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ARTICLE INFO ABSTRACT

Keywords: Wet washing is the most common method for biodiesel purification, but higher water consumption, longer
Renewable energy purification time, and high expenses bring limitations on the use of this process. One of the suitable methods to
Bim’ii'esel' remove such limitations is to use new techniques for purification. In this study, biodiesel purification was
gl:)ilifr;ciizgzn evaluated in a novel continuous centrifugal contactor separator (CCCS) at 0.5:1, 1:1, and 1.5:1 (V/V%)water to

biodiesel ratio; 10 Hz, 20 Hz, and 30 Hz device working frequency; and 25 °C, 40 °C, and 55 °C temperatures. A
mathematical model for the wet-washing process of biodiesel and energy consumption of the CCCS device using
the response surface method is proposed. A 0.8:1 (V/V%) water to biodiesel ratio, 10 Hz working frequency, and
35 °C temperature were found to be the optimal conditions in the experiment. At this point, the biodiesel yield
and the amount of energy consumption were reported to be 96% and 17 kJ, respectively. The results showed that
compared to the traditional wet washing method, the biodiesel purification method using CCCS is cost-effective
and consumes more than 75% less of water.

Response surface methodology

Introduction triglycerides and alcohol, react in the presence of an acid or base catalyst

over time, which results in glyceride and alkyl esters production

Considering the decline in fossil fuel resources and increased envi-
ronmental problems caused by the irregular use of sustainable fuels,
particularly in large cities, it has become inevitable to make use of the
sustainable energies [1-3]. In recent years, biodiesel has gained growing
attention from various researchers due to its sustainability, low pollu-
tion combustion, and non-toxicity [4-11]. Biodiesel produced by animal
fats and waste oils are highly potential to be mixed with the diesel fuel
[1,12-17]. The reason lies in the fact that such raw materials are not
only in competition with the food industry, but also result in a global
reduction of agriculture wastes through the reuse of wastes [18]. The
most common method for biodiesel production is the use of the trans-
esterification process. In this method, two insoluble phases, namely

[19-21]. The transesterification process is a reaction limited by the mass
transfer, and the reaction rate relies significantly on the alcohol and oil
interface as well as on the alkoxide ion density. Also, the quality of
biodiesel produced by the transesterification method is affected by
various factors, namely the reaction conditions (alcohol to oil molar
ratio, temperature, and catalyst), humidity, and free fatty acids [18].
Nowadays, the chemical industries continuously embark on using
smaller equipment of high efficiency and increased production rate
[22]. Intensification is the process in which the equipment and new
processing methods are developed to lessen the production equipment
dimensions, increase the energy efficiency and the process safety, and
lower the waste production [23]. Accordingly, the biodiesel industry is

Abbreviations: FFA, Free fatty acids; CCCS, Continuous centrifugal contactor separator; RSM, Response surface method; ANOVA, Analysis of variance; Xi, In-
dependent variable; €, Unpredicted error; Y, Response variables; D, Desirability function; N, Number of responses; ylf"i”, Lower limits; y["*, Upper limits.
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of no exemption in this regard to reduce the energy consumption of the
production process and production costs [24]. In the transesterification
reaction, a better contact between the triglycerides and alcohol-catalyst
mix can offer an increased reaction rate and result in a more cost-
effective reactor [25]. The process intensification technologies can be
used to increase the contact between liquid phases, increase the mass
transfer rate, and transfer the heat throughout the transesterification
process [26-29]. Therefore, new developments have been reported in
recent years concerning the use of process intensification technologies in
the biodiesel industry. Several intensification methods can be classified
as the statistic mixer, micro-channel reactors, oscillatory flow reactors,
microwave, hydrodynamic cavitation reactors, rotating /spinning tube
reactors, membrane reactors, reactive distillation, and contractor sepa-
rator [23,30-32]. Among the process intensification technologies, cen-
trifugal contractors perform the reaction process and centrifuge
separation simultaneously. Such reactors are composed of stirring and
separation parts [33,34].

