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Abstract

A novel approach, namely photocatalytic esterification and addition reaction of unsaturated fatty acids using
CuO/TiOz catalyst has been investigated in kemiri sunan oil. The objectives of this study are to reduce the free fat-
ty acid (FFA) content by using catalyst CuO/TiOz, characterization of the catalyst and the operation condition of
reaction. The CuO/TiO:z catalyst was synthesized by the impregnation of TiOs P25 powder with copper nitrate
solution as a precursor and followed by calcination. The field emission scanning electron microscopy (FESEM),
Energy Dispersive X-ray (EDX), X-ray Diffraction (XRD), and Transmission electron microscopes (TEM) result
showed that copper oxide was highly dispersed on the TiO2 surface. The X-ray Photoelectron Spectroscopy (XPS)
result showed that Cu is in the state of CuO (Cu2*), while Ti is in Ti4* ( TiOg). The bandgap energy of CuO/TiO2
was smaller than TiOz P25. It was found that the reactions conducted in the presence of CuO/TiOz in a
photoreactor under UV irradiation can perform esterification and addition reaction of the FFA, simultaneously.
The optimum reduction of the FFA was under condition of 4% loading CuO/TiO2, 4 hours reaction time, 30:1
(mole/mole) methanol to oil ratio, 5% (w/w) catalyst amount. The conversion of FFA was at around 59%. The Gas
Chromatography—Mass Spectrometry (GC-MS) results showed that the addition reaction of a-eleostearic acid
simultaneously occured at 100% conversion. Although the photocatalyst selectivity in FFA reduction was
relatively low, but double bond reduction of a-eleostearic acid (C18:3) was very high. The reduction of multiple
double bond is considered as positive poin to improve the oxidative stability of the product. The simultaneous
esterification and addition reactions mechanism has been proposed.
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1. Introduction components of eco-green surfactant (methyl
ester sulfonate-MES) [3] and bio-fuel (fatty acid
methyl esther-FAME) [4]. Fatty acid methyl
ester (RCOOR’) has advantageous
characteristics, such as: non-toxic, sulphur free,
renewable, and biodegradable [5]. It can be syn-

Kemiri Sunan (Reutealis trisperma) oil has a
high potential to be a feedstock in producing
methyl esters [1,2], which are the main

* Corresponding Author. thesized from vegetable oil including palm, soy-
Email: slamet@che.ui.ac.id (S. Slamet) bean, rapeseed, sunflower, etc. by transesterifi-
cation process using strong base catalysts [6-9].
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As non-edible oil, Kemiri Sunan oil does not
compete with foods and it has more excellence
properties due to about 62% of oil content.
However, it has a high content of free fatty ac-
ids (FFA) and is composed of many poly-
unsaturated compounds such as a-eleostearic
acid (C18:3) which limit its use [10-12]. The
presence of high FFA during transesterification
will cause saponification, which makes it diffi-
cult to separate between methyl esters and
glycerols [13]. Esterification is needed to avoid
the saponification. Conventional esterification
usually applies using acid catalysts [14], a
homogenous process with a strong acid
solution. Acid catalyst has advantages,
including the ease to homogenize and to give
higher conversion. However, its disadvantages
would be the difficulty to separate the product,
the high methanol to oil molar ratio, the need
for equipment with corrosion resistance, and
the need for heating to around the boiling point
of methanol [15]. Hence, the heterogenous cata-
lyst are required to replace the homogenous.
The use of heterogenous catalyst is expected to
overcome this weakness, because it was easily
separated and did not require neutralization
[16]. One of heterogenous catalyst that can
used is a photocatalyst that can provide an ad-
ditional advantage: allowing the esterification
to occur at room temperature.

Photocatalytic esterification has been stud-
ied by Corro et al. [17,18], who used ZnO/Si102
for converting the FFA content of Jatropa cur-
cas and Cr/Si02 for waste frying oil. Manique et
al. [5] studied photocatalytic esterification of
oleic acid using nanotube TiO2 and Verma et al.
[19] studied that of acetic acid using activated
TiO2. The catalysts are highly active for the es-
terification and can be reused ten times. Corro
and Manique [5,17,18] also proposed the photo-
catalytic esterification mechanism. However,
they have not discussed the possibility of photo-
catalytic esterification and addition reaction
simultaneously.

