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Abstract

Tung oil with an iodine value (IV) of 99.63 g I2/100 g was epoxidized in-situ with glacial acetic acid and
hydrogen peroxide (H202), in the presence sulfuric acid as catalyst. The objective of this research was
to evaluate the effect of mole ratio of H202 to unsaturated fatty acids (UFA), reaction time and catalyst
concentration in Tung oil epoxidation. The reaction kinetics were also studied. Epoxidation was carried
out for 4 h. The reaction rates and side reactions were evaluated based on the IV and the conversion of
the epoxidized Tung oil to oxirane. Catalytic reactions resulted in higher reaction rate than did non-
catalytic reactions. Increasing the catalyst concentration resulted in a large decrease in the IV and an
increase in the conversion to oxirane at the initial reaction stage. However, higher catalyst concentra-
tion in the epoxidation reaction caused to a decrease in reaction selectivity. The mole ratio of H20:2 to
UFA had an influence identical to the catalyst concentration. The recommended optimum mole ratio
and catalyst concentration in this study were 1.6 and 1.5%, respectively. The highest conversion was
48.94% for a mole ratio of 1.6. The proposed kinetic model provided good results and was suitable for
all variations in reaction temperature. The activation energy (F.) values were around 5.7663 to
76.2442 kcal/mol. Copyright © 2020 BCREC Group. All rights reserved
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1. Introduction verted into epoxidized vegetable oils (EVOs).
EVOs are intermediate compounds that possess
highly reactive oxirane rings and can be utilized
in the manufacture of soaps, epoxy resins, poly-
ol, and food products. Specifically, epoxidized
fatty acid derivatives from vegetable oils can be
used as additives in lubricants, as stabilizers

and plasticizers for polymers or polyesters, and

Many efforts have been made to substitute
petroleum with renewable eco-friendly natural
resources. Vegetable oils can be a suitable alter-
native in this regard because of their abundant
availability. In industry, vegetable oils are con-
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in the manufacture of plastics and polyure-
thane. The commercialization of EVOs has been
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undertaken on a large scale, e.g. epoxidized
soybean oil (ESO) and epoxidized linseed oil
(ELO) [1,2].

Although ESO and ELO have been produced
commercially and have many advantages, they
have sparked a debate over their sustainabil-
ity. The wuse of edible-based renewable
feedstuffs, such as soy and linseeds, triggered
an argument about "feedstuff versus continui-
ty" [3]. As a result of this debate, it became ad-
visable to wuse non-edible-based renewable
feedstuffs to maintain its continuity and does
not interfere the food needs. Some research has
been pursued to embody "truer sustainability
(continuity)" through the synthesis of epox-
1dized vegetable oils from non-edible feedstocks
such as rubber seed oil [4,5], castor oil [6,7],
mahua oil [8], and Karanja oil [9]. Similar re-
search has been conducted on jatropha oil [10],
cottonseed oil [11], nahor [12], canola oil [13],
camelina oil [14], giraneol oil [15], and perrila
oil [16].

Tung plant (Reutealis trisperma (Blanco)
Airy Shaw) i1s found in Southeast Asia. This
plant can flower and produce fruit once a year,
at the end of the rainy season, and it can grow
in lowlands and in moderate plains. Tung seed
kernel can produce crude oil of 45%-50% yield
with a high content of unsaturated fatty acids
(UFA). The UFAs in Tung oil are produced
from the extraction, degumming, and hydroly-
sis of Tung seed. The oil contains several UFAs,
among other oleic acids, linoleic acids, and a-
oleo stearate acids. The a-oleo stearic acids are
high quality UFAs that can be converted to
epoxides, but they are toxic [17]. For this rea-
son, Tung oil is categorized as a non-edible oil.
Therefore, Tung oil is a qualified vegetable oil
that can be reacted with peroxyacetic acid, pro-
duced in-situ, to generate EVOs because it is
non-edible and its chemical structure includes
a double bond.

A great deal of research on Tung oil has
been performed. Tung seed oil was used in the
synthesis of methyl ester [18]. It was trans-
formed into oleo stearic acid diethanol amide
(EADEA) for preparation in biobased polyure-
thane by methyl-esterification [19], as pres-
sure-sensitive stickies from Tung oil by Diels-
Alder method [20]. Tung-acid-maleic triacrylate
and Tung-maleic tetra acrylate were two types
of UV-curable active monomers synthesized
from Tung oil [21]. None of these studies ad-
dressed Tung oil epoxidation.

