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Abstract

Microwave-heating method for catalyst preparation has been utilized recently due to its shorter operation time
compared to the conventional method. Glucose, a renewable carbon source can be partially carbonized and sul-
fonated via microwave heating which could result in highly potential heterogeneous carbon-based acid catalyst. In
this study, the impacts of the carbonization and sulfonation parameters during the catalyst preparation were in-
vestigated. Catalysts prepared were characterized using Fourier Transform Infrared Spectroscopy (FTIR), Field
Emission Scanning Electron Microscopy (FESEM), X-Ray Diffraction (XRD), Brunauer-Emmet-Teller (BET), and
Temperature Programmed Desorption—-Ammonia (TPD-NHs). Analysis of the carbonization screening process dis-
covered that the best incomplete carbonized glucose (ICG) prepared was at 20 minutes, 20 g of D(+)-glucose with
medium microwave power level (400W) which exhibited the highest percentage yield (91.41%) of fatty acid methyl
ester (FAME). The total surface area and acid site density obtained were 16.94 m2/g and 25.65 mmol/g, respective-
ly. Regeneration test was further carried out and succeeded to achieve 6 cycles. The highest turnover frequency
(TOF) of the sulfonated catalyst was methyl palmitate, 25.214x10-3 s~! compared to other component of the methyl
ester. Kinetic study was developed throughout the esterification process and activation energy from the forward
and reverse reaction was 3.36 kd/mol and 11.96 kd/mol, respectively.
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1. Introduction fuel resources [2]. In order to minimize the risks
mentioned, alternative fuels have continuously
been developed to lower down the usage of the
fossil fuel. Biodiesel, an alternative fuel scientif-
ically acknowledged as fatty acid methyl esters,
can be synthesized from various renewable re-
sources such as animal fats [3], vegetable oils
[4], waste cooking oil [5] and by-product from oil

Major energy resource in the world has al-
ways been fossil fuels. However, over consump-
tion of the fossil fuels raised several issues in-
cluding the energy crisis due to serious environ-
mental problem by emissions of hazardous gase-
ous [1] as well as the gradual reduction of fossil

* Corresponding Author refinery [6]. Esterification or transesterification
Email: zakiyamani@ut.m.my (Z.Y. Zakaria); 1s the method used to produce biodiesel. Basical-
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ly these two reactions requires homogeneous
acid or base catalyst [7].

Sulfuric acid (H2SO4) is the common acid
catalyst used in biodiesel industry [8] due to its
capability to esterify and transesterify simulta-
neously [9]. However, the utilization of H2SO4
creates corrosion and pollution problems [10].
Sodium hydroxide (NaOH) and potassium hy-
droxide (KOH) on the other hand are the com-
mon heterogeneous base catalyst used in indus-
tries [11]. However, these kind of base catalyst
generates higher cost of post-treatment for the
purification of the waste [12]. Meanwhile, het-
erogeneous acid catalyst promotes efficiency in
economical and greener catalyst since lots of
the raw material used is abundantly available
and capable to esterify feedstock with high free
fatty acid (FFA) content [13]. The preparation
of certain heterogeneous acid catalysts such as
zirconia-supported tungstated [14], zeolites [15]
and y-Al2O3 [16] are practically complicated to-
wards application in industry [17]. In fact, the
stability of the catalyst is quite poor with low
value of acid density [18]. Thus utilization of
raw materials from carbon-based catalysts of-
fers high performance, easy preparation and
high efficiency in esterifying high FFA feed-
stock.

Carbon-based materials such as D(+)-
Glucose can be obtained at a very cheap price
and it is renewable as it is able to be generated
from many resources such as oil palm frond
juice [19]. It has been used as heterogeneous
acid catalyst for biodiesel production by Lok-
man and colleagues, however the catalyst was
conventionally prepared [20]. Conventional
heating method is the most adopted technique
in past studies because of the smooth heating
due to gradual transfer of the heat accumulat-
ed around the surface of the object to the interi-
or as shown in Figure 1. Even though conven-
tional heating is the common method used in
heating process, it consumes high amount of
time and energy. Microwave (MW) on the other
hand is much more effective because the sys-

Conventional Heating Microwave Heating

Heat source

Heat source
B o

Heat source

Heat source

Figure 1. Conventional and microwave in-
duced heating pattern.

Cold

tem uses thermal radiation with sensational
penetrability. In transesterification reaction
context, MW radiation stimulates the ion
movement and molecular motions of the oils,
methanol and catalyst without altering their
molecular structure [18]. MW radiation has
been proven to shorten the heating time and
improve the heating rate. Ning and Niu pro-
duced using bamboo-based acid catalyst pre-
pared via MW heating and they successfully
shortened the duration of sulfonation to 10
minutes providing 97.31% conversion of oleic
acid [18]. In another study, Yu and colleague
prepared sulfonated powder coal heterogeneous
acid catalyst in just 5 minutes at temperature
of 75 °C and obtained 98.1% of esterification ef-
ficiency from oleic acid [21].

Previous studies mostly had only investigat-
ed the length of time taken for respective work
using MW and not on the overall specification
of the MW itself. In this study, catalyst screen-
ings were carried out to prepare the best per-
forming incomplete carbonized glucose (ICG)
followed by MW assisted sulfonation. Several
parameters were taken into account in the cat-
alyst synthesis process which include heating
time (min), weight of D(+)-glucose (g), and mi-
crowave power level. Catalyst characteriza-
tions were conducted to determine the proper-
ties of the sulfonated glucose in catalyzing the
esterification reaction of palm fatty acid distil-
late (PFAD) with methanol which include ele-
mental analysis, Fourier Transform Infrared
Spectroscopy (FTIR), X-Ray Diffraction (XRD),
Field Emission Scanning Electron Microscopy
(FESEM), Brunauer-Emmet-Teller (BET) as
well as Temperature Programmed Desorption—
Ammonia (TPD-NHs). One Factor at A Time
(OFAT) method was used to find the best range
of parameters for the carbonization process.
Optimization was then conducted for sulfona-
tion process to determine the optimum condi-
tion for the sulfonated glucose. In addition, sul-
fonated catalyst regeneration test as well as
the turnover frequency (TOF) was also further
carried out and calculated. The TOF of the sul-
fonated catalyst was calculated as the rate of
methyl ester molecules produced per second
per surface area of the sulfonated catalyst. The
kinetic study of the esterification of PFAD and
methanol using prepared catalyst was also de-
rived in this study.

2. Materials and Methods
2.1 Materials

D(+)-glucose (QRec (Asia) Sdn. Bhd.) and
H2SO4 (J.T. Baker, US) were used for sulfonat-

Copyright © 2021, ISSN 1978-2993
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ed catalyst preparation. PFAD (Mewaholeo In-
dustries Sdn. Bhd., Pasir Gudang, Malaysia)
and methanol (Merck) on the other hand were
used for catalytic reaction. Standard for methyl
esters, such as: methyl linoleate, methyl
myristate, methyl oleate, methyl palmitate as
well as methyl stearate (Sigma-Aldrich), were
used for GC analysis. All analytical grade prod-
ucts for all chemicals required no further puri-
fication. Equipment employed for sulfonated

catalyst preparation was Microwave brand
SHARP R213CST.

