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ABSTRACT

The recycling o f electronic waste (e-waste) tends to be a complex undertaking when 

considering the intimate bonding of materials in the average printed circuit board. The 

development of a recycling process is further complicated when considering the wide variety of 

products being generated under the heading o f “electronics” as well as the constant change in 

materials of construction coupled with the speed at which electronics are changing. Research 

conducted at CSM focuses on developing an understanding of the behavior of individual polymer 

constituents in the presence of alkali and alkali-earth carbonates as well as the behavior o f mixed 

polymer materials. This understanding leads to a process designed to entrap halides in-situ 

during pyrometallurgical pre-processing resulting in a reduction in the propensity of the 

formation of dioxins and furans or volatile metal halides. The resulting gas phase may then be 

combusted to reclaim thermal values. Carbon and metal rich solids may then be processed for 

metal recovery.
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CHAPTER 1

INTRODUCTION

Industrial sponsors have expressed an interest in the evaluation of processing options for 

electronic waste with the primary goal of defining operational parameters aimed at reducing 

and/or eliminating the formation of dioxins and furans during the pyrometallurgical processing of 

e-waste A secondary issue of the possible creation of problematic metal halide compounds was 

also identified during preliminary investigations The reduction and/or elimination of both the 

problematic organic and metal halide compounds is the primary goal of this research.

1.1 Defining Electronic Waste

With the wide variety of products produced under the heading of “electronics,” constant 

change in materials of construction, and the speed at which electronics are changing, there exists 

a wide variety of e-waste material generated. While the segment of interest to this research may 

be defined as “populated printed circuit boards and associated wiring,” all circuit boards are not 

created equal. Aside from the time dependent nature of chemical content, circuit boards from 

computer systems (computer motherboards, expansion cards, etc.) will have a different make-up 

than boards from cellular phones. Further affecting the non-uniform nature of e-waste is the less 

than uniform system of collection for e-waste as well as the fact that these collection systems are 

in the early stages of development in the United States. Some local municipalities conduct day- 

or week-long collection projects to deal with the issue of e-waste in the local landfills. Some 

manufacturers; e.g. IBM, Intel, HP; provide selective programs for the return of old computer 

systems. The European Union (EU) and Pacific Rim are further along in the development and 

operation of a viable collection network. This is due to governmental regulation rather than a 

sense of an individual’s social responsibility.
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The recycling of electronic waste has been looked at for both resource recovery and waste 

minimization for many years. Various industries look at processing options from differing points 

of view and with differing in-house technologies available for application. As post-consumer 

electronic material has a complex and varying make-up, it lends itself to a number of processing 

options aimed at primary recovery for any number of elements.

Depending on the background of the engineers involved in the process development, research 

can be focused on different aspects of the complex waste material. Chemical engineers may 

focus on the recovery of the organic fraction as low molecular weight compounds or monomers. 

These organics could then be destined for reprocessing to provide fresh polycarbonate material. 

The remaining metal/ceramic material may be disposed of as mixed-metal scrap secondary 

product or residue. The economics of this process would be based primarily on the recovery of 

organic monomers. Metallurgists would tend to focus on the metal recovery with the organic 

seen as entrained energy value or a troublesome source of halogens complicating the recovery of 

the metals and possibly creating a dioxin/furan problem during metal recovery.

1.2 Annual Waste Generation and Growth

The label “E-Waste” can apply to many long-term (capital) items: televisions, VCR/DVD  

players, Stereos, etc., and short-term (consumable) items: computers, cellular telephones, portable 

music/information systems, etc. The short term, high turnover items tend to dominate the e-waste 

pool based on shear volume. The near-term exception may be CRTs in the US due to the 

conversion from analog broadcasting to digital, mandated by Federal Law initially by the end of 

2006, encouraging the replacement of TV’s and creating a spike in the volume of discarded units.

It is estimated that 50% of the homes in the US and Canada have a working computer. With 

a 2004 estimate of 109 million households in the US and 12.8 million in Canada, this adds up to 

60.9 million operating computers in the home. Applying a conservative estimate of one computer 

in the workplace for each computer in the home takes this number to 136 million operating units.
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Taking into consideration what may be seen as planned obsolescence, between the rapid 

advancement in computer technology and the need for higher performance to operate the latest 

operating system  and software, a lifespan averaging three years is not out o f line (2-3 years for 

business use, 3-5 years for hom e). Using these conservative numbers as a baseline, incorporating 

an average population growth of 0.6% and a projected increase in computer sales of 10%, one can 

project a volum e upwards of 134 m illion computers that w ill be made obsolete and replaced with 

new units in 2006 (Figure 1.1). As large a number as this estimation may seem, the Computer 

Industry Almanac (C.I.A. 2006), estimates the number o f PCs in use in 2004 for the U S and 

Canada to be 246.2  m illion— 1.8 times larger than the number provided here.

350
In Operation 

Newly Surplus 301.7.

300  -

250  -

246.7
200 -

100  -

50  -

Figure 1.1 New  and Obsolete Computers

It is estimated (Goodrich, 1999) that a full 75% of hom e computers that becom e obsolete are 

stored in a back closet due to the unit’s perceived value. Business computers also tend to be 

retained for much the same reason, in addition to current laws surrounding computer disposal for
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com panies em ploying more that 120 persons. If one were to start with zero units in storage in 

2002, an average o f 75% retention applied to the projected growth o f the computer population of 

the U SA  and Canada w ill result in som e 348 m illion additional units in storage by 2006 and 582  

m illion by 2008 (Figure 1.2). Eventually these units w ill be sent to landfill or recycled. These 

projections do not take into consideration market saturation, eventually slow ing the sales o f new  

units, nor does it take into consideration the eventual critical mass o f obsolete units sitting in 

storage. As the number of computers in storage grows larger, the propensity o f the average 

person to keep the unit in the back closet w ill lessen, resulting in a larger fraction of computers 

being added to the local landfill— not necessarily the best answer to the problem.

1,400
— Cumulative Surplus
—  In Operation
—  Newly Surplus

1,224
1,200

1,000

800

600

400

200

Figure 1.2 Cumulative Computer Resource

Evaluating the material in tonnage rather than number of units provides a better measure of 

the amount o f material available. At 27.5 kg per computer, 3.7 m illion tonne of obsolete  

computer material would be generated in 2006 and an additional 4.5 m illion tonne in 2008.
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1.3 Material Composition

Figure 1.3 provides a look as to the chem ical make-up o f the average 27.5 kg computer 

system  broken down to its elemental constituents per tonne of waste. The presence o f a CRT 

provides for a high level o f lead (6.3%) and SiOz (10.8% Si corresponding to 24.9%  SiOz). The 

structural com ponents present in a com plete computer system  are reflected in the high percentage 

of iron (20.4%) and aluminum (14.2%) as well as an increased level in elem ents used in alloying  

and decorative applications (Ni, Mn, Ti, Cr).
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Figure 1.3 Element Distribution in a Desktop PC with Monitor

At 6.9% Cu, 16 g/t Au, and 189 g/t Ag, a desktop PC makes for a respectable polym etallic 

resource, although with som e contaminates that make for a more difficult processing route. 

Knowing the distribution o f elem ents within a PC is important in determining process 

applications. W hile som e o f the elem ents present are incorporated into com ponents that are not 

easily separated, e.g., elem ents contained within a motherboard, som e com ponents may be
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removed or concentrated through conventional mineral processing techniques. Rem oval o f the 

plastics that make up the outer decorative case, or recovery of the ferrous structural framework 

may be easily accom plished. A  conventional desktop unit has the advantage o f a separate CRT, 

which can be treated in much the same manner as a conventional television for resource recovery. 

With little difference between a standard CRT television that may be entering the waste stream, 

and a computer monitor CRT (from a chemical/material perspective), the lead-rich computer 

monitors would enter that stream of resource recovery, separate from the main chassis o f the PC.

Additionally, the increase in the popularity o f flat-screens for desktop application as well as 

laptop computers replacing the desktop altogether, has reduced CRTs being processed along with 

other post-consumer electronics. Rem oving the monitor, which possesses som e o f the elements 

exclusively  within the CRT, and associated tonnage, the elemental com position of the remaining 

waste is greatly altered. The estimated com position is shown in Figure 1.4.
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Figure 1.4 Element Distribution in a Desktop PC without Monitor
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By eliminating CRT’s and plasma displays from the discussion as well as the more readily 

recoverable components of a PC, i.e., plastic casing and metal frame, and focusing only on the 

internals of a computer system— populated motherboard, video, audio and network cards— one 

can estimate 0.75 kg e-waste per computer. This alternate composition represents roughly 2.15%  

of the initial mass. Relating this reduction in mass to the projected numbers of computers made 

obsolete and ending up in backroom storage gives 100,500 tonne of populated circuit boards in 

2006 from obsolete computers alone. The amount of circuit boards accumulating in storage 

would reach 261,000 tonne by 2006 and 436,500 tonne by 2008.

This estimation of an e-waste assay also compares fairly well to an accepted general e-waste 

composition shown in Table 2.1 (Sum, 1991). As is often the case, the mantra of “One man’s 

waste is another man’s ore” can be applied here. A circuit board is primarily an oxide matrix 

with metal values and a moderate organic fraction. The metal fraction is copper, iron and tin with 

appreciable amounts of gold, silver and PGMs. Oxides are mostly silica and alumina. The 

organic fraction is, of course, plastics.

Table 2.1 General Printed Circuit Board Composition, Wt. %

Metal 40% Refractory 30% Organic 30%
Cu 2 0 S i0 2 15 Polyethylene (PE) 9.9
Fe 8 AI2 O3 6 Polypropylene (PP) 4.8
Sn 4 Aik. & Aik. earth oxides 6 Polyesters 4.8
Ni 2 Titanates and mica. 3 Epoxies 4.8
Pb 2 Polyvinylchloride (PVC) 2.4
Al 2 Polytetrafluorethane (PTFE) 2.4
Zn 1 Nylon 0.9
Sb 0.4
Ag 0 . 2

Au 0 . 1

Pd 0.005
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1.4 Material Value

Material composition varies based on age of the material as well as its source. Table 2.2 

shows a number of e-waste assays from reference demonstrating a range o f metal contents. As is 

often the case when dealing with secondary waste streams, one must know one’s supplier. A 

hand-sorted sample will return a higher assay, but efficient processing will have to be based on a 

general sample with a minimum acceptable grade to ensure economically viable operation.

Table 2.2 Metal Assay of E-Waste— Literature Review
Electronic Waste, Wt. %

A 1 B" cm D,v E1V Avg. tr-oz/st
Cu 28.9 28.9 26.8 18.2 16.4 23.8
Fe 11.5 11.5 5.3 37.4 27.3 18.6
Sn 5.77 5.77 1.0 1.9 1.1 3.11
Al 2.90 2.90 1.9 19.0 11.0 7.54
Pb 2.89 2.89 - 1.6 1.4 2.20
Zn 1.73 1.44 1.5 0.9 3.1 1.73
Ag 0.106 0.289 0.33 0.0006 0.021 0.149 43.46
Au 0.054 0.144 0.008 0.0012 0.015 0.044 12.83
Pd (PGM) 0.003 0.007 - - 0.002 0.004 1.17

i. Sum 1991
ii. Hoffmann 1992
iii. Lehner 1998
iv. Busselle 1999

At spot prices on 2 March 2006, the average value of copper and precious metals contained 

within the average e-waste was valued at around $9,061 per short ton ($9,988 per tonne) shown in 

Table 2.3 While this contained value reflects the run-up in metals prices currently being seen the 

global commodity markets, a valuation of contained metals using prices from January 1999 still 

returns a value of $4,625 per short ton ($5,098 per tonne).



Table 2.3 Average Valuation— Literature Review
Avg. Wt. % tr-oz/st Spot Price* Value/st

Cu 23.84 $2 .22 /lb $1,058.50
Fe 18.60
Sn 3.11
Al 7.54
Pb 2.20
Zn 1.73
Ag 0.149 43.46 $9 .80 /oz $425.89
Au 0.044 12.83 $564.25/oz $7,241.21

Pd (PGM) 0.004 1.17 $288.00 /oz $336.00
* 2 March 2006 (AMM 2006) Total $9,061.59

The thermal value of the contained plastics adds 7-8 million BTU heating value to each ton of 

waste (Table 2.4), valued at $60 to $70 when compared to the BTU value o f natural gas. While 

the thermal value of oxidizing metal would be realized in a pyrometallurgical process, it is not 

included in this BTU valuation.

Table 2.4 Thermal Value
Avg. Wt. % BTU/lb BTU/st waste

Polyethylene (PE) 9.90 19,900 3,940,200
Polypropylene (PP) 4.80 19,850 1,905,600
Polyesters 4.80 11,400 1,094,400
Epoxies 4.80 11,400 1,094,400
Polyvinilchloride (PVC) 2.40 7,700 369,600
PTFE 2.40 2,200 105,600
Nylon 0.90 13,200 237,600

Subtotal Organics-in-waste 8,747,400
Coal (Delivered WA State) $1.22/M MBTU $10.70

Natural Gas $6.50/M MBTU $58.81

Iron 8.00 1,650* 264,000
Aluminum 2.00 1,320,000* 52,800,000

Subtotal Metals-in-waste 53,064,000
* 2,420°f Total 61,811,400
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1.5 Government Legislation

As the problem of e-waste generation gains attention in the recycling community, the need 

for a structured method for dealing with the collection, transport and reprocessing/disposal of the 

material becomes more essential. Due to the nature of modem electronics— low cost, high 

volume commodities— the production and distribution of the items are on a regional, if  not 

national or global scale. Dealing with the material on a city or county level would be inefficient. 

Government involvement on at least a State if not Federal level would be needed to properly 

address the issue.

1.5.1 US State Government Legislaton

As with much of the waste material containing elements defined as “heavy metals” or 

“toxic,” political attempts to pass legislation to fix the problem abound. Four hundred and eight 

bills related to waste management, recycling, and product stewardship were introduced in US 

State legislatures in 2003 (Wu 2005). These legislative proposals include enacting bans on the 

disposal of waste electronics, study commissions, and full manufacturer responsibility programs. 

Over half of the States have considered bills regarding e-waste disposal.

Much of the attention goes to financial sources for collection and recycling of the material. 

Two options for the generation of funds most commonly considered are the Advance Recycling 

Fee (ARF), and Manufacturer Responsibility. The ARF is a fee added to the customer’s receipt at 

point of sale. Manufacturer Responsibility assigns the responsibility to manufacturers to collect 

and recycle their pro rata share of discarded products.

Three states, California, Maine, and Maryland, have passed laws requiring electronics 

recycling, yet with very different requirements for manufacturers and retailers. California’s 

legislation is based on the ARF model— known as SB 20 (2003), it imposes an advance disposal 

fee of $6-10  on monitors, televisions and laptops at point of sale. Maine and Maryland have
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adopted variations of the Manufacturer Responsibility model. Maine (Title 38, Section 1609) has 

implemented producer-financed collection, recovery, and recycling of electronic waste, to have 

begun January 2006 Maryland (HB-575) is mandating that manufacturers offer a take back 

program and pay a fee. Maryland’s bill was to have taken effect July 2005 Other states have 

already banned disposal of CRTs, or have commissioned study committees to draft legislation. 

Several states, including Minnesota, Massachusetts and Wisconsin, are expected to take action on 

e-waste this year.

1.5.2 US Federal Government Legislation

With the states taking the lead on legislation, the federal government is being prompted to 

consider the issue. Fifty differing policies on waste remediation would have adverse effects on 

regional processing and interstate commerce.

Two bills have been introduced in the US Congress. The first (HR 425), by Representative 

Mike Thompson of California, would enact a national ARF of $10 for new computers. The EPA 

would establish a national grant program to fund the collection and recycling of old computer 

systems.

