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ABSTRACT: Hydrogen production technologies are attracting widespread
interest in energy technologies. The conventional methods for hydrogen
production suffer from high cost, restricting their production everywhere.
Here, we use waste formation water from a petroleum field and carbon steel
materials to produce hydrogen. The most suitable conditions have been
investigated to maximize the hydrogen yield. In addition, an ionic liquid
(ie., tributylmethylammonium methyl carbonate, BMAMC) has been used Ty
to control the hydrogen generation reaction. We reveal that the amount of

hydrogen release rapidly increases with decreasing pH of the solution from =

% oos \ :E 0.0015 \ Y \
6.7 to 2.5. A further increase in temperature resulted in more amount of '}\% $ oo %{ g H
hydrogen release. Our study investigates the influence of chloride ions on - fﬁ . f\% T {\%
hydrogen generation activity. The results revealed that ionic liquid BMAMC oot 4 s s I R

pH pH

remarkably decreases the amount of hydrogen release with an efficiency of
92% at 5.08 X 10™* M. The addition of ionic liquid BMAMC into waste
formation water increases the activation energy of the hydrogen generation reaction. The Langmuir model is the best isotherm
describing the adsorption of BMAMC on carbon steel. Finally, to confirm the adsorption of the ionic liquid BMAMC, scanning
electron microscopy and Fourier-transform infrared spectroscopy analysis were conducted.

1. INTRODUCTION indicated that the use of aluminum alloys such as Al-6061 leads
to the generation of more hydrogen than pure aluminum.
Recently, some metals such as Fe, Sn, and Ni alloyslz_14 have
been used for hydrogen generation. However, their high cost is

Now, hydrogen energy is a promising source for energy in
modern industrials and vehicles. Hydrogen has four essential
benefits: very clean, sustainable, high energy content, and

multiple uses."”” At present, large mass production is mostly still a great challenge.

obtained from fossil fuel sources.” Although this source gives Here, we face two main challenges. The first is the cost of
large quantities, it is a danger to the environment; in addition, materials used to generate hydrogen. The second is the
it is a depleted and costly source.” deposition of corrosion products on the metal surface, which

Recently, many studies have focused on water electrolysis to stops the hydrogen generation reaction.

generate hydrogen energy. However, one of the main To address these challenges, we aim to use waste formation
disadvantages of this method is the use of electricity to water from a petroleum field and carbon steel materials to
complete the electrolysis process, and this increases the cost of generate hydrogen. The low cost of waste formation water and
producing hydrogen; in addition, electricity is not available carbon steel materials make the utilization of these materials as
anywhere.” The alternative approach to produce hydrogen a hydrogen source a promising strategy. In general, waste
depends on hydrogen storage materials such as metal hydride formation water is rich in high salt content and this leads to
and chemical hydride.” This approach also is restricted because continuous hydrogen generation reactions. Here, we will

of the high cost of these hydride materials.

The modern methods use hydrogen production in which the
electrochemical reactions occur during the immersion of some
metal in solutions.” The most common metal used in this
method is aluminum in aqueous alkaline environments.” The
main problem here is the formation of an oxide layer on the
surface of the metal, which stops the hydrogen generation
reactions. '

Increasing reports toward solving this problem suggest that
we can use aluminum alloys. For instance, Katsoufis et al."'

design the most suitable conditions that allow obtaining a high
hydrogen yield. In addition, an ionic liquid (i.e., tributylme-
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thylammonium methyl carbonate, BMAMC) will be tested as
an inhibitor for the hydrogen generation reaction. Thermody-
namic quantities and adsorption discussion on the ionic liquid
and carbon steel interaction will be addressed.

2. EXPERIMENTAL SECTION

2.1. Materials. Carbon steel materials were obtained from
a waste petroleum pipeline. The chemical composition of this
material was detected using X-ray fluorescence spectroscopy
(SPECTRO Analytical Instruments GmbH). According to this
method, the carbon steel composition is 0.32% C, 0.23% Mg,
0.28% Si, 0.023% P, 0.02% S, 0.12% Ni, and remaining % Fe.

The waste formation water was collected from petroleum
wells (Egypt). The chemical and physical analysis of waste
water is presented in Table 1. The ionic liquid BMAMC (see
Figure 1) was provided by Sigma-Aldrich.

