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Introduction

Recently, waste incineration has been a preferred 
alternative in hazardous waste and sewage sludge man-
agement in developed countries since landfilling became 
more difficult to site due to high costs, diminishing land 
availability, more strict regulations, and frequent public 
opposition to establishing new landfills [1]. the substan-
tial reduction of volume of waste and the generation of 
usable energy during combustion are the most important 
advantages of waste incineration [2, 3]. however, the 
control of gas emissions and solid residues (e.g., bottom 
ash, fly ash, filter cake) produced following the incinera-
tion processes are the major problems encountered in to-
day’s waste incineration practices. therefore, research on 

waste incineration and its threats to human health have 
been attracted by researchers. in the last 25 years, many 
studies have been carried out in order to characterize the 
emissions of hazardous waste incineration plants. Along 
with the emissions, in recent years, the organic and heavy 
metal contents of wastes have become an important re-
search subject [4].

During combustion, the chlorine present in wastes re-
acts with heavy metals to generate metal chlorides that are 
more volatile than metal oxides. therefore, toxic metal 
compounds may widely present in gas emissions and fly 
ash [5].

the flue gas in the incineration plants may include a 
variety of instable combustion products such as chlori-
nated organic compounds, polycyclic aromatic hydro-
carbons (PAhs), polychlorinated biphenyls (PCBs), and 
adsorbable organic halogens (AoXs). in incineration 
plants, chlorinated aromatics are observed in different *e-mail: sevilv@kou.edu.tr
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Abstract

in this study, the chemical characterization of solid residues, i.e., bottom ash, fly ash, and filter cake, 
produced from the izmit hazardous and Clinical waste incineration Plant (izAyDAS) was investigated. 
the izAyDAS is located in the city of kocaeli in turkey and it has been in use since 1997. Several param-
eters were measured, including AoX, Cl-, CN-, So4

2- and selected heavy metals including Pb, Cd, Cr(Vi), 
Cu, Ni, hg, As(iii), and zn. the results showed that although the temperature and furnace residence time 
inside the kiln are maintained for complete combustion, cold points and pyrolytic conditions may occur lo-
cally and cause the formation of products of incomplete combustion in bottom ash. Fly ash has the highest 
content of soluble metals among the solid residues investigated. The concentrations in leachates are gener-
ally low in filter cake. Moreover, it has been proven that the AoX levels are higher in the bottom ash than 
in both the fly ash and filter cake.
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temperature ranges [6]. Chlorinated organic compounds 
generally penetrate the environment through water chlori-
nation, combustion processes and the forest industry [7]. 
organically bounded adsorbable halogens are very stable 
in nature and may aggregate in the food chain [8]. in the 
abbreviation of AoX, X stands for a halogen, i.e. chlo-
rine, bromine and iodine [9]. Since the AoXs can easily 
dissolve in water, in most of the studies usually the AoXs 
dissolved in water are analyzed [8, 10].

Although incineration technology has for a long time 
been used for the removal of domestic and hazardous 
wastes in the world, it is a new subject in turkey. the first 
and only waste incineration plant of turkey, izmit hazard-
ous and Clinical waste incineration Plant (izAyDAS), is 
located in the province of kocaeli, the most industrialized 
area in turkey. the izAyDAS has been in use since 1997 
and currently is operated by the Metropolitan Municipal-
ity of kocaeli.

the objective of this study is to evaluate the AoX 
content, heavy metal content (Pb, Cd, Cr(Vi), Cu, Ni, 
hg, As(iii), zn), and the concentrations of Cl-, CN-, So4

2- 
in bottom ash, fly ash and filter cake produced from the 
izAyDAS. the samples were collected from time-to -time 
when enough amounts were obtained. While the bottom 
ash samples were collected approximately once per week, 
the samples of fly ash and filter cake were collected ap-
proximately every three and two weeks, respectively.

Presentation of the IZAYDAS Incineration Plant

the izAyDAS is located in an 800,000 m2 area, 
32,000 m2 of which is used as a combustion plant and the 
rest has a landfill area constructed for both municipal and 
hazardous waste storage.

