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Abstract
This project aims at resolving two significant industrial and environmental problems
that face many parts of the world today: The emission of electric arc furnace dust (EAFD) and
the disposal of poly(vinyl chloride) (PVC) waste. EAFD is an industrial metal waste
originated from the steel industry, while PVC waste is accumulated due to the formation of
many waste sources, particularly from the construction business. Both wastes are hazardous
and have a high leachability propensity to the surrounding environment. Thus the regulations
of disposal of these materials have become highly strict.
EAFD contains valuable metals such as zinc, lead and iron. In addition, PVC can be
used as a source of hydrochloric acid (HCl) when pyrolyzed. Since zinc and iron are found
within EAFD mainly as oxides, the main concept utilized in this study is to use HCl produced
from PVC to react with these metal oxides to form zinc and iron chlorides. Once zinc and iron
chlorides are formed, the separation of iron chloride and zinc chloride in water can be
achieved since they have different solubility in water. Zinc chloride has a higher solubility in
water than iron chloride. This process would be carried out through thermal treatment of the
EAFD with the PVC waste. However, the advantage of this project is that thermal treatment is
carried out at low temperatures compared with that found in the literature.
The major results of the research that high zinc recovery was achieved (about 97%).
Additionally, some other valuable metals such as lead, cadmium were recovered with
acceptable percentages.
Therefore, it is clear that the Pyrolysis-Leaching-Extraction technique have success in
the recovering of high percentage of zinc, with two major benefits, firstly, the treatments of
two hazardous wastes (EAFD and Plastic wastes), secondly, the economic profit of high zinc
recovery.
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Chapter One: Introduction
The world is developing rapidly leading to depletion of natural resources, high cost of
energy and the inflation of economy with the high growth in population. Another effect of the
rapid development of the world is the environmental pollution. Many industrial processes in
various fields have hazardous effects on the environment and human life; these effects may be
associated within the process operation, by the new products or at the end of products’ life.
Depleting resources is one of the drawbacks of this industrial age, and mineral sources is one
the most important minerals that is believed to be depleted, particularly those that contain
valuable metals such as iron, zinc and copper, which are costly extracted and processed, and
commonly used all over the world. Therefore, the world is striving to search for attractive
methods to recycle and recover these valuable metals.
One of the currently used techniques for recycling scraps and iron byproducts is the
use Electric Arc Furnace (EAF). This process is associated with the emission of dust particles
formed during steelmaking operation due to the high processing temperature. EAF dust
(EAFD) is a complex material consisting mostly of heavy metals oxides such as, Zn, Pb, Cd,
Mn, Na, Cr and Fe. The chemical composition of EAFD depends on the quality of steel scrap
processed, the type of steel being produced, the technological and operating conditions and
the degree of dust recycling into process.(Sikalidis et al.,2010). It is also classified as an
environmentally hazardous waste according to the Environmental Protection Agency (EPA)
(Sikalidis et al.,2010). Dust is considered a hazardous material mainly because of its
relatively high levels of heavy metals concentration and in general its chemical and physical
properties.
The increased use of galvanized steel to manufacture automobile bodies and paneling
has increases the zinc content in the dust over the years (Rizescu et al.,2010). EAFD contains
20-30 wt% of the zinc that exists in the form of EAFD is zinc oxide and zinc ferrite, this
1

percentage makes the recovery of zinc from EAFD an attractive option when comparing its
selling price with the cost of its production. Zinc is a very important metal which is currently
classified as the fourth most widely consumed metal in the world after iron, aluminum, and
copper and is used in many industries.
The emission of EAFD is proportional to the production of steel, thus increasing steel
production increases the amount of EAFD. To be more specific, the dust portion per ton of
crude steel is 15-20 kg of dust (Rizescu et al.,2010), which could imply as high as 5-7 million
tons is generated each year worldwide. This huge amount of dust is a good source for zinc,
the utilization of which will save energy and money needed for the production of zinc from
raw minerals.
Currently, two major technological processes are used for the extraction of zinc from
EAFD; Pyrometallurgical and hydrometallurgical. Several research efforts were performed to
develop a hydrometallurgical method to increase the rate of zinc recovery by leaching reagent
such as sulfuric acid (Kekki et al.,2012), hydrochloric acid (Yoshida,2003), nitric acid (Gega
and Ostrowska,2005) , and sodium hydroxide (Youcai and Stanforth,2000) and performing
kinetic study and modeling the investigated data for predicting the optimum leaching
parameters (Sedlakovo et al.,2006; Langova et al.,2007).
The pyrometallurgical processes principle is the thermal treatment of EAFD to bring
about physical and chemical transformations in the materials to enable recovery of valuable
metals such as zinc. In other words, they are used to recover zinc from EAFD by fuming and
condensing the metals in pure form (Kekki et al.,2012).
Now days, about 55% of EAFD is processed by high temperature processes (Sikalidis
et al.,2010). Although these methods are of high cost, they are used because of the limited
number of approved process alternatives for treating EAFD hazardous wastes. That became a
good reason to lead to new research on pyrometallurgical methods, but this time with aid of
plastic wastes which have hazardous effects on human and environment, through thermal
2

treatment at relatively low temperatures. The reason behind the selection of pyrolysis of
EAFD with plastic materials as an extraction method is that these plastic materials contains
chlorine and bromine that release HCl and HBr when exposed to high temperature The
released acids react then with zinc oxide and zinc ferrite to form zinc chloride and zinc
bromide (ZnCl2 and ZnBr2).
The plastic waste is one of the most dangerous environmental problems around the world;
one of the most widely used plastics is the Poly(vinyl chloride) (PVC) with an annual
production rate of 500 million tons in 2012 (Esckilsen,2008). The PVC was ranked in the fifth
position as the most hazardous to environment and health due to its Carcinogenicity (Lithner
et al.,2011). PVC is considered as a human carcinogen according to the EPA, the regulation
limit of PVC has already been exceeded in different areas that use PVC pipe lines for water
supply (Walter et al.,2011).
The objectives of this research could be summarized as the treatment of two hazardous
wastes (EAFD and PVC) using a technique that is economically feasible to make zinc
extraction from EAFD by mixing it with waste plastic material (PVC). The mixture is then
treated via pyrolysis-leaching-extraction method. The target then is to determine the optimum
conditions for high recovery of zinc.
The difference between this method of zinc extraction and the applied
Pyrometallurgical and Hydrometallurgical methods is that the work is carried out at relatively
low temperature compared to other Pyrometallurgical methods and the easiness to separate
the zinc from the iron which is the problem of the Hydrometallurgical methods.
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Chapter Two: Literature review
2.1 Electric Arc Furnace
EAF (see Figure 1) is furnace that heats charged material by means of an electric arc.
EAFs are widely used in steelmaking and in smelting of nonferrous metals. The EAF is the
central process of the so-called mini-mills, which produce steel mainly from scrap (Billings et
al.,1979). According to the world steel association, arc furnaces range in size from small units
of around one ton capacity (used for producing cast iron products) up to about 400 ton units
used for steelmaking. Arc furnaces used in research laboratories and may have a capacity of
only a few dozen grams. Industrial electric arc furnace temperatures can be heated up to 1800
°C while laboratory units can exceed 3000°C. Arc furnaces differ from induction furnaces in
that the charged materials are directly exposed to an electric arc, and the current in the furnace
terminals passes through the charged material. (Andrei et al.,2011)

Figure 1: Schematic diagram of an Electric Arc Furnace. (www.substech.com)

EAFs are normally covered with a retractable roof, and through which one or more
graphite electrodes enter the furnace. The furnace is primarily divided into three sections:


The shell, which consists of the sidewalls and lower steel "bowl".



The hearth, which consists of the refractory that lines the lower bowl.
4



The roof is made from refractory-lined or water-cooled panels.

The roof, which is may be refractory-lined or water-cooled, and can be shaped as a
section of a sphere, or as a frustum (conical section). The roof also supports the refractory
delta in its center, through which one or more graphite electrodes enter. (Beaty and
Fink,2007)

5

2.2 Electric Arc Furnace Dust (EAFD)
2.2.1 Definition
EAFD is a toxic waste which results during the steelmaking process in electric arc
furnace. It consists mainly of a mixture of zinc, iron, lead oxides and trace elements of
importance from the point of view of their impact up to the environment such including: Cr,
Ni, Cu, As, Cd, Sn, Mn, Ca, Mg, Si, Pb, S, Al and Hg. This dust is, therefore, considered
according to the EPA as toxic and hazardous product, due to its chemical and physical
properties.
The metals content of the EAFD basically found into two forms, the first form is
conjugated with iron in composite structure MFe2O4 (M = Fe, Zn, Ni, Mn or Cd), while, the
second form is found as free oxide.

2.2.2 EAFD Formation
The dust undergoes several physico-chemical transformations. The precursors can also
be modified by chemical reactions (e.g. oxidation) with the carrier gas, whose temperature
and composition vary. They can possibly react with other precursor particles.(Guézennec et
al.,2005).
The most probable mechanism of dust formation is the bubble burst (see Figure 2
below). The projection of liquid steel and slag droplets by bursting of CO bubbles has been
recognized as the principal mechanism of dust emission in EAF. (Guézennec et al.,2005)

6

Figure 2: Schematic representation of the burst of a bubble on a liquid surface (Guézennec et al.,2005)

During melting, the bubbles start to come into the surface forming liquid film that gets
thinner and thinner, when the film get to critical thickness the bubbles burst out into fine
droplets called filmed Figure 2b, The bubble size determine the number and the size of film
droplet. Figure 2c represents the jet drops formation which formed after the burst of the
bubble leaving cavity at the surface creating Rayleigh jet that is not stable can break easy into
droplets called jet droplets.

2.2.3 Physical characterization
The physical parameters vary according to the steel type and the condition of the
smelting process. The particle size distribution of the dust indicates the difficulty to separate
its content in traditional physical methods. It also shows the difficulty to handle it. Therefore,
it is suggested to press it into pellets in case of Pyromelarogical processing, and agglomerate
it in the case of leaching process (Dutra

et al.,2006). Table 2 shows some physical

characteristics of EAFD.
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Table 1 : Some physical parameters of EAFD.
PARAMETER

VALUE

REFERENCE

Density (g/cm3)

4.93

(Barrenechea

et

al.,2013)
1.88 μm

Partical mean diameter
Specific

surface

area 4.01

(Machadoa et al.,2006)
(Niubَa et al.,2009)

(m2/g)

2.2.4 Chemical composition:
EAF, Based Oxygen Furnace (BOF) and Blast Furnace (BF) are the main sources of
the dust in steel and carbon steel making as well as the steel scrape recycle processing. The
resultant dust has different chemical compositions due to several factors; one of them is the
furnace type. The main difference between EAF and BOF dust is that the BOF dust contains
less amount of non-ferrous metal oxides due to the low ratio between scrap to hot metal (1/4)
in smelting process (Oustadakis et al.,2010).
Beside that the chemical composition of dust varies according to steel type and quality
that would be recycled; wide variability of dust compositions makes a complete analysis
rather difficult. As a chemical and structural characterization of solid waste is a very
important stage to evaluate the re-cycling feasibility, several analytical techniques may be
used to study EAFD (Oustadakis et al.,2010).Table 2 shows different analyses for different
samples. Iron and zinc form the major components

8

Table 2: Chemical composition wt% of EAFD from different sources.
Reference
(Dutra

Fe

Zn

Cr

Pb

Al

Cd

Cu

Ni

et 37.08

12.20

0.22

1.72

0.41

0.01

0.17

NR

et NR

20.32

0.1324

5.585

NR

0.0398

NR

0.0184

and 32.00

24.80

NR

1.84

1.03

0.03

0.02

NR

23.51

0.3

4.57

0.3

0.01

0.34

0.04

al.,2006)
(Oustadakis
al.,2010)
(Youcai

Stanforth,2000)
(Laforest

and 39.2

Duchesne,2006)

Zinc in EAFD originates from the galvanized iron scrap, while, lead comes from the
paint present in the scrap pieces. Manganese, chromium, and nickel are present in steel alloys,
while, chromium may also come from metalized steel pieces. (Youcai and Stanforth,2000;
Gajskia et al.,2012)

2.2.5 Leachability
The main toxic compound of sanitary landfill is the leachate due to the high content of
metal oxide. Several factors play significant role in increasing the solubility and mobilization
of the metals, present in the dust, to the environment such as pH, redox potential, and
temperature (Youcai and Stanforth,2000). The control of these factors can reduce the risk of
metals release into the environment.
Leaching tests help in determining the conditions that the contaminant is extracted
from its source. Korzenowski et .al (2009) try to evaluate the environmental compatibility of
the EAFD using different leaching tests including the following standard procedures
NBR10005 (Brazilian), AFNORX31-210 (French), JST-13 (Japanese), DIN38414-S4
9

(German), TCLP (American), and NEN 7343 (Netherland). The result of this work is
presented in Table 3.
Table 3: Comparison among results of leaching tests in different countries.
Leaching

NBR10005

AFNORX

JST-13

DIN

NEN

test

(Brazilian)

31-210

(Japanese)

38414-S4

(Netherland)

(French)
Leaching

Acetic Acid

medium
Test

24

Duration(h)
Final PH

7343

(German)

Deionized

Deionized

Deionized

Nitric Acid

water

water

water

56

16

24

400

>12.5

>12.5

>12.5

12

(24+16 +16)
5 ±0.8

Species (mg.L-1 )
Cu

3.6

0.03/ND/ND

0.02

0.02

0.015

Zn

2800

0.51/.07/.06

0.8

0.21

0.45

Pb

41

8.6

29

14

14.9

Cr

0.12

4.9/ 2.2 /1.4

5.1

5.1

2.3

Cd

9.6

.01/ND/ND

ND

ND

<0.01

Mn

34

.03/.03/ND

0.01

0.01

0.025

Fe

5.0

0.06/NA/NA

0.1

0.08

ND

The study was carried out at different medium (Weak acidic, Neutral, strong acidic) all
the detected element showed higher solubility in the weak acidic medium than that in strong
acidic media and water(neutral) medium except Cr, which was found to have higher solubility
in neutral medium more than that in strong acidic and weak acidic medium respectively, this
refer to the Cr form in each medium (weak strong, strong acidic) which is Cr+3 ,this form is
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not soluble in weak acidic but in the other medium it oxidized to Cr+6 that is soluble in neutral
and strong acidic medium. The final value of pH indicates that the EAFD is alkaline. In this
study, the ratio of dust to solvent was not known.
Lafrost and Duchesne (2006) determined the toxicity level of the metal content in
EAFD by comparing it with the recommended value of the maximum contaminant level
”TCLP” as shown in Table 4. In addition, authors determined the long term behavior of
EAFD.
Table 4: TCLP resuls for EAFD (liquor analysis).

Element

Experiment. mg/L

TCLP max,
mg/L

Cr (total)

9.7

5

Cr +6

6.1

5

Ni

2.3

NA

Pb

0.4

5

Zn

93.9

NA

The results shown in Table 4 indicate that the concentration of some metals are high
and exceed TCLP

max.

The Ni and Zn concentrations are not regulated by the TCLP, but it is

important to note the high Zn concentration reached (93.9mg/L). (Laforest and
Duchesne,2006). The long-term lechability with pH and time factors of the EAFD was
achieved in (365 day) where two different ratio of dust to water was used (1/6, 1/3), the
obtained results is summarized in Table 5.
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Table 5: Amount (in percentage) of metal extracted from EAFD in 365 day. (Laforest and
Duchesne,2006)
Amount (in percentage) of metal extracted from EAFD
Liquid/solid Time

Amount of metal extracted (%)

(days)
1/3

Cr

Ni

Pb

Zn

1/3

7

0.6185

0

0

0.0002

1/3

56

0.8679

0

0

0.0003

1/3

84

0.9115

0

0

0.0004

1/3

365

0.8674

0.003

0.0051

0.0075

1/6

7

0.6414

0

0

0.0002

1/6

56

0.901

0

0

0.0005

1/6

84

0.9508

0

0

0.0005

1/6

365

1.0246

0

0

0

From table 5 it can be seen that Cr achieve the Highest and fastest reachability from
the other detected elements, this behavior was repeated in each mentioned ratios. In case of Ni
and Pb, the scenario was different where the extracted amount was zero in (1/6) ratio all over
the year and in the (1/3) was zero except at the end where small amount was released, in case
of Zn the extracted amount was also very little.

2.2.6 Thermo analytical characterizations
Thermal analysis is a branch of materials science characterization where the properties
of materials are studied as they change with temperature. Thermogravometry analysis (TGA)
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determine the characteristics of materials that exhibit either mass loss or gain due to
decomposition, oxidation, or loss of volatiles (such as moisture). TGA of EAFD from
deferent sources is shown in Table 6.

