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ABSTRACT:

Biodiesel has become one of the potential alternative sources to replace diesel. Some of the limitations of biodiesel include high
NOx, poor atomization, poor oxidation stability, cold flow problems, long term storage problems etc. Various strategies were
discussed to overcome the limitations of biodiesels. Recent research is on effects of fuel additives or fuel composition
modification to reformulate the fuel properties. This article is aimed at presenting the experimental investigation of the effects of
isobutanol additive on the engine performance and emission characteristics of biodiesel blends derived from waste vegetable oils.
The experimental investigation was conducted on a direct injection four stroke diesel engine with different blends, B10, B20, B30,
B10 (10% ISB, B20 (10% ISB), B30 (10% ISB), (20% ISB, B20 (20% ISB) and B30 (20% ISB), and engine performance and
emission characteristics are evaluated and discussed.
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INTRODUCTION:

Biodiesel is one of the potential alternative sources of fuel that can replace diesel one day. Biodiesel is a non-petroleum based
fuel derived from vegetable oils or animal fat. Most of the biodiesel related research works show that biodiesel reduces the
engine performance. On the other hand, the emissions of PM, HC, CO, are reduced which is considered more beneficial to the
environment. Some of the limitations of biodiesel include high NOx emission, poor atomization, poor oxidation stability, cold
flow problems, long term storage problems etc. High NOx emissions is one of the seriously discussed problems in bioiesel and
various strategies were proposed to overcome the limitations of biodiesels, such as exhaust gas re-circulation (EGR),
emulsification, after-treatments, fuel modifications, engine modifications and so on [Jeevahan et al. 2016; Kunjan et al. 2016;
Szybist et al. 2005]. Out of these strategies, fuel modification has got more attention recently since they require no additional cost
or engine modification. Fuel modification not only reduces NOx emissions but also has the potential to overcome other
limitations of the biodiesels. Researchers haye used fuel additives such as antioxidants and cetane number improvers [Zhu et al.
2016; Singh et al. 2016; Santana et al..2006; Shahabuddin et al. 2012; Rao & Rao 2012; Velmurugan & Sathiyagnanam 2016],
nanoparticles [Prabhu et al. 2015; Kannan et'al. 2011; Mirzajanzadeh et al. 2015], and modified chemical composition of the
biodiesel [Varatharajan & Cheralathan 2012; Moser et al. 2009; No 2014], to enhance the fuel properties. When compared to
petro-diesel, the cost of biodiesel is high (1.5 times higher than petro-diesel), which may become a major barrier to large scale
production. The cost of raw material (vegetable oil, algae or animal fats) itself amounts 70-95% of the total production cost of
biodiesel depending on the raw material sources. Therefore, it is a good idea to explore low cost raw materials for biodiesel
production [Zhang et al. 2003; Refaat et al. 2008].

The waste vegetable oil (WVO) is referred as the remaining vegetable oil after it is been used for food production and no longer
fit for its further use.'WVO is produced in various sources including domestic and commercial kitchens, restaurants, hotels, food
processing industries. This WVO is generally poured down the drain posing many problems. It can block the pipes if the oil
solidifies. The corrosive nature of the WVO is high leading corrosion on metal and concrete members of the sewage system. It can
also affect the waste water treatment plants [Refaat et al. 2008; Felizardo et al. 2006]. It was reported that USA produces 10
Million Tonnes of WVO per year and China produces 4.5 Million Tonnes of WVO per year. The disposal of WCO through
drainage or-landfill may pollute water and soil which in turn may raise concern over the aquatic ecosystem and human health.
Some recycle WCO for further cooking but the recycled WCO is believed to cause cancer due to the presence of toxic matters
produced when WCO is oxidised during frying. These problems can be overcome by utilizing WCO for biodiesel production. The
WVO is very cheap (2-3 times lesser compared to pure vegetable oil). This can reduce the total production cost of biodiesel to a
great extend, thus reducing the price of biodiesel. Moreover, WCO does not affect the food supply since it uses the waste oil after
its intended use. However the major drawback of using WCO for the biodiesel production is the presence of impurities, such as
free fatty acids, water and other solid particles. The water content leads to hydrolysis; high free fatty acid content leads to
saponification. These two reactions often causes low yield of biodiesel and high catalyst consumption. If the free fatty acid
content is higher than 3%, transesterification process failure may even occur. Transesterification is widely used for biodiesel
production. In this process, feedstock oil, methanol and a catalyst are used. Before starting transesterification of WVO, it is
however necessary to pre-treat WVO before transesterification process. Some of the pre-treatments include washing step,
centrifugation, and flash evaporation [Felizardo et al. 2006; Yaakob et al. 2013; Gui et al. 2008; Phan & Phan 2008].
Homogeneous/ heterogeneous acid catalyst, homogeneous/ heterogenecous base catalyst and enzyme based transesterification are
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proposed to convert WVO into biodiesel [Lam et al. 2010; Morais et al. 2010; Talebian-Kiakalaieh et al. 2013; Enweremadu &
Mbarawa 2009]. The base catalyst and acid catalyst based transesterification processes are more attractive due to their short
reaction time and low cost as compared with enzyme based transesterification process [Wang et al. 2007].