Although the izAyDAS is constructed to incinerate a 
total capacity of 35,000 tons of waste per year, the plant 
is usually operated at 80% of its capacity due mainly to 
the lack of waste. Various industrial wastes including 
plastic and rubber wastes, cosmetics wastes, used lubri-
cants and oil residues, waste paint, and clinical wastes 
are combusted in the plant. explosives, radioactive mate-
rial, and slaughterhouse wastes are not accepted by the 
plant. Analysis of all waste transferred to the plant is done 
with respect to the appearance, smell, density, oil, water 
and sludge content, halogen amount, sulfur amount, and 
calorific value. All of the analysis is carried out in a labo-
ratory located within the plant according to the criteria 
mentioned in the hazardous waste Control Act of turkey 
(hwCA) [11].

the izAyDAS consists of five main parts, i.e. a waste 
storage area, a rotary kiln, a post-combustion chamber, 
vapor and energy production systems, and ash collection 
systems. the process flow scheme of the plant is shown 
in Fig. 1. After the wastes are accepted to the plant ac-
cording to laboratory analyses, they are transferred to the 

Fig. 1. the plant process diagram and sampling points [14].
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intermediate storage area and stored based on their physi-
cal and chemical characteristics. Then a waste menu is 
prepared according to the plant’s incineration conditions 
determined during the trial burning processes. A typical 
composition of waste menu is presented in Fig. 2.

the izAyDAS is designed to incinerate a maximum 
4,100 kg of waste per hour. the main control parame-
ters for the incineration process are the calorific value of 
wastes, minimum incineration temperature and halogen 
contents of wastes. in the izAyDAS, in order to meet the 
legal standards of gas emissions, the maximum concentra-
tions of halogens in the waste menu are pre-determined as 
4% of chlorine, 5% of iodine, bromine and fluorine, 1% 
of phosphorus, and 1% of heavy metals. in order to main-
tain the optimum incineration temperature, the daily waste 
menu is enriched by fuel oil. When the temperature of the 
rotary kiln reaches 425-450°C, the rotation around the axis 
starts automatically and the rotation speed is adjusted with 
respect to the amount and characteristics of the waste. Al-
though the rotation speed is chosen as 5-8 rotations/hour, if 
necessary, it may be increased up to 30 rotations/hour. the 
main reason for this rotation is the radial mixture of wastes 
and the enrichment of wastes with air. In order to maintain 
complete combustion and necessary air enrichment, sec-
ondary air is also provided from a bunker using suction 
fans. in the rotary furnace, 8% of oxygen is automatically 
maintained. the clinker output is 120-150 minutes period 
to incinerate the wastes transferred to the rotary furnace at 
900-1150°C. therefore, the wastes are completely exposed 
to rotary kiln heat in every stage. Following the first stage 
of incineration, approximately 15% of waste and unburned 
clinkers are transferred to a container by a wet clinker con-
veyor through the section in-between the rotary furnace 
and the post combustion chamber. The waste gas emerged 
from the wastes incinerated in the rotary kiln is transferred 
to the post combustion chamber for a secondary burning. 
The post combustion is carried out in a vertical shaft hav-
ing dimensions of 12 m in height and 4.1m in diameter. 
The waste gases are re-incinerated in the post combustion 
chamber at 900-1200°C for 2.5 seconds. this process is 
completed approximately in 10-15 minutes.

the waste gas having 1050-1250°C coming from the 
post combustion chamber enters the wastewater tank hav-
ing a heating surface (2500 m2). in the wastewater tank, 
27.1 tons/hour vapor is produced at 350°C under pressure 
(40 bars).

Ash collected in the wastewater tank is first transferred 
to the economizer section from the vaporization section 
by the wet clinker conveyor, and then stored at the ash 
silo for analyses.

the temperature of the flue gas leaving the waste heat-
ing boiler reduces to approximately 180-200°C. the dust 
particles are removed by an electrostatic filter unit where 
effective dust separation takes place with a minimum 
99% efficiency. the dust trapped at the electrostatic filter 
is carried to the ash silo by the conveyor and collected in 
impermeable bags for further evaluation.

the gas leaving the electrostatic filter is washed out 
in the venturi scrubber unit using water and 10% of con-
centrated lime solution under a reverse flow. in this unit, 
the halogen compounds along with the heavy metals are 
trapped. Following this unit, the flue gas passes through the 
lime spray scrubber in which neutralization, oxidization 
and absorption take place. the primary aim of this unit is to 
remove So2; however, the remaining halogen compounds 
and heavy metals are also removed from the flue gas.

