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Abstract The spatial and seasonal distribution of eight US

Environmental Protection Agency priority poly aromatic

hydrocarbons (PAHs); namely benzo(b)fluoranthene, ben-

zo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(k)fluoran-

thene, chrysene, benzo(a)anthracene, dibenz(a,h)anthracene

and fluoranthene were investigated in 35 soil samples. Gas

chromatography with flame ionization detection was used

for the quantification of the PAHs in the residential, road-

side and industrial soil samples collected in proximity to an

industrial area, including a petrochemical plant, in Cape

Town. The sum of the concentrations of the detected PAHs

(RPAHs) in winter ranged between nd (not detected) and

13.88 mg/kg, with a mean concentration of 4.08 mg/kg and

a standard deviation of distribution of 2.64 mg/kg, while in

summer, RPAHs ranged between nd and 10.43 mg/kg, with

a mean concentration of 0.50 mg/kg and standard deviation

of distribution 1.83 mg/kg. The presence and concentration

level of the PAHs detected in the soil samples vary signif-

icantly under climatic change (p\ 0.05). The maximum

concentrations of individual PAHs in the soil samples were

higher in winter compared to the maximum concentrations

of the PAHs detected in summer. The diagnostic ratios of

selected PAH compounds showed that petrogenic processes

were the most likely sources of the PAH compounds in the

soil samples. In summer and winter, the total PAH con-

centration increased in order of residential soil\ industrial

soil B roadside soil.

Keywords Polycyclic aromatic hydrocarbons � Gas
chromatography � Seasonal variation � Organic matter �
Soils � Spatio–temporal � Petrogenic

Introduction

Environmental pollution has become one of the most

globally stressful challenges that mainly originate from

industrialization processes, population growth and global-

ization (Khan and Ghouri 2011). For the past decades,

persistent organic pollutants (POPs), i.e., polycyclic aro-

matic hydrocarbons (PAHs), polycyclic organic matter

(POM), poly-nuclear aromatic hydrocarbons, poly-nuclear

aromatics (PNAs) or poly-nuclear hydrocarbons, have been

identified as potential environmental contaminants

(ATSDR 2009). Based on their stability, the aforemen-

tioned class of compounds has been proved resistant to

biodegradation. Their accumulation in living organisms

and nature significantly impacts human health and the

ecosystems (Allan et al., 2012). Apart from this, anthro-

pogenic activities have also been held responsible for the

presence of PAHs in the environment (Abdel-shafy and

Mansour 2015). Literature maintained that the discharge of

PAHs into the environment usually occurs through thermal

processes which might involve complete/incomplete com-

bustion of substances such as coal and similar activities

including burning fossil fuel (e.g., wood, oil, and charcoal),

garbage, charcoal meat, and heating of tobacco (Chen and

Chen 2011). Sixteen PAHs have been considered on the

priority list of pollutants by the US Environmental Pro-

tection Agency (USEPA 2000). The sixteen prioritized

PAHs include naphthalene, acenaphthylene, acenaphthene,

fluorine, phenanthrene, anthracene, fluoranthene, pyrene,

benzo(a)anthracene, chrysene, benzo(b)fluoranthene,
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benzo(k)fluoranthene, benzo(a)pyrene, benzo(ghi)perylene,

indeno(1,2,3-cd)pyrene, and dibenz(a,h)anthracene.

According to El-Shahawi et al. (2010), the fate of PAHs

is of great environmental concern due to their toxicity and

tendency to accumulate and persist in different environ-

mental matrices. However, this depends on several factors

such as atmospheric photolysis, sorption, water and lipid

solubility, chemical oxidation, vaporization, and microbial

degradation (Wick et al. 2011). Furthermore, Wick et al.

(2011) reported that the PAHs bind easily to organic

materials which make them less susceptible to biodegra-

dation. However, PAHs often degrade naturally in the soil;

likewise, their high concentration could impede their

decomposition process. In addition, natural and biological

degradation processes are very slow because of the struc-

ture of the PAH molecules.

