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ABSTRACT  

Electrical and Electronic industry is the largest and fastest growing industry. Automation and 

digitalization have increased exponentially over the last three decades. The digital world 

requires fast development of hardware to ensure compatibility with the softwares and the 

large databases. The rate of generation of electronic waste has also grown at such a rapid 

pace that it has become a challenge to the environment.  However, a very active informal 

sector exists processing the e-waste in extremely hazardous conditions causing environmental 

damage. 

This study has attempted to identify this informal sector, their sites of operation, processes 

involved in the extraction of precious metals from printed circuit boards (PCBs) and the 

components embedded therein. The waste acid generated from this process has been 

characterized for the presence of heavy metals, which are harmful to the environment. Inputs 

and outputs from the process have been identified and estimated to give a material balance so 

that the magnitude of environment damage can be understood. The water and soil samples 

collected from the sites where the waste streams are disposed have shown that the water is 

unfit for consumption as it has presence of heavy metals. Even the soil samples show 

presence of heavy metals, thereby making the soil unfit for agriculture. 

The study further examines the various methods available for the removal of heavy metals 

from the waste acid. Adsorption of multiple heavy metals with low cost agricultural waste as 

adsorbent has been examined and proposed for treatment prior to disposal by the informal 

sector to reduce the damage to the environment. 

During the extensive literature review and subsequent visit to various treatment sites of the 

formal sector it was found that, 85-95% of e-waste is being processed illegally at Moradabad. 

Therefore, Moradabad was selected for field investigations. 

 It was observed that a large populace of Moradabad is dependent on processing of e-waste. 

Banning this activity would result in the business being shifted from one place to another. 

Based on the observations as seen during the study it is suggested that the informal sector be 

recognized and brought under the aegis of legislations pertaining to Environment and the 

Factories Acts, such that the inherent benefits and restrictions of these law be passed on to 

ensure the safety and livelihood of the workers. It is also suggested that since a large part of 

the e-waste generated in the country is being brought to Moradabad, this place be converted 

as a hub for processing e-waste and a research and education Institute be raised at 

Moradabad.  
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CHAPTER - 1 

INTRODUCTION 

 

Electronic industry is one of the fastest growing industries in the world with advancements 

in technology developing in leaps and bounds. The rate of development of technology has 

led to high rate of obsoleteness and reduction in the “end of life” period of the electronic 

gadget. In a rapidly advancing era, not only the use of technology has exponentially 

increased, but the advancements often lead to rendering the previous version useless. This 

high rate of development of technology and the advanced consumerism has led to 

continuous replacement of electronic products leading to multifold increase in the 

generation of waste. The gravity of generation of e-waste has been understood by the 

environmentalists and they have placed high priority to deal with the menace of the 

generation of e-waste. 

1.1 Introduction to e-waste management 

E-waste or WEEE (waste electrical and electronic equipment) is the fastest growing global 

waste streams. The waste stream comprises of mobiles, desktops, laptops, refrigerators, air 

conditioners etc. The waste stream is typically characterized by the fact that when the e-

waste is stored in offices, warehouses, residences etc., it does not cause much harm to the 

environment. However when the process for dismantling or extraction of metals is 

initiated, e-waste becomes a source of toxic pollution degrading the environment (CPCB 

guidelines for Implementation of E-waste Rules, 2011). The management of e-waste 

comprises of various stages mainly, collection, transportation, storage, handling, 

processing and disposal. In a well-designed e-waste management system all these stages 

are capable of handling the large quantities of e-waste in an environmentally safe process. 

In developing economies this system has two important stake holders which are actively 

working i.e., the formal and the informal sectors. The formal sector is the sector which is 

authorized by the Central Pollution Control Board (CPCB) or the State Pollution Control 

Board (SPCB) to process the e-waste. The formal sector is widely developed in major 

cities of our nation under the E-waste Management Rules 2016. This sector is responsible 

for the collection and processing of e-waste under the extended producers responsibility 

(EPR). However the informal sector implies the local kabadi wala in our neighborhood. 

This sector is very active in developing nations and processes the e-waste in the most 

economical method which is least scientific, extremely hazardous and leads to various 
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waste streams which pollute the environment and causes major environmental damage and 

severe health implications. A common example is the burning of cables in the open to 

extract copper. This burning of the outer protective layer of plastic causes emissions of 

brominated and chlorinated dioxins, PAHs (Polycyclic aromatic hydrocarbons) which are 

highly degrading the environment (Tsydenova and Bengtsson, 2011). 

1.2 Significance of the study 

Heavy metals are potentially hazardous causing physiological and neurological disorders. 

The presence of heavy metals in the environment is a major concern due to toxicity to all 

life forms. The informal sector processing e-waste and extraction of metals has increased 

the flux of metallic substances in the environment. The metals are of special concern 

because of their persistent nature. A number of health hazards due to metal pollution has 

been reported in the nature.  

The heavy metals found in water and soil samples due to informal sector practices in 

extraction of precious metals have been a challenge to the environmentalists. A number of 

technologies have been developed over the years to remove the toxic metals. The most 

important technologies are chemical precipitation, ion exchange, membrane filtration, 

Electrodialysis solvent extraction and adsorption. These methods are not cost-effective. 

The high cost of activated charcoal, a desirable process for removal of heavy metals has 

prompted a search for the cheapest substitution. 

The present study attempts to investigate substitute for commercial activated carbon, which 

can be used in the laboratory and there adsorptive capacity has been measured in 

equilibrium. The available literature on quantification of e-waste found during recycling e-

waste by informal sector is very limited. Hence, the significance of quantification of heavy 

metals due to spent acid generated by informal sector and rendering cheapest, most 

economical, technological solution for managing the metal pollution is the need as 

practically no information is available in literature. 

The research work, therefore, will prove substantial significance towards e-waste 

processing and extracting of precious metals by informal sector for its proper management. 

 1.3 Objectives of the study 

The overall objective of this project has been to study the practices of informal sector of 

processing of e-waste for extracting precious metals and releasing heavy metal in 

environment causing environmental damage and investigating the most economical 

solution to curb the metal pollution generated by this sector. Thus, the present 
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investigations have been divided into two primary parts: 

a) Study processes involved by informal sector in extracting precious metals and 

conduct the material balance giving rise to pollution and, 

b) Study on quantification and technologically most economical solution to manage 

the pollution generated by informal sector. 

1.4 Scope of the work 

The scope of work involves the following: 

(a) Identify the sites involved in extraction of precious metals from PCBs by informal 

sector. 

(b) Site visits and liaison with informal sector to study the process involved in extraction 

of precious metals from PCBs by informal sector. 

(c) Characterization studies of various samples with specific reference to heavy metals, 

which includes collection and analysis of samples. 

(d) Material balance and analysis of the existing business model of the informal sector. 

(e) Study various techniques for removal of heavy metals from spent acid. 

(f) Study the feasibility of adsorption by locally available agricultural waste like rice husk 

and pressmud including increase in the pH of the spent acid to near neutral. 

1.5 Research questions 

The following questions gave a clear framework for an effective study: 

(a) Does the spent acid generated by informal sector damage the environment? 

(b) Is effective management of e-waste feasible using low cost treatment technology        

method?  

1.6 Original contribution  

The present investigation identified Moradabad as a hub of processing of e-waste by 

informal sector using environmentally hazardous processes. The field investigation was 

conducted at Moradabad for the process of extraction of precious metals by acid leaching, 

mercury amalgamation and grinding/precipitation method. The chemical process adopted 

by the informal sector has been documented. The spent acid generated in the process was 

analyzed for the presence of heavy metals. The soil and water samples collected from the 

site of investigation showed high content of heavy metals thus making them unfit for 

Objectives of the study 
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agriculture and consumption, respectively. Further the study establishes a material balance 

derived out of the process of extraction of heavy metals by the informal sector. The 

business model adopted by the informal sector was briefly analyzed for financial viability. 

The feasibility studies of adsorption of multiple heavy metals with low cost agricultural 

waste and increase of low pH to near neutral has been conducted at laboratory scale, so that 

the technique can be adopted by the informal sector to reduce the environmental damage. 

The informal sector is very active in processing of e-waste in developing nations. 

However, this sector has been ignored. No studies have been made on processing of e-

waste by informal sector and scanty material is available in this area. This is the area where 

no substantial work has been done. 

Therefore, this thesis brings out the original contribution of quantifying the heavy metals 

and rendering an effective low cost treatment technology for removal of heavy metals prior 

to disposal of spent acid by informal sector. 

1.7 Research methodology 

The research methodology adopted can be summarized as under: 

(a) The study of the process by informal sector for extraction of precious metals was 

conducted by  

(i) Identifying the important informal sector, which can be representative, 

“informal sector” for the proposed study. 

(ii) Developing liaison with informal sector and conducting detailed studies of 

each of the process involved and 

(iii) Ultimately drawing inference of material balance to determine the actual 

environmental damage caused by the informal sector. 

(b) Collection of samples in containers which are inert in nature and conducting 

quantification of each of the metal present by using inductively coupled plasma mass 

spectrometry (ICP-MS) at IIT Delhi, IIT Mumbai and Savitribai Phule Pune University 

(SPPU).  

(c) Subsequent to the theoretical consideration for removal of toxic metals, a low cost 

adsorbent using agricultural waste proposed in the study was conducted at IIT Delhi and 
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SPPU and the important properties of adsorbent Rice husk (40%) Pressmud (60%) 

represented by RH40PM60 was investigated using Scanning Electron Microscopy / Energy 

Dispersive X-Ray Spectroscopy (SEM/EDS), BET (Brunauer–Emmett–Teller) analysis 

and Fourier-transform infrared spectroscopy (FTIR).  

The lab scale experiments using proposed RH40PM60 were conducted at IIT Delhi and 

SPPU for adsorption using column and batch reactor including isotherm studies. The most 

economical solution which can be afforded by the informal sector led to achieving one of 

the significant research objective. The following flow chart was followed during the course 

of this study: 

 

Figure 1.1: Flow chart showing the course of this study. 

Identification of site where the informal sector 

processes e-waste for extraction of precious metals 

Systematic study of the processes adopted by informal 

sector for extraction of precious metals at Moradabad 

Conducting material balance to determine 

environmental damage at IIT Delhi 

Characterization studies of water and soil 

contaminated by toxic metal at SPPU 

Experimental studies on low cost adsorbent and 

adsorption process at IIT and SPPU 

Suggestions for Effective E-waste Management for 

informal sector 

Research methodology 
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CHAPTER - 2 

LITERATURE REVIEW 

 

A detailed and comprehensive review of the development and research can be understood 

by reviewing the published research papers on the subject. This is of great importance to 

avoid a situation of re-inventing the wheel and doing a redundant study. Therefore, a 

detailed and comprehensive review of almost 200 research papers, reports and studies 

carried out by various researchers was done to come to the conclusion of selecting a 

subject for research based on the research gap.   

2.1 E-waste: A holistic view: 

Electronic waste or E-waste is the waste generated by disposal of electrical and electronic 

gadgets or thereof such as, computers, mobile phones, washing machines etc. In a rapidly 

advancing era, not only the use of technology has exponentially increased, but the 

advancements often lead to rendering the previous version useless. The E-waste 

(Management) Rules, 2016 laid by the Ministry of Environment, Forest and Climate 

Change, Government of India has described Electronic waste as “e-waste means electrical 

and electronic equipment, whole or in part discarded as waste by the consumer or bulk 

consumer as well as rejects from manufacturing, refurbishment and repair processes” (The 

E-waste (Management) Rules, 2016). 

2.1.1 Present scenario of e-waste management: Global 

The United States of America, United Kingdom, European Union and other advanced 

nations have understood the menace of e-waste. They have formulated policy initiatives 

adopting green technologies which are eco-friendly and efficient. According to a report, 

“The Global E-waste Monitor” by Balde et al., 2017 total global e-waste documented in 

the year 2016 was 44.7 Million tonnes (Mt) and expected to grow up to 52.2 Mt in 2021 at 

an annual growth rate of 3-4%. It was claimed that, “this e-waste is comprised of 

approximately 1.2 Mt of lamps, 7.2 Mt of screens, 4.0 Mt of small IT (such as mobile 

phones, pocket calculators, personal computers, printers, etc.), 13 Mt of small equipment 

(such as vacuum cleaners, microwaves, toasters, electric shavers, video cameras, etc.), 12 

Mt of large equipment (such as washing machines, clothes dryers, dishwashers, electric 

stoves, photovoltaic panels, etc.) and 7.3 Mt of cooling and freezing equipment 
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(temperature exchange equipment)”. The global increase in the generation of e-waste, 

annually, can be shown by the following Figure 2.1: 

 

Figure 2.1: Global e-waste 2014-21 (Source: Balde et al., 2017) 

The Basel Convention on the control of trans-boundary movements (TBM) of hazardous 

wastes and their disposal is one major initiative that imposes a ban on illegal e-waste trade. 

This agreement bans the export of hazardous waste to developing countries unless a written 

prior consent is provided. This agreement was signed by 178 nation parties and was signed, 

but not ratified by the U.S. (Sthiannopkao et al., 2013). This illegal trade from the United 

States and other rich economies has led to exponential rise in the amount of e-waste which 

is dumped in developing countries such as India, China and several African countries 

(Osibanjo et al., 2007 and Schmidt et al., 2006). Due to illegal import of e-waste from the 

developed countries and the large amount of e-waste generated within the country (due to 

the boom in the IT sector and large and fast consumption rates) it is seen that the total e-

waste processed in India is very high. It has been reported that this waste contains a lot of 

toxic compounds, heavy metals, polychlorinated biphenyls, brominated flame retardants 

(Liu et al., 2008, Zhao et al., 2008 and Shen et al., 2009). 

E-waste started to become so much of a problem especially in the developed countries, that 

it seemed more economical to simply export these wastes and dump them far away from 

the place of their use. This waste was thus transported off to developing countries.  China 

accepted the arrival of e-waste with a collecting fee of US$50 per ton which was taken up 

by small operators to dispose the waste. These people did not have equipment or safety 

standards to process this waste and they extracted only the precious metals in the cheapest 

method possible and rest was disposed by burning, dumping into landfills or discharging 

into water bodies. This was similarly seen in developing countries such as Nigeria, India 
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and is a procedure that is still being practiced by the unskilled labourers of the informal 

sector (Medina, 2010). There have been introduction of laws to manage the menace of the 

hazardous e-waste with respect to its implications on the environment. 

As per the report, by Di Maio et al., 2017, total potential value of recoverable material in e-

waste, in the year 2016, is tabulated as Table 2.1: 

Table 2.1: Potential value of recoverable material in e-waste 2016  

Recoverable Material Weight in Kilotons (KT) Value in Million € Value in Million ₹ 

Fe  16,283 3,582 2,92,470 

Cu 2164 9,524 20,609,936 

Al 2,472 3,585 2,92,715 

Ag 1.6 884 72,178 

Au 0.5 18,840 1,538,286 

Pd 0.2 3,369 2,75,079 

Plastics 12,230 15,043 1,228,261 

 (Source: Di Maio et al., 2017)  

According to a report, “The Global E-waste Monitor” by Balde et al., 2017 total global e-

waste generation and collection per continent in the year 2016 is tabulated as Table 2.2: 

Table 2.2:  E-waste generation and collection per continent  

Continent → Africa America Asia Europe Oceania 

Countries → 53 35 49 40 13 

Indicator ↓      

Population in 

millions 
1174 977 4364 738 39 

Waste Generated 

(Kg/inhabitant) 
1.9 11.6 4.2 16.6 17.3 

Waste Generated 

(Million tonnes Mt) 
2.2 11.3 18.2 12.3 0.7 

Documented to be 

collected & recycled 

(in Mt) 

0.004 1.9 2.7 4.3 0.04 

Collection Rate ≤ 1% 17% 15% 35% 6% 

(Source: Balde et al., 2017) 
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2.1.2 Present scenario of e-waste management: India 

E-waste management in India is governed by the Environment (Protection) Act 1986 and 

the E-waste (Management) Rules, 2016. The rules have defined the various terminology 

used in the field of e-waste management. The rules further lay the responsibilities of the 

stakeholders, procedure for seeking and granting authorization for management of e-waste 

to the stakeholders, procedure for storage of e-waste, the policy for reduction in the use of 

hazardous substances (ROHS) in the manufacture of electrical and electronic equipment 

and their components or consumables or parts or spares. The authorization to handle the 

waste is granted on the annual handling capacity of the user. This system of management 

of e-waste lays major emphasis on the extended producer responsibility (EPR) wherein, the 

producer of an electronic gadget shall have an EPR of collecting and processing the e-

waste generated at the “end of life” of the product. However, an active informal sector 

comprising of unskilled illiterate labourers is involved in processing of e-waste. 

As per a study by Assocham 4-5 lakh child labourers in the age group of 10-15 years are 

observed to be engaged in processing of e-waste. They have no protection and safeguards. 

The study on „Electronic Waste management in India‟ brought out that, “as Indians 

become richer and spend more on electronic items and appliances, the quantum of 

generation of e-waste grows exponentially”. The e-waste comprises of computer 

equipment (70%), telecommunication equipment (12%), electrical equipment (8%), and 

balance household e-crap (4%)”. It is further brought out that, “a mere 1.5% of the total e-

waste of India gets recycled due to poor infrastructure, legislation and framework and over 

95% of e-waste is managed by the unorganized sector. Almost 67% of e-waste workers in 

India suffer from respiratory ailments. In the landfills, e-waste is a source of heavy metals. 

The contaminants lead to ground water contamination and soil acidification. High and 

prolonged exposure causes damage to nervous system, blood systems, kidneys, brain 

development, respiratory & skin disorders, bronchitis, lung cancer, heart, liver and spleen 

damage”. Assocham brought out that, “India‟s production of e-waste is likely to increase 

by nearly three times, from existing 18 Lakh metric tonnes to 52 Lakh metric tonnes per 

annum by 2020 at a CGAR of about 30%” (Published in „The Hindu Business Line‟ on 03 

Jun 2016). 

The composition of E-waste as per an Assocham study is 70% Computer hardware and 

peripherals, 12% Telecommunication equipment, 8% Electrical and electronic equipment, 

7% medical equipment and 4% household e-crap and has been shown as Figure 2.2.   

E-waste: A holistic view 
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Figure 2.2: Composition of e-waste (Source: Assocham- Frost and Sullivan study 

published in Business Standard on 22 Apr 2016) 

The Assocham study also brings out the e-waste generating capacity of major metropolitan 

cities of India, which shows that Mumbai is producing the maximum e-waste with 

1,20,000 Metric Tonnes of e-waste annually, and have been tabulated as Figure 2.3: 

 

Figure 2.3:  E-waste Generating Capacity of Major Metropolitan Cities: India (Source: 

Assocham- Frost and Sullivan study published in Business Standard on 22 Apr 2016) 

As per Assocham, in the year 2016, the eight largest e-waste generating states are 

Maharashtra (1
st
), followed by Tamil Nadu (2

nd
), and followed by other states as shown in 

Figure 2.4: 
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Figure 2.4:  E-waste generating capacity of major states: India (Source: Assocham- Frost 

and Sullivan study published in Business Standard on 22 Apr 2016) 

During the study, a visit to Alang ship breaking yard it was observed that the ships coming 

for breaking had a lot of obsolete e-waste which was finding its way to the informal sector 

for processing. This is in violation of the trans-boundary movement of hazardous waste.  

2.1.3 Major Pollutants of e-waste 

The manufacture of electronic gadgets requires components which, when processed for 

extraction of precious metals and discarded becomes a source of heavy metals, toxic 

chemicals, glass and plastics etc., when the waste is processed. PCBs are dismantled and 

acid leached to extract precious metals such as Gold, Copper, Silver, Palladium etc. 

However, this process has attracted the attention of the informal sector, which have 

evolved unsafe (for environment as well as health) methods of extraction of metals, 

especially in the developing countries (Link T., 2003). 

A report by European Topic Centre on Resource and Waste Management showed iron and 

steel as the most abundant material found in E-waste and consists of almost 60% of 

Electric and electronic appliances. After this, Plastics are second largest by weight 

consisting of about 21%. A schematic representation of the breakdown as given by the 

above mentioned report is shown in Figure 2.5 (Weidmer et al., 2005). 
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Major pollutants present in E-waste are present in printed circuit boards (PCBs), cathode 

ray tubes (CRTs), liquid crystal displays (LCDs), plastics, and batteries. Each of these has 

a specific role in its contribution to pollution: 

Printed Circuit boards are crucial components used in electrical and electronic goods. 

These boards allow connection of electronic components without the requirement for of 

wires and cables. PCBs are of several types, it maybe single layered containing one copper 

layer, double layered, two copper layers on a single chip or multilayered containing 

multiple upper and inner layers of copper. The multilayered PCBs allow high amount of 

copper to be present in smaller area of chip. PCBs also contain various metals such as 

Platinum (Pt), Gold (Au), Zinc (Zn), Iron (Fe), Lead (Pb), etc., (Gullet et al., 2007).  Flame 

retardant (FR) is a glass fiber epoxy laminate which are often used in preparation of PCBs. 

The PCBs present in computers and mobile phones are majorly of two types: FR-2 and FR-

4 implying a temperature gradient (TG) of 102ºC and 130ºC respectively. FR-4 types are 

utilized in small electronic appliances such as mobile phones and tablets, whereas, FR-2 is 

used in TVs, washing machines and desktops (Murugan et al., 2008; Ladau, 2006) 

PCBs constitute 3% of the total electric and electronic waste generated. Within PCBs, 

metals such as copper, lead, tin and nickel are comprised of 30% whereas the rest 70% is 

glass fibre, epoxy and other additives. Materials used in PCBs are tabulated as Table 2.3:  

Table 2.3: Basic composition of printed circuit boards 

Source: Janz et al., 2008 

CRTs and LCDs are a major source of recycled glass. This glass is coated with lead. CRTs 

comprises of ferrous metal scraps, Non-ferrous metal mainly, Aluminum and Copper, 

Plastics, Flame retardants, Glass culets and Lead. LCDs are liquid crystal displays, which 

are used in conjunction of additives like chrome, arsenic and mercury.  

Plastics are indispensible material in the e-waste industry. These are used for protective 

coating of wires, cabinets, FRs, amalgamation of metals and plastics and a wide range of 

usage attributing to their variable properties. Large volumes of plastics are used mainly as 

Type % by mass Main components 

Metallic components 25-30% 

Majority: Copper, Nickel, Iron, Tin 

Others: Lead, Silver, Manganese, Chromium, Gold, 

Beryllium, Platinum, Cadmium 

Organic Components 20-25% Flame-protected duroplasts, Thermoplastics, Epoxy 

Inorganic components 40-55% Glass, Ceramic 
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or thermally to be used again. In chemical process, plastics are used as a raw material or a 

reductant in a metal smelter. Thermal recycling refers to use of these plastics as alternative 

fuels and mechanical recycling involves shredding and separation of plastics, pelletizing 

them and produce new plastic product (Uddin, 2012). However, these techniques are 

cumbersome and require skill as well as technological advancement, which, the informal 

sector can neither afford nor will bother to recycle plastics. Thus, in order to get rid of the 

plastic waste the easiest method is to burn it.    

Burning of plastics in the open causes air pollution. It releases gases such as 

Polychlorinated Biphenyls, brominated compounds, persistent organic pollutants (POPs), 

furans, dioxins etc. Brominated are carcinogenic and mutagenic in nature and causes 

deleterious mutations in the genome of the entire biotic system. 

Persistent Organic Pollutants (POPs) like Tetra-chloro-di-benzo-p-dioxin (TCDD) 

commercially known as Agent Orange is used an herbicide which get deposited on 

vegetable foliage and enters the food chain, causing damage to animals and human beings. 

TCDD is known to cause cancer. 

The content of plastics contained in the e-waste can be shown graphically as shown in 

Figure 2.6:  

 

POPs also cause neurological damage in human being and is known to affect respiratory, 

thyroid and reproductive systems. Burning of plastic releases toxic compounds that are 

known to cause health defects like respiratory ailments, heart diseases and damage to 

nervous system (Verma et al., 2016). Plastics when disposed of are often broken into 

micro-plastics. Micro-plastics are now entering the food chain via bio-magnification and 

resulting into a major threat to life (de Souza et al., 2018).  
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E-waste: A holistic view 

PVC  i.e.,  ~26%  (Puckett et al., 2002).  Plastic can  be  recycled  chemically,  mechanically 



Chapter-2                                                                                                    Literature review 
 

14 

 

Batteries are chemically generated power source to produce electrical energies. These may 

be primary batteries (disposable) or secondary cells (rechargeable). Primary cells are used 

only once and are disposed after use, whereas, secondary cells can be recharged and re-

used. The electrodes in the batteries are usually composed of metals and their oxides and 

the electrolytes may contain H2SO4, saline, caustic potash solution, etc. Rechargeable 

batteries are rich in metals like Pb, Li, Ni, Cd and Fe. These batteries also contain heavy 

metals, which contaminate soil and water and cause environmental damage (Kim et al., 

2018).  The e-waste has a large variety of pollutants. Table 2.4 shows the pollutants and 

their occurrence in e-waste: 

Table 2.4: A list of pollutants and their occurrence in e-waste.   

