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Abstract
Experimentation was conducted on a single cylinder CI engine using processed colloidal emulsions of TiO2 nanoparticle-water-
diesel distillate of crude plastic diesel oil as test fuel. The test fuel was prepared with plastic diesel oil as the principal constituent
by a novel blending technique with an aim to improve the working characteristics. The results obtained by the test fuel from the
experiments were compared with that of commercial petro-diesel (CPD) fuel for same engine operating parameters. Plastic oil
produced from high density polyethylene plastic waste by pyrolysis was subjected to fractional distillation for separating plastic
diesel oil (PDO) that contains diesel range hydrocarbons. The blending process showed a little improvement in the field of fuel
oil-water-nanometal oxide colloidal emulsion preparation due to the influence of surfactant in electrostatic stabilization, dielectric
potential, and pH of the colloidal medium on the absolute value of zeta potential, a measure of colloidal stability. The engine tests
with nano-emulsions of PDO showed an increase in ignition delay (23.43%), and decrease in EGT (6.05%), BSNOx (7.13%), and
BSCO (28.96%) relative to PDO at rated load. Combustion curve profiles, percentage distribution of compounds, and physical
and chemical properties of test fuels ascertains these results. The combustion acceleration at diffused combustion phase was
evidenced in TiO2 emulsion fuels under study.

Keywords Distillate plastic diesel oil . Emission characteristics . Colloidal emulsion . Zeta potential . Diesel engine . TiO2
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Introduction

Manufacture of transportation vehicles especially of diesel
engine types are increasing in the developed and countries
with growing economy. According to European statistics,
15.6 million cars were sold annually before 2013, and it was
less about 20% in 2013 and Global vehicle sales reached an-
other all-time high of 81 million units (European Vehicle
Market Statistics 2014). Out of Europe’s sales in 2013, diesel
cars account for 53%. The Europe’s regulatory authority sets
more and more stringent standards on emission, that is to say,

Euro 6 sets emission limits that range from 68% (gasoline
carbon monoxide) to 96% (diesel particulates) lower than
those established under Euro 1 in 1992. NOx limits were re-
duced by 68% from Euro 4 to Euro 6. According to Healthy
Eating Index 2010 (Guenther et al. 2013), NOx from the new
diesel passenger cars could have serious adverse health effects
like asthma onset in children, impaired lung function, cardio-
vascular disease, and premature death on exposed human. It
also mentions about the researches regarding evaluation of
tropospheric ozone formation and its ill effect on health due
to diesel exhaust emissions. On performance angle, from the
average vehicle engine power and average vehicle size (foot-
print), the average mass of the vehicles are also reducing i.e.,
continuation of the trend to constrict the same amount of pow-
er, or even high, from smaller-sized engines. Hence, for obvi-
ous reasons, research fraternity is striving to explore the ways
and means of reducing the pollution from engine emission and
increasing the performance of the diesel engines. Some of the
efforts towards these aims were in use of alternate fuels,
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adopting interdisciplinary incorporations like electronic en-
gine governing and timed injection systems, tribological im-
provements, altering the fuel chemistry, regenerative tech-
niques, catalytic emission reduction, and exhaust gas recircu-
lation. Out of these, except alteration of fuel chemistry and use
of alternate fuels, all others involve techno-economic consid-
eration. Alteration fuel chemistry involves blending the regu-
lar petro diesel as well as alternate fuels with emulsions, nano-
additives, cetane improvers, oxygenates etc. Out of alternate
fuels, waste plastic oil is gaining importance recently among
researchers due to extensive plastic waste generation, high
calorific value, easier recovery of oil yield, solution for waste
disposal, and simultaneous energy recovery.

Nevertheless, adaptation of simple and cost-effective
methods can easily be commercialized and reach the real
world applications for the benefit of the human usage. But
still, there are challenges in such alteration of fuel chemistry
like, application at varying climatic conditions, induced
pollution due to additives, stability of fuel upon storage,
striking the balance between emission and performance,
modification in engine due to mixing of additives, and
negative impact on engine tribology. Out of all these
challenges, induced pollution due to additives should have
to be of serious concern in the interest of environment and
human health. Many research works have been made and
reported in water emulsions of alternate fuels particularly
with crude plastic oil and its blended fuels in CI engines.
Recently, Kalargaris et al. (2017) reported that diesel-plastic
oil blends (60–70%) shown good results in engine perfor-
mance and emissions at 80–90% engine loads. In another
work (Vu et al. 2001) with emulsified waste plastic oil, with
10 and 20% by volume of water and 0.3% volume of propri-
etary additives shown stability and reduction of NOx emission
by 30 and 50%. Sachin Kumar et al. (2013) reported that
BSFC shown increasing and decreasing trends with increase
in plastic oil blend ratio and engine load, respectively. In
emissions, NOx decreased while CO increased with the
increase in engine load. Kaimal and Vijayabalan (2015) re-
ported that, at the rated load, the peak cylinder pressure, heat
release, combustion duration, and ignition delay of plastic oil
and its blends were higher than that of diesel. But only seldom
works were found to be reported in nano-emulsions of diesel
distillate of plastic pyrolysis oil.

In a recent work of Sadhik Basha and Anand 2011, the
authors reported that addition of alumina nanoparticles in die-
sel imparted a remarkable improvement in the performance of
the engine and a reduction of harmful pollutants. In another
work (Sadhik Basha 2015), the author stated that addition of
Alumina nanoparticles increases the brake thermal efficiency,
marginal reduction in unburnt hydrocarbons, CO emissions,
and a remarkable reduction in NOx levels. In addition, he
mentioned that the nanoparticles added test fuels were stable
for more than 7 days. Similar trend was also reported in the

investigation (Arianna et al. 2005) while using cerium oxide
nanoparticles but no evidence of considerations of report re-
garding toxicological implications of nanoparticles. Hence,
with a quest in searching for NP with less toxicity, literature
survey has been made. A recent toxicological study (Shi et al.
2013) reported that pulmonary exposures of TiO2 NPs did not
cause extensive damage to the air/blood barrier; NP translo-
cation was slow and representing less than 1% of the initial
pulmonary burden at 1 week post-exposure. Further, TiO2

combustion in coal and its desulphurization effect when
blended with CaO as catalyst was reported in earlier work
(Wang et al. 2008). This result implies that TiO2 NPs helps
in pollution reduction. Hence, TiO2 can be a better candidate
for blending with the fuel. However, no substantial in-depth
works have been reported in attempting towards improving
the stability of plastic diesel oil emulsions after blending with
TiO2 NPs for combustion purposes in CI engines. It is obvious
that no single societal problem can be solved without interdis-
ciplinary engineering help, because several factors of a prob-
lem have their own kingdom of theories to which they bound
in nature. Similarly, the stability factor depends on the science
behind colloidal systems. According to that, the stability of the
blended fuel depends on the dispersion efficiency of the nano-
particles with the medium present in the emulsion fuel.
Usually formulation of nanofluids is pivoted by the instabil-
ities as a result of agglomeration, flocculation, and sedimen-
tation of nanoparticles (Brunelli et al. 2013). These deficien-
cies are mainly due to reduced Van der Waal forces than the
force of repulsion between particles. The stability characteris-
tic of a nanosuspension is evaluated by stability indicators
such as zeta potential, UV-light transmittance and absorbance,
turbidity, and sedimentation rate (Adio et al. 2014). By study-
ing the basic principles of each of the stability indicator tech-
niques, it understood that Zeta potential technique is the sim-
ple technique which evaluates the sample in a qualitative way
and influenced greatly by pH of the test medium, dielectric
constant of the dispersing medium, and the ionization poten-
tial. These unique dependencies in the technique throw light
that pH and dielectric constant of the medium can be the
contributing factors for stability of nanosuspensions.
Obviously, if the emulsion fuel consists of water (aqueous
medium), it is reasonable to expect that the proper control over
the pH and dielectric constant of the dispersing medium can
change the dispersion stability of nanoparticles. Further on
literature survey, it is found that similar effect was studied with
the Al-Cu alloy nanoparticles and reported in the literature
(Samal et al. 2010).