The second bill (S.510), introduced in March 2005 by Senators Ron Wyden of Oregon and 

Jim Talent of Missouri, would establish tax incentives for consumers and businesses to recycle 

computers, monitors and televisions. The bill also would reduce the regulatory requirements for 

managing electronic waste to facilitate recycling, and compel the EPA to conduct a cost-benefit 

analysis of any potential national programs.
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CHAPTER 2

RECYCLING OPTIONS

2.1 Reuse

Resale or donation to non-profit organizations is often touted as the answer to a large portion 

of the e-waste problem. This still requires a certain minimum performance for the system to be 

usable. One would be hard pressed to find a 486 or Pentium-based system in operation, unless it 

was used in the most mundane of applications. While non-profit operations are happy to accept 

donated systems that have some operational life remaining, this is not a permanent solution. This 

system ’s operational life may be extended by a year or two, but it will eventually return to the 

waste stream having little effect on the annual generation of e-waste.

2.2 Reprocess

Some examples of e-waste processing are given here. Depending on the background of the 

engineers involved in the process development, the focus is placed on different aspects of the 

complex waste material. Chemical engineers may focus on the recovery of the organic fraction as 

low molecular weight compounds, while metallurgists tend to focus on the metal recovery. The 

intent here is not to define the best current technology, as the financial burdens of each process 

are dependent on the location, relative supply/demand issues and metals contracts, but to take a 

look at where the engineering community is in relation to the issue of e-waste recycling, with an 

emphasis on high temperature processing.

When deciding on the appropriate recycling option, relying on the availability of capital from 

government sources is not the ideal. A truly successful process should be fiscally sound on its
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own merits, without relying on Government subsidy. While a government policy that increases 

the availability of feed material may assist in the creation of a stable source of material, a self- 

sustaining processing must be able to handle the complex and varied chemistry that would be 

seen. While the primary value may be in the Cu and PMs, some value may be gained from other 

constituents as Pb ($0.64/lb), In ($1,000/kg) and Hg ($700/flask-76 lb).

An integrated copper-lead smelter lends itself as an efficient processing option for e-waste. 

The lead circuits recover metals, deemed problematic in some applications, as products for 

réintroduction to the economy. Such operations are already designed to handle volumes of dust 

and offgas. The copper circuit allows for the recovery of high value metals— copper and precious 

metals.

A review of eight operations reprocessing e-waste has been undertaken, with a focus on the 

conditions presented to the waste and the relative stability of the individual elements present. The 

operations are: Adherent Technologies Inc.; Boliden Mineral; Teck Cominco Ltd.; Noranda 

Recycling, Inc.; Union Mineria; and (grouped together due to almost identical processing) Sabin 

Metal Corporation U.S., Pashelinsky Smelting and Refining Corp. U.S. and Engelhard Specialty 

Metals Division, U.K.

2.2.1 Adherent Technologies Inc.

Adherent Technologies has taken the approach of recovering low molecular weight organics 

from the polymers present in e-waste (Busselle, 1999). The waste is first processed via 

shredder/hammer mill. Ferrous metals are removed with magnetic belt and drum operation, with 

aluminum being removed via eddy current separation. These processes result in a reduction of 

the feed by 30%. The remaining polymer-rich material is transported through a pyrolysis 

chamber by screw conveyor. Thermal degradation of the material results in the evolution of low  

weight organic molecules that can be distilled to produce a number of saleable products.

Adherent has demonstrated the ability to generate a phenol-rich liquid through vacuum
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distillation of this gas stream. Reforming and other reactive distillation operations may then 

process this material producing commodity chemicals such as ethylbenzene, phenol or styrene. 

The resulting organic-free, metal-ceramic material can then be sent to conventional metallurgical 

processing.

2.2.2 Boliden Mineral

Boliden’s Rônnskâr smelter has incorporated e-waste as part of its secondary raw materials 

for some time. The operation consists of a lead flash smelter and refinery, a copper smelter and 

refinery, a sulphuric acid and sulphur dioxide plant, a slag fuming plant and a precious metals 

plant. The company estimates that its plant could consume 15,000-20,000 tons per year of PC 

scrap (Mark, 2000), based on test-runs of 10t/charge.

In a project sponsored by Boliden, The Association of Plastics Manufacturers Europe 

(APME) and The American Plastics Council (APC), the use of PC waste in the Zinc Fuming 

Furnace feed was studied as well as the current process of adding the e-waste to Boliden’s Kaldo 

Furnace.

The e-waste investigated by Boliden was comprised of the entire personal computer (PC) 

with only selective removal of components that contained Hg. Processing of e-waste in this 

manner eliminates the need for complete disassembly of the components, reducing the cost of the 

scrap. Preparation of the PC waste was accomplished using a hammer mill with removal of iron 

via a magnetic separator, creating a more plastic-rich waste than was discussed above when 

considering circuit boards alone. The PC scrap is reduced to -30 mm and mixed with crushed 

revert slag in a 50:50 mixture to optimize bulk handling and silo feeding, avoiding blockages 

during feeding.
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2.2.2.1 Zinc Fuming Furnace.

The fuming furnace is supplied with a mix of EAF dust, Revert Slag and PC waste. The 

plastics contained in the PC waste work with added coal fines to facilitate the fuming of zinc, 

lead, arsenic and related metals in addition to the contained halogens. This stream is sent to the 

clinker furnace.

The cleaned slag is tapped from the fuming furnace to a settler furnace where copper alloy 

and copper sulphide are separated. Precious metals from the e-waste follow the copper collector. 

In this way, almost complete recovery of the copper and precious metals from the e-waste can be 

obtained

2 .2 2 .2  Kaldo Furnace.

The total amount of secondary raw materials and lead concentrate processed by Boliden’s 

Kaldo furnace is around 100,000 short tons per year. Kaldo technology has been practiced for 

over 15 years to recover cable scrap and printed circuit boards.

A skip hoist charges blended feed material. Oxygen lance supplies the needed O2 for 

combustion with an oil-oxygen burner, if needed, to reach ignition temperature. At this point the 

value of the plastics within the PC waste is realized. With a thermal value on par with that of fuel 

oil, the polycarbonates supply the heat needed for the smelting operation. Offgases are subjected 

to additional combustion air at around 1,200°C in post-combustion. Standard gas handling 

system recovers thermal energy via a steam network.

The Kaldo furnace produces a mixed copper alloy that is sent to the copper smelter for 

recovery of metals (Cu, Au, Ag, Pd, Ni, Se, Zn) and dusts (containing Pb, Sb, In, Cd) are sent to 

other operations for metal recovery.
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2.2.2.3 Plant Operation.

According to Mark, 2000, operational parameters (recovery, energy balance, product quality 

and emissions) were not affected by the addition of PC waste. Plastic additions accounted for 

20% of the energy input (substituting for coal) without any appreciable change to the plant’s 

output from either a chemical or thermal perspective.

2.2.3 Teck Cominco Ltd.

Tech Cominco is the largest producer of germanium and zinc in the world (Goosen, 2005). 

The company’s Trail Metallurgical Complex operation, located in British Columbia, is a $1 

billion integrated zinc/lead smelter with capacity of 290,000 and 120,000 tonne per year of zinc 

and lead respectively. By-products include silver, gold and indium.

Facing a reduction in conventional feed material to their No.2 slag fuming furnace (SFF), 

electronic waste was considered as an alternative charge material. As an integrated zinc/lead 

operation, Teck can handle the typical elements found in electronic waste, thus making it simple 

to adapt the process for e-waste. In initial tests, the company processed 30 tonne (66,000 lbs) and 

225 tonne (500,000 lbs) of shredded end-of-life electronic waste. The material is fed into the 

24 m3 fuming furnace at 1,250°C, already containing a zinc-rich slag. Fumes of lead, zinc, 

cadmium, tin, germanium, indium and other elements are collected in the baghouse, while a slag 

of silica, iron and aluminum is left behind. The matte formed contains copper, nickel, gold, silver 

platinum and palladium.

In the process, the plastics contained in the electronic waste are used as a fuel source. The 

thermal energy is reclaimed through a boiler/steam generation. The offgas from the combustion 

chamber is further combusted through the addition of excess oxygen, destroying any dioxins, 

furans and brominated flame retardants that may remain. An extensive air monitoring program 

showed no increased emissions during the testing/demonstration program. In June of 2005, the
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Canadian government approved the operation for the industrial treatment of electronic waste.

The company estimates a 20,000 tonne per year capacity.

2.2.4 Noranda Recycling, Inc.

A unit of Falconbridge, Noranda Recycling operates six sampling and recovery plants in the 

United States, Canada and Asia focused on electronics recycling (Thomas, 2005). The plants in 

Tennessee, California, Rhode Island and Ontario have a capacity to process approximately 100 

million pounds per year of electronic waste and other materials. This year, Noranda Recycling, 

Inc. opened an office in Penang, Malaysia. This office sources copper and precious metal- 

bearing scrap streams from electronics manufacturers in Asia, and are shipped for sampling to the 

recycling facilities in California and Rhode Island before being sent to the Home smelter in 

Quebec.

The Home Smelter, is located in Rouyn-Noranda, Quebec. The operation is a continuous 

copper smelter that processes both copper concentrates and copper metal bearing materials as its 

feedstock to produce a 99.1% copper. This copper is shipped to Noranda's Canadian Copper & 

Recycling (CCR) Refinery in Montreal-Ease, Quebec, to produce refined copper, precious metals 

and other by-products.

The copper smelter is capable of handling materials in various physical forms including 

shredding for over-sized materials. The Home Smelter consists of three stages of refining: the 

reactor, the converters and the anode furnaces. Copper anode production capacity is 

approximately 700 short tons per day.

The CCR Refinery, located in Montreal, is a fully integrated copper and precious metals 

refinery. Copper produced by the Home-Smelter, Gaspe Mines Division and other non-Noranda 

smelters are refined to 99.99%. The refinery can also process refinery slimes and dore anodes, 

producing gold/silver and palladium/platinum concentrates. Other by-products include selenium,
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tellurium, copper sulphate and nickel sulphate. It is also equipped to receive blister, ingots, No. 2 

and 3 copper and sweeps.

A series of shredders reduce e-waste materials to small pieces. While the majority of 

Noranda’s process is a mechanical shredding and separation model, the first part is manual 

selection. Many hazardous components are removed, prior to introducing the hand-picked waste 

into a series of shredders to reduce piece size to -5 cm pieces. This size reduction allows for 

optimal material separation using technologies such as magnetic separation, eddy current 

separation and sand flow separation. In this way, the electronic scrap has been separated into 

various commodity streams. These commodities are then sent to the different Noranda 

operations. The copper and precious metal fines, circuit boards and copper/plastics are sent to the 

copper smelter to recover copper, silver, gold, platinum, palladium, selenium, tellurium, cadmium 

and nickel. While the steel output goes directly to a steel foundry, the aluminum goes directly to 

an aluminum smelter. Noranda Recycling, Inc. has the capacity to process approximately 70 

million lbs (31,750 tonne) of electronic waste annually.

2.2.5 Union Mineria (UM)

UM's Hoboken site is comprised of copper/lead smelters and refining operations for complex 

non-ferrous raw materials with precious metals playing an important role (Felix, 1994). The 

Hoboken smelter treats 350,000 tonne per year of raw and recycled non-ferrous materials. 

Hoboken feed material is roughly 35:65 primary:secondary. The most important materials are:

• complex concentrates containing lead, copper and precious metals

• industrial by-products from other smelters and refiners (e.g. drosses, mattes, copper 

slags, flue-dust, speiss, tank house slimes, cements, lead sulphates)

• recycled products such as sweeps, spent catalysts, electronic scrap and film ashes
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Organics are separated from the bulk through a two-stage pyrolytic furnace. This first 

oxygen-starved chamber pyrolyses the organics, which are sent to the oxidizing (post 

combustion) chamber. The furnace is equipped with its own emission system, including a venturi 

scrubber and two packed towers.

As with Boliden’s operation, waste material can be fed to the flowsheet at various points, 

depending on the waste’s assay and physical aspects— primarily Pb- and Cu-content as well as 

precious metals assay. For example, copper-rich (electronic) scraps can be treated in a converter, 

collecting precious metals in the blister-copper. Converter offgases are sent to the acid plant 

where any remaining hydrocarbons can be destroyed.

2.2.6 Sabin Metal Corporation (Sabin) U.S., Pashelinsky Smelting and Refining Corp. U.S. and 

Engelhard Specialty Metals Division, U.K. (Engelhard)

Sabin, of East Hampton, NY; Pashelinsky of Jersey City, NJ and Engelhard, of Cinderford, 

U.K. have approached the refining of e-waste in much the same manner. By applying accepted 

pyrometallurgical operations with sufficient control of process offgases, non-ferrous and precious 

metal recovery is obtained.

As with most secondary processing, scrap pedigree is important. Material must be inspected 

prior to processing to confirm the relative amount of iron, aluminum, copper and nickel present.

It must also be inspected for such things as mercury relays and switches and possible radioactive 

contamination. Each customer’s lot of e-waste is maintained as a separate batch, maintaining 

quality and fiscal responsibility.

E-waste is first processed via a low temperature rotary furnace with afterburner and baghouse 

systems, for ashing. The ashed e-waste has an average 36% weight reduction and 60% volume 

reduction. Milling and magnetic separation may be employed to further reduce the volume of 

waste prior to melting/smelting.
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Sabin and Engelhard (Setchfield, 1987) then employ a rotary melting furnaces with 

appropriate fluxes and additional copper (collector for the precious metal) if required for 

separation of the copper and precious metals from the oxides. High iron content, if present, is 

removed through oxygen lancing and flux addition. Pashelinsky Smelting employs an electric 

furnace for standard metals processing.

2.3 Processing Summary

Currently applied processing options can be summarized in two operational systems: 1) 

Volatile removal/recovery— Pb, Zn, Hg, Cd providing for a lead/zinc-rich feed and 2) 

slagging/metal reduction— AlaOs/FexOy rich slag; Cu, Au, Ag, Pd, rich metal. As stated 

previously, the current applied processes tend to be a function of the equipment on site, 

introducing the e-waste material as a supplementary feed. The construction of a large-capital 

metallurgical plant specifically for the reprocessing of e-waste would require a more integrated 

collection and shipping infrastructure, guaranteeing long-term accessibility to a sustained-value 

material stream. Given the complex nature of the feed material and the wide variety of 

recoverable metals, it is no surprise that lead or integrated lead-copper operations have been at the 

forefront of reprocessing of this material.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Research Parameters

As was stated previously, industrial sponsors have expressed an interest in the evaluation of 

processing options with the primary goal of defining operational parameters aimed at reducing 

and/or eliminating the formation of dioxins and furans during the pyrometallurgical processing of 

e-waste. Upon evaluation of the overall chemistry, a secondary issue of the possible creation of 

problematic metal halide compounds was also identified. It has been noted in previous work 

conducted at Colorado School of Mines (Patsos, 1982) that the presence of aluminum chloride in 

a mixed metal system can increase the mobility of other metal halide species. As is often the case 

when processing material which may contain sources of halides, the production of acids and the 

corrosion issues they can cause is also of concern. With these issues in mind, the investigation of 

pyrometallurgical processing of e-waste was undertaken with three goals:

1) Entrap/Sequester halogens to reduce dioxin/furan, metal halide and corrosive halide acid 

formation.

