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Abstract: Although hydrogen is the most abundant element in the universe, it is not possible to find
it in its purest state in nature. In this study, two-stage experimentation was carried out. The first stage
was hydrogen production. The second stage was an electrochemical process to hydrogenate soybean
oil in a PEM fuel cell. In the fist stage a Zirfon Perl UTP 500 membrane was used in an alkaline
hydrolizer of separated gas to produce hydrogen, achieving 9.6 L/min compared with 5.1 L/min,
the maximum obtained using a conventional membrane. The hydrogen obtained was used in the
second stage to feed the fuel cell hydrogenating the soybean oil. Hydrogenated soybean oil showed
a substantial diminished iodine index from 131 to 54.85, which represents a percentage of 58.13.
This happens when applying a voltage of 90 mV for 240 min, constant temperature of 50 °C and
one atm. This result was obtained by depositing 1 mg of Pt/cm? in the cathode of the fuel cell.
This system represents a viable alternative for the use of hydrogen in energy generation.

Keywords: electrochemistry; hydrogenation; electrolysis; electrochemical cell; modeling research;
flow cell

1. Introduction

Electrolyzers are an essential part of the so-called “hydrogen economy” as transformers and
devices for storing primary energy and replacing fossil fuels. As conventional electrolyzers are
designed for operation at fixed process conditions, the implementation of fluctuating and highly
intermittent renewable energy is challenging [1]. In recent years, different technologies have been
developed to produce fuels based on several sources of animals and plants. Vegetable seed oils for the
production of non-fossil fuels are an alternative that has been developed in Southeast Asia. Through
transesterification, the achieved conversion yields of sunflower oil reached efficiency of 78.3% at a
temperature of 660 °K over ZnCl, as the catalyst [2].

By means of rapeseed oil hydrogenation tests [3], they studied the performances with cobalt and
molybdenum catalysts with an initial hydrogen pressure of 1.10 MPa and reaction temperature in
the range of 200 °C to 400 °C, for 6 and 180 min. In addition, at the temperature of 400 °C and 120
with min of reaction duration, the hydrocarbon yield approached 92% in the presence of a catalyst,
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while in the absence of the catalyst this value approached 85%. Moreover, they carried out tests on oils
of jatropha, palm and canola, by means of hydroprocessing on sulfur-based NiMo and NiW catalysts
supported by SAPO-11; they obtained results for all the catalysts—40% of diesel and 40% aviation
kerosene [3], and the remaining 20% were lighter hydrocarbons from gasoline range. Lu et al. [4]
produced biohydrogen diesel (BHD) and liquefied petroleum gas (LPG) by hydrotreating vegetable
oils on NiMo-based catalysts in a high-pressure, fixed-base flow reaction system at 350 °C under 4
MPa hydrogen. In processes that combine selective transesterification and hydrogenation biodiesel
was produced from hemp (cannabis sativa L.) [5], where a series of alkaline earth metal oxides and
copper oxides supported by alkaline earth metals were tested as catalysts. SrO supported 10% by
weight by CuO showed superior catalytic activity for transesterification with a biodiesel yield of 96%
and hydrogenation with a reduced iodine value of 113.