So inspired by the above facts, with an aim to establish the
effects of the combustion, performance and emission charac-
teristics of CI engine with plastic diesel oil (PDO) fuel as an
alternate fuel to regular petro-diesel, a study was attempted by
altering its fuel chemistry. This was pursued by developing a
tailor made blending process to improve the stability of fuel
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under study, i.e., PDO fuel, water, and TiO2 blend in the form
a colloidal suspension. In the first step, the pH adjusted water-
TiO2 nano-emulsion was prepared with sodium dodecyle sul-
phate (SDS) as anionic surfactant to improve the stability.
Then, the plastic oil was blended with suitable oil to water
surfactants. Finally, TiO2-water emulsion and the plastic oil-
surfactant blend were mixed to obtain the final emulsified
fuel. The detailed procedure is explained in fuel blend prepa-
ration section. The investigation is further extended by sub-
jecting the blended PDO-water emulsion initially and tried
with PDO-water-TiO2 emulsion fuels thereafter, for any im-
provement that could be possible by experimenting in CI en-
gine. Further, the results were compared with that of commer-
cial petro-diesel fuel and its emulsions to study the effect of
the altered fuel chemistry on the combustion, performance,
and emission characteristics.

Materials and methods

The plastic oil produced from the batch type pyrolysis process
fromHDPE plastic waste in the earlier work of Narayanan and
Anand (2016) has been used. Anionic surfactant, in chemical
grade, SDS procured fromMERK Specialties private Ltd. was
used as a stabilizer in the fuel blend suspension. Laboratory
Grade Di-ionized water, HCL, and NAOH pallets were pur-
chased from MERK Specialties private Ltd. Tween-80 and
Span-80 surfactants were procured from LOBA Cheme pri-
vate Ltd., INDIA. TiO2 nanoparticles (Degussa P25) were
procured from the Institute of Chemical Education (ICE),
University of Wisconsin, USA, of size 10 to 50 nm, and the
technical parameters of the nanoparticles as mentioned by the
supplier have been listed in Table 1. All the chemicals were
used as procured without any secondary purification.

The plastic oil was subjected to fractional distillation with
the main aim of separating diesel range hydrocarbon fuel. The
process consists of cascaded heating of the pyrolysis plastic
oil and the generated fuel range vapors raised in the distillation
column on different temperature profiles, from low boiling
point to high boiling point fuel, are condensed. Petrol grade
fuel collected at the temperature range was 65 to 95 °C. Diesel

grade fuel collected at a temperature range was 210 to 320 °C.
In distillation process, 27% diesel grade fuel was collected and
rest of all other fractional fuel percentage was 73% including
light gases petrol, naphtha chemical, and heavy fuel oil.

Fuel blend preparation

As described in section 1, the stability of a colloidal suspen-
sion is important to be considered while using them in reality.
Stability of the most dispersed systems is low, in spite of their
high degree of initial dispersion. In a suspension, particles that
are solid in state show an affinity to aggregate and subsequent
sedimentation. According to DLVO theory, the stability of a
colloidal system is determined by the sum of the van der
Waals attractive and electrical double layer repulsive forces
that exist between particles as they approach each other due
to the Brownian motion they are undergoing. This theory pro-
poses that an energy barrier resulting from the repulsive force
prevents two particles approaching one another and adhering
together.

There are two fundamental mechanisms that influence the
dispersion stability. One is steric stabilization, and other is
the electrostatic or charge stabilization. Out of which, elec-
trostatic or charge stabilization has the benefit of stabilizing
a system by simply altering the concentration of ions in the
system, which was adopted in this work. The charge stabi-
lization is a potentially reversible process and is inexpensive.
This can be made by adding surfactant ions which were
adsorbed on the surface of a particle leading to a positively
charged surface, in the case of cationic surfactants and in the
case of anionic surfactants, to a negatively charged surface.
So, the resultant charge at the particle surface influences the
distribution of ions in the surrounding interfacial region,
thereby increasing the concentration of counter ions i.e., ions
of opposite charge to that of the particle, in the close vicinity
to the surface. This causes an electrical double layer to exist
around each particle. The phenomenon of formation of zeta
potential over the TiO2 NP is depicted in Fig. 1. One is an
inner region (Stern layer) where the ions are strongly bound
and an outer (diffuse) region where they are less firmly
associated. Within the diffuse layer, there is an imaginary
boundary inside which the ions and particles form a stable
entity. When a particle mobilizes, ions within the boundary
also move. Those ions beyond the boundary stay with the
bulk dispersant. The potential at this boundary, which is
referred as the surface of hydrodynamic shear, is called as
the zeta potential. The magnitude of the zeta potential gives
an indication of the potential stability of the colloidal sys-
tem. If all the nanoparticles in suspension have a large neg-
ative or positive zeta potential, then they will tend to repel
each other, and there will be no tendency for the particles to
come nearer to each other. Based on this DVLO theory and

Table 1 Technical parameters of TiO2 nanoparticles (supplier: M/s
Institute of Chemical Education (ICE), University of Wisconsin, USA)

Nano particle Degussa P25 titanium dioxide

Approximate particle size 40–50 nm

Molecular formula TiO2

Molecular weight 79.866 g/mol

Rutile: anatase 85:15

Surface area > 30 m2/g
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wide literature survey, a novel technique has been devised
and experimented.

Initially fuel-water emulsion blends were prepared with 5%
by volume of de-ionized water and 2% by volume of water to
oil surfactants (SPAN 80 (HLB ratio 4.5) and TWEEN 80
(HLB ratio 14.5)) as ingredients. The surfactants each with
the calculated volume obtained using Eq. 2.1 (Selim and
Ghannam 2007) was separately agitated by magnetic stirring
to get the expected hydrophilic–lipophilic balance (HLB) ratio
of 10, as reported as the optimum value for better emulsion
stability in an earlier work (Sadhik Basha and Anand 2014)
and kept aside. In this equation, HA, HB, WA, and WB denote
the HLB values and weights of the two surfactants, Span80
and Tween80, respectively. Then, the base fuels PDO, com-
mercial petro-diesel (CPD), and the mixed surfactants were
blended by magnetic stirring followed by ultrasonication for
30 and 15 min, respectively. Then, the mixture of surfactant
and base fuels were blended with de-ionized water at the rate
of 10 ml/min with the help of burette. The resulting blends are
designated as PDO 2S 5 W and CPD 2S 5 W, respectively.
Further, six fuel emulsion blends designated as PDO 2S 5W
20TiO2, PDO 2S 5W 40TiO2, PDO 2S 5W 60TiO2, CPD 2S
5W 20TiO2, CPD 2S 5W 40TiO2, and CPD 2S 5W 60TiO2

(with required amount of PDO and CPD as their base fuel
respectively) were prepared in three phases. They constitute
2% by volume of water to oil surfactants, 5% by volume of pH
adjusted water, and TiO2 NPs at the loading rates of 20, 40,
and 60 ppm, respectively. Primarily, the significant parameters
responsible for colloidal dispersion stability of nanoparticles
in emulsions have been explored for the preparation of the
plastic oil-water-TiO2 nanoparticle emulsion fuel. It is found
from the literature that pH of medium, type of surfactants,
concentration of surfactants (Chibowski et al. 2007) and
HLB ratios of the surfactants, and dielectric constants of the

dispersant and medium are the contributing factors in sustain-
ing the dispersion stability of the colloidal suspension. In this
procedure, the pH of water and loading rate of SDS reported
from the earlier work (Xian-Ju et al. 2011), as optimum values
in TiO2-water nanosuspension, was followed to obtain good
stability of emulsion fuel blends. In the first phase, de-ionized
water was adjusted to ~ 13 pH by adding calculated molar
proportion of pH adjustment reagent (NaOH).Then, 5% (v/v)
of the pH adjusted de-ionizedwater, to that of the test fuel, was
taken and 0.14% mass fraction of the anionic surfactant
(SDS), to that of the pH adjusted water, was added to it and
subjected to magnetic stirring and ultrasonication for 30 and
15 min, respectively. Then, TiO2 nanoparticles at a loading
rate of 20 ppmwere added to the prepared solutionwith severe
magnetic st i rr ing and ultrasonicat ion. Similar ly,
nanosuspensions of 40 and 60 ppm were prepared.

In the second phase, 2% (by v/v) of the mixed surfactants as
prepared for H2O-base fuel emulsion was blended with plastic
diesel oil (pH ~ 6.3) of required quantity by magnetic stirring
and subsequent ultrasonication for 30 and 20 min, respective-
ly. During the third phase, the prepared pH adjusted water-
TiO2 emulsion was added to the plastic oil-surfactant emul-
sion by means of a burette at a rate of 20 mL/min with mag-
netic stirring for about 30 min and subsequent ultrasonication
for 10 min. Thus, the resulting colloidal suspension obtained
had a creamy pale yellowish color. Similarly, emulsion fuel
with the TiO2 loading rates of 40 and 60 ppm were prepared
and kept separately for further analyses and experimentation.
Three sets of sample emulsions were prepared and tested for
ensuring the consistency. The results were found within 2%
variation. Table 2 represents the details of emulsion fuels and
their proportions, and Table 3 represents the zeta potential and
pH values of the prepared emulsions. The blending process
has been schematically represented in Fig. 2.