On the other hand, considering the standard determined by the Eu-
ropean Union for alternative biodiesel fuels, the content of free fatty
acids, methanol, glycerin, and water has been restricted in biodiesel
fuel, where a minimum 96.5% purity has been determined for this type
of fuel [35]. However, throughout the transesterification process, im-
purities such as the alcohol, catalyst, free glycerol, free fatty acids (FFA),
water, metals, soap, and non-optimal glycerides are produced as the
final product of this reaction [36]. The existence of these impurities has
inconvenient effects on a diesel engine, which uses the biodiesel fuel,
increases the pollution level, and has impacts on the engine performance
[37-41]. Thus, it becomes crucial to consider the purification level in
order to produce fuel according to the standards. Glycerol and biodiesel
purification is a more complicated task. Although some technologies
(enzyme, supercritical, monolithic, resin or acid) can produce biodiesel
of high quality even with minimum use of the raw materials, the reac-
tion time becomes lengthier so that the time required for the reaction of
acid catalyst and enzyme takes up to 70 h [42]. In addition, the main
drawbacks pertain to the use of enzymes, supercritical method, and high
technology cost. Currently, the liquid-liquid extraction method, which
is already known as the wet washing, is counted as the most common
and efficient method for biodiesel purification [43].

The use of common methods requires high levels of biodiesel wet
washing process, energy, and water consumption. Besides, water puri-
fication followed by this process, aiming to separate the environmen-
tally harmful materials, makes this step of fuel production very
expensive. Although dry washing, compared to the wet washing
method, is used as compatible with the environment, such a method is
not cost-effective for industrial purposes due to the use of absorbents
and additional equipment [44-46]. Thus, although a high level of water
is required for the total wet washing process, nowadays it is considered
as a conventional and applicable method for biodiesel purification when
compared to the other methods [47].

Traditionally, researchers have examined new methods for
improving the wet washing process and reducing the consumed water.
The standard techniques proposed are washing with water, citric acid,
sulfur acid, and the use of silica gel [47-49]. Different wet washing
methods, namely deionized water and hot water washing [50], acidified
water purification [51], and dissolving in organic solvents have been
studied to improve the process concerning the separation of impurities
from biodiesel [52].

As an example, wet washing method was compared with the hot
water, silica gel, and phosphoric acid methods. The results indicated
that washing with silica gel and phosphoric acid yields above 92%
conversion percentage while the use of the hot water method yields only
89% conversion percentage [45]. In another study, the effect of wet
washing through the use of hydrochloric acid, washing with distilled
water, and dissolving with a solvent such as hexane and its extraction
was investigated. Findings of this study emphasized that biodiesel with
above 97% purification is achievable using these three methods [53]. In
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a similar experiment, three parameters affecting the wet washing pro-
cess were examined [53]. In that study, different water and biodiesel
ratios were explored at three levels (0.5:1, 1:1, and 1.5:1 (V/V%)),
different temperatures (30 °C, 45 °C and 60 °C, and three types of water,
namely the tap water, distilled water, and water with 3% phosphoric
acid. The results of optimization using the RSM introduced water to
biodiesel ratio (1.5), temperature (60 °C), and water with 3% phos-
phoric acid as the optimal conditions for the reaction [53]. Also, in
another research work, Bashir et al. investigated the effect of water pre-
wash on both the quality and yield of biodiesel. Outcomes of their study
showed that adding 5% water pre-wash results in a 60% reduction of
water required for the purification process. Furthermore, their study
suggested that with this method, lower levels of wastewater are pro-
duced compared to the common wet washing method [43]. The review
of literature emphasizes that employed parameters such as the reactor
type and wet washing process conditions have much effect on efficiency.
Since the separation process in centrifugal reactors is based on density
between liquids, these reactors can play a vital role in the wet washing
process (liquid phase-biodiesel) [42,54,55].

Recently, the continuous centrifugal contactor separator (CCCS)
device has received a lot of attention because of integrating both sub-
sequent separation and intense mixing time of two immiscible liquids.
The CCCS technology could enhance the efficiency of the trans-
esterification reaction and reduce the energy input/molar ratio of
alcohol to oil. Also, the CCCS is easy to scale up. Therefore, it has a high
commercial potential compared with the other biodiesel production
methods [54-56]. Moreover, the ability to carry out mixing and sepa-
ration in a single unit simultaneously leads to a much more energy-
efficient process in this type of reactor.

