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Abstract 

Background: The atmosphere has become a major transport corridor for free radicals and particulate matter from 
combustion events. The motivation behind this study was to determine the nature of particulate emissions and 
surface bound radicals formed during the thermal degradation of diesel blends in order to assess the health and 
environmental hazards of binary transport fuels.

Methodology: Accordingly, this contribution explored the interactions that occur when Croton megalocarpus bio-
diesel and fossil diesel in the ratio of 1:1 by weight were co-pyrolyzed in a quartz reactor at a residence time of 0.5 s 
under an inert flow of nitrogen at 600 °C. The surface morphology of the thermal char formed were imaged using a 
Feld emission gun scanning electron microscope (FEG SEM) while Electron paramagnetic resonance spectrometer 
(EPR) was used to explore the presence of free radicals on the surface of thermal char. Molecular functional groups 
adsorbed on the surface of thermal char were explored using Fourier transform infrared spectroscopy (FTIR).

Results: FTIR spectrum showed that the major functional groups on the surface of the char were basically aromatic 
and some methylene groups. The particulate emissions detected in this work were ultrafine (~ 32 nm). The particu-
lates are consistent with the SEM images observed in this study. Electron paramagnetic resonance results gave a 
g-value of 2.0027 characteristic of carbon-based radicals of aromatic nature. Spectral peak-to-peak width (∆Hp-p) 
obtained was narrow (4.42 G).

Conclusions: The free radicals identified as carbon-based are medically notorious and may be transported by various 
sizes of particulate matter on to the surface of the human lung which may trigger cancer and pulmonary diseases. 
The nanoparticulates determined in this work can precipitate severe biological health problems among humans and 
other natural ecosystems. 
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Introduction
The atmosphere in general has become a major trans-
port corridor for environmentally persistent free radicals 
and particulate pollution from combustion events. Con-
sequently, environmental concerns in the use of petrol-
based diesel has mounted urgent pressure towards clean 
energy combustion with a view to minimizing emis-
sion of toxic particulates from vehicular exhaust while 

embracing environmentally friendly transport fuels from 
biomass materials such as biofuels and model biodiesel–
fossil diesel binary mixtures. The motivation behind this 
study is to explore the nature of particulates emitted and 
surface bound radicals formed during the thermal degra-
dation of diesel blends in order to evaluate the health and 
environmental consequences of using binary transport 
fuels in combustion engines.

The major molecular components of biodiesel are 
mono-alkyl esters of fatty acids extracted from animal fat 
and vegetable oils such as Croton megalocarpus oil, can-
ola oil and castor oil [1]. Of significant importance is the 
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use of non-edible seed oil to produce biodiesel because 
they are not only economical but also does not interfere 
with the human food chain. Figure 1 shows the C. mega-
locarpus plant and its seeds which is the central source of 
the biofuel used in this study. Croton is one of the larg-
est plant species of the Euphorbiaceae family and is well 
known for producing diverse uses ranging from medici-
nal, poultry feeds to processing of poison for use in hunt-
ing of game meat [2–4]. The plant is indigenous and is 
widely spread in the tropics especially East and Sub-
Saharan Africa [5]. Recently, there has been pronounced 
research interest on the plant as a feasible biodiesel 
resource [6, 7]. Previous research surveys concluded 
that it has the highest raw oil production potential of 
1.8 tones ha−1 year−1 compared with 1 tone ha−1 year−1 
of Jatropha curcas [8]. The plant species of the cro-
ton genus seeds contain approximately 32% oil yield by 
weight [8].

On the other hand, diesel engines powered by fossil 
fuels are known to emit massive particulate matter, nitro-
gen oxides and greenhouse gases, hence there is need to 
develop cleaner energy transport fuels. In this respect, 
biodiesel has been shown to reduce environmental pol-
lutants such particulate matter, carbon monoxide and 
unburned hydrocarbons [9]. Previous studies on bio-
diesel blends of ~ 20% indicated a reduction of about 
15% in particulate matter emissions, carbon monoxide, 
total hydrocarbons, and other toxic molecular by-prod-
ucts of combustion such as aldehydes and polyaromatic 
hydrocarbons [10]. Therefore, it is understood that die-
sel blends of varying ratios (biodiesel and petroleum 
diesel) may optimize engine performance but the toxic-
ity of emission by-products is something that needs to 
be probed exhaustively. In general, particulate emissions 
from combustion of transport fuels carry with them sur-
face bound radicals that may have detrimental impacts 
on both human and environmental health. Pyrolysis 

experiments are indispensable in mimicking the actual 
reaction processes taking place inside the internal com-
bustion engine.

The basic phenomena that occur during the thermal 
degradation of an organic sample is the initiation of 
pyrolysis reaction events which result in the evolution 
of organic volatiles and the formation of thermal char 
[11]. Pyrolysis therefore remains a central chemical pro-
cess in the utilization of renewable energy, and genera-
tion of aromatic feed stocks [12, 13]. The main products 
from pyrolysis are organic volatiles, charcoal and gases, 
depending on the operating conditions such as tempera-
ture, nature of organic matrix, heating rate, residence 
time and engine design [14].

