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Abstract: In this study, the chemical conversion of catfish
fat (CFF) into bio-based oils using the cavitation tech-
nique has been carried out. The influence of parameters
on the reaction yield, including inlet pressure, amount of
reactant, temperature, and time were investigated. The
results obtained have demonstrated the outstanding effi-
ciency of applying the cavitation technique to the che-
mical synthesis process. The optimum conditions of ring-
opening reaction of epoxy catfish oil (ECFO) were as fol-
lows: 60 psi, the molar ratio of iso-propanol/epoxy ring of
1.75/1, 75°C, time of 7 min, and the yield reached 91.3%.
The results of FT-IR, 'H-NMR, and C-NMR analysis
showed that the chemical conversion of double bonds
(C=C) of CFF were converted to functional groups of
hydroxyl and ether in polyol catfish oil (CFO) products
through the intermediate stage of the formation of the
epoxy ring. The results showed that the polyol CFO has
better operating conditions at low temperature, higher
viscosity, viscosity index, and oxidation stability than
other oils, and the biodegradability of bio-polyol CFO
was much higher than that of SN500 mineral base oil.
Polyol CFO has not only been used as a substitute for
mineral base oils but also as an eco-friendly green product.
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1 Introduction

Mineral base stock oils met fully the quality standards of
the substrate of a lubricant. As globally, we are facing
crude depletion as well as the negative environmental
impacts of used lubricants, we are forced to look at alter-
native resources to petroleum products in general and
mineral base oils in particular. Vegetable oils or animal
fats have been the most attractive substitutes and environ-
mental lubricants [1,2]. With the main structure of trigly-
cerides, after refining, vegetable oils could be used directly
as biological base oils or bio-lubricants. However, the high
pour point and the low oxidation stability of vegetable oils
limited their alternative ability [2]. In previous studies,
refined vegetable oils were only alternatively used to
mineral base oils in low amounts in engine lubricant for-
mulation (1-10 wt%) [3,4]. These properties of vegetable
oils need to be improved so that they could meet the tech-
nical requirements of mineral base oils; the chemical con-
version method was considered to solve this problem. The
products of the esterification reactions of palm kernel oil,
sesame oil with alcohols, have increased the viscosity
index and reduced the pour point significantly. So, they
have been used as substitutes for mineral base oils in
lubricant formulation. However, their oxidation stability
has not yet been improved, so they were found in the
formulations of low-grade lubricants such as hydraulic
oils ISO-VG46, T-46, and ISO VG22 [5,6]. The chemical
conversion consisting of successive reactions of epoxida-
tion of unsaturated bonds and opening of the epoxy ring
with nucleophilic agents has been effective in converting
vegetable oils to biological base oils. In a study by Ait
Aissa et al. [7], the thermal stability and basic properties
of the obtained products from reactions of epoxidation of
vegetable oils and carbonation of oxirane were enhanced
clearly. Turco et al. [8] used the ring-opening reaction of
soybean epoxy oil with alcohols to synthesize the bio-
based oils. Similarly, Thuy et al. [9] have synthesized bio-
lubricant such as soybean polyol oil through successive
reactions of epoxidation and the ring-opening reaction of
the epoxy oil with water. In the work of Sharma et al. [10]
and Somidi et al. [11], canola oil was chemically converted
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by epoxidation reaction and the ring-opening reaction of
epoxy oil. The basic properties of polyester oils products
such as kinematic viscosity, viscosity index, oxidation sta-
hility, and pour point were improved significantly. So, they
could be alternatively used as mineral base oils. It can be
inferred that with a predetermined structure, most of the pro-
perties of polyol oils or polyester oils based on vegetable oils
have been significantly improved. So, they could not only be
used as alternatives to mineral base stock oils but also were
environmentally friendly products. However, the use of vege-
table oils as materials in the synthesis of bio-based oils could
cause a shortage in the supply of cooking oil in food production
and processing, serving human nutritional needs. Vietnam is
an exporter of catfish fillet with large volumes and catfish fat
(CFF) is a waste or by-product of catfish processing in large
amounts. Annually, Vietnam collected more than 200,000 tons
of CFF. In the past, most CFF was not normally consumed,
discarded, or supplied as animal feed. This could both waste
CFF and pollute the environment, especially the catfish culture
environment. Previous studies have verified that the physical-
chemical properties as well as the chemical structure of CFF
and vegetable oils were similar [12,13]. So, in Vietnam, CFF is
used as feedstocks in the production of bio-based oils with
readily available, inexpensive, and nontoxic sources.

