
 

Abstract— Coke is the material left when water, coal-gas and 

coal-tar are driven off during the carbonization of coal at temperatures 

around 1100 oC in an air-tight oven, a process refers as cokemaking or 

coking. Coal tar is produced during the coking process, although often 

considered for reuse in some other processes, a considerable amount of 

coal is eventually released in the environment. Coal tars are among the 

biggest source of Polyclic aromatic hydrocarbons (PAHs) which are 

carcinogenic and toxic to humans. PAHs are of major concerns as they 

have the ability to leach into the environment during rain runoffs. In 

this study, coal tar received from a steel company in South Africa, was 

characterized using GCXGC-TOFMS to determine the PAHs profile. 

It was found that the coal tar sample contained more than 100 PAHs 

among which Naphthalene and Benzo[a]pyrene which exhibited the 

highest abundance and toxicity equivalent factor (TEF) respectively.  
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I. INTRODUCTION 

South Africa gets about 70% of its energy from coal [1-14].  

The conversion of coal to energy is achieved through 

combustion of coal. Besides the energy production, coal is also 

intensively used in  steel, oils and coke making [15] .  

Industrial processing such as gasification of biomass, coal 

combustion, coking and pyrolysis can result in tar formation, 

which is generated as  a by-product. Coking  is simply an 

extreme pyrolysis of coal, where coal is heated at temperatures 

around  1100 oC. The process takes place in an oven Battery,  
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this battery is composed of many coke ovens stacked in rows 

and often located at or near an integrated steel mill. In South 

Africa coking is one of the largest sources of coal tars. It is 

estimated that around 109000 tonnes of tar was produced in 

2013, this creates an environmental concern as a total of 1.65 m 

tonnes of by-products produced in the same period needed 

space to be disposed  with 290 hectares (ha) of land under 

restoration [16].  Coal tar is a materials driven off as by-product 

during the production of coke. 

 Coal tar is defined as the complex and valuable mixtures of 

Phenols, PAHs and heterocyclic compounds [15].  Coal tars are 

classified according to their hydrocarbons chains and boiling 

points. The ones with short rings are referred as phenols and the 

larger ones are called Poly aromatic hydrocarbons (PAHs) [17]. 

The transition of tars from lower to higher hydrocarbons is a 

function of temperature. Tars are considered a threat to the 

environment when disposed as it is known to be the largest 

source of Poly aromatic hydrocarbons with the potential of 

being carcinogenic, mutagenic and toxic[18]. 

PAHs are important group of compounds of a major 

environmental concern [19-28]. They are compounds with two 

or more aromatic hydrocarbons (benzene) rings. PAHs have 

been reported to be highly carcinogenic and mutagenic in 

humans hence they are considered an environmental hazard 

when in contact with water. There are several sources of these 

aromatic hydrocarbons, some sources can be natural and some 

are due to anthropogenic activities. Anthropogenic sources are, 

however, considered the biggest sources of PAHs in the 

environment [29]                                   
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temperature above        . Naphthalene, Phenanthrene, Pyrene 

and Benzopyrene are examples of PAHs [30]. Due to the fact 

that PAHs have the potential of being easily transported by 

rainwater to the nearby water or rivers, polluting the limited 

water sources [31-44], it is therefore important to assess their 

toxicity . PAHs that end up in rivers may lead to increased risk 

for human beings and aquatic life. The interest in this study is 

only to predict the overall toxicity of the coal tar related to its 

PAHs content. The 16 EPA (environmental protection agency) 

priority PAHs will therefore be used as indicators of the 

toxicity of coal tar since they have been widely studied. 

According to the literature, 80% of the total PAHs contribution 
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to environmental and health concerns could be attributed to the 

16 EPA priority PAHs [45]. 

In this study PAHs profile was studied using coal tar from 

ArcelorMittal coking process, Newcastle. Gas chromatography 

(GC) analytical technique using a Gas Chromatograph X Gas 

Chromatograph TimeOf-Flight Mass Spectrometry 

(GCXGC-TOFMS) was used to generate PAHs profile; the 

toxicity potential of identified PAHs was determined by 

calculating the toxicity equivalent factors. 

II. EXPERIMENTAL 

Tar samples profile were determined through a two 

dimensional gas chromatography (GC) analytical technique 

using a Gas Chromatograph X Gas Chromatograph 

Time-Of-Flight Mass Spectrometry (GCXGC-TOFMS) 

coupled with MS for the relative quantification (area%) and 

identification of PAHs. The two-dimensional gas 

chromatography (GCXGC) utilizes a high frequency modular 

to divert the entire one-dimensional effluent onto a 

second-dimensional column. The chromatographic separation 

space is dramatically increased compared to a conventional 

1D-GC analysis, yielding a big leap in potential peak capacity. 

