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ABSTRACT: We present a promising method for producing pure hydrogen energy from the dissolution of zinc metal in waste
oilfield water (WOW) under various conditions. This process mainly consumes zinc metal and WOW. The results show robust
dependence on the temperature and solution pH of the hydrogen gas output. Low pH (2.5) and high temperature (338 K) were
discovered to be the better conditions for hydrogen production. The 1-ethyl-3-methylpyridinium ethyl sulfate (EMP-ES) ionic liquid
is used to regulate the rate of hydrogen generation for the first time. It has been confirmed that the rate of the dissolution of zinc
increased faster and produced more hydrogen per unit of time by an increase in solution temperature and a decrease in solution pH.
The adsorption of EMP-ES on the active sites of the Zn surface is unrestrained with mixing physical and chemical orientations. SEM,
EDX, and FTIR spectroscopy inspections have been utilized to identify and characterize surface corrosion of zinc in WOW.
Furthermore, this process is completely secure and can generate energy on demand.

1. INTRODUCTION for producing hydrogen energy. In 2009, Soler et al.'” showed
that hydrogen can be generated by corrosion of aluminum in

The search for modern energy sources has been a vital center
aqueous solutions of sodium aluminate. They indicated that

of attention recently because of environmental pollution by

fossil fuels. A variety of toxic air pollutants and carbon dioxide the solution pH plays a great role in the amount of hydrogen
(CO,) are among the hazardous pollutants. Hydrogen gas is a energy. They noted that the surface of aluminum becomes
favorable energy source due to its high energy content and low passive after some hours, and this affects the rate of hydrogen
environmental risk. > A hydrogen fuel cell in a vehicle emits generation. By adding aluminate anions in the aqueous
no pollutants; the only things that escape by the engine solution, they succeeded in preventing aluminum surface
exhaust are steam and heat. Hydrogen energy can be generated passivation. According to this data, it was clear that the passive
from various origins like water, ethanol, natural gas, and so layer that formed on the metal surface during hydrogen energy

forth. There is a persistent requirement to find renewable,

cheap, and clean materials for hydrogen energy generation.
Latterly, the chemical dissolution of some metals accom-

panied by hydrogen generation became a promising method in

the scope of hydrogen energy.’ In these processes, the ]

hydrogen gas sources like H,O and hydrocarbons are Received:  August 30, 2021 i ,”5

commonly employed as one of the reactants, from which AccePted‘ November 8, 2021

hydrogen gas will be drawn out with the help of metals.””"° Published: November 17, 2021
The on-demand hydrogen production by metal dissolution

in suitable solutions can exclude the necessity for hydrogen

storage.'" Aluminum and its alloys have been used extensively

production considers the main problem facing this method.
Deyab'® used the lactic acid solution in the presence of
perchlorate ions to improve the dissolution of tin metal and to
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prevent the formation of the passive film. He found that by
adding perchlorate ions, much improvement in the hydrogen
generation rate was obtained. Huang et al." indicated that the
incorporation of graphite with aluminum can significantly
inhibit the formation of the passive layer and lead to the high
yield of hydrogen at ordinary conditions.

Here, our new strategy to produce hydrogen energy depends
on the metal dissolution (Zn) in waste oilfield water (WOW).
By this strategy, we can decrease the cost of hydrogen energy
production because we use waste materials from the petroleum
field.'* At the same time, this WOW contains highly corrosive
chloride ions, and these ions prevent the formation of the
passive layer in the metal surface.'> This means that in this
solution (i.e., WOW), the yield of hydrogen energy will be very
large without adding any additives.

It is also very important to control the hydrogen generation
reaction according to the production conditions. Organic
compounds and surfactants were used in regulating hydrogen
generation before this investigation. To manage hydrogen
evolution in acidic solution, Sanatkumar et al.'® used 2-(4-
chlorophenyl)-2-oxoethyl benzoate. Deyab’ discovered that
some organic surfactants can be used effectively to monitor
hydrogen evolution. For this objective, the new ionic liquid (1-
ethyl-3-methylpyridinium ethyl sulfate) is used to regulate the
rate of hydrogen generation. Also, this represents an additional
novelty for this work.

2. RESULTS AND DISCUSSION

2.1. Hydrogen Gas Measurements. Figure 1 shows the
volume of hydrogen gas evolution from the dissolution of zinc

2H+ + 2e — Hz(g)T (2)
The overall dissolution processes are epitomized in eq 3

+ ++
Zn(s) +2H" - Zn + HZ(g)T (3)

It is clear from the abovementioned reactions that the
electrons are transferred from the anodic process (oxidation
process) to the cathodic process (hydrogen gas evolution)."”
The anodic and cathodic processes should continue at the
same time and at equivalent rates.”’