Pollutant Occurrence 

Arsenic Semiconductors, solar cells, microwaves, LEDs,  

Asbestos Irons, boilers, toasters 

Barium Electron tubes, lubricant additives, filler for plastic and rubber 

Brominated FR Circuit boards, Casing 

Cadmium Pigments, solder, alloys, batteries 

Chrome Solar, switches, Dyes/pigments 

Cobalt Insulators 

Copper In Conducting cables, copper ribbons, coils, circuitry 

Lead Batteries, solar, transistors, PVC, stabilizers, lasers, LEDs, 

thermoelectric elements  

Liquid crystal Display 

Lithium Mobiles, Cameras, Batteries. 

Mercury PCBs, Medical waste, pocket calculators, CRTs, LCDs. 

Nickel Batteries, semiconductors, Alloys 

Polychlorinated biphenyls Plastic, capacitors, transformers 

Selenium Photocopiers, Fax machines 

Silver Capacitors, batteries, resistors, PCBs 

Tin Solder, Alloys 

Zinc Steel, Brass, Secondary cells 

Source: Janz et al., 2008 
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2.2 Informal sector dealing in e-waste management 

E-waste is an attractive means of income for unemployed poor populace in developing 

country. The informal sector involved in e-waste management comprises of a large section 

of men, women and children who are involved in the collection, dismantling and the 

recycling of e-waste. Informal recycling resorts to cheap practices in managing the e-waste 

which results in unhealthy ecosystem. This sector is poor, uneducated and usually do not 

understand the implications of their recycling processes on their own health and on the 

environment (Chi et al., 2011). These informal sectors are reported to be present in many 

developing countries such as India (Agarwal et al., 2005), China (Chi et al., 2011), 

Vietnam (Mitchell, 2008) etc. The prospect of earning some meager income and in order to 

attain maximal profits, cheap and low cost techniques are taken up by the informal sector 

which cause a greater harm to the environment. A major question for these developing 

economies is providing a set-up for this informal sector so as to provide them with 

incentives to reduce improper recycling process and be more sensitized towards their own 

health and towards environment. 

E-waste Management & Handling Rules, 2011, issued by MoEF, Government of India laid 

out rules of recycling e-waste in a safe and efficient manner. However, these rules prohibits 

the movement of this waste to reach the informal sector, which would result in loss of 

livelihood of people and more importantly, the human resource which has been trained in 

dealing with the e-waste. It is important for the legislation to reduce the existing gap 

between the informal and the formal sector working in e-waste management for an 

efficient system of waste management.   

It is a requirement that the informal sector be associated with the formal sector in order to 

reduce the existing gap between these two sectors. It has been observed that the informal 

sector comprising of scrap dealers and kabadi waalas have a better efficiency of collecting 

the waste during their door-to-door collection services. Formal sector is trained and has 

technologies that can effectively recycle e-waste without causing an environmental 

damage. A balance between the in-flux of e-waste by the informal sector and usage of 

formal recycling units needs to be established so as to ensure maximal channeling of e-

waste in a uniform, mechanistic, environmentally safe manner by the formal units. An 

amalgamation of formal sector machinery and technology with the human skill needs to be 

developed in order to provide a system where skill can be technologically aided and a 

better recycling system can be established. In lieu of their services, the government must 

Informal sector dealing in e-waste management 
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ensure better health conditions and health facilities to the informal sector. Use of protective 

gearing also needs to be promoted so as to avoid health implications involved in e-waste 

management. An integrated system will promote a viable recycling model for e-waste 

management (Raghupathy et al., 2010).  

2.3 Environmental Degradation 

A large number of Non-Government Organizations (NGOs) and environmental activists 

are actively working towards safeguarding the environment. These NGOs carry out studies 

of various processes which lead to environment degradation. E-waste has been identified as 

a major contributor of hazardous waste in the environment, leading to severe environment 

degradation. The NGOs carry out such studies to make our society aware about various 

facets of environmental hazard and environmental degradation. 

NGOs like Centre for Science and Environment (CSE), Toxic Links, Greenpeace, The 

Energy Research Institute (TERI) (Non Profit Policy Research Organization) etc., have 

done immense contribution to identify study and analyze the environmental degradation 

due to hazardous e-waste. During the extraction of precious metals, from PCBs heavy 

metals which are highly toxic and present in the acid which is used for acid leaching, is 

released in the environment. The plants which are grown in soils contaminated with „heavy 

metals‟, downstream of river Ramganga, at Moradabad, have been reported to accumulate 

heavy metals in their roots, leaves and flowers (Punetha et al., 2015).   

A report published in the Hindustan Times dated 19 Feb 2017 brought out that the, 

“Informal recycling of e-waste, open burning of dumped solid waste, combustion of coal 

and industrial waste, ship breaking activities act as a sink for heavy chlorine compounds.” 

Another report by CSE dated 01 Sep 2015 brings out that, “80% of the ailments in 

Moradabad are respiratory and lung related. The process of dismantling and recycling e-

waste is commonly done in household basement and workers inhale the toxic gases 

released in the process”. 

Toxic Links in collaboration with the European Union (EU) in their report titled, “Waste 

Electrical and Electronic equipment – The EU and India: Sharing best practices” brought 

out that, “The recovery process by informal sector being rudimentary has limited efficiency 

of metal recovery, resulting in loss of significant amount of precious metals and disposal of 

residues of toxic material into water bodies and soil, which creates serious issues of water 

and soil pollution. There are also issues of cross contamination of materials as plastics 

containing BFRs is recycled and mixed with virgin materials and other plastics for 
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manufacturing of new plastic products”. This clearly is an indicator of the extreme 

environmental degradation due to the processing of e-waste by the informal sector. 

In a research paper it was brought out that, “the biggest drawback of the current e-waste 

system in India is the uncontrolled emissions of pollutants that are going into the air, water 

and soil, which are neither quantified nor monitored. The health hazards from fumes, ashes 

and harmful chemicals affect not only the workers who come into contact with the e-waste 

but also others who are exposed to the e-waste environment. The total e-waste 

management system is labour intensive and most of the recycling and recovery operations 

are carried out using out dated technologies and processes, which may lead to release of 

uncontrolled emission of pollutants (Wath et al., 2010)”. 

Table 2.5: Environmental degradation due to processing of e-waste. 

Component of 

E-waste 

Process Occupational Hazard Environmental Hazard 

PCBs De-soldering by 

gas torch 

Inhalation of tin, lead, 

dioxins, beryllium, 

cadmium, mercury 

Respiratory irritation  

Air emission of metals and 

dioxins 

Dismantled 

PCBs 

Removal of 

components by 

gas torch 

Inhalation of tin, lead, 

dioxins, beryllium, 

cadmium, mercury 

Respiratory irritation 

Air emission of metals and 

dioxins, Lead and Tin 

pollutant in soil and water, Hg, 

Cd and Be emission 

Chips and 

other 

components 

Chemical 

processing 

Corrosive injury to eye and 

skin, inhalation of acid 

fumes and harmful gases Cl2 

& SO2  

Emission of heavy metals, 

halogenated compounds, 

Hydrocarbons in land, water 

and air 

CRT Recycling of 

glass & Cu from 

CRT 

Injuries by cuts, direct 

contact with lead, Mercury, 

Cadmium etc. 

Contamination of water bodies 

by Pb, Hg, P etc. 

Plastics, PVC Shredding & 

melting 

Release of HC, micro-

plastics, POPs, dioxins & 

metals 

Contamination of water, air & 

soil. Enters food chain and 

destroys life 

Environmental Degradation 
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Cables Burning in open Release of HC, micro-

plastics, POPs, dioxins and 

polycyclic aromatic 

compounds 

Air pollution causing irritation, 

nausea, headache. Depletes 

Ozone layer. Carcinogenic and 

mutagenic 

Metal parts     

in rubber 

Burning Release of HC, micro-

plastics, POPs, dioxins and 

PAH 

Air pollution causing irritation, 

nausea, headache. Depletes 

Ozone layer. Carcinogenic and 

mutagenic 

Cartridges Recovery of 

ink/toner 

Release of Carbon black and 

metals  

Carbon black is highly 

carcinogenic. 

Precious metals Chemical 

extraction  

Heat injury, acid injury to 

eye and skin, inhalation of 

toxic fumes, irritation to eye 

and skin, release of metals  

Contamination of crops, water, 

air & soil. Causes damage to 

the biotic ecosystem. 

Source: Puckett et al., 2002 

2.3.1 Environmental Pollution 

E-waste has a typical character that it is not a serious hazard when it is in a storage place. 

Once the processing of e-waste begins in an unregulated pattern by the informal sector, it 

poses a serious pollution hazard to the environment. The imports and exports of e-waste, 

between two nations are regulated by the Basel Convention on the control of trans-

boundary movements (TBM). However, several investigations by Basel Action Network, 

Greenpeace as well as Toxics Link have reported flow of e-waste into the informal sectors, 

where cheap and unsafe methods of metal extraction from e-waste are being under taken. 

The informal sector involves minor children, poor illiterate workers including pregnant and 

lactating women who are unaware of toxicity involved in handling of e-waste. They work 

in poor health conditions for meager income without any protective equipment and 

protective clothing. This leads to incidents of diseases such as cancer, upper respiratory 

tract infections, skin diseases, neurological disorders etc., and in general a shorter life span 

(Grant et al., 2013). This is an emerging problem in developing countries like India as well 

as China (Network, B.A., 2002).  

The processing of e-waste involves processes like shredding, burning of wires, cables and 

PCBs, de-soldering by gas torch, chemical processing to extract precious metals etc. Due 

to these processes there is a considerable degradation of the environment. The details of the 
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components of e-waste, the processes involved and their occupational and environmental 

hazards involved in recycling are shown in Table 2.6: 

Table 2.6: Table showing harmful effects of pollutants to the environment. 

Pollutant Effect on environment  Source 

Particulate Matter Responsible for various cardiovascular and 

cerebrovascular diseases. Causes respiratory 

disorders due to oxidative stress and pulmonary 

inflammation. 

  Anderson, 2011 

Suspended Particulate 

Matter 

Powerful carcinogen and is responsible for Lung 

Cancers. Exposure to neonatal babies shows an 

increased susceptibility towards DNA damage. 

  Ravindra et al., 2001 

Oxides of Sulphur It is highly soluble in the respiratory tract and 

acts as a respiratory irritant. It interferes with 

muco-ciliary motion which promotes chances of 

air borne infection 

  Rall, 1974 

Oxides of Nitrogen Depletion of Ozone layer. Formation of 

photochemical smog. Respiratory disorders 

enhanced. 

  Bernstein, 2004 

Volatile Organic 

Compounds 

Potent Carcinogens. Affects immune system, 

Brain, Liver and Kidneys 

  Huang et al., 2014 

Poly Aromatic 

Hydrocarbons 

Readily absorbed by the gastrointestinal tract 

and enters the blood stream. It is highly 

carcinogenic, mutagenic and a strong 

immunosuppressant PAHs are more toxic in the 

presence of UV light. 

  Abdel-Shafy et al.,             

2016 

Poly-Vinyl-Chloride Causes Liver and Lung Cancer. Causes asthma. 

Endocrine system is disrupted.  

  Karstadt 1976 

Poly Chlorinated Bi-

phenyls 

Causes Liver Cancer. Induces oedema. 

Neurodevelopmental problems. 

Reduced birth weight. Wasting syndrome. 

  Vukašinović et al., 

2017 

Persistent Organic 

Pollutant 

Accumulates in Adipose tissue. 

Thyroid dysfunction. Potent carcinogen. 

Abnormal mating behavior in wildlife 

Neurological as well as reproductive effects. 

  Qing Li et al., 2006 

Decabromodiphenyl 

ether (DBDE)/ 

Polybrominated 

diphenyl ethers  (PBDE) 

Developmental defects in Brain and 

reproductive organs 

  McDonald, 2005 

TBBPA Endocrine disruption causes thyroid hormone 

interference. Hepatotoxicity. Renal toxicity. 

Neurotoxicity. 

  Liu et al, 2016 

Environmental Pollution 
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2.3.2 Hazard to human health 

The presence of coal gases, furans, dioxins, VOCs, PAH, SOx, NOx, etc., can cause short 

term and long term health impacts. A vast majority of the pollutants have been reported to 

be potential carcinogens. The direct effects of these pollutants are on the respiratory system 

or in a long term effect, bringing in change in the DNA, leading to malicious mutations. 

The fugitive metals in the waste streams cause short term and long term health impacts. 

The prolonged exposure to these metals causes harmful effects which are tabulated as 

Table 2.7: 

Table 2.7: Table showing effects of fugitive metals from processing of PCBs on human 

being. 

Element Effect at the cellular level Effect on the overall health Source 

Aluminium Cell signaling interrupted by 

interaction with Copper. 

Leads to skeletal developmental 

malformations. Neurotoxicity. 

Feotus toxicity. 

Klotz et al., 2017 

Arsenic Interacts with gluco-

corticoid receptor. 

Increased risk – diabetes, skin 

cancer. Skin problems. Decreased 

nerve coordination. 

Choong et al., 

2007 

Cadmium Induces oxidative stress Causes renal toxicity. Kidney 

damage. Osteoporosis & 

Osteomalecia. 

Copper Causes oxidative stress at 

high concentration. 

Liver damage. Affects endocrine 

system. Binds with estrogen and 

accumulates. 

Järup, 2003 

Chromium Cytotoxic.  

Causes DNA damage. 

Hormonal misbalance 

Carcinogenic.  

Reproductive disorders.  

Kidney and lung damage. 

Smith and 

Steinmaus, 2009 

Zinc Cytotoxicity. 

Altered apoptosis 

Lethargy. Focal neuronal defects. 

Prostate cancer. 

Altered lymphocyte function. 

Plum et al., 2010 

Mercury Binds with sulphur 

containing amino acids. 

Crosses blood brain barrier. 

Accumulates in brain and 

tissues. 

dysfunction. Atrophy in thigh 

muscle. Cerebral palsy. 

Lead Oxidative stress due to ROS. 

Damages enzymes Damages 

Nucleic acid. Inhibits DNA 

repair 

Reproductive failure. 

Neuro-muscular weakness. 

Impaired cognitive function. 

Encephalopathy 

Assi et al., 2016 

Järup et al., 1998

Bronchitis.    Mercurial    tremors. Bernhoft, 2012 
Depression  and  fatigue.  Thyroid 
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Selenium Bonds with sulphur 

containing amino acids. 

Diarrhea. Fatigue. Hair loss. 

Fingernail discolouration. 

Brittleness. Foul breadth odour. 

MacFarquhar  et 

al., 2010 

Iron Produces ROS Organ dysfunction. Liver 

damage. Damages central nervous 

system.  

Kohgo et al., 2008 

Nickel Carcinogen. Damages 

proteins involved in DNA 

repair, replication, 

recombination and 

transcription. 

Lung cancer.  

Cardiovascular & kidney 

disorder.  

Dermatitis. 

Duda-Chodak and 

Blaszczyk, 2008 

Manganese  Dopaminergic dysfunction. 

Accumulates in bones. 

Longer half-life in tissues. 

Parkinson‟s disease symptoms. 

Neurotoxicity. Inhibits 

myocardial contraction. Induces 

hypotension.  

O‟Neal and Zheng, 

2015 

Cobalt  Induces ROS generation. 

Lipid peroxidation.  

Hearing-visual impairment. 

Cardiovascular disease. 

Endocrine deficits. Polycythemia. 

Pneumoconiosis. 

Lauwerys and 

Lison, 1994 

Titanium Carcinogenic. 

Induces oxidative stress. 

Cellular dysfunction. 

Oxidative DNA damage. 

Abnormal intestinal permeability. 

Risk of lung cancer. 

Skocaj et al., 2011 

 

2.4 Methods of extraction of precious metals  

The extraction of precious metals from e-waste is a difficult process and requires special 

equipment and trained manpower. However, broadly the precious metals are extracted by 

Pyro-metallurgy, Hydro-metallurgy, Bio-metallurgy and Electrometallurgy. These 

processes are described in the successive paragraphs 

2.4.1 Pyro-metallurgy 

Pyro-metallurgy is a process where the PCB components are heated upto 1500ºC without 

presence of Oxygen in a closed container. It will be ensured that there is no fugitive 

emission. The recovery of precious metals like Copper, Gold, Silver, Palladium etc., is 

possible by Noranda process (Veldbuizen and Sippel, 1994) and Boliden Rӧnnskår Smelter 

process (Cui and Zhang, 2008) which involves heating, smelting and refining.  

2.4.2 Hydro-metallurgy 

Hydrometallurgy is a process where the metals are first leached out in an aqueous solution 

Hazard to human health 



Chapter-2                                                                                                    Literature review 
 

22 

 

using solvents like cyanides, thiourea, and thiosulfates. Once solubilized these metals are 

concentrated using methods like adsorption and the recovery is further carried out 

chemically or electrochemically. The following types of processes are included in Hydro-

metallurgy:  

Cyanide leaching: Cyanide leaching is the process where precious metals, for example, 

gold are extracted by converting gold into water soluble coordinate compound. The 

reaction is as follows: 

 4Au(s) + 8 NaCN(aq) + O2 (g) + H2O(l) →  Na [Au (CN)2] (aq) + 4NaOH (aq) 

Metals like Silver, Palladium and Platinum can be recovered from this process. The 

precedence of recovery for precious metals is given as follows: 

  Au > Ag > Pd > Pt  

Further, these metals can be extracted using chemical precipitation or electrode deposition 

(Dorin and Woods, 1991). 

Halide Leaching: Halide Leaching involves the use of halides like, Chlorine, Bromine, 

Iodine etc., for extraction of Gold. Gold dissolves with Chlorine forming both Au(I) and 

Au(II) complexes (Baghalha et al., 2007). The traditional method involves the use of aqua 

regia. The reaction is as follows: 

Au (SO + 3NO3
- 
(aq) + 6H

+
 (aq) ↔ Au

3+ 
(aq) + 3NO2 (g) + 3H2O (L) 

Au
3+

 (aq) + 4 Cl
-
 (aq) ↔ AuCl4 (aq) 

Further, these metals can be extracted using chemical precipitation or electrode deposition. 

Thiourea leaching: Thiourea leaching is a method that is used as an alternate to cyanide 

leaching as a less toxic method of Gold recovery. Thiourea, (CS(NH2)2) has been used for 

extraction of gold as well as silver. Gold under acidic condition dissolves in thiourea and 

forms a cationic complex. This is shown as follows: 

Au + 2 CS(NH2)2   →  Au CS(NH2)2
+ 

 + e
-
 

Gold extraction upto 99% has been reported (Hilson and Monhemius, 2006). Gold is 

leached at much greater rate by acidic solution than cyanide process. Despite its 

effectiveness it is costlier than cyanide leaching. Thiourea is used in higher amounts 

because it gets oxidized and the recovery step requires more work (Prasad et al., 1991). 

Thiosulphate leaching: Thiosulphate leaching is a process that is catalyzed by copper and 

is considerably non- toxic. High gold recovery has been promised with respect to cyanide 

leaching. This method is also considered cheaper than cyanide leaching. S2O3
2-

 or 
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Thiosulphate is used in gold extraction and this reaction is catalyzed by cupric ions. The 

reaction is shown as follows: 

Au + 5 S2O3
2-

 + Cu (NH3)4
2+

  → Au (S2O3)2
3-

 + 4NH3 + Cu (S2O3)3
5-

     

2 Cu (S2O3)3
5-

 + 8NH3 + ½ O2 + H2O → 2 Cu (NH3)4
2+

 + 2 (OH
-
) + 6 S2O3

2-
      

Gold enters the solution to form either Au(NH3)
+ 

or  Au(S2O3)2
3-

. Here, like thiourea 

leaching high consumption of reagent during extraction is a disadvantage with this process. 

Methods such as adsorption by activated carbon have been suggested for higher recovery 

of gold from thiosulphate gold solution (Aylmore et al., 2001). 

2.4.3 Adsorption by activated carbons 

Recovery of precious metals on activated carbon involves the adsorption of precious 

metals onto an activated carbon surface from a solution containing precious metals. This 

process is called Carbon-in-Leach or CIL. One study demonstrated that activated carbon 

derived from coconut shell could adsorb gold from a leachate solution by about 87.11% 

under optimal condition (Khosravi et al., 2017). Mc Quiston and Chapman in 1946 were 

the first to patent recovery of silver and gold cyanide on activated carbon. 

2.4.4 Solvent extraction: Ionic liquid 

Solvent extraction of precious metals involves the dissolution of gold into a solvent and on 

the basis of differing relative solubility of two solutions; metal in its pure form is 

precipitated out. This involves use of ionic liquids. Ionic liquid such as 1-alkyl-3-

methylimidazolium [Cn MIM]
+
 have been used for separation of Gold (Makertihartha et 

al., 2017). Similarly, 1-hexyl-3-methylimidazolium hexafluorophosphate [HMIM][PF6] in 

combination with chelating agent N- (4–{4 (anilinocarbothioyl) aminobenzyl} phenyl)–N–

phenylthiourea has been reported to help in extraction of Au(III) and Ag(I) upto > 95% 

(Ashkenani & Taher, 2012). 

2.4.5 Bio-metallurgy 

Bio-metallurgy is the method of biosorption involving physical or chemical absorption on 

to a biomass, which maybe cell wall, a tissue, a cell or thereof. A study has shown recovery 

of gold, palladium and silver to > 99% efficiency using an aerobic growth of Klebsiella 

pneumonia. The biogas that is produced during the aerobic growth of Klebsiella 

pneumonia could be used to separate gold from its soluble form (Macaskie et al., 2006). 

Biosorption of gold has been shown by sea weeds Sargassum fruitans, a fungus 

Penicillium chrysogenum, and a bacteria Bacillus subtilus at pH 2 (Niu and Volesky, 

Methods of extraction of precious metals 
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1999). Similarly Au(III) is extracted from Cladosporium clodosporioides strains at pH 4 

(Pethkar et al., 2001). Studies have also created modified E.coli to have the ability to 

extract Platinum(IV). This is a poly (allylamine–hydrochloride). Modified E.coli designed 

to enhance the uptake of platinum (Park et al., 2010). 

2.4.6 Electro-metallurgy 

Electro-metallurgy is a process which involves electroplating. In this process the 

deposition of metals is done by creating an electrical potential wherein the aqueous 

solution with precious metals is prepared and the electrodes are place. The anions get 

deposited on anode and the cations i.e., get deposited on cathode. Thus, the precious metals 

are extracted by electro-deposition. 

2.5 Recovery of precious metals by formal sector 

The authorized recyclers under the e-waste management rules 2016 do tertiary treatment 

for extraction of precious metals. The formal sector processes E-waste in the following 

three levels. In the first level, decontamination, dismantling and segregation is carried out. 

In the second level hammering, shredding and separation is carried out and in third level, 

various processes of recycling of various components of e-waste are carried out. These 

treatment methods requires extensive infrastructure, skilled workers and advanced 

equipment, thus, increasing the costs to the recycler. The precious metals extracted by the 

formal sector are tabulated in Table 2.8. 

Table 2.8: Table showing metals recovered from 1000 kg of PCBs by formal sector 

Recovered Metal Weight 

Gold 279.93 g 

Silver 450 g 

Palladium, Platinum,               

Indium 

93.31 g 

Copper 190.512 kg 

Aluminium 

Lead and Tin  30.884 kg 

                    Source: Chatterjee and Kumar, 2009 

 

145.152g
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2.6 Methods for removal of metals 

As seen in the above sections, e-waste compromises of many elements which can be 

recycled and reused. Thus, e-waste recycling is of paramount importance from economic as 

well as resource point of view. The important question that arises is how to get rid of the 

heavy metals generated in the process of e-waste treatment. There are several processes 

available for the removal of heavy metals from the e-waste. These processes are described 

as below: 

2.6.1 Chemical Precipitation 

Chemical precipitation is a method to precipitate and recover metals as metal hydroxide or 

sulphide (Fu and Wang, 2011). This method is used to remove heavy metals from 

wastewater effluents. Usually the pH is adjusted around 11 and then the dissolved metal 

ions are treated with lime. Metals precipitate in the form of hydroxide ions (OH
-
). This 

reaction is given below as:  

M
2+

 + 2(OH)
−
 ↔ M(OH)

2
↓ 

The hydroxide precipitation is relatively simple, low cost and results in automatic pH 

control (Gode et al., 2006). Cr(VI) is converted to Cr(III) and precipitated at pH 8.7 using 

Ferrous sulphate. This pH change is brought about by Ca(OH)2. A reduction in 

concentration of Chromate is seen from 30 mg/L to 0.01 mg/L. Similarly, after reduction of 

cuproammonia by aeration, the pH of solution was brought to ~12 for maximal Cu 

precipitation. This shows a significant reduction in Copper content i.e., from 48.51 mg/L to 

0.694 mg/L (Mirbagheri and Hosseinni, 2005; Chen et al., 2009). 