In bio-based oil synthesis reactions, vegetable oil or
epoxidized oils based on vegetable oils and the reactant
chemicals are heterogeneous, so the determining factor
of the reaction rate is the mixing between the two reac-
tion phases. If their mixing is high, it means that the
surface area of the phase contact is large and hence the
reaction will be more favorable. However, in previous
studies, the reactions were carried out in low-perfor-
mance mixing equipment such as magnetic stirrer or con-
ventional mechanical stirrer, so the diffusion capacity of
the reactants into the oil phase may have been difficult,
which has been detrimental to the reactions.

Cavitation is a term for the rapid formation, growth,
and rupture of bubbles (or holes). Hydrodynamic cavita-
tion describes the formation of bubbles due to pressure
changes in a moving fluid, resulting from a change in the
fluid flow rate through a narrow opening designed on the
principle of venture valve operation. The transformation
of a chemical reaction in a cavitation system can be
described by the change of bubbles. During the lifetime,
the bubble increases in size due to more gas permeation,
the gradual increase in surface area, and the decrease in
external pressure. The size of the bubble can be from 3 to
400 times. When the bubble moves to a large pressure
difference area, the bubble will burst and create an area
of high pressure (can reach 1,000-2,000 bar) and high
temperature (from 4,000 to 6,000 K), and the amount
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of heat is very rapidly dispersed with an estimated heat
transfer rate in the range of 1 billion K-s™. Therefore, at
any given time, the temperature in the entire reacting
liquid mass is the same. Besides, when the bubbles
explode, it will destroy the equilibrium region of the
liquid reactant phases, creating a chaotic stirring in the
reaction zone, thereby enhancing the contact ability for
the two liquid phases, and creating the most favorable
conditions for the reaction to take place [14-18].

Other studies have demonstrated the outstanding
performance of applying advanced mixing techniques
to heterogeneous reaction processes. In the study of Fatt
et al., biodiesel reaction from waste cooking oil and methanol,
performed in the cavitation reactor, higher conversion is
achieved with lower chemical consumption, temperature,
and reaction time than compared to the reaction per-
formed in a mechanical stirrer reactor [16]. The biodiesel
reaction from Cannabis sativa oil and methanol was car-
ried out in a hydrodynamic cavitation reactor with high
conversion (97.5%) in only 20 min under other optimal
parameters. Meanwhile, at the same reaction parameters,
the conversion was only 26% when the reaction was car-
ried out in a mechanical stirrer reactor [17].

It was observed that the use of a high-performance
cavitation mixer as a reactor in the synthesis of bio-based
oil from CFF as a starting material has increased the reac-
tion efficiency significantly, reducing the reaction rate,
reagent consumption, energy consumption, and reaction
time greatly. Therefore, the process of synthesizing bio-
logical base oil from CFF as a starting material under the
support of cavitation technology is a green process and
sustainable development.

To develop processing toward green chemistry, the
chemical conversion of CFF into bio-polyol oils, used as
biological base oils using the cavitation technique was the
aim of this study. The struct, as well as the characteristic
properties of materials and products such as lubricity, oxi-
dation stability, and biodegradability were determined.
The bio-polyol catfish oil (OLCFO) has a high potential
in use as an alternative resource to mineral base oils and
in the field of reducing environmental pollution.

2 Materials and methods

2.1 Materials

CFF was bought from Phuoc Thanh Agricultural Company
Limited, An Giang province, Vietham. Hydrogen peroxide
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(30 wt%), acetic acid (99 vol%), sulfuric acid (99.9 vol%),
and iso-propanol (assay >76.9 vol% ) originated in Vietnam.
The chemicals and solvents in the analysis were of analy-
tical pure standard and were procured from Merck.

2.2 Experimental process
2.2.1 Preparation of catfish oil (CFO) feedstock

About 10 kg of raw CFF was placed in a stainless steel
tank with a capacity of 15L, a cone bottom with a blow-
down valve, and an internal heating system. A mechan-
ical agitator was used to gently stir, and heated to a tem-
perature of about 30-35°C for 1h to reduce the viscosity
of CFF. Then, all CFF was put in the filter tank of the
vacuum plate filter system with a filter cloth of diameter
30 pm. Filtration is allowed to take place for about 3-4 h.
After the pre-filtration process, the obtained CFO was
stored in a dark container to be protected from direct sun-
light and used as a feedstock for bio-polyol o0il processing.