The wastewater coming from the entire air pollution 
control unit within the plant is transferred to the physi-
cal and chemical wastewater treatment unit. here, the 
wastewater is treated by adding 15% dilute solution of 
trimerkaptotriazin-Na (tMt-15), 45% dilute solution of 
FeCl3, 0.1% solution of polyelectrolyte, and 10% of lime 
solution. After the effluent is treated in the dissolved air 
flotation (DAF) tank, it is transferred to the municipal 
wastewater treatment plant of kocaeli for final treatment 
and disposal.

the sludge taken from the DAF tank is sent to the fil-
ter press unit, where it is dewatered and turned into filter 
press cake. the filter press cake is also stored for further 
evaluation similar to the other solid residues.

the treated flue gas having a temperature of 50-58°C 
is discharged by the stack (65 m in length and 1.2 m in 
diameter) to the atmosphere using a suction fan. The plant 
also has an on-line flue gas analysis room where particle, 
hCl, hF, Nox, So2, Co, Co2, o2, humidity and toC are 
analyzed frequently using Fourier Transform Infra Red 
(FTIR), Flame Ionization Detection (FID) and particle 
measurement equipment.

Following laboratory measurements, solid residues 
are managed according to the requirements indicated by 
the hwCA [11]. if the standards are not met, they are re-
incinerated.

Materials and Methods

the samples are collected from bottom ash, fly ash, 
and filter press cake in order to determine the concentra-
tions of AoX, Pb, Cd, Cr(Vi), Cu, Ni, hg, As(iii), zn, Cl-, 
CN-, and So4

2-.
Samples of bottom ash, fly ash and filter cake were 

taken according to tS 12090 and iCS 13.03.10. For each 
group, 2 kg of sample was taken, dried for 24 h at 105°C, 
and homogenized by mixing.

Fig. 2. waste menu composition.
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the AoX is determined in the leachate by preparing 
eluate for solid residues. The eluate samples are prepared 
following the method of DiN 38414-S4. the AoX amount 
is determined by AD-2000 Adsorption Module and DX-
2000 organic halogen Analysis Module according to 
DiN 38409 method. All of the measurements are carried 
out in the certified laboratory located in izAyDAS plant. 
The following procedure is followed:
 – the percentage of the solid matter is determined.
 – Particle dimensions bigger than 10 mm are broken 

up.
 – Samples equivalent to 100 g of solid matter are 

weighed.
 – the sample is shaken in a 2 l jar of 1 l pure water at 

room temperature for 24 hours.
 – the undissolved part is separated by filtration using a 

0.45 µm filter.
in the AoX device, organic halogens adsorbed on 

active carbon are determined in the water consisting of 
halogens such as Cl, Br, and i that have more than 10 µg/l 
and organic carbon that dissolved less than 10 mg/l. the 
organic matters in water are adsorbed in the active car-
bon and acidified with nitric acid. later, it is washed with 
sodium nitrate solution to remove the inorganic parts of 
the halogens on active carbon. The active carbon charged 
after this process is incinerated under oxygen flow. the 
halogens in the organic halogen compounds react with 
hydrogen and pass through the titration container and are 
measured with the microcalometric method.

the concentration of heavy metals in bottom ash, fly 
ash, and filter cake were determined using inductively 
Coupled Plasma Atomic emission Spectroscopy (iCP/
AeS) (Spectra) located at the izAyDAS laboratory. the 
method of DiN 38406-e22 was followed and the results 

were expressed on weight basis (weight of metal to to-
tal dry weight of sample). Before the iCP/AeS analy-
sis, 3 g samples of each group were digested in 50 ml of 
hNo3:hCl mixture at 3:1 by volume for 24 h.

the concentration of Cl- is measured by using an Ion 
Chromatography (iC) (Dionex) Device according to the 
method of DiN 38405-D20. the measurements of CN- 
and So4

2- were carried out using a genesys Spectropho-
tometer (Spectronic).