Another type of chemical precipitation is Sulfide precipitation. For the removal of Cu
2+

, 

Cd
2+

 and Pb
2+

, pyrite and synthetic iron sulphide can be used. Here the metal removal is 

carried out at pH < 3 using H2S generated. This reaction is given below as: 

FeS(s) + 2H
+

 (aq) → H2S(s) + Fe
2+

(aq) 

M
2+

 (aq) + H2S (g) → MS(s) ↓ + 2H
+

(aq) 

The problem with chemical precipitation is the use of harsh chemicals and release of 

fumes. For the heavy metal extraction by the informal sector, this method of precipitation 

is not suitable. 

2.6.2 Ion Exchange 

Ion exchange is a method of metal removal that has been widely used in removal of heavy 

metals from waste water and has now started being used in removal of metals from E-

Methods for removal of metals 
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waste as well. Ion exchange system functions by exchanging its cations with the metals in 

the waste.  

Strongly acidic resin with sulfonic groups and weakly acidic resins with carboxylic acid 

group are the most commonly used. The Hydrogen ions from the groups can be exchanged 

for the cations present in the waste (Fu and Wang 2011). The uptake of metals is affected 

by the charge on ion, pH, temperature, initial metal concentration and contact time (Gode 

et al., 2006). Natural zeolites due to their large abundance and low costs have also been 

studied extensively as metal exchangers. Clinoptilolite is used widely for removal of heavy 

metals (Fu and Wang 2011). Ion exchange is a good method for heavy metal removal; 

however, till now it is applicable only till the lab scale experiments, mote work on 

industrial scale application is required to be carried out.  

2.6.3 Membrane filtration 

Membrane filtration is the process that involves passing of heavy metals ions through a 

membrane and separating it from the solution. The efficiency of this method can be 

enhanced by application of small amounts of pressure. Ultrafiltration is a technique that 

allows heavy metals to pass through very small pores of membrane filter. High efficiencies 

of removal have been observed however these have shown high efficiencies only at lab 

scale experiments.  

2.6.4 Reverse Osmosis (RO) 

Reverse Osmosis (RO) is a separation process that uses pressure to force a solution through 

a membrane against the concentration gradient, that is, from lower concentration to higher. 

It is the process by which solvent is passed from higher concentration to lower 

concentration solute via a semipermeable membrane by applying pressure which is more 

than that of Osmotic Pressure. The membranes which are used are dense barrier layer in the 

polymer matrix. This membrane only allows the water to pass while it prevents the solute 

to pass through it. Though RO needs very high pressure on the side where high 

concentration of solute or salt on it to pass through it (Bakalár et al., 2009). Nanofilteration 

is pressure induced membrane filtration. It is an intermediate process of RO and 

Ultrafilteration. Heavy metals such as Arsenic (Nguyen et al., 2009), Copper (Cséfalvay et 

al., 2009) and Nickel removal as shown by (Murthy and Chaudhari, 2008) have been 

efficiently separated by Nanofilteration. 

2.6.5 Electrodialysis 

Electrodialysis is another membrane based separation technique which allows the 
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separation of components on the basis of their charge. During this separation an electric 

field is applied to carry out a drag in the charged molecules which results in their shift. 

This technique has been successfully demonstrated to remove Cadmium and Tin from 

wastewater. (Sivakumar et al., 2014). 

2.6.6 Solvent Extraction 

Solvent Extraction is used specially for extraction of gold.  In this method, the extraction is 

based on principle of solubility of the metal in the solvent. The solubilizing process 

appears due to a complex or chelate formation between metal and extracting solvent. For 

extraction of gold tri n butyl phosphate is used. Commercially for gold extraction solvent 

DBC (di-butyl carbitol) MIBK (methyl isobutyl ketone) DIBK (di isobutyl ketone) is used 

(Makertihartha et al., 2017).  

2.6.7 Biosorption 

Biosorption is a process that involves the use of bacteria, algae, plants, animals thereof to 

remove metals. This method also involves the dependence on pH and temperature. 

Biosorption has been reported for the recovery of precious metals from e-waste (Cui and 

Zhang 2008). Using Chitin as a biosorbent biosorption of Gold from waste PCBs has also 

been reported (Côrtes et al., 2015). Biosorption is a new faster, reversible and cheaper 

method that involves the interaction of heavy metals with biomass. Bisorbents are of three 

types i.e., living biomass as biosorbent, Algal Biomass as biosorbent and non-living 

biomass such as cellulose. 

Living biomass as biosorbent: Living biomass is also used as biosorbent. This involves 

the use of bacteria, fungi and yeast for the removal of heavy metals. Chelatococcus 

daegnensis TAD1, thermophyllic bacteria is efficient in extracting Cr(VI). The efficiency 

of this bacteria increases upon addition of biodegradable cellulose. However, the presence 

of Copper, Zinc and Nickel often inhibits TAD1 ability to remove Cr(VI). Similarly, 

pretreated Phanerochyte chrysosponum, a fungi, shows simultaneous uptake of Cd(II) and 

Lead(II) ions. The adsorption of each type of ion decreases with increase in the other type 

of ion. This antagonistic effect may be attributed to competition for adsorption sites (Li et 

al., 2016). Mucilage from plants Dicerocaryum eriocarpum (DE) acts as a good biosorbent 

for removing metal ions (Zn(II). Cd(II), Ni(II), Cr(III) and Fe(III). Mucilage from DE 

removed these metal ions at great efficiencies (Jones et al., 2016). 

Algal Biomass: Further, Algal Biomass is also used as a Biosorbent. Algae are a 

renewable biomass which requires very little care for their growth. Algae have high heavy 

Methods for removal of metals 
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metal sorption efficiency. For this reason now, it is also being employed in metal removal 

from the wastewater plants. Different algae have various kinds of constituents that 

hydroxyl, carboxyl, amino and sulfhydryl groups which are mainly involved in adsorption 

of heavy metals from the sludge. The green microalga Chaetomorpha linum is reported to 

extract Cu
2+

 and Zn
2+

 at pH 5,  and could remove these ions by 1.46 and 1.97 mmol/g 

respectively (Ajjabi and Chouba, 2009).  

Non-living biomass: Lastly, non-living biomass such as cellulose, lignin, bark, shrimps, 

peanut hull, etc.  Different forms of non-living biomass have been used as biosorbent. 

These are inexpensive, easily available and have high adsorption efficiencies. Recently a 

lot of studies have been focused on use of these biosorbents for removal of heavy metals. 

Studies on Sawdust (Kaczala et al., 2009), Peanut hull (Brown et al., 2000), Hemp (Morin-

Crini et al., 2018), Egg Shell (Park et al., 2007) etc., have demonstrated use of these bio-

wastes as biosorbent.        

In our study, we focused on Low Cost Adsorbents; especially Agricultural wastes to treat 

spent acids generated by the e-waste treatment. A study for removal of heavy metal from 

synthetic waste water by adsorption using a mix of rice husk and pressmud was carried out. 

It was seen that the 90% of iron, lead and zinc were successfully removed (Ahmed et al., 

2016). 

2.6.8 Activated carbon 

Activated carbon is processed carbon which is modified to contain pores and increase its 

adsorptive effectiveness. One of the reports have reported the adsorption of toxic heavy 

metals such as Hg(II), Pb(II), Cd(II), Ni(II), and Cu(II) from industrial wastewater and an 

increase in pH from 2 to 6 was obtained (Kadirvelu et al., 2001). Similarly a study 

prepared activated carbon after treating Apricot stones with sulphuric acid at 200 °C for 24 

h.  At pH 1 and 2 best adsorption was seen for Cr(VI) at pH 3 to 6 metals Cd(II), Co(II), 

Cr(III), Ni(II), Cu(II), Pb(II) were adsorbed with decreasing efficiency (Kobya et al., 

2005).  Works by Sheth and Patel 2005, have also demonstrated efficient removal of 

Cadmium (II) and Chromium (VI) by orange peels activated carbon (OPAC) and powdered 

activated carbon (PAC) prepared at 400ºC-700ºC. 

2.6.9 Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs) were discovered by Iijima and are cylindrical allotropes of 

carbon. These have distinguished physio-chemical, electrical, optoelectronic and mechanic 

properties (Iijima 1991). Several studies have shown high efficiency in removal of heavy 
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metals from waste water using CNTs. They have successfully and efficiently carried out 

removal of lead. Similarly copper was also removed efficiently. They carried this out by 

oxidizing CNT with HNO3. This oxidation increases the efficiency of CNTs to extract Cu 

multifold (Wang, 2007). The problem with CNTs is the removal the heavy metal from 

CNTs, once the adsorption is done. So the CNTs eventually get accumulated and then 

again be dumped in the environment (Fu and Wang, 2010). Attempts to cure this problem 

by immobilization using Calcium Alginate was carried out. One study has shown 

extraction of copper in CNTs & immobilized by Calcium Alginate. There is a scope of 

future work in this field (Li et al., 2010)   

2.6.10 Adsorption 

Adsorption is a process where a substance has the capability to adhere or attract a gas, 

liquid or a dissolved solid onto its surface. Adsorption is one of the most promising 

dependable and efficient processes to remove the heavy metals from the waste water to an 

acceptable limit (Sheth and Puranik et al., 2017).  This is mainly attributed to its designs 

flexibility, being economic and adsorbents being regenerated by a suitable desorption 

process. There are different types of Adsorption systems such as, Activated Carbon 

adsorbents, Carbon Nanotubes Adsorbents, Bio-sorbents and Low cost adsorbents.  

2.7 Adsorption Isotherms studies 

Isothermal studies and the study of their data are important as they will tell us the 

interaction between adsorbate and adsorbent. The equilibrium is said to be reached when 

the concentration of adsorbate is in balance with that of the adsorbent liquid interface or in 

other words the concentration of the solution remains constant thereafter. The whole study 

is important from a point of optimum usage of the adsorbent. In this experiment Langmuir, 

Freundlich effect isotherm was used to explain the process of adsorption. 

 

 

 

 

 

 

Figure 2.7: Graphical representation of Linear, Freundlich, Langmuir & BET isotherms 
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2.7.1 Langmuir isotherms 

This isothermal study assumes that the adsorption is mono-layered. The surface of 

adsorbent comprises of multiple identical sites which has same adsorption energy once this 

site is occupied by one adsorbate molecule no further adsorption at that site will occur. 

Langmuir isotherm is represented as follows: 

  

  
   

 

   
 

  

  
 

The graph is plotted between 
  

  
  versus Ce and its slope will be 

 

  
 and intercept will be 

 

   
 . 

Here qm is the maximum adsorption capacity b is Langmuir constant. 

R
2
 gives value of regression values which is > 0.99 shows a good adsorption.  

There is another equilibrium parameters in Langmuir ie RL. 

   RL = 
 

     
  

Where b is Langmuir constant and Co is the initial concentration of metal solution. 

For isotherm to be irreversible: RL = 0 

For isotherm to be favorable:  0 < RL <1 

For isotherm to be Linear:   RL=1 

For isotherm to be Unfavorable:  RL>1 

 



Chapter-2                                                                                                    Literature review 
 

31 

 

2.7.2 Freundlich isotherms 

To verify multi-layered adsorption it was verified if Freundlich isotherm is favouring 

adsorption. The isotherm follows the following formula: 

  Log qe       
 

 
      

 Where, qe is metal adsorbed in mg per gram of adsorbent. 

  n & K are Freundlich constants. 

  Ce is concentration of metal at equilibrium. 

Once the graph of Log qe vs Log Ce is drawn, the slope gives us 1/n and the intercept 

gives the value of K. The value of n shows the favorability of adsorption. If the value of n 

is in the range of 2-10, adsorption is good; 1-2 indicates moderate adsorption and values of 

n less than 1 shows poor adsorption for the metal by the adsorbent.  

2.7.3 BET Isotherms 

“Braunauer Emmett Teller” Isotherms shows the multi-layered adsorption. The isotherm 

follows the following formula: 

  

         
 

 

   
 

     

   
 
  

  
 

Where, Ce is the equilibrium concentration of the adsorbate 

   Cs is the saturation constant of the solute  

   q is maximum adsorption at monolayer 

  qe is the amount of metal adsorbed in mg per gram of adsorbent. 

When the graph of 
  

         
 vs  

  

  
is drawn, the slope is given by  

     

   
 and intercept is 

given by  
 

   
 

2.8 Research Gap Analysis 

During the period from Jul 2013 to Jul 2015 extensive literature review of research papers, 

reports by NGOs and various studies conducted by Government organization on e-waste 

management was done. During the literature review it was observed that the generation of 

Adsorption Isotherms studies 
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e-waste, globally was increasing manifold and had attained colossal proportions. It was 

also seen that e-waste was being dumped into the developing nations by developed nations. 

Apparently two sectors were processing e-waste in developing nations. Firstly the formal 

sector, which comprised of recyclers who were authorized by Pollution control Boards 

(PCBs) and secondly the informal sector which comprised of unorganized workers which 

adopt rudimentary and economical methods of processing e-waste, which is hazardous to 

the environment and illegal by law. During the literature review of almost 200 research 

paper, reports and studies it was seen that majority of e-waste was being processed by the 

informal sector and the necessity was felt that the processes involved by the informal 

sector needs to be documented, with analysis and characterization of the waste streams in 

general and the spent acid in particular, that was being generated and disposed of into 

rivers, water bodies and land. It was also felt that there was a need of research of the extent 

of damage to the environment caused due to regularized processing and disposal of the 

waste streams into the environment/ area where such illegal hazardous processes were 

being done. The necessity to study the existing clean and green technologies for reducing 

the environmental degradation, by removing multiple heavy metals and neutralizing the 

spent acid, generated by the informal sector, while extracting precious metals, was also 

felt. Therefore an appropriate economical technology, for adaption by informal sector, to 

reduce the environmental degradation was to be suggested. Thereafter, as disposal of e-

waste was a burning issue in modern times and a research gap was existing, this study was 

initiated.      
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CHAPTER - 3 

SYSTEMATIC STUDY OF PROCESSES BY 

INFORMAL SECTOR  

 

In order to avoid the detrimental impact of e-waste processing for extraction of precious 

metals by informal sector, it was determined to undertake systematic study of all the 

processes followed by the informal sector. E-waste processing is widely rampant at Loni, 

Mandoli, Nawashahar and Moradabad. However, it was observed that work at Loni and 

Nawashahar had come to a grinding halt due to the strictness of the local authorities. 

Mandoli has been active for extraction of copper only. Moradabad was, therefore, 

identified for investigation of e-waste processes followed by the informal sector as a, 

“representative informal sector of India”.  

Moradabad is a small town in Uttar Pradesh on the banks of River Ramganga. This town is 

known for the brass works. However as the economic recession has set in, the demand for 

brass products is decreasing. The handicraft workers, seeking greener pastures are shifting 

their talent in chemical processing of metals to extraction of precious metals from e-waste. 

The owner of one such extraction unit informed that the e-waste (mainly PCBs) processed 

in Moradabad come from all the metro cities like New Delhi, Mumbai, Kolkata, 

Bengaluru, Chennai etc. It was seen that e-waste recycling has developed as a domestic 

household business, wherein, all the members of the family are involved in either 

procurement, transportation, storage, segregation, dismantling, extraction of metals or its 

sale. It was observed that this business was spread in the nearby areas of Bhojpur, 

Nawapura, Karula, Barwalan, Warsinagar and Rehmatnagar. The Jama Masjid, Daswa 

Ghat area of Moradabad was found to be highly active in extraction of precious metals 

from PCBs. The workers were observed to be disposing off the spent acid and sludge at 

Daswa Ghat located on the banks of River Ramganga. Moradabad was therefore truly 

representative hub for the field investigation and collection of samples to quantify the 

environmental damage.  

The processes involved in the processing of e-waste can be categorized in the following 

two phases:  

Phase I: Transportation, storage and segregation. 
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Phase II: Processes for extracting precious metals by informal sector. 

3.1 Phase I: Transportation, Storage and Segregation 

During the study it was observed that the activities involving transportation, storage and 

segregation were being done by the informal sector at Moradabad in the processing of e-

waste. Each of the activity has been explained in brief as follows: 

3.1.1 Transportation 

During the study it was observed that some families in Moradabad are actively involved in 

procurement of e-waste from major metropolitan cities like New Delhi, Mumbai, Pune, 

Bengaluru, Kolkata, Chennai and such other cities. The informal sector brings the e-waste 

in tempo, trucks, taxi, cycle rickshaw and carts. Most of them intend to procure PCBs for 

recovery of precious metals.   

3.1.2 Storage 

The e-waste once transported to Moradabad is stored in godowns for small periods 

involving transit. The e-waste is disposed as soon as possible to avoid any raids or seizure 

by the local administration. It was seen that in some families all the members of the family 

including small children, lactating mothers and old persons were involved in the processing 

of e-waste. These families had created storage for e-waste in almirahs, chajjas, toilets, 

closed verandahs and courtyards.  

3.1.3 Segregation 

The e-waste is physically segregated for plastic, aluminum channels, glass from 

CRTs/LCDs, cables, connectors. The working parts are sold back to traders involved in 

repair and refurbishers for reuse. The non-working components are then processed for 

recovery of materials. It was observed that the workers who were involved in segregation 

of the components were mainly children and women from poor families who were 

involved in the business of extraction of precious metals from PCBs. 

3.2 Phase II: Processes for extracting precious metals by informal sector 

When the PCBs are received by the informal sector they are segregated by experienced 

workers who recognize the worth of the components in terms of the recoverable value of 

precious metals. It was seen that the PCBs from the mobile phones from branded 
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manufacturers like Nokia and Samsung were highly sought compared to mobile phones 

from Taiwan and China. In this process the components like CPU, memory card & hi-end 

graphic card were separately segregated and then processed for metal extraction. A group 

of workers remove the components from PCBs by desoldering using a gas torch. These 

components are then processed for extraction of precious metals by acid leaching. 

Simultaneously, experienced workers using needle nose plier remove gold coated copper 

pins and process for extraction of gold by Mercury amalgamation method. Finally the 

dismantled PCBs are processed through grinding and precipitation method for extraction of 

copper. The above three process can be depicted by the flow chart as shown in Figure 3.1: 

 

 

 

 

 

 

 

3.2.1 Acid Leaching process 

This process is done to extract Solder, Gold, Silver, Palladium and Copper. This process 

can be divided into the following eight stages: 

Stage I:  The chips are removed physically from the PCBs after heating them with gas 

blow torch. The solder on the PCBs melts and the electronic components including ICs, 

diodes, triodes, capacitors, chips etc., are removed for further processing. The Solder thus 

removed from PCBs is collected and sold to be recycled by refurbishers and traders dealing 

in repair of electrical and electronic gadget experienced eyes of the workers segregate the 

working components and the non-working components. The workers also segregate the 

chips which have high occurrence of precious metals, especially Gold, Silver, Copper and 

Palladium. During the study it was learnt that the PCBs from mobiles, i-pads, laptops and 

tablets manufactured by Japanese manufacturers are known for high yield of precious 

metals. The PCBs from Chinese manufacturers and larger electronic devices like 

televisions (TV), washing machines and refrigerators give low yield of precious metals. 

Printed Circuit Board 

Dismantled Printed 

Circuit Board 

Components of PCBs  Gold coated 

Copper pins 

Grinding and 

precipitation process 

Mercury 

amalgamation process 

Acid leaching 

process 

Figure 3.1: The processes involved in extraction of precious metals from PCBs by informal 

sector as found in the year 2015. 
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The physically removed chips from the PCBs are kept in a scuttle pans commonly called 

„tasla‟ in Hindi and burnt to remove any moisture content. The burnt residue is then ground 

to powder form. This powder consists of precious metals and other impurities like sand, 

plastic, metals (Iron, Manganese, Chromium, Lead, Arsenic, Mercury, Cadmium, Zinc, 

Selenium, Nickel, Valadium, Aluminium, Cobalt, Molybdenum etc.). The stage I can be 

represented by the flow chart as shown in Figure 3.2: 

 

 

 

 

 

 

 

  

 

 

 

Figure 3.3: Photograph of PCB dismantling in progress  

COMPONENTS OF PCBs 

SORTING 

BURNING 

GRINDING 

POWDER 

Figure 3.2: Flow chart representing stage - I 
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Figure 3.4: Photograph of a blow torch  

 

Figure 3.5: Photograph of a dismantled PCB 

Phase II: Processes for extracting precious metals by informal sector 
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Figure 3.6: Photograph of dismantled components of PCBs 

 

Figure 3.7: Photograph of burning of components of PCBs 
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Figure 3.8: Photograph of grinding machine 

  

Figure 3.9: Photograph of grinded powdered of burnt components of PCBs 

 

Phase II: Processes for extracting precious metals by informal sector 
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Stage II:  Thereafter, lead, Borax decahydrate crystals and Light Soda Ash is added to the 

powder formed in stage I. The mix is heated in the furnace at high temperatures till the mix 

is in molten state, removing the slag as waste and then the molten metals dissolved in lead 

is cooled at room temperature to form a solid brick. This can be represented as follows: 

 

 

Lead is added to dissolve metals, borax decahydrate crystals (Na2B4O7.10H2O)  is added to 

reduce the melting point and light soda ash (Na2CO3)  acts as a basic flux to dissolve all 

acidic impurities. The stage II can be represented by the flow chart as shown in Figure 

3.10: 

 

 

 

 

 

 

 

 

 

 

 

  

 

Pb + Na2B4O7.10H2O + Na2CO3  Alloy of Pb, Au, Ag, Pd, Cu and other metals  

+ Grinded powder    + Slag 

POWDER 

(25 Kg) 

BORAX 

DECAHYDRATE 

CRYSTALS (12.5KG) 

LIGHT SODA 

ASH (14 Kg) 

LEAD  

(60Kg) 

MIX 

MOLTEN 

BRICK (Ag, Au, Pb, Cu & other impurities) + Slag 

Figure 3.10: Flow chart representing stage II 
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Figure 3.11: Photograph of powder, lead, light soda ash and borax decahydrate crystals. 

 

Figure 3.12: Photograph of furnace for preparation of metallic bricks. 
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Figure 3.13: Photograph of wooden moulds. 

 

Figure 3.14: Photograph of metallic bricks. 
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Stage III: The Brick is again heated in the furnace (made up of CaCO3 & SiO2) and the 

lead with Slag is removed. The metals settle at the bottom forming a disk on cooling. The 

lead removed in this process is recycled. This can be represented as follows: 

Alloy of Pb, Au, Ag, Pd, Cu and other metals  Pb + Impurities as Slag + 

metals 

It was seen that Silicon dioxide is used to form fusible slag (Fe SiO3) & Calcium carbonate 

(CaCO3) is used for oxidation. The stage III can be represented by the flow chart as shown 

in Figure 3.15: 

 

 

 

 

 

 

 

 

Figure 3.16: Photograph of preparation of furnace to remove lead. 

BRICK (Ag, Au, Pb, Cu & other impurities) 

DISK OF Ag, Au, Pd, Cu Pb + Slag 

Figure 3.15: Flow chart representing stage - III 
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Figure 3.17: Photograph of burning timber logs in furnace. 

 

 

Figure 3.18: Photograph of burning of furnace. 
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Figure 3.19: Photograph of burning of furnace. 

 

Stage IV:  The metals in the form of a disk are further heated in a furnace to become 

molten. This molten metal is then poured into a vessel containing cold water, thereby 

suddenly reducing the temp to create granules. This results in increase of surface area to 

facilitate leaching by nitric acid. The stage IV can be represented by the flow chart as 

shown in Figure 3.20: 

 

 

 

 

 

 

 

DISK OF Ag, Au, Pd, Cu 

GRANULES of Ag, Au, Pd, Cu 

Figure 3.20: Flow chart representing stage - IV 
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Figure 3.21: Photograph of burning of furnace to convert metallic disk to granules. 

 

 

Figure 3.22: Photograph of molten metal pouring in water to convert to granules. 
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Figure 3.23: Photograph of granules. 

Stage V:  The granules are kept in Nitric acid and dissolved for about 5 hours. The metals 

present in the granules are dissolved. However Gold is precipitated as solid and other 

metals like Copper, Silver & Palladium etc., are in aqueous state. This can be represented 

as follows: 

  

 

Gold is less reactive and does not react with Nitric acid therefore it precipitates. The 

precipitated gold is washed in water and dried. Thereafter it is heated in crucible to form 

solid gold pellets. The stage V can be represented by the flow chart as shown in Figure 

3.24: 

  

 

 

 

 

 

 

2AgO2 + HNO3  →  2AgNO3 + H2O  

CuO + 2HNO3   →  Cu(NO3)2+ H2O           Aqueous solution 

PdO + 2HNO3   →  Pd(NO3)2+ H2O 

Add HNO3 30L/5Kg of 

Granules- 5 hours to leach 

GRANULES of Ag, Au, Pd, Cu 

Au Solid Ag, Pd & Cu Aq 

Au residual powder is washed with water 

98-99% Pure Au 

Figure 3.24: Flow chart representing stage - V 
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Figure 3.25: Photograph of stage V – acid leaching. 