Zirfon

In Zirfon, the addition of ZrO, to the polysulfone matrix results in a high wettability,
which is, of course, of the highest importance in systems where H, and O, are being evolved.
The separator is very stable in concentrated potassium hydroxide (KOH) solutions at elevated
temperatures [6-9]. The standard type of Zirfon separator is a microporous organo-mineral material,
pore size 0.15 & 0.05 um and the crystallite size of cubic ZrO; is 8 nm, containing 85 wt% of a
hydrophilic ZrO, powder with a high specific surface area (22 m?/g) to assure an optimum wettability
and 15 wt% polysulfone (PSF) which gives the material its mechanical strength [10]. A commercially
available product of this type of separator is denoted as Zirfon PERL UTP 500(AGFA). In the datasheet
of the manufacturer, a thickness of approximately 500 4= 50 pm, a porosity of 50 4= 10% and pores of
approximately 0.15 £ 0.05 um diameter were reported [3]. Initially, the Zirfon separator was developed
for use in alkaline water electrolysis, where it was an alternative for asbestos. In the “classical” alkaline
water electrolysis technology, the asbestos diaphragm limits the working temperature of the cell up to
90 °C [11]. In addition, the commercial porous separator Zirfon, which is composed of 85 wt% zirconia
nanoparticles and 15 wt% polysulfone, exhibits a satisfactory bubble point pressure performance of
approximately 2.5 bar and ionic resistance of 0.3 QO cm?. However, the Zirfon PERL separator exhibits
a high hydrogen permeability value of 20 x 10~!2 mole cm~! bar~! sec™! due to its large average
pore size of 130 nm, resulting in a limited dynamic range of the electrolyzer [12]. Furthermore, with
Zirfon as the separator and NaOH as the electrolyte, the shortest distances between electrodes, the best
system performance and the resistance increased with longer distances [11]. One of the advantages of
the Zirfon membrane concerning the Nafion membrane, is that it allows one to significantly reduce the
amount of raw material required for its manufacturing. It can be sintered under controlled conditions
to achieve the appropriate microporosity that enables the flow of fluids (electrolyte) but not that of
gas bubbles generated in the electrolyzer. These materials have the required chemical resistance. The
thicknesses of the Zirfon membranes are less than the widths of conventional layers, which represents
a significant saving in the number of raw materials needed to obtain it and also allows the energy
necessary to carry out alkaline electrolysis to be generally lower than that required with conventional
membranes, and that the process is more efficient [13].

On the other hand, hydrogenation is a process that increases the melting point of the final product,
transforming oils into fats and increasing its oxidative stability, eliminating linoleic acids, mainly
responsible for the deterioration of the product by oxidation. Basically, it consists of a chemical
process in which the oils are transformed into solid fats by adding hydrogen at high pressures and
temperatures, generally in the presence of a catalyst. This process converts unsaturated fatty acids
into saturated ones. This transformation, besides changing the nature of fatty acids, also changes the
position within the molecules of the double bonds in unsaturated fatty acids and makes them produce
their different trans isomers produced by hydrogenation. Several processes have been developed
out of biodiesel generation from vegetable oils by hydrogen transfer to their fatty esters, a base of
methanol, or additional glycerol as the supply of hydrogen for corn reduction and soybean oils to



Processes 2020, 8, 832 30f10

>80% oleate. The cost of an iridium catalyst is mitigated by its recovery by means aqueous extraction.
The process may be further boosted with a supporting iron-based catalyst for complete saturation
of all olefins. Preparatory procedures are established for synthesis and separation of methyl esters
from hydrogenated fatty acids, allowing instant access to improved biofuels [4]. Hydrogenation of
soybean oil in the liquid phase has been studied using Cu-Zn-Al catalysts with silica supports and
Cu-Zn-Al [14]. Indeed, biodiesel has been achieved by means of simultaneous transesterification and
partial hydrogenation of soybean oil on Cu catalysts in supercritical methanol at 320 °C and 20 MPa,
despite the absence of hydrogen gas [15].

Besides, electrochemical hydrogenation of soybean oil is useful for decreasing the amount of
unwanted trans fatty acid isomers in an oil product; electrochemical hydrogenation in a PEM reactor
with water as a feed anode; and either Pd or Pt as the catalytic cathode. Some edible oil processors
prefer to evaluate a hydrogenated oil product based on the sum of tranisomers and 18-carbon saturated
fatty acids. There are many studies of other seed types. Nevertheless, there are not many cases of
electrochemical hydrogenation processes of soybean 0il [16]. On the other hand, polymer membrane
electrolyzers (PEM) are considered as the most promising long-term option; currently, they are ideal
for small or medium-scale applications, such as car power or smaller applications, where the unit
may be used to produce hydrogen using a renewable energy supply, such as solar energy [16,17].
These electrolyzers may benefit greatly from the technical development that is being carried out on
PEM fuel cells and their mass production. Some models of PEM electrolyzers are currently on the
market, despite being a newly created technology compared to alkaline electrolyzers. The efficiency
of PEM electrolyzers is expected to be as high as 94%, but for now, this is somewhat hypothetical.
PEM electrolyzers work efficiently for renewable energy systems where the energy supply is highly
variable. PEM electrolyzers are generally more suitable for small power plants, especially those with a
variable output, while alkaline electrolyzers are clearly better for large power plants that are connected
to the power grid. Currently, there are developments in electrocatalysts for zero gap alkaline water
electrolyzers and hydroxide transport membranes for such cells [18,19].