2.2 Catalyst Preparation

The catalyst preparation involved two stag-
es which were the carbonization as well as sul-
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Figure 2. Effect of D(+)-glucose carbonization
heating time versus % FAME Yield. During
carbonization process, weight of D(+)-glucose
and microwave power level was set constant
at 20 g and Medium Power Level 400 W,
respectively. Esterification reaction was run
at 75 °C reaction temperature; 2.5 wt% cata-
lyst loading; 10:1 molar ratio of methanol to
PFAD; 2 hours of reaction time.
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Figure 3. Effect of D(+)-glucose carbonization
weight versus % FAME Yield. During carbon-
ization process, heating time and microwave
power level was set constant at 20 minutes
and Medium Power Level 400 W, respectively.
Esterification reaction was run at 75 °C reac-
tion temperature; 2.5 wt% catalyst loading;
10:1 molar ratio of methanol to PFAD; 2
hours of reaction time.

fonation processes. One Factor at A Time
(OFAT) method was applied for carbonization
since there was no clear basis of which parame-
ter will be optimum for carbonizing the D(+)-
glucose. The results of the OFAT of the carbon-
ization are graphically presented through Fig-
ure 2, Figure 3 and Figure 4. The sulfonation
process parameters on the other hand were
based on the previous study by Lokman and
colleagues [20]. Carbonization parameters in-
cluding mass of D(+)-glucose (g) at 10, 15, 20,
25, and 30 g, heating time (min) at 5, 10, 15,
20, and 25 min, as well as microwave power
level (W) at low (80 W), medium low (240 W),
medium (400 W), medium high (560 W), and
high (720 W) were investigated and screened to
provide the best range. Specific weights of
D(+)-glucose powder was melted through heat-
ing process in a microwave at given heating
time (min). After the ICG was produced, it was
then crushed and sieved to 0.5—1.0 mm particle
size. 4 g of the crushed ICG (50 °C) was added
with 100 mL of 98% H2SOsand stirred at 500
rpm for 5 minutes consecutively. The mixture
was then heated inside a microwave at medi-
um power level for sulfonation process for 7
minutes. The sulfonated catalyst was labelled
as SOsH/ICG. The mixture was then filtered
and black precipitate was collected. This was
followed by a washing process using hot dis-
tilled water at 85 °C to remove impurities con-
tained in the mixture until the filtrate became
a clear solution. Finally, the sulfonated cata-
lyst was dried in an oven at 80 °C for 5 hours
to remove the remaining moisture.
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Biodiesel Yield (%)
O O =l
e o
a
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LA LA
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80 240 400 560 720

Power Level of Microwave (W)

Figure 4. Effect of carbonization power level
versus % FAME Yield. During carbonization
process, weight of D(+)-glucose and heating
time was set constant at 20 g and 20
minutes, respectively. Esterification reaction
was run at 75 °C reaction temperature; 2.5
wt% catalyst loading; 10:1 molar ratio of
methanol to PFAD; 2 hours of reaction time.
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2.3 Sulfonated Catalyst Characterization

Elemental analysis, FESEM, FTIR, BET,
XRD, and TPD-NHs were performed to charac-
terize the sulfonated catalyst produced. Car-
bon, hydrogen, nitrogen, sulphur and oxygen
contents were quantitatively measured by us-
ing Vario Micro, ELEMENTAR, AR, Germany.
FESEM (Quanta FEI 400F) with 100, 1200,
2500, 5000, and 10000 magnifications was used
to investigate the morphology of the SOsH/ICG
produced. The functional group of the sulfonat-
ed catalyst was determined through FTIR anal-
ysis using Shimadzu IRTracer-100. A hydraulic
press was used to ground and pellet the cata-
lyst in order to record the infrared spectrum in
the range of 4000-500 cm-!l. Scan range, 260
from 2° up to 60° and 4° min-! scanning rate
was used to study the crystallinity of the sul-
fonated catalyst via XRD analysis (Bruker, D8
Advance). BET analysis on the other hand was
mainly to determine the surface area of the
prepared catalyst by degassing the catalyst at
150 °C under vacuum condition for about 3
hours using Micromeritics 3 Flex. Acid site
density of the catalyst was measured through
TPD-NH3s analysis by using Micromeritics Au-
toChem II.

2.4 Fatty Acid Methyl Ester (FAME) Produc-
tion

In this study, fatty acid methyl ester
(FAME) represents the biodiesel that was pro-
duced. Free fatty acid (FFA) of PFAD can be re-
duced through esterification process. PFAD
was weighed based on molar ratio and properly
heated at 65 °C. Preheated PFAD was poured
into a 3-neck round-bottom flask followed by
the methanol and prepared catalyst. 10:1 molar
ratio of PFAD and methanol was used while 2.5
wt% of sulfonated glucose loading was used for
the esterification. The mixture was then re-
fluxed to 75 °C for 120 minutes before being
poured into a separating funnel and let settled
for about 3 hours. FAME and water layer were
then separated from the catalyst and the mass
of the FAME produced from the esterification
was weighed to calculate the FAME yield.

2.5 Analysis of PFAD Methyl Ester

The percentage yield of FAME was calculat-
ed using Equation 1. Acid-base titration meth-
od on the other hand was used to determine the
percentage conversion of the PFAD. The 1 mL
of FAME was taken out from the catalyst and
20 mL of the solvent (methanol) was added.
The mixture was then vigorously shaken until

it completely dissolved. 2-3 drops of phenol-
phthalein were added into the flask and titrat-
ed with standard KOH solution until the first
permanent pink color showed up. The formula
to calculate the percentage of methyl ester
yield is defined by Eqgs. (1)—(3).
Weight of experimental FAME (g)x100
Weight of theoretical FAME (g) (1)

Yield (%) =

NxMW KOH xVolume of KOH titrate used (mL)
Mass of FAME (g) 2)

Acid Value =

where, N is referring to the normality of KOH
used and MW indicating the molecular weight
of KOH which is 56.11 g/mol.

(Acid value of PFAD - Acid value of Sample)
Acid value of PFAD

Conversion(%) = x100% (3)

2.6 Kinetic Study

For kinetic study, 3 parameters were in-
volved including temperature of esterification
(65, 75, and 85 °C ), molar ratio of oil to PFAD
(5:1, 10:1 and 15:1) as well as catalyst loading
(1.0, 2.5 and 4.0). Eleven readings were taken
for each experimental run for each 12 minutes
gap. The derivation of the kinetic study in or-
der to obtain the value of reaction rate, activa-
tion energy and pre-exponential factor were de-
scribed in following equations. The esterifica-
tion of PFAD and methanol with the presence
of catalyst SOsH/ICG is shown as follow:

RCOOH + MeOH =2~ g coocH, + 1,0 (D

Ky

A+B C+D ®)

The rate of reaction rate for forward as well
as reverse reaction can be symbolized as ki and
ke, respectively. The kinetic model was devel-
oped based on several assumptions: (1) The
mass transfer of the system is ignored; (2) The
forward and reverse reactions were following
pseudo second order reaction in liquid phase;
(3) Rate of reaction of non-catalyzed reactions
are ignored [22]. The reaction rates of the es-
terification of PFAD catalyzed by SOsH/ICG
based on the above assumptions, can be writ-
ten as follow:

d|A

=2 L) ) ©
Where r4 is the rate of reaction for esterifica-
tion process, k; is the reaction rate constant of
forward k. is the reaction rate constant of re-
verse. [A], [B], [C], and [D] are the concentra-
tion of the PFAD, methanol and water at time
t, respectively, meanwhile ¢ is reaction time in
min.