HLBAB ¼ HA*WAð Þ þ HB*WBð Þf g= WA þWBð Þ
o

ð2:1Þ

Characterization and property analyses of base fuels
and their emulsions

The physicochemical properties of distilled PDO, CPD, and
their emulsion fuels which are of prime importance for their
suitability to use as fuel in C.I. engine such as density,
viscosity, net calorific value, and cetane number were tested
as per the relevant ASTM standards and presented in
Table 4. To recognize the total compounds present in plastic
diesel oil, GC-MS analysis was performed. The instrument,
Perkin Elmer, model, Clarus 500 with Turbo mass with
Elite-5MS capillary column (length, 30 m; internal diameter,
250 μm), and split inlet type injector were used. Oven
Program was set at 40 °C (10 min) at 7 °C/min to 200 °C

Fig. 1 Schematic representation of Zeta potential over TiO2 particle
surface
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(5 min) at 8 °C/min to 250 °C (3 min); vaporizing temper-
ature of injector = 250 °C with split ratio of 1:10. Mass
spectrometer instrument used electron impact ionization
technique with 70 eV energy. A sample of 1.0 μL was
injected, and the library model NIST 2005 was referred
with. The obtained spectrum has been shown in Fig. 3,
and the results are summarized and given in Table 5. The
stability analysis was determined by Zeta Potential Analyzer,
Zetasizer Ver. 7.11 of Malvern make (System settings = tem-
perature 25 °C; zeta runs 73; count rate (kcps) 381; mea-
surement position 2 mm; attenuator 7). The results of zeta
potential measurements of pH adjusted water-TiO2 emul-
sions and TiO2-blended colloidal test fuels are given in
Table 3.

Experiment on combustion in CI engine

Experiments on engine were performed on a single cylin-
der four stroke air-cooled compression ignition engine
utilized by Narayanan and Anand (2016). The engine

specifications and operating parameters adopted in this
study are listed in Table 6. The technical specifications
of the engine were supplied by the engine manufacturer
(M/s Kirloskar Oil Engines Limited, INDIA). The engine
experimental setup consisted of a four stroke DICI engine,
AC alternator (loading device), fuel supply systems, and
an emission analyzer. The cylinder pressure was measured
using a Kistler 6613CA piezoelectric pressure transducer
with corresponding data acquisition systems and charge
amplifier. The pressure pulses were recorded for every
0.1 crank angle degree, and the data were the collective
average of 50 consecutive engine cycles. Exhaust gaseous
emissions were measured by calibrated AVL Di GAS 444
analyzer, chemiluminescent detector (CLD) for NOx,
flame ionization detector (FID) analyzer for UHC, non-
dispersive infrared (NDIR) analyzer for CO, CO2 mea-
surements. A calibrated k-type chrome-alumel thermocou-
ple was used to measure the exhaust gas temperature.
Smoke opacity is measured by a part-flow smoke opacity
meter (AVL Dismoke 437).

Table 2 Technical details of colloidal emulsion fuels under study

Emulsion fuels under
study

TiO2

(ppm)
H2O % by
volume

pH adjusted H2O % by
volume

Base fuel % by
volume

Surfactants

SDS (% by mass fraction
to that
of pH-adjusted H2O)

Tween 80
(% by
volume)

Span 80
(% by
volume)

CPD – – – 100 – – –

PD – – – 100 – – –

CPD 2S 5W – 5 – 93 (CPD) – 1 1

PDO 2S 5W 5 – 93 (PDO) – 1 1

CPD 2S 5W 20TiO2 20 – 5 93 (CPD) 0.14 1 1

CPD 2S 5W 40TiO2 40 – 5 93 (CPD) 0.14 1 1

CPD 2S 5W 60TiO2 60 – 5 93 (CPD) 0.14 1 1

PDO 2S 5W 20TiO2 20 – 5 93 (PDO) 0.14 1 1

PDO 2S 5W 40TiO2 40 – 5 93 (PDO) 0.14 1 1

PDO 2S 5W 60TiO2 60 – 5 93 (PDO) 0.14 1 1

Table 3 Results of Zeta potential
values for water-TiO2 nano-
emulsions and test fuels obtained
by characterization

Medium pH Zeta potential (mV)

pH-adjusted water-20TiO2 nano-emulsion 13.00 − 60.25
pH-adjusted water-40TiO2 nano-emulsion 12.89 − 55.51
pH adjusted Water-60TiO2 nano-emulsion 12.98 − 51.89
CPD 2S 5W 20TiO2 8.58 − 29.58
CPD 2S 5W 40TiO2 8. 40 − 31.81
CPD 2S 5W 60TiO2 8.12 − 16.4
PDO 2S 5W 20TiO2 8.90 − 30.68
PDO 2S 5W 40TiO2 8.71 − 34.09
PDO 2S 5W 60TiO2 8.10 − 30.10
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The engine was started with commercial petro-diesel as
fuel and warmed up until the lub oil temperature was stabi-
lized. Then, the fuel consumption, cylinder pressure, and ex-
haust emissions (such as NOx, HC, CO) and smoke opacity
were measured. Initially, water emulsions of base fuels (PDO
2S 5W, CPD 2S 2W) were employed, and the data were re-
corded. Similar experiments were repeated for the six test
fuels namely PDO 2S 5W 20 TiO2, PDO 2S 5W 40 TiO2,
PDO 2S 5W 60 TiO2, CPD 2S 5W 20 TiO2, CPD 2S 5W 40
TiO2, and CPD 2S 5W60 TiO2. The accuracy of the measured
values in emissions had been taken care by the built-in system
of the gas analyzer that calibrates the gas analyzer before each
measurement with that of reference gas. All the experiments
were conducted at constant speed of 1500 (± 10) rpm at eight
different loads of increasing trend at a constant injection

timing of 26°CA bTDC. Experiments on each test fuel were
repeated thrice, and the averages of the measurements were
recorded at steady state and identical conditions, and the con-
sistency of all the results were found to be within 2%.

Error analysis

The results and subsequent corollary of the experiments may
be prejudiced due to errors in usage of instruments, their con-
dition and calibration, ambient, reading, observation, and test
sequence. Hence, the accuracies of the experiment results
were validated by conducting error analysis on measured
and calculated values using the method followed in the earlier
work (Narayanan and Anand 2016). The percentage uncer-
tainty of brake thermal efficiency was calculated from per-
centage uncertainties of the instruments, and the results are
given in Table 7.

Results and discussion

According to the results of GC-MS analyses of plastic diesel
oil, totally 120 compounds were present that mainly consti-
tutes n-aliphatic alkanes, alkenes, cycloalkanes, alkyne, triv-
ial amount of alcohols, and aromatic hydrocarbon. The car-
bon chain distribution, from GC-MS analyses, of plastic die-
sel oil under study has been given in Table 8. The prepared
blended emulsions were kept for 3 h to attain equilibrium
before subjecting to tests. Further, no phase separation among
water and fuel in H2O-base fuel emulsion up to 10 days. In
TiO2-H2O-base fuel emulsion, no phase separation among
water and fuel or settlement of TiO2 was observed in the pale

Table 4 Physical and thermal properties of PDO, CPD, and their emulsions under study obtained by characterization

Test fuels Density at 15 °C, g/cm3

(ASTM D1298)
Viscosity at 40 °C, cSt
(ASTM D445)

Net calorific value, MJ/kg (IS
1448 part 6 and 7)

Flash point, °C
(ASTM D93)

Cetane index
(ASTM D976)

