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Abstract
The high price of different biodiesels and the need for many of their raw ingredients as food materials are the main

constraints to be overcome when seeking the best potential alternative fuels to petro-diesel. Apart from that, some

properties like high density, viscosity and acid value along with low cloud and pour points preclude their use in com-

pression ignition (CI) engines as these properties can cause serious damage to the parts of the engine and reduce engine

life. In this experiment, biodiesel was produced from the oil of unused algae by a two-step ‘acid esterification followed by

transesterification’ procedure. Taguchi’s method was applied to design the experiment, and a L25 orthogonal array was

prepared to optimize the biodiesel production procedure. The optimized conditions for transesterification were: methanol to

oil molar ratio of 6:1, catalyst (KOH) concentration of 2.5 wt%, reaction time of 90 min and reaction temperature of 50 �C,

achieving a biodiesel production of 89.7% with free fatty acid content of 0.25%. It was found that the CI engine emitted

less CO, CO2 and hydrocarbon and higher NOx using algal biodiesel than that using petro-diesel. All properties of the algal

biodiesel were within the limit of ASTM standards.
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1 Introduction

Biodiesels from different sources, like vegetable oil (Gadge

and Raheman 2005; Alcantara et al. 2000; Ragit et al.

2011) and animal fat (Bankovic-llic et al. 2014; Adewale

et al. 2015), have become popular over the last few years.

Although the main constraints of applications of biodiesels

are their high market price (Amano-Boadu et al. 2014) and

need for many of their feedstock as food resources, the

other important factor to restrict them from being used

more is that they can damage the engine parts due to some

of their properties and thereby reduce the engine life. The

threats of pollution due to the use of conventional and non-

conventional fuels are becoming evident (Conti and

Holtberg 2011). It is found that biofuels including biodie-

sels are more eco-friendly than petro-diesel (Shirneshan

et al. 2012; An et al. 2012; Shirneshan 2013). Only the NOx

emission from the combustion of biodiesels has been

reported to be more than that of petro-diesel (Xue et al.

2011). From the point of view of environmental pollution,

algae can be a good resource for biodiesel production. It

has been reported that application of air supplemented with

carbon dioxide at the time of algae culture increases the oil

content of the algae (Holbrook et al. 2014; Dassey et al.

2014) and biofuels from algae fix 0.6% CO2 (Ponnusamy

et al. 2014).

Different types of algae are seen to grow widely in

various types of medium. Barren, non-productive land

(Costa and Moraise 2011), brackish water and waste water

(Ashokkumar et al. 2014) can be used to culture some of

the algal species. On top of that, the oil content and the

growth rate of the algae are also very high (Chisti

2007, 2008) compared to many other crops that are used for

biodiesel production. In this study, cultures of algae from

different canals in Punjab (India) were used as the feed-

stock for production of biodiesel, for the following reasons.

These algae (1) remain unused and taken away followed by
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being thrown in vats (which are used for waste disposal)

and dumped in waste disposal sites at the end, (2) cause

pollution of the water-body when growing very abundantly

and become a threat to aquatic life and (3) are not used as

food. The aim of this research was to characterize the fatty

acid methyl ester (FAME) produced from the oil of those

unused algae with standard methods (Ragit et al. 2012) and

to study the emission characteristics of the fuel by running

a CI engine with that biodiesel.

2 Materials and methods

2.1 Biodiesel production from unused algae

The algal culture was collected from several canals of

Punjab, India. Many times in a year, especially in winter,

the current of the canals remains very low or it becomes

stagnant. Eutrophication and algal blooms take place in

these water bodies during these times due to immobiliza-

tion of the nutrient. These algae degrade naturally with

time or flow away when the current of the water increases.

Sometimes this mixed culture of algae is thrown in vats

which are used for the disposal of wastes. So, these algae

are treated as wastes and remain unused. This mixed cul-

ture of algae (Closterium sp., Chlorella sp., Oscillatoria

sp., Spirulina sp., Navicula sp., Pinnularia sp., Spyrogyra

sp., Gomphonema sp., Scenedesmus sp., Zygnema sp. and

Frustulia sp.) was collected from their sites for this

experiment and kept in the sun for seven days for complete

drying. Extraction of oil from the dry algae was done by

solvent extraction using a SOXTHERM apparatus (Fer-

nández et al. 2010; Silva et al. 2011), and n-hexane was

used as a solvent (Karmakar et al. 2018). All the samples of

algae were ultrasonically treated before use. Almost 10%

oil was extracted in this procedure. A two-step procedure,

which is a combination of acid esterification and alkali

esterification, was used in this experiment for biodiesel

production (Sumit et al. 2016). Taguchi’s method (Buasri

et al. 2009; Ross 1989; Kumar et al. 2017) was used to

prepare twenty-five sets (orthogonal L25 array) of param-

eters (reaction temperature, methanol to oil molar ratio,

catalyst concentration and reaction time) for both esterifi-

cation procedures (Table 1). In the acid esterification

reaction, achieving the lowest FFA was set as the target but

achieving lowest FFA along with highest yield was set as

the goals for the alkali-esterification reaction.