SEM and EDX analysis have been utilized to identify and
characterize surface corrosion. SEM observations for Zn metal
before and after its immersion in WOW (Figure 2) confirm
that the Zn surface is enveloped with high intensity of pits and
corrosion products.
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Figure 2. SEM observations of the Zn electrode surface before (a)
and after (b) its immersion in WOW, together with EDX spectra of
the Zn surface in WOW.
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Figure 1. Variation of H, volume (mL) with time (h) during the
dissolution of the Zn electrode in WOW (pH S.5) at 298 K.

coupons placed in WOW (pH 5.5) with time at 298 K. The
figure clearly shows that the rate of hydrogen gas output
increases with increasing time."”

Zinc coupons are readily dissolved in WOW, resulting in
hydrogen production. The anodic and cathodic reactions for
the dissolution of zinc metal in WOW (pH 5.5) can be
presented as the following'®

(a) Anodic part

Zn — Zntt + 2¢ (1)
(b) Cathodic part

O, Zn, and Cl signals were observed in EDX spectra (Figure
2) due to the possible formation of zinc hydroxychloride
[Zn,(OH)4Cl,] as a corrosion product on the metal surface.”'
It is generally confirmed that Cl” ions can interact with Zn*
and Zn™ to form soluble ZnCl,”, ZnCl,, and S-ZnOHC],
which leads to the formation of Zny(OH)gCl, (the main
corrosion product of zinc).”> According to this result, the
passive layer formation was successfully inhibited by CI™ ions,
and this leads to continuous generation of H, gas till the
complete Zn electrode is consumed.

The generation of H, gas can occur in the following two
ways: >

1 Volmer—Tafel way: electroadsorption, followed by
chemical combination

2 Volmer—Heyrovsky pathway: electroadsorption, fol-
lowed by electro-combination.

2.2. Effect of pH and Temperature. A series of
experiments were carried out covering a range of pH values
between 5.5 and 2.5 to determine the effect of solution pH on
hydrogen production efficiency. The impact of solution pH on
hydrogen evolution during the dissolution of zinc coupons
placed in WOW with time at 298 K is shown in Figure 3a. It is
remarkable that pH has a main role to change hydrogen gas
production efliciency. Figure 3a shows that low pH enhanced
hydrogen production rates and yields. This effect can be
interpreted on the basis that the solutions with low pH (less
than 7) are considered to be acidic." A lower pH value means
there are higher free hydrogen ions, and at the same time, low
pH accelerates zinc dissolution by supplying hydrogen ions to
the oxidation process.”*

https://doi.org/10.1021/acsomega.1c04708
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Figure 3. (a) Variation of H, volume (mL) with time (h) during the dissolution of the Zn electrode in WOW at different pH values. (b) Variation
of the volume of hydrogen gas evolution with time during the corrosion of the Zn electrode in WOW (pH 2.5) at different temperatures.

The effect of temperature on hydrogen production efficiency
was inspected through sets of tests at different temperatures.
Figure 3b shows the influence of temperature on hydrogen
production during the dissolution of zinc in WOW (pH 2.5).
As can be observed, an increase in solution temperature from
298 to 338 K caused an increase in hydrogen production. This
demeanor is due to the basic rule that is used for controlling
the rate of chemical reaction, which states that chemical
reaction enhances with increasing temperatures.”> Increased
temperature by 10 °C favors the formation of activated
molecules and further increases the reaction rate.””*” More-
over, at high temperatures, the protective films on the metals
will become weak, and this leads to the susceptibility of the
metal dissolution.”® According to the obtained data from
Figure 3b, it is clear that the supplementary temperature input
to the WOW allowed to get a higher dissolution rate of zinc
and, consequently, higher hydrogen production during the
experiments.

To quantify the temperature impact, the Arrhenius equation
was used””

HR = A exp(—E,/RT) (4)

where Hy, is the hydrogen production rate (Hy was determined
from the maximum hydrogen evolution rates obtained at
different temperatures, Figure 3b), A is the Arrhenius constant
factor, E, is the apparent activation energy for the hydrogen
production process, R is the universal gas constant, and T is the
absolute temperature.