2) Operate in a reduced oxygen environment to reduce dioxin/furan formation

3) Operate at temperatures sufficient to decompose all solid organic species
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3.2 Research Program

In exploring the e-waste system and allowing for the development of a process to accomplish 

the three goals described above, a number of theoretical and experimental programs were 

designed and executed:

1) Thermodynamic Modeling

a. E-Waste

b. E-Waste with Sequestering Agents

2) Polymer Behavior

a. Large Scale— Rotary Kiln

b. Small Scale— Tube Furnace

c. Milli-Scale: DTA, GC-MS

3) Sequestering Efficiency

4) Residue Processing
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CHAPTER 4

THERMODYNAMIC MODELING

4.1 Direct Smelting: Metal/Metal Oxide

As was discussed in Chapter 2, a number of operations are finding some success with a mass 

combustion/fuming approach to the processing of e-waste. Many of these operations have the 

advantage of lead smelter access, allowing for the control and recovery of lead and related 

materials. Evaluating the regions of stability for each metal oxide through a combination of 

elevated temperature and relative degrees of oxidation provides for a general roadmap to the 

distribution of compounds in a high-temperature pyrometallurgical process. This thermodynamic 

evaluation is made via the following equation:

C02(g) + a  Me = |3 MexOy + CO(g) (1
a  = (3 • x 
i  = | 3e y

As any operator can attest, furnace operation tends to be more of an Art than a Science, 

unless the operation is “out of the box” new. Rather than showing a specific point of operation, a 

general area is shown, in Figure 4.1, relative to the thermodynamic equilibrium of elements and 

their oxides.
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Figure 4.1 Oxide Stability vs. Oxidation Potential: Slag and Metal Elements

Figure 4.1 show s the elem ents that are expected to report to the both the slag and metal 

phases during a lead/zinc fuming operation with the general field of operation shown in the 

shaded region. Elements that would be expected to be removed from the bath via vaporization 

are shown in Figure 4.2 Without having to look at the thermodynamic data, one would expect Al, 

M g and Ti to report to the oxide, as shown. Included in the slag phase would be oxides that that 

could be problematic. Beryllium has an oxidation potential greater than that of aluminum, 

indicating its thermodynamic propensity to report to a slag phase. A  high level o f other slag 

constituents (i.e. -1 6 7  kg SiOz/tonne e-waste) would possibly push the beryllium content to 

levels low  enough to not be problematic. Final concentrations would, o f course, be dependent on 

overall processing path, additional feed streams and fluxing agents. The more noble metal (Cu, 

Ag, Au, Pt, Pd, etc.) report, as expected, to the metal phase.
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Figure 4.2 show s the group of elem ents that possess a substantial vapor pressure (Figure 4.3) 

or those that are routinely fumed off for value recovery. As an example, lead, zinc, cadmium, tin, 

germanium, indium and other elem ents may be collected at a typical smelter for recovery. Som e 

of the elem ents indicate that they would exist in a form that possesses little or no vapor pressure; 

e.g. Hg20 .  It is important to keep in mind that any thermodynamic evaluation is a guide, not the 

final destination when it com es to com plex metallurgical system s. W hile the final area of 

operation would suggest that all mercury will exist as a non-volatile oxide, the behavior of  

mercury on the path to the final area o f operation results in the production of mercury gas, 

allow ing for its recovery as a product stream.
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Figure 4 .2  Oxide Stability vs. Oxidation Potential: Volatiles Elements
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Figure 4.3 Vapor Pressures, (Perry, 1997)

Relative activities o f elem ents within the metal and oxide phases w ill affect the actual 

behavior. As has been the case in the steelmaking industry, understanding of a com plex m ixed  

m etal/oxide system  requires detailed investigation to determine activity coefficients and final 

elemental distribution. Taking the stabilities shown in Figure 4.1 along with the com position  

detailed in Figure 1.2, prior to the inclusion o f any additional fluxing agents, the idealized oxide 

and metal system s shown in Table 4.1 are produced.

Given these elemental distributions, it is plausible to envision the production o f an 

intermediate tantalum-rich slag. If the appropriate equipment is in place, and market conditions 

are right, the econom ics of such an intermediate could be attractive.
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Table 4.1 Idealized Metal and Slag Composition
Slag Metal

S i0 2 35.73% Cu 87.17%
FeO 24.49% Ni 8.72%

TazOs 21.43% Ag 1.37%
AI2O3 17.98% Ru 1.16%
BeO 0.30% Ga 0.94%
MnO 0.04% Au 0.58%
TiOz 0.02% Co 0.03%
CrzOs 0.02% Pd 0.02%

While thermodynamics and empirical vapor pressure measurements over pure systems may 

indicate an inability to economically recover certain elements from a molten liquid, common 

operational systems prove otherwise. This is another indication that while such evaluations of a 

given system are useful in understanding operational possibilities, final process evaluation and 

design require the incorporation of many other areas of investigation, including tried and true, 

hands-on operation.

4.2 Thermal Processing: Metal-Halide Systems

Thermodynamic modeling was initially conducted with Outokumpu Oy’s HSC 5.1 software. 

This type of simulation allows for a number of processing options to be explored for such a 

complex system. Utilizing this software package, the chemical composition of a desktop PC 

without monitor (shown in Figure 1.4) was evaluated to obtain the equilibrium composition. This 

represents the “worst case scenario” as no oxidant is present— Figure 4.4.
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Figure 4 .4  HSC 5.1 equilibrium com position o f 1 tonne o f e-waste, <50 kg/mt E-W aste

The m ost stable com pounds present are aluminum halides. Other primary constituents (Cu, 

Fe, Sn, Ta, Ni and Zn) are present in metallic form. The dominant metal forming metal halide 

compounds is aluminum. At 600°C, the aluminum halides account for roughly 61 kg o f material.

Taking a closer look at the system  (Figure 4.5), metals other than aluminum form finite 

amounts o f halides— Be, Mn and Cu. A look into lower levels o f the equilibrium com position  

would show the existence o f additional compounds, both gaseous and liquid, that might 

com plicate high-volum e processing of this waste stream. At 600°C , som e o f the metal halides in 

addition to A1 expressed in kg/m t-e-waste are: B e-2 .65 kg; M n-0.52kg; Cu-0.16kg; and Zn- 

0.11kg, totaling som e 65 kg o f metal halides.
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Figure 4.5 HSC 5.1 equilibrium com position o f 1 tonne o f e-waste, <15 kg/mt E-Waste

It is acknowledged that the system  shown in Figures 4 .4  and 4.5, as com plex as it appears, is 

a sim plified version o f what may actually exist. The thermodynamic m odel assumes that all 

elem ents are available at all temperatures and calculated the minimum free energy of the system  

based on the com pounds evaluated. The processing of m ixed polym ers with various 

decom position temperatures would have chlorine and fluorine liberated in a specific temperature 

range. Figure 4 .6  is an exam ple of the previous system shown with fluorine available for reaction 

at 580°C (the temperature where pure PTFE has shown significant thermal degradation). Since 

the goal o f this research is to eliminate all solid polymers contained within e-waste, generating a 

gas product with high heating value, processing temperatures will be above the decom position  

temperature of all contained polymers. Therefore, the more sim plified method of modeling  

shown in Figures 4 .4  and 4.5 is suitable for evaluating the system  com position.
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Figure 4.6 HSC 5.1 alternate equilibrium com position o f 1 tonne of e-waste

A number o f the reprocessing options being em ployed by industry (discussed previously) use 

excess oxygen to thoroughly combust the organics present. The intent is to eliminate the 

formation of dioxins/furans through com plete destruction o f the organics. The addition of large 

excesses o f com bustion air also could assist in the reduction of contaminants to levels below  

em ission standards on a per cubic meter basis. The excess oxygen em ployed in an intense 

com bustion operation may be beneficial in addressing the organic-related challenges of e-waste, 

but thermodynamic m odeling (Figure 4.7) show s the formation of higher amounts of metal 

halides. This increase in overall metal halides is due to the oxidation of aluminum and the 

subsequent formation o f heavier metal-halide compounds. At 600°C, 119 kg o f metal-halides are 

present in this system . The dominant metal-halide com pounds indicated in the model are tin-, 

lead-, and copper-based.
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Figure 4.7 HSC 5.1 equilibrium com position o f 1 tonne o f e-waste and excess Oz

Based on the thermodynamic m odels shown in Figure 4.7, and the possible production of 

dioxin/furans in the presence o f free halides, additional m odeling was undertaken to evaluate the 

sequestering o f halides in-situ through the addition o f alkali and alkali earth carbonates.

4.3 Thermal Processing: Halide Sequestering Agents

A survey o f sequestering agents was conducted to develop a listing o f materials for study. 

Information was taken from literature as w ell as a survey o f free energy, providing a list o f  

com plexing agents to be investigated: Ca2+, M g2+, and N a + in the form CaCOs, M gCOs and 

Na2C 03  Thermodynamic data shown here were obtained from HSC 5.11.
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MgCOstc) + 2 HCl(g) 
C a C 0 3 ( c) + 2 H C l( g )  

N a 2C 0 3 (c) +  2  H C l ( g )

MgClz + H20(g) + C 0 2(g) 

CaCl2 + H20 (g) + C 0 2(g) 

2 NaCl + H20 (g) + C 0 2(g)

AG5 0 0 :
AG5 0 0 :

AG5 0 0 :

-5.20 kcal/m ol 

-9.05 kcal/mol 

-40.07 kcal/m ol

M gC03(c) + 2 HF(g) 

CaC03(c) + 2 HF(g) 

Na2 C0 3 (c) + 2 HF(g)

M gF2 + H20 (g) + C 0 2(g) AG500" -18.45 kcal/mol

CaF2 + H20 (g) + C 0 2(g) AG500: -16.10 kcal/m ol

2 NaF + H20 (g) + C 0 2(g) AG500: -28.52 kcal/m ol

MgC0 3 (c) + 2 HBr(g) 
CaC0 3 (c) + 2 HBr(g) 

Na2C0 3 (c) + 2 HBr(g)

M gBr2 + H20 (g) + C 0 2(g) AG500: -10 .54 kcal/m ol

CaBr2 + H20 (g) + C 0 2(g) AG500: -18.75 kcal/m ol

2 NaBr + H20 (g) + C 0 2(g) A G 5 0 0 :  -45.01 kcal/m ol

Additionally, the m odel shown in Figure 4.7 was readdressed with the addition of the various 

sequestering agents shown above. Figure 4.8 g ives the thermodynamic stability o f the e-waste 

system  with the addition o f 1.8 tim es the stoichiom etric amounts o f MgCOs.
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Figure 4.8 HSC 5.1 equilibrium com position of 1 tonne o f e-waste and 1.8X MgCOs
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This m odel show s a moderate level o f halide sequestering by the M gCOs Elements, such as 

lead and zinc, still show som e stability as metal halide compounds. PbBr4 show s stability up to 

700°C w hile PbCla possesses a region o f stability from ~430°C to ~470°C. ZnBratg) show s a 

region o f stability from about 550°C  to 800°C, before zinc degrades to Zn(g) at temperatures 

above 700°C.

Figure 4.9 g ives the thermodynamic stability o f the e-waste system  with the addition o f 1.8 

tim es the stoichiometric amounts o f CaCOs.
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Figure 4.9 HSC 5.1 equilibrium com position of 1 tonne o f e-waste and 1.8X  CaCOs

This m odel show s a higher level o f halide sequestering by the CaCOs when compared to 

M gCOs Zinc no longer show s a stable halide at any temperature. Lead, however, still shows 

som e stability as a metal halide as PbBr4 in various amounts up to 600°C.
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Figure 4.10 gives the thermodynamic stability of the e-waste system  with the addition of 1.8 

tim es the stoichiom etric amounts o f NaHCCh The erratic behavior o f H20(g) and C 0 2(g) at 600°C  

is due to the alteration in oxidation potential o f the system  from the stability o f iron oxides at 

temperature— Fe2C^ is stable below  600°C , FeO is stable from 600°C  to 620°C  and Fe is stable 

above 620°C.
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Figure 4.10. HSC 5.1 equilibrium com position o f 1 tonne o f e-waste and 1.8X NaHCOs

This m odel show s that the presence o f a sodium -based carbonate in the m ixed  

metal/organic/halide system  defining e-waste results in high level o f stability o f the halides as 

sodium salts. The weught percentages of fluorine, chlorine and bromine sequestered in the form 

of sodium salts, according to the thermodynamic equilibrium, are 99.38% , 99.92%  and 99.93% , 

respectively.
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4.4 Thermodynamic Modeling Results

In a system containing such a large number o f elemental constituents, the number of 

compounds generated requires a computer application such as HSC to determine the 

thermodynamic stability within an acceptable amount of time. The ability to evaluate multiple 

chemical systems with a finite investment of resources allows for a quick survey of possible 

treatment scenarios. Entering into a research program with an understanding of the complex 

thermodynamic behavior can assist the researcher in avoiding pitfalls that may disrupt or delay a 

research program.

Based on the thermodynamic modeling work for the alkali and alkali-earth carbonates in the 

presence of the 39 elements present, an experimental system was developed for testing the 

applicability of three carbonate species. Work focused on sodium-based compounds as sodium 

showed the most stable halide salts, according to thermodynamic modeling. Calcium and 

magnesium were included for comparison.
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CHAPTER 5

ORGANIC BEHAVIOR AT TEMPERATURE

5.1 Organic Behavior— Rotary Kiln Equipment and Procedure

Work was conducted to evaluate the behavior of the organic (plastic) components of various 

waste streams, including both automobile shredder residue and electronic waste under various 

conditions. Initial work dealt with the behavior of PE under conditions outlined in cooperative 

research with Paul Kruesi in support of patented technology (Kruesi, 2004). Understanding the 

vaporization and decomposition of various polymer materials in the presence of an added 

carbonate would assist in outlining the process parameters for e-waste and other waste-stream 

processing.

An experimental system was designed and assembled to evaluate the thermal processing of e- 

waste and other mixed waste materials (Figure 5.1). The system was comprised of six primary 

areas:

1) Control Panel

2) Pre-heat unit

3) Rotary Kiln

4) Condenser with collection reservoir

5) Particle Filter

6) Scrubber— 5 liter volume
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Figure 5.1 Experimental System -Schem atic

1) Control Panel. The control panel (Figure 5.2) houses the Data Acquisition system, 

gas analysis, power supplies for the primary furnace and pre-heat system , flow  meter 

module, gas m ixing valves, and rotary kiln rotation control,

a. Data A cquisition. All relevant data are recorded via a computer data

acquisition system . The system  is comprised of a PC computer running 

Labview 7.1 connected to a National Instruments SC X I-1000 system  fitted 

with the SC X I-1002 m odule and SC X I-1303 terminal block. This 

configuration allows for up to 32 channels of data to be recorded. 

Thermocouple measurements take advantage of the built-in cold-junction  

sensor in the National Instruments equipment. All data (Table 5.1) are 

recorded to “Ivm” format, readable by M S Excel.
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Table 5.1 Rotary Kiln Data Acquired
• Input gas flow

o 0-5 slpm CO(g)
o 0-5 slpm C 0 2(g)

• Preheat chamber pressure
• Preheat chamber temperature
• Kiln body inlet temperature
• Kiln body center temperature
• Kiln body outlet temperature
• Kiln furnace temperature
• Condenser outlet (pre-filter) pressure
• Condenser outlet (pre-filter) 

temperature

• Post-filter (gas analysis sample port) 
pressure

• Post-filter (gas analysis sample port) 
temperature

• Gas analysis
o 0-100% CO(g)
o 0 - 100%  C02(g)
o 0-25% CH4(g)
o 0-50% H2(g)

• Scrubber solution pH
• Scrubber solution temperature
• Exhaust flow: 0-10 slpm as air
• Exhaust temperature

b. Gas Analysis. Gas analysis is conducted via continuous sampling at -0.61  

slpm (liters per minute) (STP) to a NOVA Model 7904C-RM furnace 

atmosphere gas analyzer. Analyzer gases and ranges are as follows: CO(g), 0- 

100%; C 0 2(g), 0-100%; CH4(g), 0-25%; and H2(g), 0-50%. Calibration is 

conducted prior to every experiment using industrial grade nitrogen (zero), 

CO(g) (100%), C 0 2(g), (100%), and a calibration tank containing CH4(g), 

(25%); H2(g), (50%) and N 2(g), (25%). Data generated is transmitted to the 

data acquisition system via 0-5V signals. Temperature and pressure data are 

taken at the gas sampling point positioned after the particulate filter. The gas 

stream first passes through a desiccant column and two filters supplied with 

the gas analyzer prior to entering the unit. The retum-gas stream is directed 

back to the system prior to the scrubber.

c. Power Supplies. Two power supplies with PID control are used to power the 

primary furnace, heating the rotary kiln, and the pre-heat, described below. 

The primary furnace is an Applied Test Systems (APS) Series 3210 Split 

Tube Furnace operated via a Barber Colman Series 2404 Temperature 

Controller. Pre-heat vessel is powered by a Brand Gaus Model 411 power 

supply controlled by a Watlow Series 96 controller.
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d. Flowm eter M odule and Gas M ixing V alves. The flowm eter power supply is

a Hastings Model 40, with the capability o f operating four meters. Three 

HFM -200 meters are connected to the unit: CO(g), 0-5 slpm; COztg), 0-5 slpm; 

and Air, 0-10 slpm. CO(g) and meters com bined with needle valves,

allowing for accurate m ixing of feed gas to the preheat module. The air 

meter is utilized to obtain a measurement o f gas flow  out o f the system.

e. Rotary-kiln Speed Control. A standard AC rotary speed control is em ployed  

to adjust kiln rotation.