Many researchers have discussed about the synthesis of biodiesel from WVO [Demirbas 2009; Zheng et al. 2006; Chhetri et al.
2008; Hingu et al. 2010; Al-Widyan & Al-Shyoukh 2002; Issariyakul et al. 2007; Encinar et al. 2007; Lopresto et al. 2015].
However, the performance and emission characteristics of the biodiesel blends obtained from WVO were rarely discussed. In the
work of Dorado et al. [Dorado et al. 2003], the emission characteristics were studied. The biodiesel was prepared from WVO and
the prepared biodiesel reduced CO emissions by 58.9%, CO2 emissions by 8.6% and NO emissions by 37.5%), while increased
NO, emissions by 81%. In the work of Utlu and Kocak [Utlu & Kocak 2008], WVO biodiesel was tested on a turbocharged DI
diesel engine to evaluate the engine performance and emissions. Emissions were found to be decreased (17.14% CO,1.45%
NOx). Engine performance and specific fuel consumptions are nearly the same as that of the diesel engine. In the experiment of
Cetinkaya et al. [Cetinkaya et al. 2005], The engine performance and road test performance of WVO biodiesel were investigated
on a 75kW Renault Megane automobile in winter conditions for about 7500 km road tests. The results revealed that the engine
performance is 3-5% less than that of petro-diesel. Fuel additives were added to improve viscosity and pour point and the results
exhibited that addition of these additives showed significant improvement in the engine performance on cold-flow properties. In
the work of Can [Can 2014], the combustion, performance and exhaust emission characteristics of WVO biodiesel blends were
investigated. The results showed 8.7% increase in NOx emission, 5% decrease in THC, 51% decrease in CO-emissions and a
slight increase of CO, emissions.

Butanol is an biomass-based fuel produced from biomass feedstocks through alcoholic fermentation. The solubility, in diesel and
biodiesel, of butanol is higher than that of ethanol at wide range of operating conditions [Liu-et al. 2011]. Karabektas & Hosoz
[Karabektas & Hosoz 2009] have conducted an investigation on the effects of isobutanol additives (10% and 20%) with diesel on
engine performance and emissions. The results showed that the break power slightly decreased.-CO, NOx emissions were found to
be less as compared to petro-diesel. However, HC emissions increased considerably. In another experiment by Yilmaz et al.
[Yilmaz et al. 2014], the effects of butanol-biodiesel blends on the emissions of a indirect injection diesel engine were
investigated. The results showed that butanol blended fuels at higher concentrations (20%) produced less NOx emissions while
higher CO and HC emissions were observed. The effects of n-butanol was-studied by Atmanli et al. [Atmanli et al. 2014] on
performance and emissions of vegetable oil-diesel fuel. The results showed that the cold flow properties and oxidative stability
were improved while producing negative impact on NOx and CO'emissions. CO2 and HC emissions were observed and the
engine performance was slighly reduced. However no research work is carried out to investigate the effects of iso-butanol additive
mixed with waste vegetable oil or biodiesel on engine performance and emission characteristics. In this article, the effects of
isobutanol (ISB) additive on the engine performance and emission characteristics is investigated with petro-diesel, biodiesel
blends and biodiesel plus ISB additive.