Results and Discussion

the results are presented in table 1. the level of 
AoX in bottom ash was higher than that in fly ash and 
filter cake. this is due mainly to incomplete combustion. 
It should be noted that the samples were not collected at 
the same time since the residues were collected as they 
were available. the complete mixture of the wastes in 
the bunker affects the compounds of the menu since al-
most half of the incineration menu is carried out in the 
bunker. in cases of incomplete incineration, organic and 
inorganic compounds are generated and inorganic halo-
genated compounds are observed [12]. organic haloge-
nated compounds can be found in bottom ash in different 
temperature ranges [6]. in the bottom ash, most of the 
high molecular organic halogenated compounds precipi-
tate in solid form. the reason for AoX in the filter cake 
is the treatment of the wastewater generated during the 
flue gas treatment where heavy metals were transferred 
into compounds that hardly dissolve in water. During 
this treatment, since the dilute solution (45%) of FeCl3 is 
added for flocculation, the concentration of Cl- in the fil-
ter cake increases. Moreover, as the AoXs are adsorbable 

table 1. the concentration of parameters determined in bottom ash, fly ash and filter cake.

Parameters
(mg/l)

Bottom Ash Fly Ash Filter Cake

Ranges Means Standard 
Deviation Ranges Means Standard 

Deviation Ranges Means Standard 
Deviation

AoX 0.014 – 1.879 0.404 0.59 0.012 – 0.137 0.065 0.061 0.004 – 0.062 0.027 0.019

Pb <0.021 – 0.132 0.064 0.031 <0.076 – 28.51 13.34 9.74 <0.076 – 0.291 0.104 0.062

Cd <0.0009 – 0.04 0.019 0.019 0.978 – 10.89 6.53 4.29 <0.0009 – 0.0047 0.0034 0.0013

Cr (Vi) <0.007 – 0.685 0.052 0.159 0.01 – 0.101 0.048 0.042 <0.007 – 0.101 0.017 0.026

Cu <0.002 – 0.4718 0.1057 0.128 8.17 – 497.5 253.73 189.51 <0.002 – 0.054 0.014 0.015

Ni <0.0037 – 0.3848 0.0474 0.088 2.031 – 31.8 9.04 11.39 <0.0037 – 0.0251 0.0107 0.0065

hg <0.0048 – 0.0598 0.0134 0.014 <0.0048 – 1.174 0.203 0.476 <0.0048 – 0.0167 0.0087 0.0032

zn 0.0031 – 1.511 0.1975 0.359 407.5 – 12951 7939.9 5633.8 0.055 – 0.600 0.247 0.232

As (III) <0.0276 – 0.031 0.029 0.002 <0.0276 – 0.031 0.029 0.0016 <0.0276 – 0.163 0.041 0.036

Cl- 70 – 380 177.86 98.15 200 – 9800 5383 4757 120 – 880 462 273.7

CN- 0.0019 – 0.059 0.011 0.016 0.0584 – 4.59 0.91 1.83 0.002 – 0.067 0.0298 0.0265

So4
2- 1320 – 2040 1676 216.82 540 – 49980 11633 18936 60 – 340 187.3 75.83
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organic halogens that can dissolve in water, little amount 
of it aggregates in the cake [9]. the AoXs can also be 
found in the smoke generated from the furnace and fly 
ash [13]. the more halogen-containing wastes incinerat-
ed, the more AoX is formed in the fly ash. Nevertheless, 
the halogens may help Clo2 generation during the incin-
eration process. the amount of AoX may be decreased 
when Clo2 is formed. hence, the amount of AoX is less 
in fly ash than that in bottom ash. in addition, the volatile 
forms are either held on particular matters or get through 
the stock as emission. the detailed presentation of AoX 
content of solid residues produced from the izAyDAS 
can be found elsewhere [14].

The concentrations of most of the heavy metals (Pb, 
Cd, Cu, Ni, hg, zn), Cl-, CN-, and So4

2- are much higher 
in fly ash than that in bottom ash or filter cake. the only 
two exceptions are Cr(Vi) and As(iii). while the Cr(Vi) 
concentration is higher in bottom ash, the As(III) concen-
tration is higher in filter cake. Pb is volatilized at tempera-
tures higher than 600°C. At 1000°C of temperature, Pb is 
combined with Cl- and/or CN-, and PbCl2 and/or Pb(CN)2 
is produced. At temperatures higher than 1000°C, it is 
possible to produce Pbo. later, Pbo may be combined 
with So2 to produce PbSo3 or PbSo4 [15]. Since the dis-
solutions of PbCl2 and Pb(CN)2 in water are low, they are 
usually deposited in fly ash [16].

