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The traditional biodiesel production process consumes a large amount of energy by maintaining a reaction
mixture of oil and alcohol for extended periods of up to 120 min at average temperatures of 60 °C. To reduce
biodiesel production costs, alternatives have emerged that reduce reaction time and consequently the
production costs. One of these alternatives is hydrodynamic cavitation, which through the contribution of
sensitive heat, because of the phase change, allows to provide a large amount of energy to the fluids in reaction.
Some elements that cause low pressures, which allows the presence of cavitation, are orifice plates. This paper
presents the results obtained from the production of biodiesel by hydrodynamic cavitation caused by an orifice
plate. These results are compared with those obtained by the traditional method of stirring and heating. For both
processes soybean oil was used as raw material, a molar ratio of methanol oil 6:1 and 12:1, sodium hydroxide
as catalyst at 0.5 % w/w and a reaction temperature of 60 °C. The biodiesel obtained was characterized by the
standard EN14214 which establishes a minimum of 96.5% of FAME. The results show that this minimum value
is exceeded at 17 min with the orifice plate, while with the traditional method the time was 120 min,
demonstrating that hydrodynamic cavitation reduces the time and energy cost in biodiesel production.

1. Introduction

Biodiesel is defined as the mixture of mono alkyl esters of long-chain fatty acids derived from natural lipids,
obtained from the transesterification reaction, this carried out by mixing triglycerides (vegetable or animal) with
short-chain alcohols such as ethanol or methanol, and provide sufficient energy to allow contact between the
two non-miscible reagents with the aid of a typically basic catalyst (Aghbashlo et al., 2021). Industrial biodiesel
production is generally developed in bach reactors of stirring and heating, which allow constant contact of the
reagents during elevated times of around 60 to 120 min, and temperatures of 60 °C to achieve good yields,
resulting in high energy consumption (Vera-Rozo et al., 2022). To improve the process of obtaining biodiesel,
technologies have been developed that allow to intensify the reaction of transesterification, managing to reduce
the time of obtaining and, in some cases, the energy cost. Some of these technologies are cavitation,
microwave, plug-flow reactors, and others. Specifically, cavitation can be subclassified in hydrodynamic and
ultrasonic reactors, with hydrodynamic reactors having the highest capacity and lowest cost (Tabatabaei et al.,
2019). Hydrodynamic cavitation can be produced by passing the fluid through a constriction, for example, a
strangulation valve, a hole plate or a venturi, or by a rotor-stator-type reactor.

COrifice plates are classified as indirect measurement obstruction flow meters because they quantify the pressure
in the suction and discharge of the plate, to subsequently apply the energy and continuity equation by estimating
the flow, with errors up to 20 % (Ghayal et al., 2013). Each orifice plate has particular characteristics that seek
to avoid the presence of cavitation, which affects the measurement of pressures and alters the integrity of
materials; the two main delimiters for an orifice plate are the orifice diameter ratio to the diameter of the pipe
(B > 0.1) and the Reynolds number (Re > 5 000) as they directly affect the flow measurement through the
plate (Angele et al., 2021). Failure to comply with these limitations can generate cavities in the areas after the
discharge of the plate, which generates alterations in the fluid causing vapor interstices, which subsequently
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evolve through a flow of liquid of higher pressure, causing the bubbles generated to implode and release a
significant amount of energy into the fluid (Tang et al., 2019).

