effect on the carcinogenic potential based on occupational studies, 

and the relationship of gastrointestinal cancer and drinking water polluted by Cr6+ 

was found (Beaumont et al., 2008). 
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According to Borneff et al. (1968), an increase number of stomach tumors in mice 

were observed when exposed to Cr6+ contaminated water for a long period. 

Chromium is one of the most ubiquitous metals in soil and plant, but detected low 

concentration in natural condition. The low concentration of Cr in earth is mainly 

originated from the chromite rich parent materials such as minerals. Similar with 

other trace heavy metals in natural, inhalation and ingestion are the two main 

pathways for exposure of animals to Cr. The over intake of Cr can result in lung 

and kidney damage of mammals, although Cr was regarded as an essential trace 

element (Anderson et al., 1997; Bona et al., 2011).  

Zinc (Zn) 

Zinc is an essential element for plants, animals and microorganisms, which comes 

with larger demand than Cu (Hambidge et al., 2007). It is observed to be contained 

in over 300 kinds of enzymes and served as the structural metal ions for 

transcription factors. Zinc acts as catalytic agent in some enzymatic reactions such 

as hydroxylation and plays a very important role for the metabolism (Hambidge et 

al., 2007). Deficiency of Zn in human body will result in diarrhea and infection. 

Ataxia and suppression of Cu and Fe absorption occurs with over intake of Zn, and 

this over intake of Zn further brings about Cu and Fe deficiency (Prasad et al., 2003).  

Nickel (Ni) 

Similar with other essential elements, nickel is a ubiquitous metal with a very 

important function for animals, plants and microorganisms. However, it is also an 

irritant which will result in serious dermatitis and pomology when exposed to skin 
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with a high concentration (Trumbo et al., 2001). The maximum tolerable limit of 

dietary nickel is 1000 μg/day, and average daily intake of Ni is 69-162 μg/day 

(Trumbo et al., 2001). 

Selenium (Se) 

Selenium is toxic to living organisms when exposed to a large dose, but is an 

essential micronutrient in low concentration. According to Ruyle et al. (1993), the 

plant such as locoweed can uptake and accumulate Se in stems and leaves as a 

requirement for preventing beetles. Livestock intakes forage grass (Se-accumulated) 

can lead to selenosis when exceeding the maximum tolerable intake level (400 

mg/kg) per day. Some studies found that the threshold of safety daily intake of Se 

should be less than 800 mg, and 400 mg per day will maintain the nutrient balance 

in body (Yang, 1994). The symptoms of selenosis include a garlic odor in the breath, 

gastrointestinal disorders, and hair loss. Serious selenosis can result in cirrhosis of 

the liver, pulmonary edema, and even death (Randhawa et al., 2017). 

Lead (Pb) 

Lead is a kind of toxic metal for animals and plants. Human exposes to Pb from 

various sources, which mainly include intake Pb containing food and inhale exhaust 

gas of vehicles. Lead is seldom existed in nature, but always acts as modifier to be 

added in industrial production. It is well known that addition of tetra-ethyl lead into 

petrol will result in more smooth and efficient combustion in an engine, but the lead 

particle will be emitted into atmosphere. The combustion of lead containing fossil 

fuel is one of the main reasons for causing lead pollution (West et al., 1994). Long 
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term exposing to a low Pb concentration environment will also result in great 

harmful. The harmful effect of Pb has been proved by lots of researches, but it still 

plays the irreplaceable role in the modern industry. For example, Pb is added in 

numerous of cosmetic products for better whitening effect as the good ability for 

controlling the formation of melanin (Chen et al., 2010).  

Lead still acts a significant role in the modern manufactory. A lot of batteries are 

made by lead solution and even in hybrid energy car and E-car. The lead solution 

inside will be leached out during the end-of-life disposal of batteries in soil. Lead 

is also applied generally in printing industry such as the flake white, in which Pb 

can enhance the ability of covering and lasting of ink powder. 

 

1.1.5 Adsorbents Used for Environmental Remediation 

Activated Carbon 

Activated carbon (AC) is a special kind of modified carbon material with huge 

surface area. It is a widely applied absorbent, which is used for removing various 

types of hazards such as metals and organic contaminants. According to Özçimen, 

& Ersoy-Meriçboyu (2009), high quality activated carbon was applied for 

staunching environmental damage from the oil spill in Scotland. It could be used in 

domestic water treatment system for removing odor generated by javellization 

(Schröder et al., 2007), and used as catalyzer carrier for decomposing organic 

compounds in air, such as photo-catalytically degraded formaldehyde by UV 
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illuminated TiO2/AC (Lu et al., 2013). Activated carbon can also be applied in soil 

remediation, pesticide residues removal, and nuclear fuel purification (Çeçen, & 

Aktas, 2011). Due to these, the demand of activated carbon increases rapidly in the 

recent years. 

 

 

Figure 1.1 The SEM images of a typical AC with various pores (Chen et al., 2010) 
 

The great adsorption of activated carbon is mainly contributed by the enlarged 

surface area and pores (Fig. 1.1), which are created during activation and 

carbonization processes. High quality AC always comes with numerous of pores 

with the diameters between 15 and 25 nm and the internal surface provides affinity 

strongly to absorptivity (Xie et al., 2013). In addition, lots of functional groups 

located at AC surface show extremely strong adsorption strength which can bond 

with ions or charged substances (Gabaldón et al., 1996). The pores in activated 
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carbon can be classified into three categories: micropore (< 2 nm), mesoporous (2-

50 nm) and macropore (> 50 nm), which decided the adsorption properties of 

activated carbon. Micropore is suitable for adsorbing gas, micro-molecule with 

relative small diameter, ion in liquid, and the main function of mesoporous is 

transport adsorbed materials to micropore. For macropore, it can be regarded as the 

entrance channel for molecules being absorbed onto activated carbon (Xie et al., 

2013). 

Surface area, pore size distribution, and surface functional groups are the three most 

important parameters influencing the adsorption capacity of activated carbon 

(Gabaldón et al., 1996). In addition, polarity of carbon surface, pKa value in solution, 

and particle size of activated carbon absorbents also influence the adsorption 

characteristics during the application (Nouri et al., 2012). Generally speaking, the 

adsorption ability of activated carbon is contributed by both chemical and physical 

adsorptions. For chemisorption, chemical bonding can be formed on AC surface 

and bonded with other charged substance such as heavy metals (Gabaldón et al., 

1996; Nouri et al., 2012). Different functional groups (e.g. TiO2, S, etc.) with special 

adsorption affinity can be selected as surface modifier on the AC. For physisorption, 

huge surface area and various distributed pores can offer relatively strong Van der 

Waals' force for trapping substances on the surface of activated carbon (Xie et al., 

2013).  
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Table 1.2 Description and main function of different types of activated carbon 

Types Description and main function 

Powdered activated 

carbon (PAC) 

Fine ground carbon less than 0.177 mm, directly added in 

process units such as water purifier, air filter, and 

membranes 

Granulated activated 

carbon (GAC) 

Slightly larger than PAC  

For industrial application 

Extruded activated 

carbon (EAC) 

Extruded to cylindrical shape (0.8 to 5 mm) 

Gas phase purifier 

Impregnated carbon 

(IC) 

Porous carbon integrated with various inorganic 

impregnates (I2, Ag+ etc.) 

Carbon based catalysts 

Polymers coated carbon 

(PCC) 

Coated with biocompatible polymers for medical 

purposes  

Hemoperfusion. 

 

Biomass activated carbon (BAC) can be produced from agricultural raw materials 

such as straw, nut shells, corn cob, etc. With the benefit of low cost and great 

adsorption efficiency, it has been applied comprehensively in many fields both 

domestically and industrially, including water purification, gas detoxification and 

catalyst reaction support.  

Adsorbents Derived from Minerals 

Clay minerals, known as the hydrous layer silicates that belong to phyllosilicate 

family, have been studied for their extraordinary heavy metal adsorption properties 

and strong abilities on removal of some nonpolar organic substances (Brown, 1982; 

Bhattacharyya, & Gupta, 2008; Krupskaya et al., 2017). Some recent investigations 
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have highlighted a change of the adsorption limit utilizing clays as adsorbents that 

can possibly be an option for the remediation of small scale pollution (Zhao et al., 

2013; De Oliveira et al., 2017). Adsorption efficiency of clay minerals relies upon 

both the chemical poperies and the structural association of the intercalated surfaces.  

Smectite group of clays (e.g. montmorillonite) is normally bounteous and has 

extraordinary properties, for example, high cation exchange capacity (CEC, 80–120 

meq/g), large total surface area, and micro- and meso-porosity making it compelling 

and reasonable antecedent for low cost and being effective adsorbent (Rathnayake 

et al., 2017). Montmorillonite comprises a number of clay minerals composing of 

t-o-t (tetrahedral-octahedral-tetrahedral) layers of both dioctahedral and 

trioctahedral types (Hurlbut, & Klein, 1977; Bhattacharyya, 2008). Thiebault et al. 

(2015) reported that the adsorption of tramadol and doxepin drugs onto a Na–

montmorillonite smectite clay mineral was mostly determined by electrostatic 

interaction through a cation trade, and the adsorption of tricyclic antidepressant 

exhibited a certain ability to interact through weak molecular inter-action driving 

to increase the adsorbed amount beyond the cation exchange. Rathnayake et al. 

(2016) studied the potential utilization of clay mineral material as efficacious 

adsorbents of organic pollutants, for example, Bisphenol A (BPA) during 

environmental remediation, and the good adsorption capacity was contributed by 

the long alkyl chains between surface modifier of adsorbent and pollutants. Similar 

with smectite (montmorillonite), illite is one of most abundant clay minerals in 

sedimentary rocks, defined as the mineral occurred in the clay fraction with Al–K, 
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non-expanding, di-octahedral, mica-type properties, which is commonly used in the 

traditional ceramic industry and also used for removing heavy metals in solution 

(Srodon, 1984; Ozdes et al., 2011; Csáki et al., 2017; Húlan et al., 2017). Rectorite 

is also a widely distributed silicate mineral with 1:1 mica-like and montmorillonite-

like interstratified layer (Tan et al., 2008). On the other hand, the swelling properties 

of the 2:1 layer silicates (e.g. montmorillonite) results in well ability on retaining 

water and contaminants, which are in the interlayer spacer upon the charge of layer, 

hydration energies, chemical potential, and the relative humidity (Tambach et al., 

2004; Fonseca et al., 2017). 

The investigations related to use of mineral material as adsorbents have a long 

history, and the high adsorption capabilities of clay mineral are resulted from net 

negative charge on the lattice of minerals. This negative charge will be neutralized 

by the adsorption of positively charged contaminants, providing clay adsorbent the 

ability to attract and hold cations such as heavy metals (Bailey et al., 1999). A 

maximum adsorption capacity of Pb 109.2 mg/g is observed for natural goethite 

(Lounis et al., 2012). Bhattacharyya et al. (2008) reported that modified goethite 

was found to have excellent ability for arsenic (As) removal. The maximum 

adsorption capacities of kaolinite (Cd 11.4 mg/g; Cr (VI) 13.9 mg/g; Pb 82.65 mg/g) 

and montmorillonite (Cd 33.2 mg/g; Pb 31.3 mg/g) are achieved after activation of 

these minerals (Alvarez-ayuso & Garcia-Sanchez, 2003; Bhattacharyya et al., 2007; 

Adebowale et al., 2008; Sen & Bhattacharyya, 2008). Ozdes et al. (2011) reported 

that the illite maximum adsorption capacity of Pb (239 mg/g) is achieved when the 
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adsorption is conducted at pH= 4 and room temperature for 240 mins. A group of 

modified mineral adsorbents has been used in removing Pb from aqueous solution, 

and the adsorption capacities of the clays for Pb are 22.7 mg/g and 6.3 mg/g for 

acid-activated montmorillonite and kaolinite, respectively (Bhattacharyya & 

Susmita, 2008). Bhatnagar et al. (2006) reported that the adsorption of Pb on 

adsorbents prepared from industrial wastes (blast furnace sludge) can be as high as 

227 mg/g. The maximum adsorption capacity of beidellite for Pb is 86.9 mg/g, and 

the polymer/montmorillonite clay nanocomposite imprinted by zinc ion can adsorb 

a maximum of 301 mg/g Pb (Etci et al., 2010; Msaadi et al., 2017). The sorption of 

Pb on rectorite is mainly dominated by surface complexation and cation exchange, 

with the equilibrium adsorption capacity being 17.9 mg/g (Tan et al., 2008). Beside 

metal pollutants, mineral adsorbents are also applied for removal of contaminants 

such as dyes. Methyl orange (MO) is a kind of anionic dyes which has been widely 

applied in printing industry, but it is toxic and carcinogenic (Eljiedi et al., 2017). 

One new material, uncalcined glycerol-modified nanocrystallined Mg/Al layered 

double hydroxides, was reported to apply as a good adsorbent for MO removal (Yao 

et al., 2017). Habiba et al. (2017) suggested that the removal of MO in wastewater 

was predominated by adsorption at low initial concentrations, whereas flocculation 

is observed at high concentrations. Phenol is another pollutant commonly found in 

wastewater especially in industrial effluent, and the toxicity of this compound 

makes it dangerous for living organisms even at low dosage (Richards, & Bouazza, 

2007; Jaramillo-Páez et al., 2017). Phenol in wastewater can be removed by 
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applying a variety of AC. Wang et al. (2017) reported that the adsorptive capacity 

for AC prepared from residual coal treated with KOH in adsorbing phenol was 

found to be more than 300 mg/g.  

1.2 Aims & Objectives 

The aims of this research are to study the mechanisms controlled the release of 

pollutants from CIGS TFSP material when extracted using nitric acid and the 

potential pollution when CIGS TFSP material is buried in different types of soils, 

and to understand the metal uptake of Brassica parachinensis L. H. Bariley grown 

in the CIGS TFSP polluted soils in relation to the pathways by which these metals 

were transferred to, and bio-accumulated in plants. A new soil remediation module 

is designed for removing the metal-contaminants by combing mineral waste 

material and activated carbon to produce an adsorbent, and its further modification 

is carried out for selective adsorption of targeted contaminants. In order to optimize 

the remediation ability by improving the adsorbent produced in this research, it is 

important and essential to find the most suitable conditions for chemical activation 

of activated carbon and thermal modification of MMWM to improve their 

adsorption capacity for targeted metals. As the adsorption capacity of mineral 

adsorbent is related to the mineral surface properties. It is necessary to study the 

physiochemical and mineralogical properties of the modified MMWM before and 

after thermal treatment in relation to the dehydroxylation and phase transformation 

of minerals, and to subsequently investigate the abilities and kinetics of pollutant 
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adsorption onto this dehydroxylated MMWM. In addition, an environmental 

friendly harmlessness method is then developed for treating the end-of-life CIGS 

TFSP. The results of this study may provide information for the understanding of 

the mechanisms of contaminants released from CIGS TFSP and their fate in the 

contaminated soils; and for the assessment of risks in disposing of and burying 

scrapped end-of-life CIGS TFSP in soils. 

This research was undertaken according to the following objectives: 

1. The toxicity of CIGS TFSP is studied by a chemical leaching experiment. 

2. A simulative soil burial experiment of CIGS TFSP is conducted by using 

different types of soils to deal with the release of metal pollutants from CIGS 

TFSP to soils. 

3. The transferring/bioaccumulation of metal pollutants in plants is investigated 

by cultivation of vegetable in CIGS TFSP contaminated soils. 

4. A new type of soil remediation module created by combining AC and mineral 

waste material (e.g. MMWM) is applied as an adsorbent for simulative 

remediation of metal-contaminated soils already polluted by CIGS TFSP. 

5. In order to improve the adsorption capacity of the soil remediation module, a 

study is carried out to formulate and develop a new type of activated carbon as 

adsorbent derived from waste biomass materials based on the microwave 

assisted low temperature activation method. 

6. The modification of MMWM adsorbent undergone a thermal process is carried 

out to study the physiochemical and mineralogical properties as well as 
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adsorption kinetic of this newly dehydroxylated product, in relation to the 

improvement of adsorption capacity of the soil remediation module.  

7. In order to reduce the risks on environmental health, an environmental friendly 

pathway for end-of-life CIGS TFSP treatment is developed and proposed.  

1.3 Contribution and Significance of Present Research 

This research focuses on the investigation of the potential environmental impact 

arisen by end-of-life CIGS TFSP. Leaching toxicity and simulative soil burial 

experiments are conducted for studying the contaminants released from CIGS TFSP 

in water and soil since disposal of CIGS TFSP by filling in multi-purpose solid 

waste dumpling site may result in soil contamination. The data obtained from this 

study are able to ascertain the recycling/harmlessness of CIGS TFSP that is 

necessary during the end-of-life treatment process. 

A soil remediation module is created in this research by combining MMWM and 

AC as an adsorbent that has shown its ability in adsorption of metals and organic 

compounds, and its adsorption capacity increases with the improved modification 

technology. The development of this new technology is based on the utilization of 

waste material which can be recycled for environmental remediation. For this 

purpose, activated carbon adsorbent is produced from waste biomass materials with 

new formulated chemical activation methods, and the MMWM adsorbent is derived 

from inorganic waste material that undergoes thermal treatment where 

dehydroxylation and mineral phase transformation occurred in order to increase its 
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adsorption capacity. The mechanisms and kinetics of adsorption associated with 

model fittings are studied to explain theoretically the effect of thermal process on 

the formation of newly dehydroxylated product (adsorbent), followed by the 

application of soil remediation modules made from these environmental friendly 

adsorbents in soil remediation where the improvement of adsorption ability of our 

newly developed products is further confirmed. 

1.4 Organization of Thesis 

This thesis is consisted of 9 chapters. Chapter 1 is a general introduction that 

provides literature review of previous studies on the contamination and remediation 

of CIGS TFSP, and adsorbents derived from waste materials. Chapter 2 deals with 

the determination of metal constituents and leaching toxicity of CIGS TFSP. 

Chapters 3 and 4 demonstrate the soil and vegetable contaminations arisen by the 

burial of EoL CIGS TFSP, the fate of metals released from CIGS TFSP into the soil 

and their bioaccumulation in plant. Chapter 5 reveals a soil remediation module is 

therefore created by combing AC and MMWM to produce adsorbents. Chapters 6 

and 7 report the modification of AC and MMWM adsorbents and their significance 

in application for adsorption of contaminants. A pathway of harmless treatment of 

EoL CIGS TFSP is demonstrated in Chapter 8 and a summary of significant 

findings in this research and the suggestions of future work are given in Chapter 9. 
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1.5 Flow Chart of Experimental Design  
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Chapter 2 Determination of Metal Constituents 

and Release of Metal Pollutants from Thin-film 

Solar Panel Materials 
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2.1 Background of Cu(InGa)Se2 Thin-film Solar Panel 

It is acknowledged that TFSP should not be disposed of along with domestic trash 

as internal semiconductor layers contain hazardous metals. Unlike other electrical 

products, TFSPs are built to resist harsh natural environments, as the toxins in their 

electrical components are continuously exposed to the environment (Dias et al., 

2017). The semiconductor layer inside a CIGS TFSP can be well protected by the 

front glass cover and ethylene vinyl acetate (EVA) substrate (Fig. 2.1), but it may 

become a source of pollution once the glass cover or EVA substrate is broken. If 

such damage occurs during the disassembly and transfer stages in a solid waste 

treatment stream, the internal semiconductor layers, comprised of the Al/Ni grid, 

Mo, p-type Cu(In,Ga)Se2, n-type CdS/ZnS and TCO(HR-ZnO/n+-ZnO), may be 

exposed to the environment (Frhenakis et al., 2008). Oxygen and water may then 

permeate into the damaged areas and stimulate corrosion of the thin-film 

semiconductor layer, resulting in the release of metals. 

In this chapter, the comparison on the release of heavy metals from thin-film solar 

panel materials via leaching by using sulfuric and nitric acids, and acetic acid buffer 

solution to elucidate potential of heavy metal contamination from the CIGS thin-

film solar material is studied. 
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2.2 Materials and Methods 

2.2.1 Preparation of Cu(InGa)Se2 Thin-film Solar Panel Material 

 

Figure 2.1 Structure of a typical Cu(InGa)Se2 thin-film solar panel (CIGS TFSP 

cross section). 

 

The CIGS TFSP materials were obtained from a solar energy company in Zhuhai, 

China. We removed the metal frames, electric cables, and plastic debris (Fig. 2.1) 

and then crushed the panel materials into small pieces (less than 9.5 mm * 9.5 mm, 

GB standard) with a hammer wrapped in plastic film. The crushed material was 

rinsed with deionized (DI) water and air-dried at room temperature. 
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2.2.2 Determination of Metal Constituents of Cu(InGa)Se2 Thin-film Solar 

Panel Material 

The metals in the CIGS TFSP material were extracted by microwave-assisted 

digestion (Microwave digester MDS-10, Sineo, Shanghai). A portion (1.00 g) of 

the crushed sample (less than 2 mm * 2 mm, with Ni/Al grid) was placed in an air-

tight Teflon tank. 10 ml of 14.4 M nitric acid was added, and then the sample was 

heated and digested at 180 °C for 20 minutes. The digested solution was filtered to 

a volumetric flask with a 0.22 μm filter film after cooling to room temperature, and 

then filled to 100 ml with DI water. The concentrations of a range of metals in the 

solution were determined with inductively coupled plasma optical emission 

spectroscopy (ICP-OES; Perkin Elmer Optima 2100DV, USA). 

2.2.3 Leaching Toxicity of Cu(InGa)Se2 Thin-film Solar Panel Material 

Leaching procedure HJ/T299-2007 (Solid waste-extraction procedure for leaching 

toxicity-sulphuric acid & nitric acid method) and HJ/T300-2007 (Solid waste 

extraction procedure for leaching toxicity acetic acid buffer solution method) were 

used for studying the leaching toxicity of CIGS TFSP.  

In line with sulphuric acid & nitric acid method (HJ/T299-2007), 100 g of the 

crushed CIGS TFSP material (less than 9.5 mm * 9.5 mm), from which the Ni/Al 

grid was removed to allow a better examination of leaching toxicity of the thin-film 

semiconductor layer, were put into 2 L conical flasks and extracted these samples 

for 18 hours with 1L H2SO4: HNO3 leaching solution (2:1 v/v, approximate 2 drops 
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in 1 L of DI water, pH = 3.2) by rotation (30 r/min) at 23 °C. After that, the 

supernatant was separated by a 0.22 μm filter film after standing for 16 hours. The 

experiments were performed in triplicate. The sample recovery and leaching blank 

were prepared according to the standard method at the same time. The collected 

solutions were stored in polyethylene (PE) bottles, and the concentrations of metals 

in the solution were determined using ICP-OES after being acidified to a pH value 

less than 2. 

For horizontal acetic acid buffer solution method (HJ 300-2007), 50 g of the 

crushed CIGS TFSP material (less than 9.5 mm * 9.5 mm), from which the Ni/Al 

grid was removed to allow a better examination of the leaching toxicity of thin-film 

semiconductor layer, into 2 L conical flasks and extracted these samples for 18 

hours with 1 L leaching solution (pH = 4.95, 5.7 ml concentrated HAC and 64.3 

mL 1 mol/L NaOH solution were added in 500 mL DI water, and diluted to 1 L) by 

rotation (frequency 30 r/min) at 23 °C. After that, the supernatant was separated by 

a 0.22 μm filter film after standing for 16 hours. The experiments were performed 

in triplicate. The sample recovery and leaching blank were prepared according to 

the standard method at the same time. The collected solutions are stored in 

polyethylene (PE) bottles, and the concentrations of metals in the solution were 

determined using ICP-OES after digestion. 
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2.3 Results and Discussions 

2.3.1 Cu(InGa)Se2 Thin-film Solar Panel Materials 

 

Figure 2.2 Thin-film solar panel materials (TFSP): a. non-corroded CIGS TFSP, b, 

c, & d, corroded CIGS TFSP. 

 

Image for non-corroded CIGS TFSP collected from a solar energy company in 

Zhuhai is displayed in Fig. 2.2 a. Corroded CIGS TFSP materials which collected 

from a domestic waste dumpling site are shown in Fig. 2.2 b, c, &d. Very obvious 

changes can be observed from the non-corroded CIGS TFSP and the corroded ones. 

A completely thin film layer with a well-fitted coverage can be found on the non-

corroded CIGS TFSP, and the contactors on the EVA substrate can be clearly found 

(see Fig. 2.2 a). In general, the inside part of a thin film layer, which is constituted 

by semiconductor materials (e.g. CIGS in this type of panel), can be well protected 
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by the protective EVA substrate and front glass which resist the severe environment.  

The semiconductor layer of the corroded CIGS TFSP, which was collected from an 

open dumpling site, showed badly corrosion (Fig. 2.2 d). Both front glass and EVA 

substrate are found broken (Fig. 2.2 b & c), the broken protective layers cannot well 

resist liquid (e.g. rainwater) from entering the panel and resulting in semiconductor 

layer corroded.  

 

Figure 2.3 Corrosion of dumped CIGS TFSP: a. corroded CIGS TFSP; b & d. 

EVA layer (with semiconductor layer); c. broken front glass. 

 

As shown in Fig 2.3, the detailed images of corroded CIGS TFSP are displayed. It 

can be clearly observed from Fig 2.3 a & c, corrosion of semiconductor layer started 

from the broken edge to the center, where the dark grey metallic luster can be 

observed on point 2 but not on point 1 was indicated in Fig 2.3 c. It can be found 
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that, the separation of front glass and EVA substrate comes with a similar trend 

with the corrosion of semiconductor layer. Residual of semiconductor layer 

appeared on both EVA substrate and front glass (see Fig 2.3 b, c, & d), the reacting 

zone of semiconductor layer and surrounding environment are enlarged with the 

increasing time of interaction.  

The corrosion of CIGS TFSP can be explained as the following: firstly, protective 

front glass and EVA substrate are broken, and the incompleteness of protective 

layers provided the pathways of liquid or moisture to penetrate into semiconductor 

layers from the surrounding environment. Secondly, the corrosion of 

semiconductor layer can also enlarge its interlayers, which may cause the further 

corrosion of semiconductor layer.  

 

Figure 2.4 The corrosion of CIGS TFSP (Building Integrated Photovoltaic (BIPV) 

type). 
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Figure 2.4 demonstrated another type of CIGS TFSP collected in an open domestic 

waste dumpling site. Different from the ones displayed in Fig 2.2 & 2.3, the CIGS 

semiconductor layer of this one is covered by glass from both sides. Such special 

designed CIGS TFSP can be used for building glass curtainwall, which can ensure 

the sturdiness of construction. The completeness of this CIGS TFSP is better than 

the traditional ones, as double-glass design can well protect the panel from breaking 

down by external force, but corrosion of inside semiconductor thin film still 

occurred. It can be clearly observed from Fig 2.4, the semiconductor layer at the 

edge of the panel is corroded (Fig. 2.4 b), and the corroded zones are found as far 

as 30 mm elongating into the semiconductor layer (Fig. 2.4 a). Although the 

protective glass is not broken, the liquid or moisture in the surrounding environment 

still can permeate into the interlayer between two glass layers and semiconductor 

layer, where the corrosion is found much slower than in the broken ones (Fig. 2.3).  

