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A B S T R A C T

Emission of Polycyclic Aromatic Hydrocarbon compounds from combustion of crop residue was investigated.
Crop residues comprising maize cobs, maize husks, rice husks and bean chaff were burnt in a furnace at a tem-
perature of 400 �C and the emissions from the combustion process were characterized using standard methods.
Health risk through inhalation was assessed using toxic equivalent factors and excess lifetime cancer risk. The
results showed the detection of 16 PAH compound which included: Benzo[ghi]perylene, Naphthalene, Ace-
naphthene, Anthracene, Phenanthrene, Fluorene, Fluoranthene, Acenaphthylene, Pyrene, Benzo[a]anthracene,
Dibenzo[a,h]anthracene, Benzo[b]fluoranthene, Chrysene, Benzo[a]pyrene, Indene[1,2,3-cd]pyrene and Benzo
[k]fluoranthene. Benzo[b]fluoranthene had highest mean concentration of 1.30 μg/mg while Dibenzo[a,h]
anthracene had the lowest mean concentration of 0.01 μg/mg. It was also revealed that the toxicity of PAHs was
due to the presence of Benzo[b]fluoranthene for all the samples except for sample 4 for which the main
contribution to toxicity was emission from benzo(a)pyrene, while the cancer risk assessment estimated to be 1.2 �
10�1 was far above the acceptable carcinogenic risk limit of 1 � 10�6. This study concluded that, more efforts are
needed to reduce emission of PAHs from the combustion of crop residues into the ambient air otherwise, human
health could be under threat especially if exposed for a long period.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are compounds with two or
more bonded benzene rings and are produced when organic materials
such as wood, coal or oil undergo incompletely combustion (Vichi et al.,
2005; Haritash and Kaushik 2009; Jiang et al., 2014; Kim et al., 2016).
They are compounds containing only carbon and hydrogen, bonded in
simple ring structures to more complex ones and can either be light or
heavy (depending on the number of the rings). PAHs have been described
as harmful persistent organic pollutants; which are detrimental to the
environment and human health (Lawal, 2017). Many PAH compounds
are not only cancer-causing and poisonous for production, but they also
have potentials to cause permanent changes in the DNA sequence (Crone
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and Tolstoy, 2010). Apart from the fact that they stay long in the atmo-
sphere and barely disintegrate, they are also bio-accumulative.

PAHs can be released into the atmosphere naturally or through
anthropogenic means. Natural emission sources of PAHs include hydro-
thermal processes, forest fires and volcanoes, while waste or biomass
burning, burning of fossil fuel and automobile exhausts are some of the
anthropogenic sources (Li et al., 2015). Apart from these, PAHs can be
emitted from other sources. For instance, emissions from hazardous
waste sites, industries, cigarette smoking, as well as burn pits have been
identified as some of the emitters of PAHs (White et al., 2016; Lawal,
2017).

The emission of particles and all other toxic vapour pollutants
resulting from the combustion of agricultural residues is a major global
).
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concern as it affects climate and human health (Guoliang et al., 2008). In
developing countries, burning of crop residues has become a common
practice as a means of disposal, possibly because of lack of awareness or
due to technological backwardness. Despite the fact that crop residues
left in the field after grain harvests have great potentials as a feedstock for
bioenergy and possess nutrient, erosion, and soil carbon characteristics
that should not be ignored, many farmers in developing nations still
consider them as by-products. In developing nations, combustion of crop
residues is considered as the most suitable and economical in managing
agricultural wastes (Cheewaphongphan et al., 2011).