Figure 5.2 Data Acquisition and Control

Pre-heat. The pre-heat system  is manufactured from 3” diameter, 306 stainless steel 

stock designed and filled with stainless steel w ool to provide sufficient time, 

temperature and surface area to allow  for the vaporization o f any liquid reagents and



the heating of the feed gas to the required temperature, reducing or eliminating any 

quenching of the kiln due to the influx of reactants. The unit is fitted with a pressure 

transducer and centerline k-type thermocouple for power/temperature regulation.

The preheat unit is attached to the rotary kiln via a 90° elbow and a 35/25 ball & 

socket joint. Heating of the unit is accomplished via three (3) Watlow band heaters. 

The unit is insulated with zirconium felt and silica insulation.

3) Kiln. The reaction vessel is designed to mirror preliminary experimentation, but on 

a larger scale. The kiln is manufactured from 306 stainless steel. The inlet and 

outlet to the kiln are a 10” long x 1” I.D. and a 12” long x 1” I.D. pipe respectively. 

The kiln body itself is a 13” x 5” I.D. stainless steel tube. The interior of the reactor 

is fitted with six lifters to ensure solids contact with the hot gas stream entering the 

reactor. One end of the reactor was designed to be removable, allowing for direct 

access to the interior, making charging and sample removal easier. The kiln is 

sealed using a copper gasket/o-ring. Center-point temperature of the kiln is 

monitored via a W” k-type thermocouple 36” long, fed in through the pre-heat 

elbow. A V 3 2 ”  thermocouple is positioned along the large thermocouple, providing a 

temperature at the inlet of the kiln body. A kiln body outlet temperature is read via a 

third thermocouple fed in from the quartz outlet fitting. All temperatures, including 

the furnace, are recorded via data acquisition system.

4) Condenser. A standard condenser apparatus is fitted to the outlet of the kiln. 

Sufficient cold-water flow is maintained during all experiments to reduce the gas 

temperature to 25°C "7- 2°C. Inlet and outlet water temperatures are taken via data 

acquisition system. All glass equipment is shown in Figure 5.3.
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Figure 5.3 Condenser, Filter and Scrubber

5) Particle Filter. A 2 ” dia. glass vessel filled with fine glass w ool serves as a particle 

filter, removing the majority o f particles and entrained polymers from the gas stream 

prior to gas sampling and scrubbing. Temperature and pressure measurements are 

taken before and after the filter material.

6) Scrubber. Initial system  design included a five-liter scrubber designed to 

accommodate the entrapment o f chlorine liberated from a 200 g sample o f PVC. 

Temperature and pH of the scrubbing solution is available to data acquisition. Gas 

flow  from the scrubber is treated via a desiccant column prior to flow  and 

temperature measurement.
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Figure 5.4 Experimental System

Polyethylene (PE) com prises -10%  o f e-waste and was therefore selected as the first material 

for evaluation. Initial work focused on the decom position o f the polym er in the presence o f a 

carbonate source. The selection of an atmosphere o f C 0 2(g) was based on presumed full-scale 

operational parameters and the desire to m inim ize free oxygen. A  temperature range o f 350- 

500°C was outlined for investigation based on a survey o f published decom position temperatures 

for the organics present in e-waste (Table 5.2).
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Table 5.2 Polymer Reference Data, in N2(g)
Melting Temp. °C Decomposition Temp. °C

PE -[C2H4 L- 170 350
PP -[C3H6]n- 120 380
Polyesters -[QoRfOJn- 260 300
Epoxies -[Ci8H i203]n- - 330
PVC -[C2H3Cl]n- 80 250
PTFE -[C2F4 ],,- 335 360*
Nylon (6,6) -[C1 2H2 2O2N 2 In- 250 440
* Re-evaluated during subsequent experimentation

Experimental work using PE, spanned 65 experiments and focused on MgCOs given the 

instability of the carbonate in the temperature range selected, but also included CaCOs and 

MgCOsMg(OH ) 2  SHzO as carbonate sources. All PE experiments were conducted using post­

consumer wire-sheath material. Work was designed to explore the possible validity of following 

reactions assisting the decomposition of PE (Data from HSC 5.11):

-{C 2 H4}n - + MgCOs(c) = 3C(c) + MgO(c) + 2H20 (g) AG4 0 0 : -55.07 kcal/mol

-{C z ii^n  - + C 0 2(g) = 3C(c) + 2H20(g) AG4 0 0 " -51.17 kcal/mol

General Experimental procedure consisted of:

1. Loading of kiln. All measured sample material is placed into the rotary kiln, sealed 

and placed in primary furnace.

2. Pre-weights. All glassware on the outlet side of the kiln is weighed prior to the 

experiment to obtain a weight of “wax” produced.

3. Sealing of system. Thermocouples are inserted into the kiln through the attached 

equipment, sealing via Swagelock or ground glass fittings. Rotating fittings on either 

end of the kiln are sealed with vacuum grease and clamps. Cooling water to the 

condenser is set at >10 gallons per minute (gpm).

4. Purge and NOVA calibration. The entire system is purged with the desired gas 

(C 0 2(g)). While the system is purging, The NOVA gas analyzer is calibrated using
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industrial grade nitrogen (zero), CO(g) (100%), COztg), (100%), and a calibration tank 

containing CH4(g), (25%); H2(g), (50%) and N2(g), (25%). Upon completion of 

calibration, the system purging is checked by waiting until sampling shows -100%  

C 0 2(g).

5. Data Acquisition and Preheat. Once the system is purged, all gas flow is set to zero. 

Data acquisition system is initiated and the preheat chamber is brought to 

temperature.

6. Kiln operation. Once preheat is to temperature, gas flow is resumed at the set flow  

and kiln heating is begun.

7. Shutdown. Once the desired time and/or temperature are reached, all flows are shut 

and power is turned off. The system is allowed to cool over night prior to emptying 

the kiln.

8. Sample weighing/collection. Glassware previously weighed is again weighed to 

obtain a weight of paraffin produced. The kiln is disassembled and solids removed 

and weighed. Solids attached to the inner surface of the kiln are removed with a 

brush or scrapper.

9. Solids analysis. Select solids are analyzed by X-Ray Diffraction (XRD) for 

characterization. A sample of the solids removed from the kiln is treated by an HC1 

digestion: 1-2 grams of solids were digested in 50 mis of pH < 1 . 0  solution for 10-30 

minutes to remove soluble compounds. The residue is comprised of organic or 

carbon material. Some residues are treated to Pyrolysis in an oxygen-free 

atmosphere at 600°C, removing organic material and leaving the “free carbon” 

contained within the sample. This allows a carbon balance to be calculated.

5.2 Phase 1: High Flow System with Various Solid Carbonate Sources

Both magnesium carbonate and calcium carbonate were investigated for the effect on 

polymer decomposition. Magnesium carbonate has a decomposition temperature of ~310°C in a

C 0 2(g)-free environment while calcium carbonate is stable over the temperature range under
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investigation. M agnesium  carbonate is also available as a basic carbonate 

(M gCOsM gtOH^-SHaO). Both calcium and m agnesium carbonate w ill also be evaluated for 

halide sequestering in a later section o f this thesis.

Experiments conducted with 200 g of PE and no carbonate source at temperatures from 300  

to 600°C  proved to generate excessive amounts o f fume, reducing or elim inating any effective  

retention time (time-at-temperature). This resulted in a distillation effect, generating a large 

amount of wax-like residue in the condenser. Experiments conducted with small amounts of PE 

in a C02(g) atmosphere demonstrated the ability to distill the PE to various paraffin com pounds in 

a more controlled manner with no detected gas em issions (Figure 5.5).
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Figure 5.5 Exp 2: 1 g PE, 2 slpm C 0 2(g)

Due to the inconsistent heating observed within the kiln during the heating cycle, additional 

work was conducted with an alteration to the heating program. The system  was first heating to
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~330°C for 1 hour prior to a 1 hour slow  ramp-up to the final experimental system  temperature. 

This allowed for a more uniform heating o f the entire kiln volum e.

PE in contact with CaCOs in a C 0 2(g) atmosphere produced minor CH4(g) readings above 

400°C  (Figure 5.6), while the same experiment in N 2(g) produced no detectable gas em issions over 

the entire temperature range (Figure 5.7). These two experiments would suggest an interaction 

with the organic fume (vapor) and the C 0 2(g) atmosphere, but does not necessarily indicate any 

carbonate/fume interaction.
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Figure 5.6 Exp 9: 10 g PE, 5 .22 g CaCOs, 2 slpm C 0 2(g)
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Figure 5.7 Exp 10: 10 g PE, 5.22 g CaCOs, 2 slpm N 2(g)

Basic MgCOs (M gCOsM g(OH )2 SHzO) produced similar results, generating minor CH4(g) 

readings in the presence of a C 0 2(g) atmosphere, but emitting C 0 2(g) over the temperature range 

320-450°C  in an N 2<g) atmosphere— decom position o f the carbonate solid (Exp A l l  and A 12). A  

combination of Basic MgCOs and CaCOs produced results similar to tests conducted separately, 

showing no increased reactivity as a mixture.

Conclusions of Phase 1: Evaluating the system  under high flow  (2 slpm) conditions and 

various carbonate sources resulted in a number o f observations affecting the next stage of work. 

The gas flow  of 2 slpm, in conjunction with the 4.1 liter volum e o f the kiln provided for a 

maximum gas retention time of 1.58 min. This is seen as the reason for excessive fume or wax 

formation, indicating that the materials are not being allowed long enough duration at the 

temperatures required for thorough reaction. With this in mind, a series o f experiments was
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devised with a closed (no gas flow) system, allowing for more accurate determination of the 

reactions taking place within the system.

5.3 Phase 2: Closed System with Various Solid Carbonate Sources

Phase 2 procedure alters the previous system procedure only by 1) eliminating both the 

preheat and NOVA gas analyzer, as there is no active gas flow into the system and 2) previously 

mentioned alteration to the heating program. The NOVA analyzer was still employed to ensure 

complete gas purge of the system before heating of the kiln is initiated. The following conditions 

were evaluated in Phase 2:

Final System Temperature, T = 300, 400, and 450°C

Solids/Carbonates: MgCOs, MgCOsMg(OFl)^3FlsO, MgO, and carbon black.

Without active gas flow through the system, gas analysis was not possible, but reactions 

involving gas production or consumption could be detected via pressure change.

Based on previous experiments and the hypothesis that increased surface area may affect the 

degradation of the organic and, therefore, the increased production of short-chain organic gases, 

60-mesh carbon was employed as an inert solid with high surface area to confirm/disprove this 

hypothesis. Carbon as the only solid in addition to PE, showed no effect to the system, based on 

pressure readings (Figure 5.8). The carbon was added to provide for a large surface area for the 

PE to coat and to reduce adherence of the PE to the inner surface of the kiln. Pressure readings 

showed only the initial expansion of gas within the vessel during heating.
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Figure 5.8 Exp 36: 5 g PE, 10 g C, C 0 2(g)

Carbon in addition to M g C 0 3M g(0H )2-3H 20 in the presence o f PE added no detectable 

effect to the reactions taking place with M gC 0 3 M g(O H )2‘3H20  and PE. M gC 0 3 M g(O H )2*3H20  

both alone and with PE showed a second pressure wave generated at T = 150-250°C, indicating 

the release of H20  (Figures 5.9 and 5.10). Additional slow  temperature rise tests also showed a 

shallow  pressure wave generated from 250-350°C . This increase in pressure is consistent with 

the beginning stages o f carbonate decom position.
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Figure 5.9 Exp 37: 5 g PE, 15 g C, 15 g MgC0 3 M g(0 H)2 -3 H2 0 , C 0 2(g)
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Figure 5.10. Exp 38: 5 g PE, 15 g M gC 0 3 M g(0 H)2-3H20 , C 0 2(g)

Tests that progressed to temperatures at and above 425°C  showed an additional pressure 

wave that seem s to relate to a more thorough degradation o f the PE and, therefore, higher free 

carbon generation (Figure 5.11). This “reaction pressure peak” was less pronounced in 

experiments carried out with dry (reagent) M gCOs (Figure 5.12).
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Figure 5.12 Exp 41: 5 g PE, 15 g M g C 0 3, C 0 2(g)

The solid carbonate sources M g C 0 3Mg(OH)2 3H2O and M g C 0 3 were compared over the 

temperature range 350-500°C , with the relative effectiveness based on non-digestible solids and 

overall carbon recovery from the PE. After each test, a sample of the solids was digested as 

described previously. The digested residue was then heated in an inert atmosphere to drive off 

any remaining organic. The remaining mass was deemed to be free carbon.

Figure 5.13 show s the amount o f solids within the kiln that was not digestible via a pH 1.0 

HC1 digestion vs. final kiln temperature for both the basic m agnesium carbonate and magnesium  

carbonate. W hile tests conducted at 375°C contained unreacted PE nodules, Tests conducted at 

400°C  resulted in an undigestable organic material. This organic residue is responsible for the 

higher recovery at lower temperatures. XRD analysis o f this material showed the existence o f a 

6-carbon organic as part o f the residue. This w ax-like or paraffin residue may be unreacted
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organic or material formed from back-reactions/condensation of fume remaining in the kiln 

during coo-down of the system.
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Figure 5.13 Acid Digestion Residue Recovery

Figure 5.14 shows the digested samples after pyrolysis (reported as Carbon Grade) indicating 

an increased degradation of PE in the presence of basic magnesium carbonate.
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Figure 5 .14 Carbon Grade o f Residue

Conclusions, Phase 2: Based on the work conducted in Phase 2, the follow ing observations 

were made:

• M agnesium  carbonate and calcium  carbonate both have a similar effect on the 

degradation o f PE, increasing the relative degree o f cracking of the polymer

• Basic magnesium  carbonate (MgCOgMgtOFDa-SHaO) has a greater influence on the 

degradation o f PE than does m agnesium  carbonate (MgCOs)

• D espite a published decom position temperature o f 350°C, temperatures above 425°C  

allow  for the conversion o f PE to free carbon and shorter chain organics
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5.4 Organic Behavior Study Results

A number of observations can be made from the initial study of PE in the presence of various 

carbonate sources. First, the degradation, or “cracking” of polymers will require a reactor volume 

based on fume retention time. The removal of the organic fraction from the metal and oxide 

fractions will occur in a relatively short time. The need to reduce the chain-length of the organic 

fume to the point that it is no longer a paraffin-like material will act as the limiting factor in 

equipment sizing.

Second, as is the case with most polymers, the distribution of molecular weights for any 

polymer sample does not allow for a unique reaction temperature at which all of the material will 

react to form the prescribed products. This is evident in attempting to correlate published 

temperatures of decomposition for a given polymer and the reactions seen in experimentation 

with post-consumer polymer material. As is also the case, the specific application of a given 

polymer may allow for the addition of filler material (metal or mineral) that may alter the thermal 

properties and stability of the host polymer. In the development of a process designed to 

consume a mixed material stream with varying composition, one must base operational 

parameters on highest operational temperature that may be required for any material processed. 

The effect of these realities can be seen in the processing of PE: even though degradation may 

begin at 350°C, process temperatures must exceed 425°C to ensure complete consumption of the 

material.

Third, the presence of a carbonate containing H20  (MgCOgMgtOH^-SHzO) has an increased 

effect on the degradation of a polymer when compared to a carbonate without H20  (MgCOs).
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CHAPTER 6

SEQUESTERING AGENTS

6.1 Sequestering Agents— Tube Furnace Equipment and Procedure

Follow ing work with the rotary kiln system  and determining its advantages and 

disadvantages, a new experimental system  was devised for more finite control. The second 

system  is comprised o f a sim ple tube furnace fitted with a quartz tube (Figure 6.1).