Among the photocatalysts, titanium dioxide
(TiO2) has been widely used as a photocatalyst
due to its chemical and physical characteristics.
[20]. However, the disadvantages are the rapid
recombination between photogenerated conduc-
tion band (CB) electrons and valence band (VB)
holes and high bandgap energy (~3.2 eV) that
make it only can be active under UV light [21].
To avoid it can be modified by TiOzconjunction
with a metal dopant, such as Cu, which act as
an electrons trapper. The conjuction will also
decrease the bandgap energy of TiOz and in-
crease its photo response to visible light [22].
The CuO/Ti0O2 composite has been carried out

in areas, such as: for degradation diclofenac
[23], CO2 [24], and the production of hydrogen
from water [25-27]. Based on the CuO/TiO:
photocatalyst ability that can convert water in-
to hydrogen and oxygen, it is predicted that
other phenomena can occur during esterifica-
tion, such as: the hydrogen addition of unsatu-
rated fatty acids due to the presence of hydro-
gen in the catalyst surface [28]. To the best of
our knowledge, there have never been studies
that dealt with esterification and the addition
reaction of non-edible oil simultaneously using
CuO/TiOz as a catalyst. By using the same cat-
alyst (CuO/TiOg2) for esterification and addition
reaction, it is expected to provide added value
of catalyst and to improved the oxidative
stability of the product

The use of Kemiri Sunan oil for biofuel is
not preferable due to the high number of con-
taining poly-unsaturated methyl ester (C18:3)
that can react with oxygen and form peroxides.
At unsaturated bonds can occur crosslinking
and can be polymerized into plastic-like ob-
jects. At high temperatures, the presence of
that polymerized methyl esters could induce
the internal combustion engine become sticky
[29]. The addition of unsaturated fatty acid will
reduce the unsaturation level and increase the
potential of Kemiri Sunan oil as biofuel feed-
stocks.

In this study, we investigated the CuO/TiOz
ability for photo-esterification and the photo-
addition of unsaturated fatty acid in Kemiri
Sunan oil. The effect of CuO loading in TiO2 to
its morphology, crystallite, light absorption
and the chemical state of Cu are studied. The
effect of several variables, such as: reaction
time, CuO loading, catalyst amount and the
molar ratio of oil:methanol to the conversion of
FFA and a-oleostearic acid, were also studied.
The photocatalytic esterification and addition
reaction mechanism prediction is presented
and discussed.

2. Materials and Methods

Kemiri Sunan oil (containing 13.62%
Palmitic acid; 4.92% of stearic acid; 14.18% of
oleic acid; 16.9% of linoleic acid; and 41.80 of a-
oleostearic acid) was purchased from local
market in Bandung, Indonesia. Methanol
(Merck, PA), TiO2 powder (aeroxide P25,
Evonik), aquadest, copper nitrate
(Cu(NO)3.3H20) were purchased from Merck,
P.A. All chemicals are used under the same
conditions as when they were purchased.
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2.1 Catalyst Preparation

The preparation of 1, 2, 3, 4, 5, and 6%
CuO/TiOz2 photocatalyst was obtained using
copper nitrate as a Cu precursor by wet im-
pregnation, followed by a calcination process. A
total of 5 grams of TiO2 was suspended in 400
mL of aquadest to be mixed in a magnetic stir-
rer for 15 minutes. The suspension then was
sonicated for 30 minutes. Certain amount of
copper nitrate powder (each 0.1519, 0.3038,
0.4457, 0.6075, 0.7594, and 0.9113 g) was dilut-
ed in 50 mL of aquadest. The solution was then
impregnated in the TiO2 suspension and stirred
at room temperature for 2 hours at 500 rpm,
followed by a drying process at 180 °C until
forming dried granules. The CuO/TiOz granules
produced were then calcinated in a furnace at
300 °C for 2 hours.