A number of investigations have been performed on enhancing the
efficiency of the purification process of biodiesel using the CCCS tech-
nology. However, these studies focus on the simultaneous biodiesel and
separation process. The main challenge in CCCS devices is their low
residence time, resulting in an uncontrollable and uncomplete trans-
esterification reaction [23]. This drawback can be addressed by using
the CCCS devices for biodiesel production and separation separately for
continuous production of biodiesel. To the best of our knowledge, most
of the published papers did not consider CCCS device parameters for the
washing process in their study. Besides, to make the biodiesel produc-
tion process more environmentally friendly and economical, reducing
the amount of water used in the wet-washing process is essential. In
addition, according to the statements above, due to the uncontrollable
reaction in the CCCS, modeling and optimization of such device is
essential. Moreover, to the best of the authors’ knowledge, investigating
the effective parameters of the wet-washing process using the CCCS, i.e.,
frequency, water to biodiesel ratio, and temperature, and multi-
objective optimization technique to achieve a better understanding of
the wet-washing process and energy consumption in the CCCS reactor
have remained contentious. Accordingly, the novelties of present work
are: (1) mathematical modeling of the continuous wet-washing process
in the CCCS using the RSM, (2) introducing an optimal point for the
CCCS working condition in wet-washing process, (3) modeling of the
energy required in the wet-washing process using the RSM technique.
Therefore, the focus of the current study is to examine the effect of pa-
rameters on the wet washing process, including the frequency, wet
washing temperature, and water to biodiesel ratio on the purification of
crude biodiesel by investigating the purified biodiesel yield and energy
consumption of the wet-washing process parameters. Since the optimi-
zation process is complicated and obtaining optimal conditions or the
reactor performance is of great importance, in the current study, the
RSM was used to attain the optimal conditions for the wet washing of
crude biodiesel using the CCCS.

Materials and method

In this study, waste cooking oil, KOH catalyst of high purity (90%),
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and methanol (99%) produced by the Merck company were used to
produce biodiesel. Transesterification reaction was used to convert tri-
glyceride in the waste cooking oil to biodiesel. The catalyst with 1% wt.
concentration and 6:1 oil to alcohol molar ratio were used. The catalyst
and methanol preheated waste oil were entered into the CCCS reactor as
the light and heavy phases, respectively. Also, to determine the methyl
ester content of fatty acids in produced biodiesel and the oil to biodiesel
conversion percentage, the BS EN 14103 standard was used. The gas
chromatography device used in this study was from Perkin Elmer
Company (Clarus 580 model). The device is equipped with a FID de-
tector, biodiesel capillary column of Varian Company (CP 9080 model)
of 30 m length, 0.32 mm inner diameter, and 250 pm constant phase
thickness. The initial yield of the produced biodiesel was found to be
85%. In this study, three critical factors, namely the CCCS working
frequency (10 Hz, 20 Hz, and 30 Hz), device temperature (25 °C, 40 °C,
and 55 °C), and water to biodiesel ratio (0.5:1, 1:1, and 1.5:1 (V/V%))
were used to evaluate the reactor performance concerning the biodiesel
wet washing. The reactor which was designed and fabricated at Tarbiat
Modares University (TMU) was used to run the experiments of the
present study. The device shares the same operating mechanism with the
CCCS (Fig. 1). Features of the CCCS device used in this study are pre-
sented in Table 1.

Since obtaining optimal points of these parameters was of immense
significance in this study, the RSM was employed to model and analyze
the data. RSM is known to be an efficient method at present, which can
model the chemical reactions using a set of mathematical and statistical
techniques. This method not only results in the reduction of expensive
simulation efforts, but also predicts the normal trend of wet washing
process optimization, which is often non-linear and provides a multi-
variate experimental model.

In this study, the Box-Behnken method was used to determine the
relationship between a dependent (input) and independent (output)
variables. In this method, all variables were evaluated individually on
three levels. The range of studied variables was selected based on the
literature review, which were studied to find the frequency in the CCCS
device for optimum mixing. Also, the other researches drew their
attention toward the purification of biodiesel through the wet washing
method so as to find the best temperature as well as determination of the
volume of the water needed to be used for washing the contaminations
of crude biodiesel [53,56]. Table 2 illustrates the independent variables
range considered in this study.