Table 1. Chemical and Physical Analysis of Waste
Formation Water

total dissolved solids (T.D.S.)
salinity (as NaCl)

alkalinity (as CaCOj;)

total hardness (as CaCO,)
density @ 25 °C

specific gravity

pH @ 25 °C

conductivity

2001542 mg/L

202451.1 mg/L

16.7 mg/L

70231.5 mg/L

1.14340 g/mL

1.14453

6.5

21.8 X 107> mohs/cm @28 °C

Inorganic Chemical Constituents—Cation

lithium 7.09 mg/L
sodium 47444.14 mg/L
ammonium Nil
potassium 774.01 mg/L
magnesium 1064.98 mg/L
calcium 26370.00 mg/L
strontium Nil
barium Nil

Inorganic Chemical Constituents—Anion
fluoride 14522 mg/L
chloride 122697.64 mg/L
bromide 1353.13 mg/L
nitrate 76.96 mg/L
nitrite nil
sulfate 200.70 mg/L
hydroxide nil
carbonate nil
bicarbonate 20.3 mg/L

H3C (0]

HoC o~ NicH, - O)J\OCH3
HsC

Figure 1. Molecular structure of BMAMC solution.

2.2. H, Evolution Assessments. The carbon steel
specimen (dimension 2.49 X 1.48 X 0.2 cm) was immersed
in the 100 mL waste formation water for 12 h at different pH
and temperatures. Prior to each experiment, the specimens
were cleaned according to the standard method (ASTM-B322-
99-2014) and ASTM G1-03.">'¢

The volume of H, evolution during the reaction was
illustrated in earlier studies.'” To estimate the rate of hydrogen
generation (Vy,) during the immersion, we have computed the
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carbon steel surface area (A) and immersion time (t), which
are related to the following relation:'”

Vi, = volume of H, evolution (ml)/A (sz) x t (h)
(1)

The mass loss of carbon steel during the H, evolution
reaction was measured according to the standard method
(ASTM-G1/90-2000)."® To estimate the rate of mass loss of
carbon steel (Mg,) during the immersion, we have computed
the carbon steel surface area (A) and immersion time (t),
which are related to the following relation:"”

Mg, = mass loss of carbon steel (g)/A (em?) x t (h) (2)
By using Mp,., the amount of H, evolution (My,) was
calculated using the following relation:

My, = [(Mg, X number of electrons lost)
3)

To adjust solution pH, we added some of the drops of
aqueous solutions of HCl or NaOH to waste formation water.

To investigate the purity of H, evolution, the component of
the gas released during the carbon steel immersion in waste
formation water was analyzed using a gas chromatograph (GC-
2014, Shimadzu Corporation, Japan). ASTM D2504 was used
as the standard method. All experiments were run three times
to verify the accuracy of the data.

2.3. Electrochemical Measurements. The cathodic
polarization curve was recoded using a potentioscan (model:
Gamry’s Reference-3000). In this system, we used a three
electrode cell (i.e., carbon steel electrode, Pt electrode, and
calomel electrode). The polarization curves were recoded with
a scan rate of 1.25 mV s™'. In this study, the carbon steel
electrode has a cylindrical shape with an exposed area equal to
0.543 cm®.

2.4. Surface Characterization. Selected samples were
analyzed by scanning electron microscopy (SEM) (JEOL,
Quantek detector) to inspect the morphology of the carbon
steel surface after some experiments. In addition, the Fourier-
transform infrared (FTIR) spectroscopy analysis was con-
ducted for pure ionic liquid BMAMC and the surface product
using an FTIR instrument (ATI Mattson Infinity Series, USA).

/(atomic mass of iron)]

3. RESULTS AND DISCUSSION

3.1. pH and Temperature Influences. In this section, the
influences of solution pH and the changes in the environment
temperatures on the amount of hydrogen released from the
reaction of carbon steel with waste formation water are
discussed in detail. Generally, the amount of both hydrogen
release (i.e., Vi, and My,) and mass loss of carbon steel (i.e.,
M,) rapidly increases with decreasing pH of the solution from
6.7 to 2.5 (see Figure 2).