Table 6: TG of EAF from different sources.
(Korzenowskia et al.,2009)

(Mikhail et al.,1996)

(Martinsa et al.,2008)

0-1200 ̊C

0-550 ̊C

Temperature rang
20-1100 C
̊
(140-550)˚C evaporation of
Up to 400°C

indicates the The samples loosed

physically adsorbed
(140-550) ˚C the loss of

evolution of H2O from the the humidity below
150 ˚C.

sample
chemically adsorbed water.
500-700°C Slightly Weight

(550–800)˚C Release of CO2 gain, signifies the oxidation Above
during

decomposition

550°C

they

of of contained iron oxide to a lose lead compounds

carbonates.

higher

oxidation

state by sublimation

conversion of Fe3O4 to Fe2O3
The

Franklinite

is

Above 700˚C decomposition
generation due to a
of
(800-1100)˚C

a

small

amount

of

volatilization

reaction

between

carbonates and volatilization
of Pb and Zn

Zincite

(ZnO)

and

of condensable material from
Magnetite

(Fe3O4)

the sample
below 1000°C
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The given assignments of thermal processes take into account that pyrolysis,
dehydrations are endothermic and that the franklinite synthesis and the organic matter burning
are exothermic as obtained from Differential Thermal Analysis (DTA) data. (Martinsa et
al.,2008)
From DTA Curve for the same samples shown in Table 6, the endothermic peak was
shown at 380˚C which is associated with the dehydration and the loss of chemically adsorbed
water. Finally, a second small endothermic peak at 510˚C was attributed to the decomposition
of Ca(OH)2. (Mikhail et al.,1996)

2.2.7 Rate of Production of EAFD
World production of crude steel by electric means was about 286 million ton in 2000.
The weight of dust collected in a typical EAF is about 15–20 kg/t of steel produced leading to
global dust quantity ranged between 4.3 and 5.7 million ton each year around the world. With
an average zinc content of 20 wt. %, EAFD represent a possible recovery of zinc from 0.86 to
1.14 million ton per year. Thus, the beneficiation of rich zinc-bearing wastes like EAFD is
becoming necessary as minerals are being exhausted. (Leclerc and Meux,2002) In Jordan,
around 365000 ton of steel was produced last year; hence the expected amount of zinc would
be around 1600 ton.
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2.3 Conventional methods for extraction of zinc from EAFD
2.3.1 Hydrometallurgical methods
The hydrometallurgical treatments methods have been used for the recovery of the
zinc and other metals from EAFD. However, in general, these treatment methods have the
same principle; leaching-solvent extraction- electro-winning (Yoshida,2003). After leaching
the impurities are removed by selective precipitation, cementation, solvent extraction, ion
exchange or electrolysis methods (Kapoor,1994).
Hydrometallurgical methods have advantages of the low energy consumption
(Tsakiridis et al.,2010), the high zinc solubility in different leaching agents (Ruiz et al.,2007),
and the possibility of recycling the residue to the EAF (Palencia et al.,1999). On the other
hand, the hydrometallurgical methods have a problem that at the optimum condition of
leaching large amount of the zinc ferrite dissolved leaving iron in the solution which is
difficult and costly to separate (Leclerc et al.,2003; Kekki et al.,2012). The
hydrometallurgical method can be broadly divided into two groups according to the nature of
leaching agents; the acidic leaching and the alkaline leaching.
A number of review papers and publications have focused on the hydrometallurgical
method using acidic leaching agents (Nyirenda,1990; Ye et al.,1999; Jha et al.,2001;
Yoshida,2003; Gega and Ostrowska,2005; Havlik et al.,2005; Havl´ık et al.,2006; Sedlakovo
et al.,2006; Langova et al.,2007; Langová et al.,2009; Langová and Matýsek,2010;
Oustadakis et al.,2010; Havlik et al.,2012).
Jha et al. (2001) reviewed the hydrometallurgical recovery of zinc from industrial
wastes and evaluated the hydrometallurgical recovery of zinc as environmentally friendly
method for treatment of EAFD and economically for extraction of zinc and other metals at the
same time (Jha et al.,2001). Nyierdena

(Nyirenda,1990) reviewed the processing of
15

steelmaking flue-dust using both hydrometallurgy and pyrometallurgy methods and discussed
the advantages and disadvantages of both routes, He also discussed other purposed methods
and ideas Yoshida studied the leaching of zinc oxide in acidic solution and explained the
leaching mechanism of zinc oxide and the effect of

several parameters on leaching

(Yoshida,2003). Tsakiridis et al. (2010) study the hydrometallurgical process for zinc
recovery from electric arc furnace dust (EAFD) and focus on the agitation leaching by diluted
sulphuric acid and the development of a purification process of the leach liquor for the
recovery of high-purity zinc by electrowinning (Tsakiridis et al.,2010). Havlik et al. (2006)
carried out an investigation on the hydrometallurgical processing of carbon steel EAF dust on
a laboratory scale under normal temperature and pressure conditions using diluted sulfuric
acid as leaching agent. They evaluated the hydrometallurgical recovery of zinc from EAF dust
as feasible with relatively high recovery yield (Havl´ık et al.,2006). In (2012) havlik et al.
studied the acidic leaching of EAF steelmaking dust and the results came to confirm the
possibility of hydrometallurgical processing of EAF dust (Havlik et al.,2012). In another
work, havlik et al. (2005) have studied the atmospheric leaching of EAF dust with diluted
sulfuric acid and found that the recovery of zinc using low concentration of sulfuric acid and
low temperature could be possible but that will decrease the yield of Zinc and has the
advantage of decrease the dissolved iron (Havlik et al.,2005). Gega and Ostrowska (2005)
studied the leaching of EAF dust with different acidic solutions of the sulfuric, hydrochloric
and nitric acid. They concluded that the leaching with hydrochloric acid is the best for
leaching of EAF dust (Gega and Ostrowska,2005). Oustadakis et al. (2010) studied the
characterization and leaching by diluted sulfuric acid (Oustadakis et al.,2010). Langova et al.
(2009) studied the selective leaching of zinc from zinc ferrite with hydrochloric acid
(Langová et al.,2009). Langova and Matysek (2010) studied zinc recovery from steelmaking
wastes by acid pressure leaching and hematite precipitation. The diluted sulfuric acid was
used as leaching agent and the temperature was relatively high (Langová and Matýsek,2010).
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Langova et al. (2007) carried out atmospheric leaching of steel-making wastes and the
precipitation of goethite from the ferric sulphate solution (Langova et al.,2007). Ye et al.
(1999) published the association of Halogens in EAFD and zinc oxide fume before and after
leaching and study the effect of leaching condition on zinc recovery (Ye et al.,1999).
Sedlakovo et al (2006) studied the hydrometallurgical treatment of electric arc furnace dusts
from Zeleziarne Podbrezova (Sedlakovo et al.,2006).
The aim of all the studies was to show the feasibility of the hydrometallurgical method
for extraction zinc, also to show the problems associated and to predict the optimum
conditions of leaching to have the maximum zinc extraction with the minimum problems such
as the dissociation of hematite to the leaching solution. Table 7 below summarizes the
optimum conditions for zinc extraction from EAFD reported by several researchers.

Table 7:show a summary of the optimum condition for zinc extraction according to different
studies.

CONDITION

(LANGO (SEDLAK
(OUSTAD
(HAVL´IK
VA ET OVO
ET AKIS ET T,2006)
AL.,2007) AL.,2006)
AL.,2010)

(HAVLIK
ET
AL.,2012)

(LANGOV
Á
AND
MATÝSEK
,2010)

Acid
concentration

0.1-0.3 M

0.4 M

3N

0.5 M

0.1 M

0.3 M

Temperature

80 ̊C

60-80 ̊C

60 ̊C

70-90 ̊C

60 ̊C

260 ̊C

Liquid to solid 10
ratio

10

10

12.5

50

-----

Time

6 hr

60 min

-----

60 min

-----

-----

Achieved
yield of Zn %

30

60

80

60-65

95

92
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2.3.1.1 Acidic leaching
Several acids were used for zinc leaching from the EAFD; these acids are Sulfuric
acid (H2SO4), Hydrochloric acid (HCl) and the Nitric acid (HNO3).
Leaching of Zinc from EAFD using Sulfuric acid.

Several research studies have focused on the leaching of zinc from EAFD using
sulfuric acid. These studies investigated the effect of concentration, temperature, leaching
time and agitation speed. Yoshida (2003) Has shown that the amounts of dissolved zinc
increase according to the leaching time at specific pH value at room temperature. The
leaching temperature was controlled at 333K and the rotating speed of the disk specimen was
10 s-1. As the pH value decreased the amounts of dissolved zinc increased. At these leaching
conditions the highest concentration of leached zinc oxide was achieved at the pH of 1.
(Yoshida,2003)
Havlik et al. (2005), also showed that the zinc recovery increased with increasing the
leaching time . They carried out their experiments at the following conditions condition of:
temperate was varied from 20- to 80oC, H2SO4 concentration of 0.4 M, Acid/Dust ratio (a/d)
of 1.2 and leaching time of 20 min. It was found that at temperature of 40 oC 50% of zinc
was extracted, while at leaching time of 60 min 55% of the zinc extracted and at temperature
of 80 ˚C the percent of zinc extracted elevate to reach 65% which mean that the zinc extracted
increased with the increase of temperature (Havlik et al.,2005).
Ye et al. (1999), also show that the zinc yield increased with the increase of
temperature at high concentration of sulfuric acid and achieve about 75% yield of zinc at 84
o

C and 60 min. (Ye et al.,1999)
The acid concentration was also found to affects the rate of zinc extraction, Havlik et

al. (2006 showed that the zinc extraction increased with the increase of sulfuric acid
concentration where the zinc leached at 30 ̊C and H2SO4 concentration of 0.2 M and leaching
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time of 10 min was 40%, while it was 73% when the concentration was 1 M. (Havl´ık et
al.,2006)
Havlik (2005) also studied the effect of solid to liquid ratio and found that the
extraction of zinc become higher as the ratio increase, the experiment was carried on
temperature of 20 oC, H2SO4 concentration of 0.4 M and leaching time of 60 min. the results
show that at a/d=0.4 the percent of zinc extracted was 40%, 45% at a/d=0.6, and 51% at
a/d=1.2. (Havlik et al.,2005)
Leaching of Zinc from EAFD using Hydrochloric acid

As mentioned earlier the acidic leaching of zinc from the EAFD could be done using
hydrochloric acid (HCl). The previous works indicate the effects of the time of leaching,
temperature, pH, and rotary speed on the zinc extracted. Yoshida (2003) has shown that the
amount of zinc extracted increases as the time of leaching increases and the zinc extraction
rate increase with the decrease of pH.
Langova et al (2009) have studied the effect of temperature on the metals extracted
from zinc ferrite using hydrochloric acid, and show that as the temperature increases the zinc
extracted from zinc ferrite increases (Langová et al.,2009).
Yoshida (2003) also focused on the effect of temperature on the zinc extracted using
HCl leaching, and found that as the temperature and leaching time increase as the leaching
rate of zinc increases (Yoshida,2003). The effect of HCl concentration on zinc and other
metals had been studied by Gega and Ostrowska (2005) and found that the zinc extraction
increased as the concentration of HCl increased (Gega and Ostrowska,2005). Langova et al.
(2009) studied the effect of HCl concentration on the zinc extracted from zinc ferrite that
present in the EAFD. The result showed that the zinc extracted will increase as the HCl
concentration increase. (Langová et al.,2009)
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Leaching of Zinc from EAFD using Nitric acid

The using of nitric acid (HNO3) has a good percent of zinc recovery put his the
disadvantages of using nitric acid has a superiority than the advantages, because the nitric
acid have high cost and the process associated with emission of nitrous oxides during the
leaching process which make it difficult, dangerous and unfriendly to the environment. These
are the reasons of the limited researches on leaching using nitric acid (Gega and
Ostrowska,2005).

2.3.1.2 Alkaline Leaching:
There are many types of leaching agents used for leaching of EAFD, the major of
which are sodium hydroxide, ammonium carbonate and ammonia. Leaching of zinc and lead
from dusts in alkaline solutions depends on leaching time, concentrations of alkaline
solutions, phase ratios, and leaching temperature (Youcai and Stanforth,2000)

Leaching of Zinc from EAFD using Sodium hydroxide:
When zinc ferrite is placed in a medium of NaOH the extraction yield of Zinc depends
on the fusion temperature, weight ratios of NaOH/dust, and structure of ferrites. Leaching of
zinc from dust increases with the increase of fusing temperature (Youcai and Stanforth,2000).
Iron is the major metal in dust, it is soluble in acidic media but not in alkaline. Acid
leaching uses a large amount of acid when other elements are dissolved in addition to zinc;
therefore, alkaline leaching becomes the more attractive alternative.
Lead and zinc are selectively leached in NaOH and iron is rejected as residue.
(Orhan,2005) It was shown that at least 24 h leaching is needed for a maximum of extraction
almost 65% from the fused products. In general, a leaching time of 24 h was used. Leaching
efficiencies can be improved only slightly with increase of leaching temperature as shown in
Figure 3 (Youcai and Stanforth,2000).
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Figure 3: Effect of fusing time on the extraction of zinc from dust by fusing at 318̊ C (dust 1.5 g, NaOH/dust
(w/w) 1.27). (Youcai and Stanforth,2000).

Figure 4 shows the effect of sodium hydroxide concentration on the zinc recovery
from EAFD (Orhan,2005), It was studied that for different molarities 2,4,6,12 M and the other
factors were kept constant (the stirring speed at 600 rpm S/L ratio at 1/5, and solution
temperature at 70 ̊ C).

Figure 4: Effect of sodium hydroxide concentration on the zinc extraction (600 rpm, 70 ̊C, 1/5 S/L ratio).
(Orhan,2005)

It was noticed that increasing of the leaching temperature from 25 ̊C to 95 ̊C increased
the rate of zinc leaching as shown in Figure 5 below .While other factor were kept constant
(the stirring speed at 600 rpm, S/L ratio at 1/7, and concentration of NaOH at10 M)
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(Orhan,2005). Dissolution of zinc increases immensely above 60 ̊C, with leaching virtually
completed in 90 min at 95 ̊ C.

Figure 5: Effect of leaching temperature on the zinc extraction (600 rpm, 1/7 S/L ratio, 10 M NaOH).
(Orhan,2005)

It was found that the rate of zinc leaching increases with decreasing solid/liquid (S/L)
ratio. Other factors were kept constant; the stirring speed remained at 600 rpm, temperature
was fixed at 70 ̊ C, and concentration of NaOH was 10 M as shown in Figure 6. It was also
found that the optimum value of solid/liquid (S/L) ratio is 1/7 due to the limited solubility of
zinc in the depleted sodium hydroxide solution.

Figure 6: Effect of S/L ratio on the zinc extraction (600 rpm, 70 ̊C, 10 M NaOH). (Orhan,2005)
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Optimum conditions were found to be: 95 °C, 1/7 solid/liquid ratio, 10 M NaOH and 2
h leaching time. Under these conditions, 85% Zn and 90% Pb were recovered. The leachate
was further purified by zinc cementation at 50 °C to remove the metallic impurities (Pb, Cu,
Cd, etc.) and to make it suitable for alkaline zinc electrolysis. (Orhan,2005)
Ammonia leaching process:

Ammoniac ammonium carbonate and ammonium chloride are used for the selective
dissolution of zinc from the secondary’s as ammonia forms a zinc amine complex leaving iron
in the residue. (Jha et al.,2001)
Extraction by ammonium carbonate can be presented by the following reaction:
ZnO + 4 NH 3 + H 2 O → Zn( NH 3 ) 24+ + 2OH −

Equation 1

Ammonium carbonate was chosen as leaching agent for the flue dust for two reasons,
first because it complexes to zinc and second because it can be regenerated reasonably well
and thus further recycled. (Ruiz et al.,2007)
When studying the effect of pulp densities and also different contact times, the
aqueous solution contained 100 g/l ammonium carbonate at pH 10.5, the results of these
experiments are shown in Table 8. (Ruiz et al.,2007)
Table 8: Leaching of EAF dust with ammonium carbonate solutions. (Ruiz et al.,2007)
PULP

TIME

ZN(%)

PB(%)

CD(%)

CU(%)

30 min

40

14

99

70

2h

42

29

99

76

30 min

43

15

77

68

2h

49

16

86

72

30 min

30

12

35

49

2h

33

12

33

48

DENSITY (%)
2.4

4.8

9.1
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The pulp density increased the percentage of leaching of these elements is decreased.
As can be expected, no chloride was found in the leached solution.
Dissolution of zinc can be represented in a simplified form as:

ZnO + nNH 3 + H 2 O → Zn ( NH 3 ) 2n + + 2OH −
Equation 2

In this equation, n may show values ranging from 1 to 4, though due to the
experimental conditions used in this work, 3 is the most probable coordination number for
ammonia ligands. (Ruiz et al.,2007) There were residues from ammonium carbonate leaching,
due to the presence of the still un-reacted zinc ferrite, so NaOH then used to complete
leaching for zinc and lead. i.e. 5-8 M and temperatures in the 75-90°C range, by this process
zinc and lead compounds are dissolved forming MO22-.

2.3.2 Pyrometallurgical methods
As mentioned earlier, Zinc is very important metal and it is currently considered as the
fourth most widely consumed metal in the world and it is used in so many industries such as
galvanizing, alloy zinc combined in with other melts to form materials that are used in
automobiles, electrical components, and household fixtures. World’s zinc supply comes from
recycled zinc which is recovered from secondary sources such as zinc ash, brass smelting,
automobile shredder scrap, zinc dross, die casting scraps, dusts of electric arc furnace, leach
residues, etc. The high zinc content in the generated EAF dust of steel smelting make it
valuable zinc source , but the extraction method and its parameters are considered a big
challenge.
The most frequently applied pyrometallurgical processes such as Waelz Kiln, Rotary
Hearth or Shaft Furnace are for the recycling of dusty steel mill residues world-wide,
especially for EAF dust.
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Pyromtattlurigical processes employed for the treatment of EAFD

High-temperature processes

De-Bromonatiom

De-chlorination

2.3.2.1 High temperature processes
Carbo-thermic reduction
Carbothermic reaction is identified as usage of carbon as reducing agent, usually for
metal oxides. These chemical reactions are usually conducted at several hundreds of degree
Celsius. Such processes are applied for production of the elemental forms of many elements
Carbo-thermal reactions produce carbon monoxide and sometimes carbon dioxide.
EAF dust can be treated in Walez Kiln which is a pyrometallurgical process
characterized by the volatilization of non-ferrous metals like zinc, lead and cadmium out of an
oxidized solid mixture by means of reduction by coal in a rotary kiln without generating a
liquid slag this process is considered the most frequently used technology of recovery the zinc
oxide which is presented in EAFD (morcali et al.,2012). In Waelz process, the hot air enters
the kiln; the solid charge is first dried, and then heated up until the reaction starts. The
maximum temperature of the solid reaches about 1200 °C(morcali et al.,2012). The possible
reactions during the reduction process are mainly as the following:

C(s)+ CO2(g)

CO(g)

Equation 3

ZnO(s)+ CO(g) )+ Zn(g)

CO2(g)

Equation 4

Fe2O3(s)+ 3CO(g) 2Fe(s)

3CO2(g)

Equation 5
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PbO(s)+ CO(g)

Pb(l)+ CO2(g)

Equation 6

Marcali (morcali et al.,2012) reported that zinc removal in walez kiln process
increases with the increase in time and temperature. The activation energy was found 261.99
kJ/mol for zinc recovery in the pellet form (morcali et al.,2012). Carbothermic reduction is
affected by several factors such as:
1.