Humans, biological organisms, and the environment

could be exposed to PAHs through different pathways such

as inhalation, breathing of contaminated air during asphalt

and coal tar production, in petroleum plants and smoke-

houses (Choosong et al. 2010). Exposure may also occur

when the skin is in contact with contaminated water, air,

and the soil which are closer to the hazardous sites

(ATSDR 2009). Serious hazardous effects have been

associated with exposure to PAHs which may be acute or

chronic. The acute (short-term) effects include vomiting,

eye irritation, nausea, diarrhoea, and confusion, while the

chronic (long-term) effects include cancer, cataracts, kid-

ney and liver damage, and skin inflammation. Therefore, it

is crucial to assess and update data on the existence and

occurrence of these harmful substances in Cape Town,

South Africa.

Only a few environmental studies have been reported on

the levels, presence and possible sources of PAHs in South

Africa, despite the fact that it is one of the largest econo-

mies in Africa (Chimuka et al. 2015). A study conducted in

Gauteng Province of South Africa, reported by Nieuwoudt

et al. (2011) shows that the total concentrations of PAH in

soil ranged from 44 to 39,000 ng/g.

Industrial activities, particularly petrochemical indus-

tries, are major hot spots for the release of PAHs into the

environment. Some refining and production operations

have been reported to release a substantial quantity of

PAHs into soils and water bodies. These substantial

quantities enter as process water effluents in nearby

industrial sites and as gaseous particulates into the atmo-

sphere (Das et al. 2008). In addition, there is a lack of

critical environmental exposure levels that guarantee the

safety and health of the environment in many African cities

including Cape Town. It is, therefore, important to evaluate

their occurrence and levels in different environmental

matrices such as soil concentrations within the vicinity of

potential sources.

Materials and methods

Description of the study area

This study was conducted in proximity to a major industrial

area, which includes a petrochemical refinery, in Cape

Town, a port city on South Africa’s southern west coast.

The city with a population of about 3,750,000 people is

located at latitude 33.55�S and longitude 18.25�E. Based
on the world weather information service, Cape Town has a

Mediterranean climate with a dry, warm summer and a

mild, wet winter. Winter months in the city average a

maximum of 18 �C and a minimum of 8 �C. On the other

hand, summer months average a maximum of 26 �C and a

minimum of 16 �C. The total annual rainfall in the city

averages 515 mm. In winter the wind is generally strong

and comes from the northwest, while in summer it varies

between southeast and southwest.

Soil samples collection

Thirty-five soil samples were collected in residential areas,

roadsides and the industrial area in vicinity of a major

industry in Cape Town (Fig. 1). The distribution of the

sampling sites was as follows: 10 soil samples were col-

lected close to the road, 19 soil samples were collected in

the residential area and 6 in the industrial area. About

500 g of surface soil (0–5 cm depth) was collected. The

soil samples were stored according to standard methods

(ASTM D 4547).

Chemicals, solvents and materials

High purity solvents including n-hexane (99.5%), dichlor-

omethane (99.5%), acetone (99.8%), and acetonitrile

(99.9%) were purchased from Sigma-Aldrich (Germany).

The PAHs, benzo(b)fluoranthene, benzo(a)pyrene,

indeno(1,2,3-cd)pyrene, benzo(k)fluoranthene, chrysene,

benzo(a)anthracene, dibenz(a,h)anthracene, and fluoran-

thene were purchased from Sigma-Aldrich (Germany).

Sodium sulphate was purchased from Merck (South

Africa), silica gel, and florisil were purchased from Merck

(Germany). All glasswares used in this work were washed

with soap and soaked in a prepared nitric acid solution for

24 h and then washed with distilled water and oven-dried,

the glasswares were washed again with acetone before use.

Instrumentation and chromatographic conditions

A gas chromatograph (GC-2010 plus Shimadzu) equipped

with a flame ionization detector (GC-FID) and a data

processor was used for separation and determination of the
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eight PAHs. Parameters such as carrier gas flow rate,

injection volume, oven temperature program parameter,

flame ionization detectors temperature, column tempera-

ture, and split injection time and make-up gas flow rate,

were optimized before analysis. An HP-5% phenyl methyl

siloxane column (30 m length and 0.32 mm ID 0.25 lm
film thickness) was used for separation of the analytes. The

injection volume was 1.0 lL. The injector temperature was

set at 270 �C and used as split mode and the split ratio was

1. The detector temperature was set at 320 �C. Helium was

used as the carrier gas and make-up gas at a flow of 30 mL/

min at a pressure of 200 kPa. Hydrogen flow rate was

40 mL/min; air flow rate was 400 mL/min. The column

flow was 1.99 mL/min, linear velocity was 46.8 cm/s,

purge flow was 3 mL/min. The oven program was 40 �C
for 5 min, 200 �C hold for 10 min. The column tempera-

ture program was 170 �C hold for 4 min, a ramp to 250 �C
at 15 �C/min with 5 min hold time and a final ramp to

300 �C at 10 �C/min with a 5 min hold time. The total run

time was 24.33 min.