Co-pyrolysis of organic mixtures explores the possibil-
ity of reducing the formation and emission of toxic free 
radicals and particulates to the environment, as well as 
the existence of interactions between biodiesel mate-
rials and fossil fuels in the formation of thermal chars 
[15, 16]. Therefore, the study of interaction of biomass 
components and fossil materials in combustion systems 
with a view to optimizing engine performance is funda-
mental. Despite the availability of a plethora of data from 
individual pyrolysis of model compounds of biodiesel 
components (croton oil, sunflower, olive oil etc.) and 
fossil model materials such as coal and kerogen, the co-
pyrolysis of biodiesel components and conventional die-
sel has received little attention hence co-pyrolysis studies 
of binary fuels (biofuel-fossil fuel) may have crucial leads 
towards achieving clean energy combustion. The primary 
emphasis of these studies is to determine the formation 
particulate emissions, nature of the resultant thermal 
char, and environmentally persistent free radicals for a 
thorough evaluation of binary transport fuels.

Environmentally persistent free radicals being one 
of the pollutants generated during the burning of fuels 
may be responsible for oxidative stress resulting in 

Fig. 1 The Croton megalocarpus plant (a) and croton seeds (b) (photos taken by the author)



Page 3 of 9Kibet et al. Chemistry Central Journal  (2018) 12:89 

cardiopulmonary diseases and probably the exposure 
to airborne fine particles that are major precursors for 
malignant growth that ultimately lead to cancer [17]. 
Vehicular exhaust from combustion of gasoline, diesel, 
and other petroleum fuels is a dominant contributor of 
fine  (PM2.5) and ultrafine  (PM0.1) particulates and may 
contain emissions of carbonaceous particles with fused 
and free polycyclic aromatic hydrocarbons (PAHs) [18]. 
Furthermore, ambient PM is believed to contain per-
sistent free radicals and reactive oxygen species (ROS) 
usually implicated in cellular damage and initiation of 
chronic pulmonary diseases [19, 20]. Persistent free 
radicals contribute to decreased lung function, promo-
tion of asthma, bronchitis, and pneumonia, especially 
in children residing in areas of high levels of particulate 
pollution [21]. Although exposure to  PM0.1 has been 
linked to diminished lung health, the underlying bio-
logical mechanisms responsible for enhanced exposure 
remain undefined [22]. Previous studies have also shown 
that women exposed to high levels of  PM10, especially 
those containing surface bound radicals have given birth 
to children with small heads, and small bodies, and this 
has been known to impact negatively on their cognitive 
skills in addition to being vulnerable to carcinogens and 
mutagens [23]. It is against this evidence that the study 
of particulate emissions from model transport fuels has 
become important.

Although inventories on the pyrolysis of pure biodiesel 
and pure petroleum diesel are available in literature, very 
little information is known on the co-pyrolysis of binary 
mixtures of biodiesel and petroleum diesel. Nonethe-
less, some studies have explored binary blends in the 
range of 10–41% by weight and observed a reduction in 
particulate emissions with respect to NOx and polyaro-
matic hydrocarbons (PAHs) [6]. Binary diesel blends are 
predicted to achieve optimum engine efficiency. Accord-
ingly, this investigation restricts itself to typical high 
temperature combustion of a heat engine (600  °C) and 
equimolar (by weight) mixtures of biodiesel and fossil 
diesel as model engine loads during combustion. This 
investigation will discuss extensively the particulate pol-
lution, the nature of thermal char and surface bound 
radicals from the co-pyrolysis of C. megalocarpus bio-
diesel, and petroleum based diesel believed to have seri-
ous implications on both the physical and the biological 
environments.

Methodology and materials
Materials
All chemicals and reagents used in this study were 
of analytical grade and were purchased from Sigma 
Aldrich Inc., (St. Louis Missouri, USA) through its sub-
sidiary, Kobian Kenya, Ltd. Croton oil was prepared 

by solvent extraction using hexane before it was con-
verted to biodiesel through trans-esterification process 
and eventually subjected to American Society for Test-
ing and Materials (ASTM) D 6751 standards [24]. The 
details of laboratory preparation of croton biodiesel are 
reported elsewhere in literature [25]. Commercial die-
sel was purchased from a local out let and used with-
out further treatment. A muffle heating furnace with a 
temperature range ≈ 20–1000  °C was purchased from 
Thermo-Scientific Inc., USA. The reactor was fabri-
cated in our laboratory by a glass blower while nitrogen 
of ultrahigh purity ≥ 99.99% (grade 5.0) was purchased 
from BOC gases, Kenya.

Co‑pyrolysis of C. megalocarpus biodiesel and petroleum 
diesel
In order to investigate the nature of particulate emissions 
and formation of environmentally persistent free radicals 
for optimization of clean energy combustion, binary mix-
tures in the ratio of 1:1 by weight were introduced into a 
pyrolysis reactor. Accordingly, 5  mg of C. megalocarpus 
biodiesel and 5 mg of petroleum diesel were mixed and 
placed in a quartz reactor of volume ≈ 7.85 cm3 housed 
in a muffle furnace (Thermo-Scientific Inc., USA). Pyrol-
ysis was conducted at 600 °C under a flow of nitrogen at 
a residence time of 0.5 s at 1 atmosphere. Five replicates 
were conducted in this experiment. The residence time 
was determined from the conventional ideal gas formula 
(Eq. 1).

where t0 is the residence time, F0 flow rate of the pyroly-
sis gas and Pd is the pressure difference between the inlet 
pressure and the pressure inside the reactor. Ideally the 
pressure difference is 0 because the ambient pressure and 
the reactor pressure are supposedly similar ~ 1 atm. while 
T, L and r represent the temperature, length of the reac-
tor, and the radius of the tubular reactor respectively. The 
subscript 0 denote original parameters (ambient) while 
the subscript 1 denotes the parameters inside the reactor.