The best result for acid esterification took place when

the reaction was performed with combination 17 (Fig. 1a).

The FFA content of the oil came down from 21% to 1.7%

after acid esterification. The product was kept inside a hot

air oven for 1 h at 100 �C after which it underwent alkali

esterification. This time combination 13 was found to be

most effective to produce algal biodiesel with highest yield

and lowest FFA content (Fig. 1b(i) and b(ii)). The amount

of ester produced in this procedure was 89.7%, while the

FFA content of the biodiesel was 0.25%. The presence of

different fatty acid methyl esters was detected by gas

chromatography–mass spectrometry (GC–MS). The com-

position of the biodiesel is given in Table 2.

2.2 Properties of the biodiesel

The properties of the biodiesel give an indication of whe-

ther it would be suitable or not for the performance, life

and emission of the engine. So, the main properties of

biodiesel such as the acid number, calorific value, viscos-

ity, density, flash point, fire point, cloud point, pour point,

ash content and carbon residue content (Karmakar et al.

2018) were studied using standard methods (Table 3).

Three replications were done for all the tests, and their

means were calculated.

2.2.1 Acid number

The titration method was used to estimate the acid number

of the biodiesel. A 0.1–0.5 mL of biodiesel was taken in a

conical flask. A 50 mL of solvent mixture (95% ethanol

and diethyl ether in 1:1 ratio) was added to it and mixed

thoroughly. This solvent–oil mixture was titrated with

0.1 M KOH using 1% phenolphthalein indicator. The for-

mula for calculating acid number is as follows:

2.2.2 Calorific value (CV)

A bomb calorimeter (Widsons) was used to measure the

calorific value (Ragit et al. 2011) of the algal biodiesel. The

biodiesel (0.5 g) in a container was placed in the bomb, and

a 8-cm cotton thread hanging from an 8-cm nichrome wire

was dipped into the biodiesel. The bomb was filled with

oxygen at 400 psi. Then, it was placed inside the insulated

container containing distilled water and the fuse wires were

Acid number of biodiesel mg KOH=gð Þ ¼ 56:1 � Normality of the KOH solution � Volume of KOH used

Weight of the sample taken
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placed in their position on the bomb. The nichrome wire

was stuck to two sticks attached to the fuse wires. The

initial temperature was noted, and then it was reduced to

zero (0 �C). The fire button was pressed to make a short

circuit on the nichrome wire and ignite the biodiesel. The

temperature kept on increasing for a certain time. The

temperature was noted when it was stable. The calorific

value was then calculated using the following formula.

2.2.3 Kinematic viscosity

The biodiesel was poured into the heat chamber of a

Redwood viscometer and heated up to 40 �C. The stopper

of the viscometer was displaced to let the heated biodiesel

drain out of it and be collected in a measuring cylinder

placed underneath. As 50 mL of the biodiesel was col-

lected in the measuring cylinder, the stopper was placed

again to stop the flow of the biodiesel. The time taken for

the collection of 50 mL biodiesel was noted. The formula

to calculate the viscosity of the biodiesel is as follows:

Viscosity of biodiesel mm2=s
� �

¼ A� timeð Þ � B

time

where A and B are two constants for the specific Redwood

viscometer. A = 0.26 and B = 179 (when the time taken is

less than 100 s), or A = 0.24 and B = 50 (when time taken

is more than 100 s).

Table 1 25 combinations of parameters used for optimization of algal biodiesel production procedure (designed by Taguchi’s statistical approach

(Ross 1989; Buasri et al. 2009))

Combination no. Methanol to oil molar ratio Catalyst concentration, wt% Reaction time, min Reaction temperature, �C

1 4:1 1.5 30 45

2 4:1 2.0 45 50

3 4:1 2.5 60 55

4 4:1 3.0 75 60

5 4:1 3.5 90 62

6 5:1 1.5 45 55

7 5:1 2.0 60 60

8 5:1 2.5 75 62

9 5:1 3.0 90 45

10 5:1 3.5 30 50

11 6:1 1.5 60 62

12 6:1 2.0 75 45

13 6:1 2.5 90 50

14 6:1 3.0 30 55

15 6:1 3.5 45 60

16 7:1 1.5 75 50

17 7:1 2.0 90 55

18 7:1 2.5 30 60

19 7:1 3.0 45 62

20 7:1 3.5 60 45

21 8:1 1.5 90 60

22 8:1 2.0 30 62

23 8:1 2.5 45 45

24 8:1 3.0 60 50

25 8:1 3.5 75 55

CV kJ=kgð Þ ¼ Weight of water þ water equivalentð Þ � Temperature rise � Specific heat of water