Copyright © 2021, ISSN 1978-2993
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The initial concentration of A and B is basi-
cally different however, the amount A and B
consumed is equivalent to C and D formed dur-
ing the reaction. Assume x as the conversion of
the A at time ¢, thus the concentration of the
reactants and products becomes as follows:

[4]=[4,]1-x) @
[8]=[8,]-+[4,] ®)
[c]=[D]=[4,] ®

where, [Ag] and [By] are the initial concentra-
tion of PFAD and methanol respectively, and x
1s the conversion of the PFAD. Equations (7),
(8) and (9) were substituted in to Equation (6)
and 1s simplified as follows:

L4 15 =k[4]0-x)(8)[4) o
—kyx*[4, T

(]G = (k[T k4] (B1La]) )
—k,x? [AOT

(4] =k (418 ko4 T ka4 T5,]
+ ke x’ [AOT —k,x’ [A[OJz
d

Z —k[B, - kx4, ]-kx[ B, ]+ k* [ 4,]
t
—k[ 4, ] (13)

(] 2],
Gl P 5] e

0 is introduced as the ratio of initial concentra-
tion of methanol to PFAD, while K as the ratio
of rate constant of forward to reverse reaction.
0 and K are substituted in to equation (14) and
can be expressed as below:

%zkl[f]o](é’—x—xﬁ-i-xz—gj (15)

(12)

%:kl[/]ﬂ](xz (1—%j—x(1+0)+0] (16)

dx/dt is equal to 0 while the conversion of the
PFAD is symbolized as x. when equilibrium
reach in a reaction.

0= x[l—ij—xe(n@)w an
K
1
2l-—|=x,(1+6)-06 18
xe( Kj 5 (1+0) as)
xZ
Pt =x, +x,0-0
XS EEAX, (19)
2 20
x—e—xj—xe—x€0+9 (20)
K
x2
K=— T (21)

2
X, —x,-x,0+6

Equation (21) can be simplified as below:
2

K=o 22)

(l—xg)(ﬁ—xe)

Integration of Equation (16) can be expressed
as follow:

h (xz (1_1j c_ixx(1+ 0)+ 9] ) I; ik e
K

Two parameters are introduced, a=1-1/K and

b=(1+6°)-4a0

Both a and b are substituted into equation (23)
and can be expressed as follow:

x dx t
! ([u b—e—lj[x_ b+e+1D = [kl Jar @0
2a 2a

+b+1+¢9 [ ]
b[4 )  (1+0+b
2a 1
In =— +1In (25
x_b—1—9 a (1+0—bj )
2a

Equation (25) can be plotted based on y=mx+c,
and the respective value for activation energy,
E, and pre-exponential factor, A.

3. Results and Discussion
3.1 Elemental Analysis of D(+)-Glucose

The CHNS content of D(+)-glucose, ICG and
sulfonated glucose prepared by MW assisted
heating method are tabulated in Table 1. The
raw D(+)-glucose was mostly composed of 36.7
wt% of carbon (C), 6.9 wt% of hydrogen (H), 0.1
wt% of nitrogen (N) and 56.0 wt% of oxygen

Table 1. The C, H, N, S, O content of ICG, CCG and catalyst.

Sample C (%) H (%) N (%) S(%) 0 (%)  Ash(%)
D(+)-glucose 36.7 6.9 0.1 0 56.0 0.0
I1ICG 67.3 4.8 0.5 0 18.1 9.3
Sulfonated Glucose Catalyst 53.9 4.3 0.4 6.9 23.6 10.8

Copyright © 2021, ISSN 1978-2993
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(0O). After carbonization, the C content obvious-
ly increased to 67.3 wt%. Contents of H and O
however, were reduced to 4.8 wt% and 18.1
wt%, respectively. This is mainly due to the ef-
fect of dehydration in the MW heating system
[23] during the carbonization process. The in-
crement of the C content is due to the decompo-
sition of the glucose at high temperature at this
case it was being heated at 400 W. At high tem-
perature, decomposition of glucose occur and
release non-carbonaceous materials in the form
of liquid or gaseous substances thereby leaving
behind a rigid carbon skeleton thus lead to the
high carbon content [24]. The reduction of H
and O contents can be attributed to the dehy-
dration and deoxygenation effect as well as pos-
sible volatilation some of the molecule during
the carbonization heating [25]. Contents of C
and H were decreased to 53.9 % and 4.3 %, re-
spectively after the catalyst went through the
sulfonation process. O and S on the other hand
were visibly increased due to the dominance of
the sulfonic acid group’s (-SOsH) attachment
towards the surface of the catalyst. Sulphur (S)
was not detected in the raw material, however,
the sulfonation processes resulted in S content
of 6.9 wt%. This result was confirmed after the
introduction of sulfuric acid during the sulfona-
tion process of the ICG. Similar observations
were also reported in the transformation of
bamboo [18], palm empty fruit bunch, coconut
meal residue, and coconut coir husk into solid
acid catalysts [26]. Contrary to the direct and
template methods of carbonization, the chemi-
cal method indicates a decreased in carbon and
hydrogen contents from 64.9 to 57.5% and 3.7
to 1.1% with increased temperature of carboni-
zation from 400 to 800 °C, respectively, while
the oxygen content was enhanced from 30.3 to
40.9%. These observations may be due to the
combined effects of both the HsPO4 impregna-
tion and high-temperature carbonization re-
sulting in intense degradation, dehydration,
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Figure 5. Catalyst temperature (°C) and mi-
crowave power level (watt) correlation.

and oxidation of the biomass material leading
to the formation of more cross-links polycyclic
aromatic carbon sheets [27]. A study from
Umar et al. reported a reduction in C and H
content after the sulfonation process of palm
kernel shell (PC400S). The catalyst showed an
increment of O and S contents as well [28].
This is in line with this study. The sulphur
content generally increased after sulfonation
indicating that the sulfonic acid group was suc-
cessfully incorporated onto the carbon material
[29].

3.2 Characterization of Selected Sulfonated
Glucose Catalyst

Figure 2 represents the effect of catalyst
synthesis heating time on FAME yield. The
percentage of FAME yield increased when
D(+)-glucose was carbonized from 15 minutes
to 20 minutes but dropped slightly when it was
set to 25 minutes. ICG was not completely pro-
duced at 5 and 10 minutes since the color and
structure of the glucose remained the same.
Thus, esterification using incompletely formed
ICG will generate lowest yield of methyl ester.
Figure 3 on the other hand indicates the effect
of D(+)-glucose’s weight on FAME yield per-
centage. The trend shows an increment to-
wards FAME yield as the weight of D(+)-
glucose increases from 10 g to 20 g but reduces
slightly as the weight escalates gradually to 30
g. 20 g of D(+)-glucose was found to be the opti-
mum weight for carbonization. As catalyst bulk
mass increases in size, its total power absorp-
tion is known to asymptotically approach the
power level of the microwave [30]. Thus, for
large catalysts, the total power absorption
shows strong oscillations with size.