Physicochemical parameter analysis

The soil pH was determined using the ASTM D 4972

method. 5 g of soil sample was weighed out into a 50 mL

beaker, followed by the addition of 10 mL of distilled

water and two drops of 1 M CaCl2. The mixture was stirred

in the shaker for 30 min. The mixture was then allowed to

settle for 20 min. The pH of the supernatant was measured

and recorded using a calibrated pH metre (Crison GLP

21?, Lasec, South Africa). The soil organic content was

determined using the ASTM D 2974 method in which 1 g

of air-dried soil was burnt in a furnace at 440 �C for 24 h.

The soil sample was reweighed after burning to obtain the

mass of burnt soil. The organic matter was determined by

the difference in the mass of the burnt soil from the mass of

the dried soil, expressed as a percentage.

Quantification of PAHs

Soil samples were extracted following the EPA micro-

wave-assisted extraction method 3546. 10 g of the soil

sample was weighed in triplicate and transferred into a

beaker, followed by the addition of a mixture of 5 mL

dichloromethane and 20 mL hexane. The mixtures were

stirred for 2 h in the shaker to equilibrate. The recom-

mended extraction conditions used were: temperature:

100 �C, pressure: 150 psi, time at temperature: 20 min,

cooling: to room temperature, filtering/rinsing: with same

solvent system. After extraction, the extracts were cen-

trifuged at room temperature for 20 min at 2000 rpm to

separate the solid phase and liquid phase.

Sample extracts were cleaned prior to analysis due to the

presence of a large number of contaminants which could

damage the GC column. In addition, the cleanup process

minimizes interference during analysis. The column was

prepared as follows: Cotton was stocked to the bottom of

the column and then filled with 1 g of silica gel, 0.5 g of

florisil followed by another 1 g of silica gel and then top-

ped with 0.25 g sodium sulphate anhydrous. Each column

Fig. 1 Map of the sampling

sites location in the vicinity of a

petrochemical plant in Cape

Town
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was pre-washed and activated by eluting 20 mL of 4:1

mixture of n-hexane and dichloromethane at a flow rate of

1.0 mL/min. The concentrated extract was then loaded

onto the column and eluted with about 80 mL of a mixture

of n-hexane and dichloromethane. The volume of the elu-

ates was brought to 2 mL using a rotary evaporator under

reduced pressure.

Quality control

The test of reliability on PAHs concentration data was

checked against spiked soil samples in recovery studies

carried out in replicate. The results obtained showed pro-

cedural consistencies in selected PAH standard extraction

from the spiked soils. The extraction efficiency of the

selected PAHs obtained from 20 g soil samples ranged

from 93.02 to 100.04%. The limit of detection and limit

(LOD) (defined as S/N[ 3) of individual PAHs, were

between 0.0006 and 0.0023 mg/kg.

Statistical analysis

The results were performed using the statistical software

package SAS system version 9.4. Samples in which the

PAHs were not detected (nd) were assumed to be equal

one-half of the detection limit (nd = 1/2 LOD). The cor-

relation between variables was performed by the Spear-

man’s test. A multivariate analysis of the results was

carried out using principal component analysis (PCA). The

number of components extracted from the variables was

determined according to Kaiser’s rule, which retains only

components with Eigenvalue[1. Statistical significance of

the difference was determined by the one-way analysis of

variance (ANOVA) for the data that are normally dis-

tributed and for data that are not normally distributed. The

Kruskal–Wallis test was used for all statistical tests, a

significance level of 0.05 was used (p\ 0.05).

