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Abstract: Biodiesel is regarded as a significant alternative fuel to petrodiesel due to its excellent
combustion features and renewable character. The water content in the reactant mixtures needs to
be considered so as to retard the conversion rate and it is suggested to be kept as low as possible.
The fluid characteristics of biodiesel might be affected by initial water content; however, the optimum
ratio of water content added to raw oil for achieving superior fluid characteristics of biodiesel has not
yet been studied. Hence, this study empirically investigated the influences of the initial water content
added to raw feedstock oil on the fluid characteristics of biodiesel. The experimental results show
that an adequate amount of water content in the reactant mixture was found effective for improving
the transesterification reaction and, in turn, the fluid characteristics. The biodiesel made from raw
oil with 0.05 wt. % water content added was observed to bear the lowest water content, acid value,
and cold filter plugging point (CFPP) and, therefore, superior fluidity at low temperatures. The lower
CFPP of biodiesel is attributed to its more unsaturated fatty acids and lower iodine value. In addition,
the biodiesel produced from feedstock oil with 0.02 wt. % water added was observed to have the
lowest iodine value but the highest kinematic viscosity. The optimum content of initial water added
to palm oil for superior fluid characteristics of the biodiesel product is thus suggested to be in the
range between 0.02 wt. % and 0.05 wt. %.

Keywords: fluid characteristics; fatty acid methyl esters; cold filter plugging point; water content;
iodine value

1. Introduction

Biodiesel has been used globally to partially replace petrodiesel for transportation
and power sources due to its advantages of superior combustion characteristics, lack of
polycyclic aromatic hydrocarbons (PAHs), low emissions of sulfur oxides (SOx) and par-
ticulate matters (PM), and excellent biodegradability [1]. Biodiesel also exhibits excellent
lubricity for moving engine parts after only 2 wt. % biodiesel is added into diesel [2]. Re-
garding the reduction of greenhouse gas effects, biodiesel composed of 10% less elemental
carbons than petrodiesel emits much less CO2 gas to the atmosphere during the burning
process [3]. A strong alkaline catalyst transesterification is frequently used to produce
biodiesel, which is ascribed to a rapid reaction rate and satisfactory fuel characteristics [4].
The initial water and free fatty acids contents in the reactant mixture are considered to
be as low as possible. For example, it is suggested that the free fatty acids content, water
content, and acid value of feedstock oils should be lower than 0.5 wt. %, 0.06 wt. %,
and 1 mg KOH/g, respectively, to achieve a higher extent of transesterification reaction
and also avoid occurrence of saponification during the reaction [5,6]. Chanakaewsomboon
et al. [7] investigated the effect of water content in the range between 0.1 wt. % and
1 wt. % on the saponification mechanism through the alkaline-catalyzed transesterification
of refined palm oil. A weaker soap film was formed with the addition of water content
in the reactant mixture of transesterification, which increased the washing loss of crude
biodiesel production. The transesterification reaction of rapeseed oil was catalyzed by
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imidazolium ionic liquids (ILs) to investigate the effect of the deactiviation of water on
catalytic activity [8]. The authors found that the increase of water content from 1 wt. % to
5 wt. % did not cause the variation of the yield of fatty acid methyl ester (FAME) at 130 ◦C.
In contrast, some studies found that sufficient water content, such as 2.5 wt. %, in raw oil
might enhance hydrolysis of fatty acids, which leads to activation of the transesterification
reaction [9]. Sun et al. [10] studied the effect of water content in wet Nannochloropsis ocean-
ica on 1-butyl-3-methylimidazolium hydrogen sulfate ([Bmim][HSO4])-catalyzed in situ
transesterification. They found that when the water content was increased from 0 wt. % to
15 wt. %, the total energy of the produced biodiesel increased by 10.6%. Park et al. [11]
applied solvothermal in situ transesterification to produce biodiesel from wet spent coffee
grounds (SCG) without catalyst. They observed that the water content of SCG played a
positive role for the hydrolysis of 1,2-dichloroethane (DCE) because of the bimolecular
substitution mechanism.

Using the lowest water content in raw oil is frequently recommended to achieve supe-
rior fluid characteristics in a biodiesel product while some studies suggest that adequate
water content might enhance the transesterification process and thus biodiesel characteris-
tics. However, there are few studies in the relevant literature on the effects of water content
added to feedstock oil on the mechanism of the transesterification reaction and the fluid
characteristics of biodiesel products. Variations in the fluid characteristics of biodiesel with
initial water contents added in particular not been experimentally investigated. Hence,
this study measured and discussed the fluid properties, such as kinematic viscosity and
cold filter plugging point (CFPP) owing to various levels of water content added to palm
oil. The optimum water addition into raw feedstock oil for the improvement of fluid
characteristics of biodiesel was also analyzed in this study.