In summary, corrosion of semiconductor layer of CIGS TFSP in the natural 

environment occurs no matter the protective glass or EVA substrate is broken or 

not. The damage of protective layers will accelerate the corrosion. The disposal of 

end-of-life CIGS TFSP as construction wastes in domestic dumpling sites can lead 

to the corrosion of dumped CIGS TFSP where the potential risks of pollution to the 

surrounding environment ought to be greatly concerned. 
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2.3.2 Determination of Metal Constituents in Cu(InGa)Se2 Thin-film Solar 

Panel Material 

 

Figure 2.5 Metal constituents in CIGS TFSP material (Values in the bar chart are 

expressed as the mean and error bars represent the SD. Three replicates were 

analyzed for each metal. SD = standard deviation) 
 

The metal constituents in the CIGS TFSP material are shown in Figure 2.5. As the 

main elements in Ni/Al grids, aluminum (Al) and Ni, with concentrations of 1270 

and 650 mg/kg, respectively, were the two most abundant metals. As expected, Zn, 

Cu, Ga, and In, the important components of a thin-film semiconductor layer used 

for generating electricity, were also present at high concentrations. The main source 

of sodium (Na) is glass (Fig. 1), while iron (Fe) and vanadium (V) were present in 

the residuals of metal frames left over when they were removed during the pre-

treatment. The remaining metals, detected in trace concentrations, are added to the 
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CIGS TFSP during manufacturing to optimize the optical and PV properties, or to 

prevent corrosion of the semiconductor layer. 

2.3.3 Metal Leaching Toxicity of Cu(InGa)Se2 Thin-film Solar Panel Material 

 

Table 2. 1 Metal leaching toxicity of CIGS TFSP by different methods (“-” denotes metal 

concentrations lower than detection limit, five replicates were analyzed for each sample) 

 Sulphuric acid & nitric acid (mg/L) Acetic acid buffer solution (mg/L) 

Cd - - 

Cr - - 

Cu 5.9 ± 0.14 6.6 ± 0.43 

Fe 0.094 ± 0.028 0.057 ± 0.019 

Pb 0.074 ± 0.0005 - 

As 0.20 ± 0.13 0.10 ± 0.04 

Hg - - 

Se 1.06 ± 0.45 0.68 ± 0.12 

Zn 0.082 ± 0.019 0.06 ± 0.004 

Al 0.91 ± 0.11 2.1 ± 0.12 

Ni 2.2 ± 0.044 1.7 ± 0.23 

Mg 0.46 ± 0.01 0.18 ± 0.05 

In - - 

Ga - - 

Ba 0.015 ± 0.002 0.013 ± 0.002 

 

Table 2.1 demonstrates the leaching toxicity of CIGS TFSP by using sulphuric acid 

& nitric acid (SNA) and acetic acid (AA) buffer solution leaching methods. Copper 

showed the highest concentration in both SNA and AA leaching solutions with the 
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concentrations of 5.9 and 6.6 mg/L, respectively. As copper is one of major metals 

in the semiconductor layer, the highest amount of Cu released was obtained during 

the decomposition of semiconductor layer within 18hr of leaching. Aluminum and 

Ni were the two most leached metal by the AA method with the concentrations 2.1 

and 1.7 mg/L, respectively after Cu. While, approximate 2.2 mg/L of Ni and 1.06 

mg/L of Se were leached by the SNA method. 

Referring to Figure 2.5 and Table 2.1, the metal concentrations of the leaching 

solution are different from the metal constituents which analyzed after strong acid 

with microwave assisted digestion. Microwave assisted digestion can fully 

extracted the metals in semiconductor layer and Ni/Al grid inside the panel of CIGS 

TFSP, while the leaching experiments with SNA and AA methods were suitable to 

apply to simulate the natural leaching process of this kind of solid waste when they 

were discarded. Although the leaching toxicity by either SNA or AA leaching 

method did not exceed the related standards, long term release of contaminants by 

the disposal of CIGS TFSP will be potentially hazardous to the surrounding 

environment.   
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2.4 Conclusions 

In conclusion, the end-of-life CIGS TFSP contained numerous hazardous metals in 

semiconductor layer or in Ni/Al grid, where metals can be released if CIGS TFSP 

is disposed of inappropriately. The release of metals would be accelerated when the 

protective layers (e.g. EVA protective layer, cover glass) are broken. Various 

metals may be released to the soil solution from the semiconductor layer of the 

CIGS TFSP, and such release can be accelerated under an acidic environment. Long 

term release of hazardous metals from the discarded CIGS TFSP will be a 

potentially environmental problem. A suitable end-of-life treatment for disposal of 

CIGS TFSP is necessary, and details on this treatment will be discussed in Chapter 

8. 
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Chapter 3 Soil Contamination by Cu(InGa)Se2 

Thin-film Solar Panel 
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3.1 Soil Contamination Arisen by End-of-life Cu(InGa)Se2 

Thin-film Solar Panel 

The growth of industrial and farming activities in recent years, came with over-

urbanization, has brought about metal contents (such as the Cu, Pb and Zn) that are 

over the permissible limits in some developing countries (da Silva et al., 2017a). 

The disposal of TFSPs seems to appear rather harmless and straightforward as long 

as the toxins inside remain protected by the toughened glass and EVA film. 

However, once the protective layers of TFSPs are damaged, as is inevitable during 

the waste treatment process, there is the potential for release of heavy metals and 

other toxins from TFSPs to the surrounding environment, with consequences for 

soil and water quality (Khidkhan et al., 2017; Ngole-Jeme, & Fantke, 2017). Other 

types of wastes have been reported to cause similar environmental pollution. For 

example, investigations of an electronic waste dumpsite showed that the total mean 

concentrations of heavy metals in the soil decreased with depth in the soil profile 

and with distance from the dumpsite (Khan et al., 2008; Olafisoye et al., 2013; 

Adamcová et al., 2017). High levels of heavy metals were found in the soil samples 

collected from a solid waste dump (batteries, paints, electrical components, etc.) in 

the city of Yamoussoukro, with high levels of Pb, Cu, and Zn (163, 52, and 487 mg 

kg−1, respectively) (Yobouet et al., 2016). According to Nannoni et al. (2017), 

municipal solid waste dump has environmental impact on the surrounding soil, up 

to about 100 m from the dump boundary, and Pb in the topsoil sampled close to the 

dump showed higher contents and a slight decrease in concentration with increasing 
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distance. There are also concerns that the hazardous and toxic metals in the PV 

modules, such as Cu, Zn, Pb, Cd and Se, may have serious impacts on human health 

(da Silva et al., 2017a; da Silva et al., 2017b; Khidkhan et al., 2017; Ngole-Jeme, 

& Fantke, 2017). To date, there have been few studies of the environmental 

pollution that arises as TFSP, particularly CIGS TFSP, is broken down or degraded. 

One study reported that the predicted environmental concentrations (PEC) of Cd 

(173.4 μg Cd L−1), molybdenum (Mo) (9.9 mg Mo L−1), and Se (9.4 μg Se L−1) 

released from CIGS TFSP during acid rain runoff experiments were considerably 

greater than the acute toxicity concentrations for some aquatic animals 

(Zimmermann et al., 2013). They also reported that few metals were released from 

organic PV cells (OPV), and the calculated PECs were lower than even very 

conservative drinking water guideline concentrations (Zimmermann et al., 2013). 

Gustafsson et al. (2014) examined the feasibility of recycling Se from CIGS by 

oxidation at elevated temperatures and found that oxidative gaseous selenium 

dioxide formed and could be separated from the other elements. Also, very few 

studies have reported the mechanisms that control the release of toxins into the soil 

when TFSPs, particularly CIGS TFSPs, are disposed of. Because of its potential as 

one of the most promising semi-conductive materials in the thin-film industry, the 

toxic effects of CIGS and other similar semi-conductive materials need to be 

investigated.  

The aim of this study presented in this chapter therefore was to exam the 

mechanisms that controlled the release of metals from CIGS TFSP material under 
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acidic solutions, and the potential environmental pollution when CIGS TFSP 

material was buried in different types of soils. 

3.2 Materials and Methods 

3.2.1 Preparation of Soil Samples 

Two soil samples were collected respectively from the upper 20 cm of soil profiles 

in Zhuhai and Shaoguan, both in Guangdong Province, China. The sample from 

Zhuhai was a neutral Mollisol that represented unpolluted soil while the sample 

from Shaoguan was an acid Oxisol with a low pH with high heavy metal 

background concentrations that represented a polluted soil. We also prepared a 

synthetic soil, which was a kind of commercial garden soils. We air-dried the 

collected soil samples at room temperature, ground them to less than 2 mm, and 

then stored in high-density polyethylene (HDPE) buckets. All the soil samples were 

dried at 121 °C for 24 hrs to eliminate indigenous microorganisms to avoid bio-

leaching of metals. The major properties of these soils are described in Table 3.1. 

 

Table 3. 1 The major properties of synthetic soil, Mollisol, and Oxisol 

 pH Organic matter Clay (<2 µm） Sand + Silt (2–2000 µm) 

Synthetic soil 7.2 9% 9% 82% 

Mollisol 5.8 5% 56% 39% 

Oxisol 3.9 8% 42% 50% 
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3.2.2 Cu(InGa)Se2 Thin-film Solar Panel Burial Experiment 

Evenly mixed soil samples (2.0 kg) were placed in HDPE pots (250 * 150 * 200 

mm). Each pot had 2 small holes (φ5 mm) in its base and a drainage pan underneath 

into which water drained. This drainage water was returned to the original pot once 

a day. Different amounts of the crushed CIGS TFSP material (less than 9.5 mm * 

9.5 mm, with Ni/Al grid) were mixed evenly with the soil samples (0, 50, 100, 150, 

and 200 g were mixed with 2.0 kg of soil) in the pots, with three pots for each 

treatment. The samples were left in an open cultivation area under natural 

environmental conditions for 60 days and were soaked with DI water once a day to 

keep the soil moist (60% ± 5%). After burial, a small amount of the soils in which 

the remaining CIGS TFSP materials had been completely taken out after burial 

experiment was collected from each pot. These soil samples were air dried at room 

temperature, then ground to 0.15 mm and stored in a refrigerator at 4 °C. 

Homogenized soil materials (approximately 200 mg) with 10 ml strong acid (4:1 

concentrated 65% HNO3 and 30% H2O2 (v/v)) in an airtight Teflon tank (effective 

volume 50 mL) were heated at 180 °C in the microwave digester (Sineo, MDS-10, 

Shanghai, China) for 20 mins. After digestion the supernatant was then separated 

from the solid particles with a 0.22 μm filter and diluted to 50 mL (Krishnamurty 

et al. 1976; Farkas 1993; Li et al., 2001). The concentrations of metals (Zn, Ni, Al, 

Cr, Ga, Pb, Cu, and In) were determined by ICP-OES (Perkin-Elmer Optima 2100 

DV, USA). The experiments were performed in triplicate. A certified standard 

reference material GBW07403(GSS-3), obtained from the National Institute of 
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Metrology (NIM), China, was used in the digestion and analysis as part of the 

QA/QC protocol. Reagent blanks and analytical triplicates comprised 10% of the 

total samples and were used where appropriate to test the accuracy and precision of 

the analysis. The recovery rates were around 92 ± 6% for all of the metals in the 

soil (GBW07403(GSS-3)) reference material. 

3.2.3 Data Analysis 

We used the Pollution Index (PI) and Nemerow Contamination Index (PN) to 

quantify the pollution and to evaluate the metal pollution levels for soil samples.  

Pollution Index 

The PI ratio was calculated as outlined in the Technical Specifications for Soil 

Environmental Monitoring HJ/T 166 (2004)1, and expressed in Equation (Eq.) 2-1. 

PI = 
��� ���	
 ����
��� ���������� (Eq. 2-1) 

where [C]heavy metal is the heavy metal concentration in a soil sample and [C]background 

represents the heavy metal concentration in a blank soil (background). 

Nemerow Contamination Index  

The PN is excellently sensitive and resilient in eclipsing properties, making it a good 

general-use index on classifying contamination level of soil (Cai et al., 2015). It 

                                                   
1  HJ/ 166-2004, The Technical Specification for Soil Environmental Monitoring, China 

National Standard, published on December 9, 2004 
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considers all the independent pollution indexes and highlights the importance of 

elements that cause contamination. In line with HJ/T 166 (2004)1 in the Technical 

Specification for Soil Environmental Monitoring, the PN is expressed as Eq. 2-2, 

PN = ���average
����max

�
�  (Eq. 2-2) 

where PI is the pollution index ratio, and PIaverage and PImax are the average and 

maximum PI values for each metal, respectively. The relationships between the 

value of PN and level of pollution are shown in Table 3.2. The PN reflects the 

combined effects of multiple heavy metals in soils, especially the pollutants with 

the highest PI. 

Table 3. 2 Nemerow Contamination Index (PN) for evaluation of soil pollution. 

Level Nemerow Contamination Index Pollution Level 

Ⅰ PN ≤ 0.7 Nil 

Ⅱ 0.7＜PN ≤ 1.0 Light 

Ⅲ 1.0＜PN ≤ 2.0 Mild 

Ⅳ 2.0＜PN ≤ 3.0 Medium 

Ⅴ PN＞3.0 Heavy 
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Statistical Analysis 

Statistical analysis was performed with SPSS (Ver. 22). We used analysis of 

variance (ANOVA) to test the relationships between metal concentrations and 

different leaching times for various soils. Means were separated using the least 

significant difference option with α= 0.05. The correlations between addition of 

crushed CIGS TFSP (g) and Pollution Index (PI) and Nemerow Contamination 

Index (PN) of soils are analyzed using Pearson rank order correlation analysis. 
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3.3 Results 

 
Figure 3.1 Metal concentrations in soils contaminated by CIGS TFSP: a. synthetic soil, b. 

Mollisol, and c. Oxisol. The inset graphs in Fig. 3.1-a & b have been included to show the 

results more clearly. Labels in a. indicate the amounts of CIGS TFSP added. Values are 

expressed as the mean ± SD. Samples were analyzed in triplicate.  
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The metal concentrations in the synthetic soil, Mollisol, and Oxisol increased as the 

amounts of CIGS TFSP added increased over a 60-day burial period. The metals 

presented at highest concentrations in these three soils were Ga, Zn, Pb, Cu, Ni, In, 

and Cr (Fig. 3.1). 

3.3.1 Burial Experiment of Synthetic Soil 

Of the heavy metals studied, the Ni concentrations were the highest in the synthetic 

soil after the 60-day burial (Fig. 3.1a). The concentration of Ni increased from a 

background level of 10.8 to 137 mg/kg in the synthetic soil to which 200 g of CIGS 

TFSP material (with Al/Ni grid) was added, which indicates that the release of Ni 

was significantly (p < 0.05) correlated with the amount of CIGS TFSP material 

added to the soil.  

The background concentrations of Zn and Cu in the synthetic soil were 40 and 13 

mg/kg, respectively. For example, after 60 days of burial with addition of 200 g of 

CIGS TFSP, the concentration of Zn in the soil increased to approximately 82 

mg/kg. This was approximately as twice as the concentration in the blank soil 

sample and corresponded well with the amount of CIGS TFSP material added. The 

Cu concentration was 39 mg/kg in the soil to which 200 g of panel material was 

added, which was 3 times the concentration in the blank (Fig. 3.1a). The In and Ga 

concentrations also increased as the amount of CIGS TFSP material added 

increased, from a background concentration of 6.6 to 16.5 mg/kg for In and 3.2 to 
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5.2 mg/kg for Ga in the soil to which 200 g of CIGS TFSP material was added after 

60 days of burial (Fig. 3.1a). 

3.3.2 Burial Experiment of Mollisol 

After burial for 60 days, we found that the concentrations of Zn, Cu, Ni, Ga, In, and 

Cr in the Mollisol were higher than those at the beginning of the burial period, 

reflecting the release of metals from the CIGS TFSP (Fig. 3.1-b). Of these metals, 

the concentrations of Zn were the highest, and had increased from a background 

level of 28 to a maximum amount of 131 mg/kg as the amounts of CIGS TFSP 

material added increased to 200 g. The concentration of Ni was initially 2.8 but 

increased to 13.6 mg/kg, 4 times its background concentration, and the 

concentration of Pb increased by approximately 18.5% from 27.1 to 32.7 mg/kg in 

the soil to which 200 g of CIGS TFSP material had been added after the 60-day 

burial. Soldering containing Pb was used in CIGS TFSP and was attributed to the 

source of Pb release into the soil. The concentrations of Ga and Cr in the Mollisol 

changed only slightly when different quantities of CIGS TFSP material were added.  

3.3.3 Burial Experiment of Oxisol 

After burial for 60 days, the metallic luster of the CIGS TFSP had faded more in 

the Oxisol than in the Mollisol or synthetic soil. This suggests that more serious 

corrosion occurred on the CIGS TFSP material when buried in Oxisol. The main 

pollutants released were Cu and Zn, which were the main elements in the thin-film 

semiconductor layer. The concentrations of Cu and Zn increased as the amount of 
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CIGS TFSP material added to the soil increased from 50 to 200 g (Fig. 3.1-c). The 

concentration of Pb was also high, but it was already present in the Oxisol at quite 

a high concentration. The background Pb levels, rather than the added CIGS TFSP 

material, were perhaps the main contributor to the high Pb concentrations in Oxisol. 

3.4 Discussions 

3.4.1 Burial Experiment of Synthetic Soil 

Indium and Ga are key elements in the p-type Cu (In, Ga) Se2 layer of a CIGS TFSP, 

so the increases in their concentrations in the soil indicated that the semiconductor 

layer of the thin-film was corroded. The internal thin film layer could therefore be 

corroded easily once the glass or EVA film is broken. The results of increases in 

the total concentrations of Ga, Zn, Pb, Cu, Ni, In and Cr in the synthetic soil samples 

as shown in Fig. 3.1-a demonstrate that heavy metals were released from CIGS 

TFSP material during the 60-day burial period.  

Compared with the Environmental Quality Standards for soil in China GB15618 

(2009), the synthetic soil with 100, 150, and 200 g of TFSP material was classified 

as heavily contaminated (PN values of 3.17100 g, 6.21150 g, and 9.38200 g, as shown in 

Table 3.3) and unsuitable for growing vegetables. The Ni concentration in the 

synthetic soil was higher than level III of the Environmental Quality Standards for 

Soil in China GB15618 (2009)2, while the concentrations of the other metals did 

                                                   
2 GB 15618-2009 Environmental quality standards for soil in China, China National Standard, 

unpublished. 
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not exceed the standard. Nickel was the top metal contaminant released from CIGS 

TFSP material when buried in synthetic soil. 

3.4.2 Burial Experiment of Mollisol 

The background concentration of Zn in the Mollisol was approximately 30% less 

than that in the synthetic soil, but after 200 g of CIGS TFSP was added and buried 

for 60 days, the Zn concentration in the Mollisol was 1.5 times higher than that in 

the synthetic soil. The concentrations of Ni were followed a different pattern. The 

background concentration of Ni in Mollisol was only 1/3 of the concentration in the 

synthetic soil. After 60 days, the Ni concentration in the Mollisol to which 200 g of 

CIGS TFSP material was added had increased to 13.6 mg/kg but was only 10% of 

the concentration in the synthetic soil. After 60 days, the Cu concentration had 

doubled from 18.8 to 37.7 mg/kg in the Mollisol to which 200 g of CIGS TFSP 

material was added (Fig. 3.1b); this was comparable to the concentration of Cu 

extracted from the synthetic soil with 200 g of material added (Fig. 3.1a). These 

results suggest that it was easier to extract Zn, but more difficult to extract Ni, from 

the Mollisols (pH = 5.6) than from the synthetic soil (pH = 7.2) with CIGS TFSP 

material added. According to Barać et al. (2016), soil contamination by heavy 

metals significantly increased not only the concentrations of heavy metals in the 

soil but also their mobile and potentially bioavailable amounts (Simona et al., 2004; 

Abdu et al., 2017; Xiao et al., 2017). Our results may reflect the characteristics of 

these soils, including their pH, humic acid and hydrous ferric oxide contents, 
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particle size and shape, ionic strength, specific surface area, surface bonding, cation 

exchange capacity, microbial responses, and their affinity to accelerate or retard the 

release of metals from CIGS TFSP. The Zn concentration was higher than level III 

of the Environmental Quality Standards for Soil in China GB15618 (2009) in the 

soil to which 200 g of CIGS TFSP material had been added after 60 days, indicating 

that the Mollisol was contaminated. Zinc was the number one metal contaminant 

released from CIGS TFSP material when buried in Mollisol. According to Strachel 

et al. (2017), high concentration of Zn in contaminated soil can significantly modify 

the soil properties by reducing the number of bacteria inside and accelerate or retard 

the release of other metals from CIGS TFSP. 

3.4.3 Burial Experiment of Oxisol 

As shown in Fig. 3.1c, the patterns of metal concentrations in the Oxisol were 

different from those in the synthetic soil and Mollisol (Fig. 3.1a & 3.1b). The Oxisol 

used in this study was already polluted by various metals, especially Pb. For this 

circumstance, the initial high pollutant concentrations may suggest that there was 

ongoing gradual release of pollutants (Fig. 3.1c). For example, the concentrations 

of Cu and Zn in the soil with only 50 g CIGS TFSP material added were not 

significantly different from those in the blank. However, the concentrations of Cu 

and Zn were approximately 29% and 70% higher, respectively, in the soil where 

200 g of CIGS TFSP material were added, respectively, indicating that the metals 

released from the CIGS TFSP material caused the metal concentrations to increase 
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in the soil. In contrast, the concentration of Pb in the Oxisol burial experiment 

decreased slightly, and its concentration in the synthetic soil and Mollisol burial 

experiments did not vary significantly either. According to Ma et al. (2007), 

corroding mechanisms of metallic Pb can be separated into three steps: oxidation, 

carbonation and dissolution, and soil properties especially pH can significantly 

influence these processes. This phenomenon possibly reflects differences in the 

equilibrium status between adsorption and desorption of Pb (including Pb-

carbonates and Pb-oxides) and its interaction with other metals. After 60 days of 

burial experiment, the concentrations of Ni, In, and Ga in the Oxisol were higher 

than their initial concentrations of 20.4, 5.3, and 2.1 mg/kg by 114.2%, 89.2%, and 

492.4%, respectively, where 200 g of CIGS TFSP material was added. The 

concentration of Cr stabilized at approximately 18 mg/kg. Therefore, the increases 

in the metal concentrations in these three types of soils reflect metals released in 

different degree from the CIGS TFSP material. 

It is noteworthy that, in the same type of soil, the metal concentrations were usually 

higher after CIGS TFSP material was added over the same time interval. In this 

experiment, by comparing three types of soils after 60 days of burial experiment, 

the concentrations of metals released were the lowest in the synthetic soil with the 

highest pH (7.2), followed by the Mollisol with a pH value of 5.6, and were the 

highest in the Oxisol with a pH of 3.9, which indicate that pH influenced the 

dissolution of metals in the different types of soil, and thus the metal release from 

the TFSP material was enhanced in acidic conditions.  
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3.4.4 Mechanisms of Metals Released from Cu(InGa)Se2 Thin-film Solar Panel 

Material 

Various mechanisms contributed to metal release from the CIGS TFSP material can 

be described as the follows. Firstly, dissolution and oxidation occurred at the broken 

interface of the CIGS TFSP material, resulted in metal release into the soil. 

Secondly, the ionic strength influenced the rate of metal dissolution, as shown by 

the variations in the dissolution rate after different amounts of CIGS TFSP material 

were added related to the background concentrations of metals in three types of 

soils. Hydrogen ions contributed significantly to the changes in cation exchange 

capacity in the soil, such that metal release was accelerated from the CIGS TFSP 

material. Finally, surface bonding of soil minerals, for example water molecules, 

might have facilitated metal adsorption when the H+ was released, so that metals 

built up new bonds with oxygen left over on the surface of a mineral (Jiang, et al., 

2013a). The larger amounts of hydrogen ions penetrated into the broken CIGS 

TFSP material may facilitate more rapid corrosion of CIGS TFSP material, 

resulting in more metals released into the soil. 

3.4.5 Assessment of Soil Contamination Caused by CIGS TFSP 

Table 3. 3 Pollution Index (PI) and Nemerow Contamination Index (PN) of soils 

Soil type Addition of crushed CIGS TFSP (g) Correction 

factor (r) 
Synthetic soil 50g 100g 150g 200g 

PGa 
1 1.26 1.45 1.88 1.64 0.764 
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PZn 1.01 1.46 1.74 2.05 0.994** 

PPb 1.20 1.69 1.72 1.05 -0.159 

PCu 1.02 2.96 3.05 3.23 0.837 

PNi 1.65 3.92 8.24 12.69 0.990** 

PIn 1.29 1.56 1.70 2.50 0.935* 

PCr 1.16 1.14 1.23 1.19 0.593 

PAVG 1.24 2.17 3.06 3.86 0.999** 

PN 1.46 3.17 6.21 9.38 0.992** 

Pollution level Mild Heavy Heavy Heavy - 

Mollisol 50g 100g 150g 200g - 

PGa 1.06 1.30 1.40 1.47 0.958* 

PZn 1.57 2.47 3.22 4.68 0.989** 

PPb 1.17 1.10 0.96 1.21 -0.024 

PCu 1.47 1.64 1.69 2.01 0.956* 

PNi 1.80 2.66 4.30 4.84 0.983** 

PIn 1.86 2.06 1.76 2.55 0.651 

PCr 1.35 1.35 1.42 1.63 0.887 

PAVG 1.49 1.87 2.22 2.79 0.993** 

PN 1.69 2.30 3.42 3.95 0.990** 

Pollution level Mild Medium Heavy Heavy - 

Oxisol 50g 100g 150g 200g - 

PGa 0.94 1.57 1.60 6.04 0.84 

PZn 0.92 1.22 1.38 1.51 0.980** 

PPb 0.92 0.90 0.89 0.97 0.508 
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PCu 0.95 1.18 1.26 1.29 0.923* 

PNi 0.98 1.50 2.22 2.14 0.929* 

PIn 0.98 1.07 1.86 1.89 0.923* 

PCr 0.92 0.92 1.00 0.99 0.861 

PAVG 0.94 1.19 1.46 2.12 0.968* 

PN 0.96 1.39 1.88 4.52 0.901* 

Pollution level Light Mild Mild Heavy - 

1Pmetal stands for the pollution factor of metal in soil and PAVG is the average value of 

Pmetal; and PN stands for Nemerow contamination index of the soil. *, p < 0.05 and **, p < 

0.01 

We used the PN to assess the degree of metal pollution in soils caused by metals 

released from the CIGS TFSP material. The values of PI for the most abundant 

metals and the values of PN of soil contamination after CIGS TFSP material was 

added are shown in Table 3.3. The synthetic soil, Mollisol, and Oxisol with 

additions of 200 g of CIGS TFSP were classed as heavily contaminated. The PAVG 

showed a strongly positive correlation with addition of crushed CIGS TFSP in three 

types of soils (rSyn = 0.999, p < 0.01; rMollisol = 0.993, p < 0.01; rOxisol = 0.968 p < 

0.05), indicating that PAVG increased with a rise in addition of crushed CIGS TFSP. 