2.2 Sample Characterization

The morphology of the catalyst was deter-
mined by field emission scanning electron mi-
croscopy (FESEM, JEOL JIB-4610F) and high-
resolution transmission electron microscopy
(HR-TEM TECNAITM G2 Spirit Twin). The
surface chemical composition was determined
by energy-dispersive X-ray photoelectron spec-
troscopy (EDX). The chemical state of the cop-
per, titanium and oxygen were determined us-
ing X-ray photoelectron spectroscopy (XPS
Model ULVAC-PHI QUANTERA 1II). This mod-
el is equipped with Al Ka as the monochromatic
X-ray source (1486.6 e€V) applied at 15 kV and
50 W, charge correction was performed at Cls
by setting binding energies of C—C to 284.8 eV,
with a take-off angle of 45 degrees (the opti-
mum angle for best detection capability of PHI
QUANTERA II model), measurement area of
100pm (X-ray beam size). Wide scan analysis
was performed using pass energy of 280
eV/step for determination of elemental compo-
sition while narrow scan energy analysis was
performed throughout the binding energy
range of interest at pass energy of 112 eV with
0.1 eV/step. Shirley method was used for spec-
trum background, with ratio of Gaussian and
Lorentzian between 70:30 and 80:20. The crys-
tallite form was observed using an X-ray dif-
fractometer (XRD Shimadzu 7000 Maxima-X)
with the scan rate at 2° per minute, diffraction
angle of 10-80°, and operated at 40 kV and 30
mA, Cu-Nia radiation as the X-ray source, and
A = 0.15406 nm. The optical properties of
photocatalyst were measured by UV-vis diffuse
reflectance spectroscopy (UV-DRS by UV-vis
Model Cary 60). The bandgap energy was
calculated using the Kubelka-Munk method.

2.3 Photocatalyst Performance Test

Esterification and addition reaction were
conducted in a laboratory photocatalytic
reactor equipped with a pyrex-jacketed reactor,
250 W mercury lamp as a photon source,
magnetic stirrer for mixing, external cooling
water and an internal fan to keep the reaction
occurred at ambient temperature. Kemiri
sunan oil as much as 30 grams was esterified
with a certain amount of methanol in the
presence of a certain amount of CuO/TiO:
photocatalyst. After the reaction was complete,
the mixture formed two layers. The lower layer
was composed of methyl ester produced from
esterification, unreacted triglyceride, and solid
catalyst, while the upper one was a mixture of
methanol and water produced from the
esterification. After the separation of the solid
elements, the liquid mixture was dried at 120
°C for 3 hours to remove the remaining
methanol and water formed during the
reaction. The process was continued with a
centrifugation process at a speed of 4500 rpm
in an hour to separate the esterified oil and
remaining solid. The esterified oil was then
checked for its FFA content by the titration of
oil with strong alkali mixture 0.1 N NaOH and
its a-eleostearic acid composition by GC-MS
(PerkinElmer Clarus SQ 8T). The
diagrammatic scheme of this catalytic
esterification and addition is described in
Figure 1.

The FFA content was calculated using
Equation (1) (SNI 01-3555-1998), referring to
the IUPAC Standard Method for analysis of
oils, fats, and derivatives.

VxTxM
CFFA = (1)

10xm

where, Crra is FFA content (%), V is the
number of milliliter of standardized natrium
hydroxide solution used, 7T is the normality of
the standardized natrium hydroxide solution
used (0.1 N NaOH), M is the molecular weight
of fatty acid, and m is the mass of oil in gram.

The FFA and a-eleostearic acid conversion
(Equations (2 and 3), respectively) was
calculated by comparing the initial and the
final FFA and a-eleostearic acid contents in
Kemiri Sunan oil.

CFFA

XFFA (%) — initial

FFA4,
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where Xrra is FFA conversion, Crrainitia 1s FFA
content of raw kemiri sunan oil, Crrafina is FFA
content of Kemiri Sunan oil after esterification
process. Whilst Xga is an a-eleostearic acid
conversion with Craimiiar 18 o-eleostearic acid
content in raw of Kemiri Sunan oil and Cazfina
is a-eleostearic acid after addition reaction. In
this study, the initial FFA content of raw
material oil was 29.78% and the initial a-
eleostearic acid content was 40.81%.

3. Results and Discussion

3.1 Physical and Chemical Characterizations of
CuO/TiOz2 Photocatalyst

The surface morphology of CuO/TiO2 ap-
pears through FESEM images, while the chem-
ical composition can be seen through EDX.
Figure 2 shows the surface morphology of TiO2
P25 and CuO/TiOsz. The surface morphology of
TiOz2 P25 (Figure 2a) seem different with the

Kemiri sunan
oil 30g

Free fatty acid (FFA)
and GCMS analysis

CuO/TiO,
Photocatalyst

Esterification and addition "
for 1,2,3,4 and 5 hour(s)

Metanol \

Separation from solid
catalyst

—— Solid catalyst

Removing of methanol and
water at 120° for 3 hours

Centrifuge at 4500 rpm for 1 hour ——— Rest solid catalyst

Este m _
Q/ "l (FFA) and GCMS

Free fatty acid

analysis

Figure 1. The schematic diagram of the catalytic esterification and addition reaction.