The flow rate of the inert gas; such as Nitrogen is inversely proportion with

reaction rate when the flow rate of inert gas increase the more (CO(g), CO2(g)) are
carried off. Thus it decrease the CO (g) and CO2 (g) concentration in solid matrixes,
consequently the reaction will decelerate.
2.

The Grain size; as the grain size of both Carbon and zinc oxide was small the

reaction was fast.
3.

Effect of molar ratio of C/ZnO; high metal content of Carbon produce more

CO andCO2 gases consequently more zinc oxide is converted producing more zinc
metal.
4.

Temperature of reaction; as the reaction temperature increased the zinc oxide

will increase.
Industrial Scale processes for EAFD treatment.
Many processes are used worldwide to manage some techniques for metals recovery
from EAFD including pyrometallurgical processes and hydrometallurgical processes. There
are many methods for industrially treating EAFD from carbon steel scrap melting which are
summarized in Table 9 (morcali et al.,2012).
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Table 9: Commercial processes for EAFD treatment.(morcali et al.,2012)
PROCESS

TYPE ZN BEARING FE-BEARING

OTHER

PRODUCT

PRODUCT

PRODUCT

Waelz kiln (stage 1)

pyro

ZnO

Fe°/FexOy

-

Waelz kiln (stage 2)

Pyro

ZnO

-

PbCl2/CdCl2

Rotary Heart

Pyro

ZnO

Fe°/FexOy

-

Shaft Furnace

Pyro

ZnO

Fe°/FexOy

-

Plasma Furnace

Pyro

ZnO

Fe°/FexOy

-

Electro Thermal

Pyro

Zn°

Slag/residue

-

Ezinex (with electrolysis)

hydro

Zn°

Slag/residue

-

Leaching NH4Cl

Hydro ZnO

Slag/residue

-

Leaching

in

H2SO4

(with Hydro Zn°

Slag/residue

-

in

NaOH

(with Hydro Zn°

Slag/residue

-

(with hydro

Slag/residue

-

electrolysis)
Leaching
electrolysis)
Leaching

in

(NH4)2CO3

ZnO

Calcination)

Nyirenda (Nyirenda,1990) reported

the most common industrial high temperature

technologies as shown in Table 10 on his review paper and discussed its economics,
advantages and disadvantages.
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Table 10: Most common industrial high temperature technologies. (Nyirenda,1990)

PROCESS

AND

STATE OF DEVELOPMENT

ECONOMICS

ADVANTAGES
AND

DESCRIPTION

DISADVANTAGES
1.

Waelz

Kiln

Most widely used process.

1987, capital cost for a

Feed

Process:

Adapted for this purpose since

1987, capital cost for a

relatively

Feed (pelletized): Fine

mid

in

60,000 tpy plant about $20m.

Feed

flue-dust + coke/coal

Eurnpe/America/Japan in at

Operating costs estimated as

relatively

powder

least

$85/t (1988) for a 50,000 tpy

Problem of accretion

plant.

formation/refractory

+

'70s.

13

Used

plants.

Plant

silica/limestone flux.

capacities are of the order of

Heat

50,000 tpy* and higher.

generation:

carbon

in

feed

auxiliary

preparation

preparation
simple.

maintenance. Excess

+

usage

gas/oil

of

through

carbon,
part

is

burner at discharge

recycled.

end, Max. Charge T,

Favoured by cheap

1100-1250

coal. Mixed oxide

ºC.

Products:

Mixed

needs

oxide and dry slag.

further

processing.

2. Tetronics Plasma

Two

plants

Cost data for CS dust process

Direct recovery of

Process:

inUSA of capacities 7,200,

unavailable. Total investment

metals.

Feed (blend of fine

and 11,000 tpy. Sited in

for 8,000 tpy SS dust process

Selective

dry materials): Dust +

Jackson

Blytheville,

estimated as £2.2m in 1986.

mode,

fluxes

respectively.

Both

(SS dust process has no

corrosive FeO rich

Same

condenser). In 1977, similar

slags;

furnace type used for stainless

concept

estimated

refractory costs, also

steel dusts, Sheffield, UK.

operating costs of $88/t for a

CO2 higher in off-

30,000 tpy plant.

gas,

+

coal/coke

powder.
Heat

commercial

and

commissioned
generation:

Electrical energy.
DC argon stabilized

1989.

had

reduction
forms

higher

lower

Zn

arc between cathode

recovery.

above

between total and

charge

and

Operates
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anode

in

furnace

hearth.

Furnace

selective reduction.

T

Zn recovery (70%)

about 1500 ºC.

presently, lower than

Products: PW zinc; Pb

for other processes.

with 2% Zn; molten

Favoured by hydro-

slag; molten Fe. If

electric

selective

(HEP) use.

reduction

power

used, no Fe forms.
3.

Flash

Furnace

Prototype unit has been tested

1989 estimates, $5.3m. for a

Stated as idea for

Process (flame reactor

(Monaca,

40,000 tpy plant; $1.7m for a

small

scale

process)

50,000 tpy gas fired plant

5,000 tpy unit.

processing.

Low

being engineered (Bartlesville,

Operating cost, $109/t.

cost carbon or gas

Feed: Fine dry powder

USA).

USA).

fuel. Mixed oxide

pneumatically
injected.
dusts

needs

For

most

fluxing

further

processing. Requires
O2,

is

but

unnecessary.

estimates

Heat

this.

generation:

cost
include

Pulverized coal or gas
fired,

with

O2

enrichment.
Furnace T above 1600
ºC.
Products:

Mixed

oxide & liquid slag.
4.

Electric

Furnace

Furnace

in

commercial

Process (Elkem Multi-

operation

for

rock

purpose Furnace):

production (Iceland).

formation, energy &

Demonstration plant has been

reductant

waste.

operated for dusts (Norway).

Elaborate

feed

Feed (briquetted with

wool

Cost data not available.

Direct

metal

recovery. Fe metal
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H2O-free

binder):

Dust + fine coke +
silica

flux.

Uses

imperical

smelting

preparation.

process Zn condenser.

Favoured by HEP

(All

availability. Furnace

needed dry).

said to need lower

Heat generation: slag

refractory

resistance to electrical

maintenance, frozen

flow. Slag at 1500 ºC.

slag part of lining.

Products: Zinc metal
(PW

grade);

Pb

bullion (with 2% Zn);
molten Fe (≤ 20% of
Fe in feed). Liquid
slag.
5.

Electrictrothermic

Plants initially built primary

Economic data not available.

High

Zn industry. Japan (Ryoho)

Old plants whose feed has

product (98%). High

plant, 45,000 tpy (35,000 tpy

now

energy requirements

Feed: Sintered dust +

dust used since 1974. USA

steelmaking flue-dust.

pea

plant (Monaca) 100,000 tpy

sintering, reduction

total

furnace.

Process:

coke.

sintering,
leaded

Before

dust
by

de-

roasting

(1300 ºC) in presence
of CaCl2.
Heat

1980

an

to

include

for

ZnO

roasting,

Expensive

unspecified % of this has been

quality coke, 42%

flue-dust).

sinter weight used.
Some unused coke

generation

furnace:

(since

changed

purity

in

& unsmelted sinter

Electrical

recycled – obtained

energy mainly. Coke,

as

for

separation tailings.

reduction

and

magnetic

current flow. Reaction
zone, 1350 ºC.
Production:

Pb-rich

dust, from roasting &
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sintering.

ZnO,

oxidation

of

from

by
Zn(g)

furnace.

Dry

slag.
6. Half-Shaft Furnace

Part of old Zn processing

Cost data unavailable.

Mixed

process

plants where furnaces were

Plants are part of old primary

produced. Lower Zn

originally

zinc production works whose

recoveries.

feed has now changed to

Productivity low for

include steelmaking flue-dust.

single unit. Matte

Feed (Briquetis): Dust

constructed

for

Retort process residues.

+ Zn/Pb residues +

oxide

fine coal + binder.

enables Cu and Ag

Heat generation: Coal

recovery,

combustion with pre-

matte and slag not

heated air.

easily separated.

though

Products: Liquid slag.
Mixed oxide.
7. Sirosmelt Process:

Development and marketing

Cost

since 1980.

However,

Feed: Slag (or other

Initially for treatment of old

operating costs are said to be

processing.

feed material) + coal.

process

slags

low.

Relatively

(Optional addition of

extended

to

Pb to collect Cu, Ag,

smelting flue-dust. Said to be

injection,

Au into bullion).

suitable also for processing

smelting

Heat generation: Fuel

neutral leach residues of zinc

reduction rates but at

oil/coal

plants.

cost

combustion.

has

been

non-ferrous

data

unavailable.
capital

and

Transportable

Ideal for small scale

simple

process. Submerged

lance

Submerged injection,

Mixed

during

requires

reduction/fuming

processing.

stage.

unit.

high
&

wear.
oxide
further

Bath

temperature, 1350 ºC.
Products:

Mixed
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oxide; molten slag. (+
bullion, if Pb added).

2.3.2.2 De-chlorination
De-chlorination is defined as metals recovery in the form of chlorides by
volatilization, so that it is helpful in EAF dust treatment, by that the zinc (with other metal
such as Lead, cadmium, etc...) is recovered as chlorides by volatilization. The source of Cl2 is
polyvinyl chloride (PVC) because it contains 57% chlorine and about 43% hydrocarbon.
Hydrogen chloride gas begins emitting by pyrolysis under 300 °C and remains hydrocarbonbonds. Then at higher temperatures the metal starts to react with HCl gas forming metal
chlorides.
According to (Lee and Song,2007) the prepared pellets (30% PVC 70% dust) were
exposed to high temperatures, heat treatment effect was studied and results in; volatilization
of zinc, lead, and cadmium increased in proportion to the temperature, and particularly from
600 °C, Volatilization of cadmium finished at 800 °C, and those of lead and zinc were
finished at 1000 °C, 17% of iron was volatilized at 300 °C and the volatilized amount hardly
varied with the temperature.
The biggest challenges in zinc recovery in pyrolysis of EAFD is to achieve high yield
of zinc by prevent the volatilization of the other metal as possible, Figure 7 show the variation
of the metal chloride. FeCl3 volatilizes at a temperature of 300 °C, vapor pressures of PbCl2
and CdCl2 can explain that the volatilization of lead and cadmium had rapidly increased from
600 °C, as shown in Figure 7, however, although ZnCl2 could volatilize at a lower
temperature than the chlorides of lead and cadmium, its volatilization finished at about 1000
°C.
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Figure 7: Variation of vapor pressure as temperature of the metal in EAF dust(Lee and Song,2007).

2.3.2.3 De-bromination
Another pyrometallurgical recycling of EAF dust was proposed using plastic waste
containing tetrabromobisphenol A (TBBPA), due to the environmental and technological
reasons that faced the reduction and volatilization of zinc metal from the dust by the
carbothermic reduction method and selective chlorination and evaporation of zinc with waste
polyvinyl chloride (PVC) as chlorination agent, the major of these reasons include the
emission of greenhouse gases and high energy consumption. (Grabda,2011) The main product
from TBBPA degradation is HBr; which is an excellent brominating agent for ZnO and
separates zinc as a volatile bromide from the solid residue. So this lead to think about the use
of TBBPA as a source of (HBr) for zinc recovery from EAFD as zinc bromide ZnBr2.
(Oleszek et al.,2012)
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The process is mainly bromination-evaporation process, at which HBr as brominating
agent is generated in large amount when the TBBPA decomposes easily during thermal
process, the HBr reacts with zinc minerals forming bromide (ZnBr2) that has about 650⁰C
boiling point which is lower than 723oC (Perry and Green,1997) boiling point of ZnCl2 that
forms in chlorination-evaporation of zinc using PVC , which menas that the energy
consumption of bromination process is lower.
(Grabda,2011) studied the effect of heating time and temperature on the vaporizing of
ZnBr2 under different conditions, it was observed that the evaporation rises with heating time
at constant heating rate and increasing temperature (because of increasing the vapor pressure).
Argon and oxygen were used to oxidize the high molecular weight compound (‘char’) that
formed during thermal decomposition of TBBPA and effect on vaporization process; however
this complex residue declined as heating time and temperature increased. The measured
vaporization data show that at 950 CO complete vaporization of ZnBr2 was obtained, with less
than 11 wt% char, and during 40 min at weight ratio 3.34:1 (TBBPA: ZnO), however onethird of ZnO remained as un-reacted residue and it required treatment by carbothermic
reduction by carbonaceous char which 4wt% remained in solid residue. The reactions of
reduction of ZnO are as follow (Oleszek et al.,2012):

ZnO(s) + C(s)(char) = Zn(g) + CO(g)

Equation 7

ZnO(s) + CO(g) = Zn(g) + CO2

Equation 8

ZnO(s) + CO(g) = Zn(g) + CO2(g)

Equation 9
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Table 11 shows the main differences between chlorination- evaporation process with
PVC and bromination- evaporation process with TBBPA. It can observe that the later process
is more efficient.

Table 11: The main differences between chlorination and bromination processes (Perry and
Green,1997) (Oleszek et al.,2012) (Grabda,2011)
chlorination-evaporation

with bromination–evaporation

with

Factors
(PVC)

TBBPA

Higher

Lower

ZnCl2

ZnBr2

723ºC

650ºC

Mass ratio

2.33:1

3.34:1

Operating Temp.⁰C

900

900

76

99

Energy consumption
Main

decomposition

product
B.P

of

main

decomposition product

Wt% of vaporized of main
product
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2.4 Plastic Materials Treatments
2.4.1 Plastic solid waste (PSW)
This age is called the Plastic Era because plastic products dominate the world of today
spreading all over the world, and ranging in applications from the simplest milk container to
the most complicated computers. However, this new Era came with a price; plastic waste has
been increasing sharply throughout the last decades. The increase of plastic waste occurs due
to its nature of being accumulated instead of being decomposed naturally, the huge
accelerated consumption and/ or production rate as well as the high disposal rate (Wu et
al.,2013). To put the plastic waste problem into prospective the production rate of plastic
raised to 265 million tons in 2010 from 1.3 million tons at 1950s (panda et al.,2010). And in
the US alone, plastic solid waste has increased by 1.1% from 2002 to 2007 and increased
0.3% from 2007 to 2010 due to the enormous recycling effort (USEPA,2008; USEPA,2011).
Plastic waste has become a global concern and is considered a challenge; and finding an
economical efficient and environmentally friendly way of recycling plastic waste has become
a priority (Shekdar,2009; Al-Salem et al.,2010b; Hamidul Bari et al.,2012). Despite all this
plastic waste is often viewed is a chance to produce more needed products, especially in
developing countries (Mrayyan and Hamdi,2006; Guerrero et al.,2013).
At first, plastics were disposed in landfills. However, the landfill capacity,
environmental impacts and financial expenditure were the motives behind seeking another
alternatives for plastic disposal; such as reusing plastic or recycling it (Mrayyan and
Hamdi,2006; Zia et al.,2007; Al-Salem et al.,2009; Kollikkkathara et al.,2010).
Re-using plastics has an advantage over recycling them by reduction of energy ,
emissions of greenhouse gases((CO2), (NOx), (SO2)), and solid waste pile (Al-Salem et
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al.,2009), but according to Wu et al. (2013) recycling of plastic is the only viable solution,
almost for the same reasons suggested by Al-salem et al. (2009). However, both agreed that
contaminant plastic which represents the majority of the waste cannot be re-used. In the next
section the methods of recycling PSW (Plastic Solid Waste) are elaborated.

2.4.2 Methods of recycling PSW
As mentioned earlier recycling of plastic is the only viable solution suggested for the
PSW accumulation problem. And there are four major processes of plastic recycling and
treatment. And they are : re-extrusion (primary recycling) , mechanical, chemical and energy
recovery (Mastellone et al.,2002; Krivtsov et al.,2004; Al-Salem et al.,2009; Al-Salem et
al.,2010b).
The first recycling method which is re-extrusion or primary recycling is the insertion
of one clean polymer with specific quality to the extrusion cycle in order to produce products
from the same polymer by inserting it in the same process line of manufacturing (Al-Salem et
al.,2009; Al-Salem et al.,2010b). (Al-Salem et al.,2009)(Al-Salem et al.,2009)(Al-Salem et
al.,2009)(Al-Salem et al.,2009)
The second recycling method which is mechanical recycling involves the use of
mechanical ways to produce manufacturing plastic products such as grocery bags and pipes
(Mastellone et al.,2002). Both re-extrusion and mechanical recycling methods are popular and
well known methods (Al-Salem et al.,2009; Al-Salem et al.,2010b; Wu et al.,2013). The third
method is the Chemical Treatment. This is a process where plastic materials are converted
into species with low molecular weights. Species appear mostly in the gas or liquid form with
a wide diversity and even a high purity grad accomplished mainly from contaminated
polymers with low hazardous waste production (Scheirs,1998; Mastellone et al.,2002; AlSalem et al.,2009; Al-Salem et al.,2010b). The fourth and final method is the Energy
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Recovery which has become an attainable solution and can be achieved by burning plastic
waste to produce energy in the form of heat, steam and electricity. For example, in
Switzerland 80% wt. of plastic solid waste is incinerated yearly (Scheirs,1998; Krivtsov et
al.,2004). It can be ascribed to the fact that plastic is an organic material derived from oil and
has a thermal energy. Therefore, it is very important to consider recycling and energy
recovery methods in plastic manufacture (Al-Salem et al.,2009; Al-Salem et al.,2010b).
This was a general look into the recycling methods of PSW. But as with many things it is
not so simple, there are so many different types of plastic e.g. High density polyethylene, low
density polyethylene, poly vinyl chloride etc. In this report however the main concern is with
Poly Vinyl Chlorides (PVC); and the following section is dedicated to examine PVC more
closely.