This illustrated that more pollutants could be released when more crushed CIGS 

TFSP were buried. There was a strong positive relationship between PN and 

addition of crushed CIGS TFSP in synthetic soil and Mollisol (rSyn = 0.992, p < 

0.01; rMollisol = 0.990, p < 0.01), indicating that the PN increase with the amount of 

buried crushed CIGS TFSP. This suggests that the contamination levels of synthetic 

soil and Mollisol increase with the addition of crushed CIGS TFSP. The Oxisol 
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with 50 g of CIGS TFSP added was lightly polluted, and the lower PI (Pmetal) for 

this soil may reflect the fact that it had higher background metal concentrations than 

other soils. The other soils with 50 g of CIGS TFSP added were classified as mildly 

contaminated. The soil samples with between 100 and 200 g of CIGS TFSP added 

showed mild, medium, and heavy contamination, and the contamination level 

increased as the amount of CIGS TFSP material added increased. The PN values 

show that the CIGS TFSP material had adverse effects on the different types of soils. 

3.5 Conclusions 

Our results demonstrate that pollutants were released into soils from the buried 

CIGS TFSP material and this release could be accelerated under acidic conditions. 

Our observations and results show that heavy metals may be released into the 

surrounding environment once the protective layers of CIGS TFSP are broken and 

exposed to acidic conditions. We detected 16 metals in the CIGS TFSP material, of 

which Ni, Zn, and Cu were released at highest concentrations in the different soil 

types. We examined the mechanisms of metal release from the CIGS TFSP material 

and found that, from the rates of metal dissolution and the affinity of metals to the 

reaction media (e.g. soil minerals), it was related to the soil properties. In this study, 

the various soils showed different abilities to leach pollutants from the CIGS TFSP 

material. The synthetic soil showed the best ability for leaching Ni whereas the 

Mollisol showed the greatest Zn leaching ability. Although the background metal 

concentrations were the highest in the Oxisol, the amount of Cu leached by the 
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Oxisol was the greatest when the same amounts of CIGS TFSP material were added. 

The Nemerow Contamination Index showed that all the soils were contaminated to 

different levels, from light, mild, medium, to heavy, depending on the amount of 

CIGS TFSP material added. The increases in metal concentrations in the soil were 

therefore related to the amounts of CIGS TFSP material added and the soil 

properties. 
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Chapter 4 Metal Taken up by Plants Cultivated in 

Soil Contaminated by Thin-film Solar Panel 
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4.1 Effects of Metal Contamination on Plant 

Because of their persistence in the environment, there is great concern about the 

effects of heavy metals on human health (Nriagu, 1996). Mining and smelting 

industries, fossil fuel consumption, and disposal of metal-containing trash are the 

main sources of anthropogenic accumulation of metals in soils (Ha et al., 2009; 

Morgan, 2013). Metals may enter the food chain when taken up by plants (Miroslav 

& Vladimir, 2007; Zhu et al., 2007). Toxic metals and nutrients can accumulate in 

plants cultivated on metal-contaminated soil in variable quantities via their roots, 

and then produce further toxic effects in animals and humans through assimilation 

(Dahmani-Muller et al., 2000; Morgan, 2013). Vegetables, especially leafy species, 

tend to accumulate nutrients and toxic metals in their tissues, with subsequent 

impacts on food quality and safety (Roy & McDonald, 2015). Therefore, vegetable 

is used as a proxy for metal contamination levels in agricultural environments 

(Miroslav & Vladimir, 2007). In China, suburban vegetable farms are mainly small-

scale family business. Organic fertilizers and other agrochemicals are applied 

generously to their soils, and the farms are rarely subject to government food quality 

checks (Hough et al., 2004). In an earlier study, Roy and McDonald (2015) found 

that the vegetables grown on a farm close to a metal manufacturing factory were 

heavily polluted by metals. The concentrations of Pb and Cu in the plant samples 

exceeded the thresholds outlined in the National Food Safety Standard of China 

(GB 2762-2017). Although some metals are essential elements for both plants and 

humans at low concentrations, these metals may be bio-accumulated and their 
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concentrations may be higher than normally acceptable. Vegetables with high metal 

concentrations can have consequences for the ecosystem (Hough et al., 2004; Cobb 

et al., 2000; Trumbo et al., 2001). Some heavy metals, such as Cu and Zn, act as 

co-factors in various enzymes and are essential in small doses for raising animals 

and humans. Over-accumulation of these metals in humans could result in acute 

toxicity because of redox cycling and the generation of reactive oxygen species 

(ROS) that damage DNA and cause chronic diseases such as Wilson’s disease and 

cirrhosis of the liver (Prasad, 2003; Kabata-Pendias & Mukherjee, 2007). Copper 

and Zn in food at high concentrations are therefore of great concern because of their 

toxicity to humans (Trumbo et al., 2001; Hambidge et al., 2007; Kabata-Pendias et 

al., 2007). Over-accumulation of Zn in the body may cause ataxia and suppress Cu 

and iron (Fe) absorption, leading to Cu and Fe deficiency (Prasad, 2003). Moreover, 

the consumption of food contaminated by nickel (Ni) can cause respiratory 

problems, including a type of asthma specific to Ni, decreased lung function, and 

bronchitis (Denkhaus & Salnikow, 2002).  

Some studies have reported that the heavy metals in these two main states in soils 

had different availabilities to plants (Miroslav & Vladimir, 2007). Contaminants 

released to soils usually exist in a state of metal ions at first, and these ions are 

easily acquired by plant roots and cause metal contamination. The contaminants 

that remain trapped in aluminosilicates cannot be absorbed by plant roots, and so 

the metals in such form contribute very little to environmental pollution. In general, 

heavy metals that originate from anthropogenic sources can be converted to non-
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silicates and can be absorbed by plant roots. Because of bioaccumulation, the 

concentrations of heavy metals and other toxins in some plants are generally higher 

than those in the natural environment (Miroslav & Vladimir, 2007). 

With the rapid development of clean and renewable energy, solar energy devices, 

including solar thermal heaters, silicon PV panels, and thin-film PV panels, are used 

increasingly and frequently worldwide. Lee (2017) reported that CIGS, α-Si, and 

CdTe were the three most widely commercialized thin-film solar cells, with energy 

conversion efficiencies of 22.3%, 13.6%, and 22.1%, respectively. As competitors 

in the field of module efficiency, CIGS and CdTe technologies account for more 

than 55% of the global PV market and hold greatest promise for the future (Lee & 

Ebong, 2017). The lifetimes of crystalline silicon and thin-film PV modules are 

between 20 and 30 years (Fthenakis, 2000). The utilization of solar PV systems has 

increased rapidly in recent years, meaning that there may be problems with their 

disposal in the near future. McDonald and Pearce (2010) have predicted that there 

would be a huge volume of discarded PV waste to be dealt with after 2030. Because 

some PV modules contain heavy metals and organic pollutants, there are concerns 

about the potential risks from unsuitable treatment and disposal of end-of-life (EoL) 

solar PV panels, particularly relating to the release of toxic metals and lethal gases 

into soils if they are disposed of inappropriately (Corcelli et al., 2017). A level of 

administration for EoL PVs may be a financially practical and viable solution for 

dealing with these issues (Choi, & Fthenakis, 2014). In the recent past, numerous 

privately-owned businesses and research establishments worldwide have carried 
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out lab-scale experiments or pilot industrial procedures to determine the potential 

for reusing PV panels (including the crystalline silicon and thin-film technology) 

(Corcelli et al., 2016). Corcelli (2017) reported that their assessment comes about 

the recycling PV panels being invaluable. Although there are some techniques for 

recycling solar PV panels, the methods are so complex and energy demanding that 

such EoL treatment is rarely applied in developing countries. For example, in China, 

to date most EoL thin-film solar panels (TFSP) have not been recycled but rather 

have been treated as domestic or construction waste. Some have been directly 

buried in soil after disassembly. To promote more efficient use of natural resources 

and the use of recycled materials in the production of PV panels, a step has been 

taken towards mindful EoL treatment of PV modules according to the European 

Directive on Waste Electrical and Electronic Equipment (WEEE; Directive 

2012/19/UE of the European Parliament and the Council), which outlines that 

abandoned PV modules should be included as residential or special WEEE (Sica et 

al., 2017). Tammaro (2016) reported that, while crystalline silicon PV panels may 

contain Al, Pb, Cd, Se, Sb, and Ni, and thin-film PV panels may contain Al, Cr, Pb, 

Cu, Se, Cd, and Ni, these metals might be partially discarded to the soil. Monier & 

Hestin (2011) reported that Pb and Cd were leached from crystalline silicon and 

thin-film PV panels. Luo (2011) demonstrated that the soils from a previous E-

waste incineration site had high concentrations of Cd, Cu, Pb, and Zn. They also 

found moderately high concentrations of Cd and Cu in the soils from adjacent paddy 

fields and vegetable farms, where the concentrations of Cd and Pb in the palatable 
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tissues of vegetables surpassed the highest level allowed in food in China.  

In this chapter, we investigated the uptake of metals by Brassica parachinensis L. 

H. Bariley (VegBrassica) that was grown in a synthetic soil, a Mollisol, and an Oxisol 

that had all been contaminated with different amounts of CIGS TFSP. We also 

investigated the mechanisms that drove the release and transfer of metals from 

CIGS TFSP to the soil and then their bio-accumulation in plants. The results of this 

study should provide improved information about the risks associated with 

disposing of EoL CIGS TFSP by burial in soils. 

4.2 Materials and Methods 

4.2.1 Collection of Cu(InGa)Se2 Thin-film Solar Panel and Soil 

We obtained the CIGS TFSP from a solar energy company in Zhuhai, China. The 

collected materials were crushed into pieces of approximately 9.5 mm * 9.5 mm. 

The crushed pieces were pre-treated by rinsing with distilled deionized (DI) water 

and then were air-dried. The soil samples for the simulated burial experiments were 

collected randomly from between 0 and 20 cm deep in the soil profile from two 

sites in Zhuhai and Shaoguan, both in Guangdong Province, China. The sample 

from Zhuhai was a neutral Mollisol that represented uncontaminated soil while the 

sample from Shaoguan was an acid Oxisol that had been contaminated by mineral 

waste with a low pH. The collected soil samples were ground to less than 0.15 mm 

and stored in high-density polyethylene (HDPE) buckets. We also prepared a 

synthetic soil, a kind of commercial garden soils frequently used in vegetable farms 

in China, to simulate the effects of pollution from waste materials into an 

anthropogenic environment. All the soil samples were dried at 121°C for 24 hrs to 
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eliminate indigenous microorganisms to avoid bio-leaching of metals. 

4.2.2 Soil Burial Experiment 

Forty-five high-density polyethylene sample pots (250 * 150 * 200 mm), with each 

containing 2 kg of Mollisol, Oxisol, and synthetic soil, were prepared for the burial 

experiments. We made two small holes, each with a 5 mm diameter, at the bottom 

of each pot to allow water to drain and then placed a pan underneath each pot to 

collect the drainage water, which we then returned to the pot once a day. Selected 

amounts (0 (blank, 0%), 50 (2.5%), 100 (5%), 150 (7.5%), and 200 g (10%)) of 

crushed CIGS TFSP were mixed evenly with the different soil samples in the pots. 

Each treatment was performed in triplicate. Potted samples were soaked with 100 

mL of deionized (DI) water once a week and were kept in natural conditions (25 °C 

± 5 °C) for 60 days. For soil sampling at the completion of burial experiment, 1 g 

of soil was taken from 5 different points selected randomly in each pot and 

combined them into one sample. The soil samples collected from each pot were air 

dried and passed through a 0.15 mm sieve to remove the crushed CIGS TFSP. The 

pretreated soil samples were then ground with an agate mortar and stored in 

polyethylene bags in a desiccator until further analysis for their metal 

concentrations.  

4.2.3 Vegetable Cultivation and Sample Collection 

After 60 days of burial experiment, the soils in the pots to which the crushed CIGS 

TFSP materials have been removed were seeded with VegBrassica. After checking 
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that there were enough seeds and that they were distributed evenly, we soaked the 

soil with 100 mL of DI water to ensure the seeds germinated and grew. All samples 

were kept in natural conditions (spring season, 25 °C ± 5 °C, Zhuhai) for up to 120 

days and were soaked daily with 100 mL of DI water.  

After germination, the percentages of the seeds that germinated in different HDPE 

pots were recorded, and the plants were thinned so that five seedlings were 

remained in each pot. The edible parts (leaves & stems) of the plants were collected 

on days 30, 60, 90, and 120 of growth and the lengths of the plants were recorded. 

The plant samples were rinsed with DI water, and the edible tissues were dried in 

an oven at 65 °C for 24 hrs. The pretreated plant samples were then ground with an 

agate mortar to pass through a 0.15 mm sieve and stored in polyethylene bags in a 

desiccator until further analysis of metal concentrations. 

4.2.4 Analytical Methods and Instrumentation 

The soil pH was determined with DI water at a weight: volume ratio of 1 : 2.5. We 

determined the particle size of the soil samples using the sieve and pipette method 

(Gee & Bauder, 1986). The organic matter (OM) content was estimated after dry 

combustion at 550 °C for 5 hrs, and the percentage of OM was calculated using Eq. 

4-1. (Li et al., 1998; John, 2004; Zhu et al., 2004): 

                 OM!%# =  $%&$'
$%&$� × 100 (Eq. 4-1) 

Where OM is the percentage of organic matter in the dried soil sample, M1 is the 

weight of the crucible and soil sample before combustion, M2 is the weight of the 

crucible, and M3 is the weight of the crucible and soil sample after combustion. 

Homogenized soil materials (approximately 200 mg) with 10 ml strong acid (4:1 
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concentrated 65% HNO3 and 30% H2O2 (v/v)) in an airtight Teflon tank (effective 

volume 50 mL) were heated at 180 °C in the microwave digester (Sineo, MDS-10, 

Shanghai, China) for 20 mins. After digestion the liquid was then separated from 

the solid particles by vacuum through a 0.22 μm filter film and diluted to 50 mL 

(Krishnamurty et al. 1976; Farkas 1993; Li, et al., 2001). The homogenized plant 

materials were digested in line with USEPA method 3050B. The concentrations of 

metals (Zn, Ni, Al, Cr, Ga, Pb, Cu, and In) were determined by ICP-OES (Perkin-

Elmer Optima 2100 DV, USA). The tests were performed in triplicate. Certified 

standard reference materials (GBW07605(GSV-4) for vegetables and 

GBW07403(GSS-3) for soils), obtained from the National Institute of Metrology 

(NIM), China, were used in the digestion and analysis as part of the QA/QC 

protocol. Reagent blanks and analytical triplicates comprised 10% of the total 

samples and were used where appropriate to test the accuracy and precision of the 

analysis. The recovery rates were around 92 ± 6% for all of the metals in the soil 

(GBW07403(GSS-3)) and plant (GBW07403(GSS-3)) reference materials.  

4.2.5 Calculation of Bioaccumulation Factor (BF) 

We calculated BFs by comparing the metal concentrations in vegetables with those 

in soils. Using equation (4-2), the BF for each metal was calculated from the metal 

concentrations in vegetable (mg/kg) and soil (mg/kg): 

+, = �-./.0123.
�4563

 (Eq. 4-2) 

Where Cvegetable is the concentration of metal in the vegetable (mg/kg) and Csoil is 
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the concentration of metal in the soil (mg/kg) after 60 days of burial experiment. 

4.2.6 Statistical Analysis 

Statistical analysis was performed with SPSS (Ver. 22). We used analysis of 

variance (ANOVA) Duncan’s multiple range tests to test the relationships between 

metal concentrations and different leaching times for various soils. Means were 

separated using the least significant difference option with α = 0.05. The 

correlations between bioaccumulation factor (BF) of VegBrassica and the cultivation 

periods and the percentage of crushed CIGS TFSP added are analyzed using 

Pearson rank order correlation analysis. 

4.3 Results and Discussion 

4.3.1 Soil Properties 

Table 4.1 Soil properties of the three soils 

 
pH Organic 

matter 

Clay 

(<2 µm） 

Silt 

(2-20 µm) 

Sand 

(>20 µm) 

synthetic soil 7.2 9% 9% 34% 48% 

Mollisol 5.8 5% 56% 9% 30% 

Oxisol 3.9 8% 42% 3% 47% 

 

As shown in Table 4.1, the synthetic soil, with a neutral pH and high organic matter 

percentage, provided the most suitable soil conditions for plant cultivation. The 

Mollisol had a lower pH value, and a higher percentage of clay, than the synthetic 

soil, and represented the natural conditions for plant cultivation in southern China. 

In Oxisol, the pH was the lowest, and the initial heavy metal concentrations were 
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high, since the Oxisol was heavily polluted by mineral wastewater and represented 

a contaminated environment (Table 4.2, first column)  

4.3.2 Soil Contaminated by Cu(InGa)Se2 Thin-film Solar Panel 

Table 4.2 Metal concentrations in the CIGS TFSP contaminated soils after 

incubation for 60 days and before vegetable cultivation (mg/kg) 

Soil type Amount of CIGS TFSP added to soil (%) 

synthetic 0% 2.5% 5% 7.5% 10% 

Zn 40 ± 0.8d 40.24 ± 3.63d 58.29 ± 2.19c 69.74 ± 6.49b 82.03 ± 3.1a 

Ni 10.8 ± 0.31e 17.8 ± 0.54d 42.3 ± 1.92c 89 ± 7.04b 137 ± 10.85a 

Al 91 ± 2.47d 141.34 ± 11.74bc 164.41 ± 8.24b 264.74 ± 22.32a 276.09 ± 21.75a 

Cr 7.04 ± 0.17b 8.18 ± 0.68a 8.04 ± 0.21a 8.65 ± 0.45a 8.37 ± 0.133a 

Ga 3.15 ± 0.27c 3.95 ± 0.35c 4.56 ± 0.43bc 5.92 ± 0.11a 5.15 ± 0.17b 

Pb 4.03 ± 0.36b 4.82 ± 0.33b 6.81 ± 0.51a 6.91 ± 0.63a 4.22 ± 0.12b 

Cu 12.05 ± 0.64c 12.28 ± 0.81c 35.65 ± 1.79b 36.76 ± 2.13ab 38.95 ± 0.89a 

In 6.6 ± 0.25e 8.5 ± 0.69d 10.3 ± 0.29c 11.2 ± 0.41b 16.5 ± 0.38a 

Mollisol 0% 2.5% 5% 7.5% 10% 

Zn 28.15 ± 1.68e 44.16 ± 3.66d 69.44 ± 6.18c 90.55 ± 1.13b 131.65 ± 4.82a 

Ni 2.8 ± 0.26e 5.05 ± 0.07d 7.45 ± 0.46c 12.05 ± 0.2b 13.56 ± 0.36a 

Al 137.09 ± 4.4d 203.63 ± 4.01c 218.6 ± 8.77b 293.13 ± 9.82a 281.14 ± 9.83a 

Cr 13.45+0.79c 14.01 ± 0.78bc 15.67 ± 1.11abc 16.09 ± 0.89ab 16.99+1.08a 

Ga 9.5 ± 0.95b 10.025 ± 0.87b 12.34 ± 0.68a 13.3 ± 1.14a 13.99 ± 0.11a 

Pb 27.1 ± 2.6b 26.05 ± 0.44b 29.7 ± 0.27ab 31.76 ± 2.24a 32.71 ± 1.67a 

Cu 18.8 ± 0.48e 27.7 ± 1.37d 30.81 ± 1.28bc 31.83 ± 1.66b 37.74 ± 1.06a 

In 1.41 ± 0.13e 2.64 ± 0.06c 2.91 ± 0.08b 2.49 ± 0.2d 3.61 ± 0.29a 

Oxisol 0% 2.5% 5% 7.5% 10% 

Zn 95.5 ± 4.17a 56.11 ± 3.73d 74.01 ± 6.12c 83.65 ± 4.2b 91.56 ± 9.15ab 

Ni 20.42 ± 0.48c 20.1 ± 0.69c 30.53 ± 2.45b 45.34 ± 3.33a 43.74 ± 3.38a 

Al 156.7 ± 6.48c 167.8 ± 1.75bc 170.8 ± 14.07bc 184.1 ± 15.14b 234.7 ± 18.95a 



70 

 

Cr 18.53 ± 1.53a 16.96 ± 0.016c 17.05 ± 0.92bc 18.5 ± 0.29a 18.395 ± 1.47ab 

Ga 2.05 ± 0.03c 1.93 ± 0.02c 3.21 ± 0.08b 3.29 ± 0.1b 12.39 ± 1.06a 

Pb 193.6 ± 2.15a 162.55 ± 3.1c 158.93 ± 10.76c 157.29 ± 13.86c 171.969 ± 15.35b 

Cu 294.3 ± 19.1c 279.63 ± 26.72c 348.36 ± 7.08b 370.63 ± 32.72a 379.79 ± 1.23a 

In 5.28 ± 0.5bc 5.2 ± 0.13c 5.67 ± 0.56b 9.84 ± 0.33a 9.99 ± 0.08a 

*The value shown is the mean ± S.D. The different small letters indicate statistical 

significance at p<0.05 with the Duncan’s multiple range tests. (n=3) 

 

As shown in Table 4.2, the metal concentrations increased as the additions of CIGS 

TFSP increased in the synthetic soil, Mollisol and Oxisol. The variability in the 

metal concentrations in these soils highlights the varying abilities of the different 

soils to mobilize pollutants from the buried CIGS TFSP. Overall, the synthetic soil 

showed the best ability to promote Ni leaching, and the Mollisol Zn leaching. The 

Oxisol caused the greatest amount of Cu mobilization over the 60 days of burial, 

although it had the highest background concentrations of metals. We found that the 

heavy metals in the CIGS TFSP material could be released when the protective 

layers were broken. Metals released from the CIGS TFSP material resulted in 

medium to heavy soil contamination and the amounts of metals released varied 

depending on the soil properties and the amounts of CIGS TFSP added. Studies 

have shown that heavy metals released into soils can cause serious illnesses in 

humans, as a consequence of consuming vegetables grown on heavy metal 

contaminated soils (Prasad et al., 2003; Anderson et al., 1997; Bona et al., 2011; 

Long et al., 2002; Yang et al., 1994).  
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4.3.3 Metal Uptake during Vegetable Cultivation  

The vegetables grew in the synthetic soil and the neutral Mollisol for 120 days, but 

those in the Oxisol germinated and then died within 30 days. There were no 

significant differences in either percentages of vegetables that germinated or the 

lengths of the vegetables (10-25 cm) among the treatments for the same type of soil. 

Four kinds of metals in each soil which showed the highest absorption patterns were 

selected for demonstration in the following sections. 

Vegetable Cultivated in Synthetic Soil 

 

Figure 4.1 Metal concentrations in vegetables cultivated in synthetic soil. Labels in 

(a) indicate the amounts of CIGS TFSP added 
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The variations over time of concentrations of different metals in vegetables 

cultivated in the synthetic soil with different amounts of CIGS TFSP added are 

shown in Fig. 4.1. Over the entire experimental period, the metal concentrations 

showed a tendency to increase in the edible tissues of vegetables. As the amounts 

of CIGS TFSP added increased, the concentrations of Zn, Ni, and In in the synthetic 

soil increased as shown by the uptake of vegetable over the first 30 days of the 

cultivation experiment (Fig. 4.1). The ongoing uptake of Zn, Ni, and In from the 

synthetic soil contaminated by CIGS TFSP material over the 120 days of vegetable 

growth may reflect that the increasing amounts of metals in the soil were due to the 

corrosion of thin-film protective coating, thus accelerating the release of those 

metals and consequently the uptake of vegetable. As shown in Fig. 4.1, the Al 

concentrations followed a different pattern than the Zn, Ni, and In concentrations, 

and reached a maximum value (350 mg/kg) much earlier than the other metals (Fig. 

4.1-c). The Al concentration of vegetables cultivated in the synthetic soils treated 

with 7.5% and 10% of CIGS TFSP reached 350 mg/kg on the 60th day, while the Al 

concentrations of vegetable cultivated in the synthetic soils treated with 5% and 2.5% 

of CIGS TFSP reached 338 and 325 mg/kg in 90 and 120 days, respectively (Table 

4.2). The increases in the concentrations of metals in the vegetable tissues reflect 

the amounts of CIGS TFSP added to the soils over the cultivation period. It was 

also indicated that the metals released from CIGS TFSP material were able to 

transfer into vegetable tissues via the soil.  
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Table 4.3 Metal BFs of vegetables cultivated in synthetic soil contaminated by 

CIGS TFSP. 