V eit

18 "

Figure 6.1 Tube Furnace System -Schem atic

The tube ends are fitted with stoppers to ensure atmospheric com position w hile allowing for 

the injection o f a known atmosphere and the collection and scrubbing o f offgas from the system.
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Gas flow is set at 1 slpm, giving an average velocity through the reactor, at temperature, of 3 

cm/sec. The intent is to remove any gas or vapor product from the sample, allowing for the 

evaluation of the sequestering ability of the carbonate without reliance on any secondary 

reactions. Gases exiting the tube are first bubbled through water via a Vè” glass tube to reduce the 

amount of condensable organic fume before being sparged through an alumina frit in a NaOH 

solution to recover any halides present. The ceramic sample boat is attached to a thermocouple 

allowing for the insertion of the sample to the hot zone of the furnace once the system has come 

to temperature. All relevant data are recorded via the computer data acquisition system described 

previously. One of two data acquisition arrangements is employed (Table 6.1). If chloride 

determination is desired, Mode 1 is employed (all exhaust gas is directed to scrubbing operation). 

If gas analysis is desired, Mode 2 is employed (all exhaust gas is directed to the NOVA gas 

analyzer). All data are recorded to “Ivm” format, readable by MS Excel.

Table 6.1 Tube Furnace Data Acquired
Data Mode 1 Data Mode 2

• Input gas flow • Input gas flow
o 0-5 slpm CO(g) o 0-5 slpm CO(g)
o 0-5 slpm C 0 2(g) o 0-5 slpm C02(g)

• Furnace Temperature • Furnace Temperature
• Sample/Boat Temperature • Sample/Boat Temperature

• Gas analysis
o 0-100% CO(g) 
o 0-100% COz(g) 
o 0-25% CH4 (g) 
o 0-50% H2 (g)

General Experimental procedure consisted of:

1) Loading of sample. All weighed sample material is mixed in a mortar and placed 

into the sample boat, attached to the thermocouple, and placed in the “parked” 

position at the cold (inlet) end of the quartz tube. Furnace is heated to temperature.

2) Scrubbing system (Mode 1). NaOH scrubbing solution is prepared and placed in the 

second scrubbing cylinder. Water is placed in the first scrubbing cylinder. System is 

sealed and purged with selected atmosphere.
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3) Data Acquisition (Mode 2). Once the system is purged, gas flow is set to desired 

flow rate. Data acquisition system is initiated.

4) Test Execution. Sample is inserted to a fixed location within the tube furnace for 20 

minutes. This time frame allows for sample time-at-temperature of 10-15 minutes.

5) Shutdown. Once the required time expires, the sample is withdrawn to the “parked” 

position and allowed to cool before removal from the tube.

6) Sample weighing/collection. Boat weight is recorded for loss. Scrubbing solutions 

(if generated) are combined and titrated for Cl using the silver nitrate method.

6.2 Sequestering Agents— Experimental Matrix

A series of experiments were conducted to determine the relative effectiveness of in-situ 

sequestering of halogens generated from the decomposition of polymers. Samples of PVC and 

PTFE were acquired from a chemical supplier. Having a pure source of the polymers allowed for 

a more accurate measurement of entrapment efficiency. Pure sources of polymer also removed 

the question of filler materials used in polymer manufacture.

6.2.1 PVC behavior and Chloride entrapment

A series of experiments was conducted to determine the relative effectiveness of in-situ 

sequestering of chloride generated from the decomposition o f PVC. All experiments were 

conducted under a COztg) atmosphere, paralleling previous work designed at minimizing the 

dioxin and furan production through reduced oxygen potential, as well as having the effect of 

evaluating the sequestering agents under least favorable conditions from an atmosphere viewpoint 

The formation of a sodium-halide salt results in the release of COztg). Having a pure COztg) 

should provide for the least favorable atmospheric conditions Relative effectiveness was 

determined by titrating the scrubbing solutions for chloride. At a 1:1 stoichiometric ratio, relative 

effectiveness is shown in Table 6.2.
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Table 6.2 % Cl Retained in Ash. 7 -  3.41%
400°C 450°C 500°C

PVC + CaCOg -1.64% -3.50% 2.07%
PVC + NagCOg 16.33% 16.33% 25.01%
PVC + NaOH 45.46% 42.36% -

PVC + MgCOg 64.67% 54.76% 62.19%
PVC + NaHCOg 8 8 .22% 85.13% 88.84%

PVC has a published decom position temperature o f 250°C, indicating that the final 

temperature (400, 450 or 500°C) should have little or no effect on the entrapment of the chloride. 

The only effect is the heating rate seen by the sample due to the temperature gradient present.
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Figure 6.2 Sample Heat Curve of PVC + NaHCOg

Figure 6.2 show s an exam ple o f the data recorded during experimentation. The initial 

decom position o f NaHCOg to Na2COg is evident from the decrease in the heating reate, beginning
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at T~150°C. At T~216°C evidence is seen of an exothermic reaction beginning to take place, as 

shown by both the first and second derivatives of the temperature curve. Even though this is 

below the published decomposition temperature of PVC, given the distribution of molecular 

weights present in a polymer, a temperature range for decomposition is expected. Once the 

temperature reaches 300°C evidence of another large exothermic reaction is seen.

What has proven surprising is the difference in the reactivity of the sodium compounds in 

relation to the entrapment of chloride. Thermodynamically, NaOH complexes with COztg) and 

NaHCOg decomposes to Na^COg before HC1 is released from the organic at T~220°C. Yet when 

compared to NagCOg, adding NaHCOg to the PVC results in a five-fold increase in the 

entrapment of Cl while NaOH yields a 2-3-fold increase. This increased activity may be due to 

the surface activity of the newly generated NaHCOg when compared to “out of the bottle” NagCOg.

6.2.2 PTFE behavior and Fluoride entrapment from mixed PVC, PTFE and PE

Following the results of the PVC evaluation of sequestering agents, NaHCOg was selected as 

the material of interest for further investigation due to its demonstrated efficiency for chlorine 

entrapment. Initial evaluation of PTFE with NaHCOg was conducted at 1:1 stoiciometric ratio 

over a temperature range of 500-600°C. Figure 6.3 represents the data generated from the first 

test of PTFE and NaHCOg at 550°C.

61



600

500

400

200

100

300 600 
Time, sec

900 1200

Figure 6.3 Teflon 1: 1.00 g PTFE, 3.36 g (IX ) N a H C O g ,  1.0 slpm C02(è), 550°C

The increase in temperature at t~500 and the increase in the first derivative o f this curve show  

an exothermic reaction taking place as the sample reaches ~550°C . This is expected with the 

formation o f NaF from either HF(g) or F2(g)— data from HSC 5.11:

NazCOstc) + F2(g) = 2 NaF(c) + 1/2 0 2(g) + C 0 2(g) AH550: -101 .134  kcal/m ol

Na2C0 3 (c) + 2 HF(g) = 2 NaF(c) + H20 (g) + C 0 2(g) AH550: -28.766 kcal/m ol

During these initial tests, a sample o f PTFE alone was also subjected to the tube furnace test 

at T = 545-555°C . The temperature profile showed no anomalies (Appendix B, Figure B 25), but 

the residue remaining in the sample boat maintained the look and feel o f PTFE albeit with a loss 

of over 52% o f its mass and no longer in the form of granules. Evaluation o f the residue from test 

Teflon 1 via XRD (Figure 6.4) showed the existence of the expected NaF, but also gave 

indication of residual PTFE. A sample o f the PTFE granules being used for experimentation was
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analyzed via XRD (Appendix C, Figure C3) to provide a physical reference and support the 

calculated - (C 2F4)n-  reference #47-2217.
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.  I I , 1 . I I .  1 i l  .  . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 6 .4  Teflon 1 XRD: 1.00 g PTFE, 3.36 g (IX ) N aH C 03, 1.0 slpm C 0 2(g), 545°C

Another experiment conducted at the slightly higher temperature o f 550°C (Teflon 3 shown  

in Appendix B, Figure B29) produced a residue displaying a less defined, if barely discernible 

PTFE pattern via X RD (Appendix C, Figure C21) giving the indication that pure PTFE in the 

presence of sodium  carbonate derived from NaHCOs will be decom posed at temperatures at or 

above 550°C. In comparison, the same experiment conducted at 555°C with Na2C03  (Appendix 

B, Figure B28) produces a residue with a substantial PTFE signature (Figure 6.5). This result 

may be due to the previously seen increased reactivity o f sodium carbonate derived from  

N aH C 03 compared to Na2C 0 3 or, as seen with the behavior of PE in the presence o f M g C 0 3 and 

M g C 0 3M g (0 H )2-3H20 ,  the effect o f water or hydroxide radicals on the structure of the polymer.
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Figure 6.5 Teflon 2: 1.00 g PTFE, 2.12 g (IX ) N a2C0 3 , 1.0 slpm C 0 2, 555°C

Experiments conducted at 600°C  (Teflon 5 shown in Appendix B, Figure B31) produced a 

much higher temperature spike during the formation of NaF. The higher and sharper temperature 

profile seen at experiments conducted at 600°C  compared to 550°C  leads one to surmise a more 

com plete reaction of fluorine with the sodium carbonate present at ~600°C. XRD analysis o f the 

residue from this test showed no trace PTFE pattern (see Appendix C, Figure C23). Scrubber 

solution samples were kept for fluorine determination em ploying a fluoride-specific electrode.
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6.2.3 Mixed polymer (PVC, PTFE and PE) behavior and Halide entrapment

To more closely evaluate the complex nature of e-waste, a number of differing polymer 

mixture samples were assembled from pure sources. Samples of PTFE alone, PTFE with PE and 

mixtures of PVC, PTFE and PE were investigated. As the structure of PTFE is made of only 

carbon and fluorine (-[CzFJn-), the release of fluoride may be affected by the presence of PVC or 

PE. A source of hydrogen could alter the degradation path of the PTFE. Therefore, mixtures of 

PTFE:PVC:PE investigated are at 1:1:1 and 1:1:4 weight ratios— 1:1:4 is the ratio that the 

organics are present in e-waste.

While the desire is to keep the process temperature as low as possible while maximizing the 

decomposition of organics present, the temperature of 600°C was selected for further 

investigation to ensure complete decomposition of PTFE. NaHCOg additions were increased to 

1.5X stoiciometric ratio to maximize halide entrapment. Table 6.3 represents weight ratios of 

polymer mixtures investigated:

Table 6.3 Mixed Polymer Matrix
PTFE PVC PE NaHCOg

g g g Stoic. Ratio
1
1
i i

1
i

1.5

i
1
1

i
1

i

1 1.5
1 1 1 1.5
1 1 1.5

1
1 i

1.5
1
1

i
1 1.5

1 4
1 1 4
1 4 1.5
1 1 4 1.5

1 4
1 4 1.5
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U sing a thermocouple in the sample material, data taken via data acquisition were able to 

show the behavior o f the system  with a high degree of detail. Figure 6.6 show s the data taken 

from a mixture o f PVC:PTFE:PE at a 1:1:1 weight ratio. The first derivative of the temperature 

show s a decrease in the volatilization of the PVC in the temperature range o f ~240-373°C . 

Another drop in the heating rate over the temperature range o f ~460-540°C  accounts for the 

volatilization o f PE. The final drop in the heating rate at ~560°C corresponds to the volatilization  

o f PTFE. The temperatures observed are above those for decom position acquired from literature.
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Figure 6.6: Teflon 17 Redo II: 0.5 g (PVC, PTFE, PE), 1.0 slpm CO2 

A prime exam ple o f the com plex nature o f the m ixed polym er sam ples is experiment Teflon

21 shown in Figure 6.7 Experiment Teflon 21 represents a mixture of PVC:PTFE:PE of 1:1:1 

with 1.5 tim es stoichiom etric ratio NaHCOs During heating, a small drop in the heating rate 

occurs just below  100°C, indicating the volatilization of water (added for static control when 

needed). The decom position o f NaHCOs to Na^COs is seen at the expected temperature of
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~170°C. The reaction of HCl(g) with the NazCOg (as seen in Figure 6.2) tends to be lost in the 

data, but the acceleration of heating in conjunction with the increasing heating rate (between 

250°C  and 350°C) can be seen as this reaction. The abrupt drop off o f the heating rate seen at 

350°C  is the com pletion of any PVC/NazCOa reaction. The dramatic spike in the temperature, 

correlating to the velocity and acceleration are indicative o f the PTFE/NazCOg reaction.
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Figure 6.7: Teflon 21: 0.5 g (PVC, PTFE, PE), 3.5 g (1.5X) NaHCOs, 1.0 slpm C 0 2(g)

6 .2 .4  D ecom position Temperature Depression in Polym er Mixtures

In reviewing the data generated from the m ixed polymer tests, it was observed that the 

temperature at which halide-containing polym er began to react with Na2COs has a dependence on 

com position. For example, in evaluating the temperatures at which the reaction of PTFE with 

NazCOs begins, based on the increase in acceleration of the heating o f the sample, it can be seen
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that the temperature decreases as the m ole fraction decreases (Figure 6.8). The temperature at 

which PVC begins to react follow s a similar pattern. Based on the surveyed mixture o f 1:1:4, the 

m ole % for PVC and PTFE are 9.5% and 5.9% respectively. Calculating the relative m ole % of  

PVC and PTFE with the inclusion o f all organics shown as constituents in Table 2.1 

(polypropylene, polyester, etc.) would yield 6.7%  and 4.2% respectively.
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Figure 6.8 Halide Polym er Reaction Temperatures

Based on the observation of the reduction in the initial decom position temperature of the 

halide containing polym ers with decreased molar fraction, additional experiments were conducted 

at temperatures below  600°C  to further explore the minimum temperature required for com plete 

consumption o f the PTFE. Extended retention time was also explored. A residue produced from 

the 1:1:4 PVC:PTFE:PE mixture at 550°C at 20 minutes total tim e (5 min. at temperature) 

showed no residual PTFE when evaluated with XRD (Appendix C, Figure C37). Operating at 

this lower temperature, required 450 sec. for initial PTFE/NazCOs reaction, compared to 300 sec.
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when operating at 600°C (Figure 6.7 above). With the decreased reaction temperature seen in the 

mixture, two additional experiments were conducted at a temperature of 500°C. The first 

experiment was held at temperature for five minutes (Appendix B Figure B59) and the second 

was at temperature for 20 minutes (Appendix B Figure B61). XRD patterns for both residues 

showed evidence of unreacted PTFE, in addition to NaF, NaCl and NazCOs (Appendix C, Figures 

C36 and C38).

6.2.5 Halide Sequestering Efficiency

The efficiency of halide sequestering was again measured by the amount of chlorine and 

fluorine remaining in the solid residue. This is determined through analysis of the scrubber 

solution and subtracting from the known amount of halide in the measured sample. Chlorine 

determination is made through silver nitrate titration. Fluorine determination is made with a 

fluoride-specific ion electrode. Values calculated for the experiments are shown in Table 6.4.

Table 6.4 Mixed Polymer Halide Sequestering
PTFE PVC PE N aH C 03 Temp Cl in Residue F in Residue

g g g g °C % +/-% % V-%
1 Teflon 13 0.5 2.52 600 99.16 2.28
2 Teflon 16 0.5 0.5 600 98.76 2.37
3 Teflon 17 0.5 0.5 0.5 600 0.84 6.82 96.68 2.84
4 Teflon 18 0.5 0.5 600 -9.08 6.82 92.25 3.83
5 Teflon 20 0.5 0.5 2.52 600 99.37 2.23
6 Teflon 21 0.5 0.5 0.5 3.53 600 92.21 6.80 99.69 2.17
7 Teflon 22 0.5 0.5 3.53 600 86.54 6.80 99.26 2.26
8 Teflon 14 0.5 1.01 600 90.79 6.80
9 Teflon 15 0.5 0.5 600 0.84 6.82
10 Teflon 19 0.5 0.5 1.01 600 69.54 6.81
11 Teflon 24 0.25 1 600 98.96 1.16
12 Teflon 25 0.25 0.25 1 600 32.00 13.63 98.30 1.24
13 Teflon 27 0.25 1 1.26 600 99.13 1.14
14 Teflon 28 0.25 0.25 1 1.76 600 74.50 13.61 99.00 1.16
15 Teflon 23 0.25 1 600 87.25 13.60
16 Teflon 26 0.25 1 0.50 600 70.25 13.61
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In general, the chlorine sequestering for the 1:1:1 mixtures of PVC:PTFE:PE with 1.5X  

stoichiometry met or exceeded the values obtained with PVC alone (86-92% "7- 6.80%).