2.4.3 Poly vinyl chlorides
Poly vinyl chloride, also known as PVC, is present as a white powder, odorless and
chemically stable at room temperature. The annual global production of PVC, is estimated to
be more than 35 million tones with a 3.8% global annually growth that started after 1997
(Saeki and Emura,2002) and ended up with a production of 500 million tons in 2012
(Esckilsen,2008). In addition, it is rated the second largest produced polymer after
polyethylene by volume production in plastic industry (La Mantia,1996; Sadat-Shojai and
Bakhshandeh,2011). Because of its low cost, high performance, diversity, and availability,
many kinds of PVC are being produced currently (Patrick,2005; Cappucci,2009; SadatShojai and Bakhshandeh,2011); some of them are summarized in Table 12.
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Table 12: Typical applications of PVC (rigid and flexible) (Patrick,2005)
TYPICAL

Construction

APPLICATIONS OF PVC (RIGID AND FLEXIBLE)

Window frames, doors, roller shutters, potable pressure pipe, sewage and
drainage pipe, guttering, cladding, roofing membrane, cable duct and
conduit,flooring,wallcovering,reservoirlining,fencing,corrugatedandinsulation
sheet, slats and blinds

Electrical

Keyboards, computers, power tools, electrical cable, telecommunication cable,
duct, fuse boxes, wall plugs

Automotive

Interior trim, dashboard skin, coated fabric for seat coating and door panels,
wire harness systems, window seals and gaskets, windscreen sandwich film,
sealant for underbody and joints, sound insulation, decorative and protective
profiles, tarpaulins

Medical

Pharmaceutical blister packs, blood and plasma bags, tubing for dialysis, end
tracheal and feeding, infusion kits, surgical and examination gloves, Inhalation
masks, pouches for waste products (colostomy bags, etc.)

Packaging

Food packaging: PVC-U: thermoformed blister packs/display trays/egg boxes,
tamper-evident packaging, bottles for mineral water/fruit squash/cooking oils.
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PVC-P: cling and stretch film for wrapping food products (including meat),
cap seals/closures and food can linings/hose and tubing for drinks transportation

Non-food packaging: Trays, containers, and bottles for cosmetics, medicines,
and detergents, bottle Cap sealing closures, adhesive tapes, shrink film

Leisure and Sports

Toys, footballs, buoyancy aids, life vests, leisure boats, garden hose, temporary
structures, coated garden tool handles, gloves (garden), luggage; credit and debit
cards, smart cards, identity cards

Clothing

Raincoats, shoe soles, boots, imitation leather, fashion items

Office

Office supplies, e.g., folders, ring binders, covers

Miscellaneous

Conveyor belting, polyurethane sealants (PVC component gives non-sag
consistency), waterproof membranes (for road foundations and tunnels), wire
fencing, furniture coating, inks, lacquers and adhesives, valves and fittings
(chemical industry), gauntlet gloves, upholstery

PVC has a molecular weight that ranges from 50000 to 120000 with 57% chlorine. When
disposed inappropriately PVC may cause different problems most of them are environmental;
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like hydrochloric acid, chlorine, and dioxins formation and emission (Castro,2012). PVC
environmental issues began a long time ago in the early 1960s when a study on rodent livers
showed reversible changes when it exposure to vinyl chloride (VC), and continued after that
in the middle of 1960s to the early 1970s by recording a satisfactory symptoms with different
workers at PVC plants that were with direct contact with VC, like acroosteolysis (bone-mass
loss from fingertips) and angiosarcoma (rare liver cancer) which unfortunately caused the
death of 150 workers in the U.S. and Europe. In response, the EPA and the Occupational
Safety and Health Administration enacted a new regulation and forced a lower standard of 1
ppm exposure of VC than the old one of 500 ppm (Carroll Jr et al.,2011). Unfortunately 4%
of the total carcinogenic dioxins emission in the USA is from PVC alone (Cappucci,2009).
PVC is considered as a form of environmental hazards even before being disposed in
landfill since for every 1 ton of polymer produced, almost 640kg of CO2 is released
(Leadbitter,2002). Disposing PVC in landfills is known to increase the risks associated with
it. However, in Europe 1,170,000 tons PVC waste out of 32,000,000 tons produced, were
landfilled in 2010 (Mersiowsky,2002). And in the USA, unfortunately, 80% of solid waste is
still landfilled too (Braun,2002). As a result harmful leachate comes out containing
halogenated aliphatic compounds, aromatic hydrocarbons, and phenolic compounds which are
all hazardous to the environment (Slack et al.,2011).
In fact, an environmental and health hazard ranking and assessment of 55 plastic
polymers was conducted by Lithner et al. (Lithner et al.,2011). The study showed that PVC
ranked in the fifth position most hazardous to environment and health, preceded by
Polyacrylonitrile (PAN) (three forms), and Polyurethane (PUR) due to its Carcinogenicity
(Lithner et al.,2011). Vinyl chloride is considered as a human carcinogen according to the
EPA with a maximum contaminant level of 2.0 mg/L and a maximum contaminant goal of 0
mg/L in water for potable water, but this regulation, according to Walter et al. (2011), has
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already been exceeded in different areas that used PVC pipe lines for water supply (Walter et
al.,2011).
As mentioned earlier the recycling of PSW is the only viable solution but in the case of
recycling the PVC waste it becomes complicated. Recycling PVC is hard for two reasons; the
first reason is because commercial PVC is not pure poly vinyl chloride; in addition there are
heat stabilizers mainly in the metal form, fillers, and plasticizer (seen in Table 13). The
acceptance of PVC for such additive lies in a wide range (Patrick,2005; Al-Salem et al.,2009).
Which explains the easiness of production of many flexible products with different physical
properties and the reason why PVC is spreading all over the globe (Takeshita et al.,2004;
Patrick,2005; Al-Salem et al.,2009). The addition of additives to the PVC polymer plays a
role in the dehydrochlorination mechanism, nevertheless a higher temperature of > 1700 k is
needed for degradation (Al-Salem et al.,2009). The other reason why it so difficult to recycle
PVC is that PVC waste could be contaminated with diverse materials while it sits in the
dumpster. The contaminates are different and they could be from another polymer like
polyethylene or even metals like aluminum, so before any recycling mechanism can take
place, a pretreatment process is necessary (Jaksland et al.,2000)
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Table 13: Additives added to PVC. (Stipanelov Vrandeﺅچi ‡ﺅet al.,2004; Patrick,2005; Liu et
al.,2007; Markarian,2007; Wen et al.,2012)
Additives (S.G.

Examples

Patrick,2005)
Heat stabilizer

Lead

Stabilizers,

Calcium

Zinc-based

Stabilizers

(Ca

Zn),

Tin

Carboxylates, Tin Mercaptides, Barium Cadmium (Ba Cd) (Patrick,2005;
Markarian,2007),calcium glutarate, zinc glutarate, calcium sebacate and zinc
sebacate (Liu et al.,2007) ZnAlLa-CO3 layered double hydroxides (Moulay,2010;
Wen et al.,2012).
Plasticizer

Phthalates, Adipates, Trimellitates, Phosphates (Markarian,2007) .

Impact modifier

Chlorinated polyethylene (CPE), Ethylene–vinyl acetate copolymer (EVA),
Methacrylate–butadiene–styrene (MBS) Terpolymer (Stipanelov Vrandeﺅچi ‡ﺅet
al.,2004).

Process aid

acrylic polymers (methyl methacrylate or acrylate), styrenic copolymers
(containing methacrylate) (Patrick,2005).

Lubricant

Amide wax – ethylene bisstearamide (EBS), Paraffin waxes, Polyethylenes
(PE), Metallic soaps Montan esters, Glycerol esters.

Filler
Flame
retardant/smoke

Calcium Carbonate, Ground dolomite (calcium magnesium carbonate).
Antimony

trioxide

(Sb2O3),

Zinc

borate,

(magnesium/calcium

carbonate/hydroxide)

suppressant
Pigmen

Titanium Dioxide (TiO2), Lead (sulfo) chromate, Iron oxide, sulfur-containing
sodium aluminum silicate.

Blowing agent

azodicarbonamide (H2NCON=NCONH2), sodium bicarbonate (NaHCO3).

Biocide

10,10-oxybisphenoxyarsine (OBPA), 2-n-octylisothiazolin-3-one (OIT), and
4,5-dichloro-2-n-octylisothiazolin-3-one (DCOIT).
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Viscosity

Fumed silicas, Calcium, sulfonate gels.

modifier
Antistatic agent

(complex non-ionic or cationic materials).

Antioxidant

Hindered phenols.

Ultraviolet

Hindered amine light stabilizers (HALS).

absorber
Bonding agent

Aromatic polyisocyanurates.

As mentioned earlier there are several new disposal methods (recycling) that emerged as an
alternative solution to the problems caused by PSW (including problems caused by PVC). In
the following table (Table 14) a comparison between the different solutions for PVC recycling
is shown. Recycling is expected to contribute to 75% of total avoided emissions by 2020
(Lettieri et al.,2011), but there is only a very small part of PVC that is recycled in the world
today (Sadat-Shojai and Bakhshandeh,2011).
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Table 14: comparison of different approaches for disposing of PVC wastes. (Sadat-Shojai and
Bakhshandeh,2011).

Accepting
by

Method of
Disposal

Sensitivity
to
Impurities

Degree of
recycled
pollution

Costs

Properties of
the

recycled

product(s) Material
generation

Number

countries

of plants

(during the

in

recent

operation

decade,

around

especially

the world

for
developed
countries)

Landfilling

Non

Very

Low-

sensitive

high

cost

Usually
Incineration non-

No
material
recycled

Usually
Very high

sensitive

lowcost

Energ
y

----------------

Large

Usually
energetically

Large

not Efficient

Nonacceptable

Nonacceptable

It depends on
feed material
Mechanical

Highly

Recycling

sensitive

Low

Middle-

PVC

cost

and

Fair

processing
variables

Highly
acceptable

of

recycling
It’s
dependent on
Chemical

Relatively

Usually

Recycling

sensitive

low

Usually

Diverse

feed material

high-

raw

and

cost

materials

processing
variables

Small

Low
acceptable

of

recycling
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As discussed earlier in Table 14, PVC has three main recycling techniques; energy
recovery (incineration and pyrolysis), mechanical, and chemical techniques (addition of heat,
chemical agents, and catalysts) (Braun,2002; Sadat-Shojai and Bakhshandeh,2011; Yang et
al.,2013). Additionally, there is a fourth technique which is the biological techniques which
were not mentioned earlier in the table. Biological treatment of plastic waste emerged as a
kind of recycling techniques after the production of degradable plastics started, aimed to
accomplish methane or hydrogen gas fuel recovery (panda et al.,2010).
As explained earlier, mechanical recycling involves the reinsertion of clean PVC waste in
a new fresh product, however, there are still several challenges that remain unsolved, and this
way of treatment remains economically unacceptable due to the costly corrosion problems
associated with hydrochloric acid and chlorine emission out of PVC (Al-Salem et al.,2009;
panda et al.,2010). But the most critical challenges in mechanical recycling is that mixed
plastics are excluded even if larger ratios are introduced and that one of the separation
techniques in

15

is necessary for treatment which adds to the total cost of the recycling

process. That is why the huge amount of mixed plastics accumulated yearly will be worthless
if it was contaminated. Despite all those challenges, at global level, it has been estimated that
the mechanical recycling of post-consumer and pre-consumer PVC wastes was 1.4 million
tons in 2010 (Sadat-Shojai and Bakhshandeh,2011).
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Table 15 :Separation techniques for PVC waste plastics (Sadat-Shojai and Bakhshandeh,2011).

Separation technique

Description

Manual separation

Sorting by hand

Selective dissolution (Vinyloop_ Selective dissolving of PVC in organic
procedure)
solvents and then reclaiming of the dissolved
material
Hydrocyclone separation

Sorting according to differences in density
through a centrifugal force field

Melt filtration

Separation by melt filtration at temperature
of 204 _C through continuous screen
changing equipment

Selective flotation process

Surface treatment of plastics having similar
densities (PVC and PET), with subsequent
froth flotation using nonionic surfactants

Liquid-fluidized bed classification

Gravimetric separation in water as a
fluidizing medium through a selective
thermal particle density modification
induced by step changes in the fluidizing
water temperature

X-ray fluorescence method

Spectroscopic
separation
through
a
characteristic backscattering from chlorine
atoms in PVC

Laser-induced
spectroscopy method

iboelectrostatic separation

plasma Spectroscopic separation through analysis of
the atomic emission lines generated by
focusing high-energy laser radiations on
plastics
Electrostatic separation by charging of
plastics, with subsequent segregation of
materials through an electric field (Park et
al.,2007)
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The second recycling technique is the Chemical recycling techniques consisting of
thermal cracking via hydrogenation, pyrolysis (cracking) or gasification (oxidation) to
produce products that diverse according to the type of atmosphere, temperature and residence
time to be reused in polymerization and other chemical processes (Ahrenfeldt,2007; Al-Salem
et al.,2009; panda et al.,2010; Al-Salem et al.,2010b; Sadat-Shojai and Bakhshandeh,2011).
Some of these processes are mentioned in Table 16 below.
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Table 16: Chemical recycling techniques and products.
Conditions
Inert

Degradation products

atmosphere

(N2/ Hydrochloric acid (HCl) in large amount, gaseous and liquid

Ar/He)

hydrocarbons (oil), soot, chlorinated hydrocarbons, and char,
etc. (Sadat-Shojai and Bakhshandeh,2011).

500-900 ̊C

Steam atmosphere at high Carbon monoxide, carbon dioxide and hydrogen (Sadattemperatures
Oxygen

oxidation

Shojai and Bakhshandeh,2011).
in

an Carboxylic acids, oxalic acid, a mixture benzenecarboxylic

aqueous alkaline media

acids, and CO2 (Yoshioka et al.,1998; Yoshioka et al.,2000)

150-260 ̊C, Po2 of 1-10 MPa,
1-25 O2 mol/kg-H2O (m)
NaOH solutions
Hydrogenation Veba process
350-400 ̊C

Hydrochloric acid, syncrude from the Veba- Combi-Cracking
(VCC) section (chlorine free), hydrogenated solid residue and
off-gas (Lettieri et al.,2011).

Hydrogenation Veba process liquid fuel, a solid char and some combustible gas with a high
500-800 ̊C Residence times calorific value, typically 22 to 30 MJ m_3 (Lettieri et
3-1500 s

Thermo-chemical process

al.,2011)

healthy monomer fractions up to 60%, gases (rich with low
cut refinery products and hydrocarbons), tars (waxes and
liquids very high in aromatic content) and char (carbon black
and/or activated carbon) (Al-Salem et al.,2010b)

49

Among the three techniques mentioned earlier the incineration of PVC is the worst,
acting like a dioxins generator ranked as the major dioxin source identified in the world and is
responsible for 77% of inventoried dioxin in the U.S (Huggett and Levin,1987;
Thornton,2002). Environmentally, the incineration is worth to be stopped. Because for every
1 mole of post-chlorinated polyvinyl chloride (CPVC) incinerated a 3 moles of harmful and
corrosive hydrochloric acid generated (Vallero et al.,2011). This is seen in equation 10 below.
C4H5Cl3 + 4.5O2 → 4CO2 + 3HCl + H2O

Equation 10

Toxic release is not restricted to PVC alone, according to Valavanidis et al. who have
conducted a batch process simulating an open fire combustion at 600-750 © of commercial
polymeric materials such as PE, PS, PVC, and poly (ethylene terephthalate) (PET), in order to
analyze their toxic emissions released. Their major finding was that carcinogenic PAHs
(polycyclic aromatic hydrocarbons) (nisbet and LaGoy,1992)(nisbet and LaGoy,1992)(nisbet
and LaGoy,1992)(nisbet and LaGoy,1992)(nisbet and LaGoy,1992) have been detected in a
relatively high levels (Valavanidis et al.,2008).
Although, stopping the incineration of PVC will be a great loss of inherent energy value
stored in PVC polymer. As shown in Table 17 calorific value of PVC is the biggest among all
of the other conventional fuels.
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Table 17: Calorific values of plastics compared with conventional fuels (panda et al.,2010).