In the particular application of technologies that benefit the production of biodiesel, various studies have been
developed where methyl esters are obtained by making oil and alcohol flow through a orifice plate, such as that
presented by Ghayal et al., (2013), who optimized the production of biodiesel by hydrodynamic cavitation by
comparing four plates of different geometrics for a used cooking oil and methanol at a molar ratio of 12:1, using
potassium hydroxide (KOH) as catalyst at 1.5 % w/w, reaching a maximum FAME of 95.0 % in 10 min.
Subsequently, Maddikeri et al. (2014), compares the obtaining of biodiesel through a orifice plate with straight
and circular venturi tubes, finding that the straight venturi tube obtains the highest FAME of 90.0 % at 30 min of
reaction of methanol with used cooking oil at a molar ratio of 6:1 and sodium hydroxide (NaOH) of 1.0% w/w. In
turn, Bargole et al. (2019), obtained biodiesel by hydrodynamic cavitation by comparing three plates, using
methanol and used cooking oil to a molar ratio of 6.8:1 and NaOH at 1.0 % w/w, achieving a FAME of 99.0% w/w.
All these results are developed for used cooking oil as a general alternative to a waste revaluation but, about
28 % of the biodiesel generated in the world is from soybean oil, which is obtained in a traditional way and only
some researchers like Gogate et al. (2006), showed results related to hydrodynamic cavitation using methanol
with a molar ratio of 6:1 and NaOH at 1.0 % w/w finding in 30 min a FAME of 95 % w/w.

In this work, the obtaining of biodiesel from refined soybean oil is presents, this raw material is used in order to
evaluate the hydrodynamic cavitation without the difficulties that may have the presence of free acids, gums, or
impurities. Experimentally, the reaction mixture (methanol and oil) is circulated through an orifice plate of
diameter ratio § = 0.15, under two methanol-oil molar ratios of 6:1 and 12:1, with flow rate of 3. 56 LPM along
the orifice plate; having as objective to evaluate the rate of the conversion reaction of triglycerides to fatty acid
methyl esters (FAME) of soybean oil, and relate it to the pressures generated along the hydraulic system used,
demonstrating the presence of cavitation and energy contribution to the fluid.

2. Materials and Methods

The materials and the experimental model developed in this study are described below, comparing the
traditional process with respect to the hydrodynamic cavitation process. The variables important evaluate is its
reaction rate, density, kinematic viscosity, heating value and cetane number.

2.1 Materials and experiment

To produce biodiesel, refined soybean oil for food use, Merck brand purchased at a local supermarket in
Salamanca, Guanajuato, Mexico, was used. The oil characterization is developed according to ISO and ASTM
standards, that is, ISO 6883-2017 is used to obtain the density, ASTM D445 is used to obtain the viscosity and
NMX-F101-SCFI-2012 to obtain the acidity percentage. The reaction conditions were selected considering two
molar ratios from 6:1 to 12:1 and a fixed percentage of catalyst according to what is available in the literature,
as shown in Table 1 (Silva et al., 2010). Methanol with purity of 99.5% and purchased in Fermont (at Toronto,
Canada), analytical sodium hydroxide was acquired in Meyer (at Mexico City, Mexico). Once biodiesel was
produced by the traditional method and hydrodynamic cavitation, it was washed with distilled water and dried
with anhydrous sodium sulfate from Panreac (Monterrey, Mexico). The variant conditions in the experiment were
the molar ratio and the type of reactor used to obtain biodiesel as indicated in Table 1.

Table 1: Parameters of experiment

Fixed parameters Variable parameters

Type of alcohol Methanol Type of reaction Traditional

Type of catalyst NaOH Cavitation hydrodynamic
Amount of catalyst [% w/w] 0.5 Molar ratio Methanol:oil 6:1

Temperature of reaction [°C] 60 12:1

2.2 Traditional process

Traditional transesterification took place in a 200 mL coated batch-heated glass reactor, equipped with a
condenser to prevent the loss of methanol. Magnetic stirring at 700 rpm was used, allowing the 150 g of oil with
the corresponding methanol to be properly mixed along the reactor. Heating of the thermal layer ensures a
uniform temperature of 60°C inside the shirt. The equipment described above is presented in Figure 1.



567

Figure 1: Scheme of the test facility of traditional process (1. Magnetic plate stirrer, 2. Reactor, 3. Condenser,
4. Thermometer, 5. Inlet and outlet of water hot).