According to Gurjar et al. (2016), farmers practice combustion of crop
residue to dispose heaps of agricultural wastes and this operation releases
volatile organic compounds (VOCs), carbon monoxide, hydrocarbons,
nitrogen oxide and PAHs. Apart from green-house gas emissions (CH4,
N2O, CO2), air contaminants (non-methane hydrocarbons, smoke, vola-
tile organic compounds, CO, SO2, PAHs, NOx, particulate matter, NH3),
agricultural waste burning also causes severe land and water contami-
nation at the local as well as national levels, thereby posing a danger to
public human health (Sahai et al., 2007; Gadde et al., 2009; Cheewa-
phongphan et al., 2011). Gadde et al. (2009) reported annual estimates of
concentration of air pollutants emissions from open field combustion of
rice straws in three different countries as 16, 253, 012; 779; 144,719 and
207 Mg of CO2, CO, Total Particulate Matter (TPM) and PAHs respec-
tively, from India; 12,206,603; 290,116; 108,689 and 156 Mg of CO2,
CO,TPM and PAHs respectively, from Thailand and 11,850, 034; 281,
641; 105,514 and 151Mg of CO2, CO, TPM and PAHs respectively, from
Philippine. This is considered to increase the atmospheric pollution loads
of the respectively regions and thus severely impacts both human and
environmental of the countries.

Resulting effects of crop residues combustion can be detrimental to
both mankind and environment. For example, the short term/acute
health effects include eye irritation, nausea, vomiting, diarrhea, skin
irritation and inflammation (Abdel-Shafy and Mansour, 2016; Lawal.,
2017). The long term/chronic health effects include decreased immune
functions, cataracts, kidney and liver damage, asthma-like symptoms and
lung function abnormalities (Abdel-Shafy and Mansour, 2016). Besides,
black soot contributes to the rise in the concentration of particulate in the
air thereby leading to poor visibility (Cheewaphongphan et al., 2011).
Likewise, generation of these vapor pollutants indirectly leads to high
concentration of ozone gases, a major contributor of air pollution. Also,
destruction of soil texture and eventual loss of soil minerals which sub-
sequently affect productivity in the subsequent cultivating years is also
one of the dangers of burning agricultural residues.

In an effort to evaluate the impacts of human related activities on the
ambient air quality, this study investigated PAHs emission from com-
bustion of agricultural waste residue. Previous studies have reported
various pollutants emitted from biomass burning along with their
resulting concentrations and possible impacts. A Study by Awasthi et al.
(2011) shows that the concentration of the different size fraction of
particulate emitted during combustion depends on the types of the
agricultural crop residue. Investigation of emissions from the combustion
of barley straw and oats by Calvo et al. (2011) shows that burning barley
straw generates more of fine particles as compared to that of oats.
Emission of gaseous pollutants such as carbon dioxide (CO2), nitrous
oxide (N2O), methane (CH4), CO, non-methane hydrocarbons, NOx, SO2,
and particulate matter (PM)were reported by Gadde et al. (2009). Impact
of the burning of rice crop residue on the levels of suspended particulate
matter (SPM), SO2 and NO2 in the ambient air of Patiala (India) was
investigated by Singh et al. (2010). The study reported that the con-
centration of SPM, SO2 and NO2 rise in rice residue combustion period
which is between September–January. Study by Shen et al. (2011)
evaluated the emission factor and size distribution of PAHs from indoor
crop residue burning in a typical rural stove. It was reported that the
PAHs emission factors from selected crop residues burnt in a typical
Chinese cooking stove were higher compared to those from experimental
chamber. In specific terms, critical review of literature revealed that
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previous studies have concentrated on the assessment of emission of
inorganic pollutants generated from biomass burning but there is exis-
tence of major data gaps on PAHs emission from burning of agricultural
residues.