Samples for GCXGC-TOFMS analysis were prepared by 

dissolving tar into superior grade hexane (diluting 0.03 – 1 mL 

of sample into 10 mL volumetric flask). An auto-sampler was 

utilized for injection and the sample sizes varied from 0.2 – 1 

µL per injection. The setting of the GCXGC-TOFMS was done 

according to the basic set-up recommended by the supplier. 

III. RESULTS AND DISCUSSION 

A. PAHs Profile For The Newcastle Tar 

The polyaromatic hydrocarbons (PAHs) have been reported 

as the major components of coal-derived products and 

thermally cracked petroleum oils [46]; PAHs are toxic and/or 

mutagenic in biological systems and must therefore be 

seriously considered in coal tar. The coal tar PAH composition 

was determined using GCXGC-TOFMS and the results are 

shown in Table I. A variety of PAHs were observed in the coal 

tars from the coking process at Arcelor Mittal South Africa, 

with a dominance of naphthalene. The toxicities of PAHs have 

been reported to be related to specific structures and positions 

of ring substitution [46]. More than 100 PAHs were identified 

in tars from the coking process, but only the PAHs listed among 

the 16 priority EPA PAHs will be considered in this study. 

Among the PAHs identified, 10 EPA priority PAHs were 

detected in the tar from the coking process; of these EPA 

priority PAHs, 4 have been classified as those with the potential 

to cause cancer to humans. The complete EPA list has 7 

carcinogenic PAHs. Cancer causing PAHs are classified as 

either group 1, 2A or 2B. The description of the classification 

numbers is presented in Table II below. Many studies have 

reported that these 7 PAHs cause lung and skin cancer in 

humans. 

TABLE I: NEWCATLE COAL TAR CHARACTERISTICS 

PAHs names 
Number of 
rings 

IARC 

classificatio

n 

Area Structure 

Naphthalene 2 2B 4.84 linear 

Acenaphthene 3 N/A 0.14 clustered 

Acenaphthylene 3 3 0.096 clustured 

Fluorene 3 3 0.241 linear 

Phenanthrene 3 3 1.237 angular 

Anthracene 3 3 0.076 linear 

Pyrene 4 2A 2.188 clustered 

Benzo (k) 
anthracene 

4 2B 0.63 angular 

Benzo (k) 

fluoranthene 
5 2B 0.605 angular 

Benzo (a) Pyrene 5 1 0.176 clustered 

     

 
TABLE II:CLASSIFICATION OF PAHS 

IARC 

classification 
Definition 

Group 1 Carninogenic to humans 

Group 2A Probably carcinogenic 

Group 2B Possibly carcimenic 

Group 3 Not classifiable 

 

PAHs have also been classified by IARC and DHHS as 

carcinogenic in animals in which they cause bladder, liver and 

stomach cancer [47]. The coking tar contains Benzo (a) pyrene 

which has been identified as the environmental indicator of 

PAHs [48]. Therefore, the NewCastle coking tar has the 

potential of threatening the health of humans and animals when 

it gets in contact with them either by direct handling of tar or 

through exposure to contaminated surface water or 

groundwater. Although the coal tar analysis did not give the 

exact concentration level of the PAHs in the tar, the areas under 

a peak which is proportional to the concentration of PAHs in 

coal tars could be obtained (Fig.  1). 

The size of the area therefore reflects the abundance of the 

PAHs in the tar; PAHs with high areas are the more abundant. 

Different concentration level of the PAHs may depend on the 

type of tar production process, coal rank, operating conditions 

and other factors. The abundance of PAH is well presented by 

the bar graph in Fig.  1. It can be seen that Naphthalene has the 

highest area for both tars and therefore is the most abundant 

PAH. More PAHs with higher concentrations may be found in 

                                   w         2   ˚          

the formation of PAHs mixtures is a function of temperature 

[15]. The decomposition of PAHs is likely to take place at 

temperatures higher than 10   ˚   
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Fig. 1. Abundance of PAHs in coal tar 

B. Toxicity Of Pahs And Risk Of Exposure 

PAHs can be carcinogenic, genotoxic, mutagenic and 

teratogenic. However, not all toxic PAHs are carcinogenic [47] 

The toxicity of the 7 PAHs identified by the EPA as 

carcinogens is not of the same extent. Benz[a]anthracene, 

Benzo[a]pyrene, Naphthalene and Benzo[k]fluoranthene are 

the carcinogens that have been identified in this study. 

