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The continuous biodiesel production process under sub- and supercritical conditions using a trace amount of
potassium hydroxide (KOI) as a catalyst has been studied. CO, was added as a co-solvent to reduce the reaction
time and increase biodiesel vield. The proposed procedure enables simultancous transesterification and ester
ification of tnglycerides and free fatty acid (FFA), respectively. The shorter reaction time and milder reaction

conditions may reduce energy consumption duc to the simphfication of the separation and purification steps

The process variables, including reaction temperature, ethanol to oil molar ratio, catalyst amount, and process

: . ¥ . B 9 Fr o 25.min
pressure, were systematically optimized. The highest biodiesel yicld (98.12%) was obtained after o 25-min
reaction time using only 0.11% wt. of KOITand a 20:1 ethanol to oil ratio. The process optimum temperature and
pressure were 240 °C and 120 bar, respectively. The proposed kinetic model suggested a tirst-order reaction with

an activation energy of 157 kJmol

"and a reaction rate constant of 0.0398/min I'he thermodynamic

patameters such as Gibbs free energy, enthalpy, and entropy were calculated as 144.82 ki mol ' 11 4 kimaol

0.26 kJmol

1. Introduction

Biodiesel 1s @ mono alkyl ester compound denved from the reaction
of renewable sources such as vegetable oil or animal fat with short
chain alcohols like methanol and ethanol. Recently, other bioresources
have also been used for biodiesel production, such as waste cooking oil
(1 6], sludge waste [7.8], and algal oil [9 12]. Biodiesel is biode
gradable, non toxic, and has a lower enussion profile than petroleum
diesel. Therefore, biodiesel 1s accounted as an environmentally friendly
product. For instance, biodiesel can reduce 78% of the CO, and 90% of
the smoke emissions and eliminate sultur dioxide emission. Further
more. biodiesel has a higher energy content among other fuels such as
gasoline, methanol. dud ethanol. For example, 1 gal of pure biodiesel
(B10G) has 103% of the energy of 1 gal of gasoline, while 1 gal of
ethanol has 73% of 1 gal of gasoline energy (see Table 1) {13,14]

The most common method for biodiesel production is through
ransesterification reactions of otls with-alcohol (see Figs. 1 and 2)
inder @ homogeneous ot heterogencous catalyst of alkal [15,16], acid
(17.18] or enzyme [19,20] The alkah catalyst has a hugh reacuon rate

ind pressure. However, with poor quahity feed

at low temperature

s howh percentages of free fatty acid (FFA) and water
e ]

stocks that contall

he alkali catalyst will react with the FEA o form soaps, which make the
the alkali catalyst wi

"and at 240 °C, respectively

(see Fig. 3). On the other hand, the homogeneous/heterogencous acid
and enzyme catalysts could be used for poor-quality feedstocks with
high FFA and water contents, but the reaction rate is much slower, and
the product yield is slightly lower [21,22]. Furthermore, the conyen
tonal catalyzed process has been criticized  because the catalyst
washing out step produces a large amount of wastewater that must be
treated betore being reused (23],

According to the most recent literature, the non-catalytic processes
(see Fig. 1) decrease the process mass-transfer limitation, improve the
reaction phase solubility, and make the product separation and pus
ification steps casier. It has been shown that the non catalyin supet
critical process affords higher reaction rates and is toleran:
quality feedstocks {24 27]

However, the supercritical method requires high  tempe

[0 poo

pressure, and alcohol/oil ratios for the reaction 10 presen: high v
levels, which leads to high processing costs and, 10 some cases

CALNOS

product thermal decomposition that reduces the reaction conversi

order 1o achieve high reaction conversions ot mildes temperatures an

prossures, and shorter reaction tumes to prevent thermal decomposinion

hditi

of the products, attempts have been made thiough the
solvent (28,29} and trace amounts of the catualyst (21 30 311 1o improve

the reaction conditions. The response surface methodology (RSM) and

! feps bhiodiesel production process very sophisticated or artitictal neural network (ANN based approaches can be used
downstreain s5ieps o ;
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successfully for process modeling, optimization, and intensification to
establish sustainable and less-energy-intensive methods. To the best of
the author's knowledge, the kinetics and optimization of the SCE
transesterification process with co-solvent and trace amounts of catalyst
have not been studied previously. The proposed method combines the
advantages of supercritical techniques with the base-catalyzed method,
which means it needs lower reaction conditions such as lower alcohol/
oil molar ratio, lower catalyst amounts with minimal undesired reac-
tions, and much shorter reaction times. Process variables, including
temperature, pressure, alcohol/o0il molar ratio, and catalyst amount,
were optimized. The process kinetics and thermodynamic study were

also discussed.