Results and discussion

Effect of soil organic matter (SOM) and pH

on the PAH concentrations in soil samples

The percentage SOM in the 35 soil samples ranged from

0.10 to 8.77% with a mean value of 2.74% and from 0.20 to

7.61% with a mean value of 2.91% in winter and summer,

respectively. In summer, a weak correlation (rs B 0.39)

was found between SOM and the PAH concentrations. On

the other hand, a moderate positive correlation (rs values

between 0.40 and 0.59) was observed between SOM and

Chry (rs = 0.47) and BbF (rs = 0.42) during winter. A

weak correlation between the SOM and PAH

concentrations in summer suggests that soil samples were

perhaps contaminated to different levels, probably due to

easy degradation of the PAHs. Another possible reason can

be due to the fact that the PAH emission point source could

be low even if the SOM is high (Wang et al. 2012).

However, the moderate correlation in winter can be

explained by the fact that during the winter season, PAH

degradation is expected to slow down. These results are

consistent with findings reported in other studies conducted

(Cai et al. 2007). Wang et al. (2010) reported that a very

weak correlation should be expected between SOM and

PAHs concentration in a soil subjected by continuous input

of fresh PAH contamination.

Soil pH is an important factor controlling the mobility

and accumulation of organic substances such as PAHs in

the soils. The pH values from the 35 sampling sites ranged

from 4.63 to 7.79 with a mean value of 7.28 and from 6.07

to 8.20 with a mean value of 6.67 in winter and summer,

respectively. In summer, a weak positive correlation was

found between pH and PAH concentrations (rs B 0.39),

while in winter a moderate negative correlation exists for

Fluo (rs = -0.45) and Chry (rs = -0.41). The remaining

PAHs showed a weak correlation. A weak correlation

indicates that the pH did not have a significant influence in

the distribution of the PAH compounds in the soil.

Concentration of PAHs soil samples

The concentration levels of the investigated PAHs in the

different soil samples were variable. The PAHs Fluo, BaP,

BkF, Chry, IP, BbF, DahA, and BaA were detected in the

soil samples collected from the different sampling sites

around Cape Town. The mean concentrations, standard

deviations of distribution, minimum and maximum values

for the concentrations of the selected PAHs detected in soil

collected in the vicinity of a petrochemical plant in Cape

Town during winter and summer are presented in Table 1.

The sum of the concentrations of the detected PAHs

(RPAHs) ranged between nd and 13.88 mg/kg, with a

mean concentration of 4.08 mg/kg and a standard devia-

tions of distribution of 2.64 mg/kg in winter while in

summer RPAHs ranged between nd and 10.43 mg/kg, with

a mean concentration of 0.50 mg/kg and standard deviation

of distribution 1.83 mg/kg. In winter the mean concentra-

tion of the individual PAH compounds ranged from nd to

1.64 mg/kg with DahA not detected and IP having the

highest mean value (1.64 mg/kg) while in summer, the

mean concentration of the individual PAHs range from nd

to 0.15 mg/kg with BaA not detected and IP having the

highest mean value (0.15 mg/kg). Benzo(a)anthracene was

not detected in winter. This may be attributed to the

physical and chemical properties of the PAH. On the other

hand, dibenz(a,h)anthracene was not detected in summer.
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This could perhaps be as a result of the tendency for

volatilization of dibenz(a,h)anthracene from the soil during

the warm season, occasioned by an increase in temperature.

All the individual PAH compounds detected in soil

samples except for fluoranthene were above the maximum

allowable concentration (MACs) recommended by ATSDR

(2009). A significant number of sites had levels for IP and

BaP exceeding allowed limits (Table 2). This could be

ascribed to the fact that these PAHs exhibit the lowest

vapour pressure.

The regulatory limit for the amount of carcinogenic and

toxic polycyclic aromatic hydrocarbons in soils are 3.00,

0.15, 1.50, 0.01, 1.50, 0.15, 0.15, 0.01 mg/kg for Fluo, IP,

Chry, BaP, BkF, BaA, BbF, and DahA, respectively. These

results are consistent with findings reported in the study

conducted by Nieuwoudt et al. (2011) in central South

Africa. The author reported that the total PAH concentra-

tion of soil varied from 0.04 to 39.00 mg/kg. In the study

conducted in urban soils of UK, the sum of the concen-

trations of the detected PAHs ranged from 4 to 67 mg/kg,

with a mean concentration of 18 mg/kg (Vane et al. 2014).