Studies on Tung oil epoxidation have been
previously conducted [22,23]. In a past study,
epoxidized dicarboxylic acid dimethyl ester can

be synthesized from Tung oil. It used as a sup-
plementary thermal stabilizer of PVC and as a
plasticizer [22]. Phosphoric acid was used as a
catalyst in its epoxidation and formic acid as
an active oxygen carrier. This study did not ad-
dress the effect of process variables and the ki-
netics of Tung oil epoxidation. The in-situ epox-
idation of EVOs from Tung oil using peroxyace-
tic acid has been previously carried out [23].
This study evaluated the influence of tempera-
ture on the epoxidation of Tung oil and the ki-
netics of homogeneous reactions without con-
sidering side reactions. In this study, increas-
ing temperature caused an increase in both the
oxirane number of EVOs and the reaction rate
constant. The reported results indicate that the
homogeneous kinetic model is not suitable for
high temperatures (60 °C and above).

Despite these studies, a heterogeneous ki-
netics model and the influence of other reaction
variables have not yet been evaluated. In addi-
tion, heterogeneous kinetics studies of some
vegetable oils have been widely conducted;
however, there is a lack of information on Tung
oil as raw material. Several studies on the ki-
netics of epoxidation of vegetable oils, such as
soybean [24-29], canola oil [30,31], grape seed
oil [32], cotton seed oil [11], karanja oil [9], ma-
hua oil [8], jatropha oil [33], MEPOL oil [34],
castor oil [35], and parkia biglobosa seed oil
[36] have been carried out.

This paper aims to investigate the effects of
catalyst concentration and the mole ratio of
H202to UFA on the IV, conversion to oxirane,
and selectivity of the epoxidation reaction. This
study also evaluates the heterogeneous kinetic
model of a side reaction in Tung oil epoxida-
tion. This kinetic model is expected to reveal
the reason for the incompatibility of the use of
homogeneous reaction kinetics at higher tem-
peratures.

2. Materials and Methods
2.1 Materials

Tung seeds (Reutealis trisperma (Blanco)
Airy Shaw) containing 66.17% oleo stearic acid,
21.72% palmitic acid, 0.27 % linoleic acid,
9.58% oleic acid, and 2.26% other saturated
fatty acids were supplied directly by the farm-
ers from the Sulawesi and Majalengka areas of
Indonesia. Then, the seeds were extracted,
degummed, hydrolyzed, and purified to obtain
the fatty acids of Tung oil (as raw material for
reactions). Glacial acetic acid (AR Grade), hy-
drobromic acid in acetic acid (47 wt%), aqueous
hydrogen peroxide (30 wt%), sodium thiosul-
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fate, Wijs solution, and potassium iodide were
purchased from CV. Multikimia, Yogyakarta,
Indonesia. Sulfuric acid 98 wt%, crystal violet
indicator, and potassium hydrogen phthalate
were purchased from CV. General Labora, Yog-
yakarta, Indonesia.

2.2. Experimental Apparatus

The epoxidation processes were conducted in
a glass three-neck flask reactor with a 250 mL
capacity equipped with a magnetic stirrer 2 cm
inside diameter, thermometer, and a reflux
condenser. The speed of stirring was main-
tained at 500 rpm (with an accuracy of £5 rpm).
The reactor assembly was submerged in the
water bath to maintain the reaction tempera-
ture (with an accuracy of + 0.2°C).

2.3. Epoxidation Process

Tung oil (70 grams) and the required
amount of glacial acetic acid were charged into
the reactor. The mole ratio of Tung oil to glacial
acetic acid was 2:1. Certain volume of sulfuric
acid catalyst was added then into the reactor.
The mixture was stirred at a constant speed
and heated to the desired reaction tempera-
ture. Once the desired temperature was
reached, a certain volume of aqueous hydrogen
peroxide (H202) was appended dropwise into
the reactor over 30 min. The reaction was car-
ried out for 4 h. The initial time (¢ = 0) was set
upon completion of the addition of H20O:2 into
the reactor. Samples were removed during the
reaction at 30, 60, 90, 120, 150, 180, 210, and
240 min. These samples were cooled to ambient
temperature, and were separated between the
epoxidized Tung oil (organic or oil phase) and
the aqueous phase by a separating funnel. The
oil phase was washed with warm distilled wa-
ter and centrifuged to purify the epoxide from
the impurities. The samples were analyzed the
1odine value and oxirane number.