2. Experimental section

The experimental setup system from the previous reports was
modified for carbon dioxide and trace catalyst amount addition.

2.1. Materials

The WCO was collected from different sources and mixed before the
transesterification process. The properties of the collected oil are
compared to virgin vegetable oil in Table 2, and the oil chemical
composition is reported in Table 3. The WCO samples were filtered to
remove all undesirable and insoluble impurities, such as suspended
particulate materials. Then, the samples were heated to 50 °C for
10 min to lower the moisture content (i.e., water). Sigma-Aldrich sup-
plied other solvents and reagents, such as 99.9% pure analytical grade
ethanol and pure grade catalyst pellets (KOH) that were used without
any further purification. Carbon dioxide (99.9%) was used as a co-
solvent without further treatment.

The first number in the carbon atom structure in column 2 of
Table 3 is the carbon atom number, and the second number is the
double bond number.

2.2. Process setup and experimental procedure

The reactor was constructed from 316 SS tubing. The reactor di-
mensions are 264 in. length, 1/8 in. the outside diameter and 0.040 in.
the inside diameter. The two-reactor ends are coned, and threaded
nipples are provided with high-pressure connections (as shown in
Fig. 4).

The process setup is illustrated in Fig. 5. Section 1 is the mixing
section that contains a 1000 ml Pyrex container, an electrical stir heater
plate, a heat exchanger (condenser), and a chiller for cooling the re-
cycled alcohol, and temperature controller. Section 2 is the high-pres-
sure pumping section that includes the reciprocating high-pressure
pump (Teledyne 6010R), two-way valve, one-way soft seat check valve,
pressure, and flow controllers. Section 3 is the reactor section that
contains the reactor (as shown in Fig. 4), two-way valve, one-way soft
seat check valve, two semi-cylinder electrical heaters, CO, cylinder,
temperature controller, and two temperature transmitters. Finally,
Section 4 is the collecting section that includes the product and by-
product condenser and chiller, a collection container, temperature
transmitter, and backpressure regulator. Fig. 5 also shows each stream
diameter, the materials that they are made from, and the service ma-
terials. For example, 0.5-H,0-Tef-N means 0.5 in. outside diameter,
service water, made from Tellon material, and normal pressure, re-
spectively.

The ethanol, oil, and a specified amount of the catalyst were mixed
in the Pyrex container (Section 1) for 20 min at 60 “C, which is lower
than the ethanol boiling point (78.37 “C). Then, the sample was pumped
to the reactor by the high-pressure liquid chromatographic pump. The
total flow rate range was 1-10 ml/min, depending on the residence
time and the ethanol/oil molar ratio. The co-solvent (CO,, was added to
the system at 40 bar. After the reaction took place, the product and the
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Fig. 1. The transesterification processes.
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Fig. 2. The transesterification reaction mechanism.
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by-product were cooled in the condenser and depressurized using a
backpressure regulator. Approximately 20 ml of the liquid product
samples were collected.

2.3. Alcohol recovery and samples analysis

The liquid product sample was treated in the alcohol recovery
system to recover excess ethanol. Then, the sample was left overnight to
achieve complete separation between the glycerol (lower layer) and the
biodiesel (upper layer).

Standard gas-chromatography (GC) methods determine if the bio-
diesel conforms to the standard specifications, one of which determines
the ethyl ester content (EN-14103). The ethyl ester concentration was
analyzed using an Agilent 7890A gas chromatography equipped with an
HP-INNOWAX column (30 m x 0.25 ml). Approximately 250 mg of a
product sample is weighted in 10 ml of the vial, then 5 ml of methyl
heptadecanoate solution (5 mg/ml solution of methyl heptadecanoate
in heptane) was added to the sample using a pipette. The oven tem-
perature was held for 9 min at 210 "C as an isothermal period, and then
the oven was heated at 20 ‘C/min to 230 °C and held for 10 min. The
ester content (Ceer), expressed as a mass fraction in percent, was cal-
culated using Eq. (1). The methyl ester yield in each experiment was

calculated by Eq. (2).