Electron paramagnetic spectroscopy (EPR)
About 5  mg thermal char sample from the co-pyrolysis 
of biodiesel and commercial diesel was analyzed using 
a Bruker EMX-20/2.7 EPR spectrometer (X-band) with 
dual cavities, modulation and microwave frequencies of 
100 kHz and 9.516 GHz, respectively [26, 27]. The typi-
cal parameters were: sweep width of 200 G, EPR micro-
wave power of 1–20  mW, and modulation amplitude of 
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≤ 6 G. Time constant and sweep time were 16 s and 84 s, 
respectively. The value of the g factors was calculated 
using Bruker’s WINEPR program, which is a compre-
hensive line of software that allows control of the Bruker 
EPR spectrometer, data-acquisition, automation routines, 
tuning, and calibration programs on a windows-based 
personal computer [28]. The actual g-value for the spec-
trum was estimated by comparison with a 2,2-diphenyl-
1-picrylhydrazyl (DPPH) standard.

Scanning electron microscopy (SEM) analysis
Approximately 5 mg of thermal char was introduced into 
1 mL methanol and gold grids dipped into the prepared 
thermal char sample. A Twister was used to pick the 
gold grids from the char sample. The sample was stuck 
to aluminium SEM stubs with carbon tape. These were 
subsequently gold coated in a Quorum Q150 RES sputter 
coater [29]. The grids were allowed to dry in air before 
putting them into the analysis chamber of a Zeiss Ultra 
Plus (Germany) field emission gun scanning electron 
microscope (FEG SEM) [30]. For enhanced image clarity, 
a second sample of char was coated with a 3 nm Au layer 
to allow for higher resolution images to be obtained. All 
images were taken at an angle of 45° to increase the defi-
nition of the surface morphology [31]. The SEM machine 
was then switched on and imaging of the sample con-
ducted at 20.0 kV using a light emitting diode (LED). The 
lens was varied at various resolutions to obtain a clear 
focus of the sample image. A detailed procedure for SEM 
analysis is reported elsewhere [29, 31]. Additional images 
collected from this study are reported in the Additional 
file 1: Figure S3.

Image J computational code was used to determine the 
particulate size of the thermal char and a distribution 
curve of particulate size was then extracted using Igor 
graphing software (Igor ver. 5.0). The mean sizes of the 
char particulates at 600 °C was reported and presented as 
a Gaussian curve in which the peak of the curve gave the 
mean of the thermal particulates. Four SEM micrographs 
were used to extract the particulate size data for drawing 
the Gaussian curve presented in Fig. 2.

Fourier transform infrared (FTIR) spectroscopy
Conventionally, absorption spectra were collected using 
an Agilent FTS 7000e FTIR bench top spectrometer 
equipped with a liquid nitrogen-cooled mercury cad-
mium telluride detector and a heated (65.1  °C) seven-
reflection diamond ATR crystal (Concentrate IR, Harrick 
Scientific Products, Pleasantville, NY) described else-
where in literature [32]. Attenuated total reflection Fou-
rier-transform infrared (ATR-FTIR) spectroscopy was 
used in this investigation. ATR-FTIR spectra (256 co-
added scans) were collected at the 4 cm−1 resolution over 

the wave number range of 4000–500 cm−1 at an average 
of 4 scans [33, 34]. FTIR is one of the most important 
and versatile analytical techniques available to the cur-
rent crop of scientist [35]. FTIR spectrum of the control 
(blank) sample was run, Additional file 1: Figure S2.

Results and discussion
In this work, unique data on the co-pyrolysis of equi-
molar mixture of croton biodiesel and fossil diesel is 
presented. The central point of this investigation is the 
analysis of thermal char from a spectroscopic perspec-
tive. Of fundamental focus are the free radicals immo-
bilized on the surface of particulate emissions suspected 
to be architects of a number of health and environmental 
problems. It is well known in the combustion commu-
nity that the shorter the residence time, the smaller the 
particulate emissions because shorter residence times 
discourage agglomeration in particle formation—particle 
recombination time is too short [28].

Co‑pyrolysis of C. megalocarpus biodiesel and fossil 
diesel
The term particulate matter refers to particle pollution—
a matrix of aerosol droplets, dust, smoke and soot of 
varying particulate sizes that pose serious health con-
cerns [36]. The particle emissions presented in this study 
from the co-pyrolysis of the binary mixture of croton 
biodiesel and fossil diesel are classified as ultrafine par-
ticulates (~ 32 nm), the equivalent of 0.03 µm (cf. Fig. 2). 
These findings are disturbing from an environmental and 
a health perspective.

This study has shown that the thermal degradation of 
a mixture C. megalocarpus oil and fossil diesel gives rise 
to particulate fractions far much less than  PM0.1 and are 
therefore considered the most damaging of all PM partic-
ulates because they may be inhaled deeper into the lung 
tissues thereby causing grave damage to both humans 
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and other organisms. Wu and his co-workers [4] pro-
posed the strictest of emission standards to be observed 
when designing the combustion engine that runs on bio-
fuels owing to ultrafine particulates associated with its 
combustion [4]. However, it is not clear in their study 
why ultrafine particulate emissions were not investigated. 
As a general rule, the formation of emission particle for-
mation in combustion systems proceeds via homogene-
ous nucleation (particulates < 100 nm) and agglomeration 
(particulates > 900 nm) processes [4, 37]. In this proposi-
tion, emission particles stick together to form chain-like 
structures and may contain surface bound radicals [37] 
considered injurious to the biological environment.