Weight of the sample
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2.2.4 Relative density (D)

The pycnometer was kept inside a refrigerator after filling

them up with algal biodiesel. They were taken out of the

refrigerator when the temperature of the biodiesel reached

15 �C. The mass and volume of the biodiesel were mea-

sured, and the density of the biodiesel was calculated. The

formula for measuring the density is as follows:
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Fig. 1 Effect of different combinations of parameters on biodiesel production. a acid esterification (effect on FFA content) and b alkali

esterification—b(i) effect on yield; b(ii) effect on FFA content

Table 2 Fatty acid composition

of algal biodiesel
No. Fatty acid Percentage

1 Palmitic 9.69

2 Stearic 0.02

3 Oleic 2.34

4 Linoleic 54.33

5 Linolenic 8.71

6 Others 24.91
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2.2.5 Flash and fire point

The biodiesel was kept inside the flash and fire point

apparatus, and a cotton thread was placed in it. The bio-

diesel was heated with a gas stove. Another ignited cotton

thread was dragged on the surface of the former thread.

The temperature at which the spark came out of first thread

was noted as the flash point of the biodiesel, and the

temperature at which the thread started burning was noted

as the fire point of the biodiesel.

2.2.6 Cloud and pour point

The cloud and pour point apparatus was filled up with ice.

The glass vessels of this apparatus, filled up with biodiesel,

were placed in their slots of the apparatus. The temperature

at which the paraffin in the biodiesel started solidifying and

cloudiness appeared in the biodiesel was noted as the cloud

point. The temperature at which the biodiesel becomes

semi-solid was noted as the pour point of the algal

biodiesel.

2.2.7 Ash content

The sample (5 g) was taken in a pre-weighed quartz cru-

cible and placed inside a muffle furnace (preheated at

450 �C). After half an hour, when the biodiesel burnt

completely to ash, the crucible was taken out. The crucible

was weighed again when its temperature dropped to room

temperature. The formula for calculating the ash content is

given below.

Ash content of biodiesel %ð Þ

¼ Initial weight of the crucible � Final weight of the crucible

Weight of the biodiesel

� 100

2.2.8 Carbon residue content

The biodiesel (5 g) was put inside a pre-weighed heat proof

glass bulb and placed inside the carbon residue content

apparatus (preheated at 450 �C) and kept there for half an

hour. The weight of the bulb was measured after its tem-

perature dropped to room temperature.

Carbon residue content of biodiesel %ð Þ

¼ Initial weight of the bulb � Final weight of the bulb

Weight of the biodiesel taken
� 100

2.3 Emission characteristics of the biodiesel

The produced algal biodiesel (B100) and petro-diesel were

used to run a CI engine (Table 4). A di-gas analyser (AVL

444) was used to check the emissions in the exhaust of the

engine. The probe of the analyser was placed inside the

exhaust, and the quantity of CO, CO2, NOx, unburned

hydro carbon (HC) was measured along with the exhaust

temperature (measured with a thermometer) at different

engine loads (0%, 20%, 40%, 60%, 80%, 100%, 110%).

Table 3 Standard methods and apparatus for biodiesel characterization (Reproduced with permission from Pandey et al. 2013; Karmakar et al.

2018)

No. Fuel property Testing apparatus Standard

1 Acid number Burette and pipette (titrimetric method) –

2 Calorific value Digital bomb calorimeter IS: 1448 [P: 6]: 1984

3 Kinematic viscosity Redwood viscometer IS: 1448 [P: 25] 1976

4 Relative density Pycnometer IS: 1448 [P: 32]: 1992

5 Flash and fire point Flash and fire point apparatus IS: 1448 [P: 32]: 1992

6 Cloud and pour point Cloud and pour point apparatus IS: 1448 [P: 10]: 1970

7 Ash content Muffle furnace ASTM D482–IP 4 of Institute of Petroleum

8 Carbon residue Carbon residue content apparatus ASTM D189–IP 13 of Institute of Petroleum

D kg=m3
� �

¼ Mass of the pycnometer containing the biodiesel � Mass of the empty pyknometer

Volume of the biodiesel
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3 Result and discussion