Figure 2. FESEM images of Photocatalysts (a) TiO2 P25 and (b) 3% CuO/TiOx.
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2pm

Figure 3. EDX Mapping Images of Photoca-
talys (a) element of Ti, (b) element of O and (c)
element of Cu.
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Figure 4. High Resolution XPS spectra of (a)
Ti2p, (b) Ols, and (c) Cu2p.

Table 1. Elemental composition characterized by EDX of photocatalyst.

Elemental composition of various Cu loading (w/w)

1% 2% 4% 5% 6%
(0] 29.62 38.94 32.84 37.2 22.49
Ti 68.82 59.02 62.80 57.42 70.76
Cu 1.56 2.04 4.35 5.21 6.75
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morphology of 3% CuO/TiO: (Figure 2b). After
adding CuO, the TiO:z surface is slightly cov-
ered by CuO particles. It can be seen from the
figure that CuO is dispersed well on the TiO:
surface. Figure 3 shows the EDX elemental
mapping. This figure is evidence that Ti, Cu,
and O were dispersed well on the surface of
TiO2. This can also be seen by measuring the
CuO/TiOz chemical composition, the results of
which are shown in Table 1. The EDX result
showed that the preparation of CuO/TiO2 was
successfully done. Highly heterogeneous disper-
sion of CuO on the TiO: surface resulted in
good interaction between CuO and TiOz which
enabled the transfer of charges. Hence, it re-
sulted in the separation of charges and the re-
duction of recombination rate [24].
Furthermore, XPS determined the chemical
state of copper in CuO/TiO:z photocatalyst. The
high resolution of the XPS spectrum of the Cu
2p, O 1s and Ti 2p region is showed in Figure 4.
The photoelectron peak of Ti 2p at binding
energy of 458.7 eV is attributed to Ti¢+ in TiOs.
The photoelectron peak of O 1s is found at
binding energy of 529.9 eV that corresponds to
the lattice oxygen in TiOgz. This result is similar
with previous study conducted by Nasralla et
al. [30]. The measuring binding energies of Cu
pl/2 and Cu p3/2 are 951 and 931.9 eV,
respectively. These binding energies confirm
that the oxidation state of Cu is +2 (Cu?*).

A A = Anatase
R =Rutile
i C=Cu0
-
=
Z R AC A Aa
~ C !
é' i } d
g o
= h : ¢
] I ! b
{ 1
AU PV N M a
20 30 40 50 60
20 (deg)

Figure 5. XRD patterns of the samplesTiO2 P25
(a), 4% CuO/TiOz (b), 5% CuTiO:z (c), and 6%
CuO/TiOz (d).

Table 2. Effect of CuO loading on crystal size of TiOs.

Whereas the peak at binding energy of 932.5
eV that implies Cu* in Cu20 is not found. In
addition, the ‘shake-up’ line appeared at a
binding energy of 938—-944 eV also confirms the
oxidation state of copper. This characteristic is
only owned by CuO. This result is similar to
the previous study conducted by Yu et al. [27].
This is also in a good agreement with the XRD
dan HRTEM characterization results which
will be discussed further.

The powder XRD was used to identify the
phase structure. The XRD pattern of standard
TiO2P25 and 4%, 5%, 6% CuO loadings on
TiO2 can be seen in Figure 5. The diffracto-
gram shows 3 main diffraction peaks at 20 =
25.3°, 37.9°, 49°, and others peaks at 20 = 54.2°
and 55.4° corresponding to anatase crystal
form and at 20 = 27.5° corresponding to the ru-
tile phase. Compared to the diffractogram of
TiOz P25, there are new weak peaks at near 20
= 35.5° and 38.6° at CuO loadings of 4%, 5%
and 6% corresponding to CuO peaks. This re-
sult 1s similar to the previous research con-
ducted by Khemthong et al. [25] . The peaks
are evidence that Cu was presented in the form
of CuO (Cu2*) on that photocatalyst composite,
not in the form of Cu(Cu® or Cu2O(Cut?l). The
existing Cu2* could be explained because the
calcination process was carried out in atmos-
pheric conditions without reduction process.
The weak peak of CuO was due to the high dis-
persion of CuO on the catalyst surface [24].