Scanning electron micrographs from which the par-
ticulate size presented in this work was derived are pre-
sented in Fig. 3. Figure 3a was scanned at a magnification 
of 100,000× while Fig. 3b was imaged at a magnification 
of 50,000×. Clearly, the particulate matter identified 
in this study is far much less than  PM0.1. The particu-
late sizes from the thermal char resulting from the co-
pyrolysis of croton biodiesel and commercial diesel were 
estimated from several SEM micrographs in order to 
obtain sufficient data for the generation the distribution 
curve presented in Fig. 2. Image J computer software has 
robust proficiencies of computing the size distribution as 
well averaging particulates from SEM images. Additional 
micrographs at various magnifications are reported in 
the Additional file 1: Figure S3.

Electron paramagnetic resonance spectroscopy
The g-value of the free radicals in thermal char was 
found to be 2.0027 which can be considered as pure 

carbon-based radicals because they are significantly 
close to that of a free electron, 2.0023 (one of the most 
accurate conventional constants ever known in phys-
ics). The peak-to-peak width of the EPR signal was quite 
narrow, (4.42 G). The EPR spectrum of the thermal char 
had a strong anisotropic singlet peak at around 3320  G 
(cf. Fig. 4). The spin density for run 1 (conducted 20 days 
after the preparation of the thermal char) was found to be 
9.18 × 1019 spins/g and 3.84 × 1017 spins/cm. The thermal 
char was monitored over a period of 80 days in order to 
investigate their stability. The EPR spectra for this study 
are presented in Fig. 4. For clarity, the EPR signal for run 
4 is not plotted in Fig. 4. However, plots of g-values as a 
function of magnetic field for selected EPR runs (includ-
ing run 4) are reported in the Additional file 1: Figure S1.

EPR run 3 was significantly broad and had a lower 
intensity while runs 1 and 2 were symmetrical and quite 
intense. This broad feature in run 3 may be attributed to 
the break down in the Heisenberg exchange interaction. 
The EPR parameters for the thermal char explored in this 
work are presented in Table  1. Evidently from Table  1, 
the thermal char had fairly high spin densities. Even after 
80  days, the spin density (spins/g) in thermal char had 
decreased only by about 15% of the initial run conducted 
20 days after the co-pyrolysis experiment. This decrease 
is also consistent with that realized for spins/cm over a 
similar period of time (~ 14%). These observations dem-
onstrate that the free radicals bound on the surface of 
thermal char are, indeed, very stable and are can thus be 
accurately classified as environmentally persistent free 
radicals (EPRs).

Fig. 3 SEM image of biodiesel–fossil diesel at an associated magnification of ×50,000 at 200 nm (a) and a magnification of ×100,000 at 100 nm (b)
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FTIR features of the thermal char
The investigation of the surface functional groups of 
the thermal char from the co-pyrolysis of the binary 
mixture—croton biodiesel and fossil diesel using FTIR 
gave several principal bands as shown in Fig.  5. The 
intense broad absorption peak δs (1116 cm−1) is associ-
ated with in-plane bending of –CH3 in the possible aro-
matic structure of thermal char. The absorption bands 
υsa (2929 cm−1) and υs (3008 cm−1) are characteristic of 
asymmetrical and symmetrical stretching of methylene 
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Table 1 The EPR parameters for  the  thermal char formed 
from  the  co‑pyrolysis of  the  binary mixture of  biodiesel 
and conventional diesel

BCD binary mixture of biodiesel and conventional diesel

Char/run Time (days) g/cm spins/cm spins/g

BCD (1) 20 0.0022 3.84 × 1017 9.18 × 1019

BCD (2) 50 0.0022 3.63 × 1017 8.03 × 1019

BCD (3) 60 0.0022 3.55 × 1017 7.88 × 1019

BCD (4) 80 0.0022 3.34 × 1017 7.81 × 1019
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(–CH2–) groups for long chain aliphatic hydrocarbons. 
The sharp vibration υs (2115  cm−1) may be attributed 
to a C≡C (alkyne) which could be present in the ther-
mal char. The absorption peak υs (2325  cm−1) is prob-
ably a nitrile (–C≡N) that could be bonded to the char 
matrix. Moreover, the moderately weak absorption band 
υs (1590 cm−1) is an aromatic C–C double bond while δs 
(1415 cm−1) can judiciously be assigned to –CH2 bending 
modes in arenes.

The absorption bands at 874 and 756 cm−1 are consist-
ent with δ(–CH2) signature vibrations for in-plane and 
out of plane bending modes in aromatic compounds, 
respectively. A sharp band appearing around 544  cm−1 
may correspond to in-plane bending of the O=C–N 
group which could be present in the thermal char. All the 
surface functionalized groups identified in this investiga-
tion suggest that the thermal char is aromatic. Addition-
ally, the stability of free radicals explored in this work as 
carbon-centred ones may be delocalized within a highly 
conjugated π–π system [25].