Figure 4 however shows the effect of the
MW power level towards the FAME yield. The
microwave was provided with certain ranges of
power level (watt). The trend is quite similar to
Figure 3 since further increment of power level
resulted in a rise of the FAME yield from
59.22% to 91.41% at medium power level. How-
ever, after a continuous increment of power
level, a decrease of FAME yield occurred.
Based on the screening result, it can be
summed up that optimal carbonization was
achieved at 20 minutes, 20 g of D(+)-glucose
and medium power level.

Figure 5 displays the distribution of high
and center temperature of the catalysts provid-
ed in different power levels of microwave. The
temperatures were determined by using a ther-
mal imager (Fluke VT04A). The high tempera-
ture provided by the thermal imager is the
highest spot inside the microwave that can be
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reached for specific power level. In this case,
the highest temperature that can be achieved
was 185 °C for the highest power level used
(720 W), while the highest temperature for the
lowest power level (80 W) was only 89 °C.
Meanwhile the center temperature is given
based on the temperature of the center spot in-
side the microwave. From the distribution of
the temperature, it is clearly indicated that the
sulfonated glucose heating could occur and take
place even at lower temperature in a micro-
wave instead of using higher temperature by
conventional heating method. Based on Figure
5, as the power level increased throughout this
study, the further the penetration that is able
to go through the surface thus increasing the
temperature as well as the amplitude of trans-
mitted wave within the glucose layer [31]. Fig-
ure 6 shows the temperature contour or map
scale at high microwave power level (720 W). It
is obvious that the distribution of the tempera-
ture was focused at the center where the cata-
lyst was being heated. The microwave field of
the multimode instruments was generally dis-
tributed in a chaotic manner. This is mostly
due to the heating effect of penetration depth
which raises the volume of incident wave cov-
ered deep into the catalyst layer [31]. Table 2
tabulates the catalysts randomly selected to be
characterized. A, B, C, D and E were selected
based on the highest and lowest yield percent-
age as well as the different microwave power
levels during the carbonization of the glucose.
The crystallinity of the sulfonated glucose
acid catalyst shown in Figure 7 was based on

Figure 6. Temperature map scale at 720 W
for the prepared catalyst.

XRD analysis. The pattern provides 2 peaks, a
broad and a weak diffraction existing at 20 of
2°-10° and 25°-35°. At 2°-10°, the graphitic
C(002) plane is attributed for the amorphous
carbon and shows both of the catalysts and pre-
cursor comprising considerably random fashion
of aromatic carbon sheets [32]. C(101) plane on
the other hand is basically attributed to the
carbon’s graphitic structure [33]. Both struc-
tures are crystalline, which indicates the
glassy structure of the catalyst. The XRD pat-
tern of catalyst A, B and D show the increment
of intensity substantially between 2° to 10°
compared to catalyst C. These changes explain
that the growing crystallinity of the catalyst is
attributed to the carbonization factor using dif-
ferent power levels of the microwave. Catalyst
C was carbonized by using low power level
which is about 80 W. 80 W is basically used for
gentle defrosting, because the irradiation pro-
duced through low power level is relatively
small and previous study showed that low pow-
er level only indicates low temperature which
basically does not exceed the melting point of
the D(+)-glucose [34]. Klinbun et al. [31] proves
that high power level is capable to penetrate
deep inside the surface compared to low power
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Figure 7. XRD Diffractogram of sulfonated
glucose; A (20 g D(+)-glucose; 15 minutes;
Medium), B (30 g D(+)-glucose; 20 minutes;
Medium), C (20 g D(+)-glucose; 20 minutes;
Low), D (20 g D(+)-glucose; 20 minutes; Medi-
um) and E (20 g D(+)-glucose; 20 minutes;
Medium Low).

Table 2. Selected catalyst for characterization analysis.

ICG Preparation/Catalyst A B C D E

Weight D(+)-glucose (g) 20 30 20 20 20

Heating time (min) 15 20 20 20 20
Medium Medium Low Medium Medium low

Power level microwave

(400 W) (400 W) (80 W) (400 W) (240 W)
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level which points to greater amplitude of wave
transmittance within water layer.

The FTIR spectra demonstrate the function-
al group of sulfonated glucose at various condi-
tions. Figure 8 shows the plotted IR spectra of
sulfonated ICG catalyst prepared via micro-
wave for catalyst A, B, C, D, and E. In this
study, the FTIR spectra of the catalysts pre-
pared were observed and analyzed to confirm
the presence of sulfonic, carboxylic and poly ar-
omatic carbon characteristic bands. The capa-
bility of the amorphous carbon attached to the
—COOH and -OH hydrophilic molecules is
quite unique [33]. These kinds of molecules are
basically provided with extra sites for —SOsH to
be bonded with the catalyst. Peaks present at
wave number around 1036.10 cm™! for catalyst
C and up to 1082.31 cm™! for catalyst A were
attributed to the O—S—0O symmetric stretching
modes. Another proof of sulfonic groups was
confirmed by the presence of clear bands at
1166.82 cm™! for O—S—0 asymmetric stretching
that indicates —SOsH group is covalently bond-
ed to the poly aromatic carbon structure. The
sharp peak at bands around 1500 cm™! for all
five catalysts was assigned to the aromatic ring
C-C stretching. Meanwhile, the peak at
1624.95 cm™! was attributed to the C-O
stretching mode from —COOH group. Nakajima
and Hara [35] found similar trends from the IR
absorption of the sulfonated glucose acid cata-
lyst. Lokman et al. [33] also reported the raw
glucose before sulfonation process exhibited the
same peak around 1000-1200 cm™!, however
the intensity of the peak was weak mostly due
to the effective adsorption of the IR towards the
rearranged carbon frameworks from the ther-
mal treatment. During the carbonization pro-

1624.95 1509.55 1082.31
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Figure 8. IR Spectrum for sulfonated glucose
of catalyst A (20 g D(+)-glucose; 15 minutes;
Medium), B (30 g D(+)-glucose; 20 minutes;
Medium), C (20 g D(+)-glucose; 20 minutes;
Low), D (20 g D(+)-glucose; 20 minutes; Me-
dium) and E (20 g D(+)-glucose; 20 minutes;
Medium Low).

cess, introduction of the C—O—C cleavage and
dehydration of water molecules occurred and
formed polycyclic aromatic carbon structure.
The structure of the amorphous carbon materi-
al was also reported by Okamura and col-
leagues [36].

The morphology and microstructure of the
catalyst prepared at different times of acid
treatment were examined by FESEM. Figure 9
presents the FESEM micrographs of the sul-
fonated glucose prepared with different param-
eters. A, B, C, D and E are catalyst from differ-
ent range of parameters including the weight
of D(+)-Glucose used (g), the heating time
(min) and power level of microwave. The image
denotes the diameter particles of the sulfonat-
ed glucose ranging from 10 to 200 um in sizes.
The images of A, B and D were homogenously
decorated with well dispersed particles. Lok-
man and colleagues proved that raw glucose
exhibits a microstructure of mesoporous fea-
ture, an irregular as well as aggregate struc-
ture of the sulfonated glucose in micrometer di-
mension [20], which is quite similar to catalyst
A, B and D. Catalyst C and E on the other
hand exhibited quite bulky, mossy type of sur-
face. This is due to the different power level
used during the carbonization process. Lower
power level indicates lower intensity of the ra-
diation towards the surface of the catalyst.
Thus, bulky and mossy surface was established
for lower power level. Dehydration condensa-
tion causes formation of polycyclic carbon
sheets at low carbonization power level. At this
stage, a huge number of oxygenated functional
groups will be cut off to provide advantage for
sulfonic acid group attachment. However, high
power level of the microwave damages pile of
the polycyclic aromatic carbon frames and cre-
ates a firm structure which is basically not pre-
ferred for active sites introduction. During the
catalytic reactions of the sulfonated glucose at
high power level, side reactions apparently
take place on the surface of the catalyst. This
reaction yields some carbonaceous residues
that cover the active surfaces and block the
pores thus deactivating the catalyst [37].