PDO 0.80 4.0 42.3 48 49.1

PDO 2S 5W 0.83 5.15 40.3 60 43

PDO 2S 5W
20TiO2

0.835 5.21 41.75 65 43.3

PDO 2S 5W
40TiO2

0.838 5.26 41.63 65 43.8

PDO 2S 5W
60TiO2

0.838 5.49 41.71 69 41.9

CPD 0.84 4.2 42.1 51 45.2

CPD 2S 5W 0.855 5.35 40.25 64 42.1

CPD 2S 5W
20TiO2

0.861 5.41 41.4 66 42

CPD 2S 5W
40TiO2

0.865 5.42 41.21 66 41.8

CPD 2S 5W
60TiO2

0.848 5.50 41.19 67 41.1

Fig. 2 Schematic representation of blending process of water-TiO2

nanosuspension with base fuel. 1 magnetic stirring, 2 magnetic stirring
followed by ultrasonication. SDS sodium dodecyle sulphate, PDO plastic
diesel oil, CPD commercial petro-diesel
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yellowish creamy emulsion for 7 days. To substantiate the
results, the TiO2-blended emulsion fuels were subjected to
zeta potential analyses. Out of six samples, results of PDO
2S 5W 40TiO2 and CPD 2S 5W 60TiO2 test samples record-
ed a maximum zeta potential value of − 34.09 mV and a
minimum value of − 16.4 mV, respectively. The zeta potential
graphs obtained are represented in Fig. 4. Since the pH of the
all the test samples was found to vary from 8.10 to 8.9 be-
cause of NaOH addition, due to the basic characteristics of
the nanosuspension, the number of OH− ions in the vicinity
of nanoparticles increases as the pH increases above a value
of 7. Further, Fairhurst and Lee (2011) reported that, pH of
the dispersion medium is responsible for the diverse rates of
the corresponding ionization, association that occur in the
surface functional groups as a result of the different changes
in the hydration-dehydration reactions involved. Labib and
Williams 1984; Fowkes et al. 1982 reported that the charge
arises on the nanoparticle surface where acid-base (electron
donor or acceptor) interactions occur between the particle
surface and the dispersing agent, are responsible for the dis-
persion stability. Moreover, it was also reported by earlier
researchers (Kalliola et al. 2016; Choudhary et al. 2017) that
increase in pH of the polar medium of the suspension might
have increased the dispersion stability. This will eventually
raise the zeta potential value more than the − 30, a general

dividing line in the negative side between stable and unstable
suspensions. In an earlier research work (Zawrah et al. 2016),
it was reported that the anionic SDS surfactant was more
effective than the cationic ones. In the test fuels under study,
it is found that the zeta potential values decreased from −
55.51 mV for water-TiO2 (40 ppm loading) nano-emulsion
prepared during the first phase to − 34.09 mV (PDO 2S 5W
40TiO2) for final emulsion preparation. This might be owing
to the decrease in overall dielectric constant. It is attributed to
the fact that, as reported in literature (Koo and Kleinstreuer
2005), the stability increases as the dielectric constant of the
nanoparticle is nearer to the dielectric constant of the disper-
sion medium. Since the dielectric constant of water is 80
which is nearer to the dielectric constant of TiO2 nanoparti-
cles (~ 60) (Löberg et al. 2013), this might be the reason for
the increased value of zeta potential of the water-TiO2

nanosuspension. After preparation of the fuel, the overall di-
electric constant might have decreased because the PDO and
CPD having substantial proportions of alkanes possessing a
very low dielectric constant (Sen et al. 1992). Since the final
dispersion medium in this work is not pure polar media (wa-
ter), i.e., the partly non-aqueous medium, the charge arises
will not be as strong as that would form with pure polar
media. This is owing to the poor dielectric constant of alkanes
(~ 2) when compared with the water (~ 80) which will hinder
the degree of ionization. However, this hindering effect might
have been compensated to certain extent by the presence of
5% water and appropriate amounts of surfactants, preferably
anionic (SDS), as reported in earlier work (Xian-Ju et al.
2011). SDS (C12H25-OSO3

−-Na+) is basically an anionic sur-
factant having amphiphilic molecules (i.e., molecules with
both hydrophobic and hydrophilic regions) that constitute a
hydrophobic alkyl region and a hydrophilic charged group.
SDS constitutes a C12 H25 straight-chain alkyl functional
group (hydrophobic tail) attached to a charged OSO3

− group
(hydrophilic head). This is represented in Fig. 5. The charged
hydrophilic end of these molecules adsorb to water particles
laden on TiO2 nanoparticles, extending the hydrophobic end
(Kirby 2009). So, when used as surfactant, all the hydrophilic

Fig. 3 GC-MS spectrum of PDO
test fuel under study

Table 5 Summary of results from GC-MS analysis of base test fuels
obtained by characterization

Compound belonging to Composition %

PDO CPD

Alkane 69.6 67.7

Alkenes 15.9 3.2

Alkyne 2.4 –

Aromatics 8.5 21.1

Cycloalkanes 3.2 7.8

Alcohol 0.0786 –
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heads crafts a strong negative surface charge around the sur-
face of the TiO2 nanoparticles. This phenomenon is represent-
ed in Fig. 6. However, sedimentation of TiO2 particles was
found in all TiO2 emulsion samples after 5 days, and still no
phase separation of water and plastic oil were found. This is
due to the fact that the density of TiO2 is high when compared
to the dispersant medium which will eventually cause

sedimentation due to gravity. It is also observed that after mild
shaking, the TiO2 particles disperse in the medium. This could
be due to the fact that though the TiO2 particles sediment at the
bottom, they were as separate entities with no force of attrac-
tion for agglomeration due to the existence of high charge
potential difference imparted by the anionic surfactant be-
tween the medium and the particles.

Table 6 Technical specifications
and operating parameters of
engine experimental setup under
study

Engine details

Make/model Kirloskar/TAF1

Type Single cylinder, four stroke, naturally aspirated, air cooled, constant speed, direct
injection.

Bore and stroke 87.5 × 110 mm

Length of
connecting rod

220 mm

Compression ratio 17.5:1

Swept volume 661 cm3

Combustion
chamber

Open hemispherical

Nozzle 3 holes, 0.25 mm diameter

Spray cone angle 110°

Rated output and
speed

4.4 kW

Injection timing 26° bTDC

Injection pressure 215 bar (21.5 MPa)

Data acquisition system

Type Run time, Windows XP

Specifications 12 bit, 8 channel analog-digital conversion, 12 bit channel digital-analog conversion, 4
digital input, 4 digital output, USB compatible.

Signal conditioning Stand alone for each sensor

Pressure transducer

Make KISTLER

Model no. 6613CA

Measuring range 0–100 bar

Sensitivity 25 mV/bar

Table 7 Estimated and calculated
values of uncertainty Sl. no Quantity/instrument Measuring range Percentage uncertainty

1 AVL five gas analyzer CO, 0–10% vol. ± 0.3

UHC, 0–20,000 ppm ± 0.2

CO2, 0–20% vol. ± 0.2

O2, 0–22% vol. ± 0.2

NOx, 0–5000 ppm ± 0.2

2 AVL smoke opacity meter 0–100% ± 0.1

3 Exhaust gas temperature 0–1000 °C ± 0.1

4 Speed measuring unit 0–5000 rpm ± 0.5

5 Alternator output (brake load) 6 kW ± 0.5

6 In-cylinder gas pressure 0–100 bar ± 0.1

7 Crank angle encoder 0–360 °CA ± 0.2

8 Digital stop watch ± 0.5 s ± 0.2

9 Brake thermal efficiency – ± 1.24
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Thus, the study reveals that, based on the difference in the
dielectric constant between nanoparticle and dispersion medi-
um, pH of the dispersion medium and the type of surfactant
used as discussed above the zeta potential varies. Though the
previous studies in nanoblends were reported in pure water-
TiO2 emulsions, very seldom attempts were done on water-
TiO2-aliphatic fuel emulsions. Probably, this work evidences
an attempt in the little advancement towards the stability of
colloidal suspension especially water-TiO2-aliphatic fuel
emulsions in line with one of the objective of this study.