Stage VI:  Common salt is added to the aqueous solution and stirred with Iron rod to 

precipitate silver. This silver is washed with hot water (5-6 times) and dried to form 98-

99% pure silver. This can be represented as follows: 

AgNO3+ NaCl + Fe  →  FeCl2 + NaNO3 + Ag↓ 

The stage VI can be represented by the flow chart as shown in Figure 3.26: 
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Add NaCl (1Kg per 100L) 

Ag, Pd & Cu Aq 

Ag (Solid) 

Wash with water  

98-99% Pure Ag 

Pd & Cu (Aq) 

Figure 3.26: Flow chart representing stage - VI 
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Stage VII:  If the solution is green in colour it indicates presence of palladium. Zinc 

powder is then added and the mixture is stirred. A black coloured powder is precipitated. 

This black powder is Palladium, which is washed with water. Thereafter, dilute 

hydrochloric acid is added and a red aqueous solution is formed. This solution is filtered 

and heated till fumes appear & Sodium formate is added which precipitates as black 

powder again, which is palladium. This precipitate is washed in water. The black 

precipitate from the above processes is then heated in a crucible till it melts. The molten 

metal is cooled at room temperature to form a brick of Palladium. This can be represented 

as follows: 

  

 

This stage will be done only if Pd is present in the aqueous solution, which is evident by 

the green colour of the aqueous solution. The stage VII can be represented by the flow 

chart as shown in Figure 3.27: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PdNO3 + Zn  →  ZnNO3 + Pd↓                                  

PdNO3 + 2HCl + HCOONa  →  NaCl + 2HCOOH + O2 ↑    + 2NO2 ↑    + Pd ↓                    

Filter & heat 
 After fumes appear add 

Sodium Formate Wash heat & dry the 

black ppt 

Melt in crucible 

Pd & Cu (Aqueous) 

If Green Colour If Blue Colour 

Go for Pd 

Extraction 
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Extraction 

Pd & Cu (Green Aq Solution) 

Black powder 

Red Aq solution 

Black ppt & white Aqua 

White Aqua for Cu extraction Brick of Pd 

Add Zn powder & stir 

Wash & add dilute HCl acid 

Figure 3.27: Flow chart representing stage -VII 
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Stage VIII:  When Palladium is removed from the aqueous solution the aqua turns white in 

colour. Iron wool is added to the aqueous Copper and stirred with wood till Cu is 

precipitated. These Copper precipitates are then dried and heated in a crucible to form 

bricks of Copper.  

This can be represented as follows: 

     Cu(NO3)2  + Fe wool   Fe(NO3)2 + Cu↓   

The stage VIII can be represented by the flow chart as shown in Figure 3.28: 

 

 

 

 

 

 

 

 

 

Figure 3.29: Spent acid ready for disposal. 
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Figure 3.28: Flow chart representing stage -VIII 
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3.2.2 Mercury Amalgamation process: 

Mercury amalgamation process is done to extract Gold. This process can be divided into 

the following three stages: 

Stage I: The stage I in mercury amalgamation process is the physical removal of gold 

plated pins from the central processing unit, memory cards and hi-end graphical cards of 

mobiles, laptops, i-pads etc. However, while physically removing these pins the 

plastic/silica that they are embedded in also chips along with the gold plated pins. These 

are separated physically by experienced trusted workers. The stage I can be represented by 

the flow chart as shown in Figure 3.30: 

 

 

 

 

 

Stage II: The stage II in mercury amalgamation process is the adding of 500 ml of Nitric 

acid with 250 ml of water to the 1 Kg Gold plated pins. Continuous mixing is done. If the 

reaction stops, mild heat is applied. Nitric acid is added till the Cu dissolves completely. It 

was observed that gold floats on the top. This gold has impurities of plastic, which is 

washed away with cold water. This stage can be represented by the flow chart as shown in 

Figure 3.31: 

 

 

 

 

 

 

 

 

Gold Plates Cu pins 1 Kg 

Reaction starts 

Apply mild heat if reaction 

stops 

Add 0.5L HNO3,  

250mL of water & mix 

Au will float on top 

Keep adding HNO3 till Cu  

dissolves completely 

Au & Plastic 

Wash with cold water 

Figure 3.31: Flow chart representing stage - II 

Gold plated pins 

Plastic/Silica Gold Plates Cu pins 1 Kg 

Figure 3.30: Flow chart representing stage - I  

Phase II: Processes for extracting precious metals by informal sector 
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Stage III: The stage III in mercury amalgamation process is the addition of mercury to 

gold. Mercury amalgamates with gold to form round balls. Then Nitric acid is added. 

Mercury evaporates as fumes and gold which is 99% pure is collected in the crucible. This 

stage can be represented by the flow chart as shown in Figure 3.32: 

  

 

 

 

 

 

 

 

 

3.2.3 Grinding and Precipitation process:  The dismantled PCBs were ground in a 

grinding machine or a ball mill with an inlet for water. In this process the PCB is converted 

into wet fine silica and the copper granules are removed by sieving of the wet mix. This 

process can be represented by the flow chart as shown in Figure 3.33: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Add Hg for Amalgamation with Au 

Small Round balls 

Add Nitric Acid 

Hg evaporates Au (99% Pure) 

Figure 3.32: Flow chart representing stage - III 

Dismantled PCBs 

Machine (Ball Mill) 

Add water 

Sludge 

Washing 

Copper dust Sludge 

Figure 3.33: Copper extraction from dismantled PCBs 
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Figure 3.34: Grinding of PCBs. 

 

Figure 3.35: Mixing of grinded PCBs with water. 

 

Phase II: Processes for extracting precious metals by informal sector 
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Figure 3.36: Separation of Copper by precipitation. 

 

Figure 3.37: Sludge ready for disposal. 
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Figure 3.38: Copper naturally dried. 

3.3 Material balance 

Subsequent to systematic study of the processes, the material balance of each of the 

process stage wise has been conducted to determine the environmental damage. In a steady 

state material balance, the material which enters the process must be released as output 

from the process. The material balance in the study of recovery of precious metals from 

PCBs is a continuous process and allows matter to flow in and out of the process. However 

the possibility of fugitive emission in a continuous process which is rudimentary in nature 

is inevitable. These fugitive emissions are a cause of concern to the environment. They 

have been considered as inevitable losses in the material balance system. In accordance 

with the need to prepare a mass balance a batch of 1000 kg of PCBs for the investigation of 

environmental damages caused by these processes.  

Material balance is the estimate of the total input of material and the total output of the 

material in the entire proess. This exercise of the estimation vary depending on the 

following factors: 

 Quality of PCBs 

 Source of PCBs 

 Efficiency of the workers 

 Efficiency of the processes 

Phase II: Processes for extracting precious metals by informal sector 



Chapter-3                                                   Systematic study of processes by informal sector 

 

56 

 

The processes of extraction of precious metals in the informal sector is crude in nature, 

without efficient design resulting in escape of hazardous fugitive emissions and metals into 

the environment. To estimate the material balance of the entire process, the material in and 

out of the smaller individual processes has been calculated and thereafter integrated to 

form the composite material balance of the entire process.  

3.3.1 Material Balance from acid leaching of components 

As per Stage I of acid leaching of components, the components are removed from the 

PCBs by desoldering by LPG blow torch. Due to burning, fumes are generated. Almost 25 

kg solder (Pb-Sn alloy) is recovered. It was observed that about 1 kg of gold coated copper 

pins and about 854 kg of dismantled  PCBs are being processed seperately by mercury 

amalgamation and grinding / precipitation process respectively. The 100 kg chips / 

components are burnt to remove any moisture and plastic content. During the burning 

about 47 kg fumes and 50 kg burnt plastic is emitted. The burnt chips are then put into a 

ball mill and crushed to form about 30 kg of powdered metal. During the grinding about 20 

kg fumes are emitted. This stage can be represented by the Figure 3.39:  
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Figure 3.39: A flow sheet of Stage –I (Acid leaching process) 
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During Stage II the 30 kg of powdered metal is mixed with 12.5 kg borax decahydrate, 60 

kg lead and 14 kg of light soda ash and melted in a furnace with about 225 kg coal, 

producing 9 X 10 kg metal alloy bricks, 10-15 kg slag, 140 kg of coal ash and 90 kg of 

gases. It was observed the the furnace was a makeshift furnace made of corrugated iron 

sheets (CGI Sheets) fixed together with binding wires. This furnace and chimney were not 

as per any design standards and more of a jugaad. This was non-pattern or non standard as 

the recyclers believed in fly by night operations implying that the entire structure could be 

dismantled and shifted at a short notice to avoid any raid by the local authorities. Due to 

this non-pattern, non standard jugaad the fugitive emissions were high and the efficiency 

was low. It was observed that if standard pattern of furnace and chimney was used, the 

efficiency would increase manifold. The fugitive emissions containing some metals could 

have been contained with proper design and use of precipitators. This would also lead to 

reduction in air pollution.  Stage II  can be represented by the Figure 3.40: 

 

 

 

 

 

 

 

 

 

 

 

 

Stage III is done to remove lead which was used in stage II for dissolving the metals. A 

temporory furnace of 10 kg ash and 10 kg quick lime is prepared. 100 kg timber log is used 

for firing the furnace. 60 kg lead is recovered with the metal disc, now reduced from 90 kg 

 Powdered 

metal 30 kg 

Figure 3.40: A flow sheet of stage II 
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to 30 kg along with about 80 kg coal gases and 90 kg coal ash.The wooden log emmission 

consist of fugitive gases. Stage III  can be represented by the Figure 3.41: 

 

 

 

 

 

 

 

 

 

 

Now in stage IV the 30 kg metal disc is converted into metal granules so that the surface 

area of the metals is increased to improve the effect of acid leaching. The 30 kg metal disc 

is heated in a furnace and converted into molten form and poured into cold water to form 

metalic granules. Stage IV  can be represented by the Figure 3.42:  
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Figure 3.41: A flow sheet of stage III 
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Figure 3.42: A flow sheet of stage IV 
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In stage V the 30 kg metal granules are placed in tanks containing 250 L of nitric acid for a 

minimum period of 5 hours. All the metals, less gold dissolves in nitric acid and gold floats 

on the surface which is removed by filteration with a thin cloth (dupatta). This gold is then 

washed with water and about 70-100 g of gold with 99% purity is recovered. Stage V  can 

be represented by the Figure 3.43: 

 

 

 

 

 

 

 

 

 

In stage VI common salt is added to the 278 L of nitric acid and stirred with wooden stirrer 

3.44: 

   

 

 

 

 

 

 

 

After stage VI has been completed the colour of the acid with metals is observed. If the 

colour of the acid is green it is an indication that palladium is present. Then stage VII is 

done for removal of palladium by adding 1 kg of zinc powder, 2.5 L of hydrochloric acid, 

100 g of sodium formate. Mild heat is applied and palladium precipitates as a black 
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Figure 3.44: A flow sheet of stage VI 
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Figure 3.43: A flow sheet of stage V 
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till about 200-350 g of silver is precipitated. The Stage VI  can be represented by the Figure
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precipitate. This precipitate is washed with water to recover palladium. The Stage VII  can 

be represented by the Figure 3.45:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After stage VI, if the colur of acid with metals is blue, stage VII is not done and directly 

Stage VIII is done. In case stage VII is done, the colour of acid will be white. At this stage 

about 3-5 kg iron wool is added and copper is precipitated as displacement reaction occurs. 

The Stage VIII  can be represented by the Figure 3.46: 
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Figure 3.46: A flow sheet of stage VIII 
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Figure 3.45: A flow sheet of stage VII 

 



Chapter-3                                                   Systematic study of processes by informal sector 

 

61 

 

3.3.2 Mercury Amalgamation process 

In Stage I of the mercury amalgamation process, physical segregation of gold coated 

copper pins from the plastic and silica, in which they were embedded, is done with nose 

pliers. This can be represented by the Figure 3.47: 

 

 

 

 

 

 

 

 

 

In stage II about 850 g of gold plated copper pins are put in 0.5 L of nitric acid and about 

250 ml of water. The copper dissolves in nitric acid to form about 1.2 L of copper nitrate 

and gold with impurities precipitates. The stage-II can be represented by the Figure 3.48: 
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Figure 3.47: A flow sheet of stage I (Mercury amalgamation process) 
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Figure 3.48: A flow sheet of stage II 
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In Stage III the gold with impurites is amalgamated with 20 g mercury to form small balls 

of gold-mercury amalgam. Therafter, nitric acid is added and the mercury evapourates and 

gold of 99% purity is precipitated. The stage-III can be represented by the Figure 3.49: 

 

 

 

 

 

 

 

 

 

 

 

3.3.3 Extraction of copper from dismantled PCBs 

Dismantled PCBs are grinded in a ball mill grinder with an inlet for water. The sludge with 

grinded copper and water is taken into huge tanks. The copper, sludge and other impurities 

are seperated by seiving and precipitation. The recovered copper is spread on the floor for 

drying and then collected for further disposal. This can be represented by the Figure 3.50: 
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Figure 3.50: A flow sheet of extraction of copper from dismantled PCBs 
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It is crystal clear from the studies that the environment damage caused by the processes 

followed by informal sector in extracting precious metals is substantial. 

3.4 Analysis of business model 

An attempt has been made to prepare the business model based on 1000kg of PCBs and the 

extraction of the precious metals actually available and the rate at which the precious 

metals were sold in the market by informal sector. 

3.4.1 Recovery of metals 

The recovery on the processing of 1000 kg of PCBs by informal sector at Moradabad is 

shown in Table 3.1: 

Table 3.1: Table showing metals recovered from 1000 kg of PCBs by informal sector 

Recovered Metal Weight 

Gold 100 + 20 g 

Silver 275 + 75 g 

Palladium 6 + 6 g 

Copper 200 + 30 kg 

Lead and Tin  25 + 2 kg 

 

3.4.2 Financial analysis  

The informal sector works in a manner to attain maximum profits with minimum 

investment. The cost of procurement depends on the source of the PCB.  Table 3.2 gives a 

rough estimate about the cost of PCBs: 

Table 3.2: Approximate cost of PCBs   

PCBs with Components Cost in ₹ / kg 

TV remote, Radio, monitor board, washing machines, air 

conditioners etc. 

30- 40 

Mother board of desktops, laptops, i-pads, gaming consoles, etc. 100-175 

Mobile board (cost differs from brand to brand) Eg: Nokia, 

Samsung, I-phone costs more than Chinese mobiles. 

200-250 

Source: As per market survey conducted in 2015 at Daswaghat, Moradabad. 

Material balance 
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Generally, main investment of informal sector in this business is the procurement of PCBs. 

Other incidental expenditures include transportation, labour, cost of chemicals for the 

processing of PCBs, bribes to local administration etc. The procurement of waste mobile 

PCBs of standard manufacture was done at ₹2.5 Lakh for 1000 kg. The miscellaneous 

expenditure worked out to about ₹70,000. In this unit of extraction of precious metals 

about 20 workers were observed to be working. The time taken to complete one batch of 

extraction took about five days. 

The local traders in jewelry and brass business purchase the extracted precious metals from 

the informal sector. Table 3.3 shows the sale prices of extracted metal. 

Table 3.3: Sale price of extracted metals 

S. No. Metal Sale price in ₹ Unit 

1. Palladium ₹20,000 10 g 

2. Gold ₹28,000 10 g 

3. Silver ₹35,000 1 kg 

4. Copper ₹380 1 kg 

5. Solder ₹110 1 kg 

Source: As per market survey conducted in 2015 at Daswaghat, Moradabad. 

Based on the sale price and the quantum of metals extracted the approximate income 

generated by informal sector in extraction of precious metals can be worked out. 
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CHAPTER – 4 

RESULTS AND DISCUSSION PART-I 

 

The systematic study of processes by informal sector was conducted and material balance 

was carried out over a period of three months to draw the inference as regard average value 

using 1000kg of PCBs. Thus, the  study of material balance was conducted thrice and the 

quantity of material in and out are based on an average value. 1000 kg of PCBs were 

processed for extraction of precious metals by the informal sector at Daswaghat, 

Moradabad. The time taken to complete the extraction process was about five to seven 

days on an average. The informal sector while carrying out the extraction of precious 

metals is oblivious of the harmful effect on the environment. Due to the rudimentory 

method adopted by the informal sector the fugitive emissions with hazardous waste enters 

air, water, soil, plants, animals and human beings, thus adversely degrading the 

environment.  

4.1 Material Balance  

During the study the material input into the process was measured and the material output 

was documented based on the principle that mass input is equivalent to mass output in a 

system. This can be represented by the following: 

  Massin = Massout 

The material balance in the various processes done by the informal sector at Moradabad 

has been shown in Table 4.1. 

Table 4.1: Summary of material balance of extraction of precious metals from 1000 kg 

PCBs  

MATERIAL IN MATERIAL OUT 

S No Nomeneclature Qty S No Nomeneclature Qty 

1. PCBs with components 1000 kg 1. Solder (lead & tin alloy) 25 kg 

2. LPG 27 kg 2. Fumes 72 kg 
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3. Lead (Recyclable) 60 kg 3. Burnt plastic 50 kg 

4. Borax decahydrate crystals 12.5 kg 4. Slag with 60 Kg Lead 

(Recyclable) 

14.5 + 3.5 kg 

5. Light soda ash 14 kg 5. Ash 260 kg 

6. Coal 325 kg 6. Coal gases 185 kg 

7. Wooden log 100 kg 7. Metals escaped with 

coal gases 

8737 g 

8. Quick Lime 10 kg 8. Waste water 3630 L 

9. Water 4645 L 9. Waste acid 250 L 

10. Nitric acid 251 L 10. Silica with impurities 

(with water 1000 L) 

1654 kg 

11. Sodium Chloride 2.5 kg 11. Water Vapour 15 L 

12. Zinc powder 1 kg 12. Copper Nitrate 1220 ml 

13. Hydrochloric acid 2.5 L 13. Mercury Nitrate Fumes 130 + 5ml 

14. Sodium Formate 100 g 14. Gold 105 + 15 g 

15. Iron wool 4 +  1kg 15. Silver 275 + 75 g 

16. Mercury 20+ 5g 16. Palladium 6 + 6 

   17. Copper 200 + 20 kg 

 

4.2 Composite box diagram 

Based on Table 4.1 a composite box diagram has been prepared Composite box diagram is 

a graphical representation of material balance of the process that goes on in the informal 

sector and their resultant output in extraction of precious metals from PCBs. The precious 

metals are being extracted and sold in the market. The solid and liquid waste streams are 
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disposed off in land and water bodies, thus, causing environmental damage. The composite 

box diagram can be shown by Figure 4.1: 

 

Figure 4.1: Composite box diagram showing material balance 

 

During the study it was observed that the ‘Daswaghat’ located at the banks of river 

Ramganga in Moradabad, Uttar Pradesh, was a dumping ground of industrial waste. The 

informal sector also found it convenient to dump and dispose their solid and liquid waste 

on the banks of river Ramganga. It was also observed the waste streams generating from 

the processing of e-waste had a presence of high content of heavy metals. These waste 

streams are disposed of untreated and covertly into the banks of the river or mixed with 

river water.  

  

Composite box diagram 
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4.3 Damage to Environment 

An analysis of the material balance clearly shows that high content of heavy metals is 

being released into the environment leading to environmental degradation. It was observed 

that the air in the processing units was of poor quality, resulting in a feeling of nausea and 

giddiness. The ground water and soil in the vicinity of the site of processing of e-waste by 

informal sector and the dumping area have a high content of heavy metals and is highly 

contaminated.  

4.3.1 Air 

During the processing of PCBs by the informal sector at Moradabad the emissions in the 

air were brought out. These were shown as a composite box diagram with the material 

balance in Figure 4.1. From this figure it can be seen that the major components of air 

pollution are the mercury fumes, Coal and timber gases from the furnaces working in the 

processing units, the fumes due to burnt plastic and chemical processes and fugitive heavy 

metals in the emissions.  

4.3.2 Water 

During the processing of PCBs by the informal sector at Moradabad the pollutants in the 

water were brought out. These were shown as a composite box diagram with the material 

balance in Figure 4.1. From this figure it can be seen that the major components of water 

pollution are the spent acid and waste water generated in the processing units during the 

processing of the PCBs. These waste streams are having fugitive heavy metals causing 

environment degradation. 

4.3.3 Soil 

During the processing of PCBs by the informal sector at Moradabad the pollutants in the 

soil were brought out. These were shown as a composite box diagram with the material 

balance in Figure 4.1. From this figure it can be seen that the major components of soil 

pollution are the slag and ash produced in furnaces, sludge produced with the spent acid, 

burnt dust of plastic, and the silica with impurities generated from the extraction of copper 

from dismantled PCBs. These waste streams are having fugitive heavy metals causing 

severe environment degradation. 
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4.3.4 Potential damage to human health 

During the study, it was observed that the activities of extraction of precious metals and 

processing of e-waste by informal sector at Moradabad were taking place in residential 

areas which were highly congested. This congestion and the release of fugitive emission in 

the atmosphere increased the hazard to human health manifold. The indoor pollution due to 

the chemical processes being practiced in the e-waste processing units was also found to be 

extremely hazardous to the workers who were employed without skills and any protective 

clothing/gear. 

Thus, it can be seen that the process of extraction of metals, as adopted by the informal 

sector in Moradabad is extremely hazardous and causes extreme damage to the 

environment as fugitive emissions are released in the air and the untreated waste streams 

from the process are disposed of in water bodies and soil causing pollution and 

contamination of air, water and soil.  

4.4 Informal sector: Profit  

The informal sector is active in Moradabad. They procure e-waste from most of the metro 

cities. The cost of procurement is the highest in PCBs from mobiles manufactured by 

reputed manufacturers. The approximate cost to the informal sector is shown in Table 4.2 

Table 4.2: Cost of extraction of precious metals to the informal sector. 

S. No. Item Cost 

1. Cost of procurement for 1000 kg of mobile PCBs 

from Nokia, Samsung, Apple. 

₹ 2.5 Lakh 

2. Operating Cost (inclusive of wages, cost of 

chemicals, transportation, fuel & miscellaneous 

expenditure) 

₹ 70,000 

Total Cost to informal sector ₹ 3.2 Lakh 

However due to the activity being illegal the factors affecting the profit are so variable that 

the profit in a financial year is difficult to work out. The profits to informal sector has been 

worked out on the systematic study of three batches of 1000 Kg of mobile PCBs procurred 

Damage to Environment 
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from standard companies. The costs recoverd from extraction of metals by the informal 

sector is tabulated as Table 4.3. 

Table 4.3: Costs recovered from extraction of metals by the informal sector. 

S No Metals Metals Extracted Metals rates with units Sales price 

1  Gold (Au) 90 - 115  g ₹28K/10g ₹ 2.5- 3.2 Lakh 

2 Silver (Ag) 200 - 350 g ₹35K/kg ₹7K-11.5K 

3 Palladium (Pd) 0-12g ₹12K/10g Upto ₹ 14.5K 

4 Copper(Cu) 190-210 kg ₹380/kg ₹ 72 – 80K 

5 Solder Alloy 25 kg ₹110/kg ₹ 2,750/- 

Total Costs recovered   ₹ 3.4 – 3.5 Lakh 

Profit: Approximate ₹20K to ₹30K per 1000kg of PCB 

 

Thus, it can be seen that the profit to the informal sector is about ₹20 to 30K per 1000 kg 

of PCBs which is earned over a period of 5 to 7 days thus making the business sustainable 

and attracts the attention of the informal sector to adopt this business despite it being 

illegal, having the high potential to cause harm to the human beings and highly hazardous 

to the environment as a whole.  
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CHAPTER - 5 

CHARACTERIZATION STUDIES 

  

The goal of the study is to provide comprehensive research on metal pollution caused by 

the informal sector due to the spend acid generated from acid leaching and render an 

economic treatment thereof. This involves characterization studies that i.e.., identification 

and quantification of heavy metals in the following important sources of potential 

contamination: 

 Spent acid from acid leaching 

 Sludge from acid leaching  

 Slag from furnace   

 Ash from chimney  

 Waste water from grinding of PCBs  

 Sludge from grinding of PCBs  

 Soil samples from the disposal site  

 Water sample from the vicinity of the disposal site  

 5.1 Collection of samples 

During the field investigations, various samples were collected from the e-waste 

processing unit at Moradabad. This had to be done as a covert operation as the informal 

sector was hostile and apprehensive that the investigation of this study may lead to closure 

of the work at Moradabad. The following samples were collected during the systematic 

study of processes for extraction of precious metals from PCBs by informal sector at 

Moradabad. The samples so collected were immediately taken to IIT Delhi. As per 

standards method, no sample preservatives were required to be added.  

5.1.1 Spent acid from acid leaching 

During the systematic study of processes by informal sector eight samples of the spent 

acid, left after the finish of the process of acid leaching, was collected at an interval of one 

week. The samples were collected in 500 mL glass bottles, duly sealed. Random sampling 

was conducted after generation of spent acid. Proper care was taken to ensure that the 

homogenous sample was collected. The sample bottles were marked S1, S2, S3….S8. 
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5.1.2 Sludge from acid leaching 

After the process of acid leaching there is supernatant spent acid and small amount of 

sludge at the bottom. Three samples of this sludge were collected. The samples were 

collected in glass containers, duly sealed. The sample bottles were labeled Sludge 1, 

Sludge 2, and Sludge 3. 