The hydrogen release rate due to the reaction of waste
formation water with carbon steel on the anodic and cathodic
sites is expressed as follows:*

Fe — Fe’* + 2e (anodic site, mass loss) (4)
Fe + H;0" — Fe(H;0"),,, (cathodicsite) (5)
Fe(H3O+)adS + e = Fe(H;0),4, (cathodic site) (6)

https://doi.org/10.1021/acsomega.2c07685
ACS Omega 2023, 8, 4337—-4343
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Figure 2. Amount of hydrogen released (Vi and My;,) and
formation water at different pH.

mass loss of carbon steel (Mg,) during the reaction of carbon steel with waste
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Figure 3. Amount of hydrogen released (Vy, and My;,) and mass loss of carbon steel (Mg,) during the reaction of carbon steel with waste

formation water (pH 2.5) at different temperatures.

Fe(H;0),4 + H;O" + ¢

— Fe + 2H,0 + H, 1 (cathodicsite, H, release) (7)

The presence of chlorides ions in waste formation water
leads to the continuous carbon steel dissolution and hydrogen
release during the anodic and cathodic processes, which is
responsible for the high amount of hydrogen release.”"”* We
list the following reactions in order to more clearly understand
the part of chloride ions in the ongoing anodic and cathodic
reactions and in preventing the creation of the oxide layer on
the surface of the metal:*”

Fe + CI” —» Fe--Cl” (8)
Fe:Cl” 4 Fe--OH — 2e + Fe + FeOH" + CI”  (9)
FeOH' + H" — Fe’ + H,0 (10)
Fe + 2CI" — FeCl, + 2e (11)

According to the above reactions, the solubility of FeCl,
compound in the solution increases with decreasing pH of the
solution.

This suggests that the lower pH facilitates the cathodic
reaction and will lead to more hydrogen release.

At low pH (ie., 2.5), we also tested the influences of the
temperature increase on the amount of hydrogen release.
Under these conditions, we noted that the amount of both
hydrogen release (i.e., Vi, and My;,) and mass loss of carbon
steel (i.e, Mp,.) rapidly increases with increasing temperature
from 298 to 338 K (see Figure 3). In this case, the temperature
rise causes an increase in both mass loss and hydrogen release
reactions. To accelerate the hydrogen release reaction, we need
to increase the activated ions with energy more than the
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activation energy of the hydrogen release reaction. This effect
has occurred through the increasing temperature.”**

To check the purity of hydrogen released from the reaction
of carbon steel and waste formation water, the releasing gas
from this reaction was detected by gas chromatography. As
illustrated in the chromatogram (Figure 4), the sharp signal at
0.72 s (retention time) corresponds to hydrogen gas.”> From
the calculated area under the peak, we found that the purity of
hydrogen is about 99.8%.

Intensity (U.A)

/-

16 2 25 3

Retention time (s)

Figure 4. Gas chromatogram recorded during the reaction of carbon
steel with waste formation water (pH 2.5) at 298 K.

To support these data, the cathodic polarization experiments
were conducted in the case of the immersion of carbon steel in
waste formation water at different pH and temperatures.
Notably, the cathodic current density increases with decreasing
pH of the solution from 6.7 to 2.5 (see Figure S).

This means that the amount of hydrogen release increases in
more acidic solution. At the same time, we noted that the
cathodic current density rapidly increases with increasing

https://doi.org/10.1021/acsomega.2c07685
ACS Omega 2023, 8, 4337—-4343
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w -580 + ——PH 4.5Cathodic Polarization curve waste formation water 2525 + 0.65
—PpH55 H, evolution B N
o0 oH 6.7 0.72 X 107 17.07 + 0.52 323
145 x 107* 1121 + 0.63 55.6
-600 , , , 2.17 x 107 9.44 + 0.42 62.6
-6.5 5.5 4.5 3.5 -25 2.90 X 107* 6.08 + 0.23 759
log (i/A cm’?) 3.63 x 107 4.14 + 021 83.6
435 x 107 2.17 £ 0.18 91.4
Figure S. Cathodic polarization curves of carbon steel in waste .
. . 5.08 X 10 2.02 + 0.09 92.0
formation water at different pH.
temperature from 298 to 338 K (see Figure 6). These results Cathodic Polarization curie
suggest that the pH and temperature have a great role in the -545 1 H, evolution
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m [ - [
B 560 | E - —— Blank (pH 2.5)
g » W .575 | ——0.72 x 10-4 M BMAM
2 [ F——1.45 x 104
£ r [ —2.17 x 10-4
o -570 T F 2.90 x 10-4
585 T ___363x104
[ PR 4.35 % 10-4
-580 22: i Cathodic Polanjzatioh curve [ ——5.08 x 10-4
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590 r ; ; ; -5.6 5.1 -4.6 -4.1 -3.6 -3.1 -2.6
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log (j/A cm?) Figure 7. Cathodic polarization curves of carbon steel in waste