Combustion characteristics

In combustion characteristics, the ignition delay of 3.2 and
4.2 °CA were recorded for PDO and CPD fuels respectively
at rated load. When compared with the PDO, the reason for
the delay in attaining the maximum peak pressure can be
appreciated from the distribution of compounds and carbon
number in CPD. Increased proportions of aliphatic com-
pounds (alkanes and alkenes) and significantly reduced
amount of aromatics were present in PDO which was found
in GC-MS analyses. Aliphatic compounds possess lower ig-
nition delay than aromatics due to their structural influence
(Imdadul et al. 2015). Furthermore, the usual carbon range
for CPD fuel will generally fall between C9 and C24, and the

aliphatic compounds constitute 70.9%. The PDO fuel under
study totally contains 87.9% aliphatic compounds, and the
proportional higher carbon number distribution was C8 to
C15 = 52.50%, and C18–C26 = 47.41% as evidenced from
GC-MS analyses. Usually 10–20 °C decrease in boiling point
will be evidenced for every one carbon number reduction in
alkanes (Morrison and Boyd 1982). This considerable per-
centage of aliphatic compounds on lower carbon number
range possessing low boiling point in PDO might be the rea-
son for the lesser ignition delay relative to CPD. An another
reason for this as learnt from the literature (Hucknal 1985) is
that, the availability of weaker bond strengthened alkenes
(weaker C–H bonds), relative to alkanes, to tune of 15.9%
might have helped to produce earlier oxygen-free radicals by
hydrogen abstraction thereby reduced the chemical part of
ignition delay. The CPD constituting 21.1% aromatics basi-
cally have higher density relative to aliphatic groups which
could be reason for increased physical part of the ignition
delay. This is also evidenced in physical property analyses
(Table 5). However, the distribution of compounds and their

Fig. 6 The schematic representation of phenomenon of electrostatic or
charge stabilization by negative charge crafting over TiO2 nanoparticles
in emulsion fuel. 1 (OSO3)

¯charged group (hydrophilic head of SDS); 2
TiO2 nanoparticles; 3 H2O particles laden over TiO2 nanoparticles; 4 C12

H25 (hydrophobic tail of SDS); 5 attracted cationsFig. 4 Zeta potential. a CPD 2S 5 W 60TiO2. b PDO 2S 5 W 40TiO2

Fig. 5 The structural representation sodium dodecyle sulphate (SDS)
with their two groups. 1 (OSO3)

¯charged group (hydrophilic head of
SDS) and 2 C12 H25 (hydrophobic tail of SDS)

Table 8 Distribution of
carbon number in PDO
fuel under study obtained
by characterization

Range of carbon
number

Distribution
(%)

C8–C10 22.35

C11–C15 30.15

C16–C20 32.32

C21–C26 15.09
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carbon number range depends on the distillation and pyrolysis
processes. In water-base fuel emulsions, an ignition delay of
4.3 and 4.9 was recorded for PDO 2S 5W and CPD 2S 5W
fuels respectively at rated load. This could be due to 7.9%
reduction in cetane index CPD compared to that of PDO.

When comparing water emulsions, the maximum peak
pressure of 70.97 MPa was recorded for PDO 2S 5W fuel at
rated load. The HRR values of 49.25 and 49.36 J/°CA were
recorded for PDO and PDO 2S 5W fuels, respectively. This
shows insignificant improvement in the HRR. This might be
due to the poor participation of micro sized water particles in
secondary explosion in combustion reaction. CPD and CPD
2S 5W recorded HRR values of 47.30 and 47.85 J/°CA re-
spectively and peak pressure values of 68.38 and 68.16 MPa
at rated load. This also shows no improvement in both HRR
and maximum peak pressure. Further when studying the com-
bustion data of nano-emulsion fuels, initial 10% of mass frac-
tions were burnt in 2.2 and 3.2 °CA durations with PDO oil
and PDO 2S 5W 60TiO2 test fuels respectively at rated load.
This is attributed to the fact that during premixed combustion
phase, the combustion rate was slowed down due to the low
cetane number of nano-emulsion fuel and the consequential
increase in ignition delay. This is also supported by the re-
duced cetane number from the chemical property analyses.
Finally, 80% of mass fraction burning took place in 8.9 and
11.9 °CA durations for PDO oil and PDO 2S 5W 60TiO2

respectively at rated load. However, at loads nearing rated
load, the reduction in combustion duration or increased rate
of combustion at diffused combustion phase, considering the
proportionate percentage mass fraction burnt during pre-
mixed combustion phase, might be due to the combustion of
exposed nanosized water and fuel droplets loaded over the
higher surface area of TiO2 nanoparticles in spite of lower
cetane number than PDO. This combustion accelerationmight
be as a result of secondary explosions of nanowater particles
loaded on surface nanopores of the TiO2 particles that releases
hydroxyl radical (•OH) which is a strong one among oxygen-
free radicals called Breactive oxygen species^ (ROS). At ele-
vated temperature during combustion, the reaction of an •H
atom formed during the previous chain reaction with oxygen
in the suction air leads to an •OH radical and to an oxygen
atom, which sequentially redevelop an •OH radical by hydro-
gen atom abstraction from the fuel (Blocquet et al. 2010). This
reaction ensures the full combustion of fuel. This might be
reason behind the reducing trend in ignition delay as the load
increases. The variation of ignition delay with respect to bmep
has been represented in Fig. 7. The ignition delay for both
CPD 2S 5W and PDO 2S 5W initially decreases with the
addition of TiO2 nanoparticles (at 20 ppm loadings), and then
increases with increasing rate of TiO2 nanoparticles (at
60 ppm loadings). The reason for this effect is explained as
under. It is well established that, the ignition delay is inversely
proportional to the cetane index and directly proportional to

the viscosity of the fuel. In addition, as the viscosity of the fuel
increases, the fuel atomization and subsequent mixing of fuel
would adversely get affected. As observed from the physico-
chemical property evaluation, in case of 20 ppm loaded fuel
(PDO2S 5W20TiO2), as a combined effect of improvement in
the cetane index (0.6%) and only a marginal rise in the vis-
cosity (1%), reduction in the ignition delay was evidenced.
However, as the loading rate of nanoparticles increases to
60 ppm (PDO2S 5W 60TiO2), a reduction in cetane index
(2.5%) and rise in viscosity (6.6%) were observed in
physico-chemical analyses. This synergic effect might have
caused the ignition delay to increase during combustion.

Further, maximumHRR at 0.44 and 4.8 °CA aTDC and the
maximum pressure rise at 4.84 and 12.7 °CA aTDCwith PDO
oil and PDO 2S 5W 60TiO2 emulsion fuels respectively were
recorded at rated load. This dragged HRR with PDO oil
(Fig. 8) might be elucidated by the reason that the high enthal-
py of vaporization of water and heat capacity of water vapor
which might have participated in combustion. In TiO2 laden
emulsion fuel, accelerated HRR nearer to TDC took place,
that too for a smaller crack angle sweep. Anyhow, this could
be the possible rationale behind the EGTwhich will be bene-
ficial in reducing other factors detrimental for the engine emis-
sions like UHC and CO as observed in combustion and emis-
sion characteristics, respectively. PDO 2S 5W 20TiO2 test

Fig. 7 Variation of ignition delay with respect to bmep for test fuels
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fuel, except an increase in ignition delay, shows insignificant
change in combustion characteristics with respect to PDO.
Among PDO and its emulsions, a maximum HRR of
55.79 J/°CAwas recorded for PDO 2S 5W 60TiO2 emulsion
fuel. This is evidenced in the HRR curve and also that accel-
erated rise of HRR started sharply after TDCwhen comparing
PDO 2S 5W 20TiO2 especially at rated load. To demonstrate
this, a combustion analysis was done with the data obtained
from the recorded values during combustion, especially in
diffused phase, of the test fuels and represented in Table 9.
For this analysis, data of crank angle and corresponding peak
HRR were taken at two positions and calculated namely (1)
peak HRR crank position and (2) two crank angle degrees just
before peak HRR position (arbitrarily chosen to fit the data in
diffused combustion phase). This analysis throw light about
the acceleration in the rate of rise of HRR/degree CA, partic-
ularly in diffused combustion phase, to a tune of 122 and
212% with the CPD 2S 5W 40TiO2 and PDO 2S 5W
60TiO2 respectively over their corresponding base fuels
(CPD and PDO). This might be the possible indication for
the accelerated HHR very nearer to the TDC position (both
bTDC and aTDC) owing to the participation of TiO2 laden
water particle in secondary explosions in the case of nano-
emulsion fuels. This was also evidenced from the ID of 4.75
and 3.95 °CA that were observed with CPD 2S 5W 40TiO2

and PDO 2S 5W 60TiO2 at rated load, respectively. This is
13.09 and 23.43% and higher than that of their respective base
fuels at rated loads.