Highly pressurized electrolyzers production is intended to increase overall energy efficiency
by eliminating mechanical compression. However, in-depth modeling of electrolyzers suggests that
atmospheric pressure electrolysis is electrically efficient if parasitic energy consumption and gas losses
are incorporated in both cases. In addition, reversible cell voltage increases with increasing pressures.
Likewise, the activation of the electrode and the ohmic losses, the leakage current and the inevitable
heat losses increase the electrolysis voltage beyond the thermo-neutral voltage. Consequently,
removing heat from the cell becomes essential; thus, the expected gas loss at several operating
pressures is incorporated to reveal the energy consumption that may occur in practice [20-23].

This work is divided into the following sections: In Section 2 experimental development is
presented. Section 3 shows the results obtained and the discussion. Section 4 establishes the conclusions
from the study.

2. Experimental Development

2.1. Experimental Procedure

All reagents used were analytical grade. The aqueous solutions were prepared with MilliQ plus
treated water of 11 MQ) cm resistivity. To determine 100% soybean oil unsaturation from the Nutrioli
brand, the iodine index was determined by obtaining the Hanus reagent (Merck); for evaluation of
samples, 99.99% sodium thiosulfate (Naz5,03) and reactive ACS grade starch were used as indicators,
both of Sigma-aldrich brand.

In the hydrolyzer, reagent grade 90% KOH (Sigma-Aldrich) has been used as a raw material
electrolyte with a Zirfon Perl UTP 500 membrane (AGFA) as the separator between anode and cathode
compartment, and plates have been made of 316 L by San Luis steels.
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Soybean oil partial electrochemical hydrogenation was carried out in 25 cm? fuel cell (PEM) with
a deposit of platinum-carbon 20% (Sigma-Aldrich) over the Nafion 117 membrane of Sigma-Aldrich
(charge: Pt 1 mg cm~2) as the electrocatalyst on both cathode and anode sides.

2.2. Design of Separate Gas Electrolyzer and Oil Hydrogenation PEM Reactor

The hydrogen separation process from KOH was done throughout the alkaline electrolyzer of
separated gases. Figure 1 shows the alkaline hydrolyzer was made up of a stack of six stainless steel
plates; each one was cut in a circular section with a diameter of 11.28 cm. Plate 1—cathode, plate
6—anode and intermediate plates—neutrals.

RN

Back

Front . cover

cover

Aqeous
electrolyte

Cathode Packing Membrane

Anode

Figure 1. Principle of a bipolar electrolyzer design.

Interleaved to stainless steel plates were added six circular Zirfon plates with a diameter of
11.28 cm; between each Zirfon plate and stainless steel plate, a 3 mm thick neoprene gasket was added,
with an outer diameter of 12.5 cm and the internal diameter of 11.28 cm, obtaining an active area of
100 cm? as a result.

Potassium hydroxide electrolyte was used. This system was assembled into several components
to make it work correctly; see Figure 2.

H,

Pressure

Butterfly
Valve

Power
o u supply

Thermometer

Pumping
system

Electrolyzer Digital magnetic

stirrer with hot plate

Figure 2. Hydrogen generation system and hydrogenation electrolyzer.

