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Accepted 10 December 2017 In the middle of the era of technology and fast-growing industry nowadays, biodiesel (methyl ester)
has been identified as a sustainable fuel to replace petroleum. Hence, the separation and purification
of the methyl ester after the trans-esterification process is essential since the purification of methyl
ester is compulsory for the fuel industry in order to fulfill the strict global standard particulars for
methyl ester. One of the current method used for separation and purification of methyl ester is called
wet washing technology. However, this technology has its own drawbacks such as huge amount of
water consumption as well as high cost for the wastewater treatment process. Due to these
drawbacks, fractional crystallization process is proposed in order to save water and minimize the
time consumed for the process of separation and purification of methyl ester. Fractional
crystallization is a process that involved a solid-liquid separation where the process takes place in a
crystallizer. In this process, methyl ester was separated from the glycerol based on their differences
in term of melting point of the components. By observing the layer formation of the components, the
effect of cooling time and coolant temperature on the performance of separation and purification of
methyl ester by fractional crystallization process were studied. The purified methyl ester obtained
was placed in a gas chromatographer in order to test the purity of methyl ester and to evaluate the
efficiency of the process based on two parameters that has been investigated which are effective
partition constant (K) and concentration efficiency (Eff). It was found that to achieve highest
effectiveness of fractional crystallization system and highest concentration efficiency where K and Eff
are 0.51 and 47.71%, respectively, the fractional crystallization must operate at coolant temperature
range of -10 to -12°C and cooling time range of 30 to 35 minutes.
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INTRODUCTION significant amount of impurities with a minimal energy input
compared to other unit operations (Ulrich and Jones, 2006).

Biodiesel (methyl ester) has become an alternative fuel of diesel Freeze concentration has been started with a new method of

and it has been greatly increasing due to its characteristics,
biodegradability and manageability. Berrios and Skelton (2008) stated
that the process of separation and purification of methyl ester is
obligatory in order to fulfill the strict global standard for methyl ester.
The conventional process was done to remove an alcohol via various
methods such as wet or dry washing as well as vacuum distillation in
order to remove catalyst, soap and triglycerides (Berrios and Skelton,
2008). Therefore, those methods are not fully recommended because
of its drawback that can lead to a negative contribution such as
environmental disposal problems (Atadashi et al., 2011). In addition,
it consumed a huge amount of water that can lead to huge energy
consumptions as well as consumed large capital cost of wastewater
treatments.  Urich and Jones (2006) define crystallization as a
separation process that yields a solid production from a solution or a
melt. The main feature distinguishing crystallization from other
thermal separation processes is the fact that it leads to a solid
production. Due to the problems of conventional purification by wet
washing technology, crystallization process has shown its capability
to produce a very high purity product from solutions that contained

concentration of impurities from organic compound by progressive
freezing (Matthews and Coggeshall, 1959), where crystallization by
freezing, fractional melting, or zone melting techniques are the
methods that have come forward in obtaining ultra-high of the
products. Many researchers have shown the advantages of freezing in
purification of mixtures by separating the two components. Freezing
is one of the application of crystallization that has been successfully
applied to the management of wastewater, liquid food concentration,
food juice concentration and also sea water desalination (Aider and
Ounis, 2012; Lemmer et al., 2001; Mandri et al., 2011; Rane and
Uphade, 2016; Rich et al., 2012).

For separation and purification of methyl ester, there are several
alternative physical steps that can be applied such as freezing,
subsequent removal and melting. When fractional crystallization takes
place in purifying methyl ester, the glycerol was separated by forming
a solid phase while the methyl ester was remained in liquid phase. The
separation between solid and liquid phase is relatively easy. The
liquid is allowed to drain out of the cold surface (Auleda et al., 2011).
It does not require wash columns, centrifuges or presses. Hence, this
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process can be considered as a cost-effective and environmental
friendly process since there is reduction of operating units.

In crystallization process, crystallization from solution and
crystallization from melts are often used (Samsuri et al., 2016).
Crystallization from solution is a homogeneous mixture of more than
one species. Crystallization from melt most correctly refers to a pure
molten solid, such as molten silicon. Melt crystallization is a
technique used for purification and separation of mixtures of
chemicals and metals. The fraction of the crystallizing component in
melt crystallization is commonly present in higher amount than all the
other mixture components together (Fukui et al., 2013). The
advantages of melt crystallization are in the relatively low energy
demand of the freezing process and in the high selectivity of
crystallization. In such processes a multiple of the heat of
crystallization is needed, which reduces the energy benefits of melt
crystallization compared to distillation (Wintermantel and
Wellinghoff, 2001). Fractional crystallization is one of the melt
crystallization, a process by which a chemical compound is separated
into its component. Thus, the aim of this study is to investigate the
effect of coolant temperature and cooling time of fractional
crystallization on separation and purification of methyl ester and
glycerol. The experiment was executed by varying the coolant
temperature and cooling time.