Initial 10% of mass fractions were burnt in 2.9 and 4.1 °CA
durations with CPD oil and CPD 2S 5W 40TiO2 test fuels,
respectively, at rated load. This might be due to the same
reasons mentioned for plastic diesel oil, but it was compara-
tively prolonged when compared to PDO and its emulsions
due to the presence of lower percentage of alkane and consid-
erable percentage of aromatic compounds in CPD than PDO
as evidenced from the GC-MS analyses (Table 5). Since aro-
matics possess low cetane number relative to alkane com-
pounds, ignition delay was increased in CPD and its emul-
sions. Further for CPD and CPD 2S 5W 40TiO2, 80% of mass
fraction burning took place in 9.6 and 13.2 °CA durations
respectively at rated load. The reduction in combustion dura-
tion when compared to the initial fractional mass burning
could be again due to the same reasons mentioned for PDO
fuels. A maximum HRR at 0.88 and 6.16 °CA aTDC and the
maximum pressure rise at 6.60 and 11.01 °CA aTDC with
CPD oil and CPD 2S 5W 40TiO2 emulsion fuels respectively
were recorded at rated load. The emulsion CPD 2S 5W
60TiO2 recorded a low HRR value of 41.00 J/°CA and peak
pressure value of 65.81 MPa. This could be due to the poor
emulsion stability, as evidenced in zeta potential analysis, and
subsequent agglomeration of fuel particles which will drasti-
cally reduce the combustion reactions. The HRR curves for
CPD test fuels are shown in Fig. 9. However, HRR of 49.25 J/
°CA and 47.30 J/°CAwere recorded for PDO and CPD fuels
under study. This could be due to the marginally higher calo-
rific value of PDO than the CPD. Though the increase in HRR
is found to be advantageous with both the emulsion fuels of
PDO and CPD in performance characteristics point of view
such as brake thermal efficiency, a mild increase in engine
noise was felt which might be due to the type of compounds
present and secondary explosions of water laden TiO2 parti-
cles in diffused combustion phase. Hence, from the combus-
tion characteristic point of view, the optimum loading rates of
TiO2 were found to be 40 and 60 ppm with 5% water addition
among CPD and PDO emulsion fuel oils under study,
respectively.

Performance characteristics

The performance characteristics such as the brake thermal
efficiency (BTE) and brake specific fuel consumption
(BSFC) have been evaluated based on the experimentally ob-
served data for the ten test fuels and are represented graphi-
cally with reference to bmep. The water emulsions of CPD
and PDO showed a decrement of 1.29 and 1.72% in BTE at
rated load than their base fuel. Blended nano-emulsion of
PDO base fuel with 20 ppm TiO2 loading shows a significant
reduction of 1.43% in BTE than its base fuel. However, with

Fig. 8 Variation of H.R. rate and cylinder pressure with respect to crank
angle for plastic diesel fuel-based test fuels at rated load
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40 and 60 ppm TiO2 loading in fuel shows only 0.82 and
0.06% reduction in BTE respectively at rated load than their
base fuels. This result is supported by the trivial decrease in
calorific value PDO emulsion fuels. In spite of the low CV, the
catalytic action of the nanoparticles might have increased the
combustion efficiency. Though, a little shift in bTDC angle for
start of combustion is evidenced with PDO 2S 5W 60TiO2

due to decrease in cetane index than PDO, 4.40 CA duration
aTDC has been taken for reaching maximum HRR position
than that of PDO fuel. This is attributed to the fact that the
TiO2 nanoparticles having higher surface area that holds the
water molecules might have involved in the secondary explo-
sions especially more in diffused combustion phase. The
nano-explosions disassociate OH-free radicals which contrib-
ute improved combustion of hydro carbons (Hasannuddin
et al. 2015) and better exploitation of chemical energy. The
better exploitation of energy and higher HRR are the possible
reasons for the compensative recovery in thermal efficiency of
PDO nano-emulsion fuels. However, increase in peak pres-
sure owing to higher HRR during diffused combustion phase
due to aforesaid reasons and subsequent recovery in BTE
becomes the rationale for exercising control over BSFC of
PDO 2S 5W 60TiO2 within a marginal increase than that of
PDO. Figure 10 represents the trend of BTE among the emul-
sion fuels of PDO and CPD base fuels with varying bmep.
Obviously, special techniques are required to get a better dis-
persion of the TiO2 nanoparticles in fuel emulsion owing to
their higher mass density. However, for the same injection
pressure, it was found as advantageous due to the increase in
gained momentum of the NPs having high mass density, after

injection, will bring the fuel deep into the compressed air than
the plain fuel without the nanoparticles. This might be a

Fig. 9 Variation of H.R. rate and cylinder pressure with respect to crank
angle for commercial petro fuel-based test fuels at rated load

Table 9 Experimentally obtained
data and arrived results of
diffusion phase combustion
analyses for test fuels at rated load

Test fuel Positional
importance

CA

(degree)

HRR

(J/°CA)

HRR/degree
CA rise
(slope)

% rise of HRR/degree CA increase
within the base fuel and its emulsion

CPD
Instantaneo-
us*

358.23 41.26 2.27 122

Peak HRR CA
position

360.88 47.30

CPD 2S
5W
40TiO2

Instantaneo-
us*

363.96 41.64 5.06

Peak HRR CA
position

366.16 52.78

PDO
Instantaneo-
us*

358.23 44.77 2.02 212

Peak HRR CA
position

360.44 49.25

PDO 2S
5W
60TiO2

Instantaneo-
us*

362.20 39.13 6.31

Peak HRR CA
position

364.84 55.79

*Instantaneous position has been taken arbitrarily 2° before peak HRR CA position for analysis purpose

11606 Environ Sci Pollut Res (2018) 25:11595–11613



possible reason for the better mixing and consequent increase
in the thermal efficiency.

A reduction in the BTE (1.15%) for CPD when compared
to PDO at rated load was arrived which might be due to struc-
tural influence of aromatics (Narayanan and Anand 2016)
contained in CPD (21.1%) which would invariably increase
the chemical part of ignition delay and consequent reduction
of heat release in premixed combustion phase than that in
diffused combustion phase. Brake thermal efficiency (BTE)
of 26.58 and 27.17% were arrived from combustion data of
CPD 2S 5W 20TiO2 and CPD 2S 5W 40TiO2 respectively in
CI engine at rated load. This recovery in BTE might be due to
the same reasons discussed for PDO fuel emulsions but with
60 ppm loading rate in CPD emulsion fuel, a lowest BTE
value of all test fuels (25.87%) was arrived at rated load which
might be due to the poor dispersion stability of emulsion.
However, a slight increase in combustion noise was observed
at peak load in PDO 2S 5W 60TiO2 and CPD 2S 5W 40TiO2

fuels due to the reasons discussed in combustion analyses.
Hence, as a corollary, in performance characteristic point of
view, the optimum loading rates of TiO2 among the test fuels
under study were found to be 40 and 60 ppm with 5% water
addition for CPD and PDO fuels, respectively. Due to increase
in combustion noise, and the recovery rate of BTE is low as
the TiO2 loading increases, further increase in water and TiO2

loadings may not be advisable with existing engine operating
parameters.

Figure 11 represents the trend of BSFC change between
CPD, PDO, and their emulsion fuels at varying bmep. Water
emulsion of PDO fuel recorded a significant increase of BSFC
to a value of 19.47 g/kWh (8.08%) than its base fuel. This is
due to the reduction in calorific value. An improvement was
evidenced with PDO 2S 5W 60TiO2 and CPD 2S 5W 40TiO2

by the way of recovery in BSFC to value of 5.7 and 5.6%
when comparedwith their water emulsion fuels. This might be
due to the increase in HRR and peak pressure owing to the
participation of nano-sized water particles entrapped in the
nanopores of TiO2 in spontaneous explosion at higher temper-
ature, which cannot be expected from water-base fuel emul-
sion. This might have reduced the demand of fuel to maintain
the same power output. However, a better recovery in BSFC
was recorded with increase in loading rates of TiO2 in PDO
emulsion fuels which are low at lower loads and high as the
load approaches to peak load. This recovery might be due to
the synergic effect of water loaded TiO2 nanoparticles, as
discussed in combustion characteristics in detail. A decrease
in BSFC (7.5%) was recorded with PDO when comparing
with CPD fuel at rated load due to the marginal decrease in
calorific value of CPD (Table 4). With the nano-emulsions of
CPD, the same trend was observed except for CPD 2S 5W

Fig. 10 Variation of BTE with respect to bmep for test fuels

Fig. 11 Variation of BSFC with respect to bmep for test fuels
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60TiO2 which recorded a maximum of 320.37 g/kWh at rated
load. This trend might be owing to the poor dispersion stabil-
ity evidenced with CPD 2S 5 W 60TiO2 and the reduced
calorific values relative to CPD (base fuel) to maintain the
speed of the engine at their respective loads. PDO fuel records
the minimum of 240.74 g/kWh at rated load. The results
showed that BSFC, NOx, HC, and CO decrease, while BTE
and EGT increase with the TiO2-loaded fuels. However, while
the exhaust losses increase, the primary factors for the increase
of thermal efficiency are (1) improved brake power and re-
duced BSFC. Brake power is in turn proportional to peak
pressure. (2) Engine exhaust losses are secondarily responsi-
ble. In case of TiO2-loaded nano-emulsions, it is evident from
the combustion curves (Figs. 8 and 9) that the peak pressure
increases as the loading rate increases. From the experimental
observations depicted in Fig. 11, it is evident that the BSFC
reduces as the loading rates of TiO2 increases. The reason for
these factors is well explained earlier in this and combustion
characteristics sections. Hence, the inevitable losses through
engine exhaust and radiation losses which are common in all
the fuels impact less or overridden by the synergic effect of
peak pressure and BSFC on thermal efficiency.