2.2.2 The OLCFO procedure performed in the cavitation
reactor

2.2.2.1 Synthesis reaction

The synthesis of OLCFO consists of consecutive reactions:
the CFO epoxidation reaction of a mixture of hydroper-
oxide and acetic acid; and the ring-opening reaction of
epoxy catfish oil (ECFO) with iso-propanol and the sul-
furic acid catalyst. The epoxidation reaction was carried
out at fixed conditions, 50 psi, 40°C, molar ratios of acetic
acid/double bond (C=C) and hydroperoxide/double bond
(C=C) of 1.25 and 2.75 in 4 min. In the epoxy ring-opening
reaction, the investigated parameters included the inlet
pressure of 40-75psi, the molar ratio of iso-propanol/
epoxy at 0.75-2.5, and temperature and time in the range
of 55-90°C and in 4-10 min, respectively. The synthesis
reaction scheme of OLCFO from CFFis shown in Figure 1.

2.2.2.2 The experimental process

The cavitation device is an orifice plate type, 1 hole with a
diameter of 1 mm, and 10 L capacity, as used in our pre-
vious studies [12,13] was used as the reactor in this study.
The structural diagram of the cavitation device system
and the experimental procedure are shown in Figure 2.
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Figure 1: The synthesis reaction scheme of OLCFO from CFF.

About 5kg of CFO feedstock was put into Tank-2.
Then, calculated amounts of hydroperoxide, acetic acid,
and the sulfuric acid catalyst were added to Tank-2. The
valve V, and recirculation valve V, opened in about 30s to
mix the reaction mixture. The valve V, closed and valve V3
opened simultaneously to pump the reaction mixture into the
cavitation zone via Pump-1. The displayed values of tempera-
ture and pressure on the themometer-T, and the gause-P;
were monitored. When the reaction was complete, valve V;
opened and the raw mixture product was collected, which
was washed several times with distilled water to remove the
catalyst, residues, and by-products. Finally, the ECFO pro-
duct was dried in a microwave oven to completely remove

Orrifice plate

Figure 2: Schematic of the cavitation equipment.
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the water from the ECFO. The epoxy content (wt%) of ECFO
was determined according to the ASTM D1652 to evaluate the
efficiency of the epoxidation reaction.

The experimental procedure of the ring-opening reac-
tion of ECFO with iso-propanol and the sulfuric acid cata-
lysts is similar. About 5kg of ECFO was put into Tank-2.
Next, calculated amounts of iso-propanol and the sulfuric
acid catalyst were added to Tank-2, respectively. The reac-
tion mixture was also stirred cyclically for 30s. At each
surveyed value of the affecting parameters in the reaction
process and at interval times of 4, 6, 7, 8, and 10 min,
100 mL of sample products was taken out through valve
V1. The samples were washed several times with distilled
water to remove the catalyst, residues, and by-products.
Finally, the OLCFO sample was dried in a microwave oven
to completely remove the water. The hydroxyl number of
OLCFO was determined according to the ASTM D4274-99
to evaluate the efficiency of the reaction.

2.3 Detection method

The functional groups of samples were determined by
Fourier transform infrared resonance (FT-IR) and nuclear
magnetic resonance (‘H-NMR, C-NMR) spectroscopy.
The FT-IR analysis was performed on the FT/IR Agilent,
serial number C019561788. The wavenumber was in the
range of 400-4,000 cm ' and the 'H-NMR and >C-NMR
analyses were carried out on the NMR Bruker 500 MHz
using CDCl; as a solvent. The oxidation stability of sam-
ples was analyzed by the TGA method and Rancimat test.
The biodegradability of the samples was predicted from
the values of biological oxidation demand (BODs), che-
mical oxygen demand (COD), and BOD;/COD ratio.

2.3.1 Calculation of the yield of the reaction

The yield of the ring-opening reaction y (%) was calcu-
lated by Eq. 1:

OHexp

x 100% 1
Ocheo

y =
where OHeyp and OHye, are the hydroxyl number from
experiment and theory (mg KOH per g), respectively, and
were calculated according to ASTM D4274-99 by Egs. 2
and 3:

OHexp =

Vo -V x 0.1 x 56.1 )
w
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10E
Ocheo ==

x 56.1, (3)
where V, and V; (mL) are the volumes of titration of the
blank and samples, respectively; w (g) is the weight of the
samples; and E (wt%) is the epoxy content of ECFO and
were calculated according to ASTM D1652.

