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Abstract: Apart from being a component of some animal
feed products, the main industrial use of recycled waste
frying oils is biodiesel preparation. With the aim of find-
ing a suitable technology for a cost-effective valorization
of used cooking oil, we investigated some oxidative treat-
ments under hydrodynamic cavitation with air flow. This
process enabled the preparation of a useful precursor of
fatliquor used in the leather industry through the efficient
oxidation/polymerization of waste oils at 90°C. The same
technique enabled a stable dispersion/emulsification
in water without surfactants. Thanks to the use of these
innovative techniques, a four-fold reduction of the oxida-
tion time of waste oil was achieved. All the results indi-
cate that the use of a highly efficient rotor-stator generator
of hydrodynamic cavitation is compatible with a process
scaling up for potential industrial applications.

Keywords: hydrodynamic cavitation; oxidative polymeri-
zation; process intensification; rotor-stator reactor; waste
cooking oil.

1 Introduction

Deep-fat frying is one of the oldest and most popular
methodsoffood preparation. Vegetable oilsusedin profes-
sional fryer machines are heated several times in tempera-
tures ranging from 90°C to 175°C. Such high temperatures
enable food surface dehydration and Maillard reactions
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that, in turn, break down sugars and proteins, thereby
creating the golden brown exterior of the food. Prolonged
oil heating in the presence of moisture, salts, and air can
result in oil degradation and alteration of food quality
[1, 2]. The management of waste oils and fats pose a sig-
nificant challenge because of problems related to their
disposal and their possible contamination of water and
land resources. The recovery of waste cooking oil for new
uses and applications after suitable physico-chemical
treatments is a challenging goal in relation to economic
and environmental issues [3-5]. The annual worldwide
total amount of waste cooking oil is estimated to be more
than 5 million tons. Deep-fat frying generally involves
different types of chemical reactions, such as hydrolysis,
oxidation, and polymerization with the production of
volatiles or solid compounds. Furthermore, it decreases
the unsaturated fatty acids of oil as well as increases
foaming, color, viscosity, density, specific heat, as well
as contents of free fatty acids, polar materials, and poly-
meric compounds [6].

Apart from biodiesel production [7], used cooking
oil can be purified and used as an ingredient in animal
feed supplements. The purification generally requires a
pre-treatment step to reduce the free fatty acids and water
contents in the feed stream. Very recently, we reported an
efficient conversion of waste frying oils to high quality bio-
diesel using a rotor-stator type generator of hydrodynamic
cavitation (HC) [8], an innovative technology that resulted
in a competitive process of recycling used oil in terms of
treatment time, energy consumption, and scalability.

In leather industries, mineral and vegetable oils,
such as oil/water emulsions, are employed in the pro-
duction of fatliquors, which are then used to lubricate
tanned leather fibers to achieve softness and improve
the robustness of the final product [9]. In recent years,
waste cooking oils have been introduced as an alterna-
tive to rapeseed, linseed, or castor oil. However, waste
cooking oil must undergo suitable treatments before it
can be used, such as the filtration on paper or cloth filter,
which removes food bits, insoluble particles, adsorbent
degradation products, and water [10]. After this process,
the waste cooking oil can be recycled and used just like
other vegetable oils to produce fatliquors. Typically, this


mailto:giancarlo.cravotto@unito.it

426 —— L.Rinaldi et al.: Oxidative polymerization of waste cooking oil under hydrodynamic cavitation

preparation includes sulfation or sulfonation processes
that facilitate the fatliquor oils emulsion in water [11, 12]
(Scheme 1).

Sulfate moiety, which is obtained by the action of
sulfuric acid, is relatively unstable because it is prone
to hydrolysis under acidic conditions [13]. This draw-
back is usually overcome by producing sulfonated
fatliquors, which can be obtained by the action of
sodium bisulfite on oxidized oils, resulting in a more
resilient C-S bond rather than a C-O-S group. A common
means of producing sulfonated fatliquors is to react
oils with air at high temperatures to promote the for-
mation of high levels of hydroperoxides and epoxides,
which are subsequently reacted with sodium bisulfite.
However, the oxidation and sulfonation reactions are
time-consuming processes.
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Aside from these oxidized intermediates, polymeri-
zation takes place during the oxidation process to form
dimers, oligomers, and polymers, which are structures
with high molecular weight that are formed by cross-link-
ing bridges with -C-C-, -C-O-C-, and -C-0-0-C- bonds (see
Scheme 2).