2A-PM  MCXMY 100 ol
PM mn

Cester =

where

YA = the sum of the FAME peak area from C14:0 to (24:]
PM = peak area of methyl heptadecanoate.

MC = methyl heptadecanoate solution concentration (mg/ml)
MV = methyl heptadecanoate solution volume (ml)

m = mass of the sample (mg)

Vo
yield% = Cuyer X —% % 100
le fed (2)
where
Vproduet = biodiesel volume

Vil - fea = 0il volume
Cesier = ester content from Eq. (1)

2.4. Experimental design

The response surface methodology that combines mathematical and
statistical methods is the typical method for optimizing many chemical
processes and is useful for modeling and analyzing interest responsc,
which is affected by several variables [32]. The selected independent
variables for the present work were the following:

1. Temperature (x,;)

2. Reaction time (x;)

3. The ethanol-to-oil molar ratio (x;)
4. Catalyst amount (wt%) (x4)

5. Pressure (x5)

iy L .
Fig. 5. Schematic diagram of the experimental setup




Table 4
natrix of five independent variables )

coded vanables

Catalyst (wi%)

emperature ( C) TI'imce (min) Molar ratio

200 10 10 0.01

200 40 10 001

28( 40 10 001
280 40 30 00l
280 10 10 011
280 40 10 011
280 10 30 011
280 10 10 001
200 10 30 0.01
280 10 30 0.01
200 10 30 001
200 10 10 011
200 10 10 01t
200 10 30 011
200 40 30 a1t
240 25 20 006
240 25 20 006
240 25 0 006
240 25 20 006
240 25 10 006
240 25 10 011
240 25 0 ol
240 25 20 011
240 10 20 001
240 40 30 0.01
240 25 20 001
240 25 20 001
200 10 10 0.01

The fatty acid ethyl ester (FAEE) yield was the dependent variable
(v). In the present study, the independent parameters and their levels
were selected based on preliminary experiments carried out in the la-
boratory. The quadratic regression model was used to explore the effect
of the independent variables on the response [32].

) E) i 3
V=Bt D Bx o+ LB+ D Bx
1 -1 =1 =14l

(3)

where y is the predicted value of the FAEE yield, and B, 8, ., and 3,
are intercept constant, linear, quadratic, and interactive coefficients
between variables ¢ and J, respectively. The method of least squares
with Excel, JMP, and MATLAB software was used for regression ana-
lysis of the experimental data and 3D plotting of the variables. The
model's fitting was verified by the correlation coefficient (R) and the
adjusted R2 coefficient determination. Ideally, the R? value is a unity
that represents the complete agreement between the predicted and the
experimental responses [33,34]. The experiments were carried out to
find the optimum values and study the effect of process variables on the
FAEE yield, and the results are shown in Table 4. Three- dimensional

and contour plots were made by changing any two variables and

keeping the other variables constant.

3. Kinetic model for waste cooking oil (WCO) transesterifications

3.1, Based-catalyzed transesterifications

The simple stoichiometric equation for transesterification reaction is

A+3B=3C+D “)
A is waste cooking oil, B is alcohol, and a base catalyst solution (i.
e.ROH + OH), C is glycerol, and D is a fatty acid ester (i.e.,
bi‘odiesel — RCOOR). Moreover, the catalyst and alcohol solution
produces an ionic solution according to the alkoxide reaction:

Fuel Processing Technology 10 (20201 1061

Coded varable

Pressure (han) X

ky

Pre — step B~ RO+ O 2 RO+ 1,0
k,, (")

Eq. (5) is a reversible reaction, which can proceed meither direction
with k, representing the forward reaction rate constant and ki the

reverse reaction rate constant. The transesterification reaction scheme

approximated as

.
TG+ B <7 DG+ C+ Ol where ., kTG B]&r, .
»
Sk IDGCH O (6)
ky
DG+ B 2 MG + C + Ol wherer, — k([DGIBl&r, .
it
K, IMGIC O] )
ky

MG+ B <7 D+ C+ Ol wherer,
!