The average crystal size was calculated
using Debye-Scherer formula, and the result is
described in Table 2. The increase in CuO load-
ings did not significantly change the crystal
size of TiO2, either in the anatase or rutile
phases. This can be explained due to the low
temperature of calcination (300 °C, 2 hours)
does not supplied enough energy to promote
the TiO: crystals growth and to put CuO into
TiOz lattice [27].

The morphology and microstructure of
CuO/TiO2 were studied using TEM and
HRTEM. The TEM images in Figure 6a show
that CuO/Ti02 consists of nanoparticles sized
20-50 nm. The HRTEM images further corrob-
orate the uniform distribution of CuO on the

Crystal size (nm)

CuO content (wt%)

Anatase Rutile
0 20,12 23.42
4 20.41 27.59
5 19.66 26.85
6 20.75 27.31
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TiO2 surface. The 0.35 nm of lattice fringes is
attributed to the d-spacing of TiO2, specifically
anatase (101) crystal orientation. While the lat-
tice fringers of 0.45 nm confirmed the presence
of CuO nanoparticles as it was assigned to the

10 nm

d-spacing of CuO nanoparticles (100) crystal
plane.

The light absorption ability of the catalyst
was observed with UV-DRS. The band gap en-
ergies of CuO/TiO2 samples were determined
with the Kubelka-Munk method [31]. The
comparison of the band gap energies of TiO:
P25 and CuO/TiOz samples are described in
Figure 7. Compared to TiO2 P25 bandgap
energy, all of the samples of CuO/TiOz have
lower bandgap energy. The bandgap energy
values are described in the inset of the table.
Reducing the bandgap energy will increase the
visible light absorption which is much larger
than UV light, so it will increase the
performance of TiOz as a photocatalyst.

3.2 FFA Photo-esterification and a-Eleostearic
Acid Photo-addition over CuO/TiOz Catalyst

The synthesized catalyst CuO/TiO2 was
then used to carry out the esterification and

Figure 6. TEM images of 3% CuO/TiO:z (a), 4% CuO/TiO:z (b), 5% CuO/TiO:2 (c), HRTEM images of
4%CuO/TiOz (d) and HRTEM image of 6% CuO/TiOz (e).

Copyright © 2021, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 16 (4), 2021, 823

addition of Kemiri Sunan oil. From the XRD
diffractogram, the loading of CuO on TiO:2 do
not change the crystalline phase. The TiO:
crystal are still dominantly in anatase which is
the most active phase in photocatalytic activity.
Based on the EDX elemental mapping (Figure
3), XPS spectrum of CuO (Figure 4c), XRD
pattern of CuO and TEM images showed the
evidence of the dispersion of CuO on TiO2
surface. The presence of CuO increased the
photocatalytic activity since CuO 1is an
electrons donor [23] and is expected to increase
the FFA and a-eleostearic acid conversion.

The CuO/TiO2 catalyst, when irradiated by
photons, generates electrons and holes which
drives esterification with the mechanism
proposed by Corro [17,18]. Electrons generated
by photocatalyst react with fatty acid adsorbed
at the catalyst surface and at the same time
holes is reacted with methanol adsorbed on the

catalyst surface to form CHO radicals (CH30*)
that will react to form methyl ester and water.

The GC-MS characterization results of the
Kemiri Sunan oil and one sample of esterified
Kemiri Sunan oil are shown in Table 3.
Initially, the Kemiri Sunan oil contained the
most of a-eleostearic acid (41.8%). After reac-
tion, the a-eleostearic acid is reduced/over, and
the amount of linoleic acid, oleic acid, stearic
acid and palmitic acid were increased.