However, not all of them have the same carcinogenic potency. 

The carcinogenic or toxicity potency of the PAHs is associated 

with the structural features and the complexity of the molecule 

[49]. A more complex compound is usually the more potent 

[49]. The number of benzene rings or the molecular weight of 

PAHs is one of the examples of structural features that can 

affect the carcinogenic potency. PAHs have benzene rings 

bonded in linear, angular or clustered arrangement [17]. The 

difference in the arrangement of the rings results in PAHs 

having different carcinogenic effects.  

 

 
Fig.2 Chemical strustures of some of the common PAHs 

Fig. 2 shows the chemical structures of some of the most 

studied PAHs. PAHs with clustered or angular arrangements 

have higher carcinogenic potency than linear PAHs [17]. Also, 

larger PAHs (more than 6 rings) are more potent than smaller 

PAHs (2-5 rings) [17]. Benz[a]anthracene is more toxic than 

Naphthalene because it has a more complex structure and more 

number of rings than Naphthalene. Although 

Benzo[k]fluoranthene and Benzo[a]pyrene have the same 

number of rings, their ring arrangement is different. 

Benzo[a]pyrene has a more complex structure than 

Benzo[k]fluoranthene, hence it is more toxic. Out of all the 

PAHs found in both coal tars, Naphthalene is a less toxic PAH 

because it has the lowest number of rings (i.e. two rings) and it 

possesses a linear arrangement.  

In contrast, Benzo[a]pyrene has 5 rings with clustered 

arrangement; therefore, it is the most toxic. However, 

Benzo[a]pyrene cannot be the only PAH considered when 

looking at the dangers related to the exposure to coal tars.  The 

risks related to exposure to PAHs could never be related to 

single PAHs but to mixtures of them. The toxicity of PAHs is 

higher for mixtures than for single PAHs and the health effects 

of individual PAHs are not the same as the health effects of 

PAHs mixtures [17]. Therefore, understanding the mixtures of 

PAHs instead of single PAHs gives an accurate assessment of 

the dangers of the PAHs. Nontoxic PAHs may still show 

adverse effects on humans and animals when they appear in 

mixtures due to different factors such as the mechanism of 

metabolism, age and pre-existing health effects [47]. Owing to 

the fact that PAHs require activation of electrophilic 

metabolites to exert their carcinogenic effects, in other words 

PAHs must be metabolised to their diol epoxide or metabolites 

[17]. 

In mixtures, weaker or smaller PAHs may increase the rate 

of metabolism which will increase the toxicity effect. 

According to occupational studies on workers exposed to 

PAHs, it was found that mixtures of PAHs are carcinogenic to 

humans [45]. Therefore, Acenaphthene, Acenaphthylene, 

Anthracene, Fluorene, Phenanthrene, and Pyrene cannot be 

overlooked, because exposure to mixtures containing these 

PAHs may also cause adverse health effects. These 

non-carcinogenic PAHs have reactive metabolites such as 

epoxides and dihydroidiols that can bind to cellular proteins 

and DNA [47]. The resulting biochemical disruptions and cell 

damage lead to mutations and development of malformations 

and tumors [47] 

C. Toxic Equivalency Factors 

The International Agency for Research on Cancer (IARC) 

classification criteria does not indicate more potent and less 

potent PAHs [48]. To conduct a reasonable risk assessments, 

the potency of individual PAHs have to be known and this is 

determined by assigning Toxic equivalency factors (TEFs)[48]. 

Only limited number of PAHs has been extensively studied for 

provision of toxicity criteria. The risks posed by PAHs 

mixtures has been investigated by EPA, making an assumption 

that all carcinogenic PAHs are as potent as Benzo[a]pyrene 

(Ba[a] P), one of the most potent PAHs [50]. The available 
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information that has been collected recently suggests that most 

are considerably less potent than Ba[a] P and therefore, the 

EPA approach is likely to overestimate risks [48]. The basis of 

risk assessment considered by the EPA consisted to split the 

PAHs into two subclasses of carcinogenic (TEF=1) and 

non-carcinogenic (TEF=0) PAHs [51]. A new TEF approach by 

Nisbet and LaGoy (1992) has been adopted to yield a set of 

TEFs which will assist in accurately predicting risks associated 

to the different PAHs based on the current knowledge [48]. The 

approach assigns TEFs to individual PAHs based on the data 

from previous studies and elevated tumor incidences [48]. 