K IMG[B&r, ,

koI DICH O ()

Iqs. (9), (10), and (11) describe the base catalyzed transesterifica
tion mechanism of the triglyceride molecule by alkoxide ions (RO ). In
the first step, the RO ion attacks the carbonyl carbon of the lri';ly
ceride molecule to produce a tetrahedral intermedinte that reacts v;‘nh
the alcohol to generate the RO ion in the second step. In the final step
the tetrahedral intermediate rearrangement gives rise 1o ester and (li’
glyceride [35].

Ist step:

f\wﬁ ~-OR" = RO’
O

2nd step:

R'—-( OR

OR (9)
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H* 86— O R:0H . H Fig. 7. The FFA esterification
o oc—OH=——=R \(Mrlfﬁ = R0C= =R ——— R —oc—or,+Ho
H H H
o 1) (m
Table 5 )
m%q_,_aa:_:_ design matrix. )
Observation Coded variables FAEE yield (%)
Temperature Time Molar ratio Catalyst Pressure Experimental Predicted
1 -1 -1 -1 -1 1 35.99 38298
2 -1 1 -1 -1 -1 44.47 46346
3 1 1 -1 -1 0 87.3 86.268
4 1 1 1 -1 1 91.45 91.318
5 1 -1 -1 1 -1 84.3 82.585
6 1 1 -1 1 -1 90.65 90.633
7 1 -1 1 1 1 96.43 97.004
8 1 -1 -1 -1 -1 67.12 68.852
9 -1 -1 1 -1 -1 32.65 30.418
10 1 -1 1 -1 1 82.68 83.27
11 -1 1 1 -1 -1 34.98 38.466
12 -1 -1 -1 1 -1 53.21 52.031
13 -1 1 -1 1 -1 62.23 60.079
14 -1 -1 1 1 -1 44.23 44.152
15 -1 1 1 1 -1 54.23 52.2
16 0 0 0 0 0 71.45 72.911
17 0 0 0 0 0 72.56 72911
18 0 0 0 0 0 73.23 72911
19 0 0 0 0 1 86.23 85.841
20 0 0 -1 0 1 89.89 88.784
21 0 0 -1 1 1 94.23 96.461
22 0 0 0 1 1 98.12 99.404
23 0 0 0 1 0 80.45 83.531
24 0 1 0 -1 0 78.56 78.738
25 0 1 1 -1 0 73.98 73.802
26 0 0 0 -1 0 73.34 69.797
27 0 0 0 -1 1 85.78 82.727
iti i i is equal to 100%. Second, the sum dx k .
composition weight percent in WCO is eq o o ond, e su InEE = nin(Cuy (1 = )| + In = nn[Cy (1 = X)] + Ink’
of the ester molecules and the alcohol molecules must equal the initial dt Cho 31
alcohol molecule quantity (i.e., [B],), since alcohol molecules are only where k' =
consumed to make alkyl esters [40]. Accordingly, rearrangement of TG’
Egs. (20) and (22) gives ) )
4. Thermodynamic analysis
[TG + DG + MG, = [A]y = CAq (23)
. Starting with Eyring-Polanyi ati
[C + B} = [B]o = CBy (24) arting yring-Polanyi equation
- ori ; : AG
In addition, the glyceride concentration (i.e., exp| —
[TG + DG + MG], = [A]) at any moment of the reaction can be RT (32)
determined by C, = Cao(1 — x), and the fatty acid ester concentration

at any moment can be determined by C = xC,,. Therefore, Egs. (23)
and (24) will be rearranged as

[TG 4+ DG + MG = [A] = Cy = Cy

- x) (25)
[B] = Cy = CBy — xCa, (26)

The alcohol concentration was assumed (o be constant since the
reaction contained an excess amount of the alcohol, so Eq. (24) will be

|B] = ¢, = CB, (27)
The reaction rate equation can be written as follows:
- ra =k, CLCO = k(7 (28)
A, _ dlCuO = 0b A e g
T T a Y di , (29)
dx

= .w‘_c,._: - x|

d o C

(30)

By taking the natural logarithm of ¥q. (30)