EXPERIMENTAL

Materials

Methyl ester and glycerol were used in fractional crystallization
experiments while ethylene glycol solution of 50% (v/v) with water
was used for the coolant. Only glycerol is being selected to be used as
a contaminant because glycerol is a major contaminant compared to
others such as catalyst, soap and triglycerides.

Methods

Fig. 1 shows the setup apparatus for fractional crystallization
system. A cylindrical crystallizer was made from stainless steel that
has a characteristic of high resistance towards steel corrosion by some
of the composition in the solution. The crystallizer was equipped with
a stirrer in order to improve the mechanism of separation as the
movement of the methyl ester at solid-liquid was promoted. In the
beginning of the experiment, glycerol and methyl ester were mixed in
1:1 volume ratio in order to obtain crude methyl ester. Then, the crude
methyl ester was fed into the crystallizer and was immersed in the
water bath at the desired temperature. The stirrer was turned on to stir
the crude methyl ester and it was left in the crystallizer until all the
glycerol was separated from methyl ester. The crystallizer was taken
out from the water bath after stirring process was stopped at the
desired cooling time. The pure methyl ester was drained out from the
crystallizer and the volume of pure methyl ester was measured. The
solid phase of glycerol was detached from the cooled surface and left
at room temperature for it to melt. Every sample taken was analyzed
using gas chromatographer for the purity measurement.

To study the effect of coolant temperature on effective partition
constant (K) and concentration efficiency (Eff), stirring rate and
coolant time for fractional crystallization process were kept constant
at 300 rpm and 30 minutes, respectively. Six sets of experiments were
conducted from -6°C to -16°C with the decreasing of coolant
temperature by -2°C. For the effect of cooling time on K and Eff,
stirring rate and coolant temperature for fractional crystallization
process were kept constant at 300 rpm and -10°C, respectively. Five
sets of experiments were conducted started from 20 minutes to 40
minutes with an interval of 5 minutes.

Gas analysis chromatography

The solid and liquid samples were analysed using Calrus 600 C
Gas Chromatography Mass Spectrometry (GCMS), fitted with a Elite-
5MS column (30mm x 0.25mm x 0.25 um). The purpose of using
GCMS is to measure the concentration of glycerol in the solid and
concentration of methyl ester in the liquid. Helium gas was used as
carrier gas while n-heptane was used as diluent. The carrier gas flow
is 0.2 mL/min and the split ratio is 50:1. The injection volume for one

run is 0.1uL and the total run time is 36.5 minutes. First, 35°C is hold
for 10 minutes. Then, the temperature is rise 10 °C/min to 200°C and
it hold for 10 minutes.
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Fig. 1 Apparatus setup for fractional crystallization.
EVALUATION OF SYSTEM EFFICIENCY

Effective partition constant (K)

For the determinant parameters of the experiment, the effective
partition constant (K) act as the most important variable among the
other variables in the operation of freeze crystallization system. The
value of K changes between O which indicates a complete
crystallization and 1 for no crystallization present where the range of
K is between 0 and 1 (Miyawaki et al., 2005). K between solid and
liquid phase is defined in Eq. (1):

T i1

Where V| and Vg are volume (mL) of methyl ester and initial solution
and C_and Cpare concentration of methyl ester in the concentrated
and initial solution, respectively. The concentration value for each
solution was measured by GCMS.

Concentration efficiency (Eff)

Hernéndez et al. (2010) stated that the concentration efficiency (Eff)
indicates the relationship between the increasing in the concentration
of the solution in liquid phase correspond to the concentration of the
solid phase as given in Eq. (2):

C;-C
Ef= IC;. O« 100% (2)

Where Eff is the concentration efficiency (%), C, is the concentration
of methyl ester in liquid phase after freezing process and Co, is the
concentration of the solid phase (Hernandez et al., 2010).