The results indicate that during the reac-
tion, besides esterification, the addition reac-
tion also occurred. Based on the ability of
CuO/TiOz to encourage hydrogen formation
from water, it is not surprising that the addi-
tion reaction can occur simultaneously with es-
terification. The hydrogen formed from water
photo-splitting attacks the double bonds con-
tained in a-eleostearic acid to form linoleic ac-
id, oleic acid, or stearic acid. The effect of sev-

3 -
Samples Band Gap Energy, eV
TiO,P25 3.22
2.5 A S
1% CuO 3.03 -
g
2% Cu0 2.97 B
e 27 3%cuo 2.84 "
=
= 4% Cu0 2.81 -
=154 5%Cu0 2.74
~ 6% Cu0 2.68
F 1-
0.5 -
0 T k T iy T y_/ T xi'_’r T T T T T T T 1
2526 27 28 29 3 31 32 33 34 35 36 37 38 39 4

Band Gap Energy (eV)

a. Ti0,/P25; b. 1% CuO/TiOy; ¢. 2% CuQ/Ti0;: d. 3% CuO/Ti0y, e. 4% CuO/TiO; ;
f. 5% CuO/TiO, . g 6% CuO/TiO,

Figure 7. The Band gap energy of TiO2 P25 and CuO/TiO2 samples.

Table 3. GCMS result of Kemiri Sunan oil and esterified kemiri sunan o0il*

Fatty Acid compound Chemical Formula

Composition in kemiri
sunan oil (% m/m)

Composition in esterified
kemiri sunan oil (% m/m)

Palmitic acid C16H3202
Stearic acid C1sH3602
Oleic acid C18H3402
Linoleic acid C1sH3202
a-Eleostearic acid C18H3002

Others

13.62 39.62
4.9 11.62
14.18 30.53
16.9 16.74
41.8 0
8.6 1.49

*)After esterification 4 hours with 5% amount of catalyst, 30:1 methanol :0il molar ratio, 4%CuO/TiOx.
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eral variables to FFA and o-eleostearic acid
were further discussed.

3.3 Effect of CuO Lading on TiO2

The CuO amount in TiO: has a critical effect
on photocatalyst activity. The CuO loading sig-
nificantly reduces FFA in esterification, as
shown in Figure 9. At CuO content = 0, the con-
version of FFA and a-eleostearic acid becomes
low, because of the rapid recombination
between electrons and holes in pure TiO2. The
interaction between CuO and TiO:z in photo-
catalytic activity was described in Figure 8.

Semiconductor CuO is more cathodic than
TiO2 (the conduction bands of TiO2 and CuO
are —4 eV and —0.8 eV, respectively). When ex-
posed to photons, the CuO generates electrons
and donate those electrons to TiO: that collects
on its surface. Meanwhile, valence band of

Tio2

TiO2 is more positive than CuO (TiOz = +2.8
eV, while CuO = +0.9 ¢V ), allowing the holes
formed by TiO:z to collect at the CuO surface
[23]. This charge separation reduces the recom-
bination rate and increase the residence time
of electrons and holes in the system. Further-
more, based on the UV-DRS results, the band
gap energy of all samples decreased with the
increment of CuO loading. Reducing the band
gap energy increases the visible light absorp-
tion. In addition, narrower band gap energy
speeds up the electron transfer from valence
band into conduction band and enhance the
photocatalytic activity. The generated electrons
and holes promote the esterification of fatty ac-
id and the addition of u-eleostearic acid.

In the addition reaction step, after 2% CuO
loading, almost all of a-eleostearic acid were
converted, but increasing CuO amount still

bl
2 = Hv &
[ EWPHA
=

e

Ti0, + kv = Ti0, (e, + Iy )

/ h" + CH;0H —= CH;Oe +H’

Figure 8. Schematic diagram of charge transfer of CuO/TiO2 photocatalyst under irradiation.
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Figure 9. The effect of CuO loading into TiO:
(%w/w) to FFA and a-Eleostearic acid conver-
sion (4 hour reaction time, 5% catalyst amount,
1:12 of oil : methanol molar ratio).
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Figure 10. The effect of reaction time to FFA
and o-Eleostearic acid conversion (4% w/w
CuO/TiOgz, 5% catalyst concentration, 1: 30 of
oil: methanol molar ratio).
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played a role in reducing FFA content. In this
study, the best CuO content to TiOz was 4%
(w/w). It can be explained that increasing CuO
loading by more than 4% causes the formation
of agglomerates on the TiO2 surface which
makes a shading effect and might act as recom-
bination center that result in decreasing photo-
catalytic activity.