In Figure 2, the hydrogen generation system and hydrogenation electrolyzer received by gravity
through 2 hoses (Truper 1/2") through which KOH was pumped. End plates were connected to DC
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source (BK Precision 36 V, 40 A, 1.44 kW, programmable), adding 12, 14 and 16 V. Hydrogen and
oxygen obtained are led to the KOH storage tanks. The KOH storage system is made up of two PVC
pipes (ID 40, 5”) 50 cm in length. Through the lower part of the storage system, it is supplied with KOH
in solutions of 25% and 30% by weight, and at 50 °C to the electrolyzer. The top part of this system
receives hydrogen and oxygen from the electrolyzer. Each storage system has a manometer (MT, with
glycerin from 0 to 10 bar), a safety valve (OEM, 1/4”, up to 142 Psi) and an electrical resistance of 1000
W for heat input. Gases flows from the electrolyzer to the KOH storage systems were regulated by
valves (DEPOT MX, 1/2") at the top of storage system where the hydrogen was located, connected
to fuel cell by means of a pneumatic hose (6 mm polyurethane tubing). The PEM type fuel cell was
manufactured using the Nafion 117 membrane, activated in 3% sulfuric acid, with distilled water
and 3% hydrogen peroxide. Two blocks of carbon paper were covered, by means of blow-drying
technique, with catalytic ink made with: 50 mg of Pt/C Vulcan, 5 mL of liquid Nafion and 12 mL of
isopropyl alcohol. The ink was mixed in mechanical stirrer (ARGOLAB MIX, 60 W) and added to
the two blocks of carbon paper of 5 x 5 cm. Later, the electron collecting plates were built with 316L
stainless steel and serpentine type geometry. The channels were 1 X 1 mm, generating an active area
of 25 cm?. The potential applied to the fuel cell was 90 mV. Soybean oil storage system was built with
a 200 mL matrass, and a perforated stopper; 100 mL soybean oil was added to the storage system;
it was connected to a peristaltic pump (no brand, model G528. 0-150 mL/min), by means of 6 mm
polyurethane tubing pneumatic hose; the output of peristaltic pump with a flow rate of 20 mL/min
was connected to fuel cell anode whose output was connected to soybean oil storage system, and this
storage system has an electrical resistance of 1000 W, for the addition of heat to the soybean oil to keep
itat 50 °C.

2.3. Chemical Analysis

To determine total soybean unsaturation, Hanus” volumetric method was used. This method
involves the iodine index technique in vegetable fats and oils, in which 0.15 g of soybean oil is placed
in a 250 mL Erlenmeyer matrass and dissolved with stirring in 15 mL of a chloroform; then, 25 mL
of the reagent of Hanus is added, and covered with aluminum foil; and after 60 min, 10 mL of 15%
potassium iodide is added, followed by 100 mL of distilled water and 2 mL of 15% starch indicator.
Excess unreacted iodine is titrated with a standard 0.1 N sodium thiosulfate (Na,S,0O3) solution and
continued until the blue color disappears (note spent milliliters). Finally, the blank is run in the same
way as a sample without soybean oil, and the milliliters spent during titration are noted.

Todine number calculation:
B 0.1269N (V} — Vi)

I
m x 100

1)
where:

e ] is the iodine number;

e mis the sample mass (g);

eV} is the volume of sodium thiosulfate expended in blank titration (mL);
eV is the volume of sodium thiosulfate expended in sample titration (mL);

e N is the normality of the sodium thiosulfate sample (eq/L), and iodine constant with the value of
0.1269.

3. Results and Discussion

3.1. Hydrogen Production in a Separate Gas Electrolyzer

The test results using an alkaline electrolyzer are shown below.

Figure 3a shows the results obtained in hydrolyzer from Figure 2 to achieve Hy with 25% KOH
obtaining 1.175 L/min with constantly supplying 12 V at 90 min, and as voltage increased at 14 V,
4.0 L/min was obtained. However, the highest flow result with 25% KOH was 8.5 L/min at 16 V.
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Tests were performed with higher KOH concentrations and potentials, but the amount of hydrogen
collected was negligible. The highest H, flow of all tests was obtained at 30% (KOH) electrolyte
concentration, as seen in Figure 3b, showing a similar behavior to Figure 3a under the same pressure
and temperature conditions. When using the 12, 14 and 16 V potentials, H, flow was increased from
1.75 to 6.25 L/min until obtaining 9.61 L/min at same time, respectively. Therefore, in order to amount
of hydrogen to be greater in this system, a 30% KOH concentration and a maximum voltage of 16 V
are recommended. Regarding the above, the literature is scarce.