RESULTS AND DISCUSSION

Effect of coolant temperature

From Fig. 2, the value of K started to decrease until coolant
temperature reached -10°C which having the lowest value of K = 0.51.
The coolant temperature of -10°C was considered as an ideal
temperature that makes the methyl ester accumulates in the solution
without entering the solid while the glycerol attracted to the wall and
formed a solid. Thus, the concentration of methyl ester in the solution
increased. By having a lower coolant temperature, the solid growth
rate tend to be higher which caused a higher methyl ester inclusion
into the glycerol solid. Therefore, too low of coolant temperature can
affect and reduce the purity of methyl ester produced (Caretta et al.,
2006). When there is a larger difference in temperature between the
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entering solution and the crystallizer wall, hence it will leads to a
higher growth rate of solid formed. In addition, a part of methyl ester
might be entrapped within the glycerol solid formed if the solid
growth rate is faster than the solute outward movement. In other
words, the solute inclusion in the solid formed happens due to the
failure of the solute outward movement in order to overtake the
growth rate of solid formed (Miyawaki et al., 2016). To overcome this
problem, intermediate coolant temperature at -10°C was chosen to
make sure that the pure methyl ester can accumulates in the solution
without entering the solid formed. When there was less inclusion of
methyl ester into the glycerol, a higher amount of pure methyl ester
can be obtained.
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Fig. 2 Graph of K value for the effect of coolant temperature.

Fig. 3 shows a graph of concentration efficiency for the effect of
coolant temperature. From this figure, the value of efficiency
increases from -6°C to -12°C and started to decrease slightly until -
16°C. It shows that the solid was able to grow in more ordered pattern
and leave the pure methyl ester to accumulate in the solution when the
rate of heat transfer is slower at higher coolant temperature.
Moreover, the solid formed and pure methyl ester obtained were
influenced by the cooling rate in which it may affect the occlusion
level. Therefore, the coolant temperature of -12°C has the highest
concentration efficiency of 47.71% compared to the other coolant
temperature throughout this experiment.
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Fig. 3 Graph of concentration efficiency for the effect of coolant
temperature.

Effect of cooling time

Fig. 4 shows a graph of K value for the effect of cooling time.
From this figure, it can be observed that the value of K decreases until
cooling time at 35 minutes and increases slightly after cooling time at
40 minutes. As the cooling time increases, the value of K decreases
which indicates the fractional crystallization has progressed
satisfactorily. The concentration of methyl ester in the solution
increased as the solid formed increased. Most of the methyl ester had
been recovered from the initial solution as a consequence of this
process. Solid grows at a faster rate initially and decreases over time
due to increased heat transfer resistance and the concentration of
methyl ester interface, which then lowers the freezing point, making it
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more difficult to solidify (Samsuri et al., 2015). This situation will
decrease the solid growth rate and making less inclusion of methyl
ester into the solid which is pure glycerol. This data portrayed in Fig.
4 shows that the cooling time of 35 minutes has the lowest K value
which is 0.5.
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Fig. 4 Graph of K value for the effect of cooling time.

From Fig. 5, the value of efficiency increases from cooling time of
25 minutes until cooling time of 35 minutes. It shows that when the
solution was stirred in a suitable time, the methyl ester was washed
away from the solid front, leaving the solid in high purity (Chen et al.,
1998). By having a suitable cooling time, a higher yield of pure
methyl ester has been achieved. However, further increased in cooling
time may cause several inclusions of the methyl ester into the solid
growth where the diameter of the liquid path has been reduced. This
has induced contamination of solute into the solid because of the
saturation of the solute in the liquid phase. At this point, the purity of
methyl ester shifted its trend where it starts to decrease from an
increasing trend at 35 minutes. Therefore, the cooling time of 35
minutes has the highest concentration efficiency of 43.93% compared
to the other cooling time throughout this experiment. The range of
time 30 to 35 minutes was considered as the best cooling time since
this range of time is not too long for the separation process to occur.
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Fig. 5 Graph of concentration efficiency for the effect of cooling time.

CONCLUSION

In the present work, the fractional crystallization on separation
and purification of methyl ester is applicable. The operating
conditions that influence the separation of methyl ester from glycerol
were tested using cylindrical crystallizer. To achieve highest
effectiveness of fractional crystallization system and to obtain highest
concentration efficiency, the fractional crystallization must operate in
temperature range of -10°C to -12°C and cooling time range of 30
minutes to 35 minutes. It is important to operate the system with
precision in order to form pure glycerol solid and recover the methyl
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ester in the solution. This study would be beneficial to measure its
capability as a new technique for separating and purifying methyl
ester.
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