The health and environmental concerns
This investigation has demonstrated that the co-pyroly-
sis of croton biodiesel and petroleum based diesel gives 
rise to ultrafine particles in the nano region (~ 32  nm) 
which may contain surface immobilized radicals, and 
if inhaled may precipitate serious health implications. 
For instance, it has been established that animal studies 
on rats exposed to particulate nanoparticles of ~ 22  nm 

diameter have found their way into the connective tis-
sue of the heart such as the fibroblast [35] and ultimately 
causing grave biological damage and cardiopulmonary 
death. Moreover, there is compelling evidence that within 
half an hour of exposure, large quantities of intra-tra-
cheal implanted nanoparticles of ~ 20 nm diameters have 
been found in platelets in the pulmonary capillaries of 
rats [37]. Additionally, the findings on free radicals bound 
to nanoparticles from this investigation are very disturb-
ing because they are precursors for severe environmental 
and health problems.

Clearly, in the search of alternative transport fuels such 
as binary diesel fuels explored in this work, the question 
of ultrafine emissions that carry with them surface bound 
radicals is of grave health concern. These particulates 
are extremely hazardous especially because they can be 
inhaled deeper and possibly find their way into the blood 
stream and thus may be carried into the heart during the 
blood circulation processes. Nanoparticles therefore are 
progenitors for fatal injury in biological cells and may 
trigger the production of reactive oxygen species (ROS) 
and ultimately cause oxidative stress, cardiac diseases, 
and even body mass waste. Thus nanoparticulate emis-
sions detected in this work may somewhat suggest an 
impediment in the search for environmentally friendly 
transport fuels. Nonetheless, engine designs fitted with 
efficient catalytic chambers and precipitators can impede 
the emission of ultrafine particulate, and probably 
improve the efficiency of binary diesel blends in motor 
systems.

Scheme 1 Mechanistic channels showing the generation of toxic species from the pyrolysis of binary diesel (up-pointing triangle indicates 
pyrolysis) and their predictive effects on the biological and the environmental systems
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The mechanistic processes culminating into the biolog-
ical health and environmental health problems derived 
from this study are summarized in Scheme  1. While 
intermediate reactive species (molecular reactive species) 
have not been explored in this work, we believe they are 
central sources of free radicals and are therefore equally 
hazardous as particulate emissions and surface bound 
radicals. Bioactivation and enzymatic activation are the 
fundamental processes which occur when reactive spe-
cies interact with biological systems to cause diseases 
such as cancers and pulmonary ailments [38]. These 
processes precipitate the formation of reactive oxygen 
species (ROS) responsible for various medical problems 
suffered by man and other ecosystems.

Remarkably, toxicological and epidemiological stud-
ies have shown that exposure to combustion particulate 
emissions, especially those carrying with them surface 
bound radicals as is the case in this study are well known 
precursors for such ailments as, lightheadedness, chronic 
respiratory problems, cardiopulmonary death, asthma 
and cancers [39]. Other studies have also established that 
particulates can encourage inheritable diseases such as 
leukemia [40]. Besides health concerns, particulate emis-
sions are known to combine with other air pollutants to 
form atmospheric brown clouds which are exceptional 
progenitors for numerous adverse environmental prob-
lems afflicting humans and other living organisms [17]. 
The fact that previous studies proposed stringent emis-
sion standards to be applied when designing biofuel 
based engines is a grave concern in the search for alterna-
tive fuels [4]. This is highly consistent with the findings 
advanced in this work.

Conclusions
This study has established that particulate emissions 
from the pyrolysis of a binary mixture of croton biodiesel 
and petrol-based diesel are ultrafine (~ 32 nm) and may 
be inhaled deeper into biological tissues, possibly finding 
their way into the red blood cells, alveoli, and the fibro-
blasts of the heart. The consequences of inhaling such 
particulates range from cell mutation, carcinogenesis, 
chronic coughs and cardiovascular death. Moreover, par-
ticulate emissions from the co-pyrolysis of croton bio-
fuel and petroleum-based diesel carry with them surface 
bound radicals that may be of serious concern to both the 
biological and the physical environment. The free radi-
cals identified in this study are carbon-based which may 
certainly be inhaled into the surface of the lungs being 
transported along by various sizes of particulate matter 
(PM) and are capable of causing pulmonary diseases, oxi-
dation stress and cell aberrations. Based on the findings 
of this study it may be necessary to explore varying ratios 

of biofuels and conventional diesel in order to derive 
optimum working conditions of an internal combustion 
engine without compromising public and environmental 
safety.

Additional file

Additional file 1: Figure S1. The diesel blend thermal char EPR spectra 
for runs 1 and 4; g-factor as a function of magnetic field. Figure S2. FTIR 
spectrum for the blank. Figure S3. SEM images of thermal char at various 
magnifications.

Authors’ contributions
BM prepared Croton megalocarpus biodiesel and conducted co-pyrolysis 
experiments under the direction of JK and SN, and wrote the first draft of the 
manuscript. VN facilitated SEM and FTIR analyses and made critical sug-
gestions towards the improvement of the manuscript. JK conducted and 
interpreted EPR analysis, and critically reviewed the manuscript. All authors 
read and approved the final manuscript.

Author details
1 Department of Chemistry, Egerton University, PO Box 536, Egerton 20115, 
Kenya. 2 Department of Physical and Biological Sciences, Kabaraka University, 
Private Bag, Kabarak, Kenya. 3 School of Chemistry and Physics, University 
of KwaZulu-Natal, Westville Campus, Private Bag X54001, Durban 4000, South 
Africa. 