Generally, polycyclic aromatic hydrocarbons have received research
attention in some developed nations due to its negative effects on envi-
ronment (Kanzari et al., 2012), animals (Qi et al., 2013) and public health
(Kannan et al., 2005). Likewise, there have been emerging research at-
tentions being given to health risk assessment of PAHs in few Asian
countries in recent years. For instance, in Southwest Iran, Doroodzani
et al. (2021) investigated effects of exposure to PAHs on pregnant women
and their fetuses. The study showed that mothers who live in industrial
areas and consume PAHs-containing foodstuffs are at high risk of trans-
mitting PAHs to the fetuses. Also, potential carcinogenic risk of exposure
to PM10-bound PAHs by residents of three major cities in Iran has also
been reported (Goudarzi et al., 2021). Several other health risk assess-
ment studies on exposure to PAHs have been carried out in China (Wang
et al., 2020), Iran (Raeisi et al., 2016; Akhbarizadeh et al., 2021) and in
Germany (Dobaradaran et al., 2019, 2020) as against dearth of reported
information on PAHs sources and levels in emergent nations, especially
African countries. Moreover, while few reported studies have focused on
PAHs present in soil from industrial and residential regions (Nieuwoudt
et al., 2011), there is a limited knowledge of the contribution of PAHs
emission from combustion of crop residue/agricultural wastes to the
ambient air quality in developing nations (Okedeyi et al., 2013).

Therefore, going by the common practice of burning, as a strategy for
disposing large heaps of agriculturalwastes/residue in developingnations
and the potential of such practice to emit hydrocarbon-based pollutants
such as VOCs and PAHs, coupled with the threat that PAHs could pose to
the ambient air quality, there is the need for the assessment of these
emissions from combustion of variety of crop residues. This study inves-
tigated PAHs emissions emanating from the burning of crop residue and
their impacts on ambient air quality as well as associated health risks that
could result from exposure to the vapor emission. This study will provide
information on PAHs emission from burning of agricultural waste.

2. Methodology

2.1. Experimental set-up

The experimental set-up is furnace coupled with a thistle tube. The
furnace made up of a combustion chamber, thermostat, an ignition
source and an in-built heat exchanger. Samples were fed into the com-
bustion chamber where they were ignited by the ignition source at a
controlled temperature. The heat exchanger in the furnace absorbed heat
from the combustion process. A thistle tube loaded at the round neck/
reservoir with activated carbon (adsorbent) was tightly inserted into the
opening/vent/flue collar at the top of the furnace to trap the emission
from the combustion process. The insertion was made possible by first
passing the tube through a hole drilled in a stopper and inserting the
stopper into the flue collar of the furnace. The mouth of thistle tube was
closed, air tightly with a rubber cork to prevent escape.

2.2. Experimental procedure

For this study, the crop residues (Maize cobs, Maize Husk, Rice Husks
and Beans chaff) used were collected from Landmark University Teach-
ing and Research Farm. The selected crop residues chosen represent three
major agricultural crops in Nigeria. The crop residues selected were then
dried thoroughly to remove the moisture content that may affect the rate
of combustion before being crushed to increase the surface area and
weighed. The representation of the samples is as shown in Table 1. The
pre-determined quantity of the crushed crop residues was then fed into
the furnace and burnt at a temperature of 400 �C (combustion temper-
ature of the residue) while the emissions from the combustion process
was trapped in thistle tube covered with a rubber cork.



Table 1. Representation of the samples.

Sample Number Crop Residue Denotation

1 Maize Cobs AQ1

2 Maize Husks AQ2

3 Rice Husk AQ3

4 Bean Chaff AQ4

5 Equal quantity of maize cobs þ maize husks
þ rice husks þ bean chaff

AQ5
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The rubber cork covered the larger end of the thistle tube. The
emission vented out was trapped from the flue collar into the thistle tube
containing adsorbent (activated carbon) where the pollutants were
collected on the surface of the adsorbent in 5 min. A muslin cloth was
placed inside the thistle tube to serve as a filter medium due to its high
capacity for particle retention. The thistle tube was half-filled with
activated carbon (previously baked prior to sampling at 300 �C for about
2 h to remove any trace of organic) which weighed 4g for each sample
and then sealed with a glass rod attached to a rubber cork for escape of
the emissions. The pollutants-rich-sorbent was quickly poured into a
rubber container and refrigerated before PAHs extraction, characteriza-
tion and quantification.
2.3. Extraction of PAHs from pollutants-rich-sorbent