The apparent activation energy E, was determined by linear
regression between In (Hy) and 1/T (Figure 4). The linear
regression coefficient for relation In (Hg) and 1/T is close to
one (R* = 0.9726), indicating that the hydrogen production
process may be elucidated using the kinetic model.’” The
activation energy of the hydrogen production process was
calculated to be 4.28 kJ mol™". This value indicates that the
hydrogen production process is controlled by mass transfer
rather than by a chemical step.’’

2.3. Cathodic Polarization Measurements. To explore
the role of solution pH and temperature in hydrogen
production and to confirm the abovementioned results, the
cathodic polarization behavior of zinc in WOW was studied.
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Figure 4. Arrhenius plot for the Zn electrode in WOW (pH 2.5).

Figure Sa shows the cathodic polarization curves for the Zn
electrode in WOW at different solution pH values. An
important characteristic is that at any polarization potential
between —1.15 and —0.9 V, the current is larger at lower pH.
On the other hand, Figure Sb shows the cathodic polarization
curves for the Zn electrode in WOW (pH 2.5) at different
temperatures. It is clear from the figure that at any polarization
potential between —1.1 and —0.9 V, the current increases with
increasing the temperature. The current is related by Faraday’s
law to the quantity of the species that is being generated;*
therefore, an increase in the temperature and a decrease in
solution pH cause an improvement in the production rate of
H, gas.

2.4. Controlling the Hydrogen Generation Reaction
by lonic Liquid. To verify the role of the EMP-ES ionic liquid
in the control of hydrogen generation reaction, the rate of
hydrogen generation (Hg) and the corresponding efficiency of
the EMP-ES ionic liquid (77, %) during the dissolution of Zn
in WOW (conditions: pH 2.5 and 338 K) containing various
concentrations of EMP-ES are recoded and listed in Table 1.

Mm% was calculated according to eq 5%

https://doi.org/10.1021/acsomega.1c04708
ACS Omega 2021, 6, 31964—31970
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Figure S. (a) Cathodic polarization curves for the Zn electrode in WOW at different solution pH values. (b) Cathodic polarization curves for the

Zn electrode in WOW (pH 2.5) at different temperatures.

Table 1. Rate of Hydrogen Generation (Hy) and the
Corresponding Efficiency of the EMP-ES Ionic Liquid (1,
%) During the Dissolution of Zn in WOW at pH 2.5 and
338 K

conc. EMP-ES ppm Hp (mL h7™") M %
WwWOow 1.2366
20 0.9153 259
40 0.6782 45.1
60 0.3977 67.8
80 0.1243 89.9
100 0.0572 98.3
120 0.0319 97.4

0 0
Mm% = [(Hy” — Hy)/(Hg )1 X 100 ()

where Hp’ represents the rate of hydrogen generation in the
blank solution.

Clearly, the rate of hydrogen generation reaction decreases
as the concentrations of EMP-ES increase due to the
adsorption process on the cathodic sites. It is obvious that
N % between 25.9% (at 20 ppm) and 97.4% (at 120 ppm) is
attributed to the formation of the protective layer of EMP-ES
on the Zn surface.”> The control of the hydrogen generation
reaction by the EMP-ES ionic liquid is associated with the
adsorption of the negative portion of EMP-ES molecules (i.e.,
ethyl sulfate) on the Zn surface. This creates partially negative
charges on the Zn surface. In this case, the cationic portion of
EMP-ES molecules (ie., 1-ethyl-3-methylpyridinium) screens
the negative charge sites of the Zn surface by van der Waals
power to prevent the adsorption of H;O. Therefore, the EMP-
ES ionic liquid plays a great role in the control of the hydrogen
generation reaction.

To further explore the adsorption capability of the EMP-ES
ionic liquid on the Zn surface, the Langmuir adsorption
isotherm was performed. This isotherm can be represented by
the following relations®*

C/0 = (1/K4) + Cy. (6)

(7)

where Cy; is the EMP-ES ionic liquid concentration and K4 is
the Langmuir isotherm constant.

After a series of isotherms tests, it was found that the
Langmuir adsorption isotherm was the best isotherm for the
adsorption of the EMP-ES ionic liquid, as shown in Figure 6.
This is clear from the value of the correlation coefficient (R?),

0= (HRO - HR)/(HRO)
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Figure 6. Langmiur adsorption plot for the Zn electrode in WOW
containing the EMP-ES ionic liquid.

which is very close to 1 (R* = 0.9724).% Its Langmuir isotherm
constant K4, was calculated to be 3.58 X 10° M. This high
value refers to the strong adsorption of the EMP-ES ionic
liquid on the active sites of the Zn surface.*®

Based on the K4, value, the Gibbs free energy (AG®) for the
adsorption process can be described as follows®”

AG® = —RT In(55.5 K,4,)

According to eq 8, AG® is —34.22 kJ-mol™".