Mixtures of 1:1:4 PVC:PTFE:PE retained less chlorine in the solid residue (70-74% "7- 13.60%). 

The increased error is due to the smaller samples used for halide-containing polymers in the 1:1:4 

mixtures. The decreased halide sequestering can be attributed to the increased volume of halide- 

free polymer (PE) reducing the contact between the carbonate present and the halogenated 

polymer of interest. Measurement of fluorine sequestered within the solid residue proved to be 

problematic. The reactivity of HF(g) or F2(g) produced from the polymer sample was evidenced by 

the pitting within the experimental system.

6.3 Atmosphere Effects

All experiments to this point have been conducted with a C 0 2(g) atmosphere. In order to 

gauge any possible effect of changing atmosphere, a series of experiments was designed based on 

the 1:1:1 PVC:PTFE:PE polymer mixture with 1.5X NaHCOs This mixture was selected as it 

contains all of the materials being evaluated, but with higher relative levels of halide for 

detection. All tests were conducted at the standard 1 slpm flow rate. Each test was run twice; 

once to obtain a scrubbing solution for halide determination and a second time to obtain NOVA  

gas analysis. As before, chloride titration was accomplished via silver nitrate titration (Table

6.5). An attempt was made to obtain fluoride concentration with the ion specific electrode with 

the same level of success as seen before. Overall, the atmosphere had little effect on the solid 

residue produced. The five atmospheres investigated, with residue and chlorine data, were:
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Table 6.5 Atmospheres Investigated
Test # Atmosphere Test Name Residue,

%
Cl in residue, 

%
+/-,%

1 100% C 0 2(g) NOVA 2, Comp 2 44.99 92.21 6.80
2 50:50 CO(g) C 0 2(g) NOVA 4, Comp 3 44.07 91.50 6.80
3 100% CO(g) NOVA 5, Comp 4 44.31 91.50 6.80
4 50:50 N 2(g): C 0 2(g) NOVA 1, Comp 2 44.37 91.50 6.80
5 100% N2(g) NOVA 3, Comp 1 44.38 95.75 6.80

Temperature profiles and NOVA gas analysis for the tests listed above can be found in 

Appendix B, Figures B62-B75 In reviewing the data on g asses produced (summarized in Table

6.6), a number of observations can be made:

1. In samples where COzcg) was not a constituent and finite changes in C 0 2(g) could be 

measured, two discharges of COay occurred, corresponding to the decomposition of 

a halide-containing polymer (PVC and PTFE).

2. In samples where CO(g) was not a constituent and finite changes in CO(g) could be 

measured and having 50 or 100% C 0 2(g), finite amounts of CO(g) were detect, 

corresponding to the decomposition of PTFE.

3. Increasing amounts of CO(g) increases CH^g) production.

The primary effect seen in gas products generated in relation to atmosphere was an increase 

in CH4(g) production with an increase in CO(g) in the system’s atmosphere.

Table 6.6 Gas Production vs, Atmosphere
Test # Atmosphere CH4 (g) peak, % CO(g) 

Peak, %
C 0 2(g) Peak, 

%
1 100% C 0 2(g) 2.5 1.25
2 50:50 CO(g): C 0 2(g) 5.6
3 100% CO(g) 26.0 18, 13
4 50:50 N2(g): C 0 2(g) 4.5 1.25
5 100% N2(g) 4.0 17, 10
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6.4 Sequestering Agents Study Results

The application of NaHCOs to a mixed polymer system demonstrated its ability to sequester 

the halides present. Measurement of chlorine retained in residue treated with NaHCOs indicated 

high levels of sequestering as NaCl. While direct measurement of the fluorine present had some 

difficulty, XRD analysis of the solid residues produced indicated substantial amounts of both 

NaCl and NaF.

While total sequestering efficiency approached, but did not meet 100% for chlorine in the 

tube furnace experiments, the aggressive experimental procedure was designed to evaluate the 

materials under discouraging conditions, resulting in a more robust processing option. Applying 

the carbonate of choice (NaHCOg) to a rotary kiln reactor with extended retention time would 

allow for multiple contact between carbonate material and g asses and fumes generated that may 

not have had interaction during initial volatilization. Operational temperatures required for the 

removal of organic material was shown to be lower for the mixed polymer samples than those 

seen in pure samples but within the range of 550-600°C.
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CHAPTER 7

DTA-MS EVALUATION

With an understanding of the system behavior in relation to polymer decomposition and 

halide sequestering, a study was undertaken using Thermogravimetric (TG) Analysis/Differential 

Thermal Analysis (DTA) -  Mass Spectrometry (MS) in a COzig) environment to further outline 

the system behavior. This work was conducted with the cooperation of researchers with the 

Norwegian University of Science and Technology (NTNU). Samples were prepared at Colorado 

School of Mines (CSM) and placed in glass vials for shipment to NTNU. Glass vials were used 

to reduce or eliminate any loss of sample within the vessel, as would be expected in a plastic zip- 

top style sample bag. Nineteen samples were prepared from PVC, PTFE, PE, NaHCOs and 

NazCOg, with pure components and mixtures being evaluated. An initial list of compounds for 

Mass Spectrometry was compiled [(MW) molecule]: (15) CH4(g), (18) H20(g), (28) C2H4^ , (36) 

HCl(g), (68) furan/dioxin, (78) benzene-C^H^, and (81) TFE(g). After the first batch of samples 

was evaluated, (20) HF(g) was added to the list of compounds to be detected. A list of the initial 

samples subjected to TG/DTA-M S evaluation is shown in Table 7.1 Data obtained from the MS 

was without calibration for quantitative determination. The information was applied in 

qualitative determination of reactions occurring in the system. The data did allow for a 

correlation and confirmation of the data produced from the experiments conducted at CSM using 

the tube furnace equipment.

TG/DTA data from all samples containing NaHCOs showed the endothermie decomposition 

of NaHCOs to Na2COs beginning at ~120°C. A prime example of NaHCOs decomposition can

be seen in Figures D2a and D2b. The decomposition of PVC, resulting in a mass loss, was shown 

to begin at ~218°C with the exothermic formation of NaCl beginning at ~250°C— best seen in

Figures D4a and D4b. PVC containing samples also demonstrated another mass-loss 

(endothermie) between 375-520°C. This is attributed to a chlorine-free polymer residue
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decomposing at this temperature range— similar to PE. A mass loss attributed to the 

decomposition of PE tends to begin at ~330°C with substantial change in weight at ~400°C. A

mass loss attributed to the decomposition of PTFE begins to show at ~490-500°C with the

exothermic formation of NaF showing at ~490°C. Both the PE and PTFE effects are best seen in

Figures DlOa and DIOb. All PTFE-containing samples showed a distinct endoderm representing 

the melting of PTFE at ~340°C, correlating with the published 335°C melting temperature.

Table 7.1 Mixed Polymer/Carbonate Samples - TG/DTA-M S

Mix NazCOs NaHCOs 

g g

PVC

g

PTFE

g

PE

g
1 PTFE 0.01

2 NaH C 03 0.0150
3 NazCOs 0.0150
4 NaHCOs + PVC 0.0040 0.003
5 NazCOs + PVC 0.0025 0.003

6 NaHCOs + PTFE 0.0101 0.003
7 NazCOs + PTFE 0.0064 0.003

8 NaHCOs + PVC + PE 0.0040 0.003 0.006
9 NazCOs + PVC + PE 0.0025 0.003 0.006

10 NaHCOs + PTFE + PE 0.0101 0.003 0.006
11 NazCOs + PTFE + PE 0.0064 0.003 0.006

12 NaHCOs + PVC + PTFE 0.0141 0.003 0.003
13 NazCOs + PVC + PTFE 0.0089 0.003 0.003
14 PVC 0.01
15 PVC + PTFE 0.01 0.01
16 PVC +PE 0.005 0.01
17 PTFE +PE 0.005 0.01
18 PVC +PTFE +PE 0.005 0.005 0.01
19 PE 0.01

Qualitative information regarding the evolution of short-chain or “cracked” organics taken 

from the MS data provide for an increased understanding of the system’s behavior.
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• Samples containing PVC produced HC1 and benzene concurrent with the primary 

decomposition of PVC and exothermic formation of NaCl

• Samples containing PTFE produced TFE during decomposition

• Samples containing PVC and PE produced both CH4(g) and C2lU(g) from the 

decomposition of the polymers. PVC generates these compounds from the 

decomposition of both primary polymer and secondary Cl free residue

• The majority of the samples without NaHCOs (including those with no sodium 

compounds at all) showed the production of H20(g), demonstrating the reactivity of 

C 02(g) with contained polymers

As the processing path of the TG/DTA is similar to the tube furnace system, direct correlation 

of the data between the two systems is possible. The generation of TFE during the decomposition 

of PTFE is seen as one of the causes for the inability to measure fluorine in NaOH scrubbing 

solutions. The presence of molecules such as TFE, C6H6 and C2H4 (g) again show the need for 

prolonged residence time with gas/solid interaction to allow for the thorough decomposition of 

the organic material and capture of the contained halides.
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CHAPTER 8

PROPOSED PROCESS

8.1 E-Waste Processing

Having obtained an understanding of the primary polymers in the e-waste system, based on 

relative stability (PE) and halogen-containing (PTFE and PVC), a number of small and large- 

batch e-waste experiments were conducted. Two experiments (with and without NaHCOg) were 

designed for the system used for sequestering agent evaluation (tube furnace). Data from these 

experiments would be directly comparable to other data generated from that equipment. Two 

tests were then designed for application to the rotary kiln employing a continuous feed system to 

simulate a continuous operation. For all four tests, a 0.8 kg sample of e-waste was compiled and 

cut to -0 .2 5 ”. This size reduction allowed for the feeding of material into the rotary kiln via an 

auger or screw conveyor as well as provided a 150 g sample via standard riffle splitting operation. 

It is acknowledged that the sample may not be representative to a high degree of certainty as 

would be expected in standard mineral processing operations. This is due primarily to the 

physical constraints of the experimental system and the bulk density of e-waste. The calculated 

variance of a 150 g sample based on organics fraction is on the order of 6%, while a 6 g sample 

approaches 30% variance.

The sample o f e-waste was assembled to reflect what would be expected of a scrap or 

obsolete computer system complete with audio, visual and network capabilities. A picture of the 

material is shown in Figure 8.1 The sample was comprised of: Pentium-based ATX-Form Factor 

Motherboard, circa 1998; 2 X 16MB SIMM Memory modules; 1 PCI 8MB Video Card; 1 PCI 

SoundBlaster brand Audio Card and 1 PCI Ethernet Network Card.
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Figure 8.1 E-W aste Sample

After manual size reduction, the sample was split into five 150 g samples for use with the 

rotary kiln with 50 g remaining for use with the tube furnace. 6.3 g samples (limited by sample 

boat volum e) were taken from this 50 g lot for tube furnace work.

8.1.1 Tube Furnace E-W aste Experiments

The two tests conducted using the tube furnace system  em ployed the N O V A  gas analyzer to 

obtain information on the g asses produced. Atmosphere was set at 1 slpm C 0 2(g) reflecting the 

majority of the work conducted previously. Test 1 was comprised of 6.3 g e-waste, test 2 was 

comprised of a mixture of 6.3 g e-waste and 1.26 g NaHCO] Experimental procedure was the 

same as em ployed previously.

77



The temperature curve generated from the sample o f e-waste (Figure 8.2) reflects curves 

obtained for polym er samples. The decrease in the first derivative at tim e -1 0 0  sec. is indicative 

of m elting or vaporization as seen in earlier experiments.

E-Waste 1: 6.30g E-Waste, 600°C
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Figure 8.2 E-W aste Temperature Data

Gas analysis data (Figure 8.3) shows the generation of g asses after -1 2 0  sec. when the 

sample reaches 300°C. M aximum gas levels attained are: 3.5% CO(g), 2.4% CH4(g) and 1.4% 

H2(g). Integrating the data for 1.0 slpm flow  gives total volum es o f 45.3 cm 3 CO(g), 30.1 cm 3 

CH4(g) and 11.6 cm 3 H2(g). The flow  of 1.0 slpm represents the flow  into the system . Without 

accurate data for flow  out of the system , this integration w ill contain som e error. Data obtained 

from the larger-scale rotary kiln experiments w ill provide more accurate data on total gas 

produced. Solid residue of 4 .46 g shows a loss o f 29.22%  of initial mass, correlating well with 

the general com position o f e-waste shown previously indicating a 30% organic component.
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E-Waste 1: 6.30g E-Waste, 600°C
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Figure 8.3 Gas Analysis, 6 .30 g E-W aste

The temperature curve generated from the sample o f e-waste treated with the addition o f 20%  

by weight NaHCOs (Figure 8.4) reflects curves previously obtained for m ixed polymer/NaHCOs 

samples. M ost notable is the similarity between these data and that obtained for experiment 

Teflon 19 (Appendix B, Figures B46 and B 47). Teflon 19 was a sample of PVE and PE treated 

with NaHCOs With the com plex com position of the bulk e-waste sample, the fluctuations in the 

heating rate over the time range o f 50-90 sec. can be attributed to the m elting and vaporization of  

various polym ers (endothermie) and the formation of sodium -halide salts (exothermic).
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Figure 8 .4  6.30 g E-Waste, 1.26 g NaHCOs

Gas analysis data of the e-waste with NaHCOs (Figure 8.5) show the generation of g asses 

a fter -1 6 0  sec.— som e 40 sec. later than seen in the experiment without NaHCOs This can be 

caused from the slower heating rate seen by the bulk sample due to the endothermie 

decom position o f NaHCOs More notably, the maximum gas levels attained in the sample with 

NaHCOs are: 3.2% CO(g), 3.2% CH4(g) and 0.6% H2(g). This amounts to a 0.3 point (8.5%) 

decrease in CO(g), a 0.8 point (30.8%) increase in CH4(g) and a 0.8 point (57.1%) decrease in H2(g). 

Integrating the data for 1.0 slpm gives total volum es o f 45 .6  cm 3 CO(g) (0.7% increase), 43.5 cm 3 

CH4(g) (44.5% increase) and 1.4 cm 3 H2(g) (87.9% decrease), respectively. Solid residue 

accounted for 78.95%  of the initial value after accounting for residual Na2C 0 3 in the sample. The 

residue was 8% higher than that seen in material processed without NaHCOs This increase in 

residue mass is accounted for by the sodium -halide salts remaining in the solid residue.
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Figure 8.5 Gas Analysis, 6 .30 g E-Waste, 1.26 g NaHCOs

Comparing the g asses produced from both samples (summarized in Table 8.1), it can be seen 

that the sample processed with NaHCOs produced an offgas with higher carbon content— CH4(g). 

The subsequent calorific value o f the gas streams (per kg o f e-waste at 600°C) are: -6 7 .3  kcal for 

Test 1 (E-Waste) and -8 1 .4  kcal for Test 2 (E-W aste + NaHCOs)— a 21% increase.

Table 8.1 Comparable Gas Products-E-W aste Tube Furnace

CO(g), cm 3 CH4(g), cm 3 H2(g), cm 3

Test 1, E-Waste 45.3 30.1 11.6

Test 2, E-W aste + NaHCOs 45.6 43.5 1.4

XRD analyses for both samples are shown in Figure 8.6 The pattern for the sample processed  

without carbonate addition show s a primary amorphous pattern with som e very minor peaks with 

loose correlation to S i0 2, BaTiOs and other oxides. More importantly when comparing the two
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sam ple’s XRD patterns, one can see a strong set o f peaks for NaBr among the residual NazCO] 

peaks in the sample o f e-waste treated with NaHCOs A s bromine is used in many different 

polym ers as a flame retardant, where chlorine and fluorine are constituents of specific types of 

polym er (PVC and PTFE, respectively), it is no surprise that NaBr is more readily seen. As 

shown previously, NaBr is more stable than the two other sodium -halide salts. The formation of 

NaCl and NaF are dependent on the presence of PVC and PTFE, respectively. The formation of 

NaBr is dependent only on the presence o f a polym er doped with a brominated flame retardant. 