(@) (b)
Figure 3. (a) H, production (L/min) vs. time (min) at different potentials 12, 14 and 16 V, ambient
pressure and temperature 50 °C. KOH at: (a) 25% and (b) 30% by weight.

The potential of the electrolyzer at a temperature of 50 °C is calculated as follows:

1
anode™ 20H  — EOZ +2e” )

where the value of E° is 0.401 V. In the case of the cathode

oxidation

cathode™ 2H,O+2e~ — Hy +20H™ 3)

0
where the value of Ereduction

is 0.83 V. In the case of the global

global H,O — H, + %Oz 4)
The potential of the electrolyzer under standard conditions is obtained with:

=-083V—-0401V =-123V (5)

0o _ ro 0
Ecell - Ecuthode - Eunode

The corrected power of the cell for 50 °C is obtained using the Nernst equation
RT
E=Ee—(p)nQ (©)

and is calculated with T = 323.15K, R = 8.314—)_ F = 96500, n = 2¢~ and Q = 3.3239. The cell

moleK” mole’
power is calculated by replacing in Equation (6):

(8.314 -J)(323.15 K)

E=-123V —( (2)(96500-57)

)(3.3239)

Thus, E = —1.2762 V. The electrical charge calculation Q. for an H; volume of 9.6 ﬁ was the
best performance of Hy with 30% KOH; see Figure 3b.

96500 C
1 molee—

2 molee™
1 moleH,

_ moleH,
Q) = ’0.3408 in

‘ _ 657744 & @)
min
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1 As| |1 min
C 60s

Theoretical power = (1096.24 A)(1.2762 V) =1399.02 W
For the calculation of cell efficiency for a volume of 9.6 ﬁ, we supplied: [ =25A,V =18V,
t = 60 s and real power = (2.5 A)(18 V)(60 s) = 2700 %

Therefore, %cell efficiency= 1328027 x 100 = 51.81%

[= ‘65764.4 C’ ‘ =1096.24 A 8)
min

3.2. Iodine Index Results

In Figure 4, after conducting a large number of experiments, nine tests in progressive order were
chosen to observe the increase in soybean oil hydrogenation as the trials progress.

% lodine Index Conversion

100
93.18

85.21 =e=|odine Index =e=9% Conversion

75

58.13
5

38.96

33.70 34.95
28.87

lodine Index - % Conversion
w
<]

25

1 2 3 4 5 6 7 8 9
test

Figure 4. Iodine index conversion.

There was an iodine number in the first test of 93.18, which represents a conversion of 28.87% of
that obtained from the iodine number of non-generated soybean oil (131), and nine obtained an iodine
number of 54.85, which represents a conversion from 58.13.

Figure 5 represents the degree of establishment of soybean oil from the chosen experimental tests,
which also specifies the duration time and voltage to which each sample was subjected.

Thus, in the first three tests, the constant time was 60 min, where the best result was obtained by
reducing the iodine index of the non-generated sample from 131 to 85.21 of the hydrogenated sample,
supplying 90 mV to the PEM cell.

For samples 4, 5 and 6, the constant time was increased to 120 min, thereby obtaining a better
result when decreasing, compared with the untreated sample up to an iodine index value of 65.09
of the hydrogenated sample at the voltage of 90 mV. For samples 7, 8 and 9, the constant time was
first increased to 180 min and finally up to 240 min whereby the best iodine index result of 54.85 was
obtained, which represented a reduction of 58.85 from the value of 131 of the non-generated soybean
oil supplying a voltage of 90 mV, a constant temperature of 50 °C, a pressure atmosphere in all tests
and a flow of 20 mL/min.