Eq. (1) represents the statistical model used for y (Yield) input
modeling based on x1, X1, ---, Xk input variables [57]

y =f(x,xq, o, x) + ¢ (€8]

Elecsramator

DrainValve

lemperature
Montormg

Light Phiase Outlet

Coatrod System (Punups)

Crode Biodiesel

Heavy Phase Outlet
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Table 1

CCCS reactor properties used in the present research study.
Feature Value Unit
Maximum power consumption 60 w
Working frequency 0-100 Hz
Diameter of house 62 mm
Outer diameter centrifuge 50.75 mm
Inner diameter centrifuge 50 mm
Maximum output flow 1.9 L/min

Table 2

Experimental range of the independent parameters of the current study.

Independent variable X; Codes factor levels

-1 0 +1
Water to biodiesel ratio (V/V %) X 0.5:1 1:1 1.5:1
Frequency (Hz) Xa 10 20 30
Temperature (°C) X3 25 40 55

F is the target function optimized by the software. In this equation, ¢
shows the variables (error level), which can affect the y parameter value
but is considered in the f function. The equation can be presented
differently for determining the regression problem. The general repre-
sentation of a quadratic polynomial function in the current study is
shown in Eq. (2) [58]:

K K Kk
Yield(%) = fy + ZﬁiXi + Zﬁiixiz + Z Z BiXiX;+ ¢ 2
P 1

=1 j=itl

where Y is the response variable i.e., purified biodiesel yield. g, #:, Bi
and f; are the constant coefficient, linear coefficient, square coefficient,
and interactive effect of parameters, respectively. Also, X; and X are the
independent variables, and ¢ is the unpredicted error. For multipurpose
optimization, all parameters were evaluated using the optimization
function presented in Eq. (3):

D = ((d)” (dz)pzw(d“)p")g = (H:‘:ldin)ﬁ 3)

where dq,ds...d, are the output (response) variables and n is the number
of responses in this experiment. Since the goal of this test is to achieve
the maximum purity percentage and minimum consumed energy, the
following functions were used for response maximizing and minimizing,
respectively. In addition, d; is the desirability function of the defined
responses in this study. Furthermore, y/™ and y"™ are the lower and

(B)

Crude biodiesel Water

Fig. 1. (A) The illustration and (B) schematic representation of the CCCS device used for purification of crude biodiesel designed and fabricated in-house.
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upper limits for the response y; , respectively. P1, Py, and P, are the
number of experimental runs [59].

0 if iy <y
4= Graom) M S S @
Yih T i
Loif oy =y
Loif iy <y
di=3 CE—25) o Sy<y™ ®)
Yoo =i
0 if:yi 2y

In general, based on the RSM for running Box-Behnken design using
three independent variables (each variable in three levels), 17 experi-
ments were listed by the software, and the response variables, namely,
biodiesel purity percentage and energy consumption were calculated for
each of the tests [60]. The regression models were fit to determine the
relationship between response parameters and independent variables.
Besides, the multi-objective optimization was performed by employing
the desirability function. In this study, optimization was performed to
minimize the water consumption and consumed energy as well as to
achieve acceptable yield of purified biodiesel according to the biodiesel
standard (e.g. ASTM D-6751).

Result and discussion

The effect of frequency, water ratio, and temperature on the purified
biodiesel yield

Using the RSM, the statistical analysis results showed that all pa-
rameters examined in this study have a significant effect on the response
parameter (purified biodiesel yield) (Table 3). Also, the proper regres-
sion equation for data fitting is the quadratic type.

The fit regression equation concerning the experiment data and
chosen model using the RSM are presented in Eq. (6). The algebraic
mark indicates the increasing or decreasing effect, and the numerical
values of coefficients show the importance of parameter considered in
the biodiesel conversion percentage level. In this equation, the negative
mark of the coefficient means an antagonistic effect, while the positive
sign represents a synergistic effect.