5.1.3 Slag from furnace  

Three samples of Slag was taken during the stages (II and III) of the acid leaching, was 

collected at an interval of three days. The samples were collected in, duly sealed. The slag 

collected from stage II was labeled Slag1.1, Slag1.2, Slag1.3 and the slag collected from 

stage III was labeled as Slag 2.1, Slag 2.2 and Slag 2.3. 

5.1.4 Ash from chimney  

Three samples of ash from chimney were collected by scrapping the walls of chimney at its 

outlet. The ash samples were collected at an interval of one week. The samples were 

collected in glass container, duly sealed. The sample were labeled Ash1, Ash 2, Ash 3 

5.1.5 Waste water from grinding of PCBs 

Three samples of waste water generated from grinding of PCBs were collected at an 

interval of one week. Three samples were collected in 500 mL glass bottles, duly sealed. 

The sample bottles were labeled WW1, WW2, and WW3. 

5.1.6 Sludge from grinding of PCBs process  

Three samples of sludge generated from grinding of PCBs, were collected at an interval of 

one week. These samples were collected in zipper pouch duly sealed. The sample bottles 

were labeled SludgeG1, SludgeG2, and Sludge G3. 

5.1.7 Soil samples from the disposal site 

The processing of e-waste is done mostly at ‘Daswaghat’, Moradabad, especially the river 

front of River Ram Ganga enclosed by Masjid Chistiya Sabriya on one side to Kali Mata 

Mandir on the other. This riverfront is about 500m long. This area is being used by 

informal sector for disposal of waste streams generated from the processing of PCBs. The 

soil sampling was done from an area of 500m X 60m as shown in Figure 5.1.  

The samples were zip locks, duly sealed. The sample bottles were labeled Soil 1, Soil 2, 

Soil 3….Soil 8. 
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Figure 5.1: A map showing locations for water sampling (WS1 to WS8) and soil sampling 

(Soil1 to Soil 8) 

5.1.8 Water sample from the vicinity of the disposal site  

Eight samples of the water from nearby hand pumps of the abovementioned location were 

collected. The samples were collected in 500 mL glass bottles, duly sealed. The sample 

bottles were labeled WS1, WS2, WS3….WS8. The hand pumps were not in use as the 

water is contaminated and the drinking water supply is from Moradabad Municipal 

Corporation. The location of the hand pumps is as per Table 5.1 

Table 5.1: Location of hand pumps for sampling of water at areas in vicinity of 

Daswaghat. 

S No Name of sample   Location Source 

1. WS1   Hand Pump 1 Hand pump 

2. WS2   Hand pump 2 Hand pump 

3. WS3   Jahar Veer Baba Mandir Hand pump 

4. WS4   Ashram Jahar Veer Baba Hand pump 

5. WS5   Kali Mata Mandir Hand pump 

6. WS6   Masjid Chistiya Sabriya Hand pump 

7. WS7   Mahadeoji Mandir Hand pump 

8. WS8   Roshan Wali Masjid Hand pump 

Collection of samples 
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5.2 Sample preparation  

Inductively coupled plasma mass spectrometry (ICP-MS) is suitable for a wide variety of 

samples. Samples must be in either gas or vapor (aerosol) form. So, while gases can be 

analyzed directly by the plasma, solids and liquids have to be converted to aerosol form by 

using either a nebulizer (for liquids) or an ablation device (for solids). In ICP-MS analysis 

the sample is introduced as a liquid in a nebulizer and spray chamber. This nebulizer turns 

the liquid into a fine mist, and the spray chamber then removes any droplets that are too 

large to be processed in the plasma.  

5.2.1 Liquid samples 

Liquid samples were digested and then reconstituted in an aqueous matrix to stabilize 

elements as an ionic solution. The matrix contains 2% nitric acid, and 0.5% hydrochloric 

5.2.2 Solid samples 

With solid samples, digestion in strong and hot acids is the protocol. The acid used for 

digestion was pure nitric acid. For sludge from grinding of dismantled PCB, soil samples 

hydrofluoric acid was used for digestion as the sample contained high silicon dioxide 

5.3 Analysis of samples 

ICP-MS is used to detect the metals in low concentration. It has better detection capability 

compared to ICP-AES.  It combines a high-temperature ICP source with a mass 

spectrometer. In this equipment the plasma is ionized by inductively heating gas with the 

aid of an electromagnetic coil. This plasma is fourth state of matter. The sample is fed 

through the auto-sampler. The ICP converts the atoms to ions. The ions are introduced in 

an electrical field. These ions are separated by MS via mass to charge ratio. This is 

detected by a detector. The detector translates the number of ions striking into an electrical 

signal. This can be measured and co-related to the calibration standards. 

Certain samples were also analyzed with inductively coupled plasma Atomic emission 

spectroscopy (ICP-AES), inductively coupled plasma optical emission spectroscopy (ICP-

OES) and AAS.  X-ray powder deflection (XRD), Scanning electron microscopy (SEM) 

and Scanning electron microscopy – Energy dispersive X-ray spectroscopy (SEM-EDS). 

acid (https://www.thermofisher.com). The  samples  included  the  water  samples  collected     

from the  hand  pumps  located  at locations given in Table 5.1.

content (https://www.thermofisher.com). 
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CHAPTER - 6 

RESULTS AND DISCUSSION PART-II 

  

The samples collected were analyzed and the results have been discussed in the subsequent 

paragraphs. This chapter is primarily the results and discussion Part-II of the analysis of 

various samples. 

6.1 Spent Acid 

Eight samples of spent acid from the unit at Moradabad were collected and analysed. These 

samples were of eight different lots of PCBs, collected over a period of three months. The 

results are tabulated as Table 6.1: 

Table 6.1: Analysis of metals in spent acid of eight samples from Moradabad 

S 

No 

Metals  

(mg/L) 
S1 S2 S3 S4 S5 S6 S7 S8 

1. Al 0.481 0.691 0.725 0.574 0.32 0.615 0.534 0.64 

2. V 0.003 0.005 0.005 ND 0.006 ND 0.001 ND 

3. Cr 0.24 0.371 0.42 0.283 0.392 0.269 0.327 0.15 

4. Fe 74.235 127.11 417.9 340.7 210.78 190.52 249.1 108.05 

5. Au 0.012 0.017 0.02 ND 0.01 ND 0.02 0.187 

6. Co 0.113 0.472 0.54 0.133 0.429 0.332 0.09 0.07 

7. Ni 1.247 0.983 1.94 1.448 1.119 1.57 1.899 1.110 

8. Cu 13.56 2.95 2.82 21.38 2.575 1.896 1.914 38.109 

9. Zn 17.56 22.37 32.76 28.44 27.74 30.98 25.73 60.02 

10. As 0.038 0.47 0.045 0.042 0.035 0.039 0.042 0.034 

11. Se 0.873 0.998 1.11 1.03 0.896 0.84 1.28 0.321 

12. Ag 0.04 0.05 0.05 0.05 0.04 0.05 0.03 0.604 

13. Cd 0.042 0.047 0.058 0.05 0.039 0.036 0.051 0.53 

14. Pb 5.17 3.27 5.33 4.16 4.77 5.1 5.28 6.87 

15. Pd 0.305 0.239 0.497 0.408 0.367 0.428 0.411 ND 

16. Hg 0.128 0.135 0.139 0.117 0.124 0.131 0.138 0.032 
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It can be seen that the metal concentration varies widely in the eight samples of spent acid. 

It is therefore imperative to understand the range giving the peak values (low and high) and 

the average metal concentration in the eight samples. These values for eight samples of 

spent acid are tabulated as Table 6.2 

Table 6.2: Range and average value of concentration of metals in eight samples of spent acid 

S No 
Metals  

(mg/L) 

Range 

(Low to high) 
Average value 

1. Al 0.32-0.725 0.573 

2. V ND-0.006 0.0025 

3. Cr 0.15-0.392 0.3065 

4. Fe 74.235-417.9 214.8 

5. Au ND-0.187 0.0033 

6. Co 0.07-0.472 0.272 

7. Ni 1.247-1.899 1.415 

8. Cu 1.896-38.109 37.579 

9. Zn 17.56-60.02 30.7 

10. As 0.034-0.47 0.093 

11. Se 0.321-1.11 0.92 

12. Ag 0.03-0.604 0.114 

13. Cd 0.036-0.53 0.107 

14. Pb 3.27-6.87 4.994 

15. Pd ND-0.497 0.332 

16. Hg 0.032-0.139 0.118 

During the analysis of spent acid generated during the processing of PCBs presence of high 

content of heavy metals like Iron, Zinc, Copper, Lead, Selenium and mercury were 

detected. Traces of Aluminium, Vanadium, Arsenic, Cobalt, Chromium, Gold, Silver, 

Cadmium, and Palladium were also present. 



Chapter-6                                                                                  Results and discussion Part-II 
 

77 
 

 6.2 pH of Spent Acid 

Eight samples of spent acid from acid leaching of components removed from PCBs were 

analyzed for the pH. These samples were collected from the site on seven different days 

with eight different batches of PCBs. These values are tabulated as Table 6.3: 

Table 6.3:   pH of eight samples of spent acid. 

Name of 

Sample 
S1 S2 S3 S4 S5 S6 S7 S8 

Value of 

pH 
1.8 1.6 2.0 1.8 1.4 2.2 1.6 1.8 

 

It can be seen that pH in the samples was as low as 1.4 and a max value of 2.2. This shows 

a very acidic state of spent acid. The low pH can be shown graphically as Figure 6.1: 

    Figure 6.1: Bar Chart showing values of pH 

0

0.5

1

1.5

2

2.5

S1 S2 S3 S4 S5 S6 S7 S8

pH of Spent Acid 



Chapter-6                                                                                  Results and discussion Part-II 
 

78 
 

6.3 Sludge from acid leaching   

The sludge generated from the acid leaching of the components of the PCBs was also 

collected and the residual metals analyzed. The results are tabulated as Table 6.4: 

Table 6.4: Analysis of metals in Sludge from acid leaching of components removed from 

PCBs.  

S No 
Metals  

 in µg/g 
Sludge 1 Sludge 2 Sludge 3 

1. Al 171.8 214.3 159.7 

2. V 1.7 3.5 1.2 

3. Cr 292 267 313.1 

4. Fe 6523 6770 5988 

5. Au 0.02 ND 0.01 

6. Co 4.9 1.93 3.97 

7. Ni 498 537.2 412.48 

8. Cu 12370 9742 11551 

9. Zn 7329 8051 6523 

10. As 23.5 11.21 24.1 

11. Se 361.2 187.3 152.1 

12. Ag 46.6 31.7 41.2 

13. Cd 11 9.3 5.3 

14. Pb 18039 16381 17547 

15. Pd 0.68 ND 0.32 

16. Hg 49.1 34.71 47.85 

17. Mn 4.7 3.42 5.11 

18. Ti 0.05 0.12 0.07 

19. Mo ND ND ND 
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It can be seen that the metal concentration varies widely in the three samples of sludge. 

The average values of metal concentration in the three samples of sludge are tabulated as 

Table 6.5: 

Table 6.5: Average values of metal concentration in sludge 

S No 
Metals  

 in µg/g 
Average values 

1. Al 181.94 

2. V 2.13 

3. Cr 290.7 

4. Fe 64.27 

5. Au 0.01 

6. Co 3.6 

7. Ni 482.56 

8. Cu 11221 

9. Zn 7301 

10. As 19.6 

11. Se 233.53 

12. Ag 39.83 

13. Cd 8.53 

14. Pb 17322.33 

15. Pd 0.33 

16. Hg 43.88 

17. Mn 4.41 

18. Ti 0.8 

 

Sludge from acid leaching 
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6.4 Slag from Furnace 

During the process of acid leaching, in stage II and III, slag which is a solid waste is 

generated in the furnace. So the two samples of slags from stage II and III respectively 

(Slag 1 and Slag 2), were also collected and analyzed for presence of metals. The results 

are tabulated as follows: 

Table 6.6: Analysis of metals in Slags of the furnaces. 

S No 
Metals 

 in µg/g 
Slag 1.1 Slag 1.2 Slag 1.3 Slag 2.1 Slag 2.2 Slag 2.3 

1. Al 10380 9447 8771 8960 8632 9115 

2. V 10 9.7 7.2 10 7.7 8.3 

3. Cr 60.95 42.82 31.99 34 42.1 39.7 

4. Fe 14174 12995 13340 14345 13785 14136 

5. Au 0.4 0.2 0.1 20 11.1 7.1 

6. Co 3.3 18 23 45 27.1 38.3 

7. Ni 1.56 1.08 1.32 3.8 2.7 4.1 

8. Cu 4380 3112 3970 5890 4734 5119 

9. Zn 1083 995 817 1620 1097 1321 

10. As 1.38 1.5 1.67 10 6.8 7.35 

11. Se 1.65 1.02 0.93 3.85 2.07 1.71 

12. Ag 4.41 3.77 5.2 12.73 7.1 9.7 

13. Cd 0.32 0.28 0.17 ND 0.19 ND 

14. Pb 93151 57985 87412 115100 90411 85110 

15. Pd ND 0.1 ND 10 2.1 3.71 

16. Hg 67 52.1 47.9 ND 12.35 7.45 

17. Mn 269 213 177.1 670 347 512 

18. Ti 366 337 298 930 647 512 

19. Mo 1.68 ND 1.02 ND ND 0.78 
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6.5 Ash from Chimney: 

Ash was collected from chimney of the furnace: These samples were collected from the 

outlet of the chimney to estimate the metals which are fugitive in the air emissions. The 

results are tabulated as Table 6.7: 

Table 6.7: Analysis of metals in Ash of the chimney. 

S No 
Metals 

 in µg/g 
Ash 1 Ash 2 Ash 3 

1. Al 3112 2798 2911 

2. V 8 4.2 5.7 

3. Cr 71 35.78 42.73 

4. Fe 4485 3921 4105 

5. Au 12 6.7 9.3 

6. Co 42 37 31.5 

7. Ni 8561 9021 7322 

8. Cu 17304 12581 13033 

9. Zn 417 385 410 

10. As 50 35.1 43.2 

11. Se 5.0 2.7 4.5 

12. Ag 57 38 42 

13. Cd 7.0 5.31 6.44 

14. Pb 23638 21231 25002 

15. Pd ND 0.1 ND 

16. Hg 73 51 62 

17. Mn 353 411 402 

18. Ti 113 98 103 

19. Mo 13 5 7 

During the analysis of ash in the chimneys as shown in Table 6.7, it was seen that this ash 

had high content of Aluminium, Chromium, Iron, Cobalt, Copper, Nickel, Zinc, Lead and 

Manganese. Traces of Arsenic, Selenium, Cadmium, Mercury, Tin and Molybdenum were 

also present. This was an indicator of presence of these fugitive metals from the furnace. 

The presence of these pollutants is hazardous and degrades the quality of air.  

Ash from Chimney 
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6.6 Waste Water from grinding of PCBs 

In the process of extraction of copper from dismantled PCBs by grinding and washing of 

dismantled PCBs, waste water is generated. The sample of this waste water was collected 

and sent for analysis. The details of metals present in the waste water are tabulated as 

Table 6.8: 

Table 6.8: Analysis of metals in waste water from grinding of dismantled PCBs. 

S No 
Metals in 

µg/L  
WW1 WW2 WW3 

1. Al ND 47.1 30.37 

2. V 5 2.8 3.1 

3. Cr 669 417 321 

4. Fe 19564 21103 15271 

5. Au ND ND ND 

6. Co 1.8 1.2 1.33 

7. Ni 8.5 10.1 9.7 

8. Cu 2695 1973 1989 

9. Zn 4649 2971 3121 

10. As 3.4 4.7 2.1 

11. Se 1077 771 933 

12. Ag 35 12 8 

13. Cd 1.7 1.2 1.5 

14. Pb 946 1021 913 

15. Pd 54.78 41.33 37.41 

16. Hg 125.4 12.77 19.17 

17. Mn 130.6 78.21 84.75 

18. Ti 31 16 19 

19 Mo ND ND ND 

WW- Waste Water from grinding and washing of dismantled PCBs 

During the analysis of waste water generated during the processing of PCBs presence of 

heavy metals like Aluminium, Iron, Nickel, Copper, Lead, Palladium and Tin were 

detected. The presence of these pollutants is hazardous and degrades the quality of water in 

rivers and ground water.  
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6.7 Sludge from grinding of PCBs 

In the process of extraction of copper from dismantled PCBs by grinding and washing of 

dismantled PCBs, sludge is generated. The sample of this sludge was collected and sent for 

analysis. The details of metals present in the sludge are tabulated as Table 6.9 

Table 6.9: Analysis of metals in Sludge from grinding of dismantled PCBs. 

S No 
Metals in 

mg/g 
Sludge G1 Sludge G2 Sludge G3 

1. Al 7.5 10.1 12.7 

2. V ND ND ND 

3. Cr ND ND 0.01 

4. Fe 0.5 1.7 2.34 

5. Au ND ND ND 

6. Co ND ND ND 

7. Ni 0.1 0.23 0.37 

8. Cu 5.8 10.71 13.1 

9. Zn ND ND 0.42 

10. As ND ND 0.03 

11. Se ND ND ND 

12. Ag ND ND ND 

13. Cd ND ND ND 

14. Pb 0.1 0.32 0.21 

15. Pd 0.02 0.01 ND 

16. Hg ND ND ND 

17. Mn ND ND ND 

18. Ti 0.2 0.21 0.17 

19. Mo ND ND ND 

Sludge G-Sludge from grinding and washing of dismantled PCBs 

Sludge from grinding of PCBs 
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 6.8 Soil samples from disposal site at Daswaghat 

The metal analysis of the soil samples collected from Daswaghat, Moradabad is tabulated 

as Table 6.10: 

Table 6.10: Analysis of metals in soil samples from disposal site at Daswaghat 

Metals 

in mg/L 
Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7 Soil 8 

Al 12.173 17.181 13.22 11.17 19.18 11.21 14.16 13.19 

Cr 0.19 0.23 0.27 0.211 0.173 0.28 0.183 0.22 

Fe 33.97 10.34 13.11 13.95 13.17 15.48 13.71 23.11 

Cu 28.11 31.76 45.88 30.57 37.89 42.39 39.367 37.874 

Zn 21.54 18.32 19.76 14.98 10.335 16.02 23.12 21.58 

Se 0.273 0.298 0.187 0.193 0.189 0.184 0.178 0.221 

Pb 4.1 4.98 5.1 3.85 2.64 3.86 3.39 4.84 

Hg 0.091 0.098 0.102 0.083 0.072 0.078 0.069 0.07 

The eight soil samples collected from the bank of  river Ramganga at ‘Daswaghat’ clearly 

showed that high content of metals was present indicating that the soil was highly 

contaminated and unfit for agricultural use. The fact that the vegetables and plants grown 

in the downstream of river Ramganga had presence of metals was also highlighted earlier. 

6.9 Water samples from hand pumps located in the vicinity of Daswaghat 

The metal analysis of the water samples collected from hand pumps in the vicinity of 

Daswaghat, Moradabad is tabulated as Table 6.11: 

Table 6.11: Analysis of metals in water samples from hand pumps in the vicinity of Daswaghat 

Metals 

(mg/L) 
WS1 WS2 WS3 WS4 WS5 WS6 WS7 WS8 

Al 0.481 0.691 0.725 0.574 0.32 0.615 0.534 ND 

Cr 0.24 0.371 0.42 0.283 0.392 0.269 0.327 ND 

Fe 17.423 12.11 16.2 14.7 11.78 9.52 14.1 4.231 

Cu 13.56 12.95 12.82 11.38 12.575 11.896 11.914 4.765 

Zn 7.56 12.37 12.76 8.44 7.74 3.98 5.73 4.853 

Se 0.073 0.098 0.11 0.03 0.06 0.084 0.028 ND 

Pb 5.17 3.27 5.33 4.16 4.77 5.1 5.28 2.089 

Hg 0.028 0.035 0.039 0.017 0.024 0.031 0.028 ND 

WS- Water Sample 
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The water sample from eight hand pumps collected in the neighborhood of ‘Daswaghat’ 

clearly showed the high content of metals which is an indicator that the ground water was 

highly contaminated and unfit for consumption.   

6.10 Comparative study of Concentration of metals in spent acid with Standards.  

The standards of heavy metals which are permitted to be discharge in inland surface water 

(i.e. rivers, water bodies, ponds etc.), public sewers land meant for irrigation purpose and 

marine/coastal areas have been specified. A comparison of these permitted values versus 

the max value of heavy metals in the acid generated from the process of acid leaching 

shows that the presence of mercury, lead, copper, zinc selenium and iron is very high and 

the waste acid needs to be treated for removal of these heavy metals. The critical heavy 

metals which are above the standards for discharge are shown in Table 6.12. The pH of 

spent acid was 1.4 to 2.2 and required to be neutralized prior to disposal. 

Table 6.12: A comparison of the permissible heavy metals in discharge versus the max 

value of metal present in spent acid. 

PARAMETER STANDARDS (Schedule VI of Rule 3A) in mg/L  Max 

Value   

mg/L 

Inland 

Surface 

Water 

Public 

Sewers 

Land of 

Irrigation 

Marine/ 

Coastal 

Areas 

Arsenic 0.2 0.2 0.2 0.2 0.0045 

Mercury 0.01 0.01 - 0.01 0.139 

Lead 0.1 0.1 - 2.0 5.33 

Cadmium 2.0 1.0 - 2.0 0.058 

Hexa Chromium 0.1 2.0 - 1.0 - 

Total Chromium 2.0 2.0 - 2.0 0.42 

Copper 3.0 3.0 - 30 38.1 

Zinc 5.0 5.0 - 15 32.76 

Selenium 0.05 0.05 - 0.05 1.11 

Nickle 2.9 3.1 - 50 1.94 

Manganese 1.9 2.0 2.1 2.0 ND 

Iron 3.1 3.2 2.9 3.0 417.89 

Vanadium 0.2 0.2 - 0.2 0.0053 

Water samples from hand pumps located in the vicinity of Daswaghat 
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Figure 6.2: Heavy metals in eight samples of spent acid which are higher than the 

standards in effluent discharge permissible  

It is also observed that the heavy metals are present in the sludge and the slag which is 

disposed of as solid waste on land or in rivers. In addition, it is seen that the ash in the 

furnace has a high content of heavy metals, which is an indicator of the poor and 

contaminated quality of emissions from the furnace into the air. 

The soil samples collected from the disposal site at Daswaghat has very high content of 

metals indicating that the soil is contaminated. Even the water samples, collected from the 

areas in vicinity of Daswaghat, have high content of metals and unfit for consumption. 

Thus it can be seen that the analysis of spent acid/waste water, sludge/slag & ash show that 

heavy metals are being released in air, water and soil thus causing severe environmental 

degradation. 
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CHAPTER - 7 

Experimental 

 

Activated carbon adsorption is one of the most promising, dependable and efficient process 

to remove the heavy metals from the effluent to an acceptable limit. Commercially 

available powdered activated carbon (PAC) and granular activated carbon (GAC) has been 

successfully used in removal of heavy metals. Agro-based waste products have potentiality 

and can be converted into carbon to be used as adsorbent. An attempt has been made in the 

present study to use rice husk and pressmud as adsorbent.  

Rice husk and pressmud were available in Moradabad in abundance and as such the 

disposal of rice husk and pressmud has been causing serious problems. For this study, we 

decided to use locally available Rice husk and pressmud to treat this spent acid, by 

neutralizing pH and extracting the heavy metals.  

7.1 Preparation of Rice husk: 

Rice Husk was collected from a rice mill. The rice husk was washed with distilled water 

until it was odourless and the drained water was colourless. The rice husk was air dried in 

room temperature for about 10 days. The naturally dried rice husk was further dried in an 

oven at 105ºC for 24 hours to remove any residual moisture content. This dried rice husk 

was then grounded and sieved through 250µm sieve to remove large and coarse particles. 

Thereafter the sieved rice husk was stored in air tight bottle for further investigations. The 

preparation procedure followed is shown in Figure 7.1. 

 

  

 

Raw material   

Rice husk    

(locally 

available) 

Grinding 

Natural Drying Washing with 

Distilled water 

Rice Husk 

Sieving Oven Drying 

Figure 7.1 Flow chart showing preparation of Rice Husk 
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7.2 Preparation of Pressmud: 

Pressmud was collected from a sugar mill. The pressmud was air dried in room 

temperature for about 10 days. The dried pressmud was then sieved through 500µm sieve 

to remove large and coarse particles. Thereafter the sieved pressmud was dried in an oven 

at 60
o
C for 24 hours to remove any residual moisture content. This dried pressmud was 

then stored in air tight containers for further investigations. The preparation procedure 

followed is shown in Figure 7.2. 

 

 

 

 

 

 

 

7.3 Efficiency of different proportions of Adsorbent: 

For a combination, proper mix proportion of Rice husk (RH) and Pressmud (PM) was to be 

derived. Six mixes of varying percentage of RH and PM were prepared. These were 

RH100PM0 (RH 100% & PM 0%), RH80PM20 (RH 80% & PM 20%), RH60PM40 (RH 

60% & PM 40%), RH40PM60 (RH 40% & PM 60%), RH20PM80 (RH 20% & PM 80%), 

RH0PM100 (RH 0% & PM 100%). 5g of this mix in various proportions was mixed in 

each conical flask and then incubated in an incubator shaker at 100rpm at 30ºC for 24h to 

derive the best proportion. 