Taking the
AG = AH — TAS

k AH (1 | k AS
Inl =] = =¢ — Inx u =
:hﬁv R A.ﬁv+ :r+_:ﬁ :g+

) R

natural  logarithm  of Eq. (32) and  setting

where

x is the transmission coefficient and is usually taken as unity
ki = 1.38 « 10 “YJ/K is the Boltzmann constant
h = 1663 +«10 ™

s s Planck's constant
5. Results and discussions

5.1, The optmization approach

The second order polynomial equation obtamed (rom the response
surtace methodology (RSM) was fitted with the expenimental results

The regression equation with coded patameters 1s represented as fol
lows
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Fig. 9. 3D anc AEE
temperatus i

;'v”,'l’hl M reacin { . rature « N reacnon r

he reactuion temperature represents the most eftective pa netet
among all transesterification reaction | rameters. The transesternifica
tion reaction was performed under different temperatures (200, 240,
and 280 ) 10 investigate the effect of the reaction temperature Fig 9
ilustrates the FAEE yield as a function of the reaction tume and tem
perature It was observed that Increasing the reaction temperature from

200 C o 240 « led to a sharp enhancement of FAEE vield (see ob

servation 22 in Table 5) after a short reaction time 'S5 min) However

further mcreasing the reaction temperature to 280 ( brought only a

Jlight inerease in the FAEE vield because the polyunsaturated fatty acid

ester 1s thermally stable up to 325 C and starts to decompose around

selected as thie

I'herefore, the temperature of 280 C was

330 «
maximum reaction point to prevent any chance of the fatty acid ethyl
ester thermally degrading and FAEL vield reduction [42]

I'he influence of the reaction time on the FAE E yield of waste ol
under the supercritical process and catalyzed by KOH was investigated
by performing the reaction at three different reaction times (see Tables
4 and 5). 1t is worth saying that the reaction process al 200 C had
achieved the suberitical point, but not supercritical conditions (super
critical ethanol temperature is 240 C). The analysis of the data shows
that the supercritical point is preferable for biodiesel production be

causc there is a sharp increase in the ethyl ester y ield after the system

achieves the supercritical point {43]

Based on the developed model, all five single parameters, three
square parameters, and three quadratic parameters were found to have
a significant effect on the vield of FAEE. The significance of each
evaluated according to its p-test value obtained by the
(ANOVA). Fig. 9 shows that the FAFE yield in the

variable can be
analysis of variance
subcritical region is shightly lower, and the ethyl ester was formed in

constderable amounts at supcrcrilia'.\} points. Figs. 10 and 11 show the

response surface plot of FAEF yield against catalyst wt% and process
pressure. As expected, longer reaction times will allow the reaction to

proceed towards higher vield

e 10 : [ function ot
|
|
1
ressure (bat) ! Time r
LAY mn
Fig. 11. 3D and contour response surface plot of FAEF yield as a function of

nme and pressure

The quadratic coefficients in Eq. (35) indicate the direction that the
curve is bending. The negative sign of the quadratic coefficients in-
dicate a convex surface, and the positive quadratic terms indicate a
concave surface [44]. Based on the current model (Eq. (35)), the re
action time has the most prominent effect on the biodiesel yield since
the reaction time is the only variable that exists in all 'signiﬁ('an(
quadratic parameters (1.e., XX, X2X4, and x2xs).

5.3. Ethanol-to-oil molar ratio

The transesterification reaction stoichiometry is 3 mol of ethanol
and 1 mol of oil to produce 3 mol of ethyl ester and 1 mol of glycerol
(see Fig. 2). The transesterification reaction is a reversible reaction;
therefore, an excess amount of ethanol is needed to shift the forward-

— E—
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ure parameter
r{k wever. 'L‘ere exists
occurred due to the sig-
f temperature and catalyst

rate constants were determined
reacton rate constant and reacton
order were calculated from the plot of the x-axis equation, which is In

[CA, (1-x)] versus In dx/dt (3 . The differendal methods of iden-
g the reaction order 1 \pe"eﬁ:\a; functon have been fol-

lowed. For example, the fitd unction of the obtained plot at 200 "C

can be expressed as follows:

v = 0.8035¢' — = (36)

FAEE yield %

of FAFL

vield as

Fig. 17. 3D and contour response surface plot
emperature and pressure.

1 functron of

Fig. 18.