Yield of purifued biodiesel (%) = 96.38 4+ 1.59X, —2.63X, +1.01X; — 0.43X, X,
+0.2X,X; — 1.13X,X; — 2.07X; — 1.29X; — 0.046X;

(6)

According to the statistical analysis results of Table 3, the water to
biodiesel ratio has a significant effect on the produced biodiesel purity.
According to F-value shown in Table 3, among the different independent

variables, the effect of parameters, namely the device working frequency
and water to biodiesel ratio, was reported to be two times and seven

Table 3

ANOVA table for purified biodiesel yield.
Source df Sum of square Mean square F value P-value
Model 9 117.44 13.05 10.22 0.0029
X3 1 20.16 20.16 15.79 0.0054
Xo 1 55.13 55.13 43.16 0.0003
X3 1 8.20 8.20 6.42 0.0390
Xo X X3 1 0.72 0.72 0.57 0.4765
X; X X3 1 0.16 0.16 0.13 0.7338
X X X3 1 5.06 5.06 3.96 0.0868
Xlz 1 17.95 17.95 14.06 0.0072
X,? 1 7.01 7.01 5.49 0.0517
X352 1 0.91 0.91 0.71 0.4264
Residual 7 8.94 1.28

Sustainable Energy Technologies and Assessments 47 (2021) 101511

times of the temperature effect. As presented in Fig. 2, the increase of
water ratio in the wet washing process increases the biodiesel purity.
The increase in water to biodiesel ratio from 0.5:1 to 1:1 (V/V%) causes
a 4% increase in biodiesel purity. An increase in water concerning the
water to biodiesel ratio (1:1) causes a decreasing trend. With the
increased water content, the catalyst existing in biodiesel showed a
decreasing trend due to its increased dissolution in water. Although a
higher amount of the consumed water can have significant effects on wet
washing costs, the use of lower water amount can yield increased time
required for wet washing and increase the consumed energy level for the
production process. Thus, obtaining the optimal water to biodiesel ratio
is of practical significance, which is one purpose of the current study.
The increase in water to biodiesel ratio (greater than 1:1 V/V) causes a
decrease in the biodiesel purity percentage. This can be attributed to the
increase in the emulsion of soap in water, thus causing the problem in
the separation process.

In addition, the increase in device working frequency leads to a
reverse effect on the wet washed biodiesel purity content. Based on the
results shown in Fig. 2a, the increase in frequency from 10 Hz to 30 Hz
leads to a reduction in biodiesel percentage by 5.3%. In other words, the
increase in device working frequency and extreme mixing of two phases,
as well as lack of enough time or separation of two phases, cause a
reduction in wet washing percentage. Putting into simpler terms, the
increased frequency yields reduction of the residence time of the re-
actants between the rotator and stator. Some studies conducted on this
type of reactor for biodiesel production have also reported similar re-
sults. Kraai et al. (2009) led a study to examine the biodiesel production
from sunflower oil related to the CCCS reactor (V-02 model). They
suggested that the increase in frequency up to 35 Hz causes an increasing
effect on the efficiency of biodiesel production, and followed by 40 Hz
this trend decreases [56].

As the results of Fig. 3 represent, the increase in temperature causes
an increase in biodiesel purity content. Accordingly, the increase in
temperature from 25 °C to 55 °C leads to a 2% increase in the wet
washing level. The amount of catalyst remained in biodiesel is signifi-
cantly dependent on the biodiesel temperature in wet washing status:
the increase in temperature leads to increased catalyst concentration
due to higher solubility in water. Results obtained in this regard are
confirmed by Abbaszadeh et al. [53].

The effect of frequency, water ratio, and temperature on the energy
consumption

The fit quadratic model or the consumed energy of the CCCS was
obtained using the surface response method based on the independent
input parameters as follows:

Energy (kJ) =23.62+0.47X, +3.63X,+10.34X; —0.1X, X, +0.7X3 X, +0.99X;
+0.59X; )

Table 4 presents the statistical analyses result for the three inde-
pendent variables on energy consumption. According to the results,
water to biodiesel ratio is significant at 5% level, and it has the lowest
effect on the consumed energy level among the independent input pa-
rameters. Temperature and working frequency parameters are signifi-
cant at 1% level concerning the consumed energy. Also, the effect of the
temperature of water is higher than that of the working frequency of the
CCCS. The increase in water temperature leads to a significant increase
in the consumed energy level. As can be seen in Fig. 4, the increase in
device working frequency from 10 Hz to 30 Hz leads to a 33% increase in
the consumed energy, while the increase in water to biodiesel ratio from
0.5:1 to 1.5:1 causes a 4.3% increase in the energy consumption.