Through carbonization process, surface area
of the catalyst will decompose thus reducing
the particles size. Pores formation on the sul-
fonated glucose defines a high surface area val-
ues. Using low power level of microwave exhib-
ited insignificant surface area (2.03 m2/g) be-
cause of reasonably low heating provided to the
incomplete carbonized glucose. Optimum pow-
er level and temperature of the microwave are
necessary to provide decomposition of the
structure and shrink the carbon bonding be-
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Figure 9. FESEM image of catalyst A (20 g D(+)-glucose; 15 minutes; Medium), B (30 g D(+)-glucose;
20 minutes; Medium), C (20 g D(+)-glucose; 20 minutes; Low), D (20 g D(+)-glucose; 20 minutes; Me-
dium) and E (20 g D(+)-glucose; 20 minutes; Medium Low).
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tween the particle thus expanding the pores
formation [38].

For C and E catalysts, difference in the sur-
face area was slightly observed basically due to
the low rate of decomposition of the glucose and
slow pores formation growth. To enhance the
catalytic activity of the catalyst, a large surface
area is essential. Increment of microwave pow-
er level reduces the acidity of the sulfonated
glucose. Medium power level (400 W) of micro-
wave was selected as an optimum carboniza-
tion of the glucose since it provided large sur-
face area (16.94 m2/g) and high acidity (25.65
mmol/g). The effect of heating time during the
carbonization process is tabulated in Table 3.
Surface area of the sulfonated glucose in-
creased with the increment of the carbonization
time from 9.32 m2?/g to 16.94 m2/g for 15 min
and 20 min, respectively. 20 min of carboniza-
tion time validate with highest surface area
and acidity of 16.94 m?2/g and 25.65 mmol/g,
respectively.

Lou’s group reported the catalytic activity of
four different carbohydrate solid acid catalyst
from cellulose, sucrose, D(+)-glucose and starch
for esterification process [39]. All preparation
of catalyst was prepared conventionally and
carbonisation was carried out at 400 °C. The
study reported that starch provided with high-
est catalytic activity with 95% of conversion fol-
lowed by cellulose (88%), sucrose (80%) and
D(+)-Glucose (76%). To achieve almost 95% of
yield cellulose, sucrose and D(+)-Glucose re-
quired 4 to 5 hr compared with starch which re-
quired only 3 hr. XRD analysis for all catalysts
showed amorphous carbon however the starch
catalyst possesses the most favorable proper-
ties with largest surface area and average pore
volume and pore sizes as well. With large num-
ber of the surface area (7.2 m2/g), average pore
volume (0.81 c¢cm3/g) and pore size (8.2 nm) al-
lowed reactants to access to the SOsH sites
leading to the higher efficiency of the starch

catalyst. Thus the starch possessed highest
sulphur content and acid site density (1.83
mmol/g). The starch is the complex version of
glucose, since the glucose was used as a cata-
lyst in this current study, it still provide with
highest value of surface area and acid site den-
sity compared with the D(+)-Glucose catalyst
produced conventionally.

Heating time plays an important role for
carbonization due to the formation of polycyclic
aromatic carbon sheets which basically occurs
for certain duration [18]. Further increment of
the heating time is insignificant once the poly-
cyclic aromatic carbon sheets are formed. As
proven from this study, the optimum carboni-
zation duration reached was 20 minutes with
91.41% of FAME yield produced. After a pro-
longed duration, the FAME yield seems to be
reduced to 82.41% at 25 minutes based on Fig-
ure 2. Hence, the most optimal heating time for
carbonization process should be 20 minutes.
The FAME yield of esterification of PFAD with
methanol using the prepared catalyst was a
slightly lower than the conventional FAME
yield which was 92.3% [20], however the heat-
ing time and energy are more economically via-
ble for the catalyst prepared in this study. To
date, various acid catalysts from numerous car-
bon based materials have been used. Corn
straw was used by Liu and colleagues and they
obtained the optimal carbonization duration of
1 hour via conventional method [40]. Touhami
et al. [41], however, used rice husk as a hetero-
geneous acid catalyst and established 30
minutes for the optimal carbonization duration
using MW heating method. This study is com-
parable to previous research done by Touhami
et al. and provides better alternative for car-
bonization process in shorter time yet capable
to produce high yield of FAME.

Distribution of the acid sites density of the
sulfonated glucose by using TPD-NH3 is depict-
ed in Figure 10. The A, B, C, D and E indicate

Table 3. BET surface area and acid site density for selected parameter for sulfonated glucose.

. Sulfonation Surface area Acid s:ites .
Catalyst ICG Preparations . . density®  Yield (%)
time (min) (m?2/g)
(mmol/g)
A 15 minutes; 20 g D(+)-glucose; Medium 7 9.32+0.30 25.31 86.72
B 20 minutes; 30 g D(+)-glucose; Medium 7 4.78 £ 0.40 23.85 79.27
C 20 minutes; 20 g D(+)-glucose; Low 7 2.03+0.30 12.93 59.22
D 20 minutes; 20 g D(+)-glucose; Medium 7 16.94 + 0.30 25.65 91.41
E 20 minutes; 20 g D(+)-glucose; Medium Low 7 2.39+0.20 17.52 69.68

a BET analysis;» TPD-NHj; analysis
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the ammonia desorption curves for various
ranges of mass of D(+)-glucose used, heating
time for carbonization as well as power level
used. Catalyst D prepared using 20 g of D(+)-
glucose and heated for 20 minutes using medi-
um power level shows a sharp peak at 330 °C
within 250 °C to 400 °C which is basically ap-
pointed as the strong acid sites with 25.65
mmol/g density as presented in Table 3. A weak
desorption peak can be observed at 250 °C
within 230-270 °C. This is due to the contact of
—NH3 with incomplete carbon sheets as well as
the interaction with the —SOsH [42]. Catalyst C
however displays a broad peak at 350 °C and

TCD Signal (a.u)

100 200 300 400

Temperature (°C)

Figure 10. TPD-NHs for sulfonated glucose A
(20 g D(+)-glucose; 15 minutes; Medium), B
(80 g D(+)-glucose; 20 minutes; Medium), C
(20 g D(+)-glucose; 20 minutes; Low), D (20 g
D(+)-glucose; 20 minutes; Medium) and E (20
g D(+)-glucose; 20 minutes; Medium Low).

Table 4. Test report for fatty acid methyl ester.

500 °C with lowest desorption of ammonia of
12.93 mmol/g acid site density. Peaks at high
and low temperatures are referred to strong
and weak acid sites, respectively. The catalysts
were prepared at different power levels indicat-
ing different temperatures. The development of
the carbon sheet will basically increase with
the rise of the temperature or power level dur-
ing carbonization [43]. However the microwave
power level should not be too high since high
radiation of the microwave exhibits accumulat-
ed discontinuities thus shortening the molecu-
lar orientation and vibration [44].