Emission characteristics

Regulated emissions such as NOx, CO, CO2, HC, smoke, and
EGTwere measured for PDO, CPD, and their emulsion fuels
and recorded for analyses. Out of these, it is obvious that NOx,
smoke, CO, and EGT are of main concern in the design and
operating conditions of CI engines. 8.44% reduction in NOx

emission was recorded for CPD when compared with PDO
fuels at rated load. Since NOx levels are greatly governed by
exhaust gas temperature (EGT), the period of duration for
which the exhaust gases remain in cylinder for reduction re-
action to accelerate and the abundance of radicals available for
NOx mechanism, the reason for the increase in NOx emissions
with PDO fuel might possibly due to reasons: (1) increase in
the overall heat release rate of PDO oil owing to the margin-
ally higher calorific value of PDO oil and subsequent rise of
in-cylinder temperature; and (2) higher cetane number, rela-
tive to CPD fuel, leading to earlier generation of combustive
gases that in turn lead to prolonged remain of exhaust gases
for more time in the cylinder. This is also supported by the
earlier works (Knothe et al. 2006) that a dependency of higher
unsaturated compounds for the increase in NOx levels. This is
also correlating with the composition of compounds in the test
fuel under this study that PDO fuel has 15.92% alkenes as
against 3.4% in CPD as found in GC-MS analysis. The reason
for this, as explained in combustion characteristics, might pos-
sibly be because of the double-bonded structure of alkene
brakes easily than alkanes paving route for the earlier oxygen
radical production for subsequent oxidative combustion reac-
tion which eventually increases the heat release rate and the

in-cylinder temperature. Further, the water emulsions of PDO
and CPD base fuels showed a reduction of 4.87 and 3.89% in
NOx levels to that of their base fuels. This might be attributed
because of the reduction in CV, increase in cetane index which
are the indicators for reduction of in-cylinder temperature, and
poor combustion efficiency. This is correlating with the reduc-
tion in thermal efficiency as discussed in performance charac-
teristics. It also throws light on the fact that participation of
water particles during combustion is not fully exploited or not
in irradiance to combustion flame.

The variation of BSNOx with varying bmep for CPD, PDO,
and their respective emulsions are shown in Fig. 12. The NOx

levels of PDO 2S 5W 20TiO2 was recorded lower than the
PDO fuel by 15.5% which might be due to the reduction of
in-cylinder temperature consequent to the overall heat release
rate during combustion. However, within the PDO with NPs
fuel emulsions considered for study, it is observed that the NOx

level increases with the increase in loading ratio of TiO2 as the
amount of encapsulated nanowater particles increases, but this
increase is also marginal at low loads and significant after mid
load up to rated load. However, the PDO 2S 5W 60TiO2 re-
corded the highest NOx level of 7.81 g/kWh among the emul-
sions which is still lower than 7.13% that of PDO fuel under
study. This could possibly be due to the following two reasons:
(1) the reduction of retention time of exhaust gases at elevated
temperature. The increase in temperature of combustion only
during in diffused combustion phase has been evidenced from
the combustion curve relative to PDO. May be since its net CV
is lesser than the PDO, an increase in SFC ought to have in-
creased the heat release rate. However, since the combustion
acceleration happened in later period of combustion that too for
a shorter CA swipe, approximately for two degrees nearer to
TDC as evidenced in combustion data analysis (Table 9), might
have reduced the retention time of exhaust gases at elevated
temperature for the sufficient reduction reaction to continue in
NOx mechanism. This tradeoff between retention time and
HRR might have exerted control over the acquired in-cylinder
temperature for not crossing over than that of PDO but higher
than its water emulsions. (2) Abundance of radical generation.
As explained in the combustion characteristics, the combustion
acceleration might be as a result of higher amount of oxygen
radicals from the disassociated water molecules. On the other
side, the oxygen radicals generated from disassociation of water
attacks the nitrogen in supply air and forms nitrogen radical
(NO). This nitrogen radical in turn attacks oxygen in air and
produces another NO and the reduction reaction continues.
Since the retention time is lesser in spite of increased EGT than
water-base fuel emulsions without Nps, the disassociated water
molecules would not have sufficient time for NOx to form as the
TiO2 loading rate increases when compared with plain PDO
base fuel. However, the increased EGT might have helped in
better combustion of hydrocarbon and consequential reduction
of CO andHC. Since both the oxidation and reduction reactions
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work sequentially in NP emulsion fuel combustion and
resulting in increase in peak pressure, NOx level increases as
load and NP loading rate increases when compared with PDO
2S 5W (PDO 2S 5W 60TiO2 > PDO 2S 5W 40TiO2 > PDO 2S
5W 20TiO2). Hence, it is of the opinion that higher loading of
water and TiO2 further is not advisable at least within the range
of test fuels under study. The same trend is recorded with CPD
and its TiO2 emulsion fuels. However, the recorded NOx levels
were lesser by 5.88% for CPD 2S 5W 40 than PDO 2S 5W 60
due to the physical and chemical properties of PDO base fuel
which were conducible for NOx formation.

The recorded EGTof the PDO fuel is higher by 7.82% than
the CPD at rated load. This is relevant with the earlier discus-
sions that the PDO fuel possessed alkane compounds having
higher chemical energy owing to their higher bond strength
and molecular compactness in higher percentage than CPD
fuel. The EGTof 345.2 °C, maximum among the ten test fuels
under study, was recorded during combustion of PDO fuel
under study. Figure 13 represents the tendency of change in
the EGT of the PDO and CPD test fuels along with their
corresponding emulsions. Water emulsions PDO and CPD
fuels recorded a reduction of 13.4 and 7.29% in EGT respec-
tively than their base fuels. The EGT decreased for water
emulsions of PDO and further an increasing trend was ob-
served for nano-emulsions of relative to PDO. This trend is

predominant as the load increases. The reason for the fluctu-
ating trend was already discussed in detail in the NOx analysis.
The same trend prevailed in CPD emulsions except for CPD
2S 5 W 60TiO2 fuel under study. The resembling catalytic
effect was reported by the earlier work (Vellaiyan and
Amirthagadeswaran 2016) of water emulsion fuels. A lowest
temperature, among water emulsions, of 296 °C was recorded
for CPD 2S 5 W fuel. The CPD 2S 5 W 60TiO2 recorded the
lowest of 289.3 °C. This could be due to the unstable disper-
sion of the colloidal fuel.

Figure 14 illustrates the variation of smoke opacity with
bmep for CPD, PDO, and their respective emulsions. An in-
crease of 26.74% in the smoke emission with CPD as fuel
against PDO was recorded which could be due to presence of
its higher aromatic content (21.1% as against 8.5% in PDO)
than that of the PDO fuel under study. The aromatics while
combusting produce earlier carbon soot during the premixed
combustion phase itself (Millikan 1962). This could be the
reason for the relatively increased smoke emissions from the
CPD fuel. Further it was observed among PDO emulsion fuels
that, a reduction of 8.7, 17.1, 21.3, 26.6% for PDO 2S 5W,
PDO 2S 5W 20TiO2, PDO 2S 5W 40TiO2, PDO 2S 5W
60TiO2 respectively in smoke opacity, when compared with
the base PDO fuel at rated load. It is also observed that the
reduction rate of smoke opacity increases as the load increases
due to the catalytic effect as explained in combustion

Fig. 12 Variation of BSNOx with respect to bmep for test fuels

Fig. 13 Variation of EGT with respect to bmep for test fuels
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characteristics and hence the higher temperature produced
might have combusted the early formed carbon particles. A
reduction of 32.2% in smoke opacity of was recorded during
PDO 2S 5 W 60TiO2 combustion than that of CPD 2S 5 W
40TiO2 at rated load.