2. Experimental Details
2.1. Production of Palm-Oil Biodiesel Added with Water Content

A magnetic electric heating agitator (Model SP47235-60, Thermolyne Inc., Barnstead,
NH, USA) was used to evenly stir the palm feedstock oil at 25 ◦C with added water
contents in the range between 0.02 wt. % and 0.12 wt. % and preheat to 60 ◦C. One weight
percentage of the strong alkaline catalyst NaOH of palm oil was stirred with methanol
for 10 min. The molar ratio of palm oil to methanol was set at 1:6. The mixture of catalyst
and methanol was then poured into a reacting tank and stored with the palm oil and
water to undergo a transesterification reaction using a mechanical homogenizer (Model
Ultra-Turrax T50, IKA Inc., Germany) at a speed of 6000 rpm for 30 min. Glacial acetic acid
was then mixed with the crude biodiesel product to neutralize its pH value. The biodiesel
was then centrifuged to separate biodiesel in the upper layer and glycerol in the lower
layer. The unreacted methanol and volatile impurities were vaporized away by heating
the biodiesel to 70 ◦C for 30 min. Distilled water of 10 vol. % of the crude biodiesel at
50 ◦C was then used to wash the biodiesel for 5 min. The biodiesel mixture was then kept
motionless for 15 min to separate the washed biodiesel from water. A distillation process
then ensued in which the biodiesel was heated at 105 ◦C for 30 min to remove volatile
matter. The biodiesel, also termed as palm oil methyl esters (PME), was then ready for the
analysis of its fluid characteristics.

2.2. Measurement of Fluid Characteristics of Biodiesel from Feedstock Oil with Water

The palm-oil biodiesel with various initial water contents was produced through
strong alkaline catalyst transesterification. The fluid characteristics of the PME, such as the
acid value and cold filter plugging point (CFPP), were measured. Gas-liquid chromatogra-
phy (Model Trace GC 2000, Thermoquest Ce Instruments, Egelsbach, Germany) was used
to analyze the fatty acid compositions of the biodiesel produced through transesterification.
The ester content of fatty acid methyl esters was determined in accordance with the method
from EN 14103. An automatic titration meter (Model 785 DMP Titrino, Metrohm AG,
Switzerland), together with a magnetic stirrer (Model PC-420D, Corning Inc., Corning, NY,
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USA), were used to measure the acid value and iodine value of the biodiesel. The acid value
was defined as the amount of potassium hydroxide (KOH) required (in mg) to neutralize
1 g of free fatty acid in a lipid. A higher acid value implies a faster deterioration of the
fuel characteristics. The acid value of the tested biodiesel was measured by titration with
0.01 N KOH solution until the appearance of a pink color based on the standard method
of EN 14104. The iodine values of the tested biodiesel were determined by titration with
0.01 N sodium thiosulfate compound until the appearance of a light blue color. The wa-
ter content in the biodiesel was analyzed using volumetric Karl Fischer titration (Model
DL-31, Mettler-Toledo Inc., Greifensee, Switzerland), based on the coulometric method [9].
In order to determine the sample’s moisture, the Karl Fischer solution was titrated into the
biodiesel sample until the first trace of excess iodine appears.

The kinematic viscosity in a unit of mm2/s (cSt) of the biodiesel sample was analyzed
by a capillary viscometer (Model No.1 K698, Cannon Inc., Ota-ku City, Tokyo, Japan)
at 40 ◦C within a constant-temperature water tank. The cold filter plugging point is a
significant indicator for low-temperature fluidity for liquid fuel, particularly for biodiesel.
The temperature at which liquid fuel cannot flow through a specified fuel filter is defined
as the CFPP of the fuel sample. A CFPP analyzer (Model K45900, Koehler Instrument Inc.,
Bohemia, NY, USA) was used to analyze the CFPP of the PME samples based on the ASTM
D6371 standard method.