Sampling Day Amount of CIGS TFSP added to soil (%) - 

Zn 0%  2.5% 5% 7.5% 10% Correlations (r) 

30th 0.65 0.80 0.69 0.59 0.59 -0.599 

60th 2.59 2.80 2.50 3.08 2.44 -0.012 

90th 3.29 3.41 4.54 3.62 3.10 -0.048 

120th 3.60 3.94 4.85 4.01 3.61 0.028 

Correlations (r) 0.931* 0.943* 0.966* 0.907* 0.951* - 

Ni 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.57 0.36 0.18 0.08 0.06 -0.957** 

60th 0.54 0.50 0.38 0.24 0.18 -0.986** 

90th 0.64 0.59 0.41 0.26 0.19 -0.985** 

120th 0.53 0.60 0.50 0.42 0.30 -0.881* 

Correlations (r) -0.052 0.941* 0.947* 0.966* 0.961* - 

Al 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 1.02  0.68  0.62  0.40  0.65  -0.724 

60th 1.02  0.79  1.00  1.19  1.22  0.732 

90th 1.04  1.79  1.99  1.21  1.22  -0.084 

120th 1.03  2.31  2.01  1.23  1.23  -0.191 

Correlations (r) 0.674 0.963* 0.946* 0.799 0.783 - 

Cr 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.80 0.70 0.70 0.64 0.73 -0.544 

60th 0.96 0.86 0.96 0.89 1.07 0.488 

90th 1.02 0.85 0.92 0.85 0.92 -0.453 

120th 0.91 0.78 0.80 0.77 0.81 -0.593 

Correlations (r) 0.540 0.401 0.284 0.410 0.079 - 

Ga 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 2.25 1.82 1.58 1.29 1.39 -0.927* 

60th 2.34 1.89 1.62 1.28 1.46 -0.906* 

90th 2.44 1.94 1.71 1.32 1.50 -0.909* 

120th 2.44 1.85 1.64 1.23 1.45 -0.889* 

Correlations (r) 0.946* 0.348 0.641 -0.483 0.625 - 

Pb 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.18 0.16 0.15 0.15 0.41 0.633 

60th 0.35 0.25 0.22 0.19 0.29 -0.456 

90th 0.38 0.32 0.22 0.24 0.35 -0.319 



74 

 

120th 0.49 0.53 0.36 0.38 0.66 0.247 

Correlations (r) 0.966* 0.967* 0.923* 0.952* 0.643 - 

Cu 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.65 0.64 0.21 0.21 0.20 -0.876* 

60th 1.01 1.01 0.40 0.42 0.45 -0.84* 

90th 1.15 1.33 0.43 0.48 0.50 -0.796 

120th 0.97 1.07 0.37 0.45 0.39 -0.826* 

Correlations (r) 0.672 0.73 0.671 0.822 0.61 - 

In 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 1.66 1.22 0.98 0.94 0.63 -0.965** 

60th 1.95 1.51 1.31 1.28 0.89 -0.962** 

90th 2.00 1.56 1.37 1.27 0.91 -0.976** 

120th 2.04 1.60 1.43 1.43 0.99 -0.950** 

Correlations (r) 0.892 0.892 0.905* 0.912* 0.91* - 

* p < 0.05 ** p < 0.01 

The metal BFs of VegBrassica cultivated in the synthetic soil after 60 days of burial 

experiment on days 30, 60, 90, and 120 of growth, which treated with 0% (Blank), 

2.5%, 5%, 7.5%, and 10% of CIGS TFSP respectively, are shown in Table 4.3. 

These values clearly show that the plants can accumulate different amounts of 

metals in their edible tissues, and the differences in accumulation reflect the 

selectivity of plants for the uptake and translocation of different metals. In general, 

the BF increased as the plant cultivation time increased but decreased or remained 

slight variation as the amounts of CIGS TFSP added increased. The BFs of metal 

Ni, Ga, and In of VegBrassica grew in synthetic soil showed a close negative 

correlation with the amount of CIGS TFSP added to soil (p < 0.01), indicating that 

BF decreased with an increase in the amount of CIGS TFSP added. This illustrated 

that these three metals could be absorbed by VegBrassica, but high background 

concentrations of metals in soil could resulted in low BF values after calculation 

even the total amounts of metals were increased in VegBrassica. There was a strong 
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positive relationship between cultivation period and the BFs of some metals (e.g. 

BFZn-10%: r = 0.951, p < 0.01; BFNi-10%: r = 0.961, p < 0.01), indicating that the BFZn 

and BFNi of VegBrassica cultivated in 10% of CIGS TSFP added soil increased with 

cultivation period. This suggested that longer cultivation period could result in 

higher bioaccumulation of metals Zn and Ni. The increases in BF with cultivation 

time may reflect the transfer of metals from the soil to the root system and to other 

parts of plant tissues. The decreases in BF values with time may partly reflect 

increases in the background metal concentrations in the soil after 60 days of burial 

experiment. Alternatively, they may reflect an exclusion strategy by metal 

immobilization in roots or a pending equilibrium because of saturation of the 

adsorbed metals (Dahmani-Muller et al., 2000).  

The concentrations of Ga, Zn, In, and Al were usually higher in plants than in the 

synthetic soil after 60 days of burial experiment, indicating a high accumulation 

ability of these metals by plant, while the concentrations of Ni, Cr, Cu, and Pb were 

usually lower in the plants than in the synthetic soil revealed the low ability of plants 

in accumulation of these metals. Zinc accumulation was significantly (p < 0.05) 

different from that of Ga, In, and Al. Zinc is an essential element for plants, and the 

BF of 3.61 (the concentration of 82 mg/kg in soil treated with 10% of CIGS TFSP 

(Table 4.2) and the concentration of 296 mg/kg in VegBrassica (Fig. 4.1)) indicates it 

has a strong bioaccumulation ability. The BF of Zn was almost the same for the 

different CIGS TFSP treatments but changed significantly with the period of 

cultivation (p < 0.05). The amount of Zn uptake increased as both the cultivation 
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period and the amounts of CIGS TFSP increased, but the BF values were very 

similar as the Zn concentrations increased in both the plants and the soils. This 

indicates that VegBrassica is able to tolerate high concentrations of Zn in the soil and 

to accumulate Zn in its tissues. Han et al. (2009) reported that some Cruciferae 

plants, such as Thlaspi Caeralescens, had a very strong ability to accumulate Zn in 

their tissues, and that some hyper-accumulator plants, such as Brassica Juncea, 

Brassica Napus and Brassica Rapa, could absorb and accumulate Zn in their leaves 

and roots (Han et al., 2009). After 120 days of cultivation, the BFs for Ga, Al, and 

In were 2.44, 1.23, and 2.04 in blank soils, but were 1.45, 1.03, and 0.99, 

respectively, in the synthetic soils treated with 10% of TFSP material after 60 days 

of burial experiment (Table 4.3). The BFs of the other metals in vegetables grown 

on the synthetic soil were smaller. The BF of Zn remained almost constant in all the 

synthetic soils treated with between none and 10% of CIGS TFSP material, which 

shows that, of all the metals, VegBrassica grown in the synthetic soil accumulated the 

higher amount of Zn. The BF of Ga was 2.44 in the blank but was 1.45 in the 10% 

treatment and had the second highest BF in the synthetic soil (Table 4.3). The BF 

of In changed from 2.04 in the blank treatment to approximately 0.99 (after 10% 

CIGS TFSP was added), indicating a state of equilibrium of In uptake in plant 

(Table 4.3). The uptake and accumulation of In in VegBrassica increased as both the 

cultivation time and the concentrations of In in the synthetic soil increased. The In 

concentrations in the vegetable tissues and the soils without CIGS TFSP were 13.5 

and 6.6 mg/kg, respectively, while the In concentrations in plant tissues and 
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synthetic soils treated with 10% of CIGS TFSP were 16.3 and 16.5 mg/kg, 

respectively (Fig. 4.1-d, Table 4.2). The In concentration was higher in vegetable 

tissues grown in soil treated with 10% of CIGS TFSP than in the soil with no CIGS 

TFSP (Fig. 4.1-d), but the BF was lower (Table 4.3). This dynamic equilibrium was 

probably influenced by In interactions within the rhizosphere, such as adsorption 

and desorption of metals in the soil, and the selectivity and affinity of plant root 

systems to metals. 

Vegetable Cultivated in Mollisol  

 

Figure 4.2 Metal concentrations in vegetables cultivated in the Mollisol. Labels in 

(a) indicate the amounts of CIGS TFSP added 
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As shown in Fig. 4. 2, the main metals accumulated in vegetables grown in the 

Mollisol were Zn, Ni, Al, and Cr. In soil treated with different amount of CIGS 

TFSP, all the metal concentrations showed a tendency to increase in all the 

vegetable samples over the entire experiment period. These patterns are similar to 

those for the synthetic soil. The Zn concentrations in the vegetables grown in the 

Mollisol continued to increase over the 120-day cultivation period but were much 

lower than those in the vegetables grown in the synthetic soil.  

 

Table 4.4 Metal BFs of vegetables cultivated in the Mollisol contaminated by CIGS 

TFSP 

Sampling Day Amounts of CIGS TFSP added to soils (%)  

Zn 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.72 0.48 0.32 0.26 0.20 -0.953** 

60th 2.02 1.37 0.91 0.74 0.63 -0.946** 

90th 2.16 1.52 1.12 0.85 0.74 -0.961** 

120th 2.87 1.94 1.25 1.00 0.76 -0.957** 

Correlations (r) 0.950*  0.952* 0.942*  0.940*  0.884  - 

Ni 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 2.37 1.29 1.24 0.56 0.48 -0.939** 

60th 2.38 1.39 1.32 0.58 0.65 -0.930* 

90th 2.43 1.40 1.43 0.66 0.66 -0.929* 

120th 2.29 1.53 1.54 0.72 0.67 -0.952** 

Correlations (r) -0.423  0.957* 0.997** 0.978* 0.829  - 

Al 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.95 0.72 0.74 0.65 0.71 -0.759  

60th 1.07 0.77 1.06 1.09 1.26 0.627  

90th 1.15 0.99 1.42 1.16 1.33 0.499  

120th 1.18 1.25 1.36 1.15 1.36 0.418  

Correlations (r) 0.967* 0.966* 0.917*  0.832  0.852  - 

Cr 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.41 0.41 0.37 0.41 0.34 -0.693  

60th 0.47 0.50 0.44 0.44 0.43 -0.768  

90th 0.47 0.52 0.48 0.48 0.47 -0.305  
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120th 0.45 0.57 0.49 0.48 0.49 -0.036  

Correlations (r) 0.548  0.966* 0.948* 0.948* 0.951* - 

Ga 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.83 0.79 0.64 0.60 0.57 -0.962** 

60th 0.85 0.80 0.63 0.57 0.56 -0.953** 

90th 0.86 0.82 0.63 0.61 0.57 -0.945** 

120th 0.85 0.80 0.64 0.60 0.56 -0.966** 

Correlations (r) 0.718  0.513  0.000  0.298  -0.447  - 

Pb 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.05 0.06 0.05 0.05 0.05 -0.354  

60th 0.11 0.13 0.12 0.11 0.06 -0.702  

90th 0.12 0.13 0.11 0.11 0.11 -0.707  

120th 0.14 0.14 0.14 0.13 0.13 -0.866*  

Correlations (r) 0.933*  0.838  0.867  0.894  0.969* - 

Cu 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 0.39 0.28 0.25 0.22 0.18 -0.954** 

60th 0.63 0.49 0.48 0.45 0.34 -0.945** 

90th 0.76 0.45 0.44 0.49 0.47 -0.635  

120th 0.72 0.56 0.56 0.58 0.54 -0.737  

Correlations (r) 0.872  0.868  0.874  0.943*  0.986** - 

In 0% 2.5% 5% 7.5% 10% Correlations (r) 

30th 7.33 3.92 3.46 3.59 2.71 -0.839*  

60th 7.62 4.52 3.77 3.90 3.29 -0.846*  

90th 8.31 4.22 4.08 4.15 3.31 -0.801  

120th 8.43 4.49 4.49 4.75 3.80 -0.772  

Correlations (r) 0.968* 0.651  0.997** 0.979* 0.953* - 

* p < 0.05 ** p < 0.01 

The metal BFs of VegBrassica cultivated in the Mollisol after 60 days of burial 

experiment at days 30, 60, 90, and 120, treated with 0% (Blank), 2.5%, 5%, 7.5%, 

and 10% of CIGS TFSP, are shown in Table 4.4. The BFs of metals Zn, Ni, and Ga 

of VegBrassica grew in Mollisol showed a close negative correlation with the amount 

of CIGS TFSP added to soil (p < 0.01), indicating that BF decreased with an 

increase in the amount of CIGS TFSP added. As discussed earlier, this is again due 
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to a high background concentration of metal in the soil. There was a strong positive 

relationship between cultivation period and the BFs of some metals (e.g. BFCr-10%: 

r = 0.951, p < 0.05; BFPb-10%: r = 0.969, p < 0.05; BFCu-10%: r = 0.986, p < 0.01; BFIn-

10%: r = 0.953, p < 0.05), indicating that the BFCr, BFPb, BFCu, and BFIn of VegBrassica 

cultivated in 10% of CIGS TSFP added soil increased with cultivation period. This 

suggested that longer cultivation period could result in higher bioaccumulation of 

metal Cr, Pb, Cu and Cu. These metal BFs clearly show that bio-accumulation 

varied in the plant samples, and that the metal uptake and storage in the plants 

increased as the cultivation period increased but decreased as the additions of CIGS 

TFSP increased. For instance, the BF of In was 8.43 with no CIGS TFSP added but 

was 3.80 when treated with 10% of CIGS TFSP after 120 days while, in general, 

the In BFs were lower after 120 days than after 30 days for all treatments. 

After 120 days, the BF of Zn was 0.76 in plants grown in the Mollisol treated with 

10% of CIGS TFSP (Table 4.4), while it was 3.61 for the plants cultivated in 

Synthetic soil treated with 10% of CIGS TFSP (Table 4.3), which indicates that the 

plants in the synthetic soil accumulated more Zn than those grown in the Mollisol. 

Meanwhile, the Zn concentrations in the synthetic soil and the Mollisol treated with 

10% of CIGS TFSP before cultivation were 82.03 and 131.65 mg/kg, respectively 

(Table 4.2). Plants grown on soils with low Zn concentrations therefore had higher 

BFs also because of the lower Zn background concentration. Efroymson (1997) 

reported that plants could tolerate a maximum Zn concentration of 50 mg/kg in the 

soil. Another study showed that the biomass of soybean decreased by 30% when 
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grown on soil with high Zn concentrations (131 mg/kg, pH=5.5), but the decrease 

in the biomass was insignificant when the Zn concentration in soil was diluted to 

115 mg/kg (White et al., 1979). As in other studies, the high Zn concentration in the 

soil limited the uptake of Zn by plant roots (White et al., 1979; Zhu et al., 20017).  

In the synthetic soil treated with 10% CIGS TFSP material, the concentration and 

BF of Ni in the plants grew for 120 days were only 40.48 mg/kg and 0.30, 

respectively (Figure 4.1 & Table 4.3), indicating that more than 70% of the Ni was 

retained in the synthetic soil. The concentration of Ni in the Mollisol treated with 

10% of CIGS TFSP was approximately 13.56 mg/kg (Table 4.2), while was about 

9 mg/kg (Fig. 4.2-b) in the plants grown on it for 120 days, with a BF of 0.67. 

Efroymson (1997) reported that Ni in soil was toxic when the concentrations 

exceeded 30 mg/kg. The concentration of Ni in the synthetic soil was most likely 

toxic to plant roots, therefore less Ni was taken up from the Synthetic soil than from 

the Mollisol, which is consistent with other studies (Yang, 2010).  

The accumulation of metals increased with cultivation period was also considered 

in vegetables grew in Mollisol. For example, the Cr concentration of vegetables 

cultivated in the Mollisol treated with 5% of CIGS TFSP for 30 days was 5.8 mg/kg 

and increased to 7.68 mg/kg after 120 days of cultivation (Fig. 4.2-d). These values 

were higher than the maximum threshold for food (Cr (0.5 mg/kg), GB 2762-2017, 

National Standard, China). The Zn, Pb, Ni, Cr, In, Cr, and Al concentrations in 

plants increased when the Mollisol treatments with TFSP increased from 0 to 10%. 

The Al concentrations in vegetables grown on the Mollisol were usually higher than 
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those in the synthetic soil. We also found that the BFs of Al in vegetables cultivated 

in Mollisol remained almost the same when treated with CIGS TPSP material 

between 0 and 10%, indicating a potential for further Al bioaccumulation. The BF 

of In was lower, but the In concentration was higher in vegetables cultivated in 

Mollisol treated with 10% of CIGS TFSP (13.72 mg/kg) than in the Mollisol with 

no CIGS TFSP added (11.89 mg/kg) after 120 days (Table 4.2 & Table 4.4). The 

trend was similar for other metals; the Cu BFs ranged between 0.72 and 0.54 while 

the Cu concentrations ranged between 13.54 and 20.38 mg/kg from the blank soil 

to the soil treated with 10% of CIGS TFSP (Table 4.2 & Table 4.4). This shows that 

In and Cu bioaccumulation may level off when metal concentrations reach certain 

threshold concentration in the soil.  

The results show bioaccumulation of Zn, Ni, In, and Al (BF > 1) in the plants grown 

on the Mollisol. Of these metals, In had the most variable BF and was the metal that 

accumulated most in VegBrassica. Aluminum was ranked second with a BF of 

approximately 1.2 for all the treatments. The BFs of Zn and Ni were high in the 

treatments with low percentages of CIGS TFSP, but the values decreased to 1 or 

less when either 7.5 or 10% of CIGS TFSP were added and cultivated for 120 days. 

The concentrations of Ga, Zn, Pb, Cu, Ni, and Cr were generally lower in the 

vegetables than in the Mollisol treated with 10% CIGS TFSP, which may reflect the 

lower uptake of these metals from this soil. However, a toxic effect due to high 

background concentrations of Zn in the Mollisol cannot be excluded, since the 

leaves of the vegetables grown on the Mollisol were observed smaller and slightly 
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chlorotic than those of the vegetables grown on the synthetic soil.  

Vegetable Cultivated in Oxisol 

Most of the vegetables cultivated in the Oxisol survived for less than 30 days, so 

we were unable to collect a complete data set for this soil. We can therefore 

conclude that the highly-contaminated Oxisol was not suitable for the growth of 

VegBrassica. The VegBrassica planted in the contaminated Oxisol germinated but died 

after a short period of time. It survived longer in the blank Oxisol than in the Oxisols 

to which different amounts of CIGS TFSP were added. The low pH of this soil and 

the high heavy metal concentrations increased metals availability and enhanced the 

toxicity effects to vegetables. The concentrations of Cu in the Oxisol samples 

exceeded the maximum levels (level II, farmland, pH < 6.5) outlined in the 

Environmental Quality Standards for Soil ((Cu, 50 mg/kg) GB 15618-1995, 

National standard, China).  

4.4 Conclusions 

In this study, we found that metal pollutants can be released from CIGS TFSP buried 

in soils under natural conditions. Zinc, Ni, Al, Cr, Ga, Pb, Cu, and In, were released 

from CIGS TFSP buried in 3 different soils after 60 days of burial. We found that 

the released metals could be uptaken and bioaccumulated by Brassica 

parachinensis L.H.Bariley. Over a period of 120 days, vegetables survived in the 

Synthetic soil and Mollisol but those grown in the Oxisol died because of the very 

acidic environment and the increasing toxicity from the metals. A high 
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concentration of Zn (BF 3.61, 296 mg/kg) was detected at VegBrassica grown in the 

Synthetic soil with 10% of CIGS TFSP added, while In (BF 3.80, 13.72 mg/kg) was 

the most accumulated metal in VegBrassica grown in the Mollisol. There may be a 

considerable adsorption of the metals released from CIGS TFSP by VegBrassica even 

if the adsorption patterns may differ, depending on plant selectivity and affinity to 

metal ions in the soil as well as on soil properties. Our results suggest that the 

inappropriate disposal of decommissioned CIGS TFSP will result in soil 

contamination, and the released contaminants will be then transferred to plants. We 

found that, as reported by Monier & Hestin (2011) and Luo (2011), Zn, Ni, Al, Cr, 

Ga, Pb, Cu, and In were released from TFSP material. The thin-film layer of CIGS 

contains non-cadmium material and seems to be much more environmental friendly 

than the CdTe thin-film solar panels, but we observed the release of metals other 

than Cd from the damaged parts of thin-film layers during burial. We suggest that 

the thin-film solar panels ought to be recycled or rendered harmless during the EoL 

treatment, by collecting the reusable materials from decommissioned panels. In 

addition, we also suggest that newly-produced TFSPs should include a label that 

states the constituents of CIGS TFSP. Such a standard labeling plan would be a 

significant contribution to the EoL treatment of CIGS TFSP material and should be 

a legal requirement worldwide. 
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5.1 Soil Contamination and Remediation 

In Chapters 3 and 4, the soil contaminations arisen by the burial of CIGS TFSP in 

the soil have been proved, and the released metal contaminants can be absorbed and 

accumulated by the plants grow on the soil.  

5.1.1 Current Situation of Soil Contamination 

Metal contamination of soil is a serious problem in China, such heavy metal 

contaminants released from agricultural, industrial, and domestic sources can be 

further accumulated and transferred through food chain (Wu & Hong, 2012). 

Agricultural non-point source pollution is majorly contributed by the agricultural 

drainage, which due to the overuse of nitrogen and phosphorus nutrients, toxic 

substances, heavy metals, and hazardous organics from fertilizers or pesticides (Li 

et al., 2016). Such agricultural non-point source pollution is hard to be treated as 

the decentralized natural environment (Wu & Hong, 2012). Soil pollutants of 

industrial source are generated from anthropogenic processes such as the disposal 

of solid wastes, biomass and wood burning, incomplete combustion of fossil flue, 

which can further result in decline of productivity of soil and plants (Fegusson, 

1990; Zouir et al., 2009; Pandhija et al., 2010). Domestic soil pollutants are always 

sourced from domestic waste (e.g. disposal of end-of-life household appliances) 

and urban runoff (Esteve-Turrillas et al., 2007). Different from air and water 

pollution, which easily diffusion and dilution in the nature, soil pollution can be 

resistant in the small range for a long period of time. In addition, metal pollutants 
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in the soil will further contaminate the surrounding water (lake, river or ground 

water) and be adsorbed by the plants grown on these polluted soils.  

Soil acidification is another major soil problem in China, the rapid development of 

industry has become one of main reasons aggravates the acid precipitation. Such 

reduction in soil pH arisen by acid precipitation can further be accelerated by 

anthropogenic activities including excessive sulfide and nitride emissions, 

deforestation, and agricultural production (Cakmak et al., 2014). Generally, soil 

acidification is mainly attributed to hydrolysis and complexation of metal cations 

and organic matters. Some metal ions, for example, mercury and aluminum have a 

high ability for hydrolysis. Complexation between metal ions such as Cu and Pb 

can be served as another main acidification source, as these metals showed low 

ability in hydrolysis, but good affinity to organic matter (Motuzova & Makarychev, 

2014). Acid soil always comes with heavily metal contamination, and loss of 

essential elements which are necessary for plant growth. In addition, soil erosion 

frequently occurs in acidified areas as the loosely structure of acid soil and lack of 

vegetation, such poor acid soil can limit the growth of plant and further reducing 

agriculture production.  

5.1.2 The Development of Soil Remediation 

The remediation of soil pollution can be divided in to engineering, physical, 

chemical, and biological processes, to remove or stabilize pollutants such as heavy 

metal and toxic organic compounds in the soil (Pinto et al., 2016; Esteve-Turrillas 
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et al., 2007; Yoon, 2016). The engineering remediation is to replace the 

contaminated soils by the clean ones to minimize the concentration of contaminants 

locally; for the physical and chemical remediation, pollutants in contaminated soil 

are stabilized or purified by chemical reaction or physical adsorption; and biological 

remediation is mainly achieved by introducing hyperaccumulating plant or bacteria 

(Sainger et al., 2014).  

Li et al. (2016) reported a new method for treating agricultural non-point source 

pollution, in which soil-vegetation buffer strips are used to remove the dissolved 

nitrogen and phosphorus pollutants from agricultural-drained water for the further 

soil remediation. Some studies reported the application of materials such as vermi-

compost, biochar and humus fractions in remedying metal-contaminated soils 

(Pinto et al., 2017). As a result, the metal accumulation level (e.g. Cd) of plant was 

reduced. However, biochar and humus were also found to be not effective for soil 

remediation in some special circumstances, as the bioavailability of Cd to plants is 

related to the structural characteristics of the plants, and the remediation ability of 

such pollutants therefore varied (Pinto et al., 2016). In general, chemical 

neutralization by adding soil conditioners such as calcined or hydrated lime, and 

physical adsorption with activated carbon are the two most commonly applied 

methods for soil remediation. However, the application of soil remediation modules, 

which combined the adsorbents derived from mineral waste materials and biomass 

raw materials, is seldom reported. 

In this chapter, a new type of soil remediation module is formulated for its 
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application for adsorption of metals in the contaminated soils. The remediation 

module is consisted of modified clay minerals and biomass activated carbon 

produced from coconut shell. 

5.2 Materials and Methods 

5.2.1 Production of Soil Remediation Modules 

The modified mineral waste material (MMWM) was obtained from a commercial 

company in Hong Kong after physical and chemical treatments. Collected MMWM 

was crushed and sieved into a desired particle size (< 0.075 mm) and packaged in 

air-tight polyethylene (PE) bag and reserved in vacuumed desiccator. 

The biomass activated carbon (BAC) manufactured by coconut shell was obtained 

from a local company (Baiyinli, Zhuhai). Collected BAC was crushed and sieved 

into a desired particle size (< 0.075 mm) and packaged in air-tight polyethylene (PE) 

bag and reserved in vacuumed desiccator. 
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Figure 5.1 A diagrammatic sketch for producing a new soil remediation module 
 

As shown in Fig. 5.1, the soil remediation module is consisted of one interior 

package (non-woven fabrics package) and two pieces of bamboo supporting grids. 

Interior package is produced by heat-sealing (Bleuets heat-sealing machine, FR-

300b, Shanghai, China, 170 °C, 10 s) two pieces of hexagonal non-woven fabrics 

(side length 150 mm, Polypropylene (PP)), and further divided into six independent 

triangular units of a package (Fig. 5.1). Adsorbents (e.g. MMWM & BAC) are 

added into the independent triangular units of the package and sealed. The 

remediation modules produced are stored in an air-tight PE bag and reserved in 

vacuumed desiccator for further use. The hexagonal bamboo supporting grid is 

fabricated by knitting bamboo sticks (width: 2 mm; thick: 0.2 mm) to form 10 holes 

(Φ 15 mm) on each side (150 mm) (Fig. 5.2). In conclusion, the remediation module 

is produced by sewing two bamboo supporting grids to warp the interior package 

up by using bamboo sticks (Φ 2 mm * 150 mm) (Fig. 5.2 d).  
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5.2.2 Soil Remediation Experiment 

The contaminated soil samples for the simulated remediation experiments were 

collected randomly from between 0 and 20 cm deep in the soil profile from three 

sites in Shaoguan, Guangdong Province, China. The losses (Type I), Oxisol (Type 

III) and Mollisol (Type V) from Shaoguan had been contaminated by mineral waste 

to different levels. The Type II soil was produced by evenly mixing the losses and 

the Oxisol (1:1 w/w), while Type IV was the mixture of Oxisol and Mollisol (1:1 

w/w).  

The remediation modules were used for remedying the polluted soils in simulated 

experiments. An L25 orthogonal arrays (Taguchi Design, six level-five factors) was 

used for designed the simulative remediation experiments. The experimental design 

of soil remediation was conducted through the test of combination in different 

parameters (soil type, moisture content, amount of adsorbent, and mixture ratio) 

that were achieved by a design of orthogonality (see Appendix I). Twenty-five 

pieces of high-density polyethylene sample pots (250 * 150 * 200 mm) that each 

contained approximately 2 kg of soil (Type I, Type II, Type III, Type IV, and Type 

V) with different moisture contents (10, 20, 30, 40, and 50%) were prepared for the 

soil remediation experiments, and 25 pieces of soil remediation modules which 

contained selected amounts (10, 20, 40, 60 and 80 g) of the mixtures of BAC and 

MMWM with different ratios ( 3:1, 3:2, 1:1, 2:3 and 1:3 w/w) were added into the 

remediation modules and one piece of the remediation module was placed into each 

pot. Triplicate potted samples were incubated at room temperature (25 ± 5 °C) for 
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one-year process of mediation. 