Extraction of PAHs for the sorbent followed method described and
employed by previous researchers (Lai et al., 2009; Sadowska-Rociek
et al., 2014), using a centrifuge (MPW 380, Germany) and T25 digital
disperser to prepare the samples. Preparation of standard solutions in
pure solvent was done for all procedures by diluting solution of the
standard mixture in hexane in the following ranges: 0.1, 1, 5, 10, 40, 70
and 100 ng mL�1 and each made in triplicate, contained 100μL of
anthracene-d10 solution. For the extraction of PAHs, A standard solution
was made to cover (up to 20 μg/kg) 1 g of each sample earlier weighed
into a 50- ml centrifuge tube. This was thoroughly shaken for proper
mixing and allowed to settle for 15 min at room temperature. This was
then followed by the addition of 10 ml of hot (boiled) water to the sample
for the improvement of the yield, the solution was then cooled to ambient
temperature. After cooling was the addition of 10 ml of ethyl acetate and
vigorous shaking of the mixture for 1 min. This was followed by addition
Table 2. Concentrations (μg/mg) of the detected PAHs.

S/No PAHs Detected Concentration (μg/mg)

AQ1 AQ2

1 Naphthalene 1.05 � 0.42 0.01 �
2 Acenaphthylene 1.02 � 0.31 0.09 �
3 Acenaphthene 0.03 � 0.11 0.31 �
4 Phenanthrene 1.00 � 0.25 1.00 �
5 Anthracene 0.04 � 0.10 1.21 �
6 Fluorene 0.02 � 0.10 0.11 �
7 Fluoranthene 0.04 � 0.13 0.15 �
8 Pyrene 0.13 � 0.26 0.13 �
9 Benzo[a]anthracene 0.02 � 0.14 1.02 �
10 Benzo[b]fluoranthene 1.32 � 0.37 1.36 �
11 Chrysene 0.96 � 0.46 0.56 �
12 Benzo[a] pyrene 0.02 � 0.15 0.02 �
13 Indene[1,2,3-cd] pyrene 0.01 � 0.12 0.02 �
14 Benzo[k]fluoranthene 1.06 � 0.31 0.03 �
15 Benzo[ghi]perylene 1.47 � 0.18 0.02 �
16 Dibenzo[ah] anthracene ND ND

ND ¼ not detected.
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of 1 and 4 g of NaCl and MgSO4, respectively. Apart from immediate
shaking after the addition of the salt, the tube and the contents (for each
sample) were shaken thoroughly for 1 min to ensure homogeneity, before
centrifuging at 8,700 RCF for 15 min. Into a 15 ml tube holding an
adequate amount of 0.9 g MgSO4 and tested sorbent, a 6 ml of super-
natant was transferred, the tube was then shaken for 2 min before
centrifuging at 5,000 RCF for 5 min. Extract of about 4 ml was taken into
a screw cup vial and then mixed with 100 μL of the anthracene-d10 so-
lution. Evaporation of the solvent and concentration of the extracts were
done under a stream of nitrogen. The analysis of the extracts was then
performed using GC-MS.

2.4. Quality control/quality assurance (QC/QA)

For each compound, Detection limits were estimated as three the
noise. For the calibration and spiking of the matrix, an external standard
(USA. EPA 525 PAH Mix-B) containing the 16 compounds was used. This
involves addition of a pre-known concentrations of the analytes to be
determined to the sample aliquots. Volumetric dilution was employed to
prepare the matrix spike solution form stock standards, followed by
subsequent injection on the cleaned filters. Removal efficiency of the
PAHs was determined by sampling the flue gas containing the fly ash and
the PAHs simultaneously before and after the activated carbon adsorp-
tion. The recovery efficiency varied between 65 and 98%. For the field
blank, a clean filter was exposed to the same sampling environment. For
each of the five samples, two blanks were obtained. All the concentra-
tions of the PAH compounds were found to be below the limits of de-
tections of the field blank.