3. Results and Discussion

This study experimentally analyzed the variations of fluid characteristics in biodiesel
with initial water contents added in the range between 0.02 wt. % and 0.12 wt. %. The ex-
perimental data were reported based on the mean values of at least three measurements.
The experimental uncertainties of the water, acid value, iodine value, CFPP, FAME, and kine-
matic viscosity were ±1.15%, ±2.38%, ±2.73%, ±3.79%, ±0.32%, and ±2.41%, respectively.
The experimental results of the fluid characteristics are explained and discussed below.

3.1. Water Content in the Biodiesel

The variation of the water content in the biodiesel product with the initial water
content added into the raw palm oil appeared to show a reverse parabolic relationship,
as can be seen in Figure 1. The lowest water content in the biodiesel product was found
with an initial added water content of 0.05 wt. % in the raw palm oil. Hence, it can
be inferred that adding an appropriate quantity of water to the raw oil can enhance the
process of transesterification, a finding similar to the results of Tsuchiya et al. [12]. It was
found that the added water facilitated the hydrolysis of lipids during the process of the
transesterification reaction, resulting in the simultaneous increase of the amounts of free
fatty acids and water [13]. Consequently, some water still existed even after the biodiesel
was vaporized to remove its volatile matter and the water remaining at the end of the
biodiesel production process. In contrast, when the initial water content added was too low
to sufficiently enhance the hydrolysis reaction and produce enough OH− radicals to allow
the transesterification to proceed, the free fatty acids in the raw oil were hydrolyzed to
form water, although most triglycerides were converted to produce fatty acid methyl esters.
Therefore, higher water content in the biodiesel product than the corresponding water
amount initially added to the palm oil was observed for those cases where the water added
was lower than 0.05 wt. %, as shown in Figure 1. It was also found that higher fatty acid
methyl esters were formed after 0.05 wt. % water content was added to raw oil in Table 1.
The FAME contents of the biodiesel made from palm oil with various water contents added
were analyzed based on the EN 14103 method. The FAME produced from palm oil with
0.05 wt. % water reached 97.3% (m/m), which is above the limit of 96.5 wt. % of the EN
biodiesel standard. The contents of the oleic acid (C18:1), palmitic acid, and linolenic
acid ranked the highest among these fatty acids, amounting to 45.07 wt. %, 36.93 wt. %,
and 11.68 wt. %, respectively, as shown in Table 1. The FAME analysis of the fatty acid
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compositions revealed the PME is a rather adequate alternative fuel to petrodiesel for
compression ignition engines [14].
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Table 1. Composition of fatty acid methyl esters (FAME) produced from palm oil with 0.05 wt. %
initial water content added.

Fatty Acids Chemical Structure Composition (wt. %)

Myristic acid C14:0 1.14
Palmitic acid C16:0 36.93

Palmitoleic acid C16:1 0.22
Stearic acid C18:0 3.95
Oleic acid C18:1 45.07

Linoleic acid C18:2 11.68
Linolenic acid C18:3 0.10
Arachidic acid C20:0 0.34
Eicosenoic acid C20:1 0.17

Behenic acid C22:0 0.17
Erucic acid C22:1 0.05

Lignoceric acid C24:0 0.10
Docosahexaenoic acid C22:6 0.06

Total saturated fatty acids 42.63
Monounsaturated fatty acids 45.51
Polyunsaturated fatty acids 11.84

Total FAME 97.30

3.2. Acid Value of the Biodiesel

The lowest acid values of the biodiesel from raw oil with various water contents
added are shown in Figure 2. Eze et al. [15] and Alptekin and Canalci [16] found that
water, which can be produced from the mixing process of a strong alkaline catalyst and
methanol, can cause a saponification phenomenon once it is mixed with the raw oil prior
to transesterification. Therefore, the formation of OH− radicals from the dissociation of
water might have promoted the ensuing transesterification reaction of the raw oil with an
adequate amount of water added [17]. Moreover, the water content would have facilitated
the hydrolysis of the raw oil’s fatty acids [18], leading to the production of free fatty acids
and thus increasing the acid value [19]. Hence, the higher contents of free fatty acids in
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the biodiesel product were observed to have higher acid values, as shown in Figure 2.
It follows that the lowest acid value, accompanied by the lowest water content of the
biodiesel, were produced when the 0.05 wt. % initial water content was mixed with the
raw oil feedstock, as shown in Figures 1 and 2.
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3.3. Iodine Value of the Biodiesel