The concentrations of metals (Cr, Co, Ni, Cu, Zn, Mo, Cd, Sn, Ba, and Pb) of 

homogenized soil samples (200 mg) before and after remediation were determined 

by ICP-OES (Perkin-Elmer Optima 2100 DV, USA), after strong acid digestion (4:1 

concentrated 65% HNO3 and 30% H2O2 (v/v)) at 180 °C for 20 min (Farkas 1993; 

Krishnamurty et al., 1976). The determination was performed in triplicates. In the 

analysis of metals, certified standard reference materials GBW07403(GSS-3) of the 

National Institute of Metrology (NIM), China, were used in the digestion and 

analysis as part of the QA/QC protocol. Reagent blank and analytical duplicates, 

comprised of 10% of the total samples, respectively, were also used where 

appropriate to test the accuracy and precision of the analysis. The recovery rates 

were around 86 ± 7% for all the metals in the soil samples GBW07403(GSS-3). 

5.2.3 Calculation of Decrease in Metal Concentrations 

We calculated the decrease in metal concentrations (DMC) by comparing the metal 

concentrations before and after remediation. Using Eq. 5-1, the decrease in metal 

concentrations (DMC) for each metal was calculated from the metal concentrations 

in contaminated soil (mg/kg) and remediated soil (mg/kg): 

789 = 9��: − 9��� (Eq. 5-1) 

Where DMC is the decrease in metal concentration (mg/kg); Cori is the 

concentration of metal in the soil (mg/kg) before remediation and Crem is the 

concentration of metal in the soil (mg/kg) after remediation experiment. 
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5.2.4 Statistical Analysis 

Statistical analysis was performed with Minitab (Ver. 18). We used a Taguchi 

Designed 5-Level 4-factor orthogonal array. The decrease in metal concentration 

(DMC) was used for response analysis and plotting the “Response Table”, and the 

“Delta” in the “Response Table” represents the difference of response value of the 

level for each factor. 

5.3 Results and Discussions 

5.3.1 The Desgin of Soil Remediation Modules 

 

Figure 5.2 Non-woven fabrics package, bamboo supporting grid and remediation 

module (a. non-woven fabrics package; b. non-woven fabrics package (part); c. 

bamboo supporting grid; d. a complete remediation module) 
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The soil remediation module, bamboo supporting grid, and non-woven fabrics 

packages are demonstrated in Fig. 5.2. This sandwich-type remediation module 

was made up by one interior package (non-woven fabrics) warped by two bamboo 

supporting grids and sticks. The bamboo supporting grids were devised to protect 

the non-woven fabrics package from damage by the external force during the 

application. The selection of packaging materials for remediation module was able 

to minimize the use of plastic, by which can eliminate the potentially environmental 

hazards arisen by microplastic. The bamboo supporting grid has its advantage in 

biodegradation and low price, and it can be remained in the soil after the 

remediation without causing further pollution. Moreover, the supporting grids can 

also be replaced by other materials, particularly recycled materials if necessary.  

The non-woven fabrics can be separated into a series of individual units in a 

package (see Fig. 5. 1 a; 6 individual units were separated), each independent unit 

can be used for filling different adsorbents (see Fig. 5.2 a &d; 3 units of MMWM 

and 3 units of BAC in a package). The independent units of a package could 

effectively prevent the remediation module from losing efficiency in the case one 

or two of the units of a package being broken during application period. The 

adsorbents inside are selected for different purposes, the adsorption capacity of 

remediation module can be improved with combination of different types of 

adsorbents. Heat-stealing is selected to minimize the usage of material and also 

make the packaging material reusable (see Fig. 5.2 b). In addition, the different 

mesh size of non-woven fabrics can be chosen to prevent the inner materials from 

losing and at the same time provide enough permeation ability. 

This soil remediation module is designed for burial in the contaminated soil, and 

the interior package (Fig. 5.2 a) can be reused after the remediation is completed. 
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It is also expected that the adsorbents used can be regenerated after desorption of 

pollutants. The burial period of remediation module can last from months to years, 

and the adsorbents inside packages can be replaced during a longer period of 

application.  

5.3.2 Simulated Soil Remediation Experiment 

Tables 5.1, 2, & 3 (No.1-25) demonstrated the decrease of metal concentrations in 

contaminated soils after one-year remediation by using the remediation modules 

with different adsorbents under different conditions. As showed in Table 5.3 (Type 

I-VI), the metal concentrations of simulated contaminated soils of five types of soils 

are displayed.  

It can be observed that, the remediation modules reduced the concentrations of 

metal contaminants in all five types of soils. These remediation modules showed 

excellent ability on removing Pb, Ni, Zn, Cr, and Cd from the contaminated soils, 

although the amounts of adsorbed metals varied with the levels of metal 

contamination. The experiment 11 to 15 (Table 5.2, 11-15) which processed in the 

heavily contaminated soil (Table 5.3, Type III) showed the highest DMC, but much 

less metals were removed in other four kinds of contaminated soils with lower metal 

concentrations. For example, the highest DMC of Pb in Type III soil was 154.40 

mg/kg, but that in Type I, II, IV, and V was 14.85, 48.56, 59.01, and 9.94 mg/kg, 

respectively (Tables 5.1, 5.2, & 5.3). The maximum adsorption capacity of metal 

contaminants by the remediation modules in these treatments is still not achieved 

as expected. A longer period of remediation should be applied. 
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Table 5. 1 The decrease in metal concentrations (mg/kg) in soils after remediation (part I) 

No. 1* 2 3 4 5 6 7 8 9 10 

Cr 5.44 1.50 5.06 5.44 4.38 9.44 9.13 8.50 8.06 7.00 

Co 7.13 7.13 7.13 7.13 7.13 6.63 6.63 6.63 6.63 6.63 

Ni 6.08 3.10 5.85 6.10 6.05 5.36 4.99 4.74 4.11 4.11 

Cu 2.19 0.00 0.00 2.50 0.00 0.00 0.00 4.96 6.96 8.71 

Zn 6.73 3.98 8.42 9.48 8.17 10.64 5.32 11.26 0.00 8.26 

Mo 2.54 2.54 2.54 2.54 2.54 0.00 2.22 0.59 2.09 5.66 

Cd 8.08 6.96 7.27 7.46 7.33 9.98 9.92 10.48 10.54 10.60 

Sn 26.96 26.96 26.96 18.52 26.96 16.54 16.54 0.00 13.67 16.54 

Ba 6.79 0.29 1.04 4.98 3.54 0.00 0.00 0.00 0.00 0.00 

Pb 14.85 12.42 7.48 6.60 7.79 48.56 0.00 21.81 0.00 15.44 

*Indicates the No. of experiment designed by a Taguchi 5-Level 4-factor orthogonal array 
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Table 5. 2 The decrease in metal concentrations (mg/kg) in soils after remediation (part II) 

No. 11 12 13 14 15 16 17 18 19 20 

Cr 11.25 13.81 13.31 12.25 0.75 9.22 10.72 7.91 10.47 8.34 

Co 6.13 6.13 6.13 6.13 6.13 6.25 6.25 6.25 6.25 6.25 

Ni 5.42 6.10 5.35 5.23 3.10 7.99 8.24 5.36 6.24 4.68 

Cu 5.04 0.00 5.10 0.00 23.29 0.00 6.05 9.24 9.93 29.30 

Zn 69.35 47.98 42.42 57.23 55.23 0.00 0.00 0.00 8.02 21.96 

Mo 0.00 0.00 0.00 0.00 0.00 2.45 4.26 4.26 6.45 1.82 

Cd 5.00 3.81 4.38 5.00 5.38 10.94 12.63 11.38 11.50 12.19 

Sn 0.63 6.13 6.13 6.13 6.13 8.81 8.81 0.00 0.00 0.00 

Ba 40.42 8.35 19.04 36.67 15.98 0.00 0.00 0.00 3.99 5.24 

Pb 154.40 110.21 97.02 119.77 125.46 0.00 14.14 12.51 31.89 59.01 
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Table 5. 3 The decrease in metal concentrations (mg/kg) in soils after remediation (part III), and metal concentrations in different types 

of soils 

No. 21 22 23 24 25  Type I Type II Type III Type IV Type V 

Cr 9.19 8.13 6.75 0.00 9.13  18.75 ± 0.63 28.94 ± 1.25 39.13 ± 1.25 30.97 ± 1.25 22.81 ± 1.25 

Co 6.13 5.94 5.44 5.69 5.88  7.13 ± 1.15 6.63 ± 0.56 6.13 ± 0.33 6.25 ± 0.95 6.38 ± 0.65 

Ni 9.00 8.63 7.75 1.75 8.81  5.88 ± 0.63 5.99 ± 0.32 6.1 ± 1.45 10.3 ± 0.79 14.5 ± 2.5 

Cu 4.63 2.75 1.31 2.44 1.00  18 ± 0.99 287.02 ± 15.02 556.04 ± 26.25 296.24 ± 3.75 36.44 ± 1.96 

Zn 6.13 0.00 0.00 0.00 1.00  46.67 ± 3.26 213.89 ± 7.12 381.1 ± 12.16 274.83 ± 14.33 168.56 ± 9.12 

Mo 4.38 4.38 3.56 4.38 4.38  2.54 ± 0.38 14.53 ± 1.25 26.52 ± 3.75 15.45 ± 1.03 4.38 ± 0.25 

Cd 11.69 11.00 11.13 11.31 11.06  9.71 ± 0.63 24.79 ± 1.56 39.88 ± 3.75 26.88 ± 0.99 13.88 ± 6.25 

Sn 0.00 11.50 11.44 0.00 0.00  26.96 ± 2.10 16.54 ± 1.23 6.13 ± 0.57 8.81 ± 1.88 11.5 ± 0.85 

Ba 2.44 0.00 0.00 1.13 3.13  33.54 ± 0.63 81.57 ± 2.5 129.6 ± 2.5 92.86 ± 3.75 56.13 ± 3.25 

Pb 4.50 0.00 1.50 6.19 9.94  29.79 ± 1.50 480.31 ± 3.75 930.83 ± 45 522.32 ± 2.5 113.81 ± 1.24 
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Table 5. 4 Response table of Pb by Taguchi analysis 

Soil type Moisture Adsorbent Ratio 

Type I 9.829 10% 44.462 10 g 32.515 3:1 37.115 

Type II 17.162 20% 27.352 20 g 43.965 3:2 26.212 

Type III 121.371 30% 28.065 40 g 45.415 3:3 39.977 

Type IV 23.508 40% 32.890 60 g 29.712 2:3 29.815 

Type V 4.425 50% 43.527 80 g 24.690 1:3 43.177 

Delta* 116.946 17.110 20.725 16.965 

*Represents the difference of response value of the level for each factor 

 

Table 5. 5 Response table of Zn by Taguchi analysis 

Soil type Moisture Adsorbent Ratio 

Type I 7.354 10% 18.569 10 g 14.444 3:1 15.333 

Type II 7.096 20% 11.456 20 g 15.573 3:2 10.931 

Type III 54.442 30% 12.419 40 g 21.010 3:3 15.456 

Type IV 5.996 40% 14.946 60 g 13.944 2:3 15.231 

Type V 1.425 50% 18.923 80 g 11.342 1:3 19.360 

Delta 53.017 7.467 9.669 8.429 

 

Table 5. 6 Response table of Cu by Taguchi analysis 

Soil type Moisture Adsorbent Ratio 

Type I 0.9375 10% 2.3708 10 g 4.5771 3:1 7.9521 

Type II 4.1250 20% 1.7604 20 g 6.9062 3:2 3.2500 
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Type III 6.6875 30% 4.1229 40 g 7.3563 3:3 1.4104 

Type IV 10.9042 40% 4.3646 60 g 1.6917 2:3 7.9312 

Type V 2.4250 50% 12.4604 80 g 4.5479 1:3 4.5354 

Delta 9.9667 10.7000 5.6646 6.5417 

 

Table 5. 7 Response table of Ni by Taguchi analysis 

Soil type Moisture Adsorbent Ratio 

Type I 5.779 10% 6.950 10 g 6.063 3:1 5.925 

Type II 4.665 20% 6.213 20 g 5.112 3:2 4.463 

Type III 5.042 30% 5.813 40 g 4.537 3:3 6.700 

Type IV 6.502 40% 4.688 60 g 6.750 2:3 5.713 

Type V 7.188 50% 5.513 80 g 6.713 1:3 6.375 

Delta 2.523 2.263 2.213 2.237 

 

Generally, the remediation module showed the greatest adsorption of Zn and Ni 

after one year of remediation, and almost all the Ni can be removed from the 

contaminated soils (Ni was one of the highest released metals in soil burial 

experiment, Chapter 3). Tables 5.5 and 5.7 demonstrate the response values of Zn 

and Ni calculated by Taguchi analysis. In general, the highest delta response factors 

can be observed for Zn (DeltaZn-Soil type = 53.017) and Ni (DeltaNi-Soil type = 2.523) 

among all those four factors, indicating that soil properties (e.g. CEC, pH, clay, OM 
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etc.) can influence the adsorption ability of Zn and Ni more than other metals by 

remediation module. However, the removal rates of Pb, & Cu (less than 10%) still 

insufficient, even if the number of delta is higher than Zn but removal efficiency is 

lower. These metal contaminants were found to be in large amounts released from 

the buried CIGS TFSP materials and in three types of soils in the burial experiments. 

The highest delta response factor was observed for Pb (DeltaPb-Soil type = 116.946), 

but only the factor of moisture for Cu (DeltaCu-Soil type = 10.7) was observed. The 

initial concentration of Cu in 5 different types of soils varied from 18Type  I mg/kg to 

556Type  III mg/kg, but the delta response factor of soil type for Cu was only 9.97. This 

suggests that the adsorption ability of soil remediation module is rarely poor on Cu. 

The modification of remediation module should be done to improve its adsorption 

capacity of targeted metals such as Pb, Cu, etc. This was the further objective to 

carry out the modification based on the experiment of orthogonal design, and the 

goal for the improvement of adsorption ability was thus achieved to a certain level, 

but there are rooms to be improved. 

According to the results of orthogonal analysis, the remediation module contained 

80g adsorbents with a 1:1 ratio of MMWM and BAC showed an overall best ability 

in removing the contaminants from the soil. But the most suitable soil moisture 

could vary depending on different types of soils, with 10, 20, 30, 40, and 50% being 

the most suitable soil moisture to optimize the adsorption ability of remediation 

modules for its application in Type I, II, III, IV and V soils, respectively.  
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5.4 Conclusions 

In this chapter, the soil remediation module which combined MMWM with BAC 

as an adsorbent was created and its metal removal capacity was investigated. The 

remediation module showed a good ability in removing metal contaminants such as 

Ni, Cr, and Cd, but poor in Pb and Cu. Based on the results of the orthogonal 

designed experiment, the remediation module contained 80g adsorbents with a 1:1 

ratio of MMWM and BAC showed the best ability in removing the contaminants 

from all types of soils. However, the most optimized moisture varied from 10 to 50% 

depending on different types of soils. In Chapters 6 & 7, the modifications of 

adsorbents in the inner package (i.e. BAC and MMWM) will be investigated, and 

the improvement of adsorption capacity of Pb and Cu will therefore be targeted.   
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Chapter 6 Production of Activated Carbon Derived 

from Biomass Waste Material 
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6.1 Biomass Activated Carbon Derived from Waste Material 

The production of activated carbon (AC) have been reported in the literature 

frequently, and the majority of them are produced from original raw material with 

commercial values compared with very few of them being derived from waste 

materials (Mańko et al., 2014). In this part of study, three kinds of nut shells (walnut, 

Chinese chestnut, and pistachio), two kinds of fruit pericarps (durian and 

mangosteen), and corn cob are selected to produce biomass AC. The aim of this 

work is to fulfill the objective stated in Chapter 5 to improve the adsorption ability 

of targeted metals by producing biomass AC using biomass waste materials rather 

than the original raw materials with commercial worth. It is also expected, on the 

other hand, our results not only can achieve the higher absorption ability for the 

removal of metals, but also can provide information for biomass waste recycling in 

relation to solid waste treatment and management. 

6.1.1 Biomass Materials  

Walnut 

China is the world biggest walnut production country, in 2014, 1.7 million tons of 

walnut were produced in China which accounted for more than 50% market share 

in the world (Xie et al., 2013). As a very important raw material for producing oil 

and snacks, the huge consumption of walnut resulted in lots of walnut shell left over 

as waste material. Similar with other nuts, walnut shell takes approximate 50% of 
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the total mass, but is disposed as the low economic profit. Xie et al. (2013) and 

Mańko et al. (2014) found the walnut shells with relatively high carbon content (C: 

49.5%, H: 6.8%, N: 1.59%, and O: 42.11%) can be used for producing biomass 

activated carbon.  

Chinese Chestnut 

In 2014, the production of Chinese chestnut was over 1.65 million tons, which is 

ranked the first and taking more than 90% of the world production. Different from 

walnut shell, both pericarp and epidermis of Chinese chestnut have a high carbon 

(35.43%) and low ash (6.46%) contents (Özçimen et al., 2009; Mańko et al., 2014). 

With this excellent property, Chinese chestnut can be used for producing activated 

carbon. Cheng et al. (2014) reported that a kind of activated carbon produced using 

Chinese chestnut can achieve the pore volume to 0.04~0.14 cm3/g and specific 

surface area 1500 m2/g.  

Pistachio 

Pistachio is also a very popular snack in China, which is rich in vitamin, fiber and 

microelements, but little fat and calorie. The white nutshell includes the kernel, 

which is stronger than walnut and Chinese chestnut, such a high carbon content raw 

material is very good for activated carbon production (Yahya, 2015). According to 

Donat, & Erden (2017), pistachio activated carbon prepared by physiochemical 

activation showed a maximum monolayer Uranium (U) adsorption capacity of 

8.68 mg/g.  
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Other Materials (Durian, Mangosteen and Corn Cob) 

Durio zibethinus Murr. (Durian) and Garcinia mangostana (mangosteen) are two 

common tropical fruits in local markets, the pericarps of these two fruits always 

take more than half weight but with very low economic profit. Corn cob is one of 

the byproducts of corn industry, which can be used as raw material in paper industry 

or power fuel for thermal power generation. These biomass materials can be used 

for producing activated carbon by thermal and chemical activation. 

6.1.2 Activated Carbon Production 

Since activation and carbonization are the two most important steps in activated 

carbon production, a suitable treatment would lead adsorption capacity of AC to be 

maximized. It is reported that the degradation and dehydration of cellulosic on 

biomass raw materials are mostly achieved during the chemical activation process 

(Abioye & Ani, 2015). The complete immersion of raw material in the chemical 

activators such as zinc chloride (ZnCl2), phosphoric acid (H3PO4), and potassium 

hydrate (KOH), which will assist to generate microspores, form functional groups 

on the activated carbon surface (Yi et al., 2008; Abioye & Ani, 2015). In addition, 

introducing of suitable chemical activators can help not only inhibit the production 

of tar (which can block the pores to decrease the adsorption capacity), but also 

minimize the formation of carbon containing volatiles, and improve the AC 

production yield. However, overuse of chemical activators will result in 

environmental contaminations and cause the corrosion of equipment (Zhang et al., 
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2010). According to Li et al. (2013), the biomass activated carbon produced by 

heating at 550 ℃ for 90 mins and then impregnated in 20% KOH, the BET specific 

surface area was as large as 2825 m2/g, with adsorption values of methylene blue 

and iodine being 495 and 1797 mg/g, respectively. According to Yan et al. (2007) 

and Feng et al. (2015), sewage sludge can be used as raw materials for AC 

production, a 168 m2/g BET SSA and 517.4 mg/g iodine value was observed, when 

immersed in 40% phosphoric acid and irradiated by 480 W microwave for 5 mins. 

Donat, & Erden (2017) applied carbon dioxide (CO2) as the activating agents at 

700 °C for 2 hrs to produce pistachio activated carbon. Li et al. (2013) reported that 

Spartina alterniflora and cotton stalk AC activated by potassium hydroxide (KOH) 

at 800 °C, their BET SSA values were 2825 m2/g and 2135 m2/g, methylene blue 

adsorption values 495 and 478 mg/g and iodine adsorption values 1797 and 1251 

mg/g, respectively. According to Yuan et al. (2009), walnut shells activated by 

steam activation method at 850 °C for 75 mins were examined a 1362 mg/g iodine 

adsorption value, and such AC can remove 97.8% Cr from the chrome plating spent 

liquor.  

Physical activation is another common method for AC production, which including 

steam, ultrasonic, and microwave activation (Arsyad et al., 2016). Different from 

chemical activation, the raw materials are firstly carbonized at a high temperature 

and then activated under physical condition with adding high temperature carbon 

dioxide or nitrogen also at high temperature for the surface modification (e.g. 
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micropores generation) (Salas-Enríquez et al., 2016). The absorptivity of physical 

activated AC is always poorer than that of chemical one as the lower specific area 

is obtained and parts of micropores are blocked by tar produced during 

carbonization process at high temperature (Chen et al., 2002). However, the 

physical activation consumes a massive amount of energy but results in little 

environmental pollution as chemical activators are seldom added (Chen et al., 2002; 

Yuan et al., 2009). 

This chapter aims to compare the adsorption capacity of activated carbon derived 

from various waste materials, and optimized conditions for a series of biomass 

activated carbon production are investigated. 

6.2 Materials and Methods 

Biomass materials (walnut, Chinese chestnut (castanea mollissnia), pistachio, 

durian, mangosteen and corn cob) were obtained from local market in Zhuhai, 

China (Summer, 2016). Three nut shells, two fruit pericarps and corn cob were 

manually collected by separating them from their original products, then they raised 

with DI water and dried in an oven at 105 ℃ for 48 hrs. All the raw materials were 

crushed into powder and passed thought a 0.15 mm sieve, and these pretreated 

materials were stored in polyethylene bags in a desiccator. 

10 g of the homogenized raw materials were dispersed in a clean beaker (effective 

volume 200 mL) and immersed in different concentrations of activator solution (10, 
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20, 30, and 40% of H3PO4) in different immersion ratios (w/v: 1:1.5, 1:2, 1:2.5 and 

1:3). The beakers were sealed with PE films and stood for 24 hrs at room 

temperature. The fully immersed raw materials were transferred to the quartz 

crucibles and placed in a microwave oven for first activation for 5 mins (700 W). 

Afterward, the pre-activated raw materials were transferred into a furnace, pre-

heated to 120 °C for removing adsorbed water, and further heated up to 200 °C for 

carbonization for 1 hr. The activation was conducted at the selected temperatures 

(300, 400, 500, and 600 °C), respectively for 30, 60, 90, and 120 mins, with a 

10 °C/min heating rate. When cooling down in oven after carbonization was 

completed, the activated carbons were immersed in 100 ml of 0.5% hydrochloride 

acid solution and placed in an ultrasonic facility for 20 mins to remove the 

remaining acid and impurities, and then rinsed with deionized water till the pH of 

elute was neutralized. The neutral activated carbons were dried at 105 °C for 24 hrs, 

and passed through a 100 mesh sieve (0.15 mm) after being ground. All the samples 

were weighted and placed in a PE bag and stored in a desiccator.  

The adsorption capacity of the activated carbon was then determined in line with 

GB/T 12496.10-1999 (Test method of wooden activated carbon-determination of 

methylene blue adsorption).  

Approximate 0.100 g of activated carbon sample (less than 0.15 mm) was dispersed 

in a tube with methylene blue solution and placed in a shaker (275 r/min, at 25 °C) 

for 20 mins. The supernatant was filtered with a syringe coupled with a 0.22 μm 
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filter tip. The solution was analyzed by using a UV-Vis spectrophotometer (Thermo, 

Evolution 220, USA) coupled with an auto sampler with the detector being operated 

at 665 nm. The absorbance was compared with that of the 4.0 g/L copper sulfate 

solution (standard solution). The experiment above was repeated by 

increasing/decreasing the volume of methylene blue solution added, till the 

differences of absorbance between supernatant and standard solution was less than 

0.02.  

Activated carbon with the highest methylene blue value was applied for simulated 

copper (Cu2+) adsorption experiment. Batch experiments were carried out to 

determine adsorption ability of the produced activated carbon towards copper. For 

this purpose, an initial experiment was conducted to determine the copper 

adsorption. 0.1 g adsorbent ((less than 0.15 mm, newly produced AC) was dispersed 

in 100 ml of 200 mg/L copper solution (pH=5.5). The mixture was agitated on a 

shaker (160 rad/min) at room temperature (25 °C) for 12 hrs, then filled with a 0.22 

μm filter paper. The solution was analyzed using ICP-OES (Perkin-Elmer Optima 

2100 DV, USA). 

The activated carbon with the highest adsorption capacity was used as one of the 

inner adsorbents for building a new remediation module.  
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6.3 Results and Discussions 

6.3.1 Optimization of Activation Method for Biomass Activated Carbon  

Based on the experiments carried out for figuring out the most suitable immersion 

ratios (w/v: 1:1.5, 1:2, 1:2.5 and 1:3), it was found that the raw materials can only 

be fully soaked in activation solution when the immersion ratio was higher than 

1:2.5. To minimize the dosage of chemical activators, the 1:2.5 immersion ratio was 

selected for immersing raw materials. 

 

Table 6.1 Production yield (%) of activated carbon produced from different raw 

materials at a variety of activation/carbonization temperatures for 120 mins 

  Walnut Pistachio Durian Mangosteen Corn Chestnut 

300 ℃ 62.03 55.12 50.23 51.32 48.03 66.96 

400 ℃ 54.26 46.27 46.55 49.03 42.26 57.88 

500 ℃ 49.28 43.11 41.09 42.00 40.57 50.54 

600 ℃ 46.33 40.19 36.08 39.16 38.24 41.11 

 

Table 6.1 demonstrates the production yield of activated carbons produced form 

different raw at different activation temperatures for 120 mins. It can be clearly 

found that the production yields were decreasing with the increasing temperature. 

Among three nut shell materials, chestnut showed the best production yield of 66.96% 

at 300 ℃ while walnut yielded 46.33% at the top one when heating temperature 

increased to 600 ℃. The fruit pericarps yielded less activated carbon (40.19%) than 

nut shells, and only 36.08% production yield of durian pericarp was achieved when 
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activation temperature was set at 600 ℃. The production yield is an important 

factor for evaluating the properness of materials used for manufacturing activated 

carbon. all three nut shell materials are suitable for activated carbon production with 

a production yield higher than 40%. According to Yuan et al. (2010), the loss of 

carbon increases with the elevated activation temperature, which resulted in 

reducing production yield of activated carbon.   