This reveals that the adsorption of the EMP-ES ionic liquid
on the active sites of the Zn surface is unrestrained with mixing
physical and chemical orientations.”>*

In order to prove the adsorption of the EMP-ES ionic liquid
on the active sites of the Zn surface, FTIR examinations were
performed for the pure EMP-ES ionic liquid and the scratched
material from the Zn electrode surface (see Figure 7).

The characterized FTIR bands for the pure EMP-ES ionic
liquid are clearly observed in Figure 7a. By the interpretation of
the FTIR bands for the scratched material from the Zn
electrode surface (Figure 7b), it was clear that there are shifts
in the C—H (aromatic, Str), C—H (aliphatic, Str), C=C
(aromatic, Str), C—N (Str), C—N (Str), C—H out-of-plane
bending, and OSO3~* bands. This confirms the adsorption of
the EMP-ES ionic liquid on the active sites of the Zn surface.

(8)

3. CONCLUSIONS

In this work, the production of H, gas has been obtained using
the dissolution of zinc metal in WOW at different conditions.
The consumed raw materials are only wastewater and zinc.

https://doi.org/10.1021/acsomega.1c04708
ACS Omega 2021, 6, 31964—31970
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Figure 7. FTIR spectra for (a) pure EMP-ES ionic liquid and (b) scratched material from the Zn electrode surface immersed in WOW containing

the EMP-ES ionic liquid.

Therefore, this process represents an economic advantage with
respect to hydrogen production using other conventional
compounds. The best hydrogen production conditions found
were at low pH (2.5) and high temperature (338 K). The
EMP-ES ionic liquid plays a great role in the control of the
hydrogen generation reaction. The findings of this work can be
a building block for the production of pure energy (e,
hydrogen energy) from waste materials.

4. EXPERIMENTAL SECTION

4.1. Material Preparation. The experiments were carried
out using zinc electrodes with composition as follows: Mn
(0.005 wt %), Sn (0.070 wt %), Cd (0.520 wt %), Pd (0.18 wt
%), Fe (0.035 wt %), and Zn (balance). The surface area of the
Zn electrode was close to 4.5 cm® The Zn electrode was
cleaned with fine grade sandpaper, followed by rinsing with
acetone and distilled water and finally dried.

4.2, Chemicals. The test solution used was WOW with the
following chemical composition: 67675 ppm Na*, 2449 ppm
Mg*', 7708 ppm Ca®', 1272 ppm K*, 13211 ppm CI-, 370
ppm SO,*7, 600 ppm HCO,;~, and 568 ppm Br™. The source
of WOW used in the experiment is the Qarun petroleum wells

(Egypt).

31968

The pH of WOW was adjusted at 5.5, 4.5, 3.5, and 2.5 by
the addition of HClL. The pH of all solutions was measured
using a Lseibolo Wien pH meter. The temperature of all test
solutions was controlled using a water thermostat (+0.2 °C).
EMP-ES 98.0% was purchased from Sigma-Aldrich.

4.3. Hydrogen Evolution Measurements. The device
and method for hydrogen gas evolution estimation from the
dissolution process have been described elsewhere.”’” In a
closed vessel, Zn electrodes were dropped into WOW. During
the dissolution reaction, the volume of hydrogen gas was
evaluated from the change in the level of the paraffin oil in the
burette. The variation in the hydrogen gas volume with time
was recorded.

4.4. Cathodic Polarization Measurements. For the
cathodic potentiodynamic polarization experiments, the stand-
ard three-electrode cell (Pt wire as the counter electrode and
saturated calomel as the reference electrode and working
electrode) was used. The current—potential curves were
carried out by changing the potential from —1.15 V to a
more positive side with a scan rate of 10 mV s~ until the end
of the test. Electrochemical instruments (Gamry reference
3000) with a personal computer were used.

https://doi.org/10.1021/acsomega.1c04708
ACS Omega 2021, 6, 31964—31970
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4.5. Surface Analysis. The SEM/EDX analysis for the
surface of zinc metal before and after its immersion in WOW
was conducted by a scanning electron microscope (JEOL-JEM
1200 EX II) and an energy dispersive spectrometer (Traktor
TN-2000).

FTIR examinations were carried out for the pure EMP-ES
ionic liquid and the scratched material from the Zn electrode
surface by Mattson FTIR Spectrometers (model 960 Mooog).
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