Acknowledgements
VN wishes to thank the University of KwaZulu-Natal and the National Research 
Foundation (NRF) for financial support. The authors are grateful to Mrs. Thi-
loshini Naidoo and Mr. Vishal Bharuth both of the University of KwaZulu-Natal, 
College of Agriculture, Engineering and Science for conducting FTIR and SEM 
analyses, respectively, under the direction of VN. The University of Illinois at 
Urbana Champaign (USA) is greatly appreciated for according JK the opportu-
nity to conduct EPR analysis of the thermal char reported in this study.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 12 December 2017   Accepted: 31 July 2018

References
 1. Singh S, Singh D (2010) Biodiesel production through the use of different 

sources and characterization of oils and their esters as the substitute 
of diesel: a review. Renew Sustain Energy Rev 14:200–216. https ://doi.
org/10.1016/j.rser.2009.07.017

 2. Sanjid A, Kalam MA, Masjuki HH et al (2016) Performance and emission 
of multi-cylinder diesel engine using biodiesel blends obtained from 
mixed inedible feedstocks. J Clean Prod 112:4114–4122. https ://doi.
org/10.1016/j.jclep ro.2015.07.154

 3. Caruzo MBR, Van Ee BW, Cordeiro I, Berry PE, Riina R (2011) Molecular 
phylogenetics and character evolution of the “sacaca” clade: novel 
relationships of Croton section Cleodora (Euphorbiaceae). Mol Phylogenet 
Evol 60(2):193–206. https ://doi.org/10.1016/j.ympev .2011.04.013

 4. Wu D, Roskilly AP, Yu H (2013) Croton megalocarpus oil-fired micro-trigen-
eration prototype for remote and self-contained applications: experimen-
tal assessment of its performance and gaseous and particulate emissions. 
Interface Focus 3(1):1–11. https ://doi.org/10.1098/rsfs.2012.0041

https://doi.org/065-018-0458-6
https://doi.org/10.1016/j.rser.2009.07.017
https://doi.org/10.1016/j.rser.2009.07.017
https://doi.org/10.1016/j.jclepro.2015.07.154
https://doi.org/10.1016/j.jclepro.2015.07.154
https://doi.org/10.1016/j.ympev.2011.04.013
https://doi.org/10.1098/rsfs.2012.0041


Page 9 of 9Kibet et al. Chemistry Central Journal  (2018) 12:89 

 5. Kipkore W, Wanjohi B, Rono H et al (2014) A study of the medicinal plants 
used by the Marakwet Community in Kenya. J Ethnobiol Ethnomed 
10:24. https ://doi.org/10.1186/1746-4269-10-24

 6. Osawa W, Sahoo P, Onyari J, Mulaa FJ (2015) Experimental investigation 
on performance, emission and combustion characteristics of Croton 
megalocarpus biodiesel blends in a direct injection diesel engine. Int J Sci 
Technol 4. http://hdl.handl e.net/11295 /80267 

 7. Aliyu B, Shitanda D, Walker S, Agnew B, Masheiti S, Atan R (2011) Per-
formance and exhaust emissions of a diesel engine fuelled with Croton 
megalocarpus (musine) methyl ester. Appl Therm Eng 31(1):36–41. https 
://doi.org/10.1016/j.applt herma leng.2010.07.034

 8. Kafuku G, Mbarawa M (2010) Biodiesel production from Croton megalo-
carpus oil and its process optimization. Fuel 89(9):2556–2560. https ://doi.
org/10.1016/j.fuel.2010.03.039

 9. Chhetri A, Islam M (2008) Towards producing a truly green biodiesel. 
Energy Source Part A 30(8):754–764. https ://doi.org/10.1080/15567 03060 
08177 95

 10. McCormick RL (2007) The impact of biodiesel on pollutant emis-
sions and public health. Inhal Toxicol 19(2):033–1039. https ://doi.
org/10.1080/08958 37070 15335 09

 11. Babu B (2008) Biomass pyrolysis: a state-of-the-art review. Biofuel Bioprod 
Biorefin 2:393–414. https ://doi.org/10.1002/bbb.92

 12. Shin EJ, Nimlos MR, Evans RJ (2001) A study of the mechanisms of 
vanillin pyrolysis by mass spectrometry and multivariate analysis. Fuel 
80(12):689–1696. https ://doi.org/10.1016/S0016 -2361(01)00055 -2

 13. Jiang G, Nowakowski DJ, Bridgwater AV (2010) Effect of the temperature 
on the composition of lignin pyrolysis products. Energy Fuels 24(8):4470–
4475. https ://doi.org/10.1021/ef100 363c

 14. Yaman S (2004) Pyrolysis of biomass to produce fuels and chemical feed-
stocks. Energy Convers Manag 45(5):651–671. https ://doi.org/10.1016/
S0196 -8904(03)00177 -8

 15. Pou JO, Alvarez YE, Watson JK, Mathews JP, Pisupati S (2012) Co-primary 
thermolysis molecular modeling simulation of lignin and subbituminous 
coal via a reactive coarse-grained simplification. J Anal Appl Pyrolysis 
95:101–111. https ://doi.org/10.1016/j.jaap.2012.01.013