 

Table 6.2 Methylene blue adsorption values of activated carbon produced at 

different activation temperatures for 120 mins 

  Walnut  Pistachio  Durian Mangosteen Corn Chestnut  

300 ℃ - - - - 75 - 

400 ℃ 82.5 120 300 405 120 165 

500 ℃ 75 127.5 240 210 112.5 172.5 

600 ℃ 75 98.23 240 195 105 150 

 

Table 6. 2 demonstrates the methylene blue (MB) adsorption values of different 

types of activated carbon. Materials activated at 300 ℃ showed very low MB 

adsorption ability, in which only corn activated carbon can absorb most of the MB 

from 5 ml MB solution with a MB adsorption value of 75 mg/g. The maximum MB 

adsorption value occurred when activation temperature increased to 400 ℃, at 

which MB adsorption value of 405 mg/g was achieved by mangosteen shell. This 

value is slightly lower than that of 495 mg/g activated with KOH at 800 ℃ as 

reported by Li et al. (2013), but a much lower activation temperature is used in the 
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process of this experiment.  

 

Table 6.3 Production yield (%) of different raw materials with a variety of activation 

times at 400 ℃ 

 Min Walnut  Pistachio  Durian Mangosteen Corn Chestnut 

60 56.80  42.79  50.23 50.32 40.03 51.62  

90 56.14  44.47  49.55 49.03 40.16 50.59  

120 54.26  46.27  46.55 49.03 42.26 57.88  

150 52.62  45.62  47.09 49.00 41.62 56.54  

 

Table 6.4 Methylene blue adsorption values of activated carbon produced at 

different activation times at 400 ℃ 

 Min Walnut  Pistachio  Durian Mangosteen Corn Chestnut 

60 -  -  150 225 90 127.5 

90 67.5  45  255 330 105 157.5  

120 82.5 135 300 405 120 165 

150 82.5  120  285 390 112.5 157.5  

 

It can be observed from Table 6.3, the production yield of the same raw material 

showed slight changes with the activation time. It is particularly noted that, the 

optimized activation temperature (see Table 6.1, 400 ℃) resulted in the activated 

carbon production yield remained almost the same when activation time increased 

from 60 to 150 mins. Although the production yield remained similarly, but the MB 

adsorption values varied with the different activation time (Table 6.4). The 

maximum MB adsorptions were observed from AC produced at 400 ℃ for 120 
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mins, in which mangosteen activated carbon was ranked the top associated with a 

MB adsorption value approximately 4 times more than that of walnut. According to 

Lu et al. (2013), during the activation process, the MB adsorption capacity of 

carbonized raw material can increase with the activation time till a zenith is reached, 

and the longer activation time would result in creation of mesopores and 

macrospores by the reaction between carbon skeleton and oxygen, whereas such 

reaction can decrease the value of MB adsorption. 

 

Table 6.5 Production yield (%) of different raw materials with different 

concentrations of activator H3PO4 at 400 ℃ 

  Walnut  Pistachio  Durian Mangosteen Corn Chestnut  

10% 54.26  46.27  46.55 49.03 42.26 57.88  

20% 46.82  45.20  45.33 48.50 41.22 51.50  

30% 48.71  46.51  48.24 47.21 45.28 51.15  

40% 46.14  44.47  47.96 46.95 43.05 50.59  

 

Table 6.6 Methylene blue adsorption of different raw materials with different 

concentrations of activator H3PO4 at 400 ℃ 

  Walnut  Pistachio  Durian Mangosteen Corn Chestnut  

10% 82.5 135 300 405 120 165 

20% 97.5  142.5  307.5 405 120 172.5  

30% 97.5  150  315 412.5 127.5 180  

40% 90  150  322.5 420 127.5 195  

 

As shown in Table 6.5, the production yields varied a little when the activator 
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concentration increased from 10% to 40%. The raw materials immersed with lowest 

concentration (10%) of H3PO4 showed an accredited ability in activating the raw 

materials. However, the increase in MB adsorption value can be observed when 

activator concentration was increased (Table 6.6). The raw materials (pistachio, 

durin, mangosteen, corn, and chestnut) immersed in the highest concentration of 

activator usually showed the highest MB adsorption values except walnut with 40% 

of H3PO4. In general, the immersion of raw material in H3PO4 solution can prevent 

the tar from formation and generate pores by dehydrogenation and aromatization of 

the cellulose during activation (Yi et al., 2008). The higher concentration of H3PO4 

solution, the larger MB adsorption value can be achieved. However, using high 

concentrations of H3PO4 activator had resulted in increasing amount of water used 

for washing the produced activated carbon to obtain a neutralized product. For the 

environmental friendly propose, 10% H3PO4 was therefore selected as the 

optimized concentration of activator and accredited MB adsorption capacity with 

similar overall production yield compared to other higher concentrations of H3PO4. 

In summary, the optimized condition for a series of biomass activated carbon 

production is immersion of raw materials in 10% of H3PO4 with a ratio 1:2.5, an 

activation temperature of 400 ℃ and an activation time of 120 mins.  

6.3.2 Copper Adsorption Experiment 

Three types of activated carbons derived from durian pericarp, mangosteen pericarp, 

and chestnut shell with the optimized activation method were selected as the 
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representative adsorbents for this copper adsorption experiment. 

 

Table 6.7 Methylene blue adsorption, BET SSA, and copper adsorption data of 

biomass activated carbons 

 Durian Mangosteen Chestnut Commercial AC 

MB (mg/g) 405 300 165 120 

BET SSA (m2/g) 1678 1352 1120 987 

Copper (Cu2+, mg/g) 199.89 133.2 128 120.62 

 

Table 6.7 demonstrates the methylene blue adsorption, BET SSA, and copper 

adsorption data of the activated carbon produced in this experiment. A commercial 

AC (derived from coconut shell) was selected for comparison. All three kinds of 

biomass activated carbons showed good ability on copper adsorption, in which the 

sample derived from durian pericarp came with the highest copper adsorption 

capacity (199.89 mg/g) and with the largest BET SSA value (1678 m2/g). Although 

AC derived from chestnut shell was detected with the lowest values of MB (128 

mg/g) and SSA (1120 m2/g), it still performed better than the commercial one (Table 

6.7). Copper adsorption by AC showed very strong linkage with its specific surface 

area. AC with higher specific surface can provide better adsorption of contaminants. 

Besides, the adsorption of copper from solution was also related to the functional 

groups on AC surface, and negative chargers (e.g. -COO-, -O-) created during 

activation. 
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Consequently, durian pericarp with a good production yield and adsorption ability 

was selected to produce biomass activated carbon, which was further used as the 

inner adsorbent for manufacturing remediation module.  

6.4 Conclusions 

Based on the comparison on AC produced from various raw organic waste materials, 

the durian pericarp with good production yield and adsorption ability is selected to 

produce biomass activated carbon. An optimized activation method is thus 

developed for manufacturing of such a biomass activated carbon according to the 

following process: raw material is immersed in 10% of H3PO4 with a solid to 

solution ratio of 1:2.5 for 24 hrs, and then irradiated in a 700 W microwave oven 

for 5 mins; carbonization is performed at 200 ℃ for 60 mins and the heating 

temperature is further increased to 400 ℃ and hold for 120 mins for achieving the 

completion of activation. 
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Chapter 7 Physiochemical Properties of Modified 

Mineral Waste Material Before and After 

Dehydroxylation Related to Adsorption Kinetics of 

Lead and Methyl Orange 
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7.1 Dehydroxylation of Clay Mineral 

The aim of this work is to fulfill the objective stated in Chapter 5 to improve the 

adsorption ability of targeted metals by modifying MMWM with the 

dehydroxylation treatment. It is particularly expected to figure out the 

physiochemical properties in relation to adsorption of these mineral waste 

adsorbents. 

Dehydroxylation, which resulted in release of physically, chemically and 

structurally bounded water, is one of the most significant changes occurring during 

thermal treatment of clay mineral. By investigating the dehydroxylation 

mechanisms of clay minerals, the dehydroxylation concept of kaolinite is expressed 

as the results of interaction between two hydroxyl groups to form a water molecule 

by proton transfer, leaving chemically bonded oxygens (oxide anion) in the lattice 

(Miller & Oulton, 1970). The reactions are shown as the following (Frost et al., 

2014):  

−OH& ⇔ H� +  −O�& 

H� + −OH& ⇔ −H�O 

Tajeddine et al. (2015) reported that the hysteresis occurred during the 

hydroxylation and dehydroxylation processes of intercalated cations. Transitions of 

montmorillonite are different with temperature: dehydroxylation and desorption of 

physically adsorbed water molecule (30-150 °C), decomposition of ammonium 

cations and dehydroxylation of structural water (400-600 °C), and transformation 
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of intercalated hydroxylated species to metal oxides (750 °C) (Ruan & Gilkes, 1996; 

Elkhalifah et al., 2013; Fonseca et al., 2017; Martinez et al., 2017). GuccnNnnrtr et 

al. (1978) reported that the dehydroxylation of dioctahedral 2:1-layer silicates (such 

as muscovite) is not a homogeneous process, the strength of the Al-OH bond is 

greatly affected by the coordination number of neighbouring polyhedral. They 

clarified this by using a muscovite dehydroxylation model, the loss of hydroxyl 

groups of neighbouring polyhedral in octahedral coordination occurs than in 

fivefold coordination at lower temperatures, which results in the distribution of 

oversaturated apical oxygens that affect also the proton position and the Al-OH 

bond strength (GuccnNnnrtr et al., 1978). Dehydroxylation of illite at the 

temperature intervals from 450 to 700 °C, the initial step comprised of the 

condensation of OH- groups inside the octahedral layer and a resulting 1-D 

dispersion of the simply framed water atoms through tetrahedral rings into an 

interlayer region, and the second step was represented by a 2-D dispersion of water 

particles far from the interlayer space (Csáki et al., 2017; Húlan et al., 2017). There 

are a couple of methods that have been developed to modify/enhance the clay 

mineral adsorbents. Mechanochemical activation such as grinding treatment is used 

for kaolinite modification, the processes are identified: a new amorphous material 

is created with the destruction of kaolinite, and then an agglomerated material is 

produced by the aggregation of the ground particles (Kelley, 1957; Takahashi, 1959; 

Frost et al., 2017). 
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The modified mineral waste material (MMWM) used in this study is a mixed clay 

mineral type of adsorbent that derived originally from industrial mineral waste 

material after physical and chemical modifications (Table 7.1; Jiang et al., 2013). 

The MMWM was found to have strong adsorption ability and has been applied for 

adsorbing pollutants from contaminated water and soil (Jiang et al., 2013). Besides, 

heavy metals such as cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pb) 

in MMWM are detected in much lower concentrations than the maximum tolerate 

limit concentrations in the Dutch list (Netherland) (Jiang et al., 2013). It is a kind 

of environmental safety and low-cost adsorbent. Be that as it may, similar to some 

nanoscale zero-valent iron (nZVI), MMWM frequently frames aggregates and 

effortlessly responds with water which prompt its unsteadiness and the fast loss of 

reactivity in the subsurface (Su et al., 2016). By consisting of the majority of 

smectite and illite, MMWM shows great ability on adsorbing pollutants from water, 

soil and air, which have been applied in our previous experiments for the 

remediation of environmental pollution (Lu et al., 2016). Our previous 

investigations have confirmed that the MMWM reveals very good adsorption 

ability on heavy metals (Pb, Cu and Cd) in water than biochar derived from 

activated carbon but weak on adsorbing Cr (Lu et al., 2016). This leakage can be 

eliminated by adding activated carbon (AC) when MMWM is applied for pollution 

remediation. Lu et al. (2016) designed a water purification column by applying 

MMWM and AC powder with a ratio of 2:3 and showed it is the best condition 
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among all treatments as it could removal 98.5% metal contaminants (Cd (0.1 ppm), 

Cr (0.5 ppm), Pb (1.0 ppm)) in wastewater. In addition to its great ability on 

removing heavy metals in water, Jiang et al. (2014) reported the ability of MMWM 

on adsorbing organic compounds from waste water such as and organic phosphate. 

The adsorptive efficiency of some organic pollutants was found even better than 

AC.  

The aims of this work are to figure out the most suitable conditions for thermal 

modification of MMWM to improve the adsorption capacity, and the 

physiochemical and mineralogical properties of modified MMWM before and after 

thermal treatment in relation to the dehydroxylation process; and to investigate the 

abilities and kinetics of adsorption of Pb and MO onto this dehydroxylated MMWM. 

It is expected that the results of this study can be used to produce a new type of 

adsorbent, which can lead to the development of new technology in the treatment 

and management of solid waste material. 

 

Table 7.1 X-Ray diffraction identification of mineral conponents in MMWM (Jiang, 

2013) 

Mineral/chemical comp. d-value (2θ) Intensity ratio (I/I0) (%) 

Smectite   

Montmorillonite 14.669 15 

Illite   

Muscovite 4.973, 3.057, 2.645 29,17,22 

Mica 3.738, 3.570 10,11 

Feld spar 3.271, 3.318 66, 16 
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Chlorite 7.201, 4.771 21, 12 

Quartz 4.295, 3.368 12, 100 

Calcium hydroxide 4.973, 2.645, 1.937, 1.803 29, 22, 13, 11 

 

7.2 Materials and Methods 

7.2.1 Mineral Waste Material Collection and Modification 

The mineral waste material was obtained from a commercial company in Hong 

Kong after an initial physical and chemical treatment (Jiang et al., 2013; Lu et al., 

2016). The collected mineral waste material was crushed and sieved into a desired 

particle size, packaged in air-tight polyethylene (PE) bag and reserved in a 

vacuumed desiccator. 

For thermal modification, MMWM sub-samples were heated at selected 

temperatures of 300, 400, 500, 600, 700, 800, 900, and 1000 ℃ for 120 mins in a 

vacuumed tube oven under an oxygen-limited condition. To prevent introducing 

moisture, once the samples were cooled down to 200 ℃ inside the oven they were 

transferred immediately to a desiccator to further cool down to room temperature. 

These samples were kept in a PE bag and reserved in vacuumed desiccator before 

analysis. The original MMWM (O-MMWM) is labelled as MM120 and the heated 

MMWM (M-MMWM) is labelled as MM300, MM 400, etc., where the MM 

denotes MMWM and the number denotes the thermal modification temperature. 
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7.2.2 Characterization of MMWM 

Chemical Composition of MMWM 

The MMWM sample was ground with an agate mortar and sieved to 0.15 mm, 

then stored in a polyethylene bag in a desiccator until further analysis of metal 

concentrations. The homogenized sample (approximately 200 mg) mixed with 10 

ml strong acid (4:1 concentrated 65% HNO3 and 40% HF (v/v)) in an airtight 

Teflon tank (effective volume 50 mL) was heated at 180 ℃ in the microwave 

digester (Sineo, MDS-10, Shanghai, China) for 20 mins. After cooling down to 

room temperature, the supernatant was separated from the solid particles by 

vacuum filtration through a 0.22 μm filter and diluted to 100 mL with deionized 

(DI) water. The concentrations of metals (Ca, Fe, Al, Mg, Ti, Mn, Sr, Zn, Rb, Ba, 

Cu, Cr, and Cd) in the digested solutions were determined using inductively 

coupled plasma optical emission spectrometry (ICP-OES, Perkin-Elmer Optima 

2100 DV, USA). 

Burnauer, Emmett, and Teller (BET) Specific Surface Area 

Thirteen (13)-point BET-nitrogen isotherms were used for calculating the specific 

surface area (SSA). Prior to measurements, samples were outgassed at 120 ℃ for 

12 hrs. The SSA was detected and calculated by using Beckman Coulter, SA3100 

surface area analyser; the adsorption isotherms achieved a p/p0 range of 0.009-

0.25. 
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Fourier-Infrared (FTIR) Spectrum 

Fourier-infrared absorption spectra of samples were obtained by using a 

PerkinElmer Frontier FT-IR/NIR spectrometer. The MMWM samples were 

dispersed in potassium bromide (KBr) with a ratio of 1:100 of KBr: MMWM. The 

mixtures were ground and pressed into lamellar forms to make disks. The 

wavenumber range between 4000 and 450 cm-1 were recorded at a resolution of 

4.0 cm-1 and 32 scans. The spectral manipulation including baseline adjustment, 

smoothing and normalisation was performed using Origin Pro 2017 (OrginLab 

Corporation, Northampton, MA 01060 USA). 

Field Emission Scanning Electron Microscope (FESEM) 

A representative portion of MMWM samples was sprinkled onto double-sided 

carbon tape mounted on a SEM stub. All the samples were coated with gold by 

spraying before analysis. The FESEM measurements were performed on a state-

of-the-art high-resolution LEO 1530 field emission scanning electron microscope 

with an energy dispersive X-ray detector from OXFORD.  

Transmission Electron Microscope (TEM) 

The TEM measurements were performed on a Tecnai G2 20 S-TWIN Transmission 

Electron Microscope with Bright Field and Dark Field imaging with a bottom-

mounted high-resolution CCD camera. All the samples were dispersed in 99% 

ethanol and coated on carbon film copper grids before analysis. 
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X-ray Diffraction Analysis (XRD) 

Sub-samples of MMWM were taken from the original and heated materials and 

prepared for XRD by grinding 500 mg of each sample and back filling in a quartz 

plate holder. X-ray diffraction (XRD) analyses by using non-monochromatic Cu Kα 

radiation were carried out on a computer-controlled Bruker AXS D8 advance X-

Ray diffractometer. The step time of scan was 53.1 s and the step size was 0.02°. 

Patterns were recorded from 10 to 75° 2θ. 

7.2.3 Adsorption Experiment 

Methyl Orange (MO) Adsorption Experiment 

Batch experiments were carried out to determine adsorption ability of modified 

MMWM towards methyl orange. An initial experiment was conducted to determine 

the maximum methyl orange adsorption ability. For this purpose, 0.01, 0.02, 0.03, 

0.04 and 0.05 g adsorbent was dispersed in 50 ml of 100 mg/L methyl orange 

solution. The mixture was agitated on a shaker at room temperature for 12 hrs and 

filtered with a 0.22 μm filter paper. The solution was analysed using a UV-Vis 

spectrophotometer (Thermo, Evolution 220, USA) coupled with an auto sampler 

with the detector being operated at 465 nm. 

After the initial experiment, the adsorption capacity of modified MMWM was 

calculated, and the modified MMWM with highest MO adsorption ability (0.04 g) 

was selected and categorized according to the design of intercalation method and 

kinetic and isothermal experiments. Adsorption kinetic experiment at room 
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temperature (25 °C) and pH = 7 was conducted by dispersing 0.04 g of the adsorbent 

in 50 ml of 100 mg /L MO solution in a flask. The amount of adsorbent selected 

was based on 80% of MO being removed from solution at the equilibrium point. 

Then all the flasks were capped and placed in a shaker bath maintained at 25 °C 

and shaken at 300 rpm for 540 mins. The samples after MO adsorption were 

collected at different time intervals (1, 2, 3, 5, 15, 20, 30, 60, 120, 180, 240, 300, 

360, 420, 480 and 540 mins) and filtered with a 0.22 μm filter paper to collect the 

supernatants. Adsorption isotherm studies were carried out by placing 0.04 g of 

modified MMWM in varying volumes (15, 20, 25, 30, 35, 40, 45, and 50 mL) of 

100 mg/L MO solutions under the same temperature and shaking speed as for the 

kinetic experiment. The samples after MO adsorption were collected at 540 mins 

and filtered with a 0.22 μm filter paper to collect the supernatants. The collected 

supernatants of both kinetic and isotherm experiments were analysed using a UV-

Vis spectrophotometer (Thermo, Evolution 220, USA) coupled with an auto 

sampler with the detector being operated at 465 nm. 

Lead (Pb) Adsorption Experiment 

Similar to the MO adsorption, an initial experiment of Pb adsorption was 

undertaken to find out the optimal adsorption ability of modified MMWM on Pb. 

0.01, 0.02, 0.03, 0.04 and 0.05 g of adsorbent was dispersed in 50 ml of 350 mg/L 

Pb solution in a flask. The mixture in the flak was agitated on a shaker with a 

shaking speed of 300 rpm for 840 min at room temperature (25 °C), and then filtered 
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with a 0.22 μm filter paper. The solution after filtration was analysed using ICP-

OES (Perkin Elmer Optima 2100DV, USA). 

After the initial experiment, the modified MMWM with the highest Pb adsorption 

ability was selected and categorized according to the design of intercalation method 

and kinetic and isothermal experiments. Adsorption kinetic experiment at room 

temperature (25 °C) and pH = 7 was conducted by dispersing 0.02 g of the selected 

adsorbent in 50 ml of 350 mg /L Pb solution. Then all the flasks were capped and 

placed in a shaker bath with temperature setting at 25 °C and shaken at a 300-rpm 

speed for 840 mins. The samples after Pb adsorption were collected at different time 

intervals (5, 10, 20, 30, 60, 120, 180, 240, 300, 360, 420, 480, 560 and 840 mins) 

and filtered with a 0.22 μm filter paper to collect the supernatants. Adsorption 

isotherm studies were carried out by placing 0.02 g of modified MMWM in varying 

volumes (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 mL) of 350 mg/L Pb solutions. 

The mixture was agitated on a shaker with a shaking speed of 300-rpm for 840 mins 

at room temperature (25 °C). The samples after Pb adsorption were collected at 840 

mins and filtered with a 0.22 μm filter paper to collect the supernatants. The Pb 

concentration in the collected supernatants of both kinetic and isotherm 

experiments was determined using ICP-OES. 

Phenol Adsorption Experiment 

Batch experiments were carried out to determine adsorption ability of modified 

MMWM towards phenol. An initial experiment was conducted to determine the 
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maximum phenol adsorption ability. For this purpose, 0.1, 0.2, 0.3, 0.4 and 0.5 g 

adsorbent was dispersed in 50 ml of 100 mg/L phenol solution. The mixture was 

agitated on a shaker at room temperature for 12 hrs and filtered with a 0.22 μm filter 

paper. The solution was analysed using a UV-Vis spectrophotometer (Thermo, 

Evolution 220, USA) coupled with an auto sampler with the detector being operated 

at 270 nm. 

7.2.4 Statistic Analysis 

Lead (Pb) Adsorbed 

The amount of Pb adsorbed onto the sample at different periods (qt) can be 

calculated by Eq. 7-1; 

N� = !�O&�0#×PO
�  (Eq. 7-1) 

Where C0 and Ct are the concentration of Pb at initial and different time intervals 

(mg/L), respectively; V0 is the volume of solution (L) added, and m is the amount 

of absorbent (g) added. 

 

Kinetic of Pb Adsorption 

To model the kinetic of Pb adsorption, the adsorption data were fitted in the pseudo-

second-order model, which can be described using Eqs. 7-2 and 7-3 (Frost et al., 

2004). 

�
Q = R

�Q.� + R
Q. S （Eq. 7-2） 

which can be rewritten as: 
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                         N = �Q.��
R��Q.� (Eq. 7-3) 

Where qe and q are the Pb absorbed by absorbents at initial and different time 

intervals (mg/g), respectively; k is the adsorption rate constant of the pseudo-

second-order model. 

Isotherm Study 

For the isotherm study, the equilibrium adsorption capacity (qe) can be calculated 

by Eq. 7-4; 

N� = !�O&�.#×PO
�   (Eq. 7-4) 

Where C0 and Ce are the initial and equilibrium Pb concentration in solution (mg/L); 

V0 is the volume of solution (L) added and m is the mass of adsorbent (g) added. 

The equilibrium data were fitted to the Langmuir and Freundlich isotherm models 

as shown in Eqs. 7-5 and 7-6, respectively (Langmuir, 1916, 1917; Freundlich, 1996) 

Langmuir equation: N� = N�T �.
R�U3�.  (Eq. 7-5) 

Freundlich equation: N� = TV9�
%
W  (Eq. 7-6) 

where Ce (mg/L) and qe (mg/g) are Pb concentration and corresponding to 

adsorption capacity at equilibrium, qm (mg/g) is the maximum adsorption capacity 

and Kl is the Langmuir adsorption equilibrium constant, which are related to 

adsorption capacity and energy or net enthalpy of adsorption. Kf and n are the 

constants in the Freundlich isotherm model, which measured the adsorption 

capacity and intensity, respectively. 
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7.3 Results and Discussions 

7.3.1 Characterization of MMWM 

Table 7.2 Metal content of MMWM 
 

Ca Fe Al Mg Ti Mn Sr Zn Rb Ba Cu others 

Con. (mg/g) 587 ± 17.9 90.33 ± 6.7 67.74 ± 12.4 28.76 ± 3.1 4.88 ± 0.3 2.42 ± 0.2 0.65 ± 0.2 0.46 ± 0.1 0.40 ± 0.0 0.33 ± 0.1 0.21 ± 0.1 -- 

Percentage (%) 74.87 11.52 8.64 3.67 0.62 0.31 0.08 0.06 0.05 0.04 0.03 0.10% 

 

Figure 7.1 BET specific surface area of MMWM modified at different temperatures 
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The concentrations of different metals in MMWM analyzed by ICP-OES after 

infrared digestion are shown in Table 7.2. Calcium (Ca), Iron (Fe), Aluminum (Al) 

and Magnesium (Mg) were the four most abundant metals. As expected, these four 

important metals in MMWM were present over 98.7% of total metal content. This 

result was similar to that of Jiang et al. (2013), who reported that calcium silicate 

hydrate (Ca6Si6O17(OH)17) and calcium aluminium silicate hydrate 

(CaAl2Si2O8·H2O) were the two most abundant chemical compounds in MMWM, 

and Ca, Fe, Al and Mg were also the main metal compositions of montmorillonite, 

illite and chlorite. Krupskaya et al. (2017) characterized the chemical composition 

of acid modified montmorillonite and found that Ca, Mg, Fe, and Al were the four 

most abundant metals during all the treatments. Aluminium is the main composition 

of octahedral layer [AlO3 (OH)3]6-, and Ca, Mg are the compositions of 

exchangeable interlayer. The remaining metals, such as Thallium (Ti), Manganese 

(Mn), Strontium (Sr), Zinc (Zn), Rubidium (Rb), Barium (Ba) and Copper (Cu) 

obtained at very low or trace concentrations were presented less than 1.2% of the 

total metal content. 

Burnauer, Emmett, and Teller (BET) Specific Surface Area (SSA) 

To investigate the variation of specific surface area of MMWM as affected by 

thermal treatment, N2-adsorption /desorption was carried out for each sample. Fig. 

7.1 demonstrates the variation of SSA of MMWM after thermal treatment at 

different temperatures. The appearances of thermally treated MMWM samples 

were changing corresponded to the variation of temperature. The colour of samples 
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turned from white grey into pink grey, and at the higher temperature the more 

obvious change in colour was observed. It was clearly observed that the specific 

surface area of thermal treated samples increased from 4.070 to 6.496 m2/g when 

the temperature increased from 120 to 500 ℃, which was attributed to the loss of 

water molecular and the change of mineral layer structure, e.g. amorphous and/or 

meta-phases formed during thermal transformation of minerals (Ruan and Gilkes, 

1995, 1996; Martinez et al., 2017). The SSA then decreased to 0.874 m2/g after 

heating to 1000 ℃, where the re-formation of complete crystal structure occurred. 