WVO BIODIESEL PREPARATION:

Waste vegetable oil (WVO) was collected from the domestic kitchens and restaurants in and around Sithalapakkam, Chennai City,
India. At least 1 litre of WVO was collected from each place. These collected oils, that contain impurities, were stored in a
container of 25 litre capacity as a homogeneous mixture. WVO was first filtered with the help of a filter to remove suspended
solid particles. Two filters of mesh size 0.2 mm-and 0.05 mm were used. The oil was then heated up for about 15-20 minutes
while stirring continuously. This removes the water content from the oil. The purified waste vegetable oil is now ready for
transesterification process. Diesel, methanol, isobutanol and a suitable catalyst (sodium hydroxide) were purchased from the local
market, Chennai city, and were used to produce the biodiesel and its blends. Alkaline transesterification process was used to
produce biodiesel. WVO was first transferred to a container of the transesterification setup (Research Centre at Sathyabama
University, Chennai) and-is heated to a temperature of about 70°C using an electric heater, while continuously stirred by a
magnetic stirrer. At this temperature, a mixture of methanol and sodium hydroxide was transferred. Now the transesterification
reaction takes place. The mixture is maintained at the same temperature for about 45-60 minutes. In the experiment, the molar
ratio of methanol to WVO was taken as 1:5 and the quantity of catalyst was about 1% of WVO. If the free fatty acid content is
higher, the quantity of catalyst may be slightly increased. At the end of transesterification reaction, WVO biodiesel was separated
from the container and purified using a decantation funnel.

PREPARATION OF WVO BIODIESEL BLENDS:

The purified WVO biodiesel was mixed with appropriate proportions of petro-diesel and isobutanol to prepare different blends.
There was no need for any pre-heating or any other means to aid the mixing as both the components were miscible in diesel. No
separate layers were observed in case of the mixture even after stagnation over long period of time. Thus it is clear that the
components have good mixing properties. The blends were prepared on volume basis with the mixture of waste vegetable oil in
10% and 20% and 30 % and of isobutanol in 10% and 20% proportions. The properties are evaluated for each mixture and are
shown in Table 1.

Table 1: Properties of different blends used in the experiment

. . A PN Kinematic Viscosity Calorific Value . 3

Fuel Properties Fire Point (°C) Flash Point (°C) | Cetane Index (mm2Js) (kd/kg) Density (kg/m?3)
Diesel 65 65 45 4.7 42500 830
Waste Vegetable Oil 222 214 31 37.42 39500 910
B10 89 78 44 4.6 40000 852
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B20 94 79 43 6.8 39250 360

B30 97 82 43 9.12 38500 873
Isobutanol 45 35 17 22 32500 809
B10+10% 86 75 44 6.8 42575 846
B20+10% 84 75 43 6.61 42978 855
B30+10% 82 70 42 6.38 42048 863
B10+20% 97 85 44 11.08 39800 840
B20+20% 95 83 43 10.64 42915 854
B30+20% 92 80 42 10.19 42978 855

EXPERIMENTAL SETUP:

The setup consists of single cylinder, four strokes, Diesel engine of power 5.2 KW at 1500rpm connected to eddy current and
water cooled type dynamometer for loading. consist of four types of sensors i.e. piezo sensor of range 5000 Psi, crank shaft sensor
of Resolution 1 Degree, speed 5500 RPM with TDC pulse, temperature sensor having Type K thermocouple and load sensor of
range 0-50 Kg strain gauge type. The engine is first started for 10-15 minutes with diesel and then with the prepared blends (i.e.
B10+10%, B20+10%, B30+10%, B10+20%, B20+20% and B30+20%) by entering the value of the calorific. value and density
value respectively into the engine software. Speed of the engine was kept constant at 1500 rpm under varying load conditions (i.e.
Okg, 4kg, 8kg, 12kg and 16kg) to measure the engine performance. Engine exhaust is connected with AVL DiGas 444 analyser
having oxygen gas sensor of Electro Chemical type is used to measure the engine emission parameters like CO, HC, CO2, O2 and
NOx. .