The FAME obtained was then confirmed by
went through several test from Laboratory Ser-
vices Unit (UNIPEM) and the test reported
was tabulated in Table 4. The test report of
FAME shows satisfactory result of the FAME’s
properties including the kinematic viscosity,
density, specific gravity, API, pour point, water
content as well as flash point.

3.3 Turnover Frequency (TOF)

Turnover Frequency (TOF) can be defined
as the catalyst activity corresponding to the
amount of product obtained per unit time [45].
Figure 11 illustrates the TOF for respective
components of FAME consisting of methyl pal-
mitate (Ci7H3402), methyl oleate (Ci9Hz602),
methyl myristate (C1sH3002), methyl linoleate
(C19H3402) and methyl stearate (Ci9H3sO2).
This TOF was taken between 5 to 15 minutes.
TOF of methyl palmitate for catalyst D and A
were significantly greater than the TOF of oth-
er components of FAME. This strongly points
out that high FAME yield produced using cata-
lyst D and A were mostly contributed by me-
thyl palmitate formation with TOF of
25.214x1073 s71 and 18.499x10-3 s1, respective-
ly. As observed, the TOF for methyl linoleate
and methyl myristate were almost negligible
since their TOF were below 1 s-1. Catalyst D
produced more methyl ester compared to other
catalysts. From BET results, it is confirmed

No Parameters, units Results Test Method

1 Kinematic Viscosity @ 40°C, ¢St 5.36 ASTM D445-94

2 Density @ 15°C, kg/L6 878.9 ASTM D1298-85(90)
3 Specific Gravity @ 60/60°F 0.87933 ASTM D1298-85(90)
4 °API 29.35 ASTM D1298-85(90)
5 Pour Point 12 ASTM D97-93

6 Water Content (by distillation), % wt 0.15 ASTM D95-83

7 Flash Point (COC), °C 188 ASTM D92-90
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that catalyst D produced higher surface area
compared to the rest of the catalysts. Lower
TOF can be influenced by too low or too high
carbonization or sulfonation temperature used
during preparation of the catalyst in micro-
wave. Low or high temperature or power level
of the microwave disfavors the functionaliza-
tion of the sulfonic groups [36]. The result
shows that the content of the sulfonic group is
the most important component in esterification
reaction due to its high acid strength [46].

3.4 Regeneration of Sulfonated Glucose Cata-
lyst on Esterification Process

Regeneration test was conducted to investi-
gate the stability of the catalyst since it is an
important element especially in industrial pro-
cesses. The test was carried out using 10:1 mo-
lar ratio of methanol to PFAD, 75 °C of temper-
ature, 2.5 wt% of catalyst loading for 2 hours of
reaction time. The catalyst was separated from
the mixture, washed using hot distilled water
and dried before it went through the next cata-
lytic reaction under the same operating condi-
tion. Figure 12 represents the regeneration of
the sulfonated glucose catalyst prepared at 20
minutes heating time, 20 g D(+)-glucose using
medium power level of microwave. 6 cycles un-
der the same operating condition was reached
with 70.37% yield. The prepared catalyst was
able to convert 90.61% of the PFAD to FAME
and reduced to 80.04%, 75.92%, 70.41% for the

second, third and fourth run, respectively.
Slight reduction of conversion percentage and
stable activity were resulted in for the fifth and
sixth consecutive run. This is due to the deacti-
vation or leaching of the active sites of the sul-
fonated glucose [47]. Leaching defines that the
supporting material is partially detached from
the usual coordinative and not covalently bond-
ed catalyst when specific solvent is employed
[48]. The noticeable reduction of yield and con-
version percentage demonstrates lower regen-
eration of the prepared catalyst, which highly
is attributed to the hydrophilicity of the
SOsH/ICG. Lokman et al. [20] used sulfonated
glucose via conventional method and managed
to convert 81.5% of FFA and 73.4% of yield up
until 6 cycles. Chin and colleagues reported on
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.
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Figure 12. Regeneration of sulfonated glucose
prepared under microwave-assisted method.
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Figure 11. Turnover frequency of sulfonated glucose acid catalysts A, B, C, D and E.
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the regeneration of sulfonated sugar cane ba-
gasse as acid catalyst prepared via convention-
al heating method to produce methyl ester.
Their catalyst activity was reduced to 15% even
after 5 cycle of reaction and produced 65% of
methyl ester content at 20:1 molar ratio of
methanol to PFAD, 170 °C, 30 minutes of reac-
tion time with 11.5 wt% of the prepared cata-
lyst [49].

3.5 Reaction Mechanism

PFAD consists of fatty acids which can be
esterified efficiently with the existence of the
alcohol and acid catalyst. This system is under
two-phase system consisting of two immiscible
liquid phases (PFAD and methanol) as well as
a solid (heterogeneous acid catalyst). In order
to determine the rate-limiting step, a compari-
son between rates of the different elementary
steps should be performed. Most researchers

used either the Eley-Rideal (ER) or Langmuir-
Hinshelwood-Hougen-Watson (LHHW) meth-
ods. Jamal and colleagues used both method of
ER and LHHW for transesterification of soy-
bean oil on Amberlyst A26-OH basic ion-
exchange resin with and without free fatty ac-
ids [50]. Four steps of mechanism is proposed
including methanol adsorption by ion exchange
on basic resin surface, fatty acid adsorption by
ion exchange on basic resin surface, hydrolysis
of tri-, di- and monoglycerides from soybean oil
and last one the transesterification of tri-, di-
and monoglycerides with basic resin surface-
bound methoxide. ER model provide a better
description for the interactions of the surface
on the resin occur [50].

Many researchers developed its kinetic
models based on the first order rate law. Tasié
using calcium-based catalyst, CaO, Ca(OH):
and Ca0-ZnO for methanolysis of sunflower oil
[61]. The chemical kinetics of the reaction was

R

+ g

Sulfonated glucose

HO-CH; |
— I\

. - R/ \‘\OH Methanol HO 9"\1{
Protonation
A
(0] O—H (OH
[ -« o [ <
C CH, /C\ /CH /C\ /CH3
%4 o R ()/ o

Methyl ester

ZEN

Figure 13. Proposed mechanism of esterification of PFAD with methanol using sulfonated glucose

catalyst.
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adapted from Miladinovié¢ which is few assump-
tion made including the methoxide ions are ad-
sorbed on the active centres and react with the
liquid phase of triglycerides located closed to
the active centres [52]. First order reaction rate
with respect to triglycerides and s is used by
Miladinovié. Methanolysis of sunflower seed oil
has also been studied by Stamenkovié¢ at tem-
perature of 60 °C with molar ratio of methanol
to oil 6:1 with different amount of Ca(OH):
loading [53]. Pseudo first-order reaction kinetic
model was proposed by Stamenkovi¢ related
with the triglycerides mass transfer limita-
tions. The mass transfer was associated with
the drop size of the dispersed (methanol) phase,
which reduced rapidly with the progress of the
methanolysis reaction. These three examples
show the kinetics of methanolysis of sunflower
oil is modelled using two stages including ini-
tial triglycerides mass transfer limitations and
chemically control region.