3 Results and discussion

3.1 Epoxidation reaction

The iodine value (IV) of CFO was determined by ASTM
D1959 and IV reached 69 (g Iod/100 g). The epoxy content
(E) of ECFO was determined according to ASTM D1652
and was found to be 10.32 (wWt%); so, the yield of epox-
idation reaction of CFO was determined in the cavitation
reactor and achieved 92.2% [18]. When compared with
the results of other studies on epoxidation reactions of
vegetable oils, performed in mechanical or magnetic
stirrer reactor [10,19,20], it was found that the epoxida-
tion reaction efficiency reached a higher level with lower
chemical consumption and reaction temperature, and the
reaction time was many times shorter. Namely, Tran et al.
carried out the epoxidation reaction of CFF with a mix-
ture of hydroperoxide, acetic acid, and sulfuric acid cat-
alyst using a magnetic stirrer. The reaction yield reached
83.49% at 55°C with a long reaction time of up to 5h [19].
In the study of Hong et al., the optimum conditions of the
epoxidation reaction of linolenic acid in jatropha oil were
determined as follows: 45°C, molar ratio of HCOOOH/C=C
was 2 and molar ratio of H,0,/C=C was 12, and the time
reaction extended up to 2 h [21]. Similarly, Wang et al. con-
ducted an experimental study on the epoxidation of soy-
bean oil with a mixture of hydroperoxide and formic acid,
and the choline chloride/carboxylic acid catalyst in the
reaction device with a glass flask-heated magnetic stirrer.
The maximum epoxide yield of 83.19% was obtained at
50°C and 8 h [22].

3.2 Effect of parameters on the yield of
ring-opening reaction of ECFO

3.2.1 Effect of the inlet pressure
To determine the effect of the inlet pressure on the yield of

the ring-opening reaction of ECFO with iso-propanol, the
experiments were carried out the following conditions:
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70°C, the molar ratio of iso-propanol/epoxy of 1.5, time in
the range of 4-10 min, and the inlet pressure between 40
and 75 psi; the results are shown in Figure 3.

The data in Figure 3 show that the inlet pressure is a
parameter that strongly influences the reactivity. When
the pressure increased from 40 to 50 psi, along with the
increasing reaction time, the reaction yield increased gra-
dually. When the pressure increased to 60, 65, and 75 psi,
initially (4-7 min), the reaction yield increased but when
the time was longer, the yield did not increase but
decreased slightly. In the surveyed cases, the highest
yield was achieved at 60 psi and 7 min. This could be
explained by the fact that the reaction performed in the
cavitation reactor when the inlet pressure increased, the
number of circulation cycles through the hole increased,
which could increase the retention time of flow in the
cavitation zone and increase the cavitation efficiency.
This means the formation and the explosion of air bub-
bles increased. It could create a chaotic stir of reactants,
so the contact of them increased the strength and reac-
tions were more favorable. However, when the pressure
increased over a limit value, which is called the super-
cavitation or chocked pressure (Pehocked), the flow rate of
reactants or the stir/the contact of reactants could almost
be constant and so the reactivity could not increase
further. In this work, a Penocrea Of 60 psi cavitation system
was selected. The slight decrease in the reaction effi-
ciency when the pressure was increased to 75 psi could
be because the strong agitation conditions of the cavita-
tion system could lead to the formation of an emulsion of
the product and the sulfuric acid catalyst, which could
make the purification of products difficult.

In other studies, the effect of pressure on the efficiency of
heterogeneous reactions, performed in a cavitation reactor,
was also investigated, explained, and similar results were
reported. In the study of Khan et al. [17], under other optimal
conditions, the effect of the inlet pressure on the conversion (%)
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Figure 3: Effect of inlet pressure on the yield of ring-opening reac-
tion of ECFO with iso-propanol, at 70°C, and a molar ratio of
iso-propanol/epoxy of 1.5.

DE GRUYTER

of the biodiesel reaction from Cannabis sativa oil and
methanol, performed in a cavitation reactor, was investigated
in the pressure range of 1-4 bar and the conversion increased
when the inlet pressure increased from 1 to 3bar but the
conversion decreased slightly as the inlet pressure reached
4 bar. Bargole et al. used the response surface methodology
to optimize the synthesis process of biodiesel from waste
cooking oil and methanol, performed in the hydrodynamic
cavitation reactor. The observed results proved that pressure
could be one of the most stronger parameters of the biodiesel
reactivity; the reaction yield increased sharply when the pres-
sure increased in the range of 3-7 bar, the yield decreased
when the pressure was 10 bar and it remained constant when
the pressure was further increased to 15 bar [23].

3.2.2 Effect of the loading reactant

As shown in Figure 4, the increase in the molar ratio of
iso-propanol/epoxy from 0.75 to 1.25 led to the increase in
the reaction yield. When the reaction was performed at
a higher molar ratio of reactants (1.75, 2, and 2.5), the yield
increased in the time range of 47 min and it was decreased
as the reaction time extended to 8 and 10 min. So, in the
investigated cases, the molar ratio of iso-propanol/epoxy of
1.75 was confirmed as the optimal consumption reactant of
the ECFO ring-opening reaction. Theoretically, the charac-
teristic of the ring-opening reaction is irreversible and the
reaction can occur at a valid molar ratio of reactants of 1.
According to Thi et al. [18] and other authors [24], the ECFO
has a high molecular weight and high viscosity. This could
cause difficulties in the diffusion and contact of iso-pro-
panol into the ECFO. So in other studies, the reaction yield
was higher as the reaction was performed with a reactant
ratio greater than 1.