7.4 Characterization of Adsorbent RH40PM60 

During the study the properties of Rice Husk and Pressmud were observed. Using 

Scanning Electron Microscopy, the structural properties of the adsorbent was determined. 

Further, SEM-EDS (Scanning Electron microscopy-Energy Dispersive X-ray 

Spectroscopy) were carried out to carry out an elemental analysis of the combined mixture. 

  

Raw material   

Pressmud    

(locally available) 

Sieving    Natural Drying 

Pressmud Oven Drying 

Figure 7.2 Flow chart showing preparation of Pressmud  
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7.5 Preparation of synthetic acid 

Synthetic acid was prepared for the study of batch reactor adsorption and columnar 

adsorption experiments. This synthetic acid should have the same characteristics which 

have been observed in spent acid obtained during field investigation after the process of 

acid leaching and extraction of precious metals from the components of PCB has been 

completed. During the analysis of the spent acid it was observed that the spent acid had a 

pH of 1.8-2.2 (Range from seven samples) and had heavy metals, which were higher in 

concentration compared to Standards, like, Mercury (0.032-0.139 mg/L), Selenium (0.321-

1.1 mg/L), Zinc (17.56-60.02 mg/L), Lead (3.27-6.87 mg/L), Iron (74.235-419.9mg/L), 

Copper (1.896-38.109 mg/L). 

Thus to prepare the spent acid, concentrated Nitric acid (HNO3) was taken which had pH 

less than zero and acid was added to distilled water and pH was monitored till pH of 1.9 

was achieved. All the above metals in elemental or salts forms were taken and added. 

Thus, for the purpose of the experiment, synthetic acid was prepared. The amount metal 

salt or elemental metal added is calculated as follows: 

 Mercury: The salt of Mercury (I) Chloride (Hg2Cl2) was taken for achieving 

the concentration of Hg as per the values of Hg in spent acid. 

Molecular weight of Hg2Cl2 = 472.15 

Atomic weight of Hg = 200.59 

Desired Initial conc. of Hg = 0.139 mg/L 

Therefore, amount of salt to be added in 2L of synthetic acid was 0.328 mg 

Detailed Calculation 

Molecular weight of Hg2Cl2 = 472.15 

Atomic weight of Hg = 200.59 

Desired Initial conc. of Hg = 0.139 mg/L 

472.15 of Hg2Cl2 give 2 atoms Hg of 200.59 g 

So the amount of salt Hg2Cl2 required to give initial concentration of Hg as 

0.139 mg/L will be: 

x = 
              

          
 X 2L   (for 2L of acid) 

Therefore, x = 0.328 mg/2L 

Preparation of Synthetic acid 
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Similar calculations were carried out for other metals and details of salts to be added for 

preparation of synthetic acid are tabulated as Table 7.1: 

Table 7.1: Details of the salts added for the preparation of Synthetic acid. 

Metal 
Atomic Weight 

(g/mol) 
Metal Salt 

Molecular Weight 

(g/mol) 

Initial Conc. 

(mg/L) 

Amount of metal 

salt in 2L 

Hg 200.59 Hg2Cl2 472.15 0.139 0.328mg 

Se 78.96 Elemental Se 78.96 1.11 2.22mg 

Zn 65.37 ZnSO4.7H2O 287.54 32.76 288mg 

Pb 207.2 PbOCl3.3H2O 460.15 5.33 23.7mg 

Fe 55.84 FeCl3.6H2O 270.30 417.9 4.04g 

Cu 63.54 Cu(NO3)2 241.60 63.54 144.89mg 

 

All the above salts were measured in an electronic weighing balance. They were then 

added to the synthetic acid, in a protective hood, taking care of the fugitive fumes, which 

were released, using protective measures like eye protection glasses, gloves and apron to 

prevent any injury or accident. Thus the synthetic acid was prepared and sent for 

characterization of its metal content to IIT Mumbai and results are tabulated as Table 7.2: 

  Table 7.2: Concentration of metals in Synthetic acid vs desired concentration  

Metal Conc. Achieved (mg/L) Desired Conc. Range (mg/L) 

Hg 0.036 0.032 to 0.139 

Se 0.38 0.321 to 1.11 

Zn 59.9 17.56 to 60.02 

Pb 6.72 3.27 to 6.87 

Fe 475.6 74.24 to 417.9 

Cu 38.01 1.9 to 38.11 
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7.6 Metal removal by columnar method 

In order to study the metal removal by adsorption; an experimental laboratory scale model 

of a column was setup at IIT Delhi. The diameter of the column was fixed as 50 mm to 

avoid channeling, which was also greater than 50 times the particle effective size. The 

height of the column was kept at 500 mm following the principle of H/D ratio as 10. A 

feed bucket of 25L was placed for spent acid. During this experiment spent acid from 

Daswaghat, Moradabad was used.  A pump with flow regulator was installed to achieve 

variable flow rates so as to get different contact time of 4 hours to 24 hours with an interval 

of 4 hours. The experiment was conducted at room temperature of 30±2ºC. 88 g of 

adsorbent RH40PM60 was placed in the column. The adsorbent was removed on 

completion of the test and a new adsorbent was placed in the column, thus the adsorbent 

was changed after 4h, 8h, 12h, 16h, 20h and 24h. 

The spent acid after adsorption in the column was collected and analyzed for residual metal 

concentration and pH.    

7.7 Metal removal in batch reactor 

Synthetic spent acid of pH 1.9 was prepared in the laboratory with the concentration of 

metals as observed in the spent acid from the actual site of processing of PCBs for 

extraction of precious metals. 100ml of synthetic spent acid was placed in 16 conical flasks 

with adsorbent RH40PM60 with varying mass from 1 to 8g. These conical flasks were 

placed in an incubator shaker at 100rpm at 30ºC for 16 and 20 h respectively. 

The sample was filtered and analyzed for residual metal concentration and pH.    

 

Metal removal by columnar method 
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CHAPTER - 8 

RESULTS AND DISCUSSION PART-III 

 

In the third part of the study, the adsorption capacity of low cost adsorbent RH40PM60, 

using columnar and batch reactor methods, have analyzed. In the first stage the two agro 

waste products, rice husk and pressmud, have been characterized. Thereafter 

characterization of the adsorbent RH40PM60, which is rice husk and pressmud in the 

proportion of 2:3, respectively, was carried out.  

8.1 Characterization of rice husk (as a component of the adsorbent RH40PM60): 

Rice husk is the shell of rice which is removed in a rice mill and considered as an 

agricultural waste. The characteristics of rice husk are shown in Table 8.1: 

Table 8.1: Physical Characterization of Rice Husk 

S No Characteristics Value 

1. pH 6.7 

2. Size of particles Up to 250µm 

3. Moisture content 9.85% 

4. Bulk density 92 Kg/m
3
 

5. Pore Size 42.603Å 

6. Ash 21% 

 

8.1.1 Analysis of the Characteristic of Rice Husk: 

(a) pH: The dried rice husk was mixed with freshly boiled water and then pH was 

measured by pH meter. The average value of pH of the adsorbent is found to be 6.7.  

(b) Ash content: The ash content is significant indicator of quality of carbon proposed 

to be used as adsorbent. The ash content as per IS 2752-1989 should be within 15%. As 

adsorbent rice husk is proposed to be without activation, 21% of ash content can be 

considered within range and can be used as adsorbent as an option for commercially 

available activated carbon.    

(c) Bulk density: Bulk density is the weight of dry adsorbent divided by the total 

volume that it occupies. The bulk density of the adsorbent is 92kg/m
3
. Generally the lower 

densities have a greater capacity to remove the substance from the solution. 
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(d) Surface area:  The surface area has been measured using BET method. The pore 

size measurements also have been carried out. The specific surface area and pore 

distribution determination by BET employ the gas adsorption techniques. The dry sample 

is exhausted of all gases and cooled to a temp of 77º K the temperature of liquid nitrogen. 

Nitrogen gas is ideal measurement of surface area and pore size distribution. The surface 

area of the adsorbent is 3.52m
2
/g and pore size radius is 42.603Å. 

 (e) Moisture Content:  The finally dried adsorbent was taken in ground glass stopper 

weighing bottles and was heated in an electric oven at 105- 110ºC for about four hours. 

This temperature is accepted as reliable for removing all hygroscopic moisture from 

adsorbent. After removing the bottles from the oven, they were closed and cooled in 

desiccators containing calcium chloride. Sufficient cooling period was given so that 

samples may reach moisture equilibrium. The loss in weight is calculated on percentage 

basis as moisture content of the sun dried samples. The moisture content of 9.8% was 

recorded and found to be in acceptable range of 5-15% as per IS 8366-1989.  

The SEM images of rice husk were taken to see the morphology of its surface as shown in 

Figure 8.1.   

 

 

 

 

 

 

 

 

 

 

 

 Figure 8.1: (a) Pictorial image of rice husk and (b-d)SEM images of rice husk taken at 

300X, 600X and 1000X respectively. 

(a) (b) 

(c) 
(d) 

Characterization of rice husk 
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The SEM analysis revealed that rice husk sample had pits present on the surface. It also 

had multiple voids. Pore size was calculated to be 42.603Å. 

8.2 Characterization of Pressmud (as a component of the adsorbent RH40PM60): 

Pressmud is the compressed sugar industry waste produced from sugarcane juice. During 

the preparation of jaggery, the sugarcane juice is boiled in big vessels to convert from 

liquid state to solid state. During the heating process, foam is formed as a top layer. This 

foam is a waste, which is continuously removed. This foam formed as a top layer is called 

Pressmud.  The pressmud is composed of sugar, fibres, wax, protein and ash. Pressmud 

also has silica, calcium, magnesium and phosphorous in small quantities. In order to study 

the characteristics of pressmud SEM was done at a magnification of 300X, 600X and 

1000X.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2: (a) Pictorial image of pressmud and (b-d) SEM images of rice husk taken at 

300X, 600X and 1000X respectively. 

 

(a) (b) 

(c) 
(d) 
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The SEM analysis revealed that pressmud sample had pits present on the surface. However 

the voids were noticed to be less and it was therefore necessary that the void be increased 

for good flow during adsorption. This was possible by adding rice husk. The SEM images 

of pressmud are shown as Figure 8.2. 

The physical characterization of pressmud is as shown in Table 8.2.  

Table 8.2: Physical Characterization of Pressmud 

S No Characteristics Value 

1. pH 8.2 

2. Size of particles Up to 500 µm 

3. Moisture content 5% 

4. Bulk density 120 kg/m
3
 

5. Pore size (on surface) 15 µm 

6. Ash 25% 

 

The FTIR analysis for pressmud showed that this waste from the cane sugar mills can be a 

useful biosorbent for metal absorption from waste water as it contains various functional 

group on its surface. Resulting micrographs of pressmud analysis by FE SEM showed that 

its surfaces are porous. 

8.3 Efficiency of different proportions of Adsorbent: 

For a combination, proper mix proportion of Rice husk (RH) and Pressmud (PM) was to be 

derived. Six mixes of varying percentage of RH and PM were prepared. These were 

RH100PM0 (RH 100% & PM 0%), RH80PM20 (RH 80% & PM 20%), RH60PM40 (RH 

60% & PM 40%), RH40PM60 (RH 40% & PM 60%), RH20PM80 (RH 20% & PM 80%), 

RH0PM100 (RH 0% & PM 100%). 5g of this mix in various proportions was mixed in 

each conical flask and then incubated in an incubator shaker at 100rpm at 30ºC for 24h to 

derive the best proportion. The results show that the mix proportion of RH40PM60 (RH 

40% & PM 60%) has shown the best removal efficiency. The results are tabulated in Table 

8.3 

 

Characterization of Pressmud 
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Table 8.3: Removal of metals using different proportional mix of rice husk and pressmud.  

Metal 

in 

mg/L  

Qty of 

metal  

Residual 

metal 

RH100 

PM0 

Residual 

metal 

RH80 

PM20 

Residual 

metal 

RH60 

PM40 

Residual 

metal 

RH40 

PM60 

Residual 

metal 

RH20 

PM80 

Residual 

metal  

RH0 

PM100 

As 0.0045 0.0018 

(60%) 

ND 

(100%) 

ND  

(100%) 

ND  

(100%) 

ND  

(100%) 

ND    

(100%) 

Hg 0.139 0.11 

(20.86%) 

0.084 

(39.5%) 

0.056 

(59.7%) 

0.044 

(68.4%) 

0.058 

(58.3%) 

0.104 

(25.2%) 

Pb 5.33 3.9 (28%) 0.11 

(98%) 

ND  

(100%) 

ND   

(100%) 

ND  

(100%) 

ND  

(100%) 

Cd 0.058 0.04 

(31.04%) 

0.02 

(65.5%) 

0.0145 

(75%) 

0.0087 

(85%) 

0.0104 

(82.1%) 

0.0116 

(80%) 

Total 

Cr 

0.42 0.27 

(35.72%) 

0.126 

(70%) 

0.16 

(61.9%) 

0.11 

(73.8%) 

0.23 

(45.2%) 

0.28 

(33.3%) 

Cu 38.1 22.8 

(40%) 

15.24 

(60%) 

11.43 

(70%) 

3.81 

(90%) 

1.905 

(95%) 

2.69 

(92.1%) 

Zn 32.76 31.12 

(5%) 

1.64 

(95%) 

ND  

(100%) 

ND  

(100%) 

ND  

(100%) 

ND    

(100%) 

Se 1.11 0.98 

(11.7%) 

0.84 

(24.3%) 

0.72 

(35.1%) 

0.62 

(44.1%) 

0.77 

(30.6%) 

0.88 

(20.7%) 

Ni 1.94 0.78 

(59.7%) 

0.70 

(63.9%) 

0.58 

(70.1%) 

0.49 

(74.7%) 

0.68 

(64.9%) 

0.98 

(48.4%) 

Fe 417.89 125.4 

(69.99%) 

8.36 

(98%) 

ND  

(100%) 

ND  

(100%) 

ND  

(100%) 

ND    

(100%) 

V 0.0053 ND ND ND ND ND ND 

Al 0.725 0.4 

(44.8%) 

0.14 

(80.6%) 

0.08 

(88.9%) 

ND  

(100%) 

0.03 

(95.8%) 

0.04 

(94.4%) 

Au 0.02 0.013 

(35%) 

0.002 

(90%) 

0.001 

(95%) 

ND  

(100%) 

ND  

(100%) 

0.002  

(90%) 

Co 0.54 0.33 

(38.88%) 

0.16 

(70.3%) 

0.054 

(90%) 

0 .01 

(98.1%) 

0.01  

(98.1%) 

0.02    

(96.3%) 

Ag 0.05 0.03 

(40%) 

0.005 

(90%) 

0.003 

(94%) 

ND  

(100%) 

ND  

(100%) 

0.005  

(90%) 

Pd 0.497 0.30 

(39.64%) 

0.08 

(83.9%) 

0.05  

(89.9%) 

ND  

(100%) 

ND  

(100%) 

0.02  

(95.9%) 

N.D. - Not detectable 

% indicates percentage of removal of heavy metals 
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Based on the data of the Table 8.3 bar charts of percentage removal of metals were made. 

 

 
Figure 8.3: Graphical representation of removal of metals by different proportion of rice 

husk and pressmud mix. 

 
Figure 8.4: Graphical representation of removal of metals by different proportion of rice 

husk and pressmud mix. 
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Figure 8.5: Graphical representation of removal of metals by different proportion of rice 

husk and pressmud mix. 

8.4 Characterization of Adsorbent RH40PM60 

Rice husk and pressmud are prepared and mixed in a proportion of 40% rice husk and 60% 

pressmud. This proportion of mix is based on the results obtained in Table 8.3, wherein the 

best and efficient removal is with found with RH40PM60. The physical characterization of 

RH40PM60 is shown in Table 8.4: 

Table 8.4: Physical Characterization of RH40PM60 

S No Characteristics Value 

1. pH 7.8 

2. Size of particles Up to 500µm 

3. Moisture content 8% 

4. Bulk density 110kg/m
3
 

5. Pore size Radius 16.2284 nm 

6. Ash 20% 
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(a) pH: The dried adsorbent RH40PM60 is mixed with freshly boiled water and then 

pH was measured. pH was measured by pH meter. The average value of pH of the 

adsorbent is found to be 7.8. 

(b) Ash content: The ash content is significant indicator of quality of carbon proposed 

to be used as adsorbent. The ash content as per IS 2752-1989 should be within 15%. As 

adsorbent RH40PM60 is proposed to be without activation, 20% of ash content can be 

considered as a good adsorbent.  

(c) Bulk density: Bulk density is the weight of dry adsorbent divided by the total 

volume that it occupies. The bulk density of the adsorbent is 110kg/m
3
.  

(d) Surface area:  The surface area has been measured using BET method. The pore 

size measurements also have been carried out. The specific surface area and pore 

distribution determination by BET employ the gas adsorption techniques. The surface area 

of the adsorbent is 2.88m
2
/g and pore size radius is 16.23nm having pore volume 0.0233 

cc/g.J 

(e) Moisture Content:  The finally dried adsorbent was taken in ground glass stopper 

weighing bottles and was heated in an electric oven at 105- 110ºC for about four hours. 

This temperature is accepted as reliable for removing all hygroscopic moisture from 

adsorbent. After removing the bottles from the oven, they were closed and cooled in 

desiccators containing calcium chloride. Sufficient cooling period was given so that 

samples may reach moisture equilibrium. The loss in weight is calculated on percentage 

basis as moisture content of the sun dried samples. The moisture content of 8% was 

recorded and found to be in acceptable range of 5-15% as per IS 8366-1989.  

During the study the properties of Rice Husk and Pressmud were observed. Using 

Scanning Electron Microscopy, the structural properties of the adsorbent was determined. 

Further, SEM-EDS (Scanning Electron microscopy-Energy Dispersive X-ray 

Spectroscopy) were carried out to carry out an elemental analysis of the combined mixture. 

8.4.1 SEM Analysis 

The adsorbent RH40PM60 is a mix of rice husk and pressmud in the proportion of 2:3. The 

rice husk is coarse and brittle. The pressmud is sticky, fine and mildly adhesive. It has a 

sweet smell of fermented sugar as it has been extracted from the sugarcane juice as it was 

being heated to form jaggery.  The adsorption mixture is not a good conductor of 

electricity. In Scanning electron microscopy it is important that the surface of the sample 

Characterization of Adsorbent RH40PM60 
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be a good conductor of electricity in order to allow the electrons to be recaptured by the 

detector. To achieve this, we coated our sample on a two sided carbon adhesive tape. The 

sample, adsorbent RH40PM60 was then coated with platinum by a sputter coater, which 

allowed for the surface of the sample to be a good conductor of electricity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SEM analysis was carried out at different magnifications being, 300X, 600X and 

1000X. The pictorial images are shown below as in Figure 8.6. The surface structural 

analysis by SEM shows presence of voids and pits which are speculated to allow for an 

enhanced adsorption. 

Figure 8.6: (a) Pictorial image of RH40PM60 and (b-d)SEM images of 

RH40PM60 taken at 300X, 600X and 1000X respectively. 

 

(a) (b) 

(c) (d) 
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8.4.2 FTIR 

FTIR, Fourier-transform infrared spectroscopy is a technique which determines properties 

of solid, liquid or gas by passing infrared light of ~10,000cm
-1

 to 100 cm
-1

 through it, the 

shift in the rotational and/or the vibrational energy is detected and the material is 

characterized. FTIR spectrometer (Bruker Tensor 37) was used to identify the presence of 

functional groups in the rice husk and pressmud mixture. A small sample of the 

combination of rice husk (40%) and pressmud (60%) was scanned by FTIR. The spectral 

range chosen was from 3500 to 500 cm
-1

.  

 

 

 

 

 

 

 

 

In the FTIR spectra (Figure.8.7) of pressmud and rice husk, the band between 3500-

3000cm
-1

, indicates the presence of free and bonded –OH groups. The band at 2918.70cm
-1

 

is a typical indicator of Silanol group (SiOH) and the peak of 2850.65cm
-1

 represents the –

COOH groups are usually located. The bands between 1625.26-1423.02cm
-1

 are indicative 

of presence of Alkenes and alkanes. The peaks between 602.08-458.15cm
-1

 are indicative 

of the presence of Si-H bonds as well as alkyl halides. The analysis of FTIR showing the 

indicative functional groups of RH40PM60 is tabulated in Table 8.5.  

Table 8.5: FTIR results showing the indicative functional groups of RH40PM60 

S No. Adsorption(cm
-1

) Indicative Functional Groups 

1. 3500-3000 Free and Bonded –OH 

2. 2918.70 Typical peak for –SiOH group 

3. 2850.65 -COOH group 

4. 1625.26-1423.02 Alkenes and Alkanes 

5. 1031.30 Ethers and Ketones 

6. 665.08 Benzene m di-substitution 

7. 602.78-458.15 Si-H and Alkyl Halides 

Figure 8.7: FTIR spectra of RH40PM60 
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8.4.3 SEM-EDS 

Scanning Electron Microscopy (SEM) uses a high energy focused beam of electrons to 

magnify a sample. When the electron beams hit the sample, the backscattered scattered 

electrons are detected and an image is formed.  Energy Dispersion Spectroscopy (EDS) is 

carried out to determine the specific elements that are present in the sample. This is done 

by analyzing X-rays which are also backscattered when the electrons hit the sample.  

A small sample of the combination of rice husk (40%) and pressmud (60%) was scanned 

by SEM-EDS. Further, SEM EDS was also carried out for the pressmud rice husk 

combination Figure 8.8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Elements found in atomic% were C (42.69), O (50.09), Si (7.05), K (0.07) and Cu (0.10). 

This has been tabulated in Table 8.6. 

Table 8.6: Elemental analysis from SEM-EDS of RH40PM60 

S No Element Atomic% 

1. C K 42.69 

2. O K 50.09 

3. Si K 7.05 

4. K K 0.07 

5. Cu K 0.10 

Figure 8.8: SEM-EDS spectra of RH40PM60 
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8.4.4 BET 

Specific details about the adsorbent such as surface area, porosity, pore diameter explains 

how efficient an adsorbent can be.  These details are given by BET, where the surface area 

available for adsorption is predicted using a gas such as N2 gas. The BET theory applies to 

systems of multilayer adsorption and usually utilizes probing gases that do not chemically 

react with material surfaces as adsorbate to quantify specific surface area. Nitrogen is the 

most commonly employed gaseous adsorbate used for surface probing by BET methods. 

The standard BET analysis is most often conducted at the boiling temperature of 

Nitrogen (77 K). Further probing adsorbate are also utilized, albeit with lower frequency, 

allowing the measurement of surface area at different temperatures and measurement 

scales.   

BET Analysis revealed the surface area of the pores in the mixture to be 2.88m
2
/g, pore 

radius is 16.2284 nm and average volume of each pore is 0.023 cc/g. The physical 

characteristics of the adsorbent RH40PM60, as seen from BET analysis has, been tabulated 

in Table 8.7. 

Table 8.7: Physical characteristics of Adsorbent RH40PM60 

ADSORBENT RH40PM60 

Surface Area 2.88 m
2
/g 

Pore Size Radius 16.2284 nm 

Pore Type Mesopore 

Pore Volume 0.0233 cc/g 

The morphological characteristics as seen from BET and SEM, presence of functional 

group as seen in FTIR and elements as seen from SEM-EDS in the adsorbent is an 

indicative of good physisorption and chemisorption reactions occurring on the surface of 

this adsorbent. 

8.5 Metal removal by columnar method: 

In the columnar method the spent acid is passed through the column of adsorbent with 

varying contact time. The contact time for metal removal in columnar method was varied 

from a range of 4, 8, 12, 16, 20 and 24 hours. This contact time was varied by regulating 

the flow of spent acid from the feed tank. The results are as tabulated in Table 8.8. 

 

Characterization of Adsorbent RH40PM60 
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Table 8.8: Heavy metal removal by columnar method with increase in pH. 

Metal 

Initial 

Conc  

(mg/L) 

Exposure time 

4h 8h 12h 16h 20h 24h 

Hg 0.139 
0.041 

(70.5%) 

0.032 

(76.97%) 

0.024 

(82.73%) 

0.018 

(87.05%) 

0.0162 

(88.34%) 

0.016 

(88.48%) 

Pb 5.33 
1.93 

(63.78%) 

1.63 

(69.41%) 

1.38 

(74.1%) 

1.241 

(76.71%) 

1.102 

(79.32%) 

1.08 

(79.7%) 

Zn 32.76 
10.9 

(66.72%) 

8.6 

(73.74%) 

6.33 

(80.67%) 

5.49 

(83.24%) 

4.78 

(85.4%) 

4.72 

(85.6%) 

Se 1.11 
0.62 

(44.14%) 

0.56 

(49.54%) 

0.473 

(57.38%) 

0.369 

(66.75%) 

0.291 

(73.78%) 

0.283 

(74.5%) 

Fe 417.89 
229.2 

(45.15%) 

200.01 

(52.13%) 

180.75 

(56.74%) 

165.29 

(60.44%) 

153.4 

(63.29%) 

152.8 

(63.43%) 

Cu 38.1 
14.59 

(61.7%) 

11.84 

(68.9%) 

7.97 

(79.1%) 

4.95 

(87%) 

4.08 

(89.3%) 

3.89 

(89.8%) 

Note: % Removal shown in brackets 

pH→ 2.2 3.8 4.5 4.9 5.2 5.6 6.2 

 

In the columnar method, in an exposure time of 24 hours almost 64% to 90% of heavy 

metals were removed. The pH of the spent acid was 2.2. During the columnar adsorption 

studies it was observed that the pH was increasing as the contact time increased. Therefore, 

a graph of contact time versus pH was plotted. 