3.4 Effect of Reaction Time

The effect of reaction time on the FFA and
a-eleostearic acid conversion is showed in
Figure 10. Reaction time affects the duration of
contact between reactants and irradiation time.
The lowest FFA content was obtained at a 4
hour reaction time. Almost all of the
a-eleostearic acid was converted into a lower
double bond after 3 hours reaction, but esterifi-
cation still running until 4 hours. After 4
hours, the FFA slightly decreased due to the
saturated reaction.

3.5 Effect of Catalyst Amount

The effect of catalyst amount on reducing
FFA is showed in Figure 11. The reaction oc-
curred on the catalyst surface. Hence, the more
catalyst, the larger the surface area and the
more the FFA converted. When the concentra-
tion of catalyst exceeds 5%, the reduction of
FFA gets lower. It makes sense; the more the
catalyst added avoids its nanoparticles being ir-
radiated by the UV light (shading effect).

3.6 Effect of Oil:Methanol Molar Ratio

The effect of the ratio of oil to methanol on
the FFA reduction is shown in Figure 12. Stoi-
chiometrically, 1 mol of FFA needs 1 mol of
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Figure 11. Effect of catalyst amount to FFA

and o-eleostearic acid conversion (4 hours re-

action time, 4% CuO/TiOz2, 1:30 of oil:methanol
molar ratio).

methanol to produce 1 mol of methyl ester.
More methanol drives the reaction towards the
desired product, meaning decreasing the FFA
content. Using high molar ratio of oil:methanol
of 1:30 slightly decreases, compared to using
that of 1:20, but using 1:40 makes the FFA
content slightly increases. Increasing the
methanol ratio increases liquid volume in the
reactor and make the UV irradiation less effec-
tive in activating the catalyst surface or the re-
action has been saturated. The phenomenon of
the high molar ratio of methanol was also
found in acid esterification. Al-Sakkari et al.
[16] reported the use of 52:1 methanol to oil
molar ratio in esterification process of waste
cooking oil using sulfuric acid catalyst.

The results presented in this study showed
that CuO/TiO2 can convert FFA and
a-eleostearic acid simultaneously. Compared to
acid esterification that frequently used, the
process presented in this study can reduce en-
ergy consumption, excess methanol, and costly
stainless steel and also can convert unsaturat-
ed FFA. The best operating condition was ob-
tained at 4 hours reaction time with catalyst
amount of 5% (w/w), CuO loading of 5% (w/w),
and oil to methanol molar ratio of 1:30,
resulting in a final FFA of 12.28% with a
conversion of 58.74%. The product was still
containing high enough FFA content. The
photocatalyst selectivity might be low to
convert the FFA from natural materials that
contain many compounds. At the same
condition, the conversion of o-eleostearic acid
was 100%. Under these conditions, the fatty ac-
id compositions were obtained as follows: pal-
mitic acid 39.62%, stearic acid 11.62%, oleic ac-
id 30.52%, and linoleic acid 16.74%.
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Figure 12. The effect of oil:methanol molar ra-
tio (4 hours reaction time, 5% CuO/TiOs, load-
ing catalyst 5% w/w) to FFA and a-eleostearic
acid.
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3.7 Proposed Esterification and Addition Reac-
tion Mechanism

The first step of photocatalytic esterification
is the diffusion of methanol (CH3:OH) and FFA
(R-COOH) to the CuO/TiO2 surface, followed by
the adsorption of methanol and FFA on the
photocatalyst surface. When TiO: is exposed to
the light, electrons from the valence band are
excited to the conduction band and left the
holes (h*) (step 1). In the esterification step,
R-COOH adsorbed on the photocatalyst surface
is reduced by electrons (e”) to form superoxide
species (RCO-)OH (step 2). At the same time,
the holes react with CH3OH adsorbed on the
photocatalyst surface, producing CH3O - radi-
cals and hydrogen ions (H*) (step 3). The gener-
ated CH3O* radicals, H*, and (RCO-)OH subse-
quently react to produce the intermediates and
final esterification products, namely methyl es-
ters and water (steps 4, 5, 6). In the addition
step, the holes oxidize water molecules to pro-
duce oxygen molecules and hydrogen ions (H*)
(step 7). Furthermore, hydrogen ions reduce
electrons to produce hydrogen free radicals on
the catalyst surface (step 8). Two hydrogen free
radicals react to form hydrogen (step 9). The
a-eleostearic acid, which is also on the catalyst
surface, is attacked by hydrogen free radical to
form linoleic acid free radicals (step 10). Fur-
thermore, linoleic acid free radical attacks hy-
drogen (H2) to form linoleic acid and hydrogen
free radical (step 11). Analog to the first double
bond breaking, the presence hydrogen free rad-
icals trigger the breaking of the second double
bond to form oleic acid or the third double bond
to form stearic acid (step 12). The detailed
schematics of esterification and addition reac-
tion mechanism are described in Figures 13
and 14. After producing water from esterifica-
tion, the addition reaction begins with those
prediction mechanisms, as described in Figure
14.