In this study, as the molar ratio of reactants increased
in the range of 0.75-1.75, the mass transfer of reactants
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Figure 4: Effect of chemical consumption on the yield of
ring-opening reaction of ECFO with iso-propanol, at 60 psi and 70°C.
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increased and so the speed of reaction could be more favor-
able and the yield of reaction increased. However, when the
reaction used a higher amount of the reactant, such as at
iso-propanol/epoxy molar ratios of 2/1 and 2.5/1, an excess
of iso-propanol may cause side effects. Besides, the excess
iso-propanol mixed into the product leads to difficulty in
purifying the product. So, the reaction efficiency was not
only increased but also reduced. These have also been elu-
cidated by the authors in other studies. At other optimal
reaction conditions, Turco et al. used a molar ratio of
mono-alcohol/epoxy of 10/1 to obtain the highest yield of
the ring-opening reaction of epoxy soybean oil [8]. Thung
et al. [9] investigated the effect of parameters on the yield of
the ring-opening reaction of soybean oil with H,O and an
H,S0, catalyst. The molar ratio of H,O/epoxy oil was mea-
sured in the range 10/1 to 20/1 and the highest hydroxyl
number of products were obtained at a molar ratio of reac-
tants of 15/1, under other optimal reaction conditions.

The scientific publications showed that the amount
of reactant is one of the factors that greatly affect the per-
formance reactivity, performed in the cavitation system
reactor. In the study of Fatt et al., at other optimal reaction
conditions, the highest conversion of the heterogeneous
biodiesel synthesis reaction performed in the cavitation
apparatus was obtained at the molar ratio of methanol/oil
of 6/1 in the surveyed data from 4/1 to 7/1. Mistry et al.
used Box-Behnken statistical software to optimize the bio-
diesel process from castor oil and methanol, performed in
a hydrodynamic cavitation reactor. The molar ratio of
methanol/oil was one of the main factors investigated in
the range from 6/1 to 10/6. The highest biodiesel yield was
achieved at a molar ratio of reactants of 6/1 in other
optimal reaction conditions [25].

3.2.3 Effect of temperature

The data in Figure 5 show that the temperature affected
the yield of the ring-opening reaction of ECFO signifi-
cantly. When the temperature increased from 55°C to
65°C, the yield of the reaction increased gradually during
the whole survey period (4-10 min). When the tempera-
ture increased (75°C, 80°C, and 90°C), initially (4—7 min),
the yield increased but then it decreased when the reac-
tion time was extended to 8 and 10 min. In the surveyed
cases, the optimum temperature was determined at 75°C
and the yield reached 91.3% at 7 min.

This could be explained as follows: when the tem-
perature increased, the viscosity of reactants decreased,
which led to the dispersion of them easier; the contact of
them increased and the reaction speed increased. So, the
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Figure 5: Effect of temperature on the yield of the ring-opening
reaction of ECFO with iso-propanol, at 60 psi and a molar ratio of
iso-propanol/epoxy of 1.5.

yield of the reaction increased significantly. At high tem-
peratures (90°C) and the intense agitation of the cavita-
tion zone, a little ECFO feedstock decomposed by the
catalysis of sulfuric acid, and could lead to a slight
decrease in the reaction yield.

The effect of temperature on the cavitation system
activity or heterogeneous reaction efficiency has been
similarly explained and reported by other studies. The
results of the study of Mohod et al. for the biodiesel reac-
tion from cooking oil and methanol showed that under
other optimal conditions, the yield increased when the
temperature increased from 40°C to 50°C and the yield
decreased as the temperature reached 60°C [26]. In the
study of Thi et al. [18], the optimal temperature of the CFF
epoxidation reaction with hydroperoxide and acetic acid
was set at 45°C in the investigated temperature range of
25-65°C.