Figure 13 shows the reaction mechanism of
the esterification of PFAD and methanol with
the existence of an acid catalyst. Protonation is
the first step of the reaction occurred through
an esterification process. Mechanistically, OH
1s tempted to be protonated however; carbonyl
oxygen will be protonated first due to the most
nucleophilic site tendency. After the protona-
tion of the carbonyl, some of the electron densi-
ty will be absorbed by the O—H bond formed
mainly to donate to the carbonyl carbon group.
The protonation thus weaken the carbon-
oxygen 1 bond which creates the carbonyl car-
bon as a stronger electrophile. At this stage,
any presence of nucleophiles such as the alco-
hol will develop a quick reaction of the solution.

Methanol in the other hand is a pretty weak
nucleophile. A nucleophile which creates a re-
versible protonation under the reaction condi-
tion is preferred for a reaction involving an acid
catalyst. For instance, if an amine is used in-
stead of methanol in this esterification process,

HOOC

Microwave

Figure 14. Oscillating electric field, E
(uniform heating) in a microwave.

there will be no reaction at the carbonyl since
the acid reversibly hits the nucleophiles' lone
pairs instead of the carbonyl oxygen. 3 carbon-
oxygen bonds are left after the alcohol attacks.
The hydroxyl ion, OH-, will leave under most
circumstances because it is easier for OH to be
protonated by OH: thus leaving as a water
group and methyl ester as the end product.

Mechanism of heat generation during mi-
crowave—material interaction is complex. The
electric and magnetic field components of mi-
crowave agitate the orientation, position and
movement of dipoles, free electrons, domain
wall and electron spin during material pro-
cessing. One or a combination of these phenom-
ena does occur during the interaction. A brief
discussion of these heating mechanisms, con-
sidering a small volume of materials, is pre-
sented in this section. Mechanism of carbon
catalyst in microwave heating involves the di-
polar loss. The dipolar loss is more effective in
dielectric insulator materials in which dipoles
are generated when exposed to external elec-
tric field. The oscillation electric field creates
agitation of the molecular dipoles during sul-
fonation of SOsH/ICG catalyst is shown in Fig-
ure 14. The figures illustrates how the molecu-
lar dipoles of SOsH/ICG inside the microwave
with positive and negative polarity reorient
themselves in order to be in phase with the os-
cillating electric field, E. Inertial, elastic fric-
tional and molecular interaction forces resist
these frequent changes in orientations of mole-
cules which increase molecular kinetic energy
and result in volumetric heating [54]. The ki-
netic energy increase of all dipoles in the mate-
rial increases the temperature of the material
within a short time [55].

3.6 Pseudo Second Order of Esterification of
PFAD

The difference of reaction temperature (°C),
molar ratio of methanol to PFAD and weight
catalyst (wt%) in PFAD esterification using
SOsH/ICG were used to clarify the kinetic
study. The experimental work was designed as
in sub section 2.6. The important element
while calculating the reaction rate constants
with different temperatures, molar ratio of
PFAD to methanol, as well as the catalyst load-
ing 1s the conversion percentage of PFAD in
equilibrium state (x.). In this study, the equi-
librium conversion can be determined through
a 24 hour continuous PFAD esterification at 65
°C, 75 °C and 85 °C. Based on the batch esteri-
fication, a maximum 0.95 of conversion can be
reached even though the reaction time is fur-
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ther increase to a certain value. Thus, the x. of
PFAD is 0.95 at 65, 75, and 85 °C.

Equation (25) can be compared with y=mx+c
and k; value can be determined by the slope of
the graph In[x+(1+b+0)/2a]/[x-(b-1-0)/2a]
against time (f) as plotted in Figure 15, Figure
16 and Figure 17. Each figures representing
the different temperatures (65, 75, and 85 °C)
molar ratios (5:1, 10:1 and 15:1) and catalyst
loading (1 wt%, 2.5 wt% and 4 wt%) in esterifi-
cation of PFAD using SOsH/ICG. Based on
these graph, it can be observed that the experi-
mental data points narrowly scattered with the
linear fit data. This is a proof that the experi-
mental and calculated values particularly have
a good agreement between each other.

=045 1
g & y= -0.0015x +0.3799
G040y R pom7 75°C

®65°C

£035 + 85°C
=030 + [
a PR
2025 + [
:

T 0.20 -
30.15

<0.10 : : :
0 20 40 60 80 100 120
Time (min)

y=-0.0019x +0.3602
R?= 08541
T

Figure 15. Graph of In((x+(b+11)/2a)/(x-(b-
11)/2a)) against time (min) at different tem-
peratures.

y =-0.0008x +0.3013 LRH
035 + R2=0971 10:1
15:1

In ((Hb+H11)/22)/(x-(b-11)/2a))

\
R>=0.9654 +
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Figure 16. Graph of In((x+(b+11)/2a)/(x-(b-
11)/2a)) against time (min) at different molar
ratios.

Value of a, b, rate constants of forward (ki)
and reverse (kz) as well as the linearity de-
pendent coefficients (R2?) under different reac-
tion temperature (°C), molar ratio of methanol
to PFAD and catalyst loading (wt%) are tabu-
lated in Tables 5, 6, and 7, respectively. The R2
value measures the percentage of variation of
the y-axis which can be attributed to the varia-
tion of x-axis. Most of the R2 from the tables
show above 0.90 which indicates above 90% of
the variation of the In[x+(1+b+6)/2a]/[x-(b-1-
0)/2a] is due to the variation of the time (min).

The kinetic model proposed in this study de-
fines the experimental results well. Table 5
shows that the rate constants increased with
the increment of the temperature (65 to 85 °C).
Reaction temperature is one of the factors
which contribute in the collision frequency. An
increment of the temperature will lead to the
increment of average velocity of the particles.
The average kinetic energy of these particles
will as well increase. Subsequently the parti-
cles of the reactants will encounter each other
frequently. The more particles collide with
each other, the more effective collision can oc-
cur when the right amount of energy required
is consumed. Reaction rate constant tabulated
in Table 6 declines with the increment of the
molar ratio of methanol to PFAD. The high
amount of methanol causing the active sites to
be filled by methanol molecule compared to
PFAD, thus avoiding the PFAD molecule to be

1 wt%
25 wt%
4 wt%

ot

g y=0001E + 03126
y=-00014x +03192° ¥ g R2= 09267
R2=(0.9228

50 100 150
Time (min)

—_ R M W W s e h e O

A st e e s =g

In ((ct(b+11)/2a)/(x-(b-11)/2a))

[

Figure 17. Graph of In((x+(b+11)/2a)/(x-(b-
11)/2a)) against time (min) at different cata-
lyst loading (wt%).

Table 5. Value of a, b, the rate constant of forward (k;) and reverse (ks) reactions as well as the R2

under different temperatures.

Temperature (°C) a k1 ka Rz
65 0.49861 9.00309 0.2533073 1.84296 0.9447
75 0.49861 9.00309 0.0303969 1.75155 0.9136
85 0.49861 9.00309 0.0320856 1.72444 0.8541
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protonated at the active sites.