The variation of BSHC with bmep for CPD, PDO, and their
respective emulsions are represented in Fig. 15. The BSHC
emission of PDO fuel was recorded lower than the CPD fuel
by 4.27% at rated load. This might be due to better atomization
of fuel for same injection pressure owing to it is relatively lower
density and viscosity. High viscosities cause bigger droplet
sizes and retard the vapor pressure. Flame extermination in
the cold regions of the combustion ambient surrounding inner
walls of the cylinder are the prime reasons for HC emissions
and are also interrelated with fuel volatility. Correlating the
earlier work (Knothe et al. 2006) report that the decrease in
chain length of the fuel compounds had a strong effect in re-
ducing BSHC emissions, PDO fuels under study possessing
more percentage of lower carbon number range might have
contributed to reduction of BSHC emissions. In another re-
search work (Cataluña and da Silva 2012), it was reported that
increase in cetane number reduces the HC emissions due to
accelerated oxidation of fuel. Since CPD fuel has a reduction
of 3.9 units of cetane index than PDO, this could be possible
factor for the observed result. An increasing trend in BSHC

emissions was recorded for water emulsions of PDO and
CPD to a tune of 5.7 and 14.35% respectively than their base
fuels. This might be attributed to the increase in viscosity and
obviously, lager molecular size of water particles in the emul-
sion obtained after ultrasonication. Further, the TiO2 nano-
emulsions recorded a decrease in BSHC emissions by 8.6,
13.4, and 16.26% for PDO 2S 5W 20TiO2, PDO 2S 5W
40TiO2, and PDO 2S 5W 60TiO2 respectively and 1.6, 9.5 %
for CPD 2S 5W 20TiO2, CPD 2S 5W 40TiO2 respectively at
rated load than that of their base fuels. However, the decrease
showed an accelerated trend as the load increases. This might
be due to the overriding effect of combustion optimization
during diffused phase over the base fuels against the viscosity
component at higher temperatures. Hence, from the emission of
BSHC point of view, it is of the opinion that the interaction of
oxygen radicals, formed from nanowater particle explosions
during diffused combustion phase, with fuel that reacts to com-
bust higher hydrocarbons is beneficial. The BSHC emission of
The CPD 2S 5 W 60TiO2 recorded an increase by 19.23% at
rated load against its base fuel. This is possibly be ascribed by
the poor stability of the emulsion fuel. Similarly in case of PDO
2S 5 W 60TiO2, the reduction trend in BSHC emission when
compared with PDO 2S 5 W 40TiO2 is less. Hence, further
increase in TiO2 for both the base fuels may not be helpful
within the range of test fuels considered for study.

Fig. 14 Variation of smoke opacity with respect to bmep for test fuels
Fig. 15 Variation of BSHC with respect to bmep for test fuels
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Carbon monoxide emission could be decreased through
early ignition which gives adequate time for combustion in
high cetane number fuels (Lilik and Boehman 2011).The CO
emission of PDO fuel recorded 18.99% reduction relative to
CPD fuel in brake specific basis at rated load. The higher
cetane number and distribution of carbon number of com-
pounds present in PDO fuel that are conducive for complete
combustion are the reasons for the lesser CO emission. The
water emulsions of CPD and PDO fuels recorded an increase
of 10.19 and 9.84% respectively than their base fuels. The
increase in the BSCO values might be due to poor air fuel
mixing due to higher viscosity, delayed combustion due to
higher cetane number. Further, PDO 2S 5W 20TiO2, PDO
2S 5W 40TiO2, PDO 2S 5W 60TiO2, CPD 2S 5W 20TiO2,
and CPD 2S 5W 40TiO2 emulsions fuels recorded 13.05,
19.01, 28.96, 8.96, and 18.91% reduction in CO emissions
respectively at rated load than that of their base fuel. This
might possibly be because of the higher oxygen radical inclu-
sion owing to the synergic effect of water laden nanoparticles,
particularly as load increases, for full combustion. Earlier
work (Gumus et al. 2016) also reported the correlation of
increased oxygen content during combustion with CO reduc-
tion in CI engine. Figure 16 is a comparable depiction of the
trend in CO exhaust emissions of CPD and PDO and their
emulsion fuels on brake specific basis. CPD 2S 5 W 60

TiO2 fuel recorded an increase of 10.19% in BSCO emission
than that of its base fuel. This could be attributed to the poor
emulsion stability which is, obviously, an undesirable charac-
teristic of any fuel.

Conclusion

From the experimentation and characterization studies done
on the test fuels, the following salient conclusions have been
drawn.

1. The proposed blending technique had shown improvement in
the dispersion stability of colloidal nanosuspensions of liquid
hydrocarbon-TiO2-waternano-emulsion foraperiodof7days.
This was achieved by the selection and control exercised over
the pHof themedium, type of surfactant, dielectric constant of
the dispersant and the dispersion medium.

2. Increase in heat release rate (4.12%), EGT (8.55%), and
NOx levels (9.2%) were observed in PDO fuel when com-
pared with the CPD fuel due to the structural influence of
higher unsaturated compounds present on PDO fuel
(15.92%) as against the CPD fuel (3.4%). This might be
due to the weekly bonded double bonded structure
resulting in increase in the overall heat release rate and
earlier generation of combustive gases leading to
prolonged remain of gases for more time in the cylinder.

3. The water emulsions of CPD and PDO fuels showed a
decrement in BTE than their base fuels due to the poor
exploitation of energy and lower HRR. Reduced calorific
value and lower cetane index of water emulsion of PDO
fuel as revealed in the characterization studies could be
the reason for the rise of BSFC.

4. Water emulsions recorded higher values in ID at low loads
and decreases as the load increases but recorded a reduction
in BTE, increase in BSHC and BSCO at all loads when
compared with nano-emulsions. Insignificant improvement
in the HRR, NOx, smoke, was evidenced with PDO-water
emulsion fuel which could be due to their poor physical
and chemical properties and not had better participation of
water particles in diffused phase combustion.

5. TiO2 emulsions engine experiments revealed that, ignition
delay for both CPD 2S 5 W and PDO 2S 5W initially
decreases with the addition of TiO2 nanoparticles (for
20 ppm TiO2), and then increases with increasing rate of
TiO2 nanoparticles (60 ppm TiO2). This is due to the
synergic effect, i.e. of reduction of 2.5% in cetane index
and 6.6% increase in viscosity as observed in the Physico-
chemical property evaluation.Fig. 16 Variation of BSCO with respect to bmep for test fuels
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6. Improvement in combustion, and emission characteristics
of TiO2 loaded fuels was evidenced due to the combustion
acceleration resulting from the secondary explosions of
nanosized water droplets loaded over the TiO2 NPs, at
diffused combustion phase. The mechanism behind the
improvement of thermal efficiency in spite of the increase
in EGT in TiO2 NPs loaded fuels was due to the overrid-
ing effects of increase in peak pressure and reduction of
BSFC. The abundance of radical generation and lesser
retention period of gases at high temperature in cylinder
are the factors responsible for improving the combustion
efficiency and reduction of NOx respectively.

7. In performance characteristics, the recovery of BTE and
BSFC was evidenced with TiO2 particle loaded fuels at
higher loads due to the participation of NPs in diffused
combustion phase. However, the further increase in load-
ing rates of TiO2 is not recommended, at least within the
scope of test fuels under study, due to the abundance of
radical generation and mild increase in combustion noise
of the engine. Hence, it is of the opinion that, keeping in
mind to strike the balance between the emission and per-
formance characteristics, further research is necessary to
tailor made the PDO fuel at pyrolysis stage, during distil-
lation process and before combustion by addition of cat-
alysts, chemical additives, and antioxidants respectively.
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BSNOx, brake specific nitrogen oxides; CA, crank angle; CI, compres-
sion ignition; CPD, commercial petro- diesel; CPD 2S 5 W 20TiO2,
commercial petro- diesel +2% surfactant +5% water +20 ppm titanium
dioxide; CPD 2S 5 W 40TiO2, commercial petro- diesel +2% surfactant
+5% water +40 ppm titanium dioxide; CPD 2S 5 W 60TiO2, commercial
petro- diesel +2% surfactant +5% water +60 ppm titanium dioxide; CV,
calorific value; DLVO, Derjaguin–Landau–Verwey–Overbeek; EGT, ex-
haust gas temperature; GC-MS, gas chromatography - mass spectrome-
try; HDPE, high density polyethylene; HLB, hydrophilic–lipophilic bal-
ance; HRR, heat release rate; kcps, kilo counts per second; NPs, nano-
particles; PDO, plastic diesel oil; PDO 2S 5 W 20TiO2, plastic diesel oil
+2% surfactant +5% water +20 ppm titanium dioxide; PDO 2S 5 W
40TiO2, plastic diesel oil +2% surfactant +5% water +40 ppm titanium
dioxide; PDO 2S 5 W 60TiO2, plastic diesel oil +2% surfactant +5%
water +60 ppm titanium dioxide; UHC, unburned hydrocarbons
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