2.5. PAHs characterization and quantification

To carry out the analysis, standard methods and procedures described
by earlier researchers (Lai et al., 2009; Sadowska-Rociek et al., 2014) are
also followed in this study. Gas Chromatography- Mass Spectrometer
(Varian 4000) was employed. The injection was done in triplicate by
utilizing mass spectrometer of a single CP-1117 split or splitless injector
at 270 �C and injection volume of 1.0 μL. Using nitrogen as a carrier gas
at 1.0 ml/min, the GC was run at these initial conditions:50 �C (1.0 min)
–15 �C min�1

–320 �C (6.0 min). The internal ionization with mas to
charge ratio from 45 to 500 was chosen as the operation mode for the ion
trap mass spectrometer, setting the ionization filament dwell time to 80
AQ3 AQ4 AQ5

0.08 1.02 � 0.43 0.01 � 0.11 0.82 � 0.34

0.10 1.00 � 0.26 ND 0.77 � 0.27

0.16 0.03 � 0.10 0.03 � 0.15 0.83 � 0.21

0.20 0.26 � 0.09 ND 1.00 � 0.33

0.43 0.32 � 0.12 0.02 � 0.10 0.84 � 0.29

0.13 0.03 � 0.12 0.49 � 0.23 1.02 � 0.28

0.23 0.04 � 0.10 0.61 � 0.28 1.00 � 0.36

0.10 0.63 � 0.35 0.83 � 0.30 0.03 � 0.10

0.37 0.67 � 0.31 0.82 � 0.30 1.22 � 0.31

0.34 1.40 � 0.41 1.32 � 0.38 1.10 � 0.33

0.10 1.37 � 0.46 0.82 � 0.19 0.98 � 0.26

0.11 0.03 � 0.21 0.74 � 0.20 0.02 � 0.08

0.10 0.01 � 0.06 1.18 � 0.37 0.01 � 0.01

0.2 0.01 � 0.02 0.54 � 0.22 0.72 � 0.19

0.13 ND 0.58 � 0.26 0.55 � 0.22

ND 0.01 � 0.03 ND



Table 3. Number of rings, molecular weight, LOD, recovery efficiency and P-values showing significant difference between samples of PAHs.

S/No PAHs Compounds No of ring Molecular weight LOD Limits Recovery % P-value showing significant
difference between samples

1 Naphthalene 2 128 0.014 73 0.014

2 Acenaphthylene 2 152 0.010 85 0.013

3 Acenaphthene 2 154 0.017 90 0.001

4 Phenanthrene 3 178 0.026 98 0.010

5 Anthracene 3 178 0.013 68 0.014

6 Fluorene 2or3 166 0.016 65 0.011

7 Fluoranthene 3or4 202 0.023 70 0.011

8 Pyrene 4 202 0.018 82 0.001

9 Benzo[a]anthracene 4 228 0.013 63 0.012

10 Benzo[b]fluoranthene 4/5 252 0.028 95 0.003

11 Chrysene 4 228 0.018 80 0.008

12 Benzo[a] pyrene 5 252 0.010 88 0.009

13 Indene[1,2,3-cd] pyrene 5/6 276 0.013 96 0.014

14 Benzofluoranthene 4/5 252 0.019 91 0.012

15 Benzoghiperylene 5/6 276 0.004 76 0.016

16 Dibenzoahanthracene 5 278 0.022 94

Figure 1. Mean Concentration of the characterized polycyclic aromatic hydrocarbons.
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min and the current to 15 μA (Sadowska-Rociek et al., 2014). Ions were
qualitatively analyzed in the selected ion monitoring mode at 8.0 min
solvent delay and 220 and 180 �C as transfer line and trap temperatures,
respectively.