Furthermore, this approach assigns TEFs to PAHs determined 

to be not carcinogenic by IARC or EPA. PAHs are assigned 1, 

0.1, 0.01 or 0.001 [51]. A TEF of 1 is assigned to PAHs with 

high cancer potency, 0.1 to carcinogenic PAHs with low 

potency, 0.01 to PAHs with limited carcinogenic potency and 

finally 0.001 to PAHs with little if any cancer potency. 

 

 
Fig. 3. Aproximate TEQs of individual  PAHs in coal tar 

For the evaluation of the toxicity of known PAHs, toxic 

equivalents (TEQ) are calculated as the product of the 

individual PAH concentration and its corresponding TEF [52]. 

In this case the toxicity was estimated using an area which is 

proportional to the concentration. Fig. 3 shows the toxic 

potential of individual PAHs. It is evident from the graph that 

Benzo[a]pyrene is the most toxic, followed by 

Benzo[a]anthracene.  From this graph it can be concluded that 

although the Benzo[a]pyrene content in the coal tar is relatively 

low, the estimated toxicity may be of serious concern. On the 

other hand, all other PAHs can exhibit high toxicity if their 

content in the coal tar is increased. 

 

 

TABLE III: TOXIC EQUIVALENT FACTORS OF PAHS 

                                    Toxic Equivalent factors(TEQ) 

PAH compound EPA Nisbtet and LaGoy 

Dibenz 

(a,h)anthracene 
1 1 

Benzo(a)pyrene 1 1 

Benzo(a)anthracene 1 0.1 

Benzo(b)fluoranthene 1 0.1 

Benzo(k)fluoranthene 1 0.1 

Indeno(123-cd)pyrene 1 0.1 

Anthracene 0 0.01 

Benzo(g,h,i)perylene 0 0.01 

Chrysene 1 0.01 

Acenaphthene 1 0.001 

Acenaphthylene 0 0.001 

Fluoranthene 0 0.001 

Fluorene 0 0.001 

2-methylnaphthalene 0 0.001 

Naphthalene 0 0.001 

Phenanthrene 0 0.001 

Pyrene 0 0.001 

 

D. Toxicity Of Non-EPA PAHs 

There are some toxic PAHs not included in the EPA list. As 

mentioned above the determination of the exact health effects 

of a given PAH during epidemiological studies will be quite 

challenging since most exposures are to PAH mixtures. Recent 

studies have discovered that 7, 12-dimethylbenzo anthracene 

(DMBA) which is a non-EPA PAH, has the potential of 

increasing the risk of breast cancer in animals through a variety 

of mechanisms [47].  DMBA tends to accumulate and persists 

in the adipose tissue of the mammary gland due to the fact that 

it is a fat soluble compound, this eventually contributes to 

increase the exposure of mammary epithelium to this chemical 

carcinogen [47]. This PAH has shown its carcinogenicity 

effects on experimental rats and it is an indirect carcinogen, 

requiring metabolic activation to yield its ultimate carcinogenic 

forms [47]. 

IV. CONCLUSION AND RECOMMENDATIONS 

The PAHs profile of coal tars from the coking process at 

Arcelor Mittal was determined using Gas Chromatography and 

showed  that Newcastle tar contained a host of different PAHs, 

but the focus was mainly placed on those classified by the 

United States Environmental Protection Agency (US-EPA) as 

priority pollutants. Among the selected PAHs, naphthalene was 

found to be the most abundant in both tars, however, based on 

the toxic equivalent factor which gives an indication of the 

potency of individual PAHs, Benzo[a]pyrene was the most 

toxic PAH, followed by Benzo[a]anthracene and 

Benz[k]fluoranthene which all occurred in the tar from the 

coking process. These PAHs have been reported to be related to 

elevated tumor incidences and therefore have high cancer 

potency. However, it is also important to note that the mixture 
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of less potent PAHs increases their toxicity effects toward 

humans. Therefore, the discharge of all these coal tars in the 

environment is likely to pause significant risks to the 

ecosystems once the PAHs are naturally leached into surface 

and groundwater and dispersed to the water network. It is 

therefore important to carry out further study to understand the 

susceptibility of PAHs release from coal tar and develop 

suitable photocatalytic methods for their degradation in 

aqueous solutions. 
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