The formation of polymers determines a progressive
increase of viscosity. In the literature [14], the correlation
of viscosity with free fatty acids and total polar materials is
considered as a reference and is also used as an indicator
of the degree of oil oxidation. Qil viscosity is a parameter
that can be easily and rapidly measured using a viscom-
eter, a popular technique employed in the online monitor-
ing of the oil oxidation process in industrial plants.

In the process of oxidation, the reaction rate is nega-
tively affected by the poor mass transfer between air and
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Scheme 1: Typical reactions for fatliquor production.
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Scheme 2: Possible formations of different polymer types during the treatment via cross-linking oxygen bonds: (A) ether; (B) peroxide.
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oil. The choice of air instead of oxygen is due to safety
reasons: oxygen at high pressure can violently react with oil
and grease. Mass transfer in heterogeneous liquid/liquid or
liquid/gas systems, can be dramatically improved by HC
[15]. Cavitation is a phenomenon characterized by the for-
mation, growth, and collapse of bubbles within a liquid.
Four types of cavitation exist: hydrodynamic, acoustic,
optical, and particle-induced cavitation [16]. Both HC and
ultrasonic cavitation enhance the mass transfer coefficient
[17, 18], with classical applications in advanced oxidation
processes [19] and bioremediation [20]. HC is produced by
large pressure differentials within a flowing liquid, which
generates turbulence that can increase the mass transfer
rates and provide better contact between the reactants [21].
The HC phenomenon involved in high-pressure homog-
enizers is based on the pumping of the liquid at very high
pressure through a constriction that then converts its pres-
sure energy into kinetic energy. At extremely high kinetic
energy levels, the pressure is reduced below the liquid
vapor pressure, thus generating cavitation [22, 23]. The cav-
itation phenomenon also results in the formation of highly
reactive free radicals [24]: the higher temperature of the gas
phase inside the bubbles at the final stage of the collaps-
ing process leads to a higher generation rate of radicals [25].
In addition, a more violent collapse at a higher number of
cavitation events permits the migration of some radicals to
the bulk liquid [26].

HC has been reported to be more energy efficient than
acoustic cavitation [27, 28], with additional advantages
when fine and stable oil/water emulsions are required
[29]. Previous applications of combined HC and reacting
gas have been described in plants for water treatments
with continuous ozone inlet [18, 30, 31]. When gas is used
in HC units, the main advantage is a micro dispersion of
bubbles with a mass transfer enhancement and a faster
dissolution in the liquid. Some examples of sonochemical
treatments for fatliquor production have been described
in the literature [32-34].

With the aim of promoting the oxidation of waste
cooking oil, different HC systems with air-flow were tested
in the present study. Aside from a classic HC unit typically
used for wastewater treatments [35] and chemical reac-
tions in heterogeneous aqueous systems [36], we employed
a new type of rotating generator of HC equipped with a
high-speed rotor with suitable indentations. Similar reac-
tors and homogenators generating HC by rotation have
been previously described by other authors, who have
proven its significant advantages in terms of efficiency
and versatility [28, 37-39]. To the best of our knowledge,
this is the first study focused on waste oil oxidative treat-
ments under HC conditions with air flow.

L. Rinaldi et al.: Oxidative polymerization of waste cooking oil under hydrodynamic cavitation = 427

2 Materials and methods
2.1 Materials and procedures

The waste cooking oils were kindly provided by the Silvateam and
used without further purification. All chemicals were purchased
from Sigma-Aldrich (Milan, Italy) and used without further purifica-
tion. Three different procedures were carried out using 1) conven-
tional heating, 2) a standard HC unit, and 3) a new rotor-stator type
generator of HC.