Figure 1: Experimental Set-up

RESULTS AND DISCUSSION:

Brake Thermal Efficiency (BTE):

Figure 2 shows the plot between the brake thermal efficiency and load in kg for a constant speed. It is observed from the figure
that the BTE of biodiesel fuel is lesser than diesel. This may be due to large particle size that leading to incomplete combustion of
biodiesel particles. An increasing trend of BTE is observed with increase in load was observed up to a load level of about 16 Kg.
The initial increase in BTE may be attributed to the complete and high combustion of fuel, but once the load reached at full load
level; the time taken for complete combustion of fuel was decreased, hence a slight drop in BTE was observed. Oxygen present in
the blends perhaps also helped in complete combustion of fuel at no load and also at partial load conditions. At full load
conditions, the change of state from molecule oxygen to atomic oxygen perhaps has lead to a decrease in BTE. BTE of the blend
B30+20% is lowest. The addition of the waste vegetable oil decreased BTE values and thus the blends with higher content of
waste vegetable-oil have lower value of BTE. The same trend is also followed by addition of the additive (Isobutanol) which
reduces the BTE value of the blend. This is mainly attributing to the lower calorific value of the blends.

5 Load v/s Brake thermal efficency Curve
32.0 —e—B10 with 10 % of ISB

30.0

280 —o— B20 with 10 % of ISB

26.0 B 30 with 10 % of ISB

24.0 B10 with 20 % of ISB
LJ,__J 22.0 —&— B20 with 20 % of ISB
ko200 —o— B 30 with 20 % of ISB

18.0

—@— 100% diesel

16.0

14.0 —e—2B10

12.0 —@— B20

2 4 6 8 10 12 14 16 18 o— B30
Load (Kg)
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Figure 2: Load versus Brake Thermal Efficiency

Brake Specific Fuel Consumption (BSFC):

The fuel consumption characteristics of an engine are generally expressed in terms of specific fuel consumption in kilograms of
fuel per kilowatt-hour. It is an important parameter that reflects how well the engine performance. It is inversely proportional to
the thermal efficiency of the engine. From the figure 3, one can clearly observe that as the load increases the value of BSFC
decreases showing the inverse trend of the BSFC v/s Load graph. We also observe that as we increase the amount of waste
vegetable oil in the blends the BSFC decreases. This trend is also observed in the addition of theisobutanol, in this case in both the
blends i.e. B30 + 20 % and B30 + 10 % shows the reflection in the graph which due to the lower calorific value of the additive.
This point is already seen evidently in the corresponding BTE graph which possesses an inverse relation to the calorific value. The
graph has the highest SFC for B30 + 20% blend which states that the fuel has been consumed more for the same amount of power
output. The lowest value is for the blend B10 which increases the BTE of the system and can be seen that it is little high as
compared to diesel.

Load v/s Specific fuel Consumption Curve

0.65 —o—B10 with 10 % of ISB
& —&—B20 with 10 % of ISB
0.55 B 30 with 10 % of ISB
o B10 with 20 % of ISB
E 045 —e— B20 with 20 % of ISB
2 ' —o— B 30 with 20 % of ISB
8 —0— 100% diesel
@ 0.35
—e—B10
-4 —e—B20
0.25 —e—B30
2 4 6 8 10 12 14 16 18

Load (Kg)

Figure 3: Load versus Brake Specific Fuel Consumption

CO, Emission:

The graph shown in figure 4 has a good characteristic curve which peaks at 12kg load and shows that B30 has always been at the
top of the curve and B20+20% at the bottom. The other blends curve has a low value of CO, at different load condition when
compare to diesel CO,as the A/F ratio is lesser than diesel and there is more fuel to burn in the air, the other main reason is that
the combustion doesnot take place properly at all the loads due to low cylinder temps which lead to poor atomization and thus at
lower loads the carbon present in the fuel changes to CO. and not to CO, The waste vegetable oil blend is having higher CO,
which means the combustion takes place properly which result in CO lesser and the CO, value of diesel is more are less to the
waste vegetable oil blends whereas the isobutanol blends having lesser CO, due to higher air fuel ratio when compare to waste
vegetable oil blends. The figure 4 also-shows that the effect of addition of the waste vegetable oil and isobutanol has different
effect on the formation of CO, at different loads. But looking at the graph we can conclude the effects on the basis of average
values which shows that the amount of CO, reduces as the amount of Waste vegetable oil increases in the blend which is also
reciprocated in the case of addition of isobutanol, thereby reducing the amount of CO, in the exhaust. Also, CO, formation is
dependent on carbon to hydrogen ratio of the fuels. More contents of carbon in the blends causes more amount of CO, emissions
in the exhaust gases. Compared to diesel fuel as seen in figure 4 carbon contents of other blends are relatively lower in the same
volume of fuel consumed at the same engine speed, which tells us the reason for low CO, formation.