Fuel

Calorific value
(MJ/kg)

Fuel

Calorific value
(MJ/kg)

Methane

53

Coal

30

Gasoline

46

Polyethylene

43

Fuel oil

43

Mixed plastics

30–40

PVC

64 (Al-Salem
Municipal
et al.,2009)
solid waste

Wood

16 (Al-Salem
et al.,2009)

Coke

29 (Takeshita
et al.,2004)

Paper

10
17 (Al-Salem
et al.,2009)

In order to have the benefits of incineration without the downfalls of environmental and
health hazards associated with incineration of PVC; “green incineration” was proposed as a
solution. So a green incineration is needed and could be accomplished by answering the
question, How to achieve a nonhalogenated plastic behavior from a halogenated one?
The answer to the question was combining all the benefits of mechanical, chemical and
energy recovery methods without their respected flaws. A hybrid system appeared out of
combining mechanical and chemical recycling techniques called mechanochemical treatment,
based on the idea of mechanochemical reaction (Tongamp et al.,2006; Zhang et al.,2007).
Many researchers studied and improved upon mechanochemical treatment of PVC. Their
work is summarized below.
Zhang et al (2007) developed a soft process to recover rare earth metals that involve cogrinding of both PVC and metal alloy-waste by using a solid state mechanochemical (MC)
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reaction. Since PVC is a chlorine provider and chlorine reacts with metals present producing
chlorides which has a high solubility in water, so they followed the process by washing it with
water to leach the metals chlorides out and leave the hydrocarbon behind (Zhang et al.,2007).
On the other hand, Tongamp et al, studied the MC reaction of lanthanum oxide and
calcium oxide with PVC taking the later reaction as a reference. Lanthanum oxy-chloride,
LaOCl was detected by using XRD analysis as well as C-O bond. MC techniques were used
to prove that lanthanum oxide is a better additive than calcium oxide due to the low yield of
Cl (at different ratio), explained by the insolubility of lanthanum oxy-chloride in water
compared to calcium oxide.
Takeshita et al, presents a very promising environmentally friendly treatment process of
PVC waste. According to Takeshita et al the results obtained showed almost zero toxic
materials production in a closed system environment using water in three phases (Subcritical
Water, Supercritical Water and Water Vapor). Water in subcritical phase and supercritical
phase was used as solvent and water vapor at the sublimation pressure was used for
hydrothermal decomposition. Chlorine content in PVC waste absorbed by water as
hydrochloric acid with no chlorinated organic groups was noted at 300 C. Moreover, energy
value similarity of the residual solid (9270 kcal/kg) to the coke (6000–7500 kcal/kg) and coal
(4500–8000 kcal/kg) gave a great expectations of using it as an additional heat source
(Takeshita et al.,2004).
Jaksland et al. (2000) studied the complete transformation of PVC waste to an entirely
new raw chemicals. Where the harmful chlorines were collected by using fillers and metals
stabilizer to produce calcium chloride, metals concentrate (zinc, lead, and/or barium
chlorides) and a rich energy coke residual. (Jaksland et al.,2000).
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Matsuzawa et al. (2004) have considered a real situation simulation of mixed polymers
like polyethylene (PE), polypropylene (PP) and polystyrene (PS) with chlorinated polymers
such as poly (vinyl chloride) (PVC) present with biomass (cellulose) in a rotary kiln. They
found that PVC degraded at a higher temperature than pure PVC but the biomass (cellulose)
degraded at a lower temperature than pure cellulose, so larger amount of deposit was
accumulated (Matsuzawa et al.,2004). This observation was explained and resolved by
Lemort et al. (2006) through the use of a simple kiln heating modeling. Showing that an
intermediate PVC degradation products combined with the cracked cellulose could be
responsible for the larger amount of deposit produced. And by ensuring a relaxation period to
the kiln done by revising the furnace operating parameters and specifying a waste feed
sequence the problem of deposits should be resolved (Lemort et al.,2006).
One new approach in chemical recycling is using PVC materials instead of coke in the
extraction of valuable metals out of EAFD in steel manufacturing. By this promising
recycling technology, two environmental challenges could be eliminated; hazardous EAFD
and plastic materials based on PVC (Lee and Song,2007).

2.4.4 Thermal degradation of PVC
In thermal treatment processes such as pyrolysis and gasification, a compound such as
poly (vinyl chloride) (PVC) with molecular weight in a range of (50,000–120,000) contains
56.7% chlorine. This high presence of chlorine may cause different problems mainly
environmental, as a result of formation of hydrochloric acid, chlorine gas and dioxins.
Another problem caused by the formation of these hazardous materials is the corrosion of the
materials and equipment’s in thermal treatment processes. But for thermal degradation of
PVC it is not just these problems one faces when thermally treating PVC because it is a more
complicated process than other plastic polymers. There are many reaction mechanisms and
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diverse products of PVC pyrolysis. During PVC pyrolysis; cross-linking reactions, formation
of chlorinated and unchlorinated poly aromatic structures, and char handling must be
considered (Marongiu et al.,2003). Thus, a solution is needed to fix or remove the chlorine
from PVC waste before the thermal treatment of PVC (pyrolysis of PVC) can tack place
(Starnes Jr,2002; Castro,2012). According to Menad and Bjo˜rkman potential economic gain
could achieved if PVC was reused as a chlorinating and a reducing agent since it has a
significant amount of Hydrochloric acid (Menad and Bjﺃµrkman,1998).
Starne et al. (2002) stated that during PVC manufacturing internal structural defects of
tertiary and allylic chloride, act as initiators of the dehydrochlorination process later on
(Starnes,2002). This explains the reason why many researchers all over the world are led to
study and analyze the different manufacturing defects. Thus, multiple defects categories are
classified as, structures containing allylic or tertiary halogen, moieties (secondary air
oxidation), and GTTG2, isotactic triads originated from conventional monomer units
(Contreras et al.,2001).
Many authors introduced the pyrolysis of PVC and several mechanisms are proposed for
the dehydrochlorination process. One of the simplest modules is the single apparent kinetics
module which presented the two steps degradation mechanism, dehydrochlorination and
cyclization (Marongiu et al.,2003).
Initially, the dehydrochlorination phase forms HCl, polyene structures, naphthalene and
phenanthrene combined with significant weight loss around 350 C. Then, when Cl has been
quantitatively released on the second phase, the polyene molecules through cyclization and
cross-linking reactions, form alkyl aromatic hydrocarbons and char residues as seen in Figure
8. (Marongiu et al.,2003)
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Figure 8: Predicted dynamic TGA with a heating rate of 10 8C min 1: panel (a) residue (wt.%) behavior and
identification of the main thermal decomposition phases panel (b) benzene, PAH and char formation profiles.
The TAR fraction represents the total amount of volatile aromatics.

The degradation of PVC does involve free radicals, which leads to auto acceleration of
the loss of HCl. However, during thermal degradation Cyclization reactions seem to
contribute to the termination of polyene growth that occur by an ion-pair or quasi-ionic route
(Starnes,2002).
As seen in Figure 8, at low temperatures (<200 C̊) molecular dehydrochlorination
plays a fundamental role in PVC degradation the mechanism is shown clearly in
9.

Figure

And at temperatures higher than (> 200°C ) a very reactive chlorine radical is produced as

well as reference radical, so a condensation and de-alkylation reactions may occur explaining
the formation of benzene and aromatic components.
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Figure 9: Sketched mechanisms of the main radical chain propagation steps: panel (a) dehydrochlorination;panel
(b) condensation; panel (c) de-alkylation

The formation of benzene and aromatic products is a function of the residual chlorine
in the polymer; Figure 10 shows typical examples of successive dealkylation reactions and
benzene formation.
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Figure 10: Six (panel a) and four (panel b) center molecular reactions. Cyclization, dealkylation and
benzeneformation.

The formation of benzene is mainly observed during the initial dehydrochlorination
phase and is strongly related to Cl content in the side chains. When most of the
dehydrochlorination has occurred, alkylbenzenes are formed initially and these progressively
condense to form polyaromatic hydrocarbons and finally the char residues.
The C–Cl bonds in the structure of PVC have a relatively lower binding energy, which
explain the easily brakeage of chlorine bonds. According to following equation:
C2H3Cl → HCl + (2/n) CnHn

Equation 11

A CnHn compound is produced during the dehydrochlorination step providing a high
energetic value that may be considered as a source of heat
procedures design needs

(Castro,2012). Pyrolysis

the behavior of polymers during thermal decomposition with

reference to decomposition products and kinetics of decomposition (Bockhorn et al.,1998).
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Data for the overall rate of thermal decomposition for different plastics is given in Table 18
which refers to a rate expression for the thermal decomposition as given by dα/dt=k̊ e(-Eα/RT
(1-α)^n.
Table 18: Rate coefficients and apparent activation energies for the thermal decomposition of different plastics.
(Bockhorn et al.,1998)

The pervious results are obtained in a stepwise low temperature pyrolysis in laboratory
scale for mixtures of pure polymers without stabilizers, fillers and colors.
The operating conditions have been estimated by means of the rate data from
isothermal measurements, as seen in Table 18.
Castro et al. (2012) indicated a kinetic model for the thermal decomposition of PVC
with first order reaction and an activation energy of 133,800 J/mol. Almost completed dechlorination reaction at 340oC under an inert atmosphere. With resulted material in a CnHn
type polymer.
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The reaction is run inside a reactor with endothermic feature that’s why an external
source of heat to initiate the reaction is needed, using indirect way of heating , neither oxygen
nor water vapor are being injected (inert atmosphere) obtained by a constant flow of helium
over the samples of pure PVC.
The material sample used in this test, was a commercial pure PVC powder with the
chemical formula C2H3Cl, in which 56.7% (by wt.%) is chlorine (Castro,2012) Experiments
have been conducted from room temperatures up to five different maximum temperatures:
250, 275, 300, 325, and 400 °C, with a heating rate of 10 °C/min, to verify the degradation of
PVC . After reaching the test temperatures, a stage has been done during 360 min, in order to
verify if the reaction proceeds at the selected temperature. (Castro,2012)
The experiments have been performed in DTA/TGA Instruments equipment
Thermogravimetric analysis (TGA) technique used here in order to determine the relationship
between the rate of PVC de-chlorination and the temperature of the thermal treatment.
(Castro,2012)
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Figure 11: Percentage of weight loss curves obtained for PVC samples heated up to 250, 275, 300, 325 and 400
C (weight curves were shifted to avoid overlapping).

Through the analysis of all DTA/TGA results, present in Figure 11 and Figure 12, it is
concluded that the release of chlorine starts at 252 ± 2 °C, more detailed information in Table
19. There was no significant mass release until the starting temperature of the PVC thermal
decomposition shows the heat flow and the weight change from PVC sample heated up to
400oC. Up to 58% of the mass is removed in the form of hydrochloric acid between 252 and
374oC. At this temperature: a conversion of PVC into intermediate species, HCl, and the
decomposition of intermediates into polyene and some volatiles occurs.
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Figure 12: Detail of the DTA, in which after the temperature has remained a stage of 360 min to check continuity
of the reaction.

Table 19: Initial temperature for the beginning of weight loss process (de-chlorination).

So the kinetics of the reaction of thermal decomposition of PVC leads to a kinetic
model, with the expression ln r = 31.3–16,100/T + 1.020 ln C (HCl).This model is applicable
for the decomposition temperatures lower than 340° C. Where r is the reaction rate, T is the
temperature, and C is the concentration.
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2.4.5 Thermal degradation of poly(vinyl chloride) with metal oxides
Many additives are used in plastic industries to improve the ability of plastic materials,
however metal oxides like (ZnO, Fe2O3, CaO, PbO, and Al2O3), Masuda et al (2006) have an
influence on thermal degradation of PVC or PVC stabilization, and their impact lies in being
acidic or basic metal oxides (Linda,1977), where acidic oxides (most the transition element
oxides) accelerate the recombination of chlorine atoms with the double bond in
dehydrochlorinated chains, while this recombination was inhibited in the presence of basic
metal oxides like alkaline earths and silver oxides except cupper, zircon and zinc oxides;
which accelerate chlorine recombination.
As a result of reaction between metal oxides and PVC; chlorinated hydrocarbons are
the main product (Bhaskar et al.,2002). Where benzene is one of these hydrocarbons and
produced in different amounts depending on metal oxides kind; so the addition of metal
oxides lead to delaying the ability of benzene formation. Iida et al. (1977) reported effects of
33 metal oxides on thermal decomposition of PVC, he observed that cupper and iron
chlorides have a strong accelerating effect on dehydrochlorination of PVC, where zinc
chloride catalyze this reaction.
Blazso and Jakab (1999) noticed when he studied effects of the surface contact of
metal oxides with PVC that ferric oxide and titanium dioxide reduced the onset temperature
of dehydrochlorination reaction.
Masuda et al (2006) studied temperature effects with adding metal oxides to PVC at
400ºC and 800ºC; and comparing between the major products of them, in case of 400ºC less
amount of liquid and gaseous compound resultant than that at 800ºC, but gases affects
significantly with temperature and considerable formation can be achieved at higher
temperatures. Liquid formation affected by kind of metal oxides used.
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Li (2000) studied CuO, Fe2O3 and MoO3 effect on PVC decomposition and smoke
emission; Li (2000) reported that these metal oxides have an effective ability to reduce the
smoke of PVC pyrolysis especially CuO, where in pure PVC case its total smoke production
is 664.8 m2 Kg-1. (Li,2000)
In case of adding different metal oxides to PVC there are no changes in chemical
species of the products, benzene and toluene are the two major liquid products (Blazso and
Jakab,1999; Masuda et al.,2006). Liquid compounds are less by 30% than the case of pure
PVC especially when using Fe2O3 and ZnO as reported by (Masuda et al. (2006),
Chlorobenzene formation is due to Cl recombination to the double bond compounds,
where Masuda et al. (2006) reported weight of chlobenzene to the total weight of PVC with
different metal oxides at 800ºC in Table 20; which shows that Fe2O3 produced the largest
amount; contrarily of ZnO results the lowest amount, but in case of pyrolysis at 400ºC
chlorobenzene hasn’t been detected.
Metal oxides promote HCl formation during PVC pyrolysis, it affect HCl formation
by temperature and metal oxides kind; which decrease with increasing temperature and by
adding metal oxides, with some conflicting as La2O3 at 800 ºC (2006) increase with
temperature as shown in Table 20. Showing that ZnO and PbO having very high kinetics to
react with HCl gas forming metal chlorides.
There is another path of the reaction between metal oxides and PVC at low
temperatures around 200ºC; so it follows solid-solid reaction via formation of a liquid phase
which is the reaction promoter and that the solid product which is rich with aliphatic (CH)n
polymer (Kosuda et al.,2012). The first step of this reaction is polyene formation; and the
second is formation of aromatic compounds (Kosuda et al.,2012). Dehydrochlorination of
PVC with metal oxides at low temperature is important and safe process; because there is no
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production of volatile organics due to the reaction (Kosuda et al.,2012), but there is a problem
to deal with this process; that’s until now this process doesn’t be clarified.

2.4.5.1 PVC-ZnO:
ZnO addition reduces liquid products and increase residue with hydrocarbon
compounds, this oxide has highly effect on HCl suppression; this result can be achieved from
Table 20 where at 800°C about 36% of Cl was emitted and forming HCl, approximately 64%
be left to form ZnCl2. these results can be clarified by formation of ZnCl2 which is having
high vapor pressure and volatilizes at low temperature rather than other metal chlorides
leaving carbon compounds in residue. (Masuda et al.,2006; Lee and Song,2007)
According to Equation 12 ZnO reacts with HCl and forms ZnCl2 which acts as lewis
acids (Lee and Song,2007)].
ZnO(s) + 2 HCl(g) → ZnCl2(s,l) + H2O(g)

Equation 12

2.4.5.2 PVC- Al2O3:
Aluminum oxides when added to PVC; liquid product promoted (Masuda et al.,2006)
where the benzene product be higher and close to that produced in pure PVC case, but
gaseous production suppresses to about 70% than that for pure PVC, Masuda reported that
Al2O3 doesn’t chlorinated nor reduced under condition of his experiment.
Blazso and Jakab (1999) studied the products of the reaction between Al2O3 and
PVC at different ranges of temperatures; HCl formation reachs to high amounts at 550°C
(Blazso and Jakab,1999) Its carbon production about 48% carbon/ PVC at 400°C, and 30%
carbon/PVC at 800°C, most of the carbon products in residue are hydrocarbons; this result
explained by the hydrogen content in residue which is about 2 wt.% at 800 °C and 30–50
wt.% at 400 °C (Masuda et al.,2006). Al2O3 has slow kinetics of reaction with HCl in
gaseous state; Equation 13 shows this reaction:
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Al2O3 (s) + 6 HCl (aq) → 2 AlCl3 (s, aq) + 3 H2O (l)

Equation 13

There is another reaction can be achieved when using waste plastics contains
aluminum grains (Bhaskar et al.,2002), dehydrochloronation treatment takes place between
solid grains and HCl gas.

2.4.5.3 PVC-PbO:
Pyrolysis of PVC -PbO mixture will gives about 0.022 benzene/ PVC at 800°C
(Masuda et al.,2006) which is less about 30% than Pure PVC case, however its gaseous
products be close to pure PVC case which is moderately high; the outcomes from these results
is; PbO didn’t make a noticeable changes in liquid and gaseous products. PbO has
significantly effect on HCl suppression, from table 1at 800°C about 30% of initial Cl in PVC
released as HCl when pyrolysis with PbO; the leftover of Cl which is about 70% responded to
form PbCl2 according to Equation 14:
PbO(s) + 2 HCl(g) = PbCl2(s,l) + H2O(g)

Equation 14

1.4.5.4 PVC – CaO:
Pyrolysis of PVC with CaO cause to reduce the resultant residue, where CaO used as
chlorine absorbent in many cases. HCl formation from this process is equal to 50% from table
1, so that about 50% of the rest Cl became to react with CaO according to Equation 15:
CaO(s) + 2 HCl(g) = CaCl2(s,l) + H2O(g)

Equation 15

In this case detailed identification of the final product compounds isn’t possible
because hydration of CaCl2 takes place after the experiment.