The MMWM samples used in this study was mainly composed of clay minerals. 

Hydroxylation and dehydroxylation may occur easily in these typical mineral 

structures, particularly on the surface structures. It is expected that the changes in 

mineral surface structure can greatly enhance the adsorption ability. Although the 

SSA of MMWM was much smaller than that of a typical activated carbon (AC), the 

adsorption of metal pollutants per unit amount was always much higher than that 

of AC (Lu et al., 2016). We suggested that the great adsorption ability of MMWM 

could be contributed by the hydroxyls on the mineral surface, where the chemical 

bonding of adsorption formed by releasing the loosely bonded water molecule and 

the enlargement of surface area during thermal treatment at 500 ℃ or lower 

temperatures. It is believed that such changes in surface structure may provide more 

adsorption sites and increase the affinity of adsorption. 
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Fourier-Infrared (FTIR) Spectrum 

 
Figure 7.2 FTIR spectra of modified MMWM at different temperatures in the range 

of 4000-450 cm-1 

  

Figure 7.3 FTIR spectra of modified MMWM at different temperatures (a) spectra 

in the range of 4000-3000 cm-1; (b) spectra in the range of 1650-1350 cm-1 

 

(a) (b) 
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Infrared spectra are plotted to characterize the surface properties of M-MMWM, 

the change in bonded water molecules on the surface, in the interlayer and the 

mineral structure during thermal modification. The infrared spectra of M-MMWM 

in the vibrational range of 4000-450 cm-1 are displayed in Fig. 7.2.  

The infrared spectra changed obviously from MM120 to MM1000. The band at 

1639 cm-1 disappeared firstly when heated at 300 ℃, and the intensity of the band 

at 1428-1415 cm-1 decreased with the increase in temperature and completely 

disappeared when heated at 700 ℃. A very strong and broad band was observed at 

3448-3442 cm-1 from the spectra of MM120 and MM300, but it disappeared when 

the thermal treatment temperature was higher than 300 ℃. One intense water 

bending band at 1639 cm-1 and three intense hydroxyl deformation bands at 726-

875 cm-1 were observed and assigned to different OH modes. Two fundamental 

vibrational modes of adsorbed water molecules on M-MMWM were observed in 

FTIR spectra: a group of symmetric O–H stretching vibrations in the spectral region 

of 3448-3442 cm-1, and another group of H-O-H bending vibrations at the range of 

wavenumber 1428-1415 cm-1. 

a. O–H Stretching Vibrations of M-MMWM.  

A sharp intense band is overlapped with the broad band of vibrations of water (Fig. 

7.3a). This is attributed to the O–H stretching vibrations for the structural hydroxyl 

groups of M-MMWM which appeared at the range of wavenumber 3644-3642 cm-

1 for M-MMWM (MM120, MM300, MM400 and MMW 500), but such O–H 

stretching vibrations disappeared in the spectra of M-MMWM being thermal 
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treated at temperatures higher than 600 ℃ (MM600, MM700, MM800, MM900, 

and MM1000). This suggests that the structural O–H groups were retained in clay 

interlayers when thermal treatment temperature increased up to 600 ℃, but they 

were removed when the temperatures of thermal treatment were higher than 600 ℃. 

A prominent broad band of vibrations of water was observed only in MM120 and 

MM300 with the center at 3448-3442 cm-1 while the intensity of the band decreased 

significantly with increasing temperature. The loosely bonded water molecules in 

MMWM are removed when heated to 400 ℃, and then the structural hydroxyl 

groups are removed when temperature raised over 600 ℃. These findings are 

consistent with those reported by Elkhalifah et al. (2013) and Martinez et al. (2017). 

b. H-O-H Bending Vibrations of M-MMWM  

When considering vibrations of water molecules (Fig. 7.3b), the changes of FTIR 

spectra in both O–H stretching and H-O-H bending are due to the reduction of 

hydrogen bonded water molecules with increasing thermal treatment temperature, 

changing the surface properties from hydrophilic to hydrophobic (Rathnayake et al., 

2016). This phenomenon was due to the reduction of water content in M-MMWM 

by losing hydroxyl groups of hydrated interlayers. Heating of MMWM resulted in 

further dehydroxylation, as a result the MM1000 with the highest calcination 

temperature exhibited the lowest band intensity after the release of water molecules. 

In conclusion, the O–H stretching and H–O–H bending vibrations of hydrogen 

bonded water in M-MMWM provide an evidence for the changes in surface affinity 

from hydrophilic to hydrophobic with increasing surfactant concentration 
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(Rathnayake et al., 2016). We explained this phenomenon that dehydro-MMWM 

formed from dehydroxylation of MMWM. We assumed that the missing of infrared 

bands represent the process in which MMWM performed in partly loss to totally 

loss of hydroxylation water due to heating at different temperatures. The losses of 

water molecules resulted in the changes in the properties of M-MMWM, in 

particularly the mineral surface, which is an important process to make M-MMWM 

become a good quality adsorbent. Calcination of MMWM at suitable temperatures 

will improve the adsorption capacity by removing the physically and chemically 

bonded water molecules and turning the surface properties from hydrophilic into 

hydrophobic. However, metal oxides formed on mineral surface at high temperature, 

as not expected but observed in this study, can reduce the adsorption capacity of M-

MMWM. This will be discussed later. 
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Field Emission Scanning Electron Microscope (FESEM) 

 
Figure 7.4 FESEM images of MM120 (a (1.5 K X), b (EDX), c (6.5 K X), d (60.0 

K X)) and thermally treated MMWM 300 ℃ (e), 400 ℃ (f), 500 ℃ (g), 600 ℃ (h), 

700 ℃ (i), 800 ℃ (j), 900 ℃ (k), and 1000 ℃ (l) 
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Figure 7.4 shows the FESEM images of original MMWM (MM120) and thermally 

treated MMWM as well as the EDX results of MM120. A bulk mainly consisted of 

schistose substance with very various particle sizes is observed from Fig. 7.4 (a & 

c), with blurry lamellar layers at high amplification. Moreover, these small 

schistose substances also congregate into a rough surface as shown in Fig. 7.4 (d). 

In addition, the area scanning results of EDX displayed in Fig. 7.4 (b) indicates that 

the MMWM sample shown in Fig. 7.4 (a) mainly contains O, Ca, Si, C, Al, and Fe 

that are consistent with the results of ICP-OES. The MMWM used in this study is 

mainly composed of clay mineral and its shape primarily presents schistose 

appearance. The images shown in Fig. 7.4 (e–i) reflect the effects of thermally 

treatment temperature on the morphological changes of MMWM. The images in 

Fig. 7.4 (e, f and g) show the increase in amorphous particles corresponded to 

thermally treatment temperatures at 300, 400, and 500 ℃. The blurry edge and 

some similarly cloud-like particle are observed. Meanwhile a number of crystals 

were separated into several pieces like amorphous substance forming the poorly 

crystalline minerals in MMWM. While the MMWM was heated over 500 ℃, the 

MMWM bulk revealed clearly small pieces of schistose layers (less than 100 nm), 

composed mainly of granular and schistose crystals, indicating the commence of 

recrystallization of new mineral phases. When the thermally treatment temperature 

increased to 600 ℃ as seen in Fig. 7.4 (h), the surface morphology slightly differed 

as some crystalline particles were formed. The schistose appearances became more 

and more obvious when the temperature increased from 700 to 1000 ℃, and the 
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schistose layers increased to larger than 500 nm. The SEM image of MM1000 

sample is consistent with the natural calcium carbonate reported by Kremer et al. 

(2008). The external appearances of the thermally treated MMWM samples with 

temperate at and higher than 600 ℃ (Fig. 7.4 (h-l)) are different from those of 

MM120 samples (Fig. 7.4 (a, c-d)) and dehydroxylated-MMWM at lower 

temperatures (Fig. 7.4 (e-g)). The thermal modification at the appropriate 

temperatures (e.g. 300-700 ℃) may provide a mass of layers, rough surface and 

large surface area which would improve the adsorption properties of MMWM. 

Transmission Electron Microscope (TEM) 

 

Figure 7.5 TEM images of MM500 (a (15 K X), b (19.5 K X)) and MM1000 (c (15 

K X), d (19.5 K X)) 

 

Figure 7.5 shows the TEM images of MM500 and MM1000 with 15.0 K 

amplification. It can be observed form Fig. 7.5 a & b, MM500 with the largest SSA 
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area showed very blurry edge and some similarly cloud-like structure. The similar 

observations were also found in SEM results (see Fig. 7.4 g and h), such rough 

edges contributed the enlarged SSA as few pores can be found in Fig. 7.5 a and b. 

Compared with MM500, the images of MM1000 displayed in Fig. 7.5 c and d were 

observed more clearly edges and orderly structures. Some clear schistose layers 

were observed both in TEM and FESEM (see Fig. 7.4 I, and Fig. 7.5 c and d), such 

orderly structure resulted in much smaller SSA than MM500 due to recrystallization 

of mineral phases, particularly on the surface of MMWM, as affected by 

dehydroxylation during the process of thermal treatment. In conclusion, the thermal 

modification can result in the change of mineral surface and the enlargement of 

surface area, although the creation of internal pores of a mineral is hard to be 

observed.  

X-Ray Diffraction (XRD)  

 
Figure 7.6 XRD patterns of MM 120 and thermally treated MMWM 



142 

 

Figure 7.6 displays the XRD patterns of original and thermally treated MMWM. 

The reflections at 20.71 ° and 26.45 ° were corresponding to the quartz, which was 

believed to be present in MMWM samples (Fig. 7.6) and can be used as an internal 

standard for d-spacing manipulation. The peaks observed in the XRD pattern of 

MM120 were identified as a series of minerals compared with the standard patterns. 

The mineral compositions of MMWM used in this study included Kaolinite (ICSD 

01-078-2110), montmorillonite (ICSD (00-002-0239), illite (ICSD (00-002-0056)), 

muscovite (ICSD (00-002-0056)), mica (ICSD (00-002-0051), feldspar (ICSD (01-

08908575)), quartz (ICSD (00-046-1045)), calcite (ICSD (00-005-0586)) and 

rectorite (allevardite) (ICSD (00-029-1495)). MMWM sample is consisted of a 

series of clay minerals with great ability on contaminant adsorption, most of which 

can be further modified by sintering to achieve better adsorption capacity (Alvarez-

ayuso & Garcia-Sanchez, 2003; Bhattacharyya et al., 2007; Adebowale et al., 2008; 

Sen & Bhattacharyya, 2008; Etci et al., 2010; Msaadi et al., 2017). All the peak 

intensities showed a small decrease with the increasing temperature, and then some 

small peaks disappeared as the temperature reaches 900 ℃ and no new peaks were 

further observed among these treatments. Reflection of microcline (ICSD (00-019-

0926)) at 27.08 ° was observed in M400, MM500, and MM600 samples, and 

disappeared as temperature reached 700 ℃. The re-formation of mineral structure 

during thermal treatment may contribute to the appearance and fade away of 

microcline. Two new reflections at 30.02 ° and 31.33 ° with low intensity appeared 

after heating at 1000 ℃ and were identified as gehlenite magnesian after a 
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comparison with the standard pattern (ICSD (01-079-2422)). According to TraorÉ 

et al. (2008), micro-composite microstructure at the micron scale is obtained by 

sintering clay (kaolinite) and calcite at 1100 ℃, the formation of gehlenite is 

occurred. The sintering modification of MMWM results in forming new mineral at 

high temperature (1000 ℃) but contribute less to adsorption ability. We suggested 

that the improvement of adsorption capacity of MMWM after thermal treatment is 

seldom contributed by the crystal reformation.  

7.3.2 Methyl Orange Adsorption Experiment 

 
Figure 7.7 The absorption of methyl orange by modified MMWM modified at 

different temperatures 
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Figure 7.8 Comparison on the FTIR spectra of MM400 after (MO) and before 

methyl orange absorption 

(a)  
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(b) 

(c) 

(b) 
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Figure 7.9 Band fitting of FTIR spectra (a) MM400 after methyl orange absorption, 

and (b) MM400 before absorption in the range of 4000-3000 cm-1; (c) MM400 after 

methyl orange absorption, and (d) MM400 before absorption in the range of 1750-

1350 cm-1 

 

The amount of methyl orange (MO) adsorbed by thermally treated MMWM 

samples at different temperatures is plotted in Fig. 7.7. Modified MMWMs showed 

various adsorption abilities towards MO, changed from 24.9 to 87.6 mg/g, in which 

minimized by the MM1000 sample and maximized by the MM400. Thermally 

treated MMWM samples showed better MO adsorption capacity than did the 

Bottom Ash and De-Oiled Soya from Soya Oil industry with adsorption capacity of 

each adsorbent as 3.61 and 16.66 mg/g, respectively (Mittal et al., 2007), and 

organic-montmorillonite adsorbent treated by microwave irradiation with the 

maximum MO adsorption of approximate 50 mg/g (Liu et al., 2011). The adsorption 

of MO increased 28.43% from 68.21 to 87.60 mg/g with the increase in thermal 

(d) 
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treatment temperature from 120 to 400 ℃, corresponded to 59.61% of enlargement 

in SSA in this temperature range (Fig. 7.1). When the thermal treatment temperature 

increased to higher than 400 ℃, the adsorption ability showed a decreasing trend 

and minimized at 1000 ℃ with a value of 24.96 mg/L, which was only 28.5% of 

the value at 400 ℃. The MO adsorption ability showed a similar trend with the loss 

of structural O-H groups and the changes in SSA, suggesting that the adsorption of 

MO mainly contributed by the functions groups on the interlayers of M-MMWM 

in conjunction with the increase in SSA. The FTIR spectra of MM400 before and 

after MO adsorption are selected to demonstrate in Fig. 7.8. Two new bands (1633 

and 3432 cm-1) were observed in the MO adsorbed MM400, but the band (3643 cm-

1) disappear. Referring to the band fitting spectra of Fig. 7.9 a and b, the band at 

3643 cm-1 cannot be found in the MO adsorbed MM400. The absorbance bands at 

3623 and 3232/3230 cm-1 were found, and conspicuous increase in intensity of the 

band at 3435 cm-1 after MO absorption was observed. Fig. 7.9 d and e demonstrate 

band fitting spectra of MM400 before and after MO adsorption in the range of 1750 

-1350 cm-1. Three hiding bands were found in each spectrum, the bands at 1634 and 

1462/1464 cm-1 were remained unchanged but the band at 1434 cm-1 shifted to 1420 

cm-1 after MO adsorption. The shift of vibrational frequency was due to the changes 

in surface properties from hydrophobic to hydrophilic after MO adsorption 

(Rathnayake et al., 2016). It is noted that the O–H stretching vibration (3643 cm-1) 

for the structural hydroxyl groups of MM400 disappeared after MO absorption and 

came with the appearance of a new vibration (3435 cm-1). This phenomenon was 
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caused by MO molecules bonded to the -OH group on the interlayer of MM400 

surface, and the newly appeared vibrations were contributed by the MO molecules. 

Thus, adsorption of MO by M-MMWM is mainly contributed by combining MO 

molecules with the functional groups on mineral surface where more affinity sites 

were created during phase transformation resulted by dehydroxylation process. 

According to Chen et al. (2012), the adsorption of MO onto heat-treated clay 

mineral is controlled by two mechanisms: hydrogen bonding between oxygen 

groups of -SO3
- (anionic head of MO) and H+ of coordinated water (< 300 ℃), 

electrostatic interaction between dye and negatively charged surface of heat-treated 

clay (> 400 ℃). In conclusion, the enhance of MO adsorption capacity of thermal 

treated MMWM with temperature increase to 400 ℃ is caused by the appearance 

of O-H groups after losing loosely bond water molecules and increasing surface 

area of M-MMWM, during which the hydrogen bonding dominant (Chen et al., 

2012). Gradual losing structural hydroxyl groups of M-MMWM resulted in the 

decline of MO adsorption ability from 65.24 to 24.96 mg/g when thermal treatment 

temperature increases from 500 to 1000 ℃, during which electrostatic interaction 

dominant, the SSA of MMWM decreases with a similar trend (Chen et al., 2012). 

In addition, the SEM (Fig. 7.4) results show that the structure of MM400 was looser, 

which can facilitate the adsorption of the MO on surface (Liu et al., 2011). Hence, 

the increase and decrease of MO adsorption ability of M-MMWM are both 

contributed by the phase transformation during dehydroxylation and the change in 



149 

 

surface properties such as SSA and morphology in different stages corresponding 

to heating temperatures. 

 

Figure 7.10 Pseudo-second-order fitting plots of the MO adsorption onto MM 400 

at room temperature (25 ℃) 

 

The MO adsorption capacity of the thermally treated MMWM as a function of 

adsorption time is shown in Fig. 7.10. The MO adsorption onto MM400 increased 

briskly in the first 100 minutes and then changed slowly until MO adsorbed reached 

87.6 mg/g after 420 mins, where the adsorption equilibrium point was achieved. 

The equilibrium uptake per unit mass of the adsorbent was better than bentonite 

(6.7 mg/g) but lower than palygorskite (95.9 mg/g) (Chen et al., 2012; Leodopoulos 

et al. 2012). Compared with the organic-montmorillonite (49.8 mg/g) pre-treated 

by microwave irradiation, MM400 showed shorter equilibrium time and double 

adsorption capacity (Liu et al., 2011). The adsorption kinetics were further fitted 
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using the pseudo-second-order model, the corresponding parameters and 

correlation coefficients (R2) showed that the pseudo second-order kinetic model 

well fitted the experimental data with R2 = 0.994, suggesting that the MO adsorption 

onto MM400 be chemisorption dominant. According to Chen et al. (2012), a 

pseudo-second-order model provided the best correlation of the experimental 

kinetic data in the MO adsorption of clay mineral. This is also consistent with the 

previous results from FTIR spectra of MMWM in this study. 

 

Figure 7.11 Langmuir and Freundlich adsorption isotherms of MM400 at room 

temperature 

 

Figure 7.11 shows the Langmuir and Freundlich adsorption isotherms of MM 400 

in the solution with various initial MO concentrations at room temperature (25 ℃). 

A high correlation coefficient (R2 = 0.964) was derived from fitting adsorption 
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experimental data into the Langmuir isotherm model, as well as compared with the 

Freundlich isotherm model (R2 = 0.724). This suggests that the observed adsorption 

feature onto MM 400 could be assigned to monolayer coverage. Similar results for 

heat-treated clay mineral was reported by Chen et al. (2012) and Luo et al. (2015), 

in which the adsorption isotherms of MO onto clays could be best described by 

Langmuir equation. 

7.3.3 Lead Adsorption Experiment 

 

Figure 7.12 The absorption of Pb by modified MMWM at different temperatures 
 

The amounts of Pb adsorbed by modified MMWM at different temperatures are 

plotted in Fig. 7.12. Thermally treated MMWMs showed various adsorption 

abilities towards Pb. Lead adsorption capacities of MMWM sample increased from 
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349.3 to 518.9 mg/g, when the temperature increased from 120 to 600 ℃, and then 

decreased down to 45.5 mg/g after heating at 1000 ℃, where the re-formation of 

crystal structure occurred. The thermally treated MMWM at 600 ℃ showed much 

better Pb adsorption capacity than the adsorbents prepared from industrial wastes 

(blast furnace sludge, 227 mg/g), clay minerals (acid-activated kaolinite (6.3 mg/g) 

and acid-activated montmorillonite (22.7 mg/g)) (Bhatnagar et al., 2006; Gupta & 

Bhattacharyya, 2006). In addition, the MM600 shows greater adsorption capacity 

than natural goethite (109.2 mg/g), modified illite (239 mg/g), kaolinite (82.65 

mg/g), and activated-montmorillonite (31.3 mg/g) (Alvarez-ayuso & Garcia-

Sanchez, 2003; Bhattacharyya et al., 2007; Ozdes et al., 2011; Lounis et al., 2012). 

The EDX results of MM600 after Pb adsorption is distributed in Fig. 7.13, where 

Pb is observed as the second abundant element (W: 37.4%) on the MMWM surface. 

We suggest that the adsorption of Pb on MMWM is mainly performed by the 

surface adsorption, and the variation of Pb adsorption capacities is contributed by 

the enlarged surface area where more adsorption sites can be provided and the 

change of surface properties where variation of bonding due to the performance of 

functional groups and to the alteration of surface charges and porosity related to 

phase transformation of minerals during dehydroxylation.  
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Figure 7.13 The EDX results of MM600 after Pb adsorption (a. EDX spectrum, b. 

element content, and c. SEM image (amplification 6.0 K)) 

 

 
Figure 7.14 Pseudo-second-order fitting plots of the Pb adsorption onto MM 600 at 

room temperature 

 

The Pb adsorption capacity of the thermally treated MMWM as a function of 

adsorption time is shown in Fig. 7.14. The Pb adsorption onto MM600 increased 
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rapidly in the first 80 minutes and then changed gradually until Pb adsorbed reached 

510 mg/g after 420 mins, where the adsorption equilibrium attained. The adsorption 

kinetics were described using the pseudo-second-order model, the corresponding 

parameters and correlation coefficients (R2) showed that the pseudo second-order 

kinetic model well fitted the experimental data with R2 = 0.941, suggesting that the 

Pb adsorption onto MM600 be chemisorption. This is in a good agreement with the 

previous results in this study that the surface area of MMWM is rather small but it 

can adsorb a mass of Pb on surface, which is attributed to negative charges on the 

lattice of mineral surface dominant the adsorption (Bailey et al., 1999). Moreover, 

the rate constant k derived from the pseudo-second-order fitting plot of MM600 

was 0.0375 g mg−1 min−1, which is similar to kaolinite (0.035 g mg−1 min−1) but 

smaller than montmorillonite (0.084 g mg−1 min−1) (Naseem & Tahir, 2001). 

Therefore, the sample MM600 exhibited that the Pb removal performance were 

dramatically enhanced, including much higher Pb adsorption capacity and higher 

adsorption rate. Herein, MM600 was chosen in our further Pb adsorption isotherm 

study. 
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Figure 7.15 Langmuir and Freundlich adsorption isotherms of MM600 at room 

temperature 

 

Figure 7.15 shows the Langmuir and Freundlich adsorption isotherms of MM600 

in the solution with various initial Pb concentrations at room temperature (25 ℃). 

A high correlation coefficient (R2 = 0.971) was derived from fitting adsorption 

experimental data into the Langmuir isotherm model, as well as compared with the 

Freundlich isotherm model (R2 = 0.881). This suggests that the observed adsorption 

feature onto MM600 could be assigned to monolayer coverage, which is in an 

agreement with the reported findings (Frost et al., 2017). This suggests that the 

interaction between Pb and the schistose adsorbent is endothermic in nature. 

Moreover, MM600 possesses a considerable adsorption capacity, compared to other 

single metal (acid-activated montmorillonite, 22.7 mg/g; beidellite, 86.9 mg/g) or 

mixed metal-modified clay mineral (Zn-imprinted polymer/montmorillonite, 301 

mg/g) adsorbents (Etci et al., 2010; Msaadi et al., 2017).  
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7.3.4 Phenol Adsorption Experiment 

 

Figure 7.16 The absorption of phenol by MMWM modified at different 

temperatures 

 

 
Figure 7.17 Comparison on the FTIR spectra of MM500 before and after phenol 

absorption, MM500 (phenol) represent the spectrum after phenol absorption, and 

MM500 represent the spectrum before absorption 
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(a) (a) 

(b) 
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Figure 7.18 Peak fitting spectra of (a) MM500 after phenol absorption, and (b) 

MM500 before phenol absorption in the range of 3750-3000 cm-1; (c) MM500 after 

phenol absorption, and (d) MM500 before phenol absorption in the range of 1750-

750 cm-1 

The amount of phenol adsorbed by MMWM mordified at different temperatures are 

(c) (c) 

(d) 
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plotted in Fig. 7.16. Modified MMWMs show various adsorption abilities towards 

phenol. Phenol adsorption ability of M-MMWM after thermal treatment at different 

temperature varied but not much. Range from 19.75 to 25.15 mg/g, in which 

minimized at MM120 sample and peaked at MM500. Similar with MO, the phenol 

adsorption ability of M-MMWM first increases from 19.75 to 25.15 mg/g then 

declines to 20.94 mg/g. However, the thermal modification does not significantly 

improve the phenol adsorption ability of MMWM. The BET specific surface area 

of MM120 and MM500 enlarges 61.93% from 2.18 to 3.53 m2/g, but the phenol 

adsorption ability shows only 27.34% improvement. We suggest that the increase 

in phenol adsorption ability was predominated by the variation of functional groups 

mainly in the mineral interlayers but not surface of M-MMWM.  

The FTIR spectra of MM500 before and after phenol adsorption are plotted in Fig. 

7.17. One new peak (1634 cm-1) is found in the spectrum of phenol adsorbed 

MM500, and intensity of some peaks (3439, 1137, and 874/873 cm-1) are 

subsequently changed. Referring to Fig. 7.18 a and b, the intensity of band at 

3643/3644 cm-1 decreases obviously, and intensities of bands at 3440 and 3276 cm-

1 remain unchanged. This change is similar to that of MO adsorption, the stretching 

vibrations of structural hydroxyl groups (3643/3644 cm-1) disappeared after 

absorption. Besides, the intensity of a new band with a wavenumber of 1634 cm-1, 

and the intensities of other bands (1456 and 1462 cm-1) changed obviously before 

and after phenol adsorption (Fig. 7.18 c & d). We suggest that the appearance of the 

band at 1634 cm-1 is contributed by the vibration of benzene ring of phenol which 
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absorbed by M-MMWM during the phenol absorption, while the vibrations of 

hydroxyl groups of phenol result in the increase in intensity of bands at 1456 and 

1462 cm-1 (Jaramillo-Páez et al., 2017). 

7.4 Conclusions 

The modification of MMWM can be achieved by thermal treatment. Surface 

morphology changes of MMWM samples can be clearly observed. Different stages 

of phase transformation are related to the variation of physiochemical and mineral 

properties of MMWM as affected by dehydroxylation. The MO (MM400, 87.60 

mg/g), Pb (MM600, 514 mg/g) and phenol (MM500, 25.15 mg/g) adsorption 

capacities of MMWM have been successfully improved after thermal modification. 