A lso, any NaF or NaCl that may have formed may be o f too low  of a concentration to be seen via 

XRD.

E-Waste: with and without NaHCOs

E-W aste + NaHCOs R esidue

E -W aste R esidue

NaBr

100 110

Figure 8.6 XRD Analysis o f E-W aste with and without NaHCOs
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8.1.2 Rotary Kiln E-Waste Experiments

To simulate a continuous operation, the 150 g samples were fed into the rotary kiln system  

described previously at a feed rate of 1.5 g/min after the kiln had been heated to 600°C. The

solid sample was fed into the kiln with a gas flow of 0.10 slpm N 2(g). The gas flow was designed 

to hinder any clogging of the screw feeder and ensure some minimal flow through the kiln. With 

a minimum flow of 0.10 slpm, a kiln volume of 4.1 liters and an operating temperature of 600°C,

the maximum residence time was calculated as 14 min. Upon evolution of the gas from the kiln, 

an additional 0.90 slpm was introduced to the stream, transporting the gas products through 

condenser/filtration and on to the NOVA gas analyzer. The 1.0 slpm N2(g) was also needed to 

dilute kiln production gas to within the NOVA gas analyzer’s range (0-25% CH4(g), 0-50% H2(g)). 

Experimental procedure for these tests was the same as described previously in Chapter 5.1 with 

three slight alterations:

1. Sample was charged into the screw conveyor hopper (rather than the kiln)

2. Sample feed commenced with gas flow through the system once the kiln has come to 

desired temperature (one hour).

3. Resin module located on exhaust stream in place of scrubber for dioxin/furan 

analysis via EPA Method 23 analysis conducted by an outside lab.

8.1.2.1 Rotary Kiln E-Waste

The first experiment (Final 4) was conducted on 150 g sample of raw e-waste. Due to a 

problem with heating of the screw conveyor, sample feeding was interrupted after 50 min. 

resulting in processing of only a small portion of the 150 g sample. After disassembly and a 

correction of the heating issue, the processed portion of the sample was returned to the kiln with 

the remaining unprocessed material deposited into the screw feeder. A second test (Final 4B) was 

then conducted and the data were combined with that obtained from the first. The first partial test 

is shown in Figure 8.7 with the second part shown in Figure 8.8.
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Figure 8.7 Continuous Feed Rotary Kiln: E-W aste (Final 4 Part 1)

Using a N 2(g) atmosphere, C 0 2(g) produced from the e-waste can be measured in addition to 

the other g asses measured in the tube furnace tests. Knowing the increase o f flow  out o f the 

system , measured as a dry gas, against the flow  of dilution gas into the system  allow s for the 

calculation o f gas production for the four g asses measured (Table 8.2.)

Table 8.2 Comparable Gas Products: E-W aste Rotary Kiln

CO(g), liter C 0 2(g), liter CH4(g), liter H2(g), liter

Test 4a, E-W aste 0.36 0.82 0.57 0.54

Test 4b, E-W aste 0.80 1.49 0.98 1.31

Test 4 Total 1.16 2.31 1.55 1.85
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Figure 8.8 Continuous Feed Rotary Kiln: E-W aste (Final 4 Part 2)

Products generated from the 150 g of e-waste amounted to 102.65 g ashed waste, 12.37 g 

distillate and 7.27 g gas for a total o f 122.29 g (27.71 g deficit). H20 (g) generated from the 

reaction o f C 0 2(g) with polymers, as seen in the M ass Spectroscopy work, is not included. Water 

vapor was removed from the gas stream via desiccant colum ns prior to gas analysis or flow  

measurement. Without a measurement for water, the mass balance is 81.53%

8.1.2 .2  Rotary Kiln E-W aste + NaHCQ2

Processing with NaFlCOs (Experiment Final 5) was accom plished with the same procedure 

used for Final 4, with the addition o f 30 g NaHCOs to the 150 g e-waste sample. In this manner, 

carbonate would be introduced to the kiln along with the e-waste material. A  fresh resin module 

was located on the exhaust stream in place of the scrubber for dioxin/furan analysis.
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Data generated from the processing o f e-waste treated with NaHCOs (Final 5) is shown in 

Figure 8.9 The volum e of gas produced from this test is calculated in the same manner as before 

(Table 8.3). The first difference noticed in the g asses produced is the high level o f C 0 2(g). This is 

due to the decom position o f NaHCOs to NasCOs, evolving C 0 2(g) and H20 (g). It also is noticed 

that the level o f CH4(g) detected is much higher that the level for H2(g), compared to the data 

generated without NaHCOs where the level o f CH4(g) detected remained close to the level o f H2(g). 

W hile the disruption in the previous test makes direct comparison less exact, view ed in 

conjunction with the e-waste tube furnace tests, increased com bustible gas production using 

NaHCOs is evident.
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Figure 8.9 Continuous Feed Rotary Kiln: E-W aste with NaHCOs (Final 5)

86



Table 8.3 Comparable Gas Products: E-Waste + NaHCOs Rotary Kiln

CO(g), liter C 0 2(g), liter CH4(g), liter H2(g), liter

Test 5, E-W aste + NaHCOs 2.39 8.30 5.32 3.13

from 30 g NaHCOs 4.00

Test 5 Total 2.39 4.30 5.32 3.13

Products generated from the 150 g o f e-waste + 30 g NaHCOs amounted to 123.58 g ashed 

waste, 16.08 g distillate and 23.46 g calculated gas for a total o f 163.12 g (16.88 g deficit). Of the 

123.58 g o f ashed material, only 18.9 g could be attributed to NaHCOs, assuming no sodium  

halide salt formation. As before, water vapor is not included. Without a measurement for water, 

the mass balance is 90.62% . The reduced deficit in mass balance (measured in grams as well as 

percent) is affected by the formation o f sodium  salts, evidenced by X RD analysis. The chlorine, 

fluorine and bromine, which would be evolved in the form of an acid without the presence of a 

sodium source, are retained in the residue, attributing to a higher ashed residue weight. A sample 

of the final ashed waste is shown in Figure 8.10.

in

2 /  28  29
Figure 8.10. Processed E-W aste Sample
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The subsequent combined calorific value of the gas streams produced from rech rotary kiln 

test (per kg of e-waste at 600°C) are: -144 kcal for Test 4 (E-Waste) and -406 kcal for Test 5 (E- 

Waste + NaHCOs)— a 282% increase.

8 .1.2.3 Measured Dioxin/Furan Reduction in Rotary Kiln Experiments

Data obtained from the Dioxin/Furan analysis via the resin modules show the existence of 

five chemicals from the dioxin/furan family. They are listed here with their respective Toxic 

Equivalency Factors (TEF)— a weighting factor relating to the chemical’s toxic effect:

Octochlorodibenzo-p-dioxin (TEF = 0.001)

2.3.7.8-Tetrachlorodibenzofuran (TEF = 0.1)

2.3.4.7.8-Pentachlorodibenzofuran (TEF = 0.5)

1.2.3.4.7.8 -Hexachlorodibenzofuran (TEF = 0.1)

1.2.3.6.7.8 -Hexachlorodibenzofuran (TEF = 0.1)

The data (Table 8.4) shows a reduction in the level of dioxins produced by 67.5% through the 

addition of NaHCOs to the e-waste. It is also important to note that one of the furan (1,2,3,6,7,8- 

Hexachlorodibenzofuran) was eliminated entirely while the most toxic compound found 

(2,3,4,7,8 -Pentachlorodibenzofuran) was itself reduced by 69.5%.

Table 8.4 Dioxin/Furan Results for Kiln Experiments

OCDD
(0 .0 0 1 )

2 ,3 ,7 , 8  

TCDF 
(0 . 1 )

2 ,3,4,7 , 8  

PeCDF 
(0.5)

1 ,2 ,3 ,4,7 , 8  1 ,2 ,3,6 ,7,8 
HxCDF HxCDF 

(0 . 1 ) (0 .1 )
Total w/ 

TEF*
pg/kg e-waste

e-waste 81.19 89.27 22.58 33.49 20.70 25.72
e-waste + 200 g/kg NaHCOs 56.43 34.91 6.89 13.65 0 8.36

* Toxic Equivalency Factors (TEF)— a weighting factor relating to the chemical’s toxic effect

A reduction of 67.5% in the dioxin/furan production is an excellent start. Additional research 

surrounding equipment design to maximize solid/solid and solid/gas contact is needed to



minimize, if not eliminate dioxin/furan production. Maximizing residence time to facilitate 

complete cracking of the organics to CH4 (g) and H2 (g) will also assist in the control of the 

unwanted dioxin/furan compounds.

8.2 E-Waste Processing Summary

Tests conducted in both the small-scale batch tube furnace and the continuous feed rotary kiln 

at an operational temperature of 600°C demonstrated the ability to produce a gas stream with 

heating value. These results parallel those obtained with pure reagent polymer sample materials 

in previous work. Tests conducted with NaHCOs produced higher levels of combustible g asses. 

An increase in combustible g asses can be attributed to an increased degradation in the polymer 

species in the presence on a carbonate, as seen in work described in Chapter 5 Overall, the data 

obtained from processing of e-waste confirmed the data generated from processing of known 

polymers.

8.3 Flowsheet-Heat and Material Balance

Using data obtained primarily from the continuous feed rotary kiln experiments, in 

conjunction with thermodynamic data, a unit operation can be modeled for the processing of e- 

waste. As a first order design of a unit operation, one tonne per hour of e-waste will be modeled 

using equilibrium compositions calculated from the HSC thermodynamic calculations.

Assuming the consumption of computer internals (motherboard, etc), a plant consuming 1 

tonne per hour, 330 days/yr would consume 7,920 tonne or 7.8% of the estimated e-waste 

generation. Each tonne of e-waste would require 186.3kg NaHCOs or Trona 

[NagCOs(HCO3) 2 H2 O]. The thermodynamic modeling for kiln processing is shown in Table 8.5 

The thermal deficit without any addition of oxygen is 101,582 kcal/mt e-waste. It should be 

noted that a number of the volatile metals are expected to enter the gas stream in this operation, 

including mercury, selenium and arsenic.
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Table 8.5 Heat and Mass Balance: Initial Kiln operation
MATERIAL IN @ 25°C

1 mt e-waste + 186.3 kg NaHCOs

MATERIAL OUT @ 600°C
Gas kg kg mole Vol, mj (STP) Vol %

H2 (g) 17.3 8.58 192.24 57.0724
H2 0 (g) 43.3 2.40 53.84 15.9837
CH4 (g) 36.5 2.28 50.96 15.1302
CO(g) 27.2 0.971 21.75 6.4577
C02(g) 31.4 0.713 15.98 4.7447
N 2 (g) 1.23 0.0437 0.980 0.2909
Hg(g) 4.08 0.0203 0.455 0.1352
Se2 (g) 2.93 0.0186 0.416 0.1234
AS4 (g) 2.34 0.00780 0.175 0.0519
As2 (g) 0.0718 0.00048 0.0107 0.0032
Cd(g) 0.0408 0.00036 0.00813 0.0024

SbO(g) 0.0376 0.00027 0.00611 0.0018
Zn(g) 0.0108 0.00017 0.00370 0.0011
Se3 (g) 0.0256 0.00011 0.00242 0.0007

GeO(g) 0.00276 3.12E-05 0.00070 0.0002
Se4(g) 0.00753 2.38-05 0.00053 0.0002
Total 166.48 15.04 986.45 m 3 @ 600°C

Solids kg Solids kg
Cu 222.00 L1 2 O3 3.59
C 203.00 Ag 3.50

S i0 2 166.82 GazOs 3.24
Fe 88.97 Ru 2.97

NaBr 51.45 Ge 2.96
Sn 44.70 Au 1.48

NaF 44.33 BeO 1.40
NazCOs 39.17 MnO 0.177
TazOg 35.53 TiOz 0.114
NaCl 24.69 Co 0.0682

Ni 22.24 Pd 0.0556
Al 22.24 Cr 0.0274
Pb 22.20 NbzOs 0.0012

ZnO 13.80 EuzOs 0.0010
Bi 11.70

Total 1,032.44
Heat Balance 101,582 kcal (118.0 kW-hr)
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Based on the volum e o f gas produced at 600°C , and a desired retention tim e for the gas/vapor 

phase o f 14 min. minimum (the maxim um  seen in the continuous feed rotary kiln), kiln 

dim ensions calculate to be 2 m-dia. by 20 m length. Initial calculations (summarized in Table 

8.6) are based on no introduction o f air to the kiln, operating in a com pletely indirectly heated 

mode, m inim izing gas volum e within the kiln. The introduction o f in-situ heat generation would  

require an increase in the size of the equipment to maintain sufficient retention tim e for thorough 

degradation of the organics present. Figure 8.11 represents a description of the unit operation.

Table 8.6 Operational Parameters and 1st Order Kiln D esign Specifications
Feed Gas Flow  Out Temp. Retention Time Kiln Dia. Kiln Length

1 mt/hr E-W aste 
186 kg/hr NaHCOs

941.39 m J 600°C 14.9 min. 2 m 20 m

Secondary Combustion 
Energy Recovery

500-650 °C

Air/Natural Gas

Ashed
E-Waste

Figure 8.11 Proposed Unit Operation

Both the solid and gas products contain high thermo values to be reclaimed as a portion of the 

value inherent in e-waste. A determination as to the amount o f energy remaining in the solids 

was conducted with an eye on the degree o f oxidation of the slag phase being produced. Of
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primary interest was determining if the solids contained sufficient thermal value for subsequent 

melting/converting operations. Solids leaving the kiln and entering the melt were evaluated at 

550°C, accounting for some heat loss in transport. The standard 20.99% 02(g) air stream at 25°C  

was employed as the oxidant source. The heat and mass balance for combustion and melting the 

solids residue from the processing of one tonne of e-waste is shown in Table 8.7 and 8.8.

Table 8.7 Solids Combustion Inputs, Energy Recovery
MATERIAL IN @ 25°C

Combustion Air kg kg mole Vol, m" (STP) Vol %
02(g) 454.38 14.2 318.1 20.99%
N2(g) 1,497.35 53.5 1,197.3 79.01%

MATERIAL IN @ 550°C
Solids kg Solids kg

Cu 222.00 InzOs 3.59
C 203.00 Ag 3.50

S i0 2 166.82 GazOg 3.24
Fe 88.97 Ru 2.97

NaBr 51.45 Ge 2.96
Sn 44.70 Au 1.48

NaF 44.33 BeO 1.40
Na2C 0 3 39.17 MnO 0.177
TazOs 35.53 TiOz 0.114
NaCl 24.69 Co 0.0682

Ni 22.24 Pd 0.0556
Al 22.24 Cr 0.0274
Pb 22.20 Nb20 5 0.0012

ZnO 13.80 Euz0 3 0.0010
Bi 11.70

Total 1,032.44
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Table 8.8 Solids Combustion Outputs, Gas and Fume
MATERIAL OUT @ 1,100°C

Gas kg kg mole Vol, m3 (STP) V ol%
N 2(g) 1,497.35 53.45 1,197.31 74.00634

C 0 2(g) 422.00 9.59 214.79 13.27628
CO(g) 245.00 8.75 195.93 12.11053
Zn(g) 11.10 0.170 3.8 0.23488
Pfc>(g) 22.10 0.107 2.39 0.147727

GeO(g) 3.61 0.0407 0.913 0.056433
Bi(g) 7.86 0.0376 0.842 0.052044

InzOfg) 3.06 0.0125 0.279 0.017245
Biz(g) 3.77 0.00902 0.202 0.012486

NaBr(g) 2.58 0.02550 0.552 0.034119
NaCl(g) 0.720 0.0123 0.726 0.044874
SnO(g) 0.434 0.00322 0.0722 0.004463

In(g) 0.104 0.000906 0.0203 0.001255
NaF(g) 0.0231 0.000550 0.0123 0.00076
Pb2(g) 0.0476 0.000115 0.00257 0.000159

GazO(g) 0.0146 9.39E-O5 0.00210 0.00013
Bis(g) 0.0467 7.45E-O5 0.00167 0.000103

PbO(g) 0.0100 4.48E-O5 0.00100 6.18E-05
Sn(g) 0.00288 2.43E-O5 0.000544 3.36E-05
Na(g) 0.000552 2.40E-05 0.000538 3.33E-05
Cu(g) 0.000901 1.42E-05 0.000318 1.97E-05
Cl(g) 0.000236 6.66E-O6 0.000149 9.21E-06
Bi4(g) 0.00499 5.97E-O6 0.000134 8.28E-06
Ga(g) 4.81E-05 6.9OE-O7 1.55E-05 9.58E-O7
Total 2,219.84 72.21 7,449.49 m3 @ 1,100°C

It is with the combustion and melting of the solid material where the complex non-organic 

chemistry that exists within e-waste becomes o f prime concern. Having developed a solution to 

the dioxin/furan question, the remaining gas handling issue becomes the metal and metal oxides 

present in the gas stream.