The well-fitted plot of In dx/dt versus In [CA, (1-x)] was illustrated
n Fig. 19, by the straight-line equation:

In— = 0.9981In[CA (1 — )] — 2323

ir : i (37)

With an R value of 0.9128. the reaction rate constant is 0.016696.
Similarly. the line equation fitting plots of temperatures 240 “C and
280 “C can be calculated with the results listed in Table 8.

Activation energy and thermodynamic analysis
The Arrhenius equation can be written as follow:

E,
Ink = —R—% +In4 (38)
where k is the reaction rate constant, and E, is the activation energy in
kKJ/mol. R is the universal gas constant (8.314 J/mol. K). T is the ab-
solute temperature in Kelvin, and A is the pre-exponential factor. The
linear correlation between In k and 1/T using the reaction rate constant
in Table 8 and the corresponding temperature (i.e.. 200 °C. 240 °C. and

280 "C) was illustrated in Fig. 20. The straight line with an R value of

0.9611 was obtained, and the activation energy was calculated from the
line slope as 15.7 kJ-mol .

The thermodynamic parameters, including Gibbs free energy (AG),

enthalpy (AH), and entropy (AS), are important parameters for

In[CAo{1-x}]

Fig. 19 Plot ot In {CAo (1 x)] vs In(dx do)

7
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Table 8
pon rate constant at difte tempcerature

Rate constant komin !

200 0016696
00251

250 0029523

T YT

f
- o

f °

:

Fig. 20. 1/T plot vs. In k.
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Fig. 21. 1/T plot vs. In k/T.

cation reaction behavior. The enthalpy and
ated by plotting the In k/T vs. 1/T in Eq.
the R? value is 0.9251, and the calculated
free energy are 11.4 kJmol ',

evaluating the transesterifi
entropy values were caleul
(33). As shown in Fig. 21,
enthalpy, entropy, and Gibbs

0.26 kJ-mol ', and 144.82 kJ mol ', respectively.

6. Conclusions
g oil via supercritical

| from waste cookin
a process co-solvent

I'he production of biodiese
ation using carbon dioxide as
, this work. The responsc surface methodology

nce (ANOVA) have been successfully

transestenfic

hee been conducted n

(KSM ) and the analysis of varia

applied for designing the parameic
reaction tume,

reaction emperature,

hodiesel production pro
parameters that i hieved the
as follows.

cthanoi-to oil molar ratio, catalyst
amount, and pressure on the cess has been op
tmized by (RSM) [he opimum process
98 1220 FAEE yield for thee superentical cthanol process ant

e (emperature (x,) of 240 (

e reaction time (x.) of 25 min

e cthanol to oil molar ratio (x
of 011w

) of 20

e catalyst amournt (x.4)
e pressure(xs) of 120 bar

. of the experiment. The influence of

Fuel Processing Technology 203 (2020) 106377

The aim of the current work is to combine the advantages of the
super critical process and alkali catalyzed technologies, such as milder

ditions, relatively small amounts of catalyst consumption,
order of sig

operating con
and enhanced reaction rate. Based on RSM analysis, the
nificance for reaction parameters for biodiesel yield was reaction tem-

perature > catalyst amount > reaction pressure = reaction

time > molar ratio. The second-order polynomial regression model
was fitted with the experimental results obtained from the experimental
design. Finally, the activation energy, Gibbs free energy, enthalpy, and
entropy values were calculated as 15.7 kJmol ' 144.82 kJmol '

11.4 kJmol ', and —0.26 kJ-mol ! respectively.

Symbols and nomenclature

min minute

kJ kilojoules

mol mole

in inches

ml milliliters

m meter

mg milligrams

R? process correlation coefficient
adjusted R? process adjusted coefficient of determination
SCE super-critical ethanol

FFA free fatty acid

WCO waste cooking oil

SS stainless steel

RSM response surface methodology
CCD central composite design

FAEE fatty acid ethyl ester
EN14214 European Committee for Standardization

TG triglycerides

DG diglycerides
MG monoglycerides
G glycerol

FAE fatty acid ester

ANOVA analysis of variance
Iy Ty Tay T42, To3, Tig the reactions rate for the forward and reverse

reactions in Egs. (6), (7), and (8) respectively
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