 

Figure 8.9: Graphical representation of time vs pH in columnar study. 
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From Figure 8.9 it can be seen that with increase in the contact time there is raise in the 

pH, from acidic to near neutral.  

 

Figure 8.10: Showing adsorption of Mercury with respect to time. 

Figure 8.11: Showing adsorption of Lead with respect to time 
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Figure 8.12: Showing adsorption of Zinc with respect to time 

 

Figure 8.13:  Showing adsorption of Selenium with respect to time 
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Figure 8.14: Showing adsorption of Iron with respect to time. 

 

 
Figure 8.15: Showing adsorption of Copper with respect to time. 
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Figure 8.16: Graphical representation of removal of heavy metals versus time (hours). 
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The concentration of metals in the prepared synthetic acid was well within the desired 

range of concentration of metals, this synthetic acid was utilized for this study and the 

adsorption studies for removal of heavy metals. The pH of the synthetic acid was measured 

and found to be 1.9. Therefore, this synthetic acid prepared in the laboratory was a true 

replica of the spent acid generated by the informal sector during the process of extraction 

of precious metal at Moradabad.  

8.7 Metal removal in batch reactor 

Synthetic spent acid of pH 1.9 was prepared in the laboratory with the concentration of 

metals as observed in the spent acid from the actual site of processing of PCBs for 

extraction of precious metals. 100ml of synthetic spent acid was placed in conical flasks 

with adsorbent RH40PM60, with varying mass from 1 to 8g. These conical flasks were 

placed in an incubator shaker. The shaking of the incubator was kept at 100 rpm. The 

temperature was kept at 30ºC. The conical flasks, duly marked, were kept in the incubator 

shaker for 16 hours and 20 hours. 

Adsorption studies were carried out for six critical heavy metals. The details of heavy 

metal removal in the batch reactor are given in Table 8.10: 

Table 8.10: Heavy metal removal in Batch Reactor 

Metal 

Initial 

Conc 

E.T 

(h) 

↓ 

Final Concentration 

Adsorbent 

→ 
1g 2g 3g 4g 5g 6g 7g 8g 

Hg 

 

35.82 

ppb 

16 1.93 0.85 0.51 0.34 0.26 0.19 ND ND 

20 1.35 0.54 0.36 0.24 0.19 0.15 0.09 ND 

Pb 

 

6.73  

ppm 

16 ND ND ND ND ND ND ND ND 

20 ND ND ND ND ND ND ND ND 

Zn 

 

59.94  

ppm 
16 7.869 3.34 1.75 0.909 0.683 0.46 0.312 0.15 

Synthetic acid 
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20 5.59 1.36 0.74 0.53 0.42 0.321 0.216 0.137 

Se 

 

379.5

7  

ppb 

16 258.27 156.32 118.86 69.28 47.36 34.84 28.39 26.88 

20 244.4 144.19 85.76 57.69 43.70 39.64 32.53 28.79 

Fe 

 

475.6 

ppm 

16 64.78 9.077 7.498 6.617 4.466 4.256 3.063 1.342 

20 61.154 7.591 5.278 4.002 3.755 3.46 2.516 1.993 

Cu 
38.1 

ppm 

16 15.23 7.95 4.012 3.2 2.03 1.47 1.254 0.967 

20 14.85 7.16 3.87 2.93 2.34 1.98 1.7 1.63 

 

Table 8.10 gives us the details of the metal adsorbed by the low cost agro waste adsorbent 

here taken as RH40PM60. The study of each metal adsorption was carried out and has 

been documented as in Table 8.10 

To know if the adsorption is occurring effectively and if it is monolayer or multilayer, 

different adsorption studies were carried out. We studied the Langmuir isotherm for 

monolayer adsorption and Freundlich and BET for multi-layer adsorption. 

8.7.1 Langmuir Isotherm 

Langmuir isotherm describes mono-layered adsorption of the adsorbate, heavy metals on to 

the surface of adsorbent RH40PM60. 

(a) Langmuir Isotherm for Adsorption of Mercury 

Based on the results of adsorption by batch reactor as shown in Table 8.10 the important 

parameters, which are initial concentration (Ci), final concentration after16h (Ce(16)), final 

concentration after 20h (Ce(20)), mass of adsorbent in mg per100 ml (m), metal adsorbed 

in mg per gram of adsorbent after 16h (qe(16)), metal adsorbed in mg per gram of 

adsorbent after 20h (qe(20)) were calculated. The detailed calculations are given in Table 

8.11   
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Table 8.11: Calculations for Langmuir isotherm for adsorption of mercury. 

Ci Ce(16) Ce(20) m 

mg/100ml 

qe16 qe20 Ce(16)/qe(16) Ce(20)/qe(20) 

59.94 7.869 5.59 1000 5.2071 5.435 1.511206 1.028519 

59.94 3.34 1.36 2000 2.83 2.929 1.180212 0.464322 

59.94 1.75 0.74 3000 1.939667 1.973333 0.902217 0.375 

59.94 0.909 0.53 4000 1.475775 1.48525 0.615948 0.356842 

59.94 0.683 0.42 5000 1.18514 1.1904 0.576303 0.352823 

59.94 0.46 0.321 6000 0.991333 0.99365 0.464022 0.323051 

59.94 0.312 0.216 7000 0.851829 0.8532 0.366271 0.253165 

59.94 0.15 0.137 8000 0.747375 0.747538 0.200702 0.183268 

The graph was plotted based on the calculations in Table 8.11 to study Langmuir Isotherm: 

Figure 8.17: Mercury Langmuir isotherm 

Figure 8.17 shows that the graph is linear for 16h as well as for 20h with the statistical 

value of R
2
  0.9744 for 16 hours and 0.8864 for 20 hours, that is nearing one, shows that 

the adsorbent is capable of adsorbing a molecule of adsorbate resulting in the rate of 

adsorption proportional to the empty surface available. The removal of mercury has come 

to equilibrium in 20 hours. It was also observed that adsorption of mercury in 20 hour is 

more than that in 16 hour. The optimum contact time is 20h.     
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in mg per gram of adsorbent after 16h (qe(16)), metal adsorbed in mg per gram of 

adsorbent after 20h (qe(20)) were calculated and given in Table 8.12 

Table 8.12: Calculations for Langmuir isotherm for adsorption of selenium.   

Ci Ce(16) Ce(20) m 

mg/100ml 

qe(16) qe(20) Ce(16)/qe(16) Ce(20)/qe(20) 

379.567 258.279 244.382 
1000 

12.128 13.518 21.29469 18.0776 

379.567 156.325 144.194 
2000 

11.162 11.7686 14.00498 12.25238 

379.567 118.862 85.765 
3000 

8.69016 9.793 13.67776 8.757428 

379.567 69.285 57.695 
4000 

7.7570 8.046 8.931875 7.169931 

379.567 47.361 43.703 
5000 

6.6441 6.7172 7.128258 6.506056 

379.567 34.841 39.639 
6000 

5.74543 5.66546 6.06412 6.996599 

379.567 28.394 32.536 
7000 

5.01675 4.95758 5.659831 6.562872 

379.567 26.888 28.797 
8000 

4.40848 4.38462 6.099144 6.567722 

 

The graph was plotted based on the calculations in Table 8.12 to study Langmuir Isotherm: 

 

Figure 8.18: Selenium Langmuir isotherm 
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to equilibrium in 20 hours. It was also observed that adsorption of Selenium in 20 hour is 

more than that in 16 hour. The optimum contact time is 20h.  

(c) Langmuir Isotherm for Adsorption of Iron 

Based on the results of adsorption by batch reactor as shown in Table 8.10 the important 

parameters which  are Initial concentration (Ci), final concentration after16h (Ce(16)), final 

concentration after 20h (Ce(20)), mass of adsorbent in mg per100 ml (m), metal adsorbed 

in mg per gram of adsorbent after 16h (qe(16)), metal adsorbed in mg per gram of 

adsorbent after 20h (qe(20)) were calculated and given in Table 8.13. 

Table 8.13: Calculations for Langmuir isotherm for adsorption of iron.    

Ci Ce(16) Ce(20) m 

mg/100ml 

qe(16) qe(20) Ce(16)/qe(16) Ce(20)/qe(20) 

475.6 64.784 91.154 1000 41.0816 41.4446 1.576959 1.47556 

475.6 3.063 2.516 2000 23.32615 23.40045 0.389134 0.324395 

475.6 1.342 3.46 3000 15.6034 15.6774 0.480536 0.336663 

475.6 4.466 1.993 4000 11.72458 11.78995 0.56437 0.339442 

475.6 4.256 4.002 5000 9.42268 9.4369 0.473963 0.397906 

475.6 6.617 3.755 6000 7.855733 7.869 0.54177 0.4397 

475.6 9.077 5.278 7000 6.750529 6.758343 0.453742 0.372281 

475.6 7.498 7.591 8000 5.928225 5.920088 0.226375 0.33665 

The graph was plotted based on the calculations in Table 8.13 to study Langmuir Isotherm: 

Figure 8.19: Iron Langmuir isotherm 
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Figure 8.19 shows that the graph is linear for 16h as well as for 20h with the statistical 

value of R
2
  0.9465 for 16 hours and 0.9765 for 20 hours, that is nearing one, shows that 

the adsorbent is capable of adsorbing a molecule of adsorbate resulting in the rate of 

adsorption proportional to the empty surface available. The removal of iron has come to 

equilibrium in 20 hours. It was also observed that adsorption of iron in 20 hour is more 

than that in 16 hour. The optimum contact time is 20h.  

(d) Langmuir Isotherm for Adsorption of Zinc 

Based on the results of adsorption by batch reactor as shown in Table 8.10 the important 

parameters which  are Initial concentration (Ci), final concentration after16h (Ce(16)), final 

concentration after 20h (Ce(20)), mass of adsorbent in mg per100 ml (m), metal adsorbed 

in mg per gram of adsorbent after 16h (qe(16)), metal adsorbed in mg per gram of 

adsorbent after 20h (qe(20)) were calculated and given in Table 8.14. 

 Table 8.14: Calculations for Langmuir isotherm for adsorption of Zinc.    

Ci Ce(16) Ce(20) m 

mg/100ml 

qe(16) qe(20) Ce(16)/qe(16) Ce(20)/qe(20) 

59.94 7.869 5.59 1000 5.2071 5.435 1.511206 1.028519 

59.94 3.34 1.36 2000 2.83 2.929 1.180212 0.464322 

59.94 1.75 0.74 3000 1.939667 1.97333 0.902217 0.375 

59.94 0.909 0.53 4000 1.475775 1.48525 0.615948 0.356842 

59.94 0.683 0.42 5000 1.18514 1.1904 0.576303 0.352823 

59.94 0.46 0.321 6000 0.991333 0.99365 0.464022 0.323051 

59.94 0.312 0.216 7000 0.851829 0.8532 0.366271 0.253165 

59.94 0.15 0.137 8000 0.747375 0.74753 0.200702 0.183268 

The graph was plotted based on the calculations in Table 8.14 to study Langmuir Isotherm:

 

Figure 8.20: Zinc Langmuir isotherm 
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Figure 8.20 shows that the graph is linear for 16h as well as for 20h with the statistical 

value of R
2
  0.8569 for 16 hours and 0.9731 for 20 hours, that is nearing one, shows that 

the adsorbent is capable of adsorbing a molecule of adsorbate resulting in the rate of 

adsorption proportional to the empty surface available. The removal of Zinc has come to 

equilibrium in 20 hours. It was also observed that adsorption of Zinc in 20 hour is more 

than that in 16 hour. The optimum contact time is 20h.  

 (e) Langmuir Isotherm for Adsorption of Copper 

Based on the results of adsorption by batch reactor as shown in Table 8.10 the important 

parameters which  are Initial concentration (Ci), final concentration after16h (Ce(16)), final 

concentration after 20h (Ce(20)), mass of adsorbent in mg per100 ml (m), metal adsorbed 

in mg per gram of adsorbent after 16h (qe(16)), metal adsorbed in mg per gram of 

adsorbent after 20h (qe(20)) were calculated and given in Table 8.15. 

Table 8.15: Calculations for Langmuir isotherm for adsorption of copper.     

 Ci Ce(16) Ce(20) m 

mg/100ml 

qe(16) qe(20) Ce(16)/qe(16) Ce(20)/qe(20) 

38.001 15.23 14.852 1000 2.2771 2.3149 6.688332 6.415828 

38.001 7.95 7.16 2000 1.50255 1.54205 5.291005 4.64317 

38.001 4.012 3.87 3000 1.132967 1.1377 3.541146 3.4016 

38.001 3.2 2.93 4000 0.870025 0.876775 3.678055 3.341792 

38.001 2.03 2.348 5000 0.71942 0.71306 2.821717 3.292851 

38.001 1.47 1.98 6000 0.60885 0.60035 2.414388 3.298076 

38.001 1.254 1.7 7000 0.524957 0.518586 2.388766 3.278147 

38.001 0.967 1.632 8000 0.462925 0.454613 2.088891 3.58987 

The graph was plotted based on the calculations in Table 8.15 to study Langmuir Isotherm:

 

Figure 8.21: Copper Langmuir isotherm 
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Figure 8.21 shows that the graph is linear for 16h as well as for 20h with the statistical 

value of R
2
  0.9484 for 16 hours and 0.9632 for 20 hours, that is nearing one, shows that 

the adsorbent is capable of adsorbing a molecule of adsorbate resulting in the rate of 

adsorption proportional to the empty surface available. The removal of Copper has come to 

equilibrium in 20 hours. It was also observed that adsorption of Copper in 20 hour is more 

than that in 16 hour. The optimum contact time is 20h. 

Table 8.16: Langmuir Isotherm constants 
Name of 

metal 

Contact 

time 

qm b RL R
2 

Type 

Hg 
16 h 0.6274 4.2826 0.00455 0.9744 Favourable 

20 h 0.1957 6.108 0.006 0.8864 Favourable 

Se 
16 h 4.911 0.204 0.127 0.9849 Favourable 

20 h 21.73 0.00463 0.3627 0.991 Favourable 

Fe 
16 h 2.38 0.055 0.04994 0.9465 Favourable 

20 h 45.45 0.055 0.0368 0.9765 Favourable 

Zn 
16 h 7.96 0.2260 0.052 0.8569 Favourable 

20 h 5.2 0.30025 0.068 0.9731 Favourable 

Cu 
16 h -2.331 -0.1016 -0.330 0.9484 Unfavourable 

20 h -1.7 -0.104 -0.338 0.9632 Unfavourable 

The values of RL from the above readings falls between zero and one showing that the 

Langmuir isotherm is favourable for adsorption of mercury, selenium, Iron  and Zinc. 

8.7.2 Freundlich isotherm 

Freundlich isotherm is an empirical model used to describe the adsorption in aqueous 

systems. Freundlich isotherm here is used to explain the adsorption isotherm of the 

RH40PM60. 

(a) Freundlich isotherm For Adsorption of Mercury: 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for Freundlich Isotherm which  are initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) were calculated. The log Ce and 

log qe were calculated and given in Table 8.17 



Chapter-8                                                                                 Results and discussion Part-III 
 

117 
 

Table 8.17: Calculations for Freundlich isotherm for adsorption of Mercury.      

m 

mg/100ml 

Ci Ce(16) Ce(20) Qe(16) Qe(20) Log 

Ce(16) 

Log 

Qe(16) 

Log 

Ce(20) 

Log 

Qe(20)  

1000 35.82 1.93 1.35 3.389 3.447 0.2855 0.53007 0.1303 0.5374 

2000 35.82 0.85 0.54 1.7485 1.764 -0.070 0.2426 -0.267 0.2464 

3000 35.82 0.51 0.36 1.177 1.182 -0.2924 0.07077 -0.443 0.07261 

4000 35.82 0.34 0.24 0.887 0.8895 -0.4685 -0.0520 -0.6197 -0.0508 

5000 35.82 0.26 0.19 0.711 0.712 -0.5850 -0.1480 -0.7212 -0.1471 

6000 35.82 0.19 0.15 0.59383 0.594 -0.7212 -0.2263 -0.8239 -0.2258 

7000 35.82 0 0.09 0.51171 0.51042 0 -0.2909 -1.0457 -0.2920 

8000 35.82 0 0 0.44775 0.44775 0 -0.34896 0 -0.34896 

 The graph was plotted based on the calculations in Table 8.17 to study Freundlich 

Isotherm:

 

Figure 8.22: Mercury Freundlich isotherm. 
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2
 where 

R
2
 is 0.9984 for 16 h of exposure time and 0.9849 for 20 h of exposure time. The slope of 

the linear plot line is 0.5121 for 16 h of exposure time and 0.1659 for 20 h of exposure 

time. Thus the value of n is 1.952 and 6.0277, respectively.  Kf value is obtained from the 

equation are 0.5367 for 16 h of exposure time and 0.1257 for 20 h of exposure time..  

(b) Freundlich isotherm For Adsorption of Selenium: 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for Freundlich Isotherm which  are Initial concentration (Ci), final 

y = 0.1659x + 0.1257 
R² = 0.9984 

y = 0.5121x + 0.5367 

R² = 0.9849 -0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

Lo
g 

q
e

 

Log Ce 

Hg Freundlich Isotherm 

Hg16 h

Hg 20 h

Metal removal in batch reactor 



Chapter-8                                                                                 Results and discussion Part-III 
 

118 
 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) were calculated. The log Ce and 

log qe were calculated and given in Table 8.18 

Table 8.18: Calculations for Freundlich isotherm for adsorption of Selenium. 

m 

mg/100ml 

Ci Ce(16) Ce(20) Qe(16) Qe(20) Log 

Ce(16) 

Log 

Qe(16) 

Log 

Ce(20) 

Log 

Qe(20)  

1000 379.567 258.279 244.382 12.128 13.518 2.41208 1.08381 2.38806 1.13092 

2000 379.567 156.325 144.194 11.162 11.768 2.19402 1.04774 2.15894 1.07072 

3000 379.567 118.862 85.765 8.6901 9.793 2.07504 0.93902 1.9333 0.99093 

4000 379.567 69.285 57.695 7.7570 8.046 1.84063 0.88969 1.76113 0.90562 

5000 379.567 47.361 43.703 6.6441 6.7172 1.67542 0.82243 1.64051 0.82719 

6000 379.567 34.841 39.639 5.7453 5.6654 1.54209 0.75932 1.59812 0.75323 

7000 379.567 28.394 32.536 5.0167 4.9575 1.45322 0.70042 1.51236 0.6952 

8000 379.567 26.888 28.797 4.40848 4.3846 1.42955 0.6442 1.45934 0.64193 

The graph was plotted based on the calculations in Table 8.18 to study Freundlich 

Isotherm:

 

Figure 8.23: Selenium Freundlich isotherm 

Figure 8.23 shows the results of the adsorption isotherm for metal Selenium. From the 

above graph the straight lines plotted indicate the occurrence of Selenium metal adsorption 

from the treated samples. The graph shows the adsorption isotherms of good Selenium 

metal removal. This can be proved by looking at the coefficient of determination, R
2
 where 

R
2
 is 0.9647 for 16 h of exposure time and 0.9421 for 20 h of exposure time. The slope of 

the linear plot line is 0.4407 for 16 h of exposure time and 0.5292 for 20 h of exposure 

time. Thus the value of n being 2.269 and 1.8896 respectively. Kf value is obtained from 

the equation are 0.0033 for 16 h of exposure time and 0.0625for 20 h of exposure.  
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(c) Freundlich isotherm For Adsorption of Iron: 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for Freundlich Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) were calculated. The log Ce and 

log qe were calculated and given in Table 8.19 

Table 8.19 Calculations for Freundlich isotherm for adsorption of Iron. 

m 

mg/100ml 

Ci Ce(16) Ce(20) Qe(16) Qe(20) Log 

Ce(16) 

Log 

Qe(16) 

Log 

Ce(20) 

Log 

Qe(20)  

1000 475.6 64.784 61.154 41.0816 41.4446 1.81146 1.61364 1.78642 1.61746 

2000 475.6 9.077 7.591 23.32615 23.4004 0.95794 1.36784 0.88029 1.36922 

3000 475.6 7.498 5.278 15.6034 15.6774 0.87494 1.19321 0.72246 1.19527 

4000 475.6 6.617 4.002 11.72458 11.7899 0.82066 1.06909 0.60227 1.07151 

5000 475.6 4.466 3.755 9.42268 9.4369 0.64991 0.97417 0.5746 0.97482 

6000 475.6 4.256 3.46 7.855733 7.869 0.62900 0.89518 0.53907 0.8959 

7000 475.6 3.063 2.516 6.750529 6.75834 0.48614 0.82933 0.40071 0.82984 

8000 475.6 1.342 1.993 5.928225 5.92008 0.12775 0.77292 0.29950 0.77232 

 The graph was plotted based on the calculations in Table 8.19 to study Freundlich 

Isotherm 

 

Figure 8.24: Iron Freundlich isotherm. 
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Figure 8.24 shows the results of the adsorption isotherm for metal Iron. From the above 

graph the straight lines plotted indicate the occurrence of Iron metal adsorption from the 

treated samples. The graph shows the adsorption isotherms of good Iron metal removal. 

This can be proved by looking at the coefficient of determination, R
2
 where R

2
 is 0.8901for 

16 h of exposure time and 0.8703 for 20 h of exposure time. The slope of the linear plot 

line is 0.1931 for 16 h of exposure time and 0.263 for 20 h of exposure time. Thus the 

value of n being 5.17 and 3.80respectively. Kf value is obtained from the equation are 

1.936 for 16 h of exposure time and 1.8901 for 20 h of exposure.  

(d) Freundlich isotherm For Adsorption of Zinc: 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for Freundlich Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) were calculated. The log Ce and 

log qe were calculated and given in Table 8.20 

 

Table 8.20: Calculations for Freundlich isotherm for adsorption of Zinc. 

m 

mg/100ml 

Ci Ce(16) Ce(20) Qe(16) Qe(20) Log 

Ce(16) 

Log 

Qe(16) 

Log 

Ce(20) 

Log 

Qe(20)  

1000 59.94 7.869 5.59 5.2071 5.435 0.89592 0.716596 0.747412 0.7352 

2000 59.94 3.34 1.36 2.83 2.929 0.523746 0.451786 0.133539 0.466719 

3000 59.94 1.75 0.74 1.939667 1.973333 0.243038 0.287727 -0.13077 0.2952 

4000 59.94 0.909 0.53 1.475775 1.48525 -0.04144 0.16902 -0.27572 0.1718 

5000 59.94 0.683 0.42 1.18514 1.1904 -0.16558 0.07377 -0.37675 0.075693 

6000 59.94 0.46 0.321 0.991333 0.99365 -0.33724 -0.00378 -0.49349 -0.00277 

7000 59.94 0.312 0.216 0.851829 0.8532 -0.50585 -0.06965 -0.66555 -0.06895 

8000 59.94 0.15 0.137 0.747375 0.747538 -0.82391 -0.12646 -0.86328 -0.12637 
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The graph was plotted based on the calculations in Table 8.20 to study Freundlich Isotherm 

 

Figure 8.25: Zinc Freundlich isotherm 

Figure 8.25 shows the results of the adsorption isotherm for metal Zinc. From the above 

graph the straight lines plotted indicate the occurrence of Zinc metal adsorption from the 

treated samples. The graph shows the adsorption isotherms of good Zinc metal removal. 

This can be proved by looking at the coefficient of determination, R
2
 where R

2
 is 0.9708 

for 16 h of exposure time and 0.9809 for 20 h of exposure time. The slope of the linear plot 

line is 0.48154for 16 h of exposure time and 0.5276 for 20 h of exposure time. Thus the 

value of n being 2.076 and 1.895 respectively. Kf value is obtained from the equation are 

0.3107 for 16 h of exposure time and 0.1496 for 20 h of exposure.  