The remaining data for the heat and mass balance for the slag and metal phases is shown on 

Table 8.9.
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Table 8.9 Solids Combustion Outputs, Slag and Metal

Solids (Slag) kg
MATERIAL OUT @ 1,100°C  

Wt. % Solids (Slag) kg W t.%
SiOz 166.82 32.22 NaCl 23.50 4.54
FeO 114.00 22.02 GazOs 3.22 0.62

NaBr 47.50 9.17 BeO 1.40 0.27
NaF 44.30 8.56 MnO 0.177 0.03

AI2 O3 42.00 8.11 TiOz 0.114 0.02
NazCOs 39.20 7.57 CrzOs 0.040 0.01
Ta20 5 35.53 7.97

Total 515.80

Solids (Metal) kg Wt. % Solids (Metal) kg W t.%
Cu 222.00 74.88 Ru 2.97 1.00
Sn 44.20 14.91 Au 1.48 0.50
Ni 22.20 7.49 Co 0.0682 0.02
Ag 3.50 1.18 Pd 0.0556 0.02

Total 296.60
Heat Balance -632,381 kcal (-734.8 kW-hr)

The gas stream leaving solids combustion/melting still contains a large amount of heat value 

in the form of CO(g). This stream is then combined with the offgas from the rotary kiln for final 

combustion/energy recovery (Tables 8.10 and 8.11).
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Table 8.10. Gas Combustion Inputs, Energy Recovery
MATERIAL IN @ 25°C

Combustion Air kg kg mole Vol, md (STP) Vol %

Oz(g) 491.93 15.37 344.36 20.99%
N2(g) 1,620.10 57.83 1,295.46 79.01%

MATERIAL IN @ 1000°C
Fuel kg kg mole Vol, m" (STP) V ol%
N2(g) 1,498.58 53.50 1198.4 61.33

C 0 2(g) 453.39 10.30 230.72 11.81
CO(g) 272.20 9.72 217.73 11.14
H2(g) 17.30 8.58 192.19 9.84

HzOfg) 43.27 2.40 53.76 2.75
CH4(g) 36.50 2.28 51.07 2.61
Zn(g) 11.11 0.170 3.81 0.19
Fb(g) 22.10 0.107 2.40 0.12

GeO(g) 3.61 0.0408 0.914 0.047
Bi(g) 7.86 0.0376 0.842 0.043

NaBr(g) 2.58 0.0255 0.571 0.029
NaCl(g) 0.720 0.0123 0.276 0.014

Hg(g) 4.08 0.0203 0.455 0.023
Se2(g) 2.93 0.0186 0.417 0.021

In2G(g) 3.06 0.0125 0.280 0.014
Bi2(g) 3.78 0.00903 0.202 0.010

NaF(g) 0.0231 0.000550 0.0123 0.0006
Total 2,386.30 87.23 9,122.10 mj @ 1,000°C

Inputs to energy recovery from the gas stream leaving the rotary kiln combined with the gas 

stream leaving the solids combustion/melting operation employ a standard 20.99% 0 2(g) air 

stream at 25°C. The fuel stream is calculated at 1,000°C, taking into consideration some cooling 

of the gases after leaving their respective operations and mixing before final combustion. A 

temperature of 1,100°C was used as output gas temperature, with the excess enthalpy determined 

at that temperature. Any reduction in gas temperature through energy recovery would only 

increase the value of this operation. Unit operation outputs are shown in Table 8.11.
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Table 8.11 Gas Combustion Outputs, Energy Recovery

Gas
MATERIAL OUT @ 1,100°C  

kg kg mole Vol, md (STP) V ol%

N 2(g) 3,118.23 111.31 2,493.39 73.88
C02(g) 966.94 21.97 492.15 14.58
H20 (g) 280 15.54 348.15 10.32

0 2 ( g ) 42.3 1.32 29.61 0.88
Zn<g) 11.1 0.17 3.80 0.11
P b ( g ) 22.1 0.11 2.39 0.071

GeO(g) 3.61 0.041 0.91 0.027
B i ( g ) 7.86 0.038 0.84 0.025

SeOz(g) 4.09 0.037 0.83 0.024
NaF(g) 1.13 0.027 0.60 0.018
NaBr(g) 2.58 0.03 0.56 0.017

Hg(g) 4.05 0.020 0.45 0.013
ln20 (g) 3.06 0.012 0.28 0.0083
NaCl(g) 0.72 0.01 0.28 0.0082

B iz ( g ) 3.77 0.0090 0.20 0.0060
N O # 0.24 0.0080 0.18 0.0053

As^O^g) 2.19 0.0055 0.12 0.0037
SnO(g) 0.434 0.0032 0.072 0.0021
NaF(g) 0.0231 0.00055 0.012 0.00037
Total 4,494.44 150.66 15,543.04 m3 @ 1,100°C

Solids kg
ZnO
ln20 3

0.0137
8.15E-05

Total 

Heat Balance

0.0138 

-707,093 kcal (-821.6 kW-hr)

The streams leaving the gas combustion process would then be treated for dust collection and 

subsequent materials handling.

Overall, thermodynamic evaluation of the system shows that there is ample energy content 

within the material from the polymers fraction to facilitate processing. If pure oxygen were 

employed during the combustion/melting of the solid residue, the energy produced might be more 

than could be properly handled. A simple crushing via a roll crusher followed by screening
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would allow for the removal o f a carbon rich fraction that could be em ployed as a supplemental 

fuel source in a controlled manner. The distribution of sodium salts and other constituents may 

also be better controlled through conventional mineral processing techniques applied to portions 

on the kiln solids. This is an area o f work that should/will be explored in future research.

A  summary o f the heat and m ass balance combined with the flow sheet surrounding the 

proposed unit operation is shown in Figure 8.12 Total inputs to the system  are comprised of: e- 

waste (1 tonne/hr), NaHCOs (186 kg/hr) and Air (3,155 m 3/hr). Products from the flow sheet are 

comprised of an offgas, a slag, a metal phase and a potential net gain o f 1,160.2 kW energy.

1 mt/hr e-waste 2,112.1 kg/hr
186 kgrtir NaH CO, 1,639.8 nf/hr

Air: 
1,951.7 kg/hr 
1,515.4 nf/hr 

@ 25°C

Solids: 
1,032.4 kgjhr 

@ 600°C

Gas: 
2,219.8 kg/hr 
7,449.5 rrF/hr 

1100°C

Metal: 296.6 kg/hr 
@ 1,100*0

Slag: 515.8 kgtiir
@ 1,100°c

Gas: 
4,494.4 kg/hr 
15,543.0 ms/hr 

@ 1,100*C

Gas Combustion 
-707,093 kcal

821.6 kW-hr production

Externally Heated 
Rotaiy Kiln 

101,582 kcal
118.0 kW-hr consumption

Solids Combustion 
-632,381 kcal

734.8 kW-hr production

Figure 8.12 Heat and M ass Balance— Flowchart
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Data in Table 8.9 show the primary constituents of the slag phase to be: S i0 2, FeO, AI2O3, 

Na2 C0 3  and sodium salts. In a molten environment, it is estimated that the remaining Na2C 0 3 

will decompose to an oxide. If the sodium salts and Ta20 5 are, for the moment ignored, the slag 

composition can be expressed as Table 8.12.

Table 8.12 Primary Slag Constituents
Solids (Slag) kg W t.% kg mole

S i0 2 166.82 48.25 2.78
FeO 114.00 32.97 1.59

A120 3 42.00 12.15 0.412
Na20 22.92 6.63 0.370

This composition can be recast via the components S i0 2, FeO and N aA lS i04 as shown in 

Table 8.13. The composition can be located on the phase diagram shown in Figure 8.13 This 

ternary diagram shows a large field of fayalite with a liquidus surface from 980°C to 1,200°C.

Table 8.13 Sodium Slag Composition
Solids (Slag) kg W t.% kg mole

S i0 2 122.40 35.39 2.04
FeO 11.04 32.97 1.59

N aA lS i04 109.40 31.63 0.770

As an initial evaluation of the slag produced based on the major constituents, this is 

encouraging. With a melting point of 1,872°C, Ta2Os would most likely exist as particles in

suspension in the slag, increasing the viscosity. The relative change in viscosity would be 

directly dependent on the actual concentration of Ta2Os in the initial waste stream. The presence 

of NaF would have the opposite effect, reducing the viscosity of the slag. This too is dependent 

on the initial concentration of one compound (PTFE) but is easier to alter through flux additions. 

The control and final disposition of the remaining sodium salts would be controlled through flux 

additions and slag tempering.

Additional research will have to be conducted to explore the slag chemistry and behavior, but 

initial indications are encouraging. The existence of such compounds as Be^Ca suggest that
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beryllium could be controlled and made benign with the addition o f CaO. Other metals present in 

the slag and metal phase may also benefit from slag chemistry manipulation.

\  \ 2 Li qui ds

FeO

Figure 8.13 Sodium Slag Ternary Phase Diagram (Levin 1969)

The metal alloy produced is primarily a Cu, Sn and Ni— 97.28%  of the metal phase. These 

three metals taken together have the com position: Cu (76.95% )-Sn (15.36% )-Ni (7.69%) and are 

shown on the phase diagram in Figure 8 .14  As indicated in that diagram, the alloy would have a 

melting temperature less than that o f pure copper. Additional processing o f the alloy for the 

removal of tin and nickel could fo llow  a number of paths— hydro or pyrometallurgical. Of the 

remaining minor elements, A g (1.18%) and Au (0.50%) tend to depress the m elting temperature 

of the primary metal (Cu). The remaining elem ents, Ru (1.00%), Co (0.02%) and Pd/Pt (0.02%) 

tend to increase the m elting temperature of the primary metal (Cu). With such small amounts, the 

effect o f increasing and decreasing the m elting point form the values seen in Figure 8 .14 are 

estimated to be minimal.
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Figure 8.14 Cu-Ni-Sn Ternary Phase Diagram (Chang, 1979)

8 .4 Process Summary

With the basis o f understanding of the behavior o f e-waste and its major components, the 

introduction o f the relatively small processing operation to a conventional copper smelter as a 

supplemental system  can be surmised. The process described would consist o f a rotary kiln, co ­

generation facility (if one is not already on-site) and a furnace producing a Cu-Sn-Ni alloy 

possessing precious metals and a sodium slag. At a design capacity o f 1 mt/hr, the process would 

produce: 2 ,432 .10  mt/yr Cu, 38.33 mt/yr Ag, 16.24 mt/yr Au and 0.65 mt/yr Pt/Pd. A ssigning an 

efficiency of 50% to energy recovery would allow  the process to generate 660.2  kW
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CHAPTER 9

CONCLUSIONS

In reviewing the components that comprise electronic waste one can see, from a processing 

point of view, a material that brings metal values to a process along with an inherent reductant. 

The carbon and hydrogen values contained in plastics can be harnessed, facilitating the recovery 

of resources. The complex material also brings with it areas of concern for large-scale 

processing. Concerns over the release of heavy metals that may be entrained in e-waste material 

are no different than those expressed in “conventional” scrap. Efficient dust handling systems 

employed in every pyrometallurgical operation have already shown their ability to deal with such 

materials when in a stable form. Metals as halides tend to have greater activity and mobility, 

causing greater concern for industrial operations that deal with such compounds. Dioxin/furan 

production/release associated with the processing of halogen and hydrocarbon-containing waste is 

an issue that is affecting many industries that deal with such materials. The work conducted here 

has demonstrated a process that has shown an ability to sequester halides in the form of sodium 

salts away from the gas/vapor phases where dioxins/furans are generated. The sodium addition, 

based on thermodynamic evaluation, reduce or functionally eliminate the formation of other 

mobile halides, such as AICI3 The addition of sodium carbonate has also demonstrated an ability 

to increase the decomposition of polymers, producing a higher fuel value gas stream, adding to 

the value and self-sustainability of the process. Overall, this processes allows for the liberation of 

a metal-rich stream from an organic encapsulated waste material while recovering the energy 

potential of the organics themselves in the form of CH^g), H2(g) and carbon. Specific 

accomplishments are:

• 92.2% 7 - 6.8% containment of chlorine from PVC-rich material with the application

of 1.5X stoiciometric N aH C 03
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• 74.5% +/ - 13.6% containment of chlorine from PVC-poor material with the 

application of 1.5X stoiciometric NaHCOg

• Increased production of combustible gases (CH4(g), H2(g), etc.) from e-waste samples 

with the addition of NaHCOg The energy produced with NaHCOg is 282% of the 

value produced without NaHCOg when measured by calorific value of combustion.

• Reduction of dioxin/furan production of 67.5% from e-waste samples with the 

addition of NaHCOg.

While this research and process development was approached from the point of view of 

developing technology for application to the copper industry, this technology has application in a 

number of areas. Potential markets include (in addition to electronic waste) municipal waste 

incineration, automobile shredder residue and any material containing organic compounds and 

halides.

Additionally, with emissions accounting and local or in-plant air quality issues always of 

concern, the control of Cl2(g), Fz(g) and Br2(g) as well as their respective acids and metal complexes 

through sequestration as sodium salts has innumerable benefits. Gaseous emissions are 

something that can be measured and evaluated on a daily basis. Employee health effects and the 

possibility of future litigation over exposure to toxic gases are something that cannot be 

immediately accounted for. Any reduction in halide and associated compound emissions will 

benefit a process and the company operating it.
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CHAPTER 10

SUGGESTIONS FOR FURTHER WORK

With such a complex material, the elimination of the organic fraction without the generation 

of carcinogens is only a first step. In outlining a complete process for the efficient processing of 

this type of post-consumer material, there are many areas for process design and optimization, 

covering multiple areas of engineering. Initially, areas where further work should be conducted 

are:

1. Trona. Samples of trona ore should be obtained and evaluated against reagent 

NaHCOs to determine dosing levels for this industrial reagent.

2. Equipment. Alternate laboratory rotary kiln designs should be explored, optimizing 

gas/vapor phase retention time and in-situ gas/solid contact while allowing for 

extended duration, continuous feed operation and continuous solids discharge.

3. Mineral Processing/beneficiation. With the liberation of the many metal and ceramic 

components and the generation o f large amounts of carbon through organic 

decomposition, the development of a mineral processing circuit to produce multiple 

value-added streams could be beneficial. A combination of crushing (roll crusher), 

screening and/or élutriation could produce a copper-silica majority fraction, 

aluminum-tin-Au-Ag (electrical contacts) fraction and a carbon (with sodium-halide 

salts) fraction. Chemical analysis of these fractions could dictate additional 

processing.

4. Kiln Oxidation Potential. Based on the lack of an effect in changes of the 

sequestering ability of the NaHCOg with changes in atmosphere, an investigation of
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oxygen addition to the kiln for in-situ energy production should be evaluated. Care 

must be taken with regard to possible effects on carcinogen production and overall 

full-scale equipment sizing with increased gas flows.

5. Slag Chemistry. The proposed slag composition is based on the initial chemical 

make-up of a general e-waste stream. While the slag system shown possesses a large 

range of low-temperature compositions allowing for fluctuations in feed material 

without complication, the partitioning of metals will have to be explored in this 

system. Final slag composition will also dictate disposal/product options for the 

glass produced.

6. Refractory. Evaluation of acceptable refractory material will need to be conducted. 

While it is expected that the rotary kiln itself will not need refractory lining, 

operating at a relatively low temperature, refractory for the melt furnace will need to 

withstand high sodium levels without adverse reactions or the production of 

problematic materials for disposal.
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