The number of moles of hydrogen peroxide
were 1.2, 1.4, 1.6, and 1.8 times that of the fat-
ty acid. These variations referenced previous
studies with other types of vegetable oils
[8,11,12,30]. They showed that the optimum
conditions for the epoxidation reaction were ob-
tained in a certain range. Concentrations of the
catalysts in the reaction were 0, 1.5, 3, and
4.5% (wt.), which was in accordance with previ-
ous research [8,11]. These percentages were de-
termined based on the total weight of glacial
acetic acid and aqueous hydrogen peroxide. The
reaction temperatures used in data retrieval to
evaluate the reaction kinetics model were 40,
50, 60, and 70°C.

2.4. Analysis

The iodine value was determined using the
Wijs solution, which reacts with double bonds
in UFAs. Historically, iodine has been detected
using natrium thiosulfate (Na2S20s). Iodine
values were determined using the Wijs method
[37], and calculated with Eq. (1),

B- A) x N

thio

m

where IV i1s the iodine value of the sample
(unsaturated fatty acids and epoxidized Tung
oil), B and A are the volume of natrium thiosul-
fate needed for titration of blank solution and
sample (mL), respectively. N is the natrium
thiosulfate solution normality (N), and m is the
mass of sample (g).

The oxirane number or oxirane oxygen con-
tent was analyzed using a hydrobromic acid so-
lution in glacial acetic acid [37], and calculated
with Eq. (2),

. V'xNx1.6
Oxirane oxygen content = ——— ©)
m

where V is volume of titration (mL), N is the
hydrogen bromide normality (N), and m is the
mass of the sample (g).

From the oxirane number, the relative con-
version of double bonds to oxirane can be deter-
mined with Eq. (3) [11],

90 100%

theoritical

Conversion to oxirane =

3

where OOQexrefers to the experimentally calcu-
lated content of oxirane oxygen, and OO theoritical
refers to the theoretical maximum oxirane oxy-
gen content in 100 grams of Tung oil, calculat-
ed using Equation [11],

V,/24,
00,0 = —
theoritical [100 + (II/O /2141 )AO]

4,%100

4

where Ao (16 g/mol) and A; (127 g/mol) are rela-
tive atomic weights of oxygen and iodine, re-
spectively, and IVs is the initial iodine value of
Tung oil (99.632 g/100 g oil).

The selectivity can be determined with the
Equation (5).

90 100%

resulted

Selectivity = ®)
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where OOresuiteda 1s the theoretically resulted
oxirane number that is equivalent to the react-
ed mole number of double bonds in UFA and
can be calculated using equation (6), where IV;
represents the iodine values of epoxidized Tung
oil (sample).

(17, -17,) 24
[100+((17, - 17,)/24,) 4, |

4, %100

resulted

(6)

2.5. The Heterogeneous Kinetics Model

In this kinetics model, the method to pro-
duce the epoxidized Tung oil involved several
processes, namely the process of peroxyacetic
acid (PAA) formation, equilibrium phase
(between the aqueous phase and the organic
(oil) phase) formation, as well as an epoxidation
reaction. In addition, because of the highly re-
active nature of the epoxide compound, it is
likely that there were side reactions.

PAA can be used to break down the double
bonds of UFA. It was formed by reacting hydro-
gen peroxide and glacial acetic acid generated
in-situ. The reaction was reversible and oc-
curred in the aqueous phase. Thus, there will
be an equilibrium between the mixture of reac-
tants and products. The presence of strong acid
catalysts (H2SO4) in this reaction can acceler-
ate the occurrence of equilibrium. The for-
mation of PAA can be described according to
equations (7) to (9).

The first step was the protonation of the car-
bonyl oxygen from acetic acid, which produced
an intermediate compound 1 (IC1). The second
step was regarded as the rate determining step.
This step controlled the overall reaction rate of
the formation of PAA. The third reaction oc-
curred rapidly (k2>>>ks) because the second
step involved more complex processes (i.e.

breaking and forming of bonds) when com-
pared to the third step (only bond formation).