2.6. Health impact assessment

The three major routes through which humans are exposed to emis-
sions of PAH compounds include ingestion, dermal and inhalation
(Edokpayi et al., 2016). In man, the harmful effects of PAH are largely
dependent on the route of exposure (Diggs et al., 2011). The most sig-
nificant health impact to be expected from its inhalational exposure is an
4

excess risk of lung cancer (Kim et al., 2013). Its exposure may also pose a
risk for cardiovascular diseases, including atherosclerosis, hypertension,
thrombosis and myocardial infarction (Holme et al., 2019). In this study,
health risk through inhalation contact route was also estimated. With the
knowledge that each of PAH compounds has varying degree of carcino-
genic effects, therefore to assess the risk of PAH mixture and at the same
time, guide against overestimation of the cancer-causing (carcinogenic)
risk, two approaches were employed. These approaches are toxicity po-
tential using toxic equivalent factors (TEFs) and excess lifetime cancer
risk. The toxicity potential was employed for the five samples while
excess lifetime cancer risk was used for PAH mixture using the mean
concentration.



Figure 2. Mass fragmentation of the characterized PAHs.
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An estimate of the Toxicity potential of PAHs was made based on the
most carcinogenic PAH compound-benzo[a]pyrene, using Eq. (1) (Simon
et al., 2012; Nekhavhambe et al., 2014, Edokpayi et al., 2016).
P

TEQ ¼ TEFi �
P

Ci (1)

Ci ¼ concentration level of individual PAH compound;
TEQ ¼ toxic equivalent quotient,
TEFi ¼ toxic equivalent factor relative to benzo[a]pyrene.

TEFs used were obtained from US EPA (2010) and Nekhavhambe
et al. (2014).

According to previous reports, health risk assessment can also be
estimated for inhalation contact route using excess lifetime cancer risk
(ELCR) (Wu et al., 201; Odekanle et al., 2020). Excess lifetime cancer risk
is given by Eq. (2) (Wu et al., 2014)

ELCR ¼ CDI (mg/kg/d) �CSF (mg/kg/d)-1 (2)

CDI (Chronic daily intake) was estimated from Eq. (3) (Gungormus
et al., 2014);

CD I ¼ ðC � IR � ED� EFÞ
ðBW � ATÞ (3)

Where C ¼ concentration of the PAH compound (μg/m3); IR ¼ rate of
inhalation (m3/day) which was taken as the daily BaPeq inhalation rate
(20 m3/day) (Wu et al., 2014); ED is the exposure duration(year) which
was taken as 50 years, assumed to be active years for farming; EF, the
exposure frequency was taken as 180 days/year (Gungormus et al.,
2014); BW is the body weight, taken as 62.8 kg (Odekanle et al., 2020)
and AT, the averaging time was taken as 70 years (EPA, 2009). CSF is
cancer slope factor was estimated applying Eq. (4) (Odekanle et al.,
2020).

CSF ¼ UR/(BW � IR) (4)

UR, unit risk value of 0.008 μg/m3 was chosen as previously used
elsewhere (Greene and Morris, 2006).

3. Results and discussion

In the five samples analysed, 16 PAHs were characterized using the
data from the chromatographic analyses with an MS Detector. The
compounds detected included; Benzo[ghi]perylene, Naphthalene, Ace-
naphthene, Anthracene, Phenanthrene, Fluorene, Fluoranthene, Ace-
naphthylene, Pyrene, Benzo[a]anthracene, Dibenzo[a,h]anthracene,
Benzo[b]fluoranthene, Chrysene, Benzo[a]pyrene, Indene[1,2,3-cd]
pyrene and Benzo[k]fluoranthene. Summarized in Table 2 are the con-
centrations (μg/mg) of PAHs in the 5 samples. The characterized PAHs
had varying concentrations ranging from 1.47 to 0.01 ug/mg. Ace-
naphthylene and Phenanthrene were not detected for sample 4, Benzo
[ghi]perylene was not detected for Sample 3 while Dibenzo[ah]anthra-
cene was not detected for samples 1,2,3, 5 (though with a very low
concentration of 0.010 μg/mg for sample 4). The differences in the PAHs
composition between the different samples were found to be statistically
significant at 95 % confidence interval (p < 0.05) (Table 3).