2.4.5.5 PVC – CuO:
In presence of cupper oxides; Iida and Goto found that the decrease of aromatic
volatiles amount contrarily of alkylaromatic volatiles amount which is increase (Linda,1977).
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CuO have high ability to accelerate dehydrochlorination of PVC; which results in formation
of alkylbenzene and chlorobenzene (Blazso and Jakab,1999).
Cu2Cl2 → Cu + CuCl2

Equation 16

2(Cu2Cl2 + CuCl2) → 3Cu2Cl2 + Cl2

Equation 17

CuO + 2 HCl → CuCl2 + H2O

Equation 18

2.4.5.6 PVC- Fe2O3
Addition of Fe2O3 reduces liquid products substantially and promotes gas products
and chlorobenzene products (Masuda et al.,2006), HCl formation amount shown in Table 20;
where the addition of iron oxide doesn’t significantly suppress HCl formation, which is about
70%; results in formation of iron chloride in a range of 30% which is a very small amount; so
this reaction becoming not preferable. Iron chloride having highly influence on
dehydrochlorination of PVC, which is become to accelerate and catalyze it (Blazso and
Jakab,1999).
Equation 19 and Equation 20 (Lee and Song,2007) expresses reaction between Fe2O3 and
HCl.

Fe2O3(s) + 6 HCl(g) → 2FeCl3(s,l,g) + 3H2O(g)

Equation 19

Fe3O4(s) + 2 HCl(g) → FeCl2(s,l) + Fe2O3(s) + H2O(g)

Equation 20
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Table 20: Effect of metal oxide on PVC. (Blazso and Jakab,1999; Masuda et al.,2006)

Carbon in residue
at
Gaseous
400,800ºC in wt. product
%

Liquid product

Formation
of HCl at
400,800ºC
in wt. %

Metal
oxide

20

3

High

High

92

100

Pure
PVC

55

75

-

Reduce
its
formation
Substantial
Promote its
reduction of its
formation
formation
Less by 30% of its
Moderately
production in pure
high
PVC case
Suppresses
gases
by
Very high
70%
than
pure PVC

36
[1]

49

ZnO

-

-

69

-

Fe2O3

10
-

11
-

3.1
51

24
-

La2O3
CaO

21

18

30

31

PbO

30

48

90

89

Al2O3

Chapter Three: Methodology
3.1 Materials

EAFD Samples were collected from the Jordan Steel Company. Figure 13 shows a
sample of the EAFD collected. The dust was prepared and homogenized to be used for
thermal treatment experiments. Samples were sieved and dried at a temperature of 105°C for
around 2 hours. Only the sieve fraction < 106μm was used for extraction experiment. The
dried dust is then placed in closed containers and made ready for the experimental work.
Poly-vinyl-chloride PVC (C2H3Cl)n used in the current study was obtained from SigmaAldrich with a purity of (99.9%) Both materials are shown in Figure 13. All other chemicals
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and reagents (HNO3, NaOH, and HCl) used in the current work were of chemical grade.
Distilled water was used for preparation of reagents as well as for washing of the labwares
used in this work.

Figure 13: Jordanian EAFD (left) and pure PVC (right) used in the experiments
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3.2 Experimental work
The experimental work can be divided into two parts; the first was the environmental
impact study of EAFD if disposed without treatment. The second part of experimental work
includes zinc extraction from EAFD via pyrolysis with PVC.

3.2.1 Leachability Study
A leachability study on dust was carried out under different conditions to evaluate the
leachability of heavy metals presents in the dust. For this part of experiments, liquid to solid
samples were prepared so that the ratio of solution to EAFD was 10:1. The pH of the
leaching solution was adjusted using either hydrochloric acid or sodium hydroxide. The
samples were mixed together and placed inside a water bath-shaker, where the temperature of
samples were kept constant at 25 °C. The shaking speed was (150rpm). The setup is shown in
Figure 14.

Figure 14 :Laboratory water bath-Shaker (type BS-11)

Samples of the solution were taken at different time intervals (15, 30, 45, 60, 90, 120,
180, 240 and 330 min). The volume of samples was 7 ml, Which were withdrawn by a pipette
then filtered with loss in the volume of about 3 ml on the filter paper. The remaining 4 ml
were added to 16 ml of distilled water. The samples were then analyzed using atomic
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absorption spectroscopy (AAS) to determine the concentration of the leached heavy metals
including Fe, Pb, Zn and Cd.

3.2.2 Pyrolysis of EAFD with PVC
Mixtures of EAFD and PVC were prepared by mixing specified masses and tumbling
the mixture in reagent bottle for at least 30 min with the aid of glass balls to ensure the
homogeneity of the mixture. Two ratios of PVC: EAFD mixtures were prepared (1:1 and 1:2).
Hydraulic piston was used to press the pellets in stainless steel mold, the applied force was
nearly (3 tons = 7000 Pound), then the pellet was released from the mold. The process is
shown in Figure 15 and Figure 16.

+

+

Figure 15: Preparation of mixture (PVC and EAFD)
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Figure 16: Pressing process to prepare pellets.

3.2.3 Experimental setup for the Pyrolysis of EAFD with PVC
A tubular furnace, as shown in Figure 17 and Figure 18, is used for the pyrolysis of EAFD
with PVC. The setup consists of glass reactor in which the pellet is placed. This reactor is
connected to a nitrogen gas cylinder through a flow meter. The other side of the glass reactor is
connected to a gas wash bottle, where the outlet gas from the reactor passes through water
column. This wash bottles is supplied with pH electrode to monitor the pH. The outlet from the
first gas wash bottle is passed through a second wash bottle filled with acetone to catch any
insoluble and non-condensable gases that will form as a result of the PVC degradation. . The
effluent from the second wash bottle is connected to a fume hood if only pyrolysis is required.
Figure 18 shows a schematic diagram for the experimental setup.
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2
4
3

Figure 17: The experimental set-up of the pyrolysis experiment: (1:tube furnace, 2: glass reactor, 3: pH meter, 4:
washe bottels).

Figure 18: Schematic deagram showing the experimental setup for the pyrolysis experiments.

If post combustion is required, then the far side of the glass reactor is connected to another
tubular reactor where air is injected in order to complete the combustion reactions before passing
the evolved gases through the wash bottle and the pH meter, as shown in Figure 19 and Figure 20.
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1

2

Figure 19: Experimental setup for pyrolysis with combustion Experiment; (1: Pyrolysis furnace, 2: combustion
furnace).

Figure 20:Schamatic diagram of the Pyrolysis with combustion experimental setup.

73

3.2 Instruments
3.2.1 Lab shaker
The water-bath shaker used in the environmental study of EAFD had the following
specifications: Table board oscillates horizontally, powered by an electric motor with water
bath, temperature controller and motor with high rpm. The shaker was mainly used agitate
liquids which gives a lower residence time for the reaction, and to maintain constant
temperature of the samples.

3.2.2 pH meter
The pH used in the experimental work was produced by JENWAY pH meter (3510).
It had the advantage of being capable of measuring temperature as well. The accuracy of the
pH meter was of 0.001 pH units

3.2.3 Tube Furnace
The usual design consists of a cylindrical cavity surrounded by heating coils, which
are embedded in a thermally insulating matrix it was used to achieve the EAFD and PVC
pellet pyrolysis; it was used specifically because it goes with the reactor shape which was
designed to consistent with the pellet's shape and size.

3.2.4 X-Ray Diffraction:
The crystalline phase present in the dust was determined using X-Ray powder
diffraction methods. This is the only analytical method capable of providing qualitative
information about compounds present in a solid. X-Ray powder methods are based on the fact
that an X-Ray diffraction pattern is unique for each crystalline substance thus, if an exact
match can be found between the pattern of an unknown and an authentic sample. Chemical
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identity can be assumed. The XRD model used to determine the crystalline phase present in
the dust was Rigaku Ultima IV (185mm) which was used to determine the crystal structure of
both of raw sample and the dust residue after each experiment, the measurement was carried
using Copper Alpha(K-α) gun with scan speed/duration time(2.00deg/min), Goniometer
Ultima IV (185mm), X-ray 40kV/40mA.

3.2.5 Atomic absorption system (AAS):
This instrument was used to obtained quantitative determination of the heavy elements
that present in the samples, which were (Zn, Fe, Pb ,Cd ). The samples were analyzed using
Unicam Atomic Absorption Spectrometer Model (SOLAAR M5) fully equipped with
flame and graphite furnace atomization. The samples were analyzed by using flame
technique. The flame type was (Air-C2H2 ), except Pb, which was analyzed by using graphite
furnace technique after methods developed and validated for each element.

3.2.6 Gas Chromatography (GC):
The vaporized organic compounds obtained as a result of PVC degradation was
captured with “Acetone” which was vaporized and the remaining matter was analyzed using
(GC-Varian 450GC/320MS), the temperature was 250 °C the column was (HP-5Ms
(30m*0.25mm*0.25μm)) the sample was prepared by adding 400μl acetone to each sample,
transfer 200ul into vacuum test tube, evaporated at 30 °C under N2 gas add 100μl 2M KaOH
dissolved in methanol,1000haptin, mix 2min then transfer the upper layer.

3.2.7 Thermal gravimetric analysis:
Thermogravimetric- analysis (TG-DTA) was carried out using a thermal gravimetric
analysis instrument (NETZSCH TG 209F1 Iris), the crucible used is made from Al2O3, the
heating rate was (10 °C /min) in nitrogen atmosphere with 50 ml/min flow rate.
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3.3 Experimental procedure
3.3.1 Furnace Temperature Calibration
Initially, the temperature inside the reactor was calibrated to check furnace temperature
reading in order to study the effects of N2 flow rate on the furnace tube. This was achieved by
inserting the thermocouple into the reactor which is placed inside the furnace to investigate its
temperature and compare it with furnace reading; this was done simultaneously with changing the
flow rate of N2 gas. From Figure 21, It is obvious that the changing in the flow rate of N2 gas has
no effect on the furnace reading. It is also can be notice that the furnace reading was higher in 10
deg. than that in thermo-couple reading.

Figure 21: Calibration curve of tube furnace.

3.3.2 Pyrolysis of EAFD-PVC
The pyrolysis of EAFD with PVC was carried out inside the glass reactor. In order for the
reaction to take place the glass reactor was first heated to the desired temperature and the flow
rate of nitrogen was set 30 or 45 ml/min. The glass wash bottles were filled with water and/ or
acetone. After reaching the desired temperature the EAFD-PVC pellet was inserted in the middle
of the glass reactor, and the tubular furnace is closed by quartz wool from both sides. The wash
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bottles are connected with each other, the first gas wash bottle is connected to pH meter; where
pH value is recorded with time. When pH value became constant the furnace was turned off and
given enough time to cool down.
The other experimental set work was same as discussed earlier except that the effluent
gases were combusted in a subsequent tubular furnace as shown in Figure 19.
When the reaction between PVC and EAFD is finished as indicated by pH values
recorded, the furnace is switched off while nitrogen is still purging. After cooling, samples were
collected from each part in the experiment to do a comprehensive study for the behavior of the
sample during the stages of pyrolysis and combustion, if any. Figure 22 shows some parts where
samples were collected. After completion of each run, the reactor tubing was washed using hot
water in order to collect any condensed metal chlorides on the walls, then the water was filtered
and made up to 250 ml and the pH was measured. Later the reactor tubes are washed with acetone
to dissolve the organic oils accumulated on the walls, and then the acetone is placed in an open
bottle to naturally evaporate.

Figure 22: Photographic view of reactor tubes after finishing pyrolysis experiment

As mentioned earlier there were two glass wash bottles that were used in the
experimental setup, where the first glass wash bottle was always filled with water, and the
second glass wash bottle was filled with either water or acetone. After the experiments the
contents of the glass bottles was filtered. If the glass bottles were filled with water, then the
washing with hot de-ionized water continued until the washing contents reached 250 ml, and
then the pH was measured. In case of the second glass wash bottle which was filled with
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acetone, a sample of the remaining acetone was collected and placed inside a closed bottle;
this sample would be analyzed to determine the organic compounds that were caught inside
the acetone. After these procedures are finished the gas wash bottles were washed with
acetone to collect all of the organic matter (oil) that remained behind.

Figure 23: Photographic view the gas wash bottle after pyrolysis experiment (left) and the washing-filtration
procedure applied (right).

After completing each experiment, the pellet was weighed to calculate the weight loss due
to pyrolysis and ground using pestle and mortar as shown in Figure 24. The ground pellet was
then leached in 150 ml of hot water for 20 min, and then it was filtered and washed until the
filtrate volume reached 250 ml, this process is shown in Figure 25, The pH of the collected
solution was measured. The residual cake was dried at room temperature, then weighed, and
washed with acetone. This was done to indicate the presence and concentration of organic matter
that remained from the pyrolysis process of PVC within sample.
All samples were analyzed as follows; The leachate samples were analyzed using AAS,
and ICP to determine the percentage recovery of zinc and other metals like Fe, Pb, Cr, K, and
Mn. The cake on the other hand was analyzed for its composition and phases using XRD, IR and
TGA instruments, and the acetone-organic samples were analyzed to identify the organic
compounds and their composition using GC-MS.
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Figure 24: Photographic view of the sample preparation for leaching after pyrolysis experiment

Figure 25:Leaching process of the residue after pyrolysis

In the experimental work different conditions were used to determine the best possible
zinc extraction conditions. Table 21 shows a summary of all the conditions applied on
different experiments during this research.
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Table 21: Summary of pyrolysis experiments and the conditions applied, using aceton in the second gas wash
bottel.
Experiment
Number
7
8
9
10
11
12
13
14
15
16
17
18
19

Temperature
(°C)
200
225
250
300
350
200
250
400
400
300
350
400
400

Ratio of
(PVC:EAFD)
1:1
2:1
2:1
2:1
2:1
2:1
1:1
1:1
2:1
1:1
1:1
1:1
2:1
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Chapter 4: Results and discussion
4.1 Chemical Analysis and mineralogy analysis
4.1.1 ICP analysis of EAFD Samples
The EAFD used in the experimental work had a size less than 106 µm, as mentioned
earlier this size was achieved by sieving EAFD. Samples were collected from both sieved
EAFD (with size of < 106 µm) and the original EAFD (without sieving). These samples were
digested and analyzed for their chemical composition using ICP, to determine the effect of
sieving on EAFD composition. The chemical analysis of both samples of EAFD is
represented in Table 22.
Table 22: Chemical composition(wt%) EAF dust sample

Element
Received Sample

Zn
25.90

Fe
18.03

Ca
3.97

Pb
3.15

K
1.83

Cr
0.15

Mn
1.24

Sieved Sample

27.98

18.69

3.66

3.42

1.87

0.12

1.28

As can be seen from the above table, the main components of both samples are Zn
and Fe respectively followed by other elements such as Ca, Pb, K, Na, Cr, Mn.. It can be seen
that sieving process has resulted in increasing the concentration of zinc and decreasing the
calcium in the under size fraction. The sieving process directly affects the Wt. % percent of
the elements. It can be claimed here that calcium particle may be present in the dust in larger
size, leading to the possibility of their segregation into the larger fraction. This hypothesis can
be ensured from the XRD pattern of the oversize fraction. The large particle size of CaO go
back to its formation during smelting process where one of slag components is CaO. The
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mechanism of CaO emission is considered to be bursting of droplets, which explain its large
size.

4.1.2 XRD Analysis of EAFD Samples
As mentioned earlier samples were collected from both sieved EAFD (with size of <
106 µm, AKA undersize) and the original EAFD (without sieving AKA oversize), and these
samples were then analyzed using XRD to determine the mineralogical composition of EAFD
and to support the results obtained from ICP. The XRD diffraction patterns of both as
received and non-sieved fractions are presented in Figure 26 and Figure 27.
1.2
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Figure 26 : XRD pattern of the as received sample (under size)
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2ᶿ
Figure 27 : XRD pattern of the oversize EAFD sample.

As can be seen from Figure 26 and Figure 27 the major phases present in the dust are
zincite (ZnO), Franklinite (ZnFe2O4), Magnetite (Fe3O4). Sylvite (KCl), Halit (NaCl), Kyanite
(Al2SiO5) and Paralaurionite (PbOHCl). The major difference between the oversize and the
undersize samples is that calcite is present in detectable concentration in the oversize fraction,
which supports the hypothesis suggested earlier based on the ICP results.
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4.2 Leachability Study
This study was carried out to evaluate the leachability of the heavy metals present in
EAFD under different pH conditions. This study would animate what will happen if rain, of
different origins such as acid rain, would interact with dust and result in heavy metals being
released into the environment, Therefore the experimental work concerning this study had to
simulate the environmental conditions. All experiments concerning this study were performed
inside a water-bath shaker, and the temperature of experimental samples were kept constant at
25 °C, and samples were mixed at 150 rpm in order to overcome the diffusion. At different
time intervals a small sample (with volume of 7 ml) was taken from the solution and analyzed
to determine the quantity of metal oxides that was released from EAFD at different
conditions, and then the zinc content was analyzed as can be seen in Figure 28.

Figure 28: Zinc release from samples during expiremental study

From Figure 28 it is clear that under acidic conditions the release of zinc is much
higher than basic conditions.
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4.3 Pyrolysis- leaching work
This section summarizes the experimental results obtained from the pyrolysis and
leaching tests that were carried out on the PVC-EAFD mixtures. It includes the pH data
analysis which was recorded during pyrolysis experiments.