In this work, the optimum conditions of the ring-
opening reaction of ECFO with iso-propanol, performed
in the cavitation reactor were established. The reaction
yield reached 91.3% in the molar ratio of iso-propanol/epoxy
of 1.75, 75°C, and 7 min. The obtained results demon-
strated that the hydrodynamic cavitation technique could
enhance the efficiency of the reaction significantly. A
higher reaction yield was achieved with lower chemical
consumption and reaction temperature, and a shorter
reaction time. This could be further elucidated by com-
paring with the results of other studies on the ring-opening
reaction of epoxy vegetable oils with nucleophilic agents,
carried out in the conventional mixing equipment. In
the study of Turco et al. on the ring-opening reaction of
epoxy soybean oil with various short-chain mono alco-
hols, although the magnetic stirrer reactor was set at the
highest stirring speed to increase the contact of reactants,
the highest reaction efficiency was achieved with a high
chemical consumption (alcohol/epoxy) molar ratio of 10/1
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for the reaction time up to 90 min [8]. Thuy et al. synthe-
sized polyol soybean oil from a reaction of epoxy soybean
oil and water with H,SO, as a catalyst, performed in a high-
speed mechanical stirrer reactor. The hydroxyl number of
the product reached the highest level (358.51 mg KOH per g)
with a high molar ratio of water/epoxy of 15/1 and a long
reaction time of 5h [9].

3.3 Characterization analysis

The main functional groups of the CFO starting feedstock,
ECFO, and the OLCFO final product were characterized by
FT-IR and NMR spectral analysis methods. The results of
this structural analysis are presented in the following
sections.

3.3.1 FT-IR analysis

The functional groups of samples of CFO starting feedstock,
ECFO, and OLCFO products were determined via the FT-IR
spectra, and the analytical results are shown in Figure 6.
FT-IR spectra in Figure 6 display peaks for the main
functional groups of samples. The chemical signals appearing
at 1376.93, 1464.67, 2852.20, and 2919.70 cm™* could be attrib-
uted to the presence of CHs, CH,, and CH groups. The C-O
and C=O0 of the ester group (O—C=0) could be attributed to
the presence of chemical shifts at 1112.73, 1160.94 cm™, and
723.18, 1741.41cm™. In the FT-IR spectrum of CFO, strong
chemical signals displayed at 1654.86 and 3008.85cm™,
which could be attributed to the unsaturated bond HC=CH
of the CFO feedstock. The FT-IR spectrum of ECFO did not
show the characteristic peaks for the double bond HC=CH,
but instead, a new peak appeared at 825.50 cm™’, which

—CFO —ECFO —OLCFO

[X VALUE] em™!
hydroxyl group
(OH)

\\/\/j[:( VALUE] em!

double bond double bond (=HC-
(HC=CH) CH,)

500 1000 1500 2000 2500 3000 3500 4000

Tranmittansce (%)

[X VALUE] cm

epoxy group
(HCOCH)

X V/\LUEM

Wave number (cm')

Figure 6: FT-IR spectra of CFO, ECFO, and the OLCFO product.
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could be attributed to the epoxy ring in the structure of
ECFO. Similarly, the FT-IR spectrum of OLCFO did not
exhibit the typical peak for the epoxy group and showed
a new peak at 3464.03cm ' and was attributed to the pre-
sence of the hydroxyl group (OH) in the structure of the
OLCFO product. The identification of chemical signals in
the FT-IR spectra and their assignment to functional groups
of CFO, ECFO, and OLCFO were similar to the results of
FT-IR analysis by Turco et al. [8] and Thuy et al. [9].

3.3.2 NMR analysis

The NMR analysis was used to confirm the functional
groups of feedstocks and products. Figures 7 and 8
show the "H-NMR and C-NMR spectra of CFO starting
feedstock, ECFO, and the OLCFO final product.

The 'H-NMR spectra in Figure 7 show the typical
proton peaks for functional groups of samples. The pro-
tons of CH; and CH, of R wires were determined by the
displayed peaks at 0.87-0.89 and 1.26—1.34 ppm, respec-
tively. The protons of B-CH, and a-CH,COO were verified via
the displayed peaks at 1.610-2.069 and 2.291-2.327 ppm,
respectively. The displayed peaks at 4.126-4.161 and
4.279-4.311 ppm confirmed the appearance of protons CH
and CH, of glycerol, respectively. The "H-NMR spectrum
of CFO showed the strong appearance of the peak at
5.26-5.34 ppm, which indicated the presence of the pro-
tons of the double bond HC=CH in the structure of CFO
starting feedstock. The 'H-NMR spectrum did not ECFO
display the proton-specific peaks of the double bond.
The appearance of new peaks at 1.62-1.72, 1.47-1.61, and
2.89-3.11 ppm confirmed the appearance of protons of
B-CH, and o-CH, linked to the epoxy group and epoxy
group (HCOCH) in the ECFO structure. Similarly, in the
"H-NMR spectrum of OLCFO, the proton-specific peaks
related to the epoxy group were not found and the pre-
sence of new peaks at 3.41-3.47 ppm could demonstrate
the appearance of protons of a hydroxyl group (OH) in the
structure of the OLCFO product.