Similarly, Peng et al. (2011) reported the total concentra-

tion of PAHs in the soils of Beijing ranged from 0.09 to

13.14 mg/kg with a mean concentration of 1.23 mg/kg.

Seasonal effects on concentration levels of PAHs in soil

samples

The presence and concentration of the PAHs detected in

soil samples vary significantly under climatic change

(p\ 0.05). The maximum concentrations of individual

PAHs in soil samples were higher in winter while in

summer most of the individual PAHs were not detected in

most of the sampling sites (Fig. 2).

The results are consistent with the findings of Kumar

et al. (2015) who reported that the concentration of PAHs

detected in soil samples were higher in the winter season

and lower in the summer season. In this study, the summer

was characterized by an average temperature ranging from

14.2 to 25.4 �C with an average precipitation of 20 mm.

The above temperature might have favoured volatilization

of the PAHs from soil to another media as well as the

biodegradation of the PAHs in the soil. Moreover, at ele-

vated temperature, photochemical decomposition rates of

the PAHs in the atmosphere increases and could result in

decreased deposition of the pollutant on the soil surface

(Khillare et al. 2014). On the other hand, during winter the

season was characterized by an average temperature

ranging from 7.5 to 17.8 �C with an average precipitation

of 82 mm. According to Ahangar (2010), the microbial

breakdown of PAHs is decreased during winter which

might have contributed to the higher concentration of

PAHs during this season. In addition, dry deposition and

wet deposition of PAHs on the soil surface might have also

contributed to the level of PAHs in soil. According to

Khillare et al. (2014), the higher concentration of PAHs in

the winter season could also be attributed to higher emis-

sions (biomass and coal burning) leading to higher rate of

deposition of PAHs onto the soil.

Seasonal variation and spatial distribution of PAH

concentrations in soil samples

The PAH compounds in the soils varied from one sampling

site to another. Fluo, BaP, IP, Chry, BaA, BkF, and BbF

were detected in 51, 86, 46, 97, 17, 83, and 9% of the soil
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Fig. 2 Average concentrations of individual PAHs in soil samples

during winter and summer

Table 1 Summary statistics for pH, SOM and PAH concentration in

soil samples, standard deviation, SD, in parenthesis (mg/kg)

Winter Summer

Mean ± SD Mean ± SD

pH 7.28 ± 0.52 6.67 ± 0.70

SOM 2.74 ± 2.17 2.91 ± 1.97

Fluo 0.20 ± 0.23 0.02 ± 0.09

IP 1.64 ± 0.65 0.15 ± 0.48

Chry 0.36 ± 0.16 0.01 ± 0.04

BaP 1.11 ± 0.55 0.11 ± 0.31

BkF 0.60 ± 0.47 0.03 ± 0.15

BaA 0.08 ± 0.23 nd

BbF 0.09 ± 0.35 0.08 ± 0.31

DahA nd 0.10 ± 0.44

nd not detected, SD standard deviation, Fluo fluoranthene, BaP

benzo(a)pyrene, BkF benzo(k)fluoranthene, DahA dibenz(a,h)an-

thracene, IP Indeno(1,2,3-cd)pyrene, Chry chrysene, BaA

benzo(a)anthracene, BbF benzo(b)fluoranthene

Table 2 The number of sites exceeding allowed limits for PAHs

Season Fluo IP Chry BaP BkF BaA BbF DahA

Polycyclic aromatic hydrocarbon

Winter 0 34 0 33 0 3 1 0

Summer 0 27 0 26 0 0 5 7
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samples in winter, respectively, while in summer DahA,

Fluo, BaP, IP, BbF, BkF, and Chry were detected in only

about 25, 6, 14, 26, 14, 8, and 6%, respectively. The

decrease in the presence of the PAHs may be attributed to

the increase of volatilization of the PAHs from the soil

during summer. This was consistent with the findings of

Masih and Taneja (2006) who reported that the maximum

mean concentration of the PAH compounds was higher in

the soil samples during the winter season and decreased in

the summer season.