At temperatures of 600-1000°C, CdCl2 may be pro-
duced under the hCl existence. At temperatures lower than 
600°C, CdSo4 may be produced if So2 exists. however, at 
temperatures higher than 1000°C, it may be in the form 
of Cdo [15]. on the other hand, Cdo is deposited in fly as 
when the wastes are combusted at elevated temperatures 
[17]. Since some amount of Cl- exists in the system, CdCl2 
may be dissolved in liquid and later dissociated to Cd2+ and 
2Cl-. hence, it is likely that Cdo might be present in filter 
cake. Although Cr(Vi) is considered as a non-volatile ele-
ment, it may be semi-volatile at temperatures higher than 
1100°C. Cr(Vi) is generally measured in higher amounts 
in fly ash than that in bottom ash and filter cake [17]. in this 
study, due to the low Cr(Vi) content of waste combusted at 
the plant, the Cr(Vi) content measured is generally low. Cu 
might be in the form of Cuo at low temperatures. on the 
other hand, it forms CuSo4 and CuCl2 at 500-650°C and 
800°C, respectively. Moreover, Cu is a semi-volatile ele-
ment and it is deposited mostly in fly ash [15]. while CuCl2 
dissolves in water, CuCN does not and it might be depos-
ited in fly ash. Although NiCl2 is hardly dissolved in liquid, 
it is oxidized after loosing Cl- when it is heated. If it is in 
the form of NiCl2.6h2o, its solubility is high. on the other 
hand, if it is in the form of Ni(CN)2.7h2o, it loses water 
at 200°C and even dissociate at higher temperatures. it is 
possible to form [Ni(CN)4]

2- or Ni(Co)4 that are dangerous 
compounds. while Nio and NiSo4 may form at tempera-
tures below 900°C, it is likely to form Ni(oh)2 and NiCl2 
at temperatures higher than 900°C. As noted by other re-
searchers, Ni is deposited in fly ash rather than bottom ash 
or filter cake [17]. Since hg is a volatile element, it is oxi-
dized at temperatures lower than 600°C and forms hgCl2 if 

there is hCl in the system. hgCl2 cannot dissolve in water 
and it is deposited in fly ash. under the So2 existence, it is 
possible to form hgSo4 [15]. if hg(CN)2 is formed, it may 
not dissolve in water; however, it dissociates to hg2+ and 
2CN- at 400°C. As reported by earlier studies, zn is found 
mostly in fly ash following incineration [16]. the amount 
of zn in fly ash depends on the waste menu combusted in 
the plant. As(iii) is easily volatilized at 500°C or higher 
temperatures. At 400-800°C, it is possible to form AsCl3 
[15] and it easily dissociates to As3+ and 3Cl- at the filter 
cake. however, in this study, the levels of As are generally 
low due to the low As content of raw waste incinerated at 
the plant.

If the results are compared with the Standard limits 
presented in table 2, in bottom ash, all of the mean con-
centrations are within or lower than the limits of Criteria ii. 
Moreover, the concentration ranges of all of the parameters 
are within or lower than the limits of Criteria ii except hg2+ 
and So4

2- that are within the limits of Criteria iii. there-
fore, the concentration of hg2+ and So4

2- in bottom ash 
must be reduced before deposition in non-hazardous waste 
landfills. otherwise, bottom ash must be deposited in haz-
ardous waste landfills having specially constructed cells.

on the other hand, the concentrations of Pb, Cd, Cu, 
Ni, hg, zn, Cl- and So4

2- in fly ash exceed the upper limits 
of Criteria iii. hence, the fly ash should be considered as 

table 2. waste deposition criteria specified by the hwCA [11]. 