The carbon peaks for the functional groups of sam-
ples are presented in the *C-NMR spectrum (Figure 8).
The carbon peaks of CH; and CH, of R wires were deter-
mined by the presence of chemical signals at 14.03-14.07
and 22.66-31.90 ppm, respectively. The appearance of
chemical shifts at 62.09-68.91 and 172.78-173.19 ppm
were attributed to the typical carbon peaks of CH and
CH, of glycerol and the ester group (COO0). The C-NMR
spectrum of CFO showed clearly the chemical signals
at 127.90-129.98 ppm, which were owing to the carbon
peaks of olefinic (HC=CH) in the CFO starting feedstock.
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Figure 7: "H-NMR spectra of CFO, ECFO, and the OLCFO product.

The C-NMR spectrum of ECFO did not display the typical
carbon peaks for the olefinic (HC=CH) but instead showed
the corresponding clear specific carbon peaks of an epoxy
group (HCOCH) at 54.12-57.14 ppm. Similarly, the carbon-
specific signals of the epoxy group were not found in the
BC-NMR spectrum of OLCFO. The occurrence of the signals
at 70.31-79.99 ppm was confirmed for the carbon-specific
peaks of the methine group linked to a hydroxyl group
(-HC-O0H) in the structure of the OLCFO product.

In this study, the obtained results from the FT-IR,
'H-NMR, and >C-NMR analysis match together well. These
analytical results have well demonstrated that the che-
mical conversion of the CFO starting feedstock into the
OLCFO final product through the intermediate stage of
ECFO compound formation has occurred. The results of
FT-IR, 'H-NMR, and >C-NMR spectrum analysis for soy-
bean oil material, epoxy soybean oil, and polyol soybean
oil products in other studies were similar to this study
[8,9].

3.4 Performance properties

The performance properties of the CFO feedstock and
OLCFO product could be verified via lubricating proper-
ties (thermal-viscosity properties), oxidation stability, and
biodegradability. In this study, the properties of samples
were determined according to suitable analytical stan-
dards for biological base oils. The results are shown in
Table 1 and Figures 9 and 10.

3.4.1 Lubricating properties

The lubricating properties of the CFO feedstock, products
of OLCFO were determined, and the results are shown in
Table 1.

Because vegetable oils and CFO are high molecular
weight compounds having the main structure of trigly-
cerides, bio-based oils based on vegetable oils or CFO
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Figure 8: >C-NMR spectra of CFO, ECFO, and the OLCFO product.

have advantages such as high viscosity and high visc-
osity index. Based on the results of Sharma et al. [10],
the presence of alternative functional groups such as
ester and hydroxyl in the double bond (C=C), and the
branched structure of the triglyceride chain with these
functional groups could have prevented the crystalliza-
tion of the OLCFO product; so, the pour point tempera-
ture of the product was significantly reduced compared to
the CFO feedstock. The characteristic structure of the
OLCFO can also lead to its pour point being higher than
that of the SN500 mineral base oil. However, the average
winter temperature in Vietnam and neighboring countries

is always higher than 10°C. Besides, to establish the for-
mulation of bio-lubricants from OLCFO, it should be noted
that additives must be added to decrease the pour point.
So, the possibility of using OLCFO as bio-based oils is
entirely possible.

3.4.2 Oxidative stability
The oxidation stability of the CFO feedstock and OLCFO

product was determined by TGA and Rancimat methods,
and the results are presented in Figures 9 and 10.

Table 1: The performance properties of catfish oil feedstock (CFO), polyol catfish oil product (OLCFO) and SN500 mineral base oil (SN500)

Samples Density Flash point (°C) Pour point (°C) Kinematic viscosity (cst) Viscosity index
40°C 100°C

CFO 0.916 292 22 95.26 11.30 105.2

OLCFO 0.978 304 -3 155.52 19.2 140.83

SN500 [12] 0.889 239 -6 96.03 11.59 109.07

Method ASTM D1298 ASTM D92 ASTM D97 ASTM D445 ASTM D2270
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Figure 9: TGA curves of CFO and the OLCFO product.

CFO has many advantages such as high viscosity and
high viscosity index, but its oxidation stability is very
poor and so its substitute for mineral base oils is very
low. In this study, the oxidation stability of CFO feedstock
was improved by conversion to saturate its unsaturated
components to form OLCFO. As shown in Figure 7 the
thermal stability of the OLCFO final product was improved
significantly compared to that of the CFO starting feed-
stock. The stability temperature and 95 (wWt%) decomposi-
tion temperature of OLCFO were up to 230°C and 478°C
while those of CFO were lower (174°C and 432°C).