%zkl[AA] (1] -k [1C1]

dt aq aq aq

-k, [101]@ [PA]

aq

(10)
Assuming the process is pseudo state, the con-
centration of IC1 is obtained as shown in the
following equation:

[ic1] = a4, (7], 1)
“ k,+k,[PA]

aq

Before epoxidation occurred, the PAA was
transferred from the aqueous phase to the oil
or organic phase. Rapid stirring served to de-
crease the thickness of the film between phas-
es, such that the mass transfer rate was much
faster than the chemical reaction rate. In this
case, the mass transfer process can be stated in
the form of an equilibrium. Some compounds
that remain in the reactions include acetic acid
(AA), water (H20), catalysts (H*), and hydrogen
peroxide (PA), also present in the phase equi-

librium.
PAA,q == PAAyy (12)
AAyqg == AAOI.g (13)
H’ioaq - H3001'g (14)
Hpq == Hog (15)

The correlation between concentration in the
aqueous phase and organic phase is shown in
the following equations (16), where K; value is
the equilibrium constant of each component
(PAA, AA, H20, and H).

. OH
CH3COOH + H o = H3C—C\+ (7)
1 OH
OH ) OH
ch—é% +  Hy0p, —> ch—c{* +  Hy04 (8)
OH OOH
OH
H;C—C —» CH3CO00H, + Hy 9)
OOH

Copyright © 2020, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 15 (3), 2020, 678

[P44],, Pl (16)
o KPA_A

[44],, = [A;j:q (17)

[2]%_[£:% (18)

The epoxidation reaction between the dou-
ble bond or UFA in Tung oils and PAA that
produced epoxidized Tung oil (EP) occurred in
the organic phase.
Ry /Rz

\ k /' \
c=C + PAAyy —> AAg, + Rj-C—C—Ry
H H H H

(20)

Protonation of epoxidized Tung oil by H*ore:

H

Ly

N\ N K, A
Ri-C—C—Ry + Hygy —> RiZC—=C—R,

Reactions of protonated epoxide with AA and
H20 in the organic phase:

il
O\+ Ry /Rz
\
R;-C—C—R, + H>O0rg > —(IZ'—C— + H+org
H H OH OH
(22)
i
o Ry R,
I\ K, \ "
Ri-C—=C—Ry + AAgyy - —C—C— + H 0
| ] | | g
H H OH OCOCH;
(23)

From the above reaction equations, the concen-
trations of several components are derived
from the mass balance. The obtained results
can be written as follows (Equations (24)-(34)).

with,
SN i
|
C—C— (o
Ry q q R, =Ep; £N =Ep*
H H R1—(‘7—(“,—Rg
H H
R] Rg R1 Rg
\ / \ /
—(“—(“— =P1; and fc‘“*c“* =p2
OH OH OH OCOCH;

H H H H Eqg. (11) and Eq. (24) — Eq. (33) are the simulta-
(21) neous ordinary differential equations (ODE),
d|H] .
Tﬂq - k] [AA]aq [H_]aa+ k-f UC}](M T k_‘[fojaq [Pfi]aq _’r(_i [H_]rm [Ep]013+
ks[4l [Ep'] + o[ HOlog[Ep] (24)
& & |
dl4A4],, , , .
T = _k] [AA]ag [H_]ag+ k_j [IC}]ag-’_ké' [PAA]org[UFA]org'kd[AA]ag [Ep ]org (25)
d[PAA),, .
T = k_‘ []C]]Gﬁf [-Pfi]aq - k4 [P‘L"'I]arg[’:’??‘{]org (26)
d[ HZ O] ag _ ! e
T o k) [ch]ag [PA]ag_k?[HQO]ag [Ep ]org (27)
dIPAl,,
T - _kE [ICj]ag [PA]ag (28)
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dlEpl,, ' '
[%]mg = kc,f [P.-‘L'-'I]org[L'TA]or'g _kj [H-] aq [Ep]o"'g (29)
d[UFA]orF !
T = _ k‘l, [PAA]O,E[UFA]o;g (30)
d[PI]OJ“? ' '
—U — - ‘. ‘. 3
= ks[AA4],,|Ep ]m_g (31)
(f[Pj]or? ' ’
APy 32
dr A,- [ H_ O]GG [‘Ep ]or'g ( )
ks[HT] [Epl
[Ep*] = 5| ]aq e 33)
78 kslAAl,, + k;[H,0],,
k= iﬁf ks = A ks = ko L and ky = ’k_- o
Kpy4 Ky A KH:O

which are solved by the numerical Runge-
Kutta method. The values of the reaction rate
constants can be calculated by minimizing the
sum of square of errors (SSE) (Equation (35).
The experimental data used in determining
these constants are derived from previously
published data [23].
The initial condition (¢ = 0):

[AAL,= ([AAL), [, = ([,

[PAA],,=0

0

[HE O] aq: ([HE 0] aq)o

[PA],o= ([PAL,),  [UFAl,,= ([UFAl),

[Ep]org: 0 [Pl]org: 0 [PE]org: 0

By determining the values of ki1, k.1, k2, k<, k5,
ke, and k7 and solving the simultaneous ordi-
nary differential equations (ODE), the concen-
tration of UFA and Ep at various time points
can be calculated.