(e) Freundlich isotherm For Adsorption of Copper: 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for Freundlich Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) were calculated. The log Ce and 

log qe were calculated and given in Table 8.21. 
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Table 8.21: Calculations for Freundlich isotherm for adsorption of Copper. 

m 

mg/100ml 

Ci Ce(16) Ce(20) Qe(16) Qe(20) Log 

Ce(16) 

Log 

Qe(16) 

Log 

Ce(20) 

Log 

Qe(20)  

1000 38.001 15.23 14.852 2.2771 2.3149 1.1827 0.357382 1.171785 0.364532 

2000 38.001 7.95 7.16 1.50255 1.54205 0.900367 0.176829 0.854913 0.188098 

3000 38.001 4.012 3.87 1.132967 1.1377 0.603361 0.054217 0.587711 0.056028 

4000 38.001 3.2 2.93 0.870025 0.876775 0.50515 -0.06047 0.466868 -0.05711 

5000 38.001 2.03 2.348 0.71942 0.71306 0.307496 -0.14302 0.370698 -0.14687 

6000 38.001 1.47 1.98 0.60885 0.60035 0.167317 -0.21549 0.296665 -0.2216 

7000 38.001 1.254 1.7 0.524957 0.518586 0.098298 -0.27988 0.230449 -0.28518 

8000 38.001 0.967 1.632 0.462925 0.454613 -0.01457 -0.33449 0.21272 -0.34236 

The graph was plotted based on the calculations in Table 8.21 to study Freundlich Isotherm 

 

Figure 8.26: Copper Freundlich isotherms 

Figure 8.26 shows the results of the adsorption isotherm for metal Copper. From the above 

graph the straight lines plotted indicate the occurrence of Copper metal adsorption from the 

treated samples. The graph shows the adsorption isotherms of good Copper metal removal. 

This can be proved by looking at the coefficient of determination, R
2
 where R

2
 is 0.9942 

for 16 h of exposure time and 0.9942 for 20 h of exposure time. The slope of the linear plot 

line is 0.573441 for 16 h of exposure time and 0.715213 for 20 h of exposure time. Thus 

the value of n being 2.15and 1.39 respectively Kf value is obtained from the equation are 

0.32442 for 16 h of exposure time and 0.3446 for 20 h of exposure.  
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(f) Freundlich Isotherm Constants. From the above calculations and the graphs the 

Freundlich isotherm constants were calculated and are given in Table 8.22 

Table 8.22: Freundlich Isotherm constants 

Name of 

metal 

Contact 

time 

1/n n K R
2 

Type 

Hg 16 h 0.5121 1. 96 0.1257 0.9984 Favourable 

20 h 0.1659 6.06 0.5367 0.9849 Favourable 

Se 16 h 0.4407 2.27 0.0033 0.9647 Favourable 

20 h 0.5292 1.92 0.0625 0.9421 Favourable 

Fe 16 h 0.1931 5.18 1.936 0.8901 Favourable 

20 h 0.263 3.80 1.8901 0.8703 Favourable 

Zn 16 h 0.4815 2.08 0.3107 0.9708 Favourable 

20 h 0.5276 1.92 0.1496 0.9809 Favourable 

Cu 16 h 0.5734 2.15 0.3244 0.9942 Favourable 

20 h 0.7152 1.39 0.3446 0.9942 Favourable 

Therefore, on the analysis of the Freundlich constant n, it is evident that the values of n are 

above one (n ≥ 1) proving that RH40PM60 is a good adsorbent for multiple heavy metals.  

8.7.3 BET Isotherm 

BET isotherm is a model of multi-layer physisorption. In BET each adsorbate layer exerts 

van der Waals force of attraction on to other adsorbate. However the force of attraction of 

first layer is higher than the subsequent layers.   

(a) BET Isotherm for Adsorption of Mercury 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for BET Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)), Ce/(Cs-Ce) qe16 and Ce/Cs16, 

Ce20/(Cs-Ce)qe and Ce/Cs20 were calculated. The results are shown in Table 8.23 

Metal removal in batch reactor 



Chapter-8                                                                                 Results and discussion Part-III 
 

124 
 

Table 8.23: Calculations for BET isotherm for adsorption of Mercury. 

Ci Ce16 Ce20 qe16 qe20 

Ce/ 

(Cs-Ce) qe16 Ce/Cs16 

Ce20/ 

(Cs-Ce)qe Ce/Cs20 

35.82 1.93 1.35 3.389 3.447 0.000351 0.03389 0.000357 0.03447 

35.82 0.85 0.54 1.7485 1.764 0.000362 0.03497 0.000366 0.03528 

35.82 0.51 0.36 1.177 1.182 0.000366 0.03531 0.000368 0.03546 

35.82 0.34 0.24 0.887 0.8895 0.000368 0.03548 0.000369 0.03558 

35.82 0.26 0.19 0.7112 0.7126 0.000369 0.03556 0.000369 0.03563 

35.82 0.19 0.15 0.593833 0.5945 0.000369 0.03563 0.00037 0.03567 

35.82 0 0.09 0.51171 0.51042 0.000372 0.03582 0.000371 0.03573 

35.82 0 0 0.44775 0.4477 0.000372 0.03582 0.000372 0.03582 

The graph was plotted based on the calculations in Table 8.23 to study BET Isotherm 

Figure 8.27: Mercury BET isotherm 

Figure 8.27 shows the graph of BET adsorption isotherm for Mercury. The value of BET 

constant(b) calculated from the graph is 0.9991for 16 h and 0.9991 for 20 h. As the value 

of BET constant is positive it shows the adsorption is multilayered.The value of R
2
  is 

0.9997 for 16 h and 0.9995 for 20h. This shows good adsorption of Mercury. Comparing 

the values of R
2
 in BET Isotherm, Freundlich Isotherm and Langmuir Isotherm it is seen 

that R
2
 BET > R

2
Freundlich > R

2
Langmuir showing the adsorption is favouring BET 

Isotherm model. 

(b) BET Isotherm for Adsorption of Selenium 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for BET Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) Ce/(Cs-Ce) qe16 and Ce/Cs16, 

Ce20/(Cs-Ce)qe and Ce/Cs20 were calculated. The results are shown in Table 8.24 
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Table 8.24: Calculations for BET isotherm for adsorption of Selenium. 

Ci Ce16 Ce20 qe16 qe20 

Ce/ 

(Cs-Ce)qe16 Ce/Cs16 

Ce20/ 

(Cs-Ce)qe Ce/Cs20 

379.567 258.279 244.382 12.1288 13.5185 0.00138 0.121288 0.001563 0.135185 

379.567 156.325 144.194 11.1621 11.76865 0.002874 0.223242 0.003078 0.235373 

379.567 118.862 85.765 8.690167 9.7934 0.003526 0.260705 0.00416 0.293802 

379.567 69.285 57.695 7.75705 8.0468 0.004499 0.310282 0.004746 0.321872 

379.567 47.361 43.703 6.64412 6.71728 0.004975 0.332206 0.005057 0.335864 

379.567 34.841 39.639 5.745433 5.665467 0.005261 0.344726 0.00515 0.339928 

379.567 28.394 32.536 5.016757 4.957586 0.005412 0.351173 0.005315 0.347031 

379.567 26.888 28.797 4.408488 4.384625 0.005448 0.352679 0.005403 0.35077 

The graph was plotted based on the calculations in Table 8.24 to study BET Isotherm 

 

Figure 8.28: Selenium BET isotherm 

Figure 8.28 shows the graph of BET adsorption isotherm for Selenium. The value of BET 

constant(b) calculated from the graph is 0.9999for 16 h and 0.9998 for 20 h. As the value 

of BET constant is positive it shows the adsorption is multilayered.The value of R
2
  is 

0.9626 for 16 h and 0.9932 for 20h. This shows good adsorption of Selenium. Comparing 

the values of R
2
 in BET Isotherm, Freundlich Isotherm and Langmuir Isotherm it is seen 

that R
2
 BET > R

2
Freundlich > R

2
Langmuir showing the adsorption is favouring BET 

Isotherm model. 

(c) BET Isotherm for Adsorption of Iron 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for BET Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 
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adsorbed in mg per gram of adsorbent after 20h (qe(20)) Ce/(Cs-Ce) qe16 and Ce/Cs16, 

Ce20/(Cs-Ce)qe and Ce/Cs20 were calculated. The results are shown in Table 8.25 

Table 8.25: Calculations for BET isotherm for adsorption of Iron. 

Ci Ce16 Ce20 qe16 qe20 

Ce/ 

(Cs-Ce) qe16 Ce/Cs16 

Ce20/ 

(Cs-Ce)qe Ce/Cs20 

64.784 61.154 41.0816 41.4446 64.784 -0.01002 410.816 -0.01002 414.446 

9.077 7.591 23.32615 23.40045 9.077 -0.01002 466.523 -0.01002 468.009 

7.498 5.278 15.6034 15.6774 7.498 -0.01002 468.102 -0.01002 470.322 

6.617 4.002 11.72458 11.78995 6.617 -0.01002 468.983 -0.01002 471.598 

4.466 3.755 9.42268 9.4369 4.466 -0.01002 471.134 -0.01002 471.845 

4.256 3.46 7.855733 7.869 4.256 -0.01002 471.344 -0.01002 472.14 

3.063 2.516 6.750529 6.758343 3.063 -0.01002 472.537 -0.01002 473.084 

1.342 1.993 5.928225 5.920088 1.342 -0.01002 474.258 -0.01002 473.607 

The graph was plotted based on the calculation in Table 8.25 to study BET Isotherm 

 

Figure 8.29: Iron BET isotherm 

Figure 8.29 shows the graph of BET adsorption isotherm for Iron. The value of BET 

constant(b) calculated from the graph is 0.9999for 16 h and 0.9994 for 20 h. As the value 

of BET constant is positive it shows the adsorption is multilayered.The value of R
2
  is 

0.9998 for 16 h and 0.9999 for 20h. This shows good adsorption of Iron. Comparing the 

values of R
2
 in BET Isotherm, Freundlich Isotherm and Langmuir Isotherm it is seen that 

R
2
 BET > R

2
Freundlich > R

2
Langmuir showing the adsorption is favouring BET Isotherm 

model. 

(d) BET Isotherm for Adsorption of Zinc 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for BET Isotherm which  are Initial concentration (Ci), final 
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concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) Ce/(Cs-Ce) qe16 and Ce/Cs16, 

Ce20/(Cs-Ce)qe and Ce/Cs20 were calculated. The results are shown in Table 8.26. 

Table 8.26: Calculations for BET isotherm for adsorption of Zinc. 

Ci Ce16 Ce20 qe16 qe20 

Ce/ 

(Cs-Ce) 

qe16 Ce/Cs16 

Ce20/ 

(Cs-Ce)qe Ce/Cs20 

59.94 7.869 5.59 5.2071 5.435 -0.0102 52.071 -0.01019 54.35 

59.94 3.34 1.36 2.83 2.929 -0.01018 56.6 -0.01017 58.58 

59.94 1.75 0.74 1.939667 1.973333 -0.01017 58.19 -0.01017 59.2 

59.94 0.909 0.53 1.475775 1.48525 -0.01017 59.031 -0.01017 59.41 

59.94 0.683 0.42 1.18514 1.1904 -0.01017 59.257 -0.01017 59.52 

59.94 0.46 0.321 0.991333 0.99365 -0.01017 59.48 -0.01017 59.619 

59.94 0.312 0.216 0.851829 0.8532 -0.01017 59.628 -0.01017 59.724 

59.94 0.15 0.137 0.747375 0.747538 -0.01017 59.79 -0.01017 59.803 

The graph was plotted based on the calculations in Table 8.26 to study BET Isotherm 

Figure 8.30: Zinc BET isotherm 

Figure 8.30 shows the graph of BET adsorption isotherm for Zinc. The value of BET 

constant(b) calculated from the graph is 0.9996for 16 h and 0.9997 for 20 h. As the value 

of BET constant is positive it shows the adsorption is multilayered.The value of R
2
  is 

0.9999 for 16 h and 0.9994 for 20h. This shows good adsorption of Zinc. Comparing the 

values of R
2
 in BET Isotherm, Freundlich Isotherm and Langmuir Isotherm it is seen that 

R
2
 BET > R

2
Freundlich > R

2
Langmuir showing the adsorption is favouring BET Isotherm 

model. 
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(e) BET Isotherm for Adsorption of Copper 

Based on the results of adsorption by batch reactor as shown in Table 8.10 various 

parameter needed for BET Isotherm which  are Initial concentration (Ci), final 

concentration after16h (Ce(16)), final concentration after 20h (Ce(20)), mass of adsorbent 

in mg per100 ml (m), metal adsorbed in mg per gram of adsorbent after 16h (qe(16)), metal 

adsorbed in mg per gram of adsorbent after 20h (qe(20)) Ce/(Cs-Ce) qe16 and Ce/Cs16, 

Ce20/(Cs-Ce)qe and Ce/Cs20 were calculated. The results are shown in Table 8.27. 

Table 8.27: Calculations for BET isotherm for adsorption of Copper. 

Ci Ce16 Ce20 qe16 qe20 

Ce/ 

(Cs-Ce) 

qe16 Ce/Cs16 

Ce20/ 

(Cs-Ce)qe Ce/Cs20 

38.001 15.23 14.852 2.2771 2.3149 -0.01046 22.771 -0.01045 23.149 

38.001 7.95 7.16 1.50255 1.54205 -0.01034 30.051 -0.01034 30.841 

38.001 4.012 3.87 1.132967 1.1377 -0.0103 33.989 -0.0103 34.131 

38.001 3.2 2.93 0.870025 0.876775 -0.0103 34.801 -0.01029 35.071 

38.001 2.03 2.348 0.71942 0.71306 -0.01029 35.971 -0.01029 35.653 

38.001 1.47 1.98 0.60885 0.60035 -0.01028 36.531 -0.01029 36.021 

38.001 1.254 1.7 0.524957 0.518586 -0.01028 36.747 -0.01028 36.301 

38.001 0.967 1.632 0.462925 0.454613 -0.01028 37.034 -0.01028 36.369 

The graph was plotted based on the calculation in Table 8.27 to study BET Isotherm 

Figure 8.31: Copper BET isotherm 
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Figure 8.31 shows the graph of BET adsorption isotherm for Copper. The value of BET 

constant(b) calculated from the graph is 0.9992for 16 h and 0.9992for 20 h. As the value of 

BET constant is positive it shows the adsorption is multilayered.The value of R
2
  is 0.9995 

for 16 h and 0.9994 for 20h. This shows good adsorption of Copper. Comparing the values 

of R
2
 in BET Isotherm, Freundlich Isotherm and Langmuir Isotherm it is seen that R

2
 BET 

> R
2
Freundlich > R

2
Langmuir showing the adsorption is favouring BET Isotherm model. 

(f)  BET Isotherm Constant:  The isotherm constants were calculated from the 

graphs (Figure 8.27 to 8.31) and the Tables 8.23 to 8.27. It is observed that the value of the 

BET constants „b‟ was having a positive value i.e., b > 0, indicating that the adsorption is 

multilayered. 

Table 8.28: BET Isotherm constants 

Name of metal Contact 

time 

b q R
2 

Type 

Hg 16 h 0.9991 -94.41 0.9997 Favourable 

20 h 0.9991 -94.41 0.9995 Favourable 

Se 16 h 0.9999 -99.01 0.9626 Favourable 

20 h 0.9998 -99.013 0.9932 Favourable 

Fe 16 h 0.9999 -100.001 0.9998 Favourable 

20 h 0.9994 -100.001 0.9999 Favourable 

Zn 16 h 0.9997 -97.11 0.9999 Favourable 

20 h 0.9996 -96 0.9994 Favourable 

Cu 16 h 0.9992 -95.24 0.9994 Favourable 

20 h 0.9992 -95.24 0.9995 Favourable 

8.7.4 Comparison of values of R
2
 of the isotherms 

During the analysis of the isotherms the value of correlation coefficient (R
2
) are derived 

from the graph. The value of R
2
 shows the appropriation in the adsorption isotherm. This 

value should be one or as close to one, indicating appropriation to the adsorption isotherm. 

The comparative table of the values of R
2
 is tabulated in Table 8.29: 

Metal removal in batch reactor 



Chapter-8                                                                                 Results and discussion Part-III 
 

130 
 

Table 8.29: Comparison of the values of R
2
 of the isotherms 

Name of 

Metal 

Langmuir: R
2 

Freundlich: R
2
 BET: R

2
 

16h 20h 16h 20h 16h 20h 

Hg 0.9744 0.8864 0.9984 0.9849 0.9997 0.9995 

Se 0.9849 0.9991 0.9647 0.9421 0.9626 0.9932 

Fe 0.9465 0.9755 0.8901 0.8703 0.9998 0.9999 

Zn 0.8569 0.9731 0.9708 0.9809 0.9999 0.9994 

Cu 0.9484 0.9632 0.9942 0.9942 0.9994 0.9995 

From the Table 8.29 it is evident that the values of R
2
 of the BET isotherms for all metals 

(Hg, Se, Fe, Zn & Cu) are almost, “one” indicating that the adsorption is multi-layered. 

A series of batch reactor experiments was conducted on the adsorbent RH40PM60 to 

observe the isotherms for Hg, Se, Fe, Zn and Cu. The analysis mainly shows the results of 

R
2
 for BET is more than that of R

2
 of Freundlich and R

2
 Langmuir. This suggests the 

adsorption is multilayered. 

8.7.5 Study of pH during Adsorption 

The synthetic acid prepared in the laboratory was having an initial pH of 1.9. After 

incubation of 16 and 20 h respectively with different doses of adsorbent, it was observed 

that the pH increased up to near neutral. This increase in pH is attributable to the pH of 

pressmud which is about 8.4. The increase in final pH with varying dose of adsorbent has 

been tabulated in Table 8.30:   

Table 8.30: Values of pH as monitored during batch reactor adsorption 

 
 

16 h  of Adsorbent pH 20 h of Adsorbent pH 

1g/100ml 5.5 1g/100ml 5.78 

2g/100ml 6.02 2g/100ml 6.38 

3g/100ml 5.84 3g/100ml 6.53 

4g/100ml 6.0 4g/100ml 6.6 

5g/100ml 6.17 5g/100ml 6.42 

6g/100ml 5.48 6g/100ml 6.46 

7g/100ml 6.20 7g/100ml 6.35 

8g/100ml 5.65 8g/100ml 6.0 
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From the Table 8.30 it is evident that with contact period of 20h the pH is more. It is 

maximum for 6g of adsorbent.  

 
Figure 8.32: Graphical representation of pH monitored during batch reactor adsorption. 
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CHAPTER - 9 

 SUMMARY OF CONCLUSIONS 
 

The research work carried out in this investigation, “E-waste management: Environment 

damage due to spent acid generated by informal sector” was divided in three main parts: 

Part I: Systematic study of the chemical processes, material balance, and business model 

of informal sector.   

Part II: Characterization studies on various waste steams generated in the processes 

adopted by informal sector, the ground water and soil contaminated by toxic metals. 

Part III: Adsorption studies using low cost adsorbent RH40PM60 using columnar and 

batch reactor methods. 

9.1 Summary of Conclusions Part-I 

In this part the conclusions have been drawn pertaining to the following aspect: 

(a) Systematic study of the chemical processes. 

(b) Material balance of the chemical processes. 

(c) Earning by informal sector. 

9.1.1 Systematic study of the chemical processes 

I. Moradabad was identified for investigation of e-waste processes followed by 

informal sector as representative, “informal sector” of India.  

II. The major chemical processes adopted by the informal sector in extraction of 

precious metals for commercial purpose were found to be the following: 

(a) Acid leaching process mainly to extract solder, gold, silver, palladium and copper. 

This comprises of eight stages which are: 

Stage I: Application of heat using gas blow torch for removal of chips from PCBs followed 

by burning and grinding of chips, with precious metals and impurities in form of powder. 

Stage II: Mixing of grinded powder with lead, borax-dechydrate crystal and light soda ash 

with heating in furnace to molten state and formation of bricks in wooden moulds. 

Stage III: Heating of brick with Calcium carbonate and silica dioxide, to get lead, slag 

(impurities) and metallic disk. 

Stage IV: Heating the metallic disk to get granules. 
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Stage V: Keeping granules in nitric acid to ensure metals dissolve and gold precipitates to 

get solid gold pellets. 

Stage VI: Common salt is added to the aqueous solution and stirred with iron rod to 

precipitate silver. 

Stage VII: Addition of Zinc powder, dilute hydrochloric acid and sodium formate to 

precipitate palladium. 

Stage VII: Iron wool is added and stirred with wood to precipitate copper.  

(b) Mercury amalgamation process is mainly done to extract gold from the gold 

plated copper pins. This comprises of three stages which are: 

Stage I: Physical separation of gold plated copper pins from plastic and silica chips. 

Stage II: Add 500 ml of Nitric acid with 250 ml of water to 1 kg of gold plated copper pins 

and apply mild heat till copper dissolves and gold floats. 

Stage III: Add Mercury and nitric acid to impure gold to get pure gold. 

(c) Grinding and precipitation process is done to extract copper.  

III. It is also found that processes adopted by informal sector are rudimentary, 

hazardous and illegal. 

All these processes have been studied at Moradabad and discussed in detail in chapter 3. 

9.1.2 Material balance of chemical processes 

The Material balance of chemical processes were conducted in a steady state, ignoring the 

fugitive emissions, by preparing a mass balance of a batch of 1000 kg of PCBs for the acid 

leaching process followed by mercury amalgamation and thereafter grinding and 

precipitation process. 

In summary from the Figure 4.1, the composite box diagram, it can be concluded that all 

the components of the environment have been seriously damaged.  

9.1.3 Earning by informal sector    

 Large amount of precious metals are recovered by the informal sector within a short span 

of 5 to 7 days. The earning by informal sector from extraction and sale of the precious 

metal has been found to be based on market survey conducted. The earning of the informal 

sector is about Rs 20K to Rs 30K for every 1000 kg of PCBs, processed over a period of 5 

to7 days, provided various factors governing the processes remained under their control. 

 

Summary of Conclusions Part-I 
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9.2 Summary of Conclusions: Part II 

I. Spent Acid 

In a period of two months eight samples of spent acid (S1 to S8) were collected at weekly 

interval and analyzed for metal concentration from 112 observations in Table 6.1 and 6.2.  

 All the precious metals were found in large quantity with gold as high as 0.187 mg/L, 

Silver as high as 0.604 mg/L, Palladium as high as 0.497 mg/L and copper as high as 

38.109 mg/L.  

 The spent acid is having pH as low as 1.4 and as high as 2.2. 

 The concentration of metals was found higher compared to the standards of disposal of 

effluent.  

II. Sludge in spent acid 

Three samples of sludge in the spent acid were collected and analyzed for metal 

concentration.  

 The concentration of metals was found to be quite high.  

III. Slag from acid leaching process 

Six samples of slag from the stage II and stage III of acid leaching were collected and 

analyzed for metal concentration.  

 The concentration of metals found to be very high. 

IV. Ash from chimney 

Three samples of ash were collected from the chimney of the furnace and analyzed for 

metal concentration to estimate the metals which are fugitive in the emissions. 

 The concentration of metals found high. 

V. Waste water from grinding and precipitation process 

Three samples of waste water from the process of grinding and precipitation of PCBs was 

collected and analyzed for metal concentration.  

 The concentration of metals found high. 
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VI. Sludge from grinding and precipitation process 

Three samples of sludge from grinding of dismantled PCBs were collected and analyzed 

for metal concentration.  

 The concentrations of metals were found to be not high. 

VII. Soil 

Six samples of soil from disposal site at Daswaghat were collected in July. The samples 

were analyzed for metal concentration.  

 The concentrations of metals were found to be not high.  

VIII. Sub soil water 

Six samples of water from the hand pumps in the vicinity of Daswaghat were collected and 

analyzed for metal concentration. 

 The metals were found to be present, though not high. 

 It can be concluded that the water from the hand pumps is not potable. 

9.3 Summary of Conclusions: Part III 

This is the most crucial part of the study where attempts have been made to find a cost 

effective technology to remove the heavy metals from the spent acid.  

 From the characterization studies of the combination of rice husk and pressmud, 

cheaply available from nearby areas of Moradabad is found to be successful adsorbent 

as this is prepared from agricultural waste and hence most economical. 

 The proportion of 2:3 mix of rice husk and pressmud is labeled as adsorbent 

RH40PM60 is found to be most efficient in removal of critical metals from spent acid. 

BET analysis of the adsorbent RH40PM60 is indicative of good physisorption. 

 The adsorption capacity has been found to be favourable for different sets of 

conditions. 

 It is crystal clear that the removal of heavy metals by adsorption technology is found to 

be rendering more than 80%.  

 The optimal contact time is 20 hours.  

 The isothermal studies of adsorbent RH40PM60 indicate the adsorption is multilayered 

and at best follows the BET isotherm model.  

Summary of Conclusions Part-II 
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 Adsorbent RH40PM60 is capable of adsorbing multiple metals from the spent acid.  

 Exposure of spent acid to adsorbent RH40PM60 during adsorption increases the pH 

from ~2 to near neutral. 

 9.4 Major Contributions 

(a) Quantifying the concentration of toxic metals in the waste streams from the 

processing of e-waste by informal sector. 

(b) Rendering an effective low cost treatment technology for removal of heavy metals 

prior to disposal by informal sector. 

9.5 Scope of Future Work 

The following could be considered by the research fraternity as future scope of work: 

(a) The air emissions due to the processing of e-waste at Moradabad should be 

measured through a study the ambient air quality. 

(b) Studies to promote greener and more efficient methods such as Biosorption, using 

modified microorganisms capable of accumulation of heavy metals to be done.  

(c) A research to examine the short-term and long-term health effects of the e-waste 

processing on the local populace. 
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