 Parameters Criteria i*

(mg/l) 
 Criteria ii+

(mg/l)
Criteria iii§

(mg/l)
Pb ≤0.05 0.05 – 1 <1 – 5

Cd ≤0.004 0.004 – 0.1 <0.1 – 0.5

Cr ≤0.05 0.05 – 1 <1 – 7

Cu ≤0.2 0.2 – 5 <5 – 10

Ni ≤0.04 0.04 – 1 <1 – 4

hg ≤0.001 0.001 – 0.02 <0.02 – 0.2

zn ≤0.4 0.4 – 5 <5 – 20

As ≤0.05 0.05 – 0.2 <0.2 – 2.5

Cl- ≤80 80 – 1500 <1500 – 2500

So4
2- ≤100 100 – 2000 <2000 – 5000

* If the concentrations are below these limits, wastes are consid-
ered as inert and can be deposited along with municipal wastes 
in municipal waste landfills.
+ If the concentrations are within these limits, wastes are con-
sidered non-hazardous and must be deposited in special cells 
(monolifts) in municipal waste landfills.
§ If the concentrations are within or higher than these limits, 
wastes are considered hazardous. If the concentrations are with-
in the limits, the wastes must be deposited in hazardous waste 
landfills. if the concentrations are higher than the upper limits, 
wastes cannot be deposited in any way. They must be inciner-
ated or treated to reduce the concentrations before disposal.
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a hazardous waste, and it must be treated before deposi-
tion. otherwise it must be re-incinerated.

It can be seen that all of the parameters measured in 
filter cake are below the limits of Criteria iii. therefore, it 
can be concluded that filter cake is not considered a haz-
ardous waste and can be deposited in specially construct-
ed cells in landfills. in addition, the concentrations of Cd, 
Cu, and Ni are below the limits of Criteria ii.

As seen in table 2, the mean concentrations of zn and 
Cu in fly ash are higher than the other parameters. these 
high concentrations result from the waste menu com-
busted during the incineration process. As indicated in an 
earlier study conducted in izAyDAS [18], the zn and Cu 
contents of waste (especially wastes in solid form) are the 
highest among other parameters. Therefore, the content 
of Pb, Cd, Cu, Ni, hg, and zn of waste menu should be 
decreased before incineration if the fly ash residues are 
planned to be deposited in landfills. Figure 3 also shows 
that the AoX levels are higher in the bottom ash than in 
both the fly ash and filter cake. this was also reported by 
a previous study [14]. on the other hand, fly ash is more 
contaminated by the other parameters measured in this 
study than bottom ash or filter cake. the only exceptions 
are Cr(Vi) and As(iii) that are higher in bottom ash and 
filter cake, respectively.

Conclusions

 1. Solid residues out of hazardous waste incinerators 
may contain certain chemicals at high levels despite 
the incinerator’s state-of-the-art technology. this is 
due mainly to the difficulties of the combustion of 
solids. Although the temperatures and residence time 
inside the kiln are suitable for complete combustion, 
cold points and pyrolytic conditions could occur lo-
cally, and may cause the formation of products of in-
complete combustion (PiCs).

 2. the bottom ash can be considered as a non-hazardous 
waste if it is treated by means of reduction of hg2+ and 
So4

2- contents. After treatment, it may be deposited in 

special solid waste landfills having special cells. oth-
erwise, it must be only deposited in hazardous waste 
landfills.

 3. Fly ash is classified as a hazardous waste due to high 
content of soluble metals including Pb, Cd, Cu, Ni, hg 
and zn in leachates. the concentrations of So4

2- were 
also high due to the soluble metal sulfates. Therefore, 
it should be concluded that fly ash must be utilized as a 
hazardous waste. It must be treated in order to reduce 
the metal content before final deposition in landfills or 
re-incinerated.

 4. Filter cake is not considered a hazardous waste and 
can be deposited in specially constructed cells in land-
fills.

 5. the AoX levels are higher in the bottom ash than in 
both the fly ash and filter cake. this is mainly due to 
incomplete combustion.

 6. Although heavy metals (especially As and Cd) are 
volatilized at elevated temperatures, they may return 
to solid form at cold regions at the process flow. if the 
concentration of hCl increases, trace elements would 
generally produce compounds in gas form. on the 
other hand, condensed compounds will usually form 
in the presence of So2.
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