The concentration of IP, BaP and BkF were higher at all

the sampling sites during winter compared to the other

PAHs. This can probably be explained by the fact that they

are more abundant in the environment. The sum of the

PAHs at the road side in winter ranged from 4.43 to

9.31 mg/kg, from 2.31 to 5.37 mg/kg for the soil samples

collected at the industrial area and from 1.32 to 5.23 mg/kg

for the soil samples collected at the residential area. On the

other hand, the soil samples collected at the road side

during summer ranged from nd to 6.27 mg/kg from nd to

8.65 mg/kg for the soil samples collected at the industrial

area and from nd to 3.41 mg/kg for the soil samples col-

lected at the residential area. The total PAH concentration

increased in order of residential soil\ industrial

soil B roadside soil.

From the spatial distribution, it was observed that resi-

dential areas located in the northwest of the petrochemical

plant contributed least PAH. The highest PAH concentra-

tion at the road side suggested that vehicular emissions

probably contribute the most to the level of the PAHs in the

soils followed by the industrial emissions during both

winter and summer. These results are in agreement with the

finding of Rafael et al. (2014) who reported that the levels of

the PAHs in a vicinity of a petrochemical plant were due to

vehicular exhausts from both diesel and gasoline engines.

Similarly, results were also reported by Wang et al. (2013)

where the highest concentrations of the PAHs were

observed at the roadsides (0.96 mg/kg), followed by

industrial areas (0.71 mg/kg) and residential areas

(0.52 mg/kg). The spatial distribution of the PAH com-

pounds showed that the concentrations of PAH at some sites

were lower close to the petrochemical plant. Wind direction

and speed were found to affect the spatial distribution and

accumulation of PAHs in the terrestrial environment (Nam

et al. 2003). In Cape Town, the wind is predominantly from

the northwest in winter while in summer it varies between

southeast and southwest. Most locations with higher con-

centrations were located in southwest and southeast areas of

the petrochemical plant and the locations with lower PAH

concentrations were mainly distributed near the northwest

area of the petrochemical plant. Those results suggested that

the distribution of PAHs could possibly be affected by the

wind direction.

Principal component analysis

To further demonstrate the seasonal variation and spatial

distribution in the concentration of the PAHs in soil sam-

ples an analysis based on the principal component method

(PCA) was employed. Figure 3 gives a visual representa-

tion of the seasonal variations and spatial.

PCA accounted for 62% of the variance. The clustering

of winter and summer sites in the biplot suggests a seasonal

effect on the PAHs concentrations in the soil samples. It is

also evident that pH weakly correlates with summer PAH

levels, with no correlation in winter. Similarly, a SOM

appears to have no effect on either summer or winter PAH

levels.

Probable sources of PAHs in soil in a vicinity

of a petrochemical plant

The potential sources of PAHs in different environmental

media can be identified using the ratios between pairs of

the concentration of individuals PAHs. The literature val-

ues presented in Table 3 were used to characterize possible

sources of the PAHs in this study.

The ratio of BaP/(BaP ? Chry) and the possible sources

of PAHs in the 35 soil samples during winter are presented

in Table 3. In winter, BaP/(BaP ? Chry) ratio ranged from

0.66 to 0.78. About 97% of the sampling sites exhibited the

typical attribute of petrogenic combustion. In summer, the

ratio BaP/(BaP ? Chry) could not be calculated because

benzo(a)pyrene and chrysene were not detected in most of

Fig. 3 A biplot showing the spatio–temporal distribution of PAH in

urban soils
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the sampling sites presumably due to the higher rate of

degradation of the PAHs.

Conclusion

All of the selected PAHs were present in the soil samples.

Indeno(1,2,3-cd)pyrene and benzo(a)anthracene exceeded

the maximum allowed concentration for PAHs in soils at

almost all the sampling sites during both seasons. Fluo-

ranthene and benzo(k)fluoranthene levels were within the

MAC at all the sampling sites. A seasonal influence on the

PAH levels is observed with the higher soil concentration

in winter (p\ 0.05). The observed trend for the concen-

tration of the eight PAHs for winter was; residential soils

(5.23 mg/kg)\ industrial (5.37 mg/kg)\ roadside soils

(9.31 mg/kg). The corresponding trend for summer was;

residential soils (3.41 mg/kg)\ roadside soils (6.27 mg/

kg)\ industrial soils (8.65 mg/kg). The data suggest that

vehicular traffic could be a significant contributor to PAH

level in the environment.
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