Figure 6. Cathodic polarization curves of carbon steel in waste
formation water (pH 2.5) at different temperatures.

increase of the amount of hydrogen release during the
immersion of carbon steel and waste formation water.

3.2. Effect of BMAMC on the Hydrogen Release. In
this section, the role of BMAMC on the control of the
hydrogen released during the immersion of carbon steel in
waste formation water at pH 2.5 and 298 K was investigated.
The efficiency of ionic liquid (#,%) and the rates of hydrogen
generation (Vy,) in the presence of BMAMC were collected
and are listed in Table 2. The 7;;,% can be formulated as:*

Hp% = (Vo — Vi) / (V)1 X 100 (12)

where V°y, is the rate of hydrogen generation in the absence of
BMAMC. It is noted that the addition of BMAMC in waste
formation water leads to the slowdown in the rates of hydrogen
generation (see Table 2). In addition, the high concentration
of BMAMC further deteriorates the level of hydrogen
generation.

It is significant to highlight that a considerable increase in
the 774,% value (92.0%) occurs at 5.08 X 107* M of BMAMC.

An additional inspection into the efficiency of ionic liquid
BMAMC comes from the cathodic polarization curve (see
Figure 7). It is observed that the cathodic current density
rapidly decreases with increasing the BMAMC concentration
from 0.72 X 107* M to 5.08 X 10™* M (see Figure 7).
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formation water (pH 2.5) without and with different concentrations
of ionic liquid BMAMC at 298 K.

This result confirms that the ionic liquid BMAMC plays a
great role in the decreasing of the amount of hydrogen release
during the immersion of carbon steel and waste formation
water.

The insight on how the ionic liquid inhibits the hydrogen
generation comes from the created charges on both the carbon
steel surface and ionic liquid molecules. Notably, the carbon
steel in the acidic waste formation water carries a positive
charge.””*" This attracts the negative portion of BMAMC
molecules to the carbon steel surface. According to this
situation, the cationic portion of BMAMC molecules will be
adsorbed on the negative charge sites of carbon steel by Van
der Waals to prevent the adsorption of H;O".'**~*" These
adsorbed ionic liquid BMAMC molecules on the carbon steel
surface inhibit the hydrogen generation reaction.

3.3. Thermodynamic and Adsorption Studies. At
present, research on the activation energy of the hydrogen
generation reaction (E,) is very significant, which can be
investigated from the estimated rate of hydrogen generation
Vi in the absence and presence of BMAMC at different
temperatures (298—338 K) (see Table 3).

It is discovered that the rates of hydrogen generation Vi, in
both blank and inhibited waste formation water are slightly
increased by increasing temperatures. This is primarily related
to the de-sorption of some BMAMC molecules from the

https://doi.org/10.1021/acsomega.2c07685
ACS Omega 2023, 8, 4337—-4343
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Table 3. Rate of Hydrogen Generation (Vy,) and the
Corresponding Efficiency of Ionic Liquid (7,%) during the
Reaction of Carbon Steel with Waste Formation Water (pH
2.5) without (Blank) and with Ionic Liquid BMAMC at
Different Temperatures

Vip (mlcm™ h™') Vi, (ml em™ h™Y)

temp. (K) blank BMAMC (5.08 X 107~* M) %
298 25.25 + 0.65 2.02 + 0.09 92.0
308 27.58 + 0.68 297 + 0.15 89.2
318 32.84 + 0.70 443 + 0.19 86.5
328 43.44 + 0.75 6.64 + 023 84.7
338 57.04 + 1.02 1220 + 0.42 78.6

carbon steel surface because of the high temperature.”” At the
same time, the high temperature accelerates the hydrogen
generation reaction.”**

The activation energy of hydrogen generation reaction E
could be calculated by Arrhenius formula:**

Vi = A exp(—Ey/RT) (13)

where R = ideal-gas constant, A = Arrhenius constant, and T =
absolute temperature.