Fig. 4a and b illustrate the interactive effect of the system working
frequency, water to biodiesel ratio, and temperature on the consumed
energy of the wet washing process.

According to the results presented in Table 4 and considering the
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Fig. 2. The interactive effect of the CCCS working frequency and water to biodiesel ratio on the yield of purified biodiesel after wet washing process.
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Fig. 3. The interactive effect of water ratio and temperature on the yield of purified biodiesel after wet washing process.

Table 4

ANOVA results for energy consumption.
Source df Sum of square Mean square F value P-value
Model 9 970.56 107.84 410.20 < 0.0001
X3 1 1.76 1.76 6.69 0.0362
Xo 1 105.20 105.20 400.14 < 0.0001
X3 1 855.74 855.74 3255.00 < 0.0001
X X X3 1 0.042 0.042 0.16 0.7012
X; X X3 1 0.040 0.040 0.15 0.7081
Xo X X3 1 2.02 2.02 7.67 0.0277
X;2 1 0.037 0.037 0.14 0.7201
Xo? 1 4.14 4.14 15.75 0.0054
X342 1 1.36 1.36 5.19 0.0568
Residual 7 1.84 107.84

effect of temperature as well as working frequency, these two parame-
ters were chosen at their minimum level studied. Thus, considering the
energy as the dependent variable, water to biodiesel ratio (0.5:1),
temperature (25 °C), and working frequency (10 Hz) have the minimum
energy level (9.9 kJ) among the test data. Moreover, at the experimental
condition of water to biodiesel ratio (1.2:1), working frequency (10 Hz),

and temperature (25 °C the minimum energy level (10.6 kJ) and
maximum biodiesel purity level (95.6%) can be obtained (Fig. 5). As can
be seen in Fig. 5, the best yield was obtained for optimal input values.

Optimization

In the optimization process, the criteria for each parameter (i.e.,
lower limit and upper limit) were defined according to the defined levels
in Table 2. The results of the optimization emphasized that the model
could predict the trend of experimental data with the maximum R? =
93% value. Fig. 6 represents the estimated values vs. the experimental
data.

In addition, results of the optimization illustrated that water to
biodiesel ratio (0.8:1), working frequency (10 Hz), and temperature
(35 °C) are the best device performance conditions. At this optimized
point, the energy level of 17 kJ and purified biodiesel yield of 96% were
obtained. The desirability function level was obtained as 0.89 for this
optimized point. Fig. 7 shows the desirability function for the suggested
optimal point. As the figure pinpoints, a large range was obtained for
achieving greater than 96% efficiency, which is based on the ASTM
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standard. These findings emphasize that the studied system has an
efficient performance in increasing the biodiesel purity [54].

As the results suggest, the temperature of water was obtained lower
when compared to the common methods, which affect the consumption
level of wet washing [61,62]. Considering that the minimum water to
biodiesel ratio required for the biodiesel wet washing using conven-
tional method is 3:1 (V/V %), it is concluded that results obtained in this
study can affect the consumed water content for biodiesel wet washing
up to 75%. From an economic perspective, the biodiesel producing costs
can be reduced, and the production of this fuel can be more cost-
effective [63]. Also, the values suggested by the software were experi-
mentally tested in the current study, and the obtained 4% difference can
validate the predictability power of the model.

Conclusion

In recent years, one of the most challenging issue regarding the
continuous production of biodiesel is its relatively high manufacturing
costs. Therefore, eco-friendly and cost-effective biodiesel production
technologies need to be developed. The traditional purification methods
such as the wet washing are one of the most common methods used
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nowadays for biodiesel purification.

In the present study, a mathematical model based on the RSM
techniques for the wet washing process of the biodiesel and energy
consumption of the CCCS device is proposed. Also, an optimal condition
for the CCCS is obtained. Water to biodiesel ratio of 0.8:1 (V/V %),
working frequency of 10 Hz, and temperature of 35°Cwere introduced as
the best performance conditions of the CCCS for the wet washing pro-
cess. At this optimized point, the energy level of 17 kJ and purified
biodiesel yield of 96% were obtained. Considering that the consumed
water content was lower when compared to the common wet washing
methods, this method can be more cost-effective compared to the
traditional methods.
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