The iodine value is defined as the consumption of iodine in grams by 100 g of lipids
through the addition reaction. When the unsaturated fatty acids react with iodine com-
pounds, the lipids with double-bond structures create an addition reaction, leading to
production of single-bond structures [20]. Hence, a lipid with a higher iodine value indi-
cates its higher unsaturated content of fatty acids [21]. The palm oil feedstock consisted
of more than 80 wt. % of palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1),
and linoleic acid (C18:2). The FAME produced through transesterification of the raw palm
oil was mostly composed of those four compounds, as shown in Table 1. Hence, a lower
iodine value was found for the biodiesel produced from the feedstock oil composed of high
saturated fatty acids. These findings agree well with those of Aslam et al. [22]. Lipid oil
can be conveniently categorized into three groups based on its iodine value: the drying
oil group, with over 140 g I/100 g oil; the semi-drying oil group, with 125 g I/100 g to
140 g I/100 g oil; and the non-drying oil group, with less than 125 g I/100 g oil [23]. All of
the biodiesel products in this study were of the non-drying oil group due to their iodine
values being below 125 g I/100 g oil.

The highest iodine value of the PME was observed to be produced from the raw
oil with 0.07 wt. % water added, as shown in Figure 3. However, there was a small
difference of 15 g I/100 g biodiesel among these biodiesels. All of the iodine values
ranged between 52 g I/100 g biodiesel and 67 g I/100 g biodiesel, which are considerably
lower than the 120 g I/100 g biodiesel value specified in the EN 14214 biodiesel standard.
Hence, there was not much deviation in the contents of unsaturated fatty acids among
the biodiesels shown in Figure 3. As shown in Table 1, the content of polyunsaturated
fatty acids amounted to only 11.84 wt. %. Lipids with a lower iodine value imply a lower
content of unsaturated fatty acids and have a higher degree of oxidation stability [24].
The lowest iodine value found was for the biodiesel made from the raw oil with 0.02 wt. %
added initial water content. This is probably because initial water content higher than
0.02 wt. % would reduce the transesterification extent due to excess hydrolysis of fatty
acids, resulting in a mild increase in free fatty acids, acid values, and unsaturated fatty
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acids. In contrast, initial water content lower than 0.05 wt. % caused a reduction in the
conversion rate of the palm oil. The concentration of OH− radicals decreased and this was
accompanied by an increase in short carbon-chain fatty acids [25]. Hence, a decrease in the
unsaturated fatty acids and iodine values appeared, as shown in Figure 3.
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3.4. Kinematic Viscosity of the Biodiesel

The viscosity of liquid fuel strongly determines the lubricity of moving mechanical
parts, the fuel atomization extent, and, in turn, combustion characteristics [26]. Low viscos-
ity of fuel causes insufficient lubricity on the mechanical part’s surface and thus excessive
wear or highly accumulated heat. Too high a viscosity causes an increase in friction drag
of mechanical moving parts. Lepri et al. [27] suggested that liquid fuel with a higher
viscosity tends to produce larger atomized droplets which penetrate longer distances in the
combustor. An adequate range of viscosity values, between 3.5 and 5.0 mm2/s, is specified
for commercial biodiesel according to the EN 14214 standard.

The kinematic viscosities of biodiesel ranged between 4.5 and 4.9 mm2/s, as shown in
Figure 4. The highest and lowest kinematic viscosities appeared for biodiesel produced
from the raw oil with 0.02 wt. % and 0.11 wt. % water added, respectively. By comparing
Figures 3 and 4, an approximately reverse trend between kinematic viscosity and iodine
values with added water content can be observed. This finding agrees well with that of
Nezihe et al. [28]. Moreover, Giakoumis [29] found that kinematic viscosity is affected by
the fatty acid composition of biofuel. Biodiesel, which is composed of longer fatty acids
or more saturated fatty acids, appears to have greater kinematic viscosity [30]. Hence,
biodiesel made from palm oil has greater kinematic viscosity than those biodiesels made
from corn oil, canola oil, rapeseed oil, and soybean oil [26,31], primarily due to the higher
content of saturated fatty acids of the PME in those biodiesels. Biodiesel consisting of less
unsaturated fatty acids content was produced from palm oil with water content either
relatively higher or lower than 0.05 wt. % added, resulting in lower iodine values and
correspondingly higher kinematic viscosities for those biodiesels produced from the raw
oil with 0.02 wt. % and 0.12 wt. % water added, as shown in Figures 3 and 4.
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3.5. Cold Filter Plugging Point of the Biodiesel