4.3.1 pH analysis
As mentioned earlier, the best indicator of the extent of PVC degradation under
pyrolysis condition is monitoring of pH; since it gives an indication on the amount of nonreacted hydrochloric acid released from PVC during pyrolysis. A pH meter was used to
monitor the pH behavior in the experiments by inserting it in a water capture solution
contained in the first gas wash bottle, the pH reading was taken manually every 5 to10
seconds, and the results from different experiments are shown in both Figure 29 and Figure
30. As it can be seen from both figures, initially the pH is basic and then a sudden drop in pH
value occurs. This sudden acidic value indicates the release of hydrochloric acid which is the
product of PVC pyrolysis. With time, it can be seen that the pH value continues to drop until
it reaches a plateau. The plateau indicates that no more hydrochloric acid is released thus the
reaction is almost over.
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Figure 29: pH vs time plot for PVC: EAFD ratio 2:1. The temperature of the experiments are indicated in the
graph.

Figure 29 shows different experiments at different temperatures. The ratio of all
experiments was the same which is 2 PVC to 1 EAFD. What was changed is the temperature
at which pyrolysis was carried out. From the Figure 29 it can be seen that the pH behavior for
experiments conducted at 400 ºC, 300 ºC and 350 ºC is almost identical. Their behavior as can
be seen was a quick release of hydrochloric acid and all experiments took short time to reach
the end of the reaction.
It also can be seen that at 200 ºC experiments the pH of capture solution remained
basic for a long period of time then dropped to acidic. This could be explained by the
following hypothesis proposed by (Kosuda et al.,2012) which suggests that the HCl release
from PVC requires a temperature of at least 280 ºC. However in the presence of metal oxides
the required temperature for PVC to release HCl is around 210 ºC since metal oxides work as
catalysts for the reaction. The hypothesis continues to suggest that at a temperature lower
than 210 C (even if just by 10 ºC) the reaction mechanism is different and becomes a solidsolid (or may be solid liquid) reaction. And it is a fact that solid-solid reaction rate is slower
which explains the long periods of time required for the HCl release. This also explains the
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difference in behavior between the experiment conducted at 250 ºC and the one conducted at
200 ºC. The first had a pH pattern resembling that of 300, 350 and 400 ºC while the
experiment conducted at 200 ºC did not resemble any of them.

Figure 30: PH value vs. time for ratio 1PVC to 1EAFD.

This hypothesis is further evident in Figure 30 where the ratio of PVC to EAFD is 1:1.
As can be seen like in Figure 29 the experiments conducted at 300, 350 and 400 ºC are all
similar. At 250 ºC there is a small change but it then follows the same behavior of the
experiments conducted at 300, 350 and 400 ºC. And as can be seen in Figure 29 at 200 ºC the
experiment remained basic for a long period of time then the pH drops to acidic.
Effect of Washing EAFD prior to experiments

The following figures show the pH behavior of experiments conducted at 400 ºC. In
Figure 31 the samples were prepared with the ratio of 2 PVC to 1 EAFD and in Figure 32 the
samples were prepared with the ratio of 1 PVC to 1 EAFD. In both Figure 31 and Figure 32
one sample was washed prior to pyrolysis to remove soluble matter present in the sample
(mainly potassium and sodium chlorides). In both figures it can be seen that the pH washed
samples never reaches the basic region but stays below pH of 7. This could be attributed to
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the removal of both potassium and sodium from samples, and its farther evident in Figure 32,
thus an extra experiment was run to prove this hypothesis.

Figure 31 : comparison between two experiments conducted under the same conditions. One sample was washed
(400C/(2-1) W)

Figure 32 : The effect of pretreatment washing of EAFD on pH behavior, comparison between two experiments
conducted under the same conditions 400C/ratio (1PVC-1EAFD).
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An additional experiment was conducted with pure EAFD rather than PVC- EAFD
mixture to determine the effect of EAFD elements on the pH behavior, as it can be seen in
Figure 33 where a pattern of increase of pH (basicity) is clearly shown at the beginning
indicating that a volatile material contained in the EAFD is responsible of such behavior, that
volatile component is either alkaline in nature or it reacts with water to produce a binary basic
compound.

Figure 33: pH versus time for EAFD without PVC.

The reaction of metals oxide with water produce a metals hydroxide; that is a strong
base, this reaction is strongly suggested since the EAFD mainly consists of metals oxide.
The sodium and potassium oxides such as the Na2O and K2O are found to have a lower
volatility temperature and both are responsible for the basicity pattern at the experiments start
point as the reactions follow:

Na2O + H2O
K2O + H2O

NaOH
KOH

Equation 21
Equation 22

Moving to the PVC ratio effects on the pretreatment samples , as it is shown in
Figure 34, the experiment with ratio 2 PVC: 1 EAFD went down in pH to be less than the
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other ratio 1PVC:1EAFD. That's because when there is a larger amount of PVC, non-reacted
HCl will increase thus the pH drops down.

Figure 34: Comparison between two prewashed experiments conducted at 400C with different ratios.

4.3.2 Zinc Recovery
As mentioned in chapter 2, Zinc recovery was determined by leaching the (PVCEAFD) residue after pyrolysis with boiling water for 20 minutes, the supernatant after
leaching and filtration were analyzed for zinc content using Atomic Absorption Spectroscopy
(AAS). The results of zinc recovery are summarized in Table 23.
In Table 23 it can be seen that the experiments were conducted at the same
temperature but with different ratios.
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Table 23: Zinc recovery Results.

PVC1:EAFD1
Temp.(C)

Zn
Recovery
(2-1)

PVC2:EAFD1
Temp.(C)

Zn
Recovery
(11)

200

93

200

86

250

87

250

81

300

84

300

88

350

91

350

91

400

87

400
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From the Table 23 it can be concluded that the ratio of 2 PVC to 1 EAFD gave better
zinc recovery than the ratio of 1 PVC to 1 EAFD this is explained using Figure 34 from
before. As mentioned earlier an abundance of PVC causes an excess of HCl release that can
react with EAFD. Figure 35 and Figure 36 investigate the relationship between pyrolysis
temperature and zinc recovery.
Figure 35 shows zinc recovery percentage in relation with temperature for samples
that were prepared with a ratio of 2 PVC to 1 EAFD and Figure 36 shows zinc recovery
percentage in relation with temperature for samples that were prepared with a ratio of 1 PVC
to 1 EAFD. And both figures show that the temperature has a negligible effect on Zinc
recovery compared to the ratio effect shown in Figure 37.
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Figure 35: Zinc Recovery for samples ration of 2 PVC to 1 EAFD at different temperature.

Also it can be seen that the recovery at 200 ºC is the highest among all temperatures,
that emphasizes the solid-solid or solid-liquid mechanism suggested earlier in the pH results.
This mechanism suggest that at the start of the reaction at such temperature (200 ºC or less) a
small amount of PVC reacts with ZnO and ZnFe2O4 producing an acidic solution composed
of ZnCl2 and water; ZnO is dissolved in the acidic solution and penetrate into PVC particles
and further reaction proceeds between PVC and ZnO with no release to unreacted HCl.
On the other hand, the pyrolysis at temperatures more than 200 ºC proceed with
different mechanism; first PVC degrades to polyene and then more degradation occur ending
up with sudden HCl release which then reacts with ZnO to produce ZnCl2, not all of the HCl
released has a chance to react with ZnO , unfortunately some HCl escape.
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Figure 36 :Zinc Recovery for samples ratio of 1 PVC to 1 EAFD at different temperature.

Figure 37: comparison between the Zn recoveries at different ratio.

From Figure 36 and Figure 37, it can be seen that the Zinc recovery was lowest at
400 ̊C, which was unexpected, since one would naturally assume that experiments conducted
at 400 ̊C would have a higher Zinc recovery than experiments conducted at 350 C. but this
could be attributed to zinc chloride was adsorbed on the reactor surface.
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Figure 38 shows the recovery of different metals under different conditions, and it is
clearly seen that Fe has the lowest recovery of all the different samples.

Figure 38: Comparison between metals recovery at different temperatures and different ratios

The reason behind the low recovery of Fe is because the Fe found in the EAFD was in
the Magnetite and Franklinite phases. This also explains the high Zinc recovery, since the
Franklinite (ZnFe2O4) decomposed resulting in Zinc and magnetite. Magnetite present in the
sample (and produced from franklinite decomposition) does not react with HCl and this is the
reason behind the low Fe recovery compared to every other metal found in the EAFD.
In order to ensure the repeatability of the experiments and their results; one
experiment was repeated three times. Repetitions were conducted at 350 C and all of them
had a ratio of 2 PVC to 1 EAFD. The results of the experiments are given in Table 24 and as
can be seen from the RSD in the table, the experiments have repeatable results.
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Table 24: Zn, Fe, Pb recovery% for a repeated exp. at 350c with (2-1) ratio

Ratio(2-1)

Zn

Fe

Pb

Temp.350
°C

Recovery%

Recovery%

Recovery%

1

94

36

48

2

91

33

48

3

97

32

50

Average

94

34

49

RSD

3

2

1

4.3.3 XRD Analysis of solid samples.
4.3.3.1 Effect of Pyrolysis on the XRD pattern
Raw EAFD was analyzed using XRD and it was found that the major phases found
within the raw EAFD were the following: Zincite ZnO, Franklanite ZnFe2O4, Magnatite
Fe3O4, Sylvite KCl, Halite NaCl and Paralaurionite PbOHCl. These peaks are shown in
Figure 39. The residue of the pellet after pyrolysis was compared with the raw EAFD for both
ratios (PVC: EAFD) 1:1 and 2:1. The overlap in Figure 39 shows that the residue patterns
have a hump over the raw EAFD pattern which is explained by the presence of organics in the
residue that resulted from PVC and produced within the pyrolysis process with EAFD. This
hump increase as the PVC amount in the mixture increase, this can be explained by the
presence of more organics in the higher ratio of PVC that is formed during the pyrolysis as
the PVC became present in more abundance as the TG analysis shows presence of organic
materials which degrade at temperature above 460 °C.

95

(a)

(b)

Figure 39: The overlap of XRD patterns of both residues with raw EAFD for specific experiments, ▲represents
magnetite peaks. (a) 17 at 350°C; ratio 1:1. (b) 19 at 350°C; ratio 2:1

From Figure 39 comparing the raw EAFD XRD pattern with the XRD pattern of the
pellets residue; it was observed that the major peaks of magnetite have almost similar peaks
and intensity in both patterns compared to the raw EAFD, which means that for both samples
(1:1 and 1:2) the magnetite didn’t react during pyrolysis. On the other hand, the Franklinite is
not seen in the pellet peaks, which was expected since the Franklinite decomposed to
magnetite during pyrolysis. And it is also clear that the Zincate peaks almost disappeared
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completely and have no presence in the residue XRD, which means that a high recovery of
Zinc is obtained with a low recovery of Fe, which confirms the results obtained from AAS.
Additionally, the XRD pattern of the pellet residue show that there is no presence of
the Halite and Sylvite peaks comparing with the XRD pattern with the raw EAFD, which
mean that the Na or K was leached in the water within the leaching process and this is
matching the AAS analysis that showed a complete recovery of K and Na.

3.4.2 Peaks identifications
It was already stated that the main peaks found in the XRD analysis for a pellet
residue is the magnetite and the hump formed from residual organic compounds as can be
seen in Figure 41 and Figure 40, but these are not the only peaks found. When investigated
the pellet residue gave XCD peaks that resembled those of Anglesite, Magnetite, Hematite,
and Phosphoferrite. And in order to ensure this, the XRD analysis was further investigated by
overlapping XRD patterns of the residue for each experiments with the XRD patterns for
these minerals (Anglesite, Magnetite, Hematite, Phosphoferrite) from the RRUFF database of
Raman spectra, X-ray diffraction and chemistry data for minerals, so all unknown peaks were
identified. Anglesite, Magnetite, Hematite, and Phosphoferrite do not have any Zinc content,
further supporting the AAS result with high recovery of Zinc.
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Figure 40: Peaks identifications of the XRD patterns of ratio1:1 experiment. at 200°C.

Figure 41: Peaks identifications of the XRD patterns of ratio 2:1 experiments. (f) 15 at 400°C.

From Figure 41 and Figure 40 it can be seen that Anglesite, Magnetite, Hematite, and
Phosphoferrite are present in both samples. And it can be seen that in Figure 41 the organic
compounds concentration is lower than that of Figure 40, this is because in Figure 41 the
sample had a ratio of 2:1.
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It can also be seen that at Figure 40 the concentration of magnetite is the same as in
Figure 41, although in Figure 40 the EAFD to PVC ratio is lower and the temperature under
which the experiment was conducted was 200 C, and experiment in Figure 41 was conducted
at 400 C. this could be explained using the hypothesis proposed by (Kosuda et al.,2012)
which was explained earlier in the pH section.

3.4.3 Effect of Temperature
The XRD pattern for pellet residue after the pyrolysis process for both ratios (1:1 and
2:1) was studied by overlapping the patterns of the pellet residues of different temperature
experiments, as shown in Figure 42. It was noticed that the hump in the XRD patterns for
both 1:1 and 2:1 ratios present in the first part of the patterns, the reason behind this behavior
is, as mentioned earlier, the organics that present in the residue.
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(a)

(b)

Figure 42: Comparison between the XRD patterns of: (a) Ratio 1:1 experiments. (b) Ratio 2:1 experiments.

Figure 42 overlaps show that the 2:1 ratio is more reactive and a higher recovery of
metals such as Zinc and Iron, which was noticed by the intensity of magnetite and other
mineral peaks, which is lower in case of 2:1 ratio. It also can be seen that the hump in ratio
2:1 is larger than in 1:1, this is caused by the larger presence of PVC which is the source of
organics. What one can also see from Figure 42 is that the experiments conducted at 200 C
had the highest magnetite concentration, supporting the hypothesis mentioned earlier.

3.4.4 Effect of washing of EAFD
At temperature of 400 °C some compounds such as K2ZnCl4 and Na2ZnCl4 are formed
(Lee and Song,2007), these compound restrain the zinc in the solid pellet because the low
solubility of these compounds, the raw EAFD was washed in some experiments (exp. 18 and
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19) with water in order to study the effect of K and Na compounds, these experiments were
carried in a temperature range of (200-400) °C. As shown in Figure 43 there are peaks of
Anglesite (PbSO4) present in unwashed samples but not present in the sample where EAFD
was washed prior to the pyrolysis.

Figure 43: Overlap of pellet residue for washed and unwashed EAFD. Exp. 15 and 18 at 400°C with ratio 2:1.

In Figure 43 it is clearly shown that Anglesite (PbSO4) is removed simply by washing
samples.

4.3.4 IR Results
Infrared spectroscopy is a powerful technique used to elucidate the mechanisms taking
place during the thermal degradation, especially, for samples containing polymers. Thus in
order to understand the mechanism by which PVC has degraded during the experiments, it
was necessary to analyze the PVC residue using IR. It was expected that IR would show no
chloride compounds/chlorine peaks; since it all volatized and escaped as HCl. This conclusion
was drawn via the fact that ASS showed high recovery of Zn within samples. It was expected
to view small chains or/and aromatic products remaining as a residue of the thermal treatment
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of PVC. The samples were analyzed using IR and the results of all different samples are
shown below.
Samples that were chosen to be analyzed by IR are only of a ratio of 2 PVC: 1 EAFD,
since at this ratio a better Zn recovery was obtained and a lower pH value at a shorter time
period was noted. The cake residue of the experiments containing PVC: EAFD was analyzed
using IR spectra. Figure 44 shows the spectra of the mixture 2PVC:1EAFD treated at 400 C.
From Figure 44 it can be seen that the main peaks indicate the presence of carboxylic acids,
aromatic rings and a very small amount of chloroalkanes.
400C

Figure 44: The spectra of the mixture 2PVC:1EAFD treated at 400 C.

The peaks indicating the presence of carboxylic acid are the ones appearing around
3275 cm-1 and 1406 cm-1 are attributed to the vibration and stretching of hydroxyl (OH) of
carboxylic acid. Furthermore, the bands appearing at 1730 cm-1 and 1272 cm-1 are related to
the Carbonyl (C=O) and C-O, These three functional groups identify without a doubt the
presence of Carboxylic acids.
The Aromatic rings are the product of degradation of PVC during pyrolysis, these
rings are identified by the bands at 1500 cm-1, 780 cm-1, 902 cm-1 and 840 cm-1 are related to
an aromatic (C=C), (=C-H), (C=CH2) and a benzene C-H, respectively. Aromatic rings are
one of the degradation products of the PVC polymer during the cyclization reaction phase.
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Chloroalkanes presence was detected at 2972 cm-1 and 548 cm-1 which indicate the presence
of (C-Cl) and (R-C-Cl). From Figure 44 it can be seen that the peaks have a very low
absorbance, which indicate that the concentration of chloroalkanes is very low. This entail
that almost all chlorine found in the PVC is released as HCl and the rest is in hydrocarbon
form. Figure 45 shows the IR spectra obtained from analyzing the PVC: EAFD after
pyrolysis.
350C

Figure 45: The spectra of the mixture 2PVC:1EAFD treated at 350 C.

As can be seen Figure 45 shows that same basic compounds found in the treated
samples at 400 ºC, the only difference is that at 350 ºC the absorbance of choloralkanes is
slightly higher than that of the samples treated at 400 ºC. This could possibly imply that at
higher temperature a better release of HCl is achieved. This is shown clearly in Figure 46
where a comparison is held between the sample treated at 400 ºC and another treated at 350
ºC.

400C

350 C

Figure 46: A comparison between sample treated at 400 C and a sample treated at 350 C.
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In order to further understand the pyrolysis process; pure EAFD was studied to
determine the changes that occur to EAFD during pyrolysis. Figure 47 shows a high
concentration of chlorine compounds present in EAFD, this is normal since EAFD has a high
concentration of potassium chloride and sodium chloride.
EAF

400C

350C

Figure 47: A comparison between pure EAFD and samples with a ratio of 2 PVC: 1 EAFD that were treated at
350 C and 400 C respectively prior to analysis.