Load v/s CO, Curve
3.50 —o—B10 with 10 % of ISB
—o— B20 with 10 % of ISB
3.00 B 30 with 10 % of ISB
B10 with 20 % of ISB
2.
N 30 —&— B20 with 20 % of ISB
0
1) —&— B 30 with 20 % of ISB
2.00
® —@— 100% diesel
—e—BI0
1.50
—e—DB20
1.00 B30
2 4 6 8 10 12 14 16 18
Load (Kg)

Figure 4: Load vs CO, Emission

HC Emissions:
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The variations of HC emission for diesel and biodiesel are shown in the figure 5. The emissions of unburnt hydrocarbon for
biodiesel exhaust is lower than that of diesel fuel and the reason could be the increased gas temperature and higher cetane number
of biodiesel. However, HigherHC emission is found for biodiesel with isobutanol additives. As we see from the graph B30 + 20%
blends have higher values of HC as compared to diesel and diesel being in the range of B10, B20 & B30 blends. By addition of
Isobutanol, we see that the HC values are increasing which is an attribute to the higher viscosities leading to poor atomization
hence resulting in higher HC values for B30 + 20% & B20 + 20% blends. The main reason for the higher values of HC in the
exhaust is the high viscosity of the blends which inhibits the mixing of the air and fuel which takes longer and flame quenching
occurs as high viscosity means poor atomization and these are left unburnt. Temperature of burnt gases in biodiesel fuel helps in
preventing condensation of higher hydrocarbon reducing unburnt HC.

60.00 Load v/s HC Curve
) —e— B10 with 10 % of ISB
50.00 *— —0— B20 with 10 % of ISB
B 30 with 10 % of ISB
40.00 B10 with 20 % of ISB
@) — — i 9
Q 30,00 B20 with 20 % of ISB
—_—__ ——9 —&— B 30 with 20 % of ISB
20.00 w —e— 100% diesel
—e—B10
10.00
—e— B20
0.00 —@— B30
2 4 6 8 10 12 14 16 18
Load (Kg)

Figure 5: HC Emissions

NOx Emissions:

The figure 6 shows the NOx curve which is increasing with load and thus the temp in the cylinder increases this produces more
NOx. But the value of NOx of biodiesel blends is always higher than the diesel engines. As seen in the graph above, the highest
value for NOx emission is B30 and lowest is for B10+20% for higher loads. B30+10% has lower NOx values at lower loads and
also lower NOx values at higher loads,when compare the other blends' the NOx values are lesser than diesel NOx. Within the
engine cylinder, there is several of high temperature regions.corresponded to oxygen contents. Meanwhile, the great reduction of
the cetane number moves the whole combustion process forward during expansion stroke limiting the resident time of the gases at
highest temperature, leading to higher NOx emissions.

500.0 Load v/s NOx Curve
’ —o—B10 with 10 % of ISB
4000 —0— B20 with 10 % of ISB
' B 30 with 10 % of ISB
300.0 B10 with 20 % of ISB
=< —e— B20 with 20 % of ISB
o)
—&— 100% diesel
100.0 —e—B10
—e—B20
0.0 —e— B30
2 4 6 10 12 14 16 18
Load (Kg)

Figure 6: Load vs NOx emissions

Oxygen-Content at the Exhaust:

The figure 7 shows the values of O, plotted against load for different blends of varying ratios. As we see in the figure, the values
of O, in the exhaust are in direct relations with the above graph of oxides such as CO, CO,, NOy. The highest value of O, is for
B10+20% at lower loads and B30+20% at higher loads. The lower values of O, in the graph tells us that the O, has been used up
in the combustion process , thereby giving higher values of other gases. So in terms of O, content we find the B10+20% should
have least performance characteristics but which is not the case. This is mainly due to the highest inherent O, content of the fuel
due to waste vegetable oil and Isobutanol thereby giving better performance characteristics. All oxygen values are lower than
diesel, because all have higher NOx & CO, content in exact proportions.
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. Load v/s O2 Curve
—e—BI10 with 10 % of ISB
—o—B20 with 10 % of ISB
18.00 B 30 with 10 % of ISB
B10 with 20 % of ISB
o) 17.00 —o— B20 with 20 % of ISB
—e— B 30 with 20 % of ISB
— —eo— 100% diesel