2.3 Cavitation hydrodynamics process

The alternative transesterification took place in a system with a fixed bed reactor for the storage of the 150 g oil
mixture with the corresponding methanol coupled to the suction of a gear pump, On the discharge line, a self-
designed orifice plate is coupled to finally return to the reactor. The system described above is shown in Figure
2. It indicates where pressure and temperature measurements are taken throughout the system, such as
samples of fluid reacting to the discharge of the pump and the discharge of the orifice plate.
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Figure 2: Scheme of the test facility of cavitation hydrodynamics process (Pin: Pressure of inlet in gear pump,
Pout: Pressure of outlet in gear pump, Pinp: Pressure of inlet in plate hole, Poutp: Pressure of outlet in plate
hole).

2.4 Reaction speed

To make the comparison of the biodiesel produced by the two methods at different times, a sample of 15 mL
was extracted from both systems described in section 2.2 and 2.3, a centrifuge process was subsequently
carried out, followed by micropipette separation of the glycerin methyl esters, followed by washing with distilled
water the biodiesel and drying with anhydrous sodium sulphate. Finally, the amount of fatty acid methyl esters
(FAME) present in the sample is analyzed by gas chromatography.
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2.5 Biodiesel characterization

For the determination of FAME the standard EN 14103: 2011 was followed, using methyl nonadecanoate as
standard, supplied by Sigma-Aldrich (Steinheim, Germany). A gas chromatograph with a flame ionization
detector from VARIAN (Waltham, MA, U.S. was used. The kinematic viscosity of biodiesel was measured with
a Cannon Fenske 9721-B59 (Ontario, Canada) and the density with a Robsan TDM1121 (Mexico, Mexico)
aerometer applying ASTM 445 and ASTM 1298, respectively. The calorific values were determined with a
calorimetric pump IKA C 3000 (Staufen, Germany), with the application of the isoperibolic method, following the
ASTM 240 standard. Distillation temperatures were obtained for samples of 100 mL at atmospheric pressure,
under the ASTM D86 standard.

3. Results

Next, the results of the Soybean Oil properties, a comparison of the reaction rate, biodiesel characterization,
and the results of the cavitation method are shown.

3.1 Properties of the soybean oil

One of the main characteristics for a complete transesterification of the oil is the low presence of free fatty acids,
maximum 1% w/w (Vera-Rozo et al., 2022). In addition, knowing properties such as density and viscosity are
paramount for a correct evaluation of biodiesel. For this reason, these properties and the traceability of fatty
acid compounds of soybean oil have been determined, which are presented in Table 2 (Aboelazayem et al.,
2021). The results show a density, viscosity and traceability behavior of the compounds very similar to those
reported by some characterizations available in the literature (Knothe et al., 1985; Sahasrabudhe , 2017;
Yongphet, 2021).

Table 2: Physical and chemical properties of soybean oil

Properties Soybean Standard
Acidity percentage (%) 0.136 + 0.001 NMX-F-101-SCFI-2012
Kinematic viscosity (mm?/s) 51.32+0.01 ASTM 445
Density (kg/m3) 920.3+0.1 ASTM D1298
Fatty acid composition Molar weight*(g/mol) (% wiw)
Palmitic (C16:0) 256.4+0.1 10.74
Palmitoleic (C16:1) 254.1+0.1 0.10

Stearic (C18:0) 2845+0.1 4.05

Oleic (C18:1) 2825+0.1 24.05
Linoleic (C18:2) 280.4+0.1 53.36
Linolenic (C18:3) 272.4+0.1 7.48
Arachidic (C20:0) 3125+0.1 0.17

*The average triglyceride molar weight is 928.4 g/mol

3.2 Comparative of reaction speed

The obtaining of biodiesel by both methods was developed up to 45 min, being a time apart sufficient for the
stabilization of the reaction intensified by cavitation, as is observed in Figure 3. In turn, the reaction kinetics for
both 6:1 and 12:1 molar ratios have a much higher slope in the process intensified by cavitation compared to
the traditional stirring and heating, requiring 90 to 120 min to achieve good performance of at least
95 % (Yongphet et al., 2021). Other hand, the only configuration that reaches the standard EN 14214 of 96.5 %
w/w in FAME is under a molar methanol:oil ratio of 12:1. The kinetic curves obtained show a trend similar to that
reported by other works that obtain biodiesel with more than 10 L allowing to consider that the behavior of this
process would be scalable for large volumes (Maddikeri et al., 2014).