The presence of metals is not detected in EAFD using IR, but the presence of carbon
and CO3 was detected. There were other compounds detected in pure EAFD, and they are
elaborated in Figure 48, Figure 49 and Figure 50 these compounds weren't detected using
XRD analysis. Figure 48 and Figure 49 shows a part of the pure EAFD IR spectra that
indicates the presence of Na2HPO4 and K2HPO4, both compounds couldn't be identified
using XRD.
EAFD

Figure 48: the presence of Na2HPO4 in pure EAFD
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EAFD

Figure 49: The presence of K2HPO4 in pure EAFD

It should be noted that these compounds are still under investigation, since phosphor
content analysis must be carried out in order to confirm the presence of these particular
compounds. Figure 50 shows the presence of CuSO4 (in hydrate form) present in EAFD.

EAFD

Figure 50: The presence of CuSO4 (in hydrate form) present in EAFD

The following figures show the presence of Na2HPO4 and Na2HPO7 shown in Figure
51 and Figure 52 respectively.
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350

Figure 51: Presence of Na2HPO4 in samples treated at 350 C
350

Figure 52: Presence of Na2HPO7 in samples treated at 350 C

Figure 51 indicates the presence of Na2PHO4 in samples, which came from EAFD
(see Figure 48) the presence of Na4PO7 is also detected in samples treated at 400 C as shown
in Figure 53, and the presence of K2HPO4 detected in samples treated at 400 C as shown in
Figure 54. Humic acid was also detected in samples treated at 350 C, and 400 C and the IR
spectra indicating its presence is shown in Figure 55 and Figure 56 respectively.

Figure 53: Presence of Na4PO7 in samples treated at 400
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Figure 54: The presence of K2HPO4.

Figure 55: Presence of Humic Acid in samples treated at 350 C

400C

Figure 56: Presence of humic acid in samples treated 400 C
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The presence of humic acid is not a surprise since it is mentioned earlier that
carboxylic acid is a major compound found after PVC degradation; and humic acid is a
relatively smaller compound than PVC and contains carboxyl functional group as well as
aromatic functional groups, which explains why it is present in Figure 55. Humic acid is also
present in samples treated at 400 C, as shown in Figure 56. The presence of zinc sulfate was
also detected for samples treated at 350 C and 400 C and the IR spectrais shown in Figure 57
and Figure 58 respectively.
350

Figure 57: The presence of Zinc sulfate in samples treated at 350 C

It is clear from Figure 57 that there is a presence of zinc compound, which is perfectly
natural. Since at 350 C a high recovery of zinc was obtained, but the recovery wasn't 100%.
So the presence of zinc in samples is natural. The presence of Zinc sulfate is also detected in
samples treated at 400 C as shown in Figure 58 which is shown below.
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400C

Figure 58: The presence of Zinc sulfate for samples treated at 400 C.

In Figure 59 epoxy was detected using IR spectra, the epoxy was detected only 400 C.
which might indicate that at higher temperature PVC is degraded to a higher degree.
However this statement needs further investigation.

400C

Figure 59: The presence of epoxy in samples treated at 400 C

4.3.5 Thermal Analysis
The analysis was achieved for both samples of different Temperature using TGA. The
TG/DGA curve of each sample was very similar to pure PVC curve rather than EAFD Curve;
the TG/DGA curve of PVC in Figure 60 include mainly tow mass loss stages the first one is
due to hydrochloric acid emission and it localized between (220-250) ˚C. depending on the
measurement conditions such as the type of atmosphere and its flow rate in order to the
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heating rate. The end of this stage localized between (300-370) ˚C. The second stage includes
the degradation of heavy Hydrocarbon content and it located above 400˚C.

Figure 60: TG curve for pure PVC

In Figure 61 and Figure 62 the TG/DTA of pyrolyized samples with the same EAFD: PVC
ratio (1:2) it show that there is one sharp decrease region in TG curve at 412 ˚C rather than
tow such as in PVC curve which mean that all the Hydrochloric acid was emitted and reacted
with EAFD content in previous step, since it has been working in specific temperatures for
each sample (350-400) ˚C to ensure the emission of (HCl) completely.
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Figure 61 : TG/DTA curve for pyrolysed sample (EAFD: PVC, 1:2) at 350 ˚C in nitrogen atmosphere with flow
rate 50 ml/min and heating rate 10deg/min.
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Figure 62 : TG/DTA curve for experiment 15 (EAFD:PVC, 1:2) at 400 ˚C.

The DTA of both samples exhibit one exothermic peak around 465 ˚C correspond to
heavy Hydrocarbon degradation.
In Figure 63 slightly difference in the TG curve of both samples where the mass loss
in pyrolized sample at (400˚C) was relatively higher than that in case of pyrolized sample at
(350˚C) and that refer to the higher temperature in case of 400˚C, however as the temperature
increase the weight loss increase. This is because the sample that was pyrloized at 350 C was
washed with Acetone prior to TGA testing, which caused this disturbance in the curve, since
most organic compounds were already leached out of the sample.
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Figure 63: TG curve for both samples at different temperature (exp.11 at 300 ˚C and exp. 15 at 400 ˚C)

The DTG of both samples show that the maximum weight loss was peak around 465
˚C correspond to heavy Hydrocarbon degradation.

4.3.6 GC results
Table 25 shows GC analysis of samples at different temperature. The qualitative
analysis of the emitted material during pyrolysis and after combustion of some samples are
represented in Table 25, these hydrocarbon material are biodegradable.
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Table 25: GC results of some sample at different temperature

Temperature° C

PVC:EAFD

350

2:1

400

2:1

Material degraded

Anthracene, Fluorine, 1,1Biphenyl, 4methel,
Cyclohexadecane,
Anthracene,
Palmitic
acid,
Benzenepropanoic
Ethylhexylmethylphthalate ,Methyl 13-octadecenoate
Octanoic acid ,trimethylsilyl ester, Phosphoric acid
2-Hexenoic acid, 2-[(rimethylsilyl)oxy], trimethylsilyl ester
Nonanoic acid, trimethylsilyl ester, Lauric acid
1,2-Benzenedicarboxylic acid
Octanedioic acid, bis(trimethylsilyl) ester
Palmitic acide, Oleic acid, Octadecanoic acid
Azelaic acid
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4.4 Summary of Results and Discussion
At first PH result explain the behaviors of EAFD-PVC pyrolysis which is basically
divided into two mechanisms the first one is (solid-solid) reaction at 200 ºC. the second
behavior of reaction happened at temperature above 200ºC where hydrochloric acid gas
emitted at first and then reacted with metal oxide content. When the reaction between metal
oxides and hydrochloric was finished the pH remained constant at acidic conditions.
The basic pH viewed in the early stages of experiment is attributed to the presence
sodium and potassium in EAFD, they are found as NaCl and KCl. Both NaCl and KCl are
soluble in water so washing EAFD prior to pyrolysis was done, in these experiments the pH
value didn’t show any increase, which means that the basic behavior was due to the NaCl and
KCl pyrolysis products (K2O and Na2O respectively). These products react with water
forming NaOH and KOH which are strongly basic.
Zinc recovery was affected by temperature and ratio of EAFD to PVC, where higher
amounts of PVC lead to a better zinc recovery. The temperature relation to zinc recovery was
more complicated, where zinc recovery was higher at 200 C due to the solid-solid mechanism.
But at higher temperature than 200 C, the zinc recovery improved by increasing the
temperature of the reaction.
The samples remaining after pyrolysis showed the presence of these mineral phases
(Anglesite, Magnetite, Hematite, and Phosphoferrite). The organic phases were affected by
the amount of PVC where a higher amount showed a "bigger" hump in the XRD analysis. the
hump was because of the presence of organic matter. This Organic matter was identified
using IR spectroscopy and was found to have the following functional groups: carboxylic
acids (Carbonyl (C=O) and C-O), aromatic rings (are related to an aromatic (C=C), (=C-H),
(C=CH2) and a benzene C-H, respectively) and a very small amount of chloroalkanes (the
presence of (C-Cl) and (R-C-Cl). The pure EAFD was also analyzed using IR, and showed a
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high concentration of chlorine compounds due to the high concentration of potassium chloride
and sodium chloride. Pure EAFD was analyzed using IR to identify new compounds such as
Na2HPO4 , K2HPO4 that can be found after pyrolysis.
After pyrolysis samples show a TG behavior that is identical to PVC rather than
EAFD. This means that all the metal in EAFD was released as metal chloride . This
emphasizes all the above results and expectations from this research.
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Chapter 5: Design of the leaching tank
As mentioned earlier it was concluded that the optimum condition of Zinc extraction
that can yield 94% zinc recovery on average is at: 350 oC and PVC:EAFD ratio of 2:1. Based
on these conditions the following process flow sheet was chosen.
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5.1 Proposed Process flow sheet
Recycled
EAFD

Bag Filter or
Electrostatic
precipitation

EAFD
Mixer or
Rotary drum
or Ball mixer

Shredder
or grinder

PVC Flaks

PVC

1EAFD:2PVC
Combustio
n+
Filtration

Hopper

Pelletizer

N2

Compressor

Pellets

Rotary Kiln

ƫ = 1 hr

Pellets after Pyrolysis

250-350©

MackupH2O

N2
Reinsert in the Filtration
Steel furnace
+
Drying

RecycledN2

Flue gas

Leaching
Tank

Cake

Supernatant

Pb cements
Cd
Smelting

Filtration
PURIFIED
SOLUTION

Cementation

Zn Powder
CONCENTRATE
SOLUTION

DEPLETED
SOLUTION

CRISTALLIZATOR

Pb

H2SO4

Recator

ZnSO4

ZINC
ELECTROWINNING
Titanium cathode,
graphite anodes

NaCl
KCl

ZINC CATHODES

Figure 64: Proposed process flow sheet of zinc recovery by thermal treatment of EAFD with PVC waste.
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5.2 Flow sheet Discussion
The EAFD flow from the dosing tower to the mixer unit to combine with PVC that
came from the shedder with suitable size, the amount of PVC powder should be more than the
amount of EAFD by two factors (2 PVC: 1 EAFD), all the emitted fine particles in mixing
unit are collected into bag filters or electrostatic precipitator to feedback into the EAFD flow
line.
The (PVC and EAFD) mixture are collect and storage in hopper part to dispense this
mixture through the use of gravity. Then it move on to pelletizer unite to form the mixture in
pellet form to make it easier handling.
The pellets then get into the rotary Kiln at temperature range (250-350)°C where it
achieved higher recovery of the voluble metals, the retention time is one hour which is the
time required to complete the reaction, the N2 gas flow to Kiln by compressor to provide inert
atmosphere.
Later on the pyrolized pellet crush and move into leaching tank to extract all the Metal
content by water. Then slurry filter to separate the residue from filtrate after that the residue
dried and send again to steel furnace, then the supernatant mixed with Zn Powder to achieve
the cementation later it will filtrate aging to separate both of cd and lead by smelting.
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5.3 Design of leaching tank
Since most of the metal extraction processes were carried out using an agitation
leaching tank unit for leaching process, the designing of a leaching tank was chosen.
The inlet amount to the process was selected to be 1 ton of EAFD mixed with 2 tons
of PVC each day. To form 3 tons of the mixture the losses of this inlet amount was estimated
to be 22% so that about 2.36 ton of the solid mixture will arrive the leaching tank. Each 2.36
ton/day solid mixture will enter the leaching tank will need 96.27 ton of water.

Table 26: Design specification of leaching tank.

Specification design
Residence time (min.)
Density of slurry
Total volume of slurry(m3)
Number of tanks
Volume of one tank(m3)
Height of tank(m)
Diameter of tank(m)
Material of construction
Diameter of baffles(m)
Space between baffles and tank wall (m)
Impeller diameter (m)
Rpm

20
1338
49
2
25.8
8.6
3
Stainless steel
0.25
0.045
0.9
81

Power (kW·h per ton of Zn produced)

111.2
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Chapter 6: Conclusions
EAF dust is highly valuable material in term of its metals content, particularly zinc,
The treatment of this dust with PVC was found to be highly effective for recovery of zinc
from EAF dust. It is proposed that there are two mechanisms of the reactions between EAF
dust and PVC where treated under pyrolysis conditions. The first mechanism is believed to
occur when treatment temperature is below 225 oC under which the recovery of zinc is as high
as 93%. The reaction was proposed to be of solid-solid or solid-liquid behavior. While for
experiment carried on temperatures of (250, 300, 350, 400 oC) the hydrochloric acid was
released from PVC then react with the metal oxides present in the EAFD. The ratio between
PVC and EAFD affect the recovery of Zinc, that the higher PVC to EAFD ratio (2:1) recovers
higher percentage of zinc.
The Iron recovery is much lower than the zinc recovery since the Franklinite phase
decomposes to zinc oxide and magnetite during pyrolysis.
It was found that and the optimum condition of zinc extraction that can yield 94% zinc
recovery on average is at : 350 oC and PVC:EAFD ratio of 2:1. The Iron and Lead average
recovery percent at these conditions were 34% and 49 % respectively.
The analysis of the residue of pellets shows that there is no presence of HCl in the
residue, also there is no presence of zinc, indicating that treatment is successful.
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Figure 65: The overlap of XRD patterns of both residues with raw EAFD for all Experiment
of ratio 1:1, ▲represents magnetite peaks. (a) 7 at 200°C. (b) 13 at 250°C. (c) 14 at 400°C. (d)
16 at 300°C. (e) 17 at 350°C. (f) 19 at 400°C (washed the raw EAFD).
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Figure 66: The overlap of XRD patterns of both residues with raw EAFD for all Experiment of ratio 2:1,

▲represents magnetite peaks. (a) 8 at 225°C. (b) 9 at 250°C. (c) 10 at 300°C. (d) 11 at 350°C. (e) 12 at
200°C. (f) 15 at 400°C. (j) 18 at 400°C (washed the raw EAFD).
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Peaks identifications:
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Figure 67: Peaks identifications of the XRD patterns of ratio1:1 experiment. (a) 7 at 200°C. (b) 13 at 250°C. (c)
14 at 400°C. (d) 16 at 300°C. (e) 17 at 350°C. (f) 19 at 400°C (washed the raw EAFD).
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Figure 68: Peaks identifications of the XRD patterns of ratio 2:1 experiments. (a) 8 at 225°C. (b) 9 at 250°C. (c)
10 at 300°C. (d) 11 at 350°C. (e) 12 at 200°C. (f) 15 at 400°C. (j) 18 at 400°C (washed the raw EAFD).
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Figure 69: Calibration curve of tube furnace.
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Appendix B
Leaching Tank design

The volume of the tank can be found from, ,(Mular et al.,2002)
t = V/v

Equation 23

Where the t is the residence time, V is the volume of the slurry in the tank and v is the
volumetric flow rate.
Assuming the residence time equal to 60 minutes to make sure; complete dissolution
of ZnCl2 inside the solid particles in water.
Flow rate of mixture = 2.36 ton/day

Density of slurry = ɛρ+ (1- ɛ) ρp

Equation 24

ɛ = 0.024
ρ = 1338 kg/m3
Volumetric flow rate of slurry = 3528 m3/day
Volume = [(49 m3/day) (20min) (1 day/24 hour) (1hour/60min)] = 49 m3
In this case multiple leaching tanks will be used, typical 2 leaching tanks in parallel
will be used to avoid short circuit which occurs in large tank and the difficulty of control.
(Mular et al.,2002)
Then, V of slurry in each tank will equal to:
V*= 25.8 m3
Assuming the height of the slurry in the tank equal to the diameter, so that:
V= π D2 h/4 = π D3/4

Equation 25
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D =3m
The Highest of the tank H=3D

Equation 26

H=8.9 m

Pressure= ρ g h

Equation 27

= 502.6 KPa = 4.96 bar
Material of construction is stainless steel .
Baffles design
The tank must be baffled to enhance the mixing, four baffles will be used. (Standard)
Diameter of baffle = 1/12 Dt

Equation 28

=0.25 m
The spacing between baffles and the tank wall = 1.5% Dt

Equation 29

The spacing between baffles and the tank wall .045 m.
Impeller design
The impeller type in the leaching tank selected to be pitch blade turbine with six
blades located with a clearance of 1/3 of vessel diameter above the bottom. And has a primary
axial discharge flow which is normally directed downward. The pitched blade turbine is
especially suited for application such as blending and solid suspension. (Mular et al.,2002)
Diameter of impeller = 1/3 tank diameter

Equation 30

=1m
148

Reynolds number for mixing system, Re = ρND2/µ Equation 31; Where ρ is the fluid density, N
is the impeller rotation speed, D is the diameter of impeller, µ is the fluid viscosity

µ=µH2o*(1+2.5*Ɛ+10.05*Ɛ^2+0.00273 exp (16.6*Ɛ))

Equation 32

N = 568.5 rpm
Re = 8*10^6
Power required for impeller:
Np=5.75
P=NP ρN3D5/103

Equation 33

Then multiplied by safety factor=1.57
P = 2600.153 KW = 3.485.46 hp
=2600.153 KW X 330 days X 24 hour = 20.59X106 KWh.

Cost estimation:
Cost of electricity =0.212 JD/KWh = 0.299 $/KWh
Cost for electricity for one tank = 6.158 X103 $/month
Cost of two tank = 2 X 6.158 X106 = 18.631 X103 $
Cost of agitator tank based on CEPCI:
C = exp[a + b In HP + c(ln HP)2] $

,

1 < HP< 400

Equation 34

C = exp[8.52+ -0.1802 In (236/ 3.4855) + 0.1158(ln (236/ 3.4855))2] = 18360.75$
Based on Marshall and swift index 1985 was 790, in 2012 is 1530
(1530/790) = (X/18360.75)
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Price in 2012 is 35559.42 $,
For two tanks is =~ 71000 $.
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