4. Conclusions

A photocatalytic process using CuO/TiO:
catalyst can perform simultaneous
esterification and addition reaction of the FFA
in kemiri sunan to obtained the reaction
product of less the FFA content and nearly zero
number of poly-unsaturated fatty acid.
Characterization results of the CuO/TiO2
catalyst by FESEM images and HRTEM
images showed the evidence that CuO was
highly dispersed on the TiOz surface. The EDX
elemental mapping and measuring the
CuO/TiOz chemical composition also give
evidence that CuO were dispersed well on the

surface of TiO2. Whilst the XPS spectrum
showed that copper was in the state of Cu2*
(CuO) and titanium is in Ti4*(TiO2) . Moreover,
the XRD diffractogram showed the crystalline
forms of TiO2 were still dominantly in the form
of anatase. Modifying TiO2 with CuO
significantly reduced the band gap energy and
enhanced its photocatalytic activity. It was
found that the CuO/TiO2 photocatalyst was
able to convert FFA by esterification reaction
and a-eleostearic acid by addition reaction
more effectively than that of TiOz P25. The
optimum operation condition was obtained at 4
hours, 5% (w/w) catalyst concentration, 4%
(w/w) CuO loading, and 1:30 oil:methanol
molar ratio. At the condition, the final FFA
content is 12.28% with the conversion was
around 59% and the o-eleostearic acid (C18:3)
conversion was 100%. The photocatalyst selec-
tivity is relatively low on the reduction of the
FFA by esterification, but it very high on the
reduction of the u-eleostearic acid. The reaction
product with low content of a-eleostearic acid
which is a multiple double bond, is expected to
have better oxidation stability.

Acknowledgements

This work is financially supported by Hibah
Penelitian Disertasi Doktor (PDD) 2019 funded
by DRPM Ministry of Education, Culture,
Research, and Technology of the Republic of
Indonesia.

References

[1] Holilah, H., Prasetyoko, D., Oetami, T.P.,
Santosa, E.B., Zein, Y.M., Bahruji, H., Fansu-
ri, H., Ediati, R., Juwari, J. (2015).The poten-
tial of Reutealis trisperma seed as a new non-
edible source for biodiesel production. Bio-
mass Conversion and Biorefinery, 5(4), 347—
353. DOI: 10.1007/s13399-014-0150-6

[2] Kumar, K.R., Chandrika, K., Prasanna, K.,
Gowda, B. (2015). Biodiesel production and
characterization from non-edible oil tree spe-
cies Aleurites trisperma Blanco. Biomass
Conversion and Biorefinery, 5(3), 287-294.
DOI: 10.1007/s13399-014-0152-4

[3] Jin, Y., Tian, S., Guo, J., Ren, X., Li, X., Gao,
S. (2016). Synthesis, characterization and ex-
ploratory application of anionic surfactant
fatty acid methyl ester sulfonate from waste
cooking oil. Journal of Surfactants and Deter-
gents, 19(3), 467—-475. DOI: 10.1007/s11743-
016-1813-z

[4] Demirbas, A. (2009). Progress and recent
trends in biodiesel fuels. Energy Conversion
and Management, 50(1), 14-34. DOI:
10.1016/j.enconman.2008.09.001

Copyright © 2021, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 16 (4), 2021, 827

TiO, + hv —— TiO, (e + h") (D
PII H
I
(I) 0
|
€ + R—C=0 —> R—C=0 2
h* + CH;0oH —» CH3;0e + H". (3)
}|I
| [
| T g
[
N
R—C=—0 + (|: > (|3 )
\/H H—y
H
Il{ H
7N |
H R—C—O0—H
R—C—O08
(.; ® N (5)
0 0
H—C—H H—C—H
H H
H
0 0 /H
R—C—O0—H — > R—c + o ©
N "
0 0
H—C—H CH;
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