3.3 Other characteristics of biodiesel obtains

To make a comparison more interesting than the time of obtaining, other properties are presented for the best
results in FAME of biodiesel obtained by both methods. For hydrodynamic cavitation intensification, biodiesel
obtained in 20 min at a molar ratio of 12:1, on the other hand, in the case of traditional biodiesel, there is a
reaction that was carried out over 120 min with the same molar ratio conditions. As shown in Table 3, the
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biodiesel obtained for both cases exceed the 96.5 % w/w FAME limit, the calorific values, density, viscosity and
distillation temperatures are approximately constant and within the permissive range of EN 14214. The energy
consumed by the process intensified by cavitation is noticeably lower, because despite requiring greater
demand for instantaneous energy, the operating time is only 16 % of the traditional process, causing an energy
saving of one third.
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Figure 3: Reaction speed of four experiment.

Table 3: Physical and chemical properties of biodiesel.

Properties Cavitation system  Traditional system Standard
FAME (% w/w) 97.20+£1.20 98.58 £ 1.40 EN 14214 (Min 96.5)
Kinematic viscosity (mm?/s) 4.074 £0.01 4141 £ 0.01 ASTM 445 (Min 3.5 — Max 5.0)
Density (kg/m?) 882.1+0.1 883.4+0.1 ASTM D1298 (Min 860 — Max 900)
Distillation 2

T10 (°C) 331.3+0.1 333.1+0.1

ASTM D86*

Ts0 (°C) 335.4+0.1 336.7+0.1

Too (°C) 338.1+0.1 338.2+0.1
Heating value (kJ/kg) 39845+ 25 39749 +18 ASTM D240*
Cetane number 51.8+0.1 51.7+0.1 ASTM D 613 (Min 51)°
Operation characteristics
Time reaction (min) 20 120
Energy consumption (kWh) 0.74 2.04

@ The local barometric pressure is 88.26 kPa. The value is verified by using a barometric sensor Bme280 registered
b |t is estimated with the equation presented by Giakoumis (Giakoumis and Sarakatsanis, 2018)
* The standard only report.

3.4 Cavitation demonstration

The presence of cavitation in the orifice plate system can be demonstrated in a practical way by the pressures
measured along the system, because for there to be formation of bubbles the vapor pressure of one of the two
reagents (methanol and oil) must be reached. Since the methanol in the system is easily evaporated, the vapor
pressure of the methanol at 60°C is considered as the pressure limit to reach the imminent cavitation, this being
82.94 kPa (Marcus et al., 2018) and the local atmospheric pressure is 88.26 kPa, so achieving vacuum
pressures of just -5.32 kPa would have the presence of methanol vapor interstices through the reaction fluid.
The pressures in the discharge of the plate reach measurements of up to -8.00 kPa which shows the presence
of cavitation after the discharge of the plate and bubbles along the system.

4. Conclusions

The use of cavitation, despite being a phenomenon that is avoided in many processes, can be an alternative to
the intensification of chemical reactions. This work has shown that the controlled use of hydrodynamic cavitation
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generated through an orifice plate produces an intensification in the transesterification reaction, managing to
reduce the reaction time from 120 to 20 minutes, and consequently an energy saving of the production process
of up to 66%. The properties such as the content of methyl esters is greater than 96.5 % w/w, density, viscosity,
calorific value and cetane number comply with the regulatory restrictions stipulated by the independent EN
14214 method used for its production.

Nomenclature

FAME - Fatty Acid Methyl Esters, % w/w v — Kinematic Viscosity, m?/s -
Re — Number Reynolds, 22 NaOH — Sodium hydroxide
v KOH — Potassium hydroxide

V — Flow velocity, m/s ; .
rpm — revolution per minute

D — Flow Diameter, m
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