The difference in the emission sourcemay be responsible for the PAHs
composition (Wang et al., 2020). The Mean concentration for each
characterized PAHs was presented in Figure 1. Generally, PAHs with
lower molecular weights were present in lower concentrations than those
with higher molecular weights (except for the case of Dibenzo[a,h]
anthracene with a mean concentration of 0.010 μg/mg). Benzo[b]fluo-
ranthene and Chrysene were present in higher concentrations (1.300 and
0.938 μg/mg respectively) when compared with other PAHs detected.
Dibenzo [a,h] anthracene (0.01 μg/mg) and Naphthalene (0.052 μg/mg)
are the two PAHs with lowest mean concentration. Of all the 16 PAH
5



Table 4. Characteristic diagnostic ratios values for particular emission sources.

Ratio Petrogenic Pyrogenic References

Anth/(Anth þ Phen) <0.1 >0.1 Brandli et al., 2007

Fluo/(Fluo þ Pyre) <0.4 >0.4 Brandli et al., 2007

Low molecular weight/
High molecular weight

>1 <1 Nasher et al., 2013

High molecular weight ¼ PAHs with �4 rings.
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compounds characterized, only Naphthalene, Dibenzo[a,h]anthracene
and Benzo[(a]pyrene have their mean concentrations below the 0.200
ug/mg limit set by the Occupational Safety and Health Administration
(OSHA). This indicates that, human health could be under threat espe-
cially if exposed for a long period. It is thought that high molecular
weight PAHs were more prevalent due to their increased weight which
makes them resistant to oxidation, reduction and vaporization. The re-
sults obtained in this study were higher than most reported data by
previous studies (Dhammapala et al., 2007, Lu et al., 2009, Shen et al.,
2011) but comparable to the report of Simon et al. (2012). The difference
could be linked to the variations in the experimental set-up. Generally,
PAH emissions strongly depend on the fuel type and burning conditions
which include the combustion chamber as well as the combustion tem-
perature (Simon et al., 2012). Previous studies reported results obtained
from chamber experiment while this study is based on laboratory
experiment where air flow and oxygen supply are more limited, hence
reduced combustion efficiency and elevated PAHs concentrations.
Similarly, it is thought that combustion temperature (400 �C) in this
study favoured PAHs formation due to limited heat loss during the
combustion.

It has been reported that the higher the combustion temperature
from 200 to 700 �C, the higher the emission of PAHs (Shen et al., 2011).
Polycyclic aromatic hydrocarbons with 3 and 4 rings PAHs accounted
for between 29% and 34% of the emissions, while those with 5 and 6
rings accounted for between 10% and 26% whereas, PAHs with only 2
rings are accounted for less than 1% of the emission. The mass frag-
mentations of the characterized PAHs were shown in Figure 2(a-d). The
mass to charge ratio (m/z) ranged from 178 to 276. As the number of
Table 5. TEF and TEQ values PAHs.

PAHs Detected TEF Values TEQ Values

(10�2) AQ1 (10�2) AQ

Naphthalene 0.1* 0.105 0.0

Acenaphthylene 0.1* 0.102 0.0

Acenaphthene 1.0* 0.03 0.3

Phenanthrene 0.1* 0.10 0.1

Anthracene 1.0* 0.04 1.2

Fluorene 0.1* 0.002 0.0

Fluoranthene 8.0** 0.32 1.2

Pyrene 0.1** 0.013 0.0

Benzo[a]anthracene 10.0** 0.20 10

Benzo[b]fluoranthene 10.0** 13.2 13

Chrysene 1.0** 0.96 0.5

Benzo[a]pyrene 100* 2.00 2.0

Indene[1,2,3-cd]pyrene 10** 0.10 0.2

Benzo[k]fluoranthene 10** 10.6 0.3

Benzo[ghi]perylene 1.0** 1.47 0.0

Dibenzo[ah] anthracene 100* - -

∑ TEQ 29.242 29

ECLR ¼ 1.2 � 10�1

* ¼US EPA (2010).
** ¼ Nekhavhambe et al. (2014).