SSE= 2 {IUFA oot — [UFAJ3}" + ) {ED).are — [ED]ac}

(35)

3. Results and Discussions
3.1. Effects of Catalyst Concentration

Figures 1, 2, and 3 illustrate the correlation
between the iodine values (IV), the conversion
to oxirane, and selectivity with reaction time at
various catalyst concentrations, respectively.
Figure 1 shows that the IV decreased slowly
during epoxidation time in the non-catalyst re-
action. The addition of catalyst in the reaction
provided a considerable effect, resulting in a
sharp increase in the conversion of double
bonds into epoxidized Tung oil. This was
demonstrated by a relatively rapid decline in
the IV for various catalyst concentrations (1.5,
3, and 4.5% w/w). It was evident that the IV re-
duction in the reaction with catalyst was much
faster than that of the reaction lacking cata-
lyst. Overall, increasing the catalyst concentra-

100 =
90 1 e
80 4 \\® - —
1 without catalyst
-~ 707 —— catalyst 1.5%
= 60 4 —— catalyst 3%
p | ;
= 50 1 a — catalyst 4 5%
© 4
= —
> 40 ] Reproducibility °
2 30]| = x24m% 4
ke 1| = +497% ]
207 o isam
10 A —&— +481%
0 T T T T T T T
0 30 60 90 120 150 180 210 240

Time, min

Figure 1. Effects of the catalyst concentration
and reaction time on iodine value
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tion resulted in a lower IV. This observation
was consistent with previously reported results
[8].

However, as the reaction reached 120 min,
no significant difference was observed for the
different amounts of (1.5, 3, and 4.5%) catalyst
used. The epoxidation reaction occurred in the
organic phase, while sulfuric acid was in aque-
ous phase. Therefore, as a catalyst, sulfuric ac-
id has to be transferred from the aqueous
phase to the organic phase. However, sulfuric
acid in the organic phase (oil phase) is very low
(limited solubility). It is then irrespective of
how high the concentration of sulfuric acid is
always in saturated concentration. Hence, at
this condition, the rate of epoxidation reaction
(in the oil phase) is essentially not affected by
sulfuric acid concentration in the aqueous
phase, because the sulfuric acid concentration
in the oil phase is constant. This phenomenon
can be applied to describe that at the reaction
time 120 minutes and more, there is no signifi-
cant different on the resulted IV at 1.5%, 3%,
and 4.5% of sulfuric acid catalyst. The final IV
value for the catalyzed epoxidation was approx-
imately 30 g 12/100 g.

Based on the results shown in Figure 2, in
the non-catalyst reactions, the conversion to
oxirane rose slowly with increasing time with-
out decline. Meanwhile, in the catalytic reac-
tions (for a catalyst concentration of 1.5%, 3%,
and 4.5%), longer reaction times produced a
considerable increase in the conversion to
oxirane until a certain value was reached, fol-
lowed by a slight decline. This observation indi-
cates that the catalyst significantly affected the
reaction rate of the epoxidation of Tung oil,
compared to the non-catalytic one. Further-
more, epoxidation with a catalyst concentration

— catalyst 4.5%

50% || —cafalyst3% 2
z — catalyst 5% ;
& ‘
i 40% without catalyst 3 b Reproducibility
=] A
s —=— £6.32%
; 30% —o— +4.14%
2 - £337%
3 20% —a— = 5.14%
> 20% |
é ° a il

0% . . . . . . .
0 30 60 90 120 150 180 210 240
time, min

Figure 2. Conversion to oxirane as a function
of reaction time at various catalyst concentra-
tion

of 1.5% resulted in a slightly different oxirane
number, when compared to catalyst concentra-
tions of 3% and 4.5%. Considerable difference
in conversion to oxirane was only shown in the
beginning of reaction time. At a reaction time
of 210 min, various catalyst concentrations pro-
duced a similar conversion to oxirane
(approximately 47%). This was due to the cata-
lyst concentration in the organic or oil phase
approached saturation, as mentioned in the
previous section of this discussion.

Figure 3 shows that the selectivity in the
catalytic epoxidation tended to fluctuate or un-
stable along the reaction time. On the other
hand, the non-catalytic reaction during the re-
action time provided consistent selectivity, that
was, longer reaction time resulted in the de-
crease of the reaction selectivity. This was due
to the longer reaction time, which promoted
the occurrence of side reactions, especially the
oxirane ring cleavage reaction. Overall, it can
be considered that higher catalyst concentra-
tion used in the epoxidation reaction led to low-
er reaction selectivity. Based on the overall re-
sults, the concentration of sulfuric acid catalyst
at 1.5% can be considered as the optimum con-
centration. With reaction times at 210 min and
more, a catalyst concentration of 1.5% can pro-
duce similar results to that of higher catalyst
concentration. These observations are con-
sistent with results obtained in previous stud-
ies [8,11] in which the optimum catalyst con-
centration was 1 to 2%.

3.2. Effects of the Mole Ratio of H202 to Un-
saturated Fatty Acids

H20: is an oxidizing agent that breaks down
double bonds in the epoxidation process. Unfor-
tunately, hydrogen peroxide cannot react with

120
] Reproducibility
100 ——t3.73%
. £ 532%
80 A —=—+353%
] —e—t5.04%

Iodine Value (IV)
(=)
(=

40 A
Ratio 1.2
Ratio 1.4
20 Ratio 1.6
] Ratio 1.8
0 T T

0 30 60 9 120 150 180 210 240
Time, min

Figure 3. Selectivity as a function of the cata-
lyst concentration and reaction time
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the carbon double bond directly to produce an
epoxide bond. Therefore, H2O2 was reacted first
with AA to produce peracetic acid (a strong oxi-
dizer). The mole ratio of H2O2 to UFA was eval-
uated to investigate its effect on the IV, oxirane
conversion, and selectivity.

Figure 4 presents IV as a function of the
mole ratio of H2O2 to UFA and reaction time.
The mole ratios of 1.2, 1.4, 1.6, and 1.8 were
used. From Figure 4, it can be seen that a high-
er mole ratio results in a lower IV. This obser-
vation suggests that the number of double
bonds in UFA moles that reacted with PAA was
greater, as a result of an increase in H202 at-
tack on double bonds. The differences in the IV
decrease for various mole ratios were relatively
stable with reaction time but became smaller
for mole ratios of 1.6 and 1.8 beyond 210 min of
reaction time. At the end of the reaction time
(240 minutes), the obtained IV for the ratio of
1.8 was 14.2572 g-15/100 g.

Figure 5 presents the correlation between
the conversion to oxirane and the mole ratio of
H202 to UFA at various reaction times. In all
mole ratios, the conversion increased signifi-
cantly to a maximum value at a certain time
and then decreased steadily. The decline oc-
curred at different reaction times for the mole
ratios of 1.2, 1.4, 1.6, and 1.8, corresponding to
240, 210, 210, and 180 minutes, respectively. A
higher mole ratio accelerated the process to
reach its maximum potential. This observation
was appropriate with previously published re-
sults [8,30]. At a mole ratio of H202 to UFA be-
yond 1.6 and a reaction time of 150 minutes or
longer, the conversion decreased, because side
reactions became more dominant with increas-
Ing reaction time. At a reaction time of 210
minutes, the mole ratio of 1.2, 1.4, and 1.6 re-

120

—

(=]

(=]
1

[}
[e=}
PRI BRI

N
S
ol

Todine Value (IV)
[N
(e}

Ratio 1.2
] Ratio 1.4
20 ] Ratio 1.6
4 Ratio 1.8

0 — T

0 30 60 90 120 150 180 210 240
Time, min

Figure 4. Effects of the mole ratio of H202 to
UFA and reaction time on iodine value

sulted in a similar conversion value, which was
approximately 47%. The highest observed con-
version value was 48.94% for a mole ratio of
1.6.

Figure 6 demonstrates selectivity as a func-
tion of the mole ratio of H2O2 to UFA and reac-
tion time. Selectivity is the amount of the UFA
mole that is converted to oxirane divided by the
total reacted mole of UFA. Figure 6 demon-
strates that selectivity fluctuated slightly dur-
ing the reaction time and was directly propor-
tional to the mole ratio. An increasing mole ra-
tio enhanced the selectivity value. Taking into
consideration the IV, oxirane conversion, and
selectivity, the mole ratio of 1.6 was recom-
mended as the optimum ratio in this study.
This recommendation was focused on achieving
an optimal conversion. The resulted optimum
mole ratio was different than those reported in
previous studies, such as 2.0 and 1.5 [11,30],
because of differences in vegetable oil charac-
teristics.
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Figure 6. Selectivity as a function of the mole
ratio of HaO2 to UFA and reaction time
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Figure 5. Conversion to oxirane as a function of
the mole ratio of H202 to UFA and reaction time
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3.3. Evaluation of the Kinetics Model rate constants, while k4, ks', ké’, and k7 are a
combination of reaction rate and mass transfer
constants. The resultant constants with vary-
ing orders are shown in Table 1. This observa-
tion suggests that there exist both dominant
constants and less influential ones. The ki, k-1,
and k4 constants were the dominant constants

Figure 7 shows the program results, which
demonstrate the comparison between experi-
mental and modeling data for differing concen-
trations of UFA and epoxidized Tung oil (EP) at
temperatures of 40, 50, 60, and 70°C. Some
constants (ki, k1, and kz) represent reaction

5 5
[UFA ]model
] [UFA Jmodel

49 (@) s [UFAlexp )4 (b) *  [UFAJexp
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Figure 7. The experimental and model concentrations of UFA and EP as a function of reaction time at
various temperatures: (a) 40 °C, (b) 50 °C, (c) 60 °C, and (d) 70 °C

Table 1. Constants for the proposed model

Temperature

Rate constant

40 °C 50 °C 60 °C 70 °C
k1 (g/mol.min) 267.760 + 0.586* 605.726 + 0.176 1017.995 + 1.662 1474.167 + 0.541
k.1(1/min) 10.572 £ 0.060 29.159 + 0.022 101.348 £ 0.757 101.348 + 1.453
k2 (g/mol.min) 151.640 + 0.546 262.191 + 0.107 674.798 + 0.596 1150.166 + 0.860
k4'(g/mol.min) 788.107 +£0.893 1198.095 + 1.538 1421.954 + 0.983 1831.988 + 1.485
ks'(g/mol.min) 0.004 = 0.0001 0.005 = 0.002 7.016 £ 0.286 60.518 £ 0.779
ke'(g/mol.min) 5.276 +£0.183 52.307 + 0.290 464.010 + 0.343 877.262 + 0.663
k7'(g/mol.min) 5.266 £ 0.173 52.581 + 0.156 464.326 + 0.436 878.196 + 0.930

*mean + deviation

Copyright © 2020, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 15 (3), 2020, 683

at all reaction temperatures, while the values
of ks’, ke’, and k7 were relatively small, espe-
cially at low temperatures. However, the last
three constants were very sensitive to tempera-
ture increases when compared to the others.
For example, the values of k5’ at temperatures
of 40 and 70 °C were 0.004 and 60.518 g/mol.
min, respectively (14,000-fold with a tempera-
ture increase of 30 °C). Another important
point was that the evaluated kinetics model
provided satisfactory results, whereas the ex-
perimental data of UFA and EP concentrations
were close to that proposed by the model. Even
for a temperature of 40 °C, the results from the
model fit perfectly with the experimental data
(SSE less than 5%). At higher temperatures,
relative or SSE errors were greater because of
the possible occurrence of other adverse reac-
tions.

One of the representative and commonly
used equations for determining the parameters
of kinetic constants is the Arrhenius equation.
The activation energy (E.) and collision factor
(A) were evaluated by linearization of In ki ver-
sus 1/T for each constant. Table 2 demonstrates
a good fit linearization of the Arrhenius equa-
tions acquired for all the constant reaction
rates, shown by the high values of R2. The low-
est R2? value was relatively high and was ob-
tained for ks, which represented the kinetics
constant in the protonation of epoxidized Tung
oil.

The values of A, E,, and mean R2 are shown
in Table 2. The obtained activation energy (E.)
values were not considerably different for all
constants, except k4 (the value was relatively
low when compared to others). These values (Fa
of k1, k1, and k2) were consistent with previous-

Table 2. The resultant E,, A, and mean R2 values

ly reported results, such as: the epoxidation of
MEPOL, which generated 15.1 kcal/mol [28]
and rubber seed oil, which gained 15.7 kcal/mol
[4]. Moreover, 11.7 kcal/mol was reported for
cottonseed oil [9], 14.9, and 14.5 kcal/mol were
reported in previous studies [7,6] for karanja
oil and mahua oil, respectively.

4. Conclusions

Sulfuric acid, as a catalyst in the epoxida-
tion of Tung oil, played an important role and
showed benefits, which gave noticeable and
better conversion to oxirane, compared to reac-
tions conducted without catalysts. A higher
catalyst concentration decreased selectivity
and produced a fluctuating value of selectivity
for the reaction times used. Overall, an in-
crease in mole ratio resulted in a lower IV, a
higher conversion to oxirane, and a decrease in
selectivity. The mole ratio of 1.6 and catalyst
concentration of 1.5% were recommended to be
the optimum values obtained in this study. The
proposed kinetics model provided good results
and was suitable for all variations in reaction
temperature. Even at a temperature of 40 °C,
an excellent fit was obtained between the ex-
perimental data and the model data.
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Constants A (g/mol.min)” E, (kcal/mol) Mean R2 value
k1 (8.057 £0.145) x 1010 12.0415 +0.0121 0.9776
k1 (2.436 £ 0.842) x 1013 17.5631 + 0.2682 0.9167
K2 (4.149 £ 0.176) x 1012 14.9341 +0.0278 0.9864
Ry’ (9.061 £ 0.224) x 106 5.7663 + 0.0164 0.9737
ks' (3.271 £ 0.204) x 1050 76.2442 + 0.6280 0.8884
ke’ (1.236 £ 0.474) x 1027 37.4704 +£0.117 0.9607
k7' (1.255 £ 0.465) x 1027 37.4795 + 0.2061 0.9606

*the unit of A for k.1 is 1/min

Copyright © 2020, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 15 (3), 2020, 684

Nomenclature

A : collision factor (g/mol.min, except for
k1 (1/min))

AA : acetic acid

[AAlaq : acetic acid concentration in aqueous
phase (mol/g)

[AAlorg  : acetic acid concentration in organic
phase (mol/g)

E. : activation energy (kcal/mol)

E, : epoxidized Tung oil

[Ep]org  : epoxidized Tung oil concentration in
organic phase (mol/g)

E.* : protonated epoxidized Tung oil

[Ep]org  : protonated epoxidized Tung oil con-
centration in organic phase (mol/g)

H+ : acid catalyst

[H*]laq  : catalyst concentration in aqueous
phase (mol/g)

[H*]org : catalyst concentration in organic
phase (mol/g)

H-0 : water

1C: : intermediate compound 1

[ICi]lag :intermediate compound 1 concentra-
tion in aqueous phase (mol/g)

v : iodine value (g-12/100 g sample)

Vo : initial 1odine value (g-I2/100 g sam-
ple)

k1 : kinetic rate constant for forward re-
action, Eq. (7) (g/mol.min)

ka : kinetic rate constant for backward
reaction, Eq. (7) (1/min)

k2 : kinetic rate constant, Eq. (8)
(g/mol.min)

Kaa : equilibrium constant for AA, Eq. (16)

Ku+ : equilibrium constant for H*, Eq. (17)

Knzo : equilibrium constant for H20, Eq.
(18)

Keaa : equilibrium constant for PAA, Eq.
(19)

k4, ks :ratio of reaction rate constant to
equilibrium constant of AA, and H+
(g/mol.min)

ke’, k7 :ratio of reaction rate constant to
equilibrium constant of H20, and
PAA (g/mol.min)

P1 : side product 1

[P1lorg : side product 1 concentration in or-
ganic phase (mol/g)

P2 : side product 2

[P2]org  : side product 2 concentration in or-
ganic phase (mol/g)

PA : hydrogen peroxide

[PAlaq : hydrogen peroxide concentration in
aqueous phase (mol/g)

[PA]lorg : hydrogen peroxide concentration in
organic phase (mol/g)

PAA : peroxyacetic acid

[PAA]aq : peroxyacetic acid concentration in
aqueous phase (mol/g)

[PAA]og : peroxyacetic acid concentration in
organic phase (mol/g)

R : universal gas constant (kcal/mol.K)

t : reaction time (minute)

T : temperature (K)

UFA : unsaturated fatty acids

[UFA]og : unsaturated fatty acids concentra-
tion in organic phase (mol/g)
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