16.00 —e—B10

—e—B20

15.00 —o—B30

2 4 6 10 12 14 16 18
Load (Kg)
Figure 7: Oxygen Content at the Exhaust
Air-Fuel Ratio:

From the figure 8, we observed that, the waste vegetable oil blends have high air-fuel ratio than isobutanol blends and to diesel
curve. B30+ 20% of isobutanol blend have lesser air fuel ratio and this low air-fuel ratio made low brake thermal efficiency and
also high HC emission and when the load is increasing, the amount of air fuel ratio is getting reduced due to the density changes
of fuel which reduces the air flow to the cylinder. The other blends air fuel ratio value is less than diesel air fuel ratio due to
density and viscosity changes on fuel. B10 & B20 blends have more air fuel ratio when compare to-other blends and also it have
more relevant value to diesel.

Load v/s A/F Ratio Curve

90.00 .
@ B10 with 10 % of ISB
=0 B20 with 10 % of ISB
70.00 B 30 with 10 % of ISB

B10 with 20 % of ISB

o
g 50.00 = —e— B20 with 20 % of ISB
T ' —o— B 30 with 20 % of ISB
£ —o— 100% diesel
< 30.00
—e—BI10
—e—B20
10.00 —e—B30
2 4 6 8 10 12 14 16 18

Load (Kg)
Figure 8: Air-Fuel Ratio

From the above discussions, The addition of waste vegetable oil in diesel increases its density viscosity but decreases its calorific
value. The brake thermal efficiency of the fuel'goes on increasing as the amount of Waste vegetable oil increases in the blend and
at the same time reduces its specific-fuel consumption with a decrease in the air fuel ratio. The emissions were also likely
improved with B10 & B20 Blends as the values for the CO, HC, NOX and O2 reduced but CO2 value also have some
improvement in higherloads whereas in lower loads the CO2 is increased as reduction of air fuel ratio at lower loads. with the
addition of the Waste vegetable oil in the blend due to various factors and mechanism affecting the reasons for the obtained
variations, there is an-increase. in the value of HC which is undesirable but mainly due to its high viscosity. The combustion
characteristics-are ‘better. at lower loads but same at higher loads. The addition of isobutanol in diesel blended with Waste
vegetable oil increases its-0xygen content but decreases its density, calorific value and viscosity. The addition of isobutanol has
satisfactory effects on the performance characteristics of the fuel such as the increases in the amount of isobutanol increases the
brake thermal efficiency of the fuel and thus having the revers effect on the specific fuel consumption i.e. lowers it, the exhaust
gas temperature also reduces. The emission curves show the same effects as that of addition of Waste vegetable oil which is
reduction in CO, CO2, NOX and O2 and an increase in the amount of HC. The combustion characteristics are good at lower loads
but become better as the load increase.

Table 2: Overall result

Performance Emissions
BTE SFC NOx HC CO, (0)3
B10 B10 B10+20% B10 B10 B30+10%
B20 B20 B30 +10% B20 B30+20% B10+20%
B10 +20% B10 +20% B20+20% B10+20% B10+20% B20+20%
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The test result reveal that waste vegetable oil and isobutanol can be used as fuel additive and the blend perform better as both the
blending material increase in the blends thus stating that B10+20% blend is the most suitable blend which can be used in place of
pure diesel without making any changes in the engine system.

CONCLUSION:

Waste vegetable oil seems to be a good renewable source of feed stocks for biodiesel production. However collecting WVO
requires integrated waste management and awareness about the ill effects of the used oil. In this article, the effects of isobutanol as
an additive to enhance the properties of biodiesel blends derived from waste vegetable oil was discussed. The biodiesel blends of
B10, B20 and B30 were prepared first. The blends are mixed with isobutanol in two concentratios 10% and 20% to make another
six blends (B10 (10% ISB, B20 (10% ISB), B30 (10% ISB), (20% ISB, B20 (20% ISB) and B30 (20% ISB). The experimental
investigation was then conducted on a direct injection diesel engine to determine engine performance and emission characteristics.
From the obtained results, it is observed that engine performance is improved with the addition of isobutanol with reduced
emissions of HC, CO,. However, addition of isobutanol has no effect on reduction of NOx emissions. Further research is required
in the aspect of other properties such as cold flow properties, oxidative stability and NOx reductions.
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