Figure 8 shows the Arrhenius plots in the absence (blank)
and presence of 5.08 X 107* M of BMAMC.

5
4 - = -2091.7x + 10.157
R? = 0.9444
P'.C
B"E 3
o
__§ L 4
3 27 y = -4430.9x + 15.516
£ R? = 0.982
1 -
@ Blank ®BMAMC (5.08 x 10* M)
0
2 ) Q Q Q 9
“%. "% "% "% "%, %
< @ % £ % %
(UT) (K")

Figure 8. Arrhenius plots in the absence (blank) and presence of 5.08
X 107* M of BMAMC.

The E,y could be calculated from the slopes of Arrhenius
plots. It could be noted that the addition of 5.08 X 10™* M of
BMAMC in waste formation water could increase the E,j; from
17.35 kJ mol™" (in the case of the blank solution) to 36.84 kJ
mol~". This means that the presence of ionic liquid BMAMC
increases the amount of the potential barrier that is required
for the hydrogen generation reaction and, consequentlzr, the
ionic liquid decreases the amount of hydrogen release.*”

Adsorption behavior of ionic liquid BMAMC on the carbon
steel surface is investigated using the following mathematical
eqs 14 and 15.%°

Cn/0 = (1/Ky) + Cy. (14)

0= (Von - VHZ)/(VOHZ) (15)

In this case, eq 14 represents the Langmuir adsorption
isotherm, where Cy; is the ionic liquid concentration and K,g4, is
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the Langmuir isotherm constant. The best isotherm to the
adsorption data is presented in Figure 9.

6
5 4
= 4
e
= 3 A
g y = 7413.5x + 1.6658
O 24 R? =0.9899
1 4
0 t t + t t
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

Cu/M

Figure 9. Langmuir adsorption isotherm for carbon steel in waste
formation water (pH 2.5) containing increasing concentrations of
ionic liquid BMAMC at 298 K.

This figure presents a linear regression of eq 14. We confirm
the validity of the Langmuir model because the correlation
coefficient (R?) is close to the unit (R* = 0.9899).%” It is worth
noting that the K4, value obtained from Figure 9 was 0.6 X 10*
M. The high value of K4 refers to the favorable condition for
the ionic liquid BMAMC adsorption on the carbon steel
surface.”® The change in standard free energy (AG®) can be
evaluated from the value of K4, according to eq 16.*

AG,=—RT In(55.5 K, (16)

The value of AG® is — 31.45 kJ-mol™". This means that the
adsorption of the BMAMC on the steel surface is spontaneous
and belongs to physical adsorption.™

3.4. Surface Morphology Studies. Figure 10 shows the
surface morphology of carbon steel discovered by SEM after 12
h immersion in waste formation water solution with and
without ionic liquid BMAMC. The surface of carbon steel after
immersion in waste formation water (Figure 10b) was
characterized by a large damage in comparison to the as-
received sample (Figure 10a).

According to Figure 10b, the corrosion effects on the carbon
steel surface were distributed in a uniform shape. This means
that hydrogen generation reactions occur over the whole
carbon steel surface. Meanwhile, the corrosion damage by
waste formation water was reduced to a high extent after
adding 5.08 X 10™* M of ionic liquid BMAMC as seen in
Figure 10c.

To confirm the adsorption of the ionic liquid BMAMC on
the carbon steel, FTIR analysis was conducted for pure ionic
liquid BMAMC and the surface product (see Figure 11). As
shown in Figure 1la, hydrogen-bonded O—H stretching
occurs at 3420 cm™!, C—H stretch occurs at 3010 cm™),
C=0 stretch occurs at 1730 cm™!, CH, bending modes at
1465 cm™', CH, bending absorption at 1375 cm™, C—N
stretching occurs at 1350 cm™', and