 16. Ren Q, Zhao C, Chen X, Li Y, Ma C (2011) NOx and N2O precursors (NH3 
and HCN) from biomass pyrolysis: co-pyrolysis of amino acids and cellu-
lose, hemicellulose and lignin. Proc Combust Inst 33(2):1715–1722. https 
://doi.org/10.1016/j.proci .2010.06.033

 17. Thurston GD, Ahn J, Cromar KR, Shao Y, Reynolds HR, Jerrett M, Lim CC 
et al (2016) Ambient particulate matter air pollution exposure and mor-
tality in the NIH-AARP diet and health cohort. Environ Health Perspect 
124(4):484. https ://doi.org/10.1289/ehp.15096 76

 18. Pey J, Querol X, Alastuey A, Rodríguez S, Putaud JP, Van Dingenen R (2009) 
Source apportionment of urban fine and ultra-fine particle number con-
centration in a Western Mediterranean city. Atmos Environ 43(29):4407–
4415. https ://doi.org/10.1016/j.atmos env.2009.05.024

 19. Baulig A, Garlatti M, Bonvallot V, Marchand A, Barouki R, Marano F, 
Baeza-Squiban A (2003) Involvement of reactive oxygen species in the 
metabolic pathways triggered by diesel exhaust particles in human air-
way epithelial cells. Am J Physiol Lung Cell Mol Physiol 285(3):L671–L679. 
https ://doi.org/10.1152/ajplu ng.00419 .2002

 20. Dellinger B, Pryor WA, Cueto R, Squadrito GL, Hegde V, Deutsch WA (2001) 
Role of free radicals in the toxicity of airborne fine particulate matter. 
Chem Res Toxicol 14(40):1371–1377. https ://doi.org/10.1021/tx010 050x

 21. Brunekreef B, Janssen NA, de Hartog J, Harssema H, Knape M, van Vliet P 
(1997) Air pollution from truck traffic and lung function in children living 
near motorways. Epidemiol 8(3):298–303

 22. Ibald-Mulli A, Wichmann HE, Kreyling W, Peters A (2002) Epidemio-
logical evidence on health effects of ultrafine particles. J Aerosol Med 
15(2):189–201. https ://doi.org/10.1089/08942 68023 20282 310

 23. Wang JF, Hu MG, Xu CD, Christakos G, Zhao Y (2013) Estimation of city-
wide air pollution in Beijing. PLoS ONE 8(1):1–6. https ://doi.org/10.1371/
journ al.pone.00534 00

 24. Ma N, Zhang L, Zhang Y, Yang L, Yu C, Yin G et al (2016) Biochar improves 
soil aggregate stability and water availability in a mollisol after three years 
of field application. PLoS ONE 11(5):1–10. https ://doi.org/10.1371/journ 
al.pone.01540 91

 25. Mosonik BC, Kibet JK, Vincent ON, Ngari SM (2018) Environmentally 
persistent free radicals and particulate emissions from the thermal degra-
dation of Croton megalocarpus biodiesel. Environ Sci Pollut Res Int. https 
://doi.org/10.1007/s1135 6-018-2546-5

 26. Khachatryan L, Asatryan R, McFerrin C, Adounkpe J, Dellinger B (2010) 
Radicals from the gas-phase pyrolysis of catechol. 2. Comparison of the 
pyrolysis of catechol and hydroquinone. J Phys Chem A 114(37):10110–
10116. https ://doi.org/10.1021/jp105 4588

 27. Jebet A, Kibet J, Ombaka L, Kinyanjui T (2017) Surface bound radicals, 
char yield and particulate size from the burning of tobacco cigarette. 
Chem Cent J 11(1):1–8. https ://doi.org/10.1186/s1306 5-017-0311-3

 28. Kibet J, Khachatryan L, Dellinger B (2012) Molecular products and radicals 
from pyrolysis of lignin. Environ Sci Technol 46(23):12994–13001. https ://
doi.org/10.1021/es302 942c

 29. Pongjanta J, Utaipatanacheep A, Naivikul O, Piyachomkwan K (2008) 
Enzymes-resistant starch (RS III) from pullulanase-debranched high 
amylose rice starch. Kasetsart J Nat Sci 42:198–205

 30. Konert M, Vandenberghe J (1997) Comparison of laser grain size 
analysis with pipette and sieve analysis: a solution for the underes-
timation of the clay fraction. Sedimentol 44(3):523–535. https ://doi.
org/10.1046/j.1365-3091.1997.d01-38.x

 31. Poynton SD, Slade RC, Omasta TJ, Mustain WE, Escudero-Cid R, Ocón 
P, Varcoe JR (2014) Preparation of radiation-grafted powders for use as 
anion exchange ionomers in alkaline polymer electrolyte fuel cells. J 
Mater Chem A 2:5124–5130. https ://doi.org/10.1039/C4TA0 0558A 

 32. Mili M, Gupta A, Katiyar V (2017) Designing of poly(l-lactide)–nicotine 
conjugates: mechanistic and kinetic studies and thermal release behavior 
of nicotine. ACS Omega 2(9):6131–6142. https ://doi.org/10.1021/acsom 
ega.7b010 02

 33. Reeves JB III (2002) Mid-versus near infrared spectroscopic analysis of 
diversely treated feedstuffs. J Near Infrared Spectrosc 7(2):89–100

 34. Almeida E, Balmayore M (2002) Santos T (2002) Some relevant aspects 
of the use of FTIR associated techniques in the study of surfaces and 
coatings. Prog Org Coat 44(3):233–242. https ://doi.org/10.1016/S0300 
-9440(02)00056 -5