2.2 Conventional set-up

A 21 four-necked round bottom flask equipped with a condenser,
a thermocouple, an air inlet, and an external gas flow-meter, was
placed in a electric heating mantle. The oil (1.5 1) was heated under a
constant air flow of 20 nl/h. The instantaneous power consumption
was measured with a plug power meter.

2.3 Lab-scale HC unit

A lab-scale device with two orifice restrictions, one in suction and
one in pressure, which was already described in the literature [14],
was equipped with an air inlet and an external gas flow-meter. The
HC unit consisted of a centrifugal pump, a double orifice, a heat
exchanger, a water tank, a manometer, a liquid flow-meter and the
required connecting tubings. All of the contacting surfaces were made
of stainless steel (SS316). The centrifugal pump (Speck GY-028-2,
2750 rpm, Roth, Germany) was capable of generating a negative pres-
sure of —0.04 MPa (suction) and a max flow rate of 1980 1/h. The
nominal electrical power was set at 1.1 kW. The total volume of the
oil was set at 800 ml. The temperature of bulk liquid was maintained

Figure 1: Rotor-stator generator of HC.
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Figure 2: Dispersion of fine air bubbles in oil after treatment with
the rotor-stator generator of HC.

constant by using a cooling circulator and a heat exchanger. A ven-
turi tube with a throat diameter of 6 mm was attached at the inlet
of pump, so that the cavitation was mainly induced by suction. The
inner diameter for the connecting pipes was 21 mm. Air was intro-
duced into the solution under the suction orifice. The instantaneous
power consumption of the centrifugal pump was measured using a
plug power meter.

2.4 HC unit with a continuous rotor-stator type reactor

The unit is a commercial unit designed by E-PIC S.r.l. (Mongrando,
Italy), as described in a previous paper [6], and characterized by a
rotating apparatus equipped with a three-phase 7.5 kW electric motor
(Figure 1). The absorbed power of the HC unit was constantly moni-
tored by a digital ammeter, with a sampling frequency of 1 s.

2.5 General procedure

In all systems, the oil was heated at 90°C under a controlled air
flow for a defined time, in order to obtain a viscosity of 70 cSt. This

Suction HC
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Time (h)

Figure 3: Viscosity changes by HC treatment at different flow rates.
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viscosity is the standard requirement for the subsequent reaction
with sodium bisulfite.

2.6 Analysis

Three main parameters were controlled during the process, namely,
peroxide value (PV), viscosity, and Fourier transform-infrared (FT-
IR) spectra. Conventionally, oxidation reaction was monitored by
following the oil PV using the AOCS iodometric method [40], which
was expressed as mEq of peroxide oxygen per kilogram of oil (mEq/
kg). From the perspective of the operator, this method is time-con-
suming and difficult to use when disposing hazardous reagents;
hence, viscosity is the preferred indicator of constant reaction
monitoring. A Cannon-Fenske 350 series viscometer for transpar-
ent liquids (State College, PA, USA), with a thermostatic bath (Type
M900-TI, MPM Instruments Srl, Bernareggio, Italy), was used to
measure the viscosity of all samples at 50°C. The temperatures were
checked with a digital thermometer within the thermostat and the
viscometer. At the beginning of each measurement, about 7 ml of
the sample was filled into the measuring cup. A Perkin Elmer, Spec-
trum 100 Spectrometer (Shelton, CT, USA) was used for the FT-IR
analysis.

3 Results and discussion

The present investigation started from a series of oxida-
tions performed under conductive heating in a conven-
tional electric mantel, in order to obtain a set of reference
data. The conventional conditions mimicked the indus-
trial set up, in which the mixing was only provided by the
air stream; therefore, mass transfer between air and the oil
was limited by the big size of the bubbles. The use of an air
inlet with little orifices along with adequate stirring may
reduce air bubbles dimensions. As expected, the reaction
was very slow and no changes in viscosity occurred in the
first hours. Differently, as shown in Figure 2, a fine dis-
persion was obtained after treatment with the rotor-stator
generator of HC.

—-—2nl/h
-8 nlh
——16nl/h
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Figure 4: Viscosity monitoring during the oxidation process.