6

the rings of molecule increased, there was also a progressive increase in
the mass to charge ratios of the compounds with Naphthalene and
Dibenzo[a,h]anthracene having the lowest and highest m/z ratio
respectively.

Several factors such as the emitted concentration, meteorological
conditions (temperature, windspeed, wind direction) and atmospheric
oxidants determine the potential emission sources of PAH compounds
(Wu et al., 2014). However, several previous studies have employed the
use of diagnostic ratios for PAHs source identification (Brandli et al.,
2007; Yang et al., 2007; Nasher et al., 2013). It has also been suggested
that diagnostic ratios are designed to identify PAHs sources due to their
stability, chemical and physical properties (Yunker et al., 2002; Nasher
et al., 2013). Generally, PAHs emission can either be from petroleum
origin (petrogenic source) or from the combustion of biomass (pyrogenic
sources). This was assessed and ascertained using the most commonly
adopted characteristic diagnostic ratio values for particular emission
sources (Table 4).

The ratio of Anthracene/(Anthracene þ Phenanthrene) was 0.37
(>0.1), while that of Fluoranthene/(Fluoranthene þ Pyrene) was 0.51
(>0.4) and the ratio of Low molecular weight/High molecular weight
gave 0.5 (<1). This was a confirmation of the pyrogenic source of the
PAHs. Most PAHs in ambient air are usually from the combustion of
biomass rather than petroleum origin (Edokpayi et al., 2016).
3.1. Health risk assessment

The potential toxicity of individual PAHs was presented in Table 5.
The ECLR was estimated to be 1.2 � 10�1. The toxicity of PAHs was due
to the presence of Benzo[b]fluoranthene for all the samples except for
sample 4 for which the main contribution to toxicity was emission from
benzo[a]pyrene. Though there are emissions from light PAHs, their
contribution to global toxicity could be assumed to be minor. Similarly,
the inhalation risk (ECLR) calculated as 1.2 � 10�1 was higher than the
generally accepted carcinogenic risk level of 1 � 10�6.

Inhalation risks less than or equal to 1� 10�6 are considered as being
negligible or insignificant risks (Wu et al., 2014). This estimation in-
dicates that more efforts are needed to reduce emission of PAHs from the
combustion of crop residues.
2 (10�2) AQ3 (10�2) AQ4 (10�2) AQ5 (10�2)

01 0.102 0.001 0.082

09 0.10 - 0.077

1 0.03 0.03 0.83

0 0.026 - 0.10

1 0.32 0.02 0.84

11 0.003 0.049 0.102

0 0.32 4.88 8.00

13 0.063 0.083 0.003

.2 6.7 8.20 12.20

.6 14.00 13.20 11.00

6 1.37 0.82 0.98

0 3.00 74.00 2.00

0 0.10 11.80 0.10

0 0.10 5.40 7.20

2 - 0.58 0.55

- 0.01 -

.734 26.234 120.063 44.064
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4. Conclusion

The analysis of the emission from the combustion of the selected crop
residues for PAH compounds revealed 16 PAH compounds with varying
concentrations. PAHs with lower molecular weights were present in
lower concentrations than those with higher molecular weights. Health
risk assessment also showed an elevated level beyond the acceptable
carcinogenic threshold limit. Hence, continual exposure to the emission
from these sources could endanger public health. Thus, public awareness
and education on the sources and health impacts of exposure need to be
improved. It is therefore concluded that more efforts are needed to
reduce emission of PAHs from the combustion of crop residues into the
ambient air.
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