The previous results may be compared with those reported by [16], wherein soybean oil was
partially hydrogenated in the electrochemical reactor with a proton exchange membrane (PEM)
composed of a Pd cathode and a Pt anode attached to opposite surfaces of the membrane of cation
exchange (Nafion 117) with Hj gas as the anode feed and soybean oil at the cathode. The reactor was
operated at a moderate temperature of 70 °C, under 1 atm, for 30 mL/min, thereby reducing the iodine
number from 132 to 92; therefore, there was an improvement of 30.3% [16] vs. 58.85% reduction in
this investigation, as well as a 50 °C temperature operation in our process. This improvement may be
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attributed to the use of Pt at the cathode, the mg per cm~2 of the Pt catalyst attached to 5x5 cm carbon
paper blocks and the flow used.
Soya Oil lodine Index

300 . N 100
mVOLTS mmTime (min) =|odine Index

225 75

64.56

150

120 120 120
90 90
75 75 75
75 60 60 60
50 I I I 50 50
0
1 2 3 4 5 6 7 8

test

50

time (min)
lodine index

25

Figure 5. Percentage of iodine index vs. time and mV.

4. Conclusions

Partially hydrogenated soybean oil has been made in an electrochemical PEM reactor with Hp
gas-powered anode. The PEM reactor was operated in a semi-batch mode at a moderate temperature of
50 °C and 1 atm of pressure using commercial grade soybean oil, such as cathode feed. The performance
or conversion rate of oil hydrogenation tends to increase with voltage and time, with a range of 28.87
to 58.13 hydrogenation.

Hydrogen obtained in the electrolyzer of separate gases at a concentration of 25% by weight of
KOH and 12 V is sufficient for the hydrogenation of soybean oil in this PEM reactor.

Subsequent tests on the alkaline electrolyzer of separate gases using higher KOH concentrations
and higher voltage indicate higher hydrogen production, which can be used for larger electrolyzers or
hydrogen storage for other uses such as hybrid vehicle fuel.

The maximum production so far of hydrogen obtained in the separate gas electrolyzer was at a
concentration of 30% by weight of KOH and 16 V, and it was 9.6 mL/min. This represents a 16%-higher
balue relative to the target value in the operating conditions.

The theoretical maximum production calculated, taking into account the maximum experimental
operating conditions in the separate gas electrolyzer at a concentration of 30% by weight of KOH
and 16 V, was 11.51 L/min. It is essential to mention that in similar works, the value of each of the
different properties depends on the composition of the material but also changes reversibly, driven by
the reaction [16].

The difference between experimental and theoretical results was due to this being the first time
this technique was used with the Zirfon membrane, a new layer on the market compared to Nafion,
and therefore it is necessary to fine-tune that technique with the original product entreating.

It is known that the theoretical results with the experimental results will always have a difference
in the losses that occur in the time taken to dry the hydrogen in the filter for drying the used equipment,
and that stays in the entire line of the material because it is KOH wet with water. When passing
through the dryer, stagnation in the flow is generated, and when the difference is output, they are
not taken into account in a theoretical calculation, but they are given at the time of performing the
experimental part [16].

Based on the theoretical results obtained from applying the corresponding formulas, it was
estimated that the maximum hydrogen production gained was 11.51 L/min at 23.5 A, 23 A, 16 V and
50 °C temperature, with KOH at 30% by weight. In the experimental results obtained in carrying
out the corresponding hydrogen production tests, it was observed that the maximum hydrogen



Processes 2020, 8, 832 90f 10

production received was 9.6 L/min at 23.5 A, 16 V and 50 °C temperature, with KOH at 30% by weight.
The percentage difference between hydrogen obtained theoretically with that obtained experimentally
was approximately 19%. It can be concluded than electrochemical problems that rely heavily on
notions of solid-state physics for proper clarification are best grouped into electrochemical physics, in
analogy with chemical physics.

5. Future Works

Performing cell stack at the industrial level; the stack prototypes are currently being made at
the pilot plant level. The membrane is new; therefore, it is expensive; in consequence, we must
seek to optimize costs, because the percentage is very high in terms of value. In addition, the wear
of the Nafion membranes is higher than that of the Zirfon membrane, which will allow efficient
hydrogen production.
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Abbreviations
E° Potential under standard conditions (potentials are tabulated for different reduction reactions)
ES 1hoqe  Potential cathode energy
ES .4  Potential Anode Energy
E Corrected cell potential
R Gas constant in J/mole K
T Absolute temperature (Kelvin scale)
n Amount of mole of electrons involved in the reaction
F Faraday’s constant in C/mole
Q Reaction ratio in the Nernst equation.
Qo) Electrical charge calculation in C/min
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