The increase in adsorption capacity is attributed to the enlarged SSA where more 

adsorption sites are generated, to the change in surface properties where variation 

of bonding due to the performance of functional groups and to the alteration of 

surface charges and porosity. The MO and Pb adsorption curves of MMWM can be 

well fitted into the pseudo-second-order model, to which the adsorptions by 

MMWM are mainly chemisorption. Adsorption isotherm is better fitted to the 

Langmuir model than to the Freundlich one, suggesting that adsorptions of Pb and 

MO onto MMWM could be assigned to monolayer coverage. Thermally treated 

MMWM are good adsorbents for contaminants removal, especially to Pb in 

aqueous solution. The results of this study may provide information for the 

production of adsorbent derived from mineral waste material that is applied to the 
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removal of contaminants and useful to the integrated management of solid waste 

materials. 
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Chapter 8 End-of-life Treatment of Thin-film Solar 

Panel 
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8.1 Harmless Treatment of End-of-life CIGS Thin-film Solar 

Panel 

In this chapter, a harmless method for treating end-of-life CIGS TFSP was 

investigated. The structure of a typical kind of CIGS TFSP is displayed in Fig. 8.1, 

the panel is consisted of protective front class, semiconductor layer and EVA 

substrate. Delamination of different layers of the CIGS TFSP is usually the first step 

of end-of-life treatment process, which followed by material separation and then 

metal recovery (Tao, and Yu, 2015; Pagnanelli et al., 2017; Savvilotidou et al., 

2017). The semiconductor layers (p-type Cu(In,Ga)Se2 and n-type CdS/ZnS) with 

most valuable or harmful metal compounds are regarded as the main targets of 

recycling, the glass and EVA substrate are removed accordingly (Perez-Gallardo, 

2017). The remaining glass can also be recycled, but the complex recycling and 

cleaning process with low profit value limit the development of recycling/reusing 

of glass layer. It is also reported that the release of trace metals from burial e-waste 

could contaminate the soil, and the acidic process (vitriolic acid, pH=1) is the best 

way to remove Cd, Cr, Ni and Zn from domestic and industrial solid waste (Lo & 

Chen, 1990; Cui et al., 2017). 
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Figure 8.1 The structure of a typical Cu(In,Ga)Se2 thin film solar panel 
 

In this part of research, a kind of harmlessness methods is created for treating the 

end-of-life CIGS TFSP by an environmental friendly process. The end-of-life CIGS 

TFSP treated after this process can be dumped into domestic dumpling site as a 

construction waste. 

8.2 Materials and Methods 

8.2.1 Thin-film Solar Panel Collection 

The CIGS TFSP materials used were obtained from a solar energy company in 

Zhuhai, which is a typical CIGS TFSP without any delamination. Collected TFSP 

materials were further cut into 100 mm * 150 mm pieces and check manually to 

ensure the completeness of glass and substrate layers. 

8.2.2 Thermal Annealing Treatment 

The CIGS TFSP sub-samples were sustained on supporting gauzes and transferred 

into a muffle-oven for annealing. Annealing treatment was conducted in an oxygen 
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rich atmosphere at different temperatures (400, 500, 600, 700, 800, 900, and 

1000 ℃) for 120 mins, and the sub-samples were cooled down naturally and the 

appearances of remaining layers were obtained (semiconductor layer and EVA 

substrate). 

8.2.3 Nitric Acid Extraction  

Pre-experiments were carried out for determining which acid, out of sulfuric acid, 

ortho-phosphoric acid, hydrochloric acid, nitric acid, and ethylic acid at 

concentrations of 0.7, 1.4, 2.1, 2.8, and 3.5 M, showed the best ability to corrode 

CIGS TFSP material. The best corrosion was achieved with nitric acid solution. We 

then simulated a range of acidic conditions at different concentrations of nitric acid 

and studied the influence of time and acidity on the degree of corrosion of the CIGS 

TFSP material. Specifically, we placed 10.00 g of the crushed CIGS TFSP material, 

from which the Ni/Al grid was removed to permit a better examination of the 

corrosion of thin-film semiconductor layer, into 250 ml conical flasks and extracted 

these samples for 1, 6, 12, 24, 48, and 72 hrs with 100 mL nitric acid at 5 different 

concentration levels (0.7, 1.4, 2.1, 2.8, and 3.5 M) by shaking (150 rad/min) at room 

temperature (20 °C) (Arain et al., 2008; Deng et al.,2009). The extracts were then 

filtered with a 0.22 μm filter film and collected in polytetrafluoroethylene (PTFE) 

bottles. The concentrations of metals in the solution were determined using ICP-

OES. 
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8.2.4 Innocuous Treatment of Remaining Glass 

The remaining glass layer after nitric acid leaching was collected for innocuous 

treatment. Sub-samples were cracked into small pieces and put to a quartz crucible, 

and then transferred into a tube-muffle-oven which filled by high purity (99.99%) 

of nitrogen gas. Heating was then conducted at 700, 800, 900 and 1000 ℃ for 60 

mins to produce crystallized glasses. 

8.2.5 Leaching Toxicity of Cu(In,Ga)Se2 after Harmlessness Treatment. 

In line with HJ/T299-2007 (Solid waste-Extraction procedure for leaching toxicity 

–Sulphuric acid & nitric acid method), 100 g of the crushed CIGS TFSP material 

(after harmlessness treatment, less than 9.5 mm), from which the Ni/Al grid was 

removed to permit a better examination of the leaching toxicity of thin-film 

semiconductor layer, into 2 L conical flasks and extracted these samples for 18 

hours with 2:1 (H2SO4 : HNO3) leaching solution (approximate 2 drops of mixture 

in 1 L of DI water, pH = 3.2) by rotation (30 r/min) at 23 °C. After that, the 

supernatant was separated by a 0.22 μm filter film after standing for 16 hrs. The 

sample recovery and leaching blank were prepared according to the standard 

method at the same time. The collected extracts were stored in polyethylene (PE) 

bottles, and concentrations of metals in the solution were determined by using ICP-

OES after being acidified to a pH value less than 2. 

8.2.6 Atomic Force Microscopy (AFM) 

Topographical images of CIGS TFSP were collected using a Bruker MultiMode 8 
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Atomic Force Microscope (AFM) coupled with a PeakForce ScanAsyst Auto mode, 

and an area with the size of 5 μm * 5 μm was selected randomly for the tapping of 

probe. 

8.3 Results and Discussions 

8.3.1 Thermal Decomposition of Cu(In,Ga)Se2 Thin-film Solar Panel 

 
Figure 8.2 Images of CIGS TFSP annealed at different temperatures (a. 400 ℃, b. 

500 ℃, c. 600 ℃, d. 700 ℃, e. 800 ℃, f. 900 ℃, and g & h. 1000 ℃) 



168 

 

Images of CIGS TFSP annealed at different temperatures are displayed in Fig. 8.1 

showing different decomposition levels of the EVA substrate and semiconductor 

layer. It can be seen in Fig. 8.1a that the EVA substrate was still remained after 

annealing treatment at 400 ℃, but it was removed mostly when the annealing 

temperature increased to 500 ℃. This finding is similar to that of Berger et al. 

(2010) and Tao & Yu (2015), who heated GIGS or CdTe TFSP in the oven with a 

temperature over 500 ℃ and obtained materials without EVA substrate. Fig. 8.1-c 

& d demonstrated that the CIGS TFSP was treated by annealing at 600 and 700 ℃, 

respectively. The EVA substrate was observed to be completely removed, and 

slightly disappearance of semiconductor layer was also found. The disappearance 

of semiconductor layer was mainly contributed by the evaporation of Se from the 

CIGS semiconductor layer occurred at a melting point of 684.9 ℃. According to 

Gustafsson et al. (2014), all of the Se could be separated from the CIGS TFSP after 

annealing at 800 ℃ for 1 hr. As shown in Figure 8.1-e, most parts of the CIGS 

semiconductor layer disappeared at 800 ℃ and melting of glass partly occurred. 

The remaining semiconductor layer on the glass substrate was covered by a self-

generated coverage of glass. Such formed glass coverage could perform a good 

ability in corrosion resistance. The phenomenon appeared on the newly formed 

CIGS TFSP surface can be described as re-crystallization, by which such self-

generated protective layer blocked the pathways of liquid or moisture to penetrate 

into semiconductor from the surrounding environment. Fig 8-1 f, g and h 

demonstrated the CIGS TFSP after the treatment of annealing at 900 ℃ (f) and 
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1000 ℃ (g, & h), showing that the glass layer of CIGS TFSP was very fragile after 

the treatment. The generation of bubbles (see Fig 8-1 g & h) inside the glass after 

annealing at a high temperature brought about the decrease of hardness. A thicker 

layer on the semiconductor by re-crystallization could also be formed at high 

annealing temperatures (e.g 900 and 1000 ℃), but the glass layer was more brittle 

and easy to be broken during the treatment. Thus, the most suitable temperature for 

annealing treatment ought to be 500 ℃. At this temperature, almost all of the EVA 

substrate was fully burned out and the majority of semiconductor was remained, 

with no glass coverage being formed. Compared with other previous works of 

annealing with addition of chemical reagents (e.g. chlorination), the annealing 

method applied in this research was not assisted with any addition of chemical 

reagent but in an oxygen rich atmosphere (Gustafsson et al., 2015). The introduction 

of enough amount of oxygen can significantly reduce the organic toxic substances 

generated during the annealing process. Most parts of semiconductor layer 

remained on the glass can therefore be used for acid extraction. 
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8.3.2 Nitric Acid Extraction of Metals from Cu(In,Ga)Se2 Thin-film Solar 

Panel Material 

 

Figure 8.3 Metal concentrations vs. extraction time. Legends in (a) indicate the 

concentrations of nitric acid used for the extraction. The graphs inserted in Fig. 8.3-

b, c & d are used for better clarification. Values are expressed as the mean with error 

bars representing the standard deviation (SD). Five replicates were analyzed for 

each sample. 

 

As mentioned earlier in this chapter, after the EVA substrate was removed by 

annealing, the CIGS TFSP with an exposed semiconductor layer was applied for 

metal removal. 

Figure 8.3 shows four major metal components of CIGS TFSP, especially the 

semiconductor layer (without glass cover and Ni/Al grid) after acid extraction. 

During the first 24 hours of extraction, the concentration of Zn in solution increased 

significantly (p < 0.05) but revealed a slow increase after 24 hours. As shown in 

Figure 8.3a, the concentration of Zn extracted by 3.5 M nitric acid solution was 30% 
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higher than that extracted by 0.7 M nitric acid during the first hour of extraction. 

The pattern of the Zn extraction was different from those of Ga, In, and Cu, as 

shown in Fig. 8.3. Zinc showed a rapid increasing trend in the early stages of the 

extraction while Ga, In, and Cu followed a contrasting pattern. After extraction for 

6 hours, Ga, In, and Cu were dissolved slowly in the solution, and the increases in 

their concentrations were not significant (p > 0.05). Dissolution of Ga, In, and Cu 

started to increase in the 1.4, 2.1, 2.8, and 3.5 M nitric acid solutions between 6 and 

24 hours of extraction. It was noticed that Ga and In even started to increase in the 

0.7 M nitric acid solution after 24 hours of extraction. After 48 hours of extraction, 

the concentrations of Ga, In, and Cu had increased significantly (p < 0.05) at all 

nitric acid concentrations (Fig. 8.3b, 8.3c, and 8.3d), and the dissolution rates of Ga, 

In, and Cu showed obvious increases after 48 hours of extraction in the 2.1, 2.8, 

and 3.5 M nitric acid solutions. As shown in Fig. 8.3d, the Cu concentration peaked 

after 72 hours of extraction, but the Cu peak concentration was much lower than 

those of other metals. Only 0.64 mg/L of Cu was extracted in the 2.1 M nitric acid 

solution. Although after extracting with the 2.1, 2.8, and 3.5 M nitric acid solutions, 

the Cu concentrations were almost the same. The 1.4 and 0.7 M nitric acid solutions 

showed weaker extraction abilities and extracted only half as much Cu as the 2.1 M 

nitric acid after 72 hours. 

The concentrations of Zn extracted with various concentrations of nitric acid over 

a 72-hour period were about 3 times higher than those extracted during the first 

hour, which indicated that the amount of dissolved Zn increased as both the contact 
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time with the acid and the acid concentration in the solution increased. The increase 

in the Zn concentration during the first hour of extraction was believed to attribute 

to dissolution of the ZnO p-type semiconductor (ZnS) and TCO (see Figs. 2.1 and 

8.1) that were used to modify the PV ability in the CIGS TFSP. As a novel material 

in a II-VI semiconductor, TCO (HR-ZnO/n+-ZnO) is extensively used in surface 

acoustic wave layers (Siebentritt, 2017). Compared to traditional ITO (In2O3:Sn) 

layers, the new series of TCO layers, especially highly conductive undoped ZnO 

(b-ZnO), offer better conductivity and greater stability at a lower price (Hala et al., 

2017). The maximum Zn concentrations after 72 hours of extraction were correlated 

with the different rates of Zn dissolution. Increases in the extraction rate between 1 

and 24 hours was related to the decomposition of the ZnO semiconductor layer, 

while decreases in the rate between 24 and 72 hours corresponded with Zn released 

from the internal components of a CIGS TFSP. 

The dissolution rates of Ga, In, and Cu increased slowly between 1 and 24 hours of 

extraction but rapidly from 24 to 72 hours, which indicated that these metals were 

mainly released from the internal parts (the p-type Cu (In,Ga) Se2 layer of a CIGS 

TFSP as shown in Fig. 8.1). When the thin-film semiconductor layer is well-

protected with the glass and EVA film, the transparent conductive oxide (TCO) film 

(e.g. ZnO semiconductor layer) that covers the CIGS TFSP may also protect against 

acid corrosion. The amount of Ni extracted during this experiment was small and 

did not correspond well to the high Ni content in CIGS TFSP after microwave-

assisted leaching. This was because the Ni/Al grid on the CIGS TFSP used in this 
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experiment was manually removed in order to study the mechanism of CIGS 

semiconductor layer corrosion. The results reflected the fact that high Ni content in 

the CIGS TFSP was mainly from the Ni/Al grids.  

Our tests at different acidic concentrations and extractions over different periods of 

time indicated that the metals in CIGS TFSP could be released under acidic 

conditions, and that the duration of the exposure to the acidic environment was an 

important parameter of influence on the amounts of metals released.  

In conclusion, 2.1 M nitric acid solution can be used for removal the semiconductor 

layer of the annealing pre-treated CIGS TFSP with well corrosion ability and lowest 

acid concentration. A 72 hrs period extraction can be well applied for removing the 

metal-contaminants in semiconductor layer of CIGS TFSP. The released metals can 

be further recovered from the nitric acid solution with adsorbents such as AC and 

MMWM. 
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8.3.3 Corroded Cu(In,Ga)Se2 Thin-film Solar Panel Material Observed by 

Atomic Force Microscopy (AFM) 

 

Figure 8.4 Topographical images of CIGS TFSP before and after nitric acid 

treatment (a. leaching by DI water for 72 hrs; b. leaching with 2.1 M nitic acid for 

18 hrs; c. leaching with 2.1 M nitric acid solution for 72 hrs) 

 

Figure 8.4 shows the AFM images of CIGS TFSP before and after nitric acid 

corrosion treatment. The surface morphology of the corrosion on semiconductor 

layer is displayed. It can be observed from Fig. 8.4a that the semiconductor layer 

of CIGS TFSP leached by DI water still in a good condition (no corrosion treated). 

The topographical image of DI water treated CIGS TFSP collected by AFM showed 

a relative smooth surface morphology (see Fig. 8.4a; -133.4 to 126.3 nm). Surface 

and AFM topographical image of CIGS TFSP leached by nitric acid for 72 hrs was 

displayed in Fig. 8.4c, seldom metallic luster of the semiconductor layer can be 

observed in the above images. The surface morphology of CIGS TFSP leached for 

72 hrs (see Fig. 8.4c; -157.2 to 145.3 nm) was still smoothly compared with the 

18hr one (see Fig. 8.4b; -401.7 to 308.2 nm), which had been badly corroded to 

showed a very rough surface revealing the removal process of semiconductor layer 
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resulted by corrosion that indicated the largest scale of contrast (Fig. 8.4b). We 

concluded that the optimized corrosion time for CIGS TFSP in this part of treatment 

should be 72 hrs. 

8.3.4 Innocuous Treatment of Remaining Glass 

 

Figure 8.5 CIGS thin film solar panel after innocuous treatment at 800 ℃ in a 

nitrogen filled tube oven 
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Figure 8.5 demonstrates the glass after innocuous treatment at 800 ℃ in a nitrogen 

filled tube oven. The activated carbon and MMWM placed in the tube oven were 

used for adsorbing the released metal and organic contaminants during the process. 

It can be observed in Fig. 8.5, a glass layer is well formed on the CIGS TFSP surface 

after innocuous treatment, by which both sides of CIGS TFSP were warped in glass. 

The formation of such small bubbles might be caused by the impurities inside glass 

and would not influence the hardness of it.  

8.3.5 End-of-life Treatment of CIGS TFSP 

In conclusion, the EoF treatment of CIGS TFSP can be concluded as following three 

steps: Firstly, the EoF CIGS TFSP was cleaned and placed in an oxygen-rich oven 

by an annealing treatment at 500 ℃ for 120 mins. Secondly, the annealed GIGS 

TFSP was broken into pieces (less than 10 mm) and leached by in 2.1 M nitric acid 

solution for 72 hrs, and then raised by DI water. Thirdly, the GIGS TFSP after the 

removal of EVA substrate and semiconductor layer was further annealed at 800 ℃ 

to form glass coverage before being disposed of. 

8.3.6 Leaching Toxicity of CIGS TFSP after Harmlessness Treatment. 

Table 8.1 Leaching toxicity of CIGS TFSP after harmlessness treatment*  

Metal  Cu Fe Pb Se Ba 

(mg/L)  0.017 ± 0.007 0.0045 ± 0.003 0.012 ± 0.008 0.35 ± 0.12 0.0035 ± 0.002 

*Only those metals detected are listed, the concentrations of Cd, Cr, As, Hg, Zn, Al, Ni, 

Mg, In, and Ga detected as zero or lower than detection limit are not listed 

 

The leaching toxicity (metal concentrations) of the discarded CIGS TFSP after 
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harmlessness treatment is displaced in Table 8.1. The metal concentrations in the 

leaching solutions are much lower than the discarded samples before treatment (see 

Table 2.1). This treatment removed almost all the Cu (99.7%) and Ni (100%) from 

discarded CIGS TFSP materials, as the leaching toxicity of Cu and Ni decrease from 

5.9 and 2.2 mg/L to 0.017 and 0.00 mg/L, respectively. The concentrations of Pb, 

Se, and Ba in the leaching solution decreased up to 83.8, 67.0, and 76.7% 

corresponding from 0.074, 1.06 and 0.015 to 0.012 mg/L, 0.035 and 0.0035 mg/L, 

respectively. Besides, other metals such as As, Zn, Al, and Mg were mostly removed 

from the treated materials. 

8.4 Conclusions 

In general, a suitable treatment of end-of-life TFSP should be applied to minimize 

the release of metal contaminants before being dumped. The amounts of dissolved 

metals released from CIGS TFSP increase as both the contact time with the acid 

and the acid concentration in the solution increased during a nitric acid extraction. 

We designed a harmless method by annealing the end-of-life CIGS TFSP at 500 ℃ 

for 2 hrs in an oxygen rich oven to remove the organic layers (e.g. EVA substrate). 

The annealed CIGS TFSP was then crushed to less than 10 mm and leached by 

adding 2.1 M nitric acid for 72 hrs. The remaining materials are further heated at 

800 ℃ to form glass coverage on the surface. The CIGS TFSP after harmlessness 

treatment can be dumped into domestic dumpling site as domestic trash. 
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Chapter 9 General Conclusion 

 

 

 

 

 

 

 

 

 



179 

 

9.1 Summary of Research 

In this thesis, metal toxicity of CIGS TFSP had been studied by toxicity leaching 

and soil burial experiments. The transfer and accumulation of metal contaminants 

from soils to plants were observed. The newly designed remediation modules, 

produced by the combination of AC with MMWM, were proved a good ability for 

soil remediation. The adsorption abilities of AC and MMWM had been modified 

through a new activating and thermal treatment. A harmlessness pathway of EoL 

CIGS TFSP treatment was also proposed. 

Based on the data obtained from the toxicity leaching study, the widely used CIGS 

TFSP was confirmed to contain some potentially toxic metals such as Zn, Cu, Ni, 

Ga, Pb, In, and Cr in its semiconductor layer, and these metals could be released 

when the CIGS TFSP was buried in the soil where dissolution of metals occurred. 

The amounts of dissolved metals released from CIGS TFSP increased as both the 

contact time with the acid and the acid concentration in the solution increased based 

on a nitric acid extraction for simulation of the toxicity leaching process. 

Metal contamination of soils that might be caused by disposing of CIGS TFSP as 

construction trash at the end of their useful life was examined by burial of CIGS 

TFSP in three kinds of soils. The results of this study indicate that soil 

contamination to a variety of degrees was caused by metal pollutants released from 

CIGS TFSP. Various metals, including Zn, Ni, Al, Cr, Ga, Pb, Cu, and In were found 

to release into the soil and subsequently cause soil contamination when the scrapped 

EoF CIGS TFSP were buried. The rates of metal release changed with the variations 
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in both the amounts of CIGS TFSP material added to the soil and the soil properties. 

Apparently, the increases in concentrations of heavy metals such as Zn, Cu, Ni, Ga, 

Pb, In, and Cr were correlated with the amounts of CIGS TFSP material added in 

the soil. The Pollution Index and the Nemerow Contamination Index were 

calculated from our results confirmed that, when buried, the CIGS TFSP material 

polluted the soil.  

Plant growth response to the effect of metal contamination in the soil was therefore 

investigated. A kind of vegetables, Brassica parachinensis L. H. Bariley (VegBrassica) 

was selected to grow in the soils which had been contaminated to different degrees 

with CIGS TFSP material to exam the plant growth response to metal contamination 

in the soil. Our results showed that plants grew well in the synthetic soil and the 

Mollisol, but those in the Oxisol showed prominent signs of chlorosis and died after 

30 days. It was noticed that the considerable uptake of metals by plants with 

bioaccumulation more than three times to the contamination level in the soil was 

found. For example, the bioaccumulation factor (BF) and concentration of Zn in 

VegBrassica grown in the synthetic soil with 10% of added CIGS TFSP were 3.61 and 

296 mg/kg, respectively, while the BF and concentration of In of VegBrassica grown 

in the Mollisol were 3.80 and 13.72 mg/kg, respectively.  

One of the significant contributions in this research is that a new type remediation 

module was created by the combination of biomass activated carbon and 

dehydroxylated modified mineral waste material and it was applied for simulative 

remediation of metal contaminated soils. Such a module had been found to 
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significantly decrease the metal concentration of contaminated soils. 

In order to fulfill the objective of the design of new remediation module, firstly, a 

new activation method was developed for AC production started with immersing in 

10% of H3PO4 with a 1:2.5 ratio for 24 hrs and irradiating by a 700 W microwave 

oven for 5 mins. Carbonization performed at 200 ℃ for 60 mins and further 

increased to 400 ℃ by holding for 120 min to achieve the complete activation. This 

kind of AC showed a well improved adsorption capacity of the targeted metal Cu. 

Secondly, the physiochemical and mineralogical properties of MMWM before and 

after thermal treatment where dehydroxylation and mineral phase transformation 

occurred in relation to the improvement of surface morphology were investigated, 

in order to generate a new type of MMWM for its application in producing the new 

remediation module. The adsorption performances of metal (Pb) and organic 

compounds (MO) onto the newly produced MMWM indicated that this newly 

produced MMWM was the perfect material in combining with the newly produced 

AC for the production of the remediation module. It was further confirmed that a 

much better result on adsorption of the targeted metal Cu was obtained. The 

improved ability in adsorption of Cu was corresponded to the theory derived from 

the mechanism and kinetic studies that the adsorption of Pb and MO were mainly 

chemisorption and monolayer coverage, as the pseudo-second-order model and the 

Langmuir equation displayed good correlations for MO and Pb adsorption data.  

We suggest that the thin-film solar panels ought to be recycled or rendered 

harmlessly during the EoF treatment. Such a treatment will be performed as the 
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following: annealing of the discarded CIGS TFSP materials at 500 ℃ in an oxygen 

rich condition for 2 hrs to remove the organic layers (e.g. EVA substrate); the 

pretreated CIGS TFSP were then crushed to less than 10 mm and extracted by 

adding 2.1 M nitric acid for 72 hrs, and the materials are further heating at 800 ℃ 

to generate glass coverage and the CIGS TFSP after harmlessness treatment can 

therefore be filled in domestic dumpling site as domestic trash. 

9.2 Limitations  

The experimental data in this research can reflect the metal-contamination arisen 

by the burial of end-of-life CIGS TFSP only under the potted experimental 

conditions and the extension to the field conditions is necessary. As the 

development of a reliable method for recovering the precious/hazardous metals is 

an essential challenge in this field, the work done in the research as the beginning 

of our efforts and further improvement and development are desired. Moreover, the 

soil remediation ability of the remediation module as a new adsorbent produced 

from the mixture of dehydroxylated mineral waste material and activated carbon 

need to be further improved and formulated.  

9.3 Future Studies 

These studies showed that disposal of CIGS TFSP can polluted the surrounding 

soils and the uptake of metal pollutants by vegetable grown on these soils was 

occurred, and the released pollutants in soils can be remedied by the remediation 

module produced in this research. Future studies are desired to clarify the 
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mechanism and kinetic of metal pollutants released under the field conditions in 

order to evaluate the application of this remediation module, to improve the 

formulation of remediation module to increase the soil remediation ability, and to 

recover metals from CIGS TFSP by developing a new research direction based on 

the adsorption ability of mineral-type adsorbents and their dehydroxylated products. 
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Appendix I 

Appendix Table 1 Orthogonal experiments of soil remediation modules 

Soil Adsorbents Ratio Moisture 

I 10g 3:1 10% 

I 20g 3:2 20% 

I 40g 1:1 30% 

I 60g 2:3 40% 

I 80g 1:3 50% 

II 20g 1:1 40% 

II 40g 2:3 50% 

II 60g 1:3 10% 

II 80g 3:1 20% 

II 10g 3:2 30% 

III 40g 1:3 20% 

III 60g 3:1 30% 

III 80g 3:2 40% 

III 10g 1:1 50% 

III 20g 2:3 10% 

IV 60g 3:2 50% 

IV 80g 1:1 10% 

IV 10g 2:3 20% 

IV 20g 1:3 30% 

IV 40g 3:1 40% 

V 80g 2:3 30% 

V 10g 1:3 40% 

V 20g 3:1 50% 

V 40g 3:2 10% 

V 60g 1:1 20% 



213 

 

Appendix II 

 
Figure 1 Images of vegetables cultivated in TFSP contaminated soils on 30 days. 
(A. Synthetic soil, B. Mollisol, C. Oxisol; and a, b, c, & d refer to 2.5%, 5%, 
7.5%, and 10% TFSP treatment, respectively) 
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