The rate constant of different weight of cata-
lyst loading in the other hand shows an incre-
ment from 1 wt% to 2.5 wt%. However, a con-
stant ki and ks are observed when the catalyst
loading 1s further increased to 4 wt%. Similar
result was obtained by Pisarello, where the in-
crement of k value was observed when the ho-
mogeneous acid catalyst concentration was in-
creased and fitted in second order reverse reac-
tion for esterification of sunflower oil into
FAME [56]. High catalyst loading is basically
hindering the progress of the reaction due to
the increment of the mass transfer resistance.
Catalyst in heterogeneous system is basically
in solid phase, different phase from the reac-
tants. The catalyst plays a role where they will
be embedded into the reacting species which is
in liquid phase. Thus, the reaction rate is prin-
cipally relied on the mass transfer or diffusion
between these phases [57]. The reaction rate in
heterogeneous system usually decreases due to

4

the catalyst deactivation. Catalyst can be deac-
tivated by several factors including aging, cok-
ing or poisoning. Sometimes the products or
by-products can plugged into the catalyst pores
thus, limiting the mass transfer process from
external pore mouth to the internal catalyst
surface [57]. Mass transfer limitations were
important when small amounts of catalyst
were used. However, significant agglomeration
of catalyst particles occasioned the limitation of
TG mass transfer when the catalyst was used
in a greater amounts [53].

Arrhenius equation is used to determine the
activation energy (E,) and pre-exponential fac-
tor (A) after the rate constant at different tem-
peratures is calculated. Figure 18 represented
the graph of In %k; & In k2 versus 1/T which
providing the value of slope and intercept. E,
and A value can be compared with the slope
and in the intercept respectively. In k; and k-
were linear with the contrary of temperatures
describing that the esterification of PFAD us-
ing SOsH/ICG follows the Arrhenius equation.
E, and A of both forward and reverse reaction

were determined as tabulated in the Table 8.

P 1438.5% - 0.5970 Based on Table 8, the E. value associated with
= 2; : 4 R2= 009199 Forward reaction SOsH/ICG catalys?: is among the lowest when it
= was compared with the results of other re-
i | 2 T Reverse reaction searchers. This is also a proof that the catalyst
= 7 | y=404.45x - 05901 provides high catalytic activity towards the es-
LT R*=09232 terification reaction. Hence, the SOsH/ICG cat-

O'Z T alyst can be predicted to have high catalytic

0.00275 0.0028 0.00285 0.0029 0.00295 0.003
UT (K1)

Figure 18. Graph of In k; and In k: against
/T (K1) of esterification of PFAD using
SOsH/ICG.

performance for esterification reaction due to
its relatively low E..

Even though the experimental and calculat-
ed values show a good correlation, however the
graph of In k; and In k2 against 1/T (K1) shows

Table 6. Value of a, b, the rate constant of forward (k;) and reverse (ks) reactions as well as the R2

under different molar ratios.

Molar Ratios MeOH:PFAD a b k1 ke R2
5:1 0.60942 6.74526 0.03857 0.00865 0.9654
10:1 0.49861 9.00309 0.02533 0.01270 0.9272
15:1 0.38781 9.07662 0.01042 0.00811 0.9710

Table 7. Value of a, b, the rate constant of forward (k:;) and reverse (k2 reactions as well as the R2
under different catalyst loading (wt%).

Cat Loading (wt%) a b k1 k2 R2
1.0 0.49861 9.00309 0.03209 0.016087 0.9067
2.5 0.49861 9.00309 0.02364 0.011854 0.9228
4.0 0.49861 9.00309 0.02364 0.011854 0.9267
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almost a flat line. Considering the smaller val-
ue of R2? produced, pseudo first order reaction is
the better model for the esterification of PFAD
using SOsH/ICG catalyst. Jacob in his thesis as
well compared between two reaction kinetics in
the transesterification of soybean oil and meth-
anol using the highest R2? provided [58].

Table 8 shows the comparison of the kinetic
study of esterification from various feedstocks
using acid heterogeneous catalyst. From the ta-
ble, it can be seen that activation energy of this
study is comparable and the lowest among the
activation energy from other study. Wang and
colleagues obtained the lowest activation ener-
gy which is 24.7 kd/mol, however, the catalyst
prepared took quite a long time since the cata-
lyst is conventionally prepared by sulfonation
for 16 h [59]. Shu and colleagues, however,
manages to obtain E. value of 32.7 kd/mol from
esterification of oleic acid and
F--SO24/MWCNTSs catalyst. The catalyst was
also prepared in 30 to 60 min at higher temper-
ature which was between 500 to 700 °C [22]. Li
and colleagues managed to obtain 47.9 kd/mol
of the activation energy, a little bit higher than
the rest by using rubber seed oil as the feed-
stock and SO42-/ZrO:z as the catalyst which was
prepared at 550 °C for 4 h [60]. Lieu and col-
leagues however obtained the highest activa-
tion energy of 53.7 kd/mol using Ceiba pentan-
dra seed oil and H2SOsas a catalyst [61]. The
esterification of the seed oil was done in a mi-
crowave and obtained 94.43% of FFA conver-
sion. Mazubert and colleagues also study the
esterification of waste cooking oil in a micro-
wave using H2SO4 as a catalyst and obtained
37.1 kd/mol of activation energy [62]. These two
studies were proofs that the microwave irradia-
tion is an effective tool for FAME production.
Most of the activation energy values in Table 8
are almost analogous with this study, however,
the preparation of the catalyst offer significant
differences in term of the energy utilization
and time consumption. Xu and colleagues re-
ported that microwaves have an intrinsic cata-
Iytic effect, since they allow for the lowering of
the apparent activation energy [63]. The au-
thors gave a new interpretation, based on ex-
perimental evidence, of the microwave-
acceleration of heterogeneous gas-phase cata-
Iytic reactions, not only due the presence of
“hot-spots”. In the field of the organic synthe-
sis, the studies performed allowed concluding
that in the reactions characterized by the elec-
tron transfer as the main factor, such as the
photochemically assisted reactions, the electro-
magnetic field may have a positive influence
(non-thermal effects) since a higher conversion

can be obtained using higher microwave power.
The case of the reactions where the main factor
is the thermal energy is different: in this case,
the increase of the microwave power does not
result in reaction enhancement since the mi-
crowave power delivers an amount of energy
smaller than the thermal energy [64].

4. Conclusions

Microwave-assisted sulfonated glucose pre-
pared has successfully esterified the PFAD.
The best catalyst was prepared using 20 g
D(+)-glucose, heated for 20 minutes by using
medium microwave power level, sulfonated us-
ing 100 ml H2SO4 and heated for 7 minutes at
medium high power level. The results show re-
markable yield of methyl ester produced which
was up to 91.41% at 2 hour reaction time, 2.5
wt% catalyst loading, 75 °C reaction tempera-
ture and 10:1 molar ratio of methanol to PFAD.
Total surface area and acid site density of the
catalyst were 16.94 m2/g and 25.65 mmol/g, re-
spectively. The regeneration test indicated 6
cycles of maximum stability. Kinetic study was
developed throughout the esterification process
and activation energy for forward and reverse
reaction were 3.36 kd/mol and 11.96 kd/mol re-
spectively. The value is acceptably low com-
pared to other study. In a nut shell, sulfonated
glucose acid catalyst prepared via microwave
technique showed tremendous potential to es-
terify feedstock with high FFA at a significant-
ly shorter duration, thus reducing the produc-
tion cost of FAME.
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