Table 1: Average measurements after oxidative treatments.
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—+— Lab scale HC device
—e— Rotocav
—a— Conv
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Peroxide value (mEq/kg)
Unit energy consumption (kWh/kg)
Air consumption (nl/kg)?

600
15
500

18
7.4
80

21
4.6
10.3

3Air consumption =volume of air introduced in the system per weight of treated oil.

HC systems have been introduced to decrease the
bubble size into micro bubbles and, therefore, to reduce
reaction time. The use of a lab scale HC device gave a
product with desired viscosity in a much shorter period
of time. Different air flows were studied and used as
optimal flows, as shown in the suction HC changing flow
rate in Figure 3. This is probably the best compromise
between providing enough reagent and strong cavita-
tion. In fact, when the air flow was 16 nl/h the cavitation
decreased because of the large amount of air into the
oil [41]. The viscosity followed a nearly linear increment.

The second type of HC unit with a continuous rotor-
stator reactor aside from intense HC exerted a stronger
mechanical stress due to the high-speed rotor action. This
device helped decrease the air bubble size until it reached
micrometric dimension with a peculiarly low coalescence
tendency (Figure 2). As shown in (Figure 4), in 10 h at

90°C, almost 10 1 of waste cooking oil gained the target
viscosity. The viscosity enhancement had nearly linear
trend. The conventional procedure required 40 h at 90°C
to obtain a viscosity of about 70 cSt. The main parameters
were measured for each set of experiments. The average
values are displayed in Table 1.

The energy values reported in Table 1 are the so-called
mechanical output energies: this means that the measured
electric powers are multiplied by the respective motor effi-
ciency. Hence, the calculated mechanical output ener-
gies are independent from the efficiencies of the electric
motors. Meanwhile, for the conventional heating process,
the efficiency of the heating mantle in estimating the real
thermal energy input into the system was calculated by
monitoring the instantaneous electric power and the oil
temperature change in a predetermined time. Efficiency is
defined as

Efficiency% = -
Electric energy

(Mass of oil) x (Specific heat capacity) x (change in temperature) 1

00.
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Figure 5: FT-IR spectra.

In a conventional heating process, PV is higher than
the values observed from the two HC systems. Cavita-
tional events may promote the peroxide scission and the
formation of new -O-O- cross linking bridges [42]. In HC
systems, the formation of dimers and trimers is favored
at the expense of peroxide species. HC accelerates radical
formations and, consequently, promotes the growth of the
polymeric chain.

Furthermore, IR measurement (Figure 5) was con-
ducted on the starting material and the treated oils for
qualitative analysis [43-45]. The main changes after oxi-
dative treatments reported in the literature included the
disappearance of peaks at 3011 and 1654 cm~! and the
decrease of the absorption at 723 cm-!, which can be
attributed to isolated double bonds. The appearance of a
broad band centered at ca. 3430 cm~!, which was due to
hydroxyl groups, and of a weak absorption at 1633 cm ™!
can be attributed to the formation of conjugated double
bond. Both conventional and HC processes showed the
same changes in the IR spectra in the area of -OH stretch-
ing band at 3434 cm~'. In general, all the treatments with
HC generated less hydroxyl groups.

The measurement of energy consumption showed
higher values for the conventional heating process
(15 kWh/kg) and for the lab scale HC apparatus (7.4 kWh/
kg) compared with the rotating generator of HC (4.6 kWh/
kg). This was because the latter enabled a higher amount
of oil to be processed per unit time. Scaling up experi-
ments are in progress with a bigger tank that uses a bigger

—— Conventional OX

Rotocav

rotating cavitator with a higher feeding rate. With the aim
of producing fatliquors, further tests will be performed to
understand whether this type of oxidation is suitable for
the subsequent sulfonation reaction.

4 Conclusion

This work demonstrated that HC systems can be success-
fully employed to promote the oxidative polymerization
and emulsification of oils. The use of a rotor-stator gen-
erator of HC is compatible with a scaling up of the process
thanks to the low-energy consumption of the generator.
The production of fatliquors from waste frying oils is a
process with a huge industrial impact for leather produc-
tion and beyond, thus ensuring the full application of the
circular economy’s recycling concepts.
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