Sørensen et al. [32] considered that long saturated carbon-chain fatty acid methyl
esters are prone to enter a condensed gel state when the temperature of the liquid fuel is
reduced. Some liquid fuel at low temperatures tends to produce vague solid sediment
which is termed wax crystal [33]. When the solid wax crystals continue to grow in the
liquid fuel at even lower temperatures and eventually clog the specified fuel filter, such a
corresponding low temperature is defined as the cold filter plugging point of the liquid
fuel [34]. The effects of the initial water content added on the CFPP of the biodiesel are
shown in Figure 5. The lowest CFPP of 9 ◦C occurred for the biodiesel made from the
raw oil with 0.05 wt. % initial water added. This was probably because of the larger
unsaturated FAME. The combined unsaturated fatty acid content of the biodiesel’s oleic
acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3) produced from the palm oil
with 0.05 wt. % initial water added accounted for the highest result of 56.85 wt. % in Table 1.
Lv et al. [35] observed that the CFPP of the biodiesel made from palm oil is 16 ◦C, which is
relatively high in comparison with other biodiesels produced from edible vegetable oils,
such as rapeseed oil and soybean oil, due to the lower unsaturated fatty acids of palm oil.
Wardana et al. [36] found that the CFPP increases with the increase of the amount of long
carbon-chain fatty acids. In addition, the lower iodine values, which imply lower amounts
of unsaturated fatty acids, corresponded to lower CFPP values for the biodiesel produced
by adding 0.05 wt. % initial water, as can be seen by comparing the findings presented in
Figures 3 and 5.
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3.6. Fatty Acid Methyl Esters (FAME) above C14 of the Biodiesel

Biodiesel is regarded as an adequate alternative fuel to petrodiesel partially due to
the similar structure of carbon numbers between these two fuels. Petrodiesel is primarily
composed of hydrocarbon compounds larger than C14 and contains heavier compounds
than those of petrogasoline. Hence, the weight fraction of fatty acid methyl esters larger
than C14 influences the fuel combustion characteristics of biodiesel made from various
feedstock materials and production processes. The effects of initial water contents between
0.02 wt. % and 0.12 wt. % on the weight fraction of fatty acid methyl esters above C14
are shown in Figure 6. The biodiesel made from palm oil with 0.03 wt. % water added
was observed to have the highest weight fraction of fatty acid methyl esters (FAME) above
C14. Either an increase or decrease of initial water content from 0.03 wt. % caused a
decrease of FAME above C14. This was probably due to the formation of sufficient OH−

radicals from the dissociation of added water content, leading to the enhancement of the
transesterification reaction of palm oil with methanol [37,38]. Water content higher or lower
than 0.03 wt. % resulted in a lower conversion rate from raw oil and thus lower formation
of the FAME above C14, as shown in Figure 6.
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4. Conclusions

This experimental study analyzed the fluid characteristics of biodiesel made from palm
oil with various initial water contents added. The major results are summarized below.

(1) Initial water content of 0.05 wt. % added to feedstock oil facilitated the formation of
the lowest water content in the biodiesel product. The transesterification reaction was
enhanced with adequate water content in the reactant mixture.

(2) Water in raw palm oil enhanced the hydrolysis of fatty acids, causing the production
of free fatty acids and increasing the acid value. The lowest acid value of the biodiesel
was found when the feedstock oil had 0.05 wt. % initial water added.

(3) The biodiesels produced in this study came from the non-drying oil group, based on
their iodine values ranging between 52 and 67 g I/100 g biodiesel. The lowest iodine
value of biodiesel was produced from the feedstock oil with 0.02 wt. % initial water
added, due to the formation of the lowest amount of unsaturated fatty acids.

(4) Biodiesel composed of more long or saturated fatty acids is prone to greater kinematic
viscosity. The highest kinematic viscosity corresponding to the lowest iodine value
occurred in the FAME made from the feedstock oil with 0.02 wt. % water added.

(5) Biodiesel consisting of more unsaturated fatty acids tends to have a lower cold filter
plugging point (CFPP). Biodiesel made from palm oil with 0.05 wt. % water added
had the lowest CFPP of 9 ◦C and a corresponding lower iodine value due to the
formation of more unsaturated fatty acids, of which oleic acid (C18:1), linoleic acid
(C18:2), and linolenic acid (C18:3) amounted to 56.85 wt. %. Biodiesel produced from
palm oil with 0.03 wt. % initial water added appeared to have the highest content of
FAME above C14.
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