 35. Chen Y, Bakrania S, Wooldridge M, Sastry AM (2010) Image analysis and 
computer simulation of nanoparticle clustering in combustion systems. 
Aerosol Sci Technol 44(1):83–95. https ://doi.org/10.1080/02786 82090 
33903 80

 36. Geiser M, Rothen-Rutishauser B, Kapp N, Kapp N, Schürch S, Kreyling 
W, Schulz H et al (2005) Ultrafine particles cross cellular membranes by 
nonphagocytic mechanisms in lungs and in cultured cells. Environ Health 
Perspect 113(11):1555–1560. https ://doi.org/10.1289/ehp.8006

 37. Oberdörster G, Oberdörster E, Oberdörster J (2005) Nanotoxicology: an 
emerging discipline evolving from studies of ultrafine particles. Environ 
Health Perspect 113(7):823. https ://doi.org/10.1289/ehp.7339

 38. Dekant W (2009) The role of biotransformation and bioactivation in toxic-
ity. In: Luch A (ed) Molecular, clinical and environmental toxicology, vol 
99. Experientia Supplementum. Birkhäuser, Basel, pp 57–86. https ://doi.
org/10.1007/978-3-7643-8336-7-3

 39. Bogarra M, Herreros J, Tsolakis A, York APE, Millington PJ (2016) Study 
of particulate matter and gaseous emissions in gasoline direct injec-
tion engine using on-board exhaust gas fuel reforming. Appl Energy 
180:245–255. https ://doi.org/10.1016/j.apene rgy.2016.07.100

 40. Huang H, Zhou C, Liu Q, Wang X (2016) An experimental study on the 
combustion and emission characteristics of a diesel engine under low 
temperature combustion of diesel/gasoline/n-butanol blends. Appl 
Energy 170:219–231. https ://doi.org/10.1016/j.apene rgy.2016.02.126

https://doi.org/10.1186/1746-4269-10-24
http://hdl.handle.net/11295/80267
https://doi.org/10.1016/j.applthermaleng.2010.07.034
https://doi.org/10.1016/j.applthermaleng.2010.07.034
https://doi.org/10.1016/j.fuel.2010.03.039
https://doi.org/10.1016/j.fuel.2010.03.039
https://doi.org/10.1080/15567030600817795
https://doi.org/10.1080/15567030600817795
https://doi.org/10.1080/08958370701533509
https://doi.org/10.1080/08958370701533509
https://doi.org/10.1002/bbb.92
https://doi.org/10.1016/S0016-2361(01)00055-2
https://doi.org/10.1021/ef100363c
https://doi.org/10.1016/S0196-8904(03)00177-8
https://doi.org/10.1016/S0196-8904(03)00177-8
https://doi.org/10.1016/j.jaap.2012.01.013
https://doi.org/10.1016/j.proci.2010.06.033
https://doi.org/10.1016/j.proci.2010.06.033
https://doi.org/10.1289/ehp.1509676
https://doi.org/10.1016/j.atmosenv.2009.05.024
https://doi.org/10.1152/ajplung.00419.2002
https://doi.org/10.1021/tx010050x
https://doi.org/10.1089/089426802320282310
https://doi.org/10.1371/journal.pone.0053400
https://doi.org/10.1371/journal.pone.0053400
https://doi.org/10.1371/journal.pone.0154091
https://doi.org/10.1371/journal.pone.0154091
https://doi.org/10.1007/s11356-018-2546-5
https://doi.org/10.1007/s11356-018-2546-5
https://doi.org/10.1021/jp1054588
https://doi.org/10.1186/s13065-017-0311-3
https://doi.org/10.1021/es302942c
https://doi.org/10.1021/es302942c
https://doi.org/10.1046/j.1365-3091.1997.d01-38.x
https://doi.org/10.1046/j.1365-3091.1997.d01-38.x
https://doi.org/10.1039/C4TA00558A
https://doi.org/10.1021/acsomega.7b01002
https://doi.org/10.1021/acsomega.7b01002
https://doi.org/10.1016/S0300-9440(02)00056-5
https://doi.org/10.1016/S0300-9440(02)00056-5
https://doi.org/10.1080/02786820903390380
https://doi.org/10.1080/02786820903390380
https://doi.org/10.1289/ehp.8006
https://doi.org/10.1289/ehp.7339
https://doi.org/10.1007/978-3-7643-8336-7-3
https://doi.org/10.1007/978-3-7643-8336-7-3
https://doi.org/10.1016/j.apenergy.2016.07.100
https://doi.org/10.1016/j.apenergy.2016.02.126

	Free radicals and ultrafine particulate emissions from the co-pyrolysis of Croton megalocarpus biodiesel and fossil diesel
	Abstract 
	Background: 
	Methodology: 
	Results: 
	Conclusions: 

	Introduction
	Methodology and materials
	Materials
	Co-pyrolysis of C. megalocarpus biodiesel and petroleum diesel
	Electron paramagnetic spectroscopy (EPR)
	Scanning electron microscopy (SEM) analysis
	Fourier transform infrared (FTIR) spectroscopy

	Results and discussion
	Co-pyrolysis of C. megalocarpus biodiesel and fossil diesel
	Electron paramagnetic resonance spectroscopy
	FTIR features of the thermal char
	The health and environmental concerns

	Conclusions
	Authors’ contributions
	References