3.1 Biodiesel properties

All the properties of the algal biodiesel were within the

ASTM standard limits (Table 5). The acid number of the

algal biodiesel (0.497 mg KOH/g) (Fig. 3a) was a little

higher than that of petro-diesel (0.35) (Singh and Padhi

2009), but it does not harm the engine parts. The calorific

value (CV) of any fuel plays an important role as higher

calorific value indicates higher power generation to run an

engine. Although the calorific value of the biodiesel pro-

duced in this experiment was lower (40,666 kJ/kg)

(Fig. 3b) than that of petrol or diesel, it was higher than the

CVs of coal or popular biodiesels like palm and Jatropha

(Fig. 2). Both viscosity and density of the algal biodiesel

(3.16 mm2/s and 880.5 kg/m3, respectively) (Fig. 3c, d)

were almost equal to those of petro-diesel (1.9–4.1 mm2/s

(Knothe and Steidley 2005) and 832 kg/m3, respectively)

which indicates good atomization and complete combus-

tion of the biodiesel inside the engine and a healthier

engine life. The flash and fire points of the biodiesel were

much higher (150 and 153 �C, respectively) (Fig. 3e), and

thus better, than those of petro-diesel (flash point 93 �C and

fire point 102 �C) because higher flash and fire points

reduce the chance of unexpected fire hazard. On contrary,

the cloud and pour points of the produced fuel were higher

(1 and -2.67 �C, respectively) (Fig. 3f) than those of

diesel, though these were less than those of other biodie-

sels. So for these cold flow properties, algal biodiesel

produced in this procedure can be used in cold atmospheric

conditions. Biodiesel additives may be required if the

temperature of the atmosphere is below 0 �C. Lower ash
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Table 4 Details of the CI engine used to test the emission charac-

teristics of the algal biodiesel

Maker Kirloskar

Model AV1

Rated brake power, bhp/kW 5/3.73

Rated speed, rpm 1500

Number of cylinder 1

Bore X stroke, mm 809110

Displacement, cc 552.920

Compression ratio 16.5: 1

Cooling system Water cooled

Lubrication system Forced feed

Standard injection timing 27� BTDC

Table 5 Properties of algal

biodiesel and their

corresponding limits provided

by ASTM

No. Fuel property Algal biodiesel ASTM standards

1 Acid number, mg KOH/g 0.50 0.50 (maximum)

2 Calorific value, kJ/kg 40,666 –

3 Kinematic viscosity at 40 �C, mm2/s 3.16 1.9–6

4 Relative density at 15 �C, kg/m3 880.5 860–900

5 Flash point, �C 150 93 (minimum)

6 Fire point, �C 153 –

7 Cloud point, �C 1 3 (maximum)

8 Pour point, �C -2.7 –

9 Ash content, % 0.01 0.01 (maximum)

10 Carbon residue, % 0.037 0.50 (maximum)
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content and carbon residue content produce lower deposi-

tion of carbon on engine parts and increases the engine life.

The ash content of the algal biodiesel produced here was

0.01% (Fig. 3g), and the carbon residue content was 0.04%

(Fig. 3h). So both the last two properties of the algal bio-

diesel were also low enough that the biodiesel can be used

in an unmodified CI engine.

3.2 Emission characteristics of algal biodiesel

3.2.1 Carbon monoxide (CO) emission

According to some researchers, any increase in engine load

fosters a decrease in fuel to air ratio inside the engine. This

results in better combustion of the fuel and reduces the

production of CO. As the biodiesel contains in-built oxy-

gen, combustion of it is more complete than petro-diesel.

Hence, CO emission for combustion of biodiesel is lower

than that of diesel. In this experiment, increased engine

load was found to be associated with a gradual decrease in

CO emission, and CO emission of algal biodiesel

(191–30 ppm) was much lower than that of petro-diesel

(560–101 ppm) (Fig. 4). The trend of CO emission in the

present study is in line with similar research done with

biodiesel from waste cooking oil (An et al. 2012).

3.2.2 Carbon dioxide (CO2) emission

In CI engines, a more air-rich mixture is injected into the

combustion chamber as the engine load increases. So, in a

CI engine, the combustion of the fuel gets better with an

increase in engine load. Hence, the pattern of emission of

carbon dioxide from a CI engine is inverse to the pattern of

emission of carbon monoxide, i.e. CO2 emission increases

with an increase in engine load. In this experiment, a

gradual increase in CO2 emission was observed. CO2

emission for the combustion of algal biodiesel was lowest

at zero load condition, and peak emission was observed to

take place at overload condition in both the cases of diesel

(2.9% and 4.3%, respectively) and algal biodiesel (2.7%

and 4.1%, respectively) (Fig. 5). But at all load conditions

of engine, emission of CO2 by biodiesel was less than that

of diesel. As biodiesel has lower carbon-to-hydrogen ratio

compared to diesel, CO2 emission is higher for combustion

of the latter (Xue et al. 2011).

3.2.3 Emission of nitrogen oxides (NOx)

Under higher load, more heat is generated in the combus-

tion chamber. This is why NOx emission increases rapidly

with an increase in engine load (Raheman and Ghadge

2007; Zhu et al. 2010). In the current experiment, NOx

emission was found to increase with the engine load for

combustion of both diesel and biodiesel (Fig. 6). The

emission was more in case of algal biodiesel (increased

from 48 to 273 ppm) compared to petro-diesel (increased

from 20 to 154 ppm) at all the engine load conditions. This

may be because the in-built oxygen of biodiesel enhances

formation of nitrogen oxides. Another reason for such

emission behaviour might be the cylinder temperature of

the engine. From Fig. 8, it can be seen that a higher exhaust

temperature was generated when biodiesel was combusted.

So, it can be assumed that the cylinder temperature would

also be higher when the engine would be run by biodiesel.

Therefore, more NOx is produced from the combustion of

algal biodiesel than from the combustion of petro-diesel.

Emission of NOx can be reduced by adding favourable

additives to the algal biodiesel (Palash et al. 2014) or by
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placing a catalytic converter (Zukerman et al. 2009) or a

de-NOx catalyser (Madia et al. 2002) in the exhaust man-

ifold of a CI engine.

3.2.4 Emission of unburned hydrocarbon (HC)

Emission of unburned hydrocarbon takes place due to

incomplete combustion of the fuel in the engine. So, HC

emission for combustion of biodiesel must be less than

petro-diesel because of the presence of in-built oxygen

which triggers better combustion of the former. Here also,

HC emission, under all load conditions, was less for algal

biodiesel than that for diesel (Fig. 7). Emission of HC by

diesel was found to decrease (from 38.9 to 25.7 ppm) with

an increase in engine load. On contrary, emission of HC, by

algal biodiesel, started increasing at the outset of the

experiment (from 0 ppm at 0% load condition) and reached

its peak (12 ppm) at 40% load and then decreased gradu-

ally up to the overload condition. According to the report

of Shirneshan (2013), highest HC emission, for the com-

bustion of waste frying oil methyl ester, takes place at 40%

load and decreases gradually thereafter with the increase in

engine load. This may take place because of the higher

density of biodiesel than petro-diesel which results in

bigger droplet size during atomization of the fuel in the

engine. This bigger droplet size does not allow the fuel to

burn completely, and as a result, HC emission increases.

But as the load on engine increases, a more air-rich mixture

(higher air to fuel ratio) is injected in the combustion

chamber along with more fuel. For the presence of more air

and more in-built oxygen of the biodiesel, better combus-

tion takes place and emission of unburned HC reduces.

3.2.5 Exhaust temperature

Exhaust temperature is an important feature which should

be kept in account as any increase of it affects the tem-

perature of the surrounding environment. This may exert

good or bad effect on the flora or fauna of that habitat.

Exhaust temperature also gives an idea of the temperature

inside the engine, and engine temperature plays a very

important role in emission of different gases. In the current

study, exhaust temperature was found to be higher for

combustion of algal biodiesel than that for combustion of

the diesel (Fig. 8) and in both the cases the temperature

was found to increase (41.2–59.7 �C for diesel and

54.3–79.9 �C) rapidly with an increase in engine load.
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4 Conclusion

Continuous supply of diesel or its substitutes has become

very important over the last few decades due to rapid

industrialization and urbanization all over the globe.

Depletion of crude petroleum may result in huge scarcity of

this fuel future. The market price of petro-diesel is also

increasing for the same reason. So, biodiesel from unused

algae might be one solution to the problem as the raw

material, for this fuel has no commercial value. Although

the algae oil produced in this experiment has a very high

FFA content, biodiesel can be produced from it by a two-

step procedure. All the properties of this biodiesel were

found to be within the limits of ASTM standards. So, no

engine modification should be required if diesel–biodiesel

blend (with lower per cent of biodiesel) is used. More study

is required on engine parts to use pure biodiesel (B100)

which is used in CI engines. The high calorific value of this

biodiesel indicates that high power would be generated in

the engine. This would help to run the engine with less fuel.

It was found that only NOx emission for combustion of this

biodiesel is higher than that of diesel, whereas emission of

other gases like CO, CO2 along with unburned hydrocar-

bon, can be reduced many fold if this biodiesel is used

instead of petro-diesel.
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