The Rancimat curves of samples presented in Figure
8 have a similar trend. The induction time of the CFO feed-
stock was only 0.20 h. Meanwhile, the induction time of
the OLCFO product reached a much higher value (6.73 h).
This could be because the structure of the saturated

350 —CFO

300 ——OLCFOCa
250

200

400

— 93

Synthesis of biological base oils by a green process

—OLCFO —CFO

450 500 550 600 650 700 750

Temperature (0C)

OLCFO compound with the main chain of triglycerides
with hydroxyl branches has created high oxidation stabi-
lity. This was also verified by the results of FT-IR, 'H-NMR,
13C-NMR analysis as well as the difference in the iodine
values of CFO and OLCFO. Similar results were also
reported by Ait Aissa et al. [7], Sharma et al. [10], and
Saboya et al. [27].

3.4.3 Biodegradability

According to the scientific literature, COD and BOD tests
could be used to evaluate the biodegradability of materials.
In this study, the BODs and COD values of the OLCFO product
were determined according to TCVN 6001-1:2008, SMEWW
5220D:2017 standards, and the results are shown in Figure 11.
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Figure 10: Rancimat curves of CFO and the OLCFO product.
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Figure 11: Values of BODs, COD, and the BOD5/COD ratio of the
OLCFO product.

According to some studies, when materials have a
BOD/COD ratio lower than 0.2, they could be durable
under natural environmental conditions. When the BOD/COD
ratio of materials was in the range 0.2-0.3, they could hardly be
biodegradable; and when the ratio of BOD/COD was greater
than 0.3, these materials could be classified as highly biodegrad-
able substance group [28-31]. On this basis, the displayed
values of BODs, COD, and BODs/COD ratio of the OLCFO pro-
duct in Figure 9 demonstrate excellent biodegradability.
According to the study of Thi et al. [12], the biodegradability
of SN500 mineral base oil (SN500) was much lower than
that of catfish bio-polyol, and SN500 could be classified asa
nonbiodegradable material. This has also been explained
and evaluated by Choi et al. [28]. They also stated that the
hydrocarbon component of SN500 could be nonchemi-
cally decomposed and were nonbiodegradable compounds.
So, a large number of oxygen molecules were required to
perform the chemical and biological degradation of SN500.
Hydrocarbons with the structure of long alkyl R chains could
cause negative effects on the inoculated microorganisms,
which could lead to the low values of BOD/COD ratio for
SN500. Based on the COD, BOD,g, and BOD,g/COD ratio
values of samples, Almutair observed that biodegradation
of mineral oil-contaminated wastewater was difficult and
its biodegradability was lower than that of saponin solution
[30]. In a study by Zhang et al. [31], the BOD/COD ratio was
used to estimate the biodegradability and a load of removal
pollutants in wastewater. They also demonstrated that the
highest efficiency of the wastewater process was achieved at
a BOD/COD ratio of nearly 0.5. The biodegradability of four
types of ionic liquids was evaluated by Oliveira et al. Their
results showed that the biodegradability of all ionic liquids
was very low because the BOD, COD (as oxygen, mg-mL "),
and BOD/COD ratios were in the range of 27.11-33.30,
1,506-2,876, and 0.01-0.02. The most nonbiodegradable

DE GRUYTER

sample was found that contained an R linear alkyl chain
in its structure [29].

OLCFO can be used as an alternative to mineral base
oil. This could not only contribute to reducing the scare of
dependence on crude oil resources but also reduce the
negative impact on the environment.

4 Conclusion

In this work, OLCFO has been successfully synthesized
from CFF raw material using the cavitation technique.
The results obtained showed that the use of a cavitation
device as the reactor increased the reaction yield. At 50 psi,
the yield of the epoxidation reaction reached a high
value (92.2%) with low reagent consumption (molar ratio of
H,0,/CH5;COOH/C=C = 2.75/1.25/1), low reaction tempera-
ture (40°C), and a short time (only 4 min). Similarly, at
60 psi, the reaction yield of the catfish epoxy oil ring-opening
reaction was 93% at 75°C, a molar ratio of iso-propanol/epoxy
of 1.75/1 in just 7 min. The properties of OLCFO products
such as lubricity and oxidation resistance were enhanced
significantly compared to the CFO feedstock and it could
be suitable to be used as an alternative to SN500 mineral
base oil. The analytical data on biodegradability showed
that OLCFO could be a highly biodegradable substance.
In this study, the use of raw materials as waste, by-pro-
duct, and product as a mineral-based oil substitute,
environmental friendliness, together with the application
of advantaged stirring technique based on cavitation
techniques have brought many green characteristics to
the process. So, it can be envisaged that the synthesis
of OLCFO from CFF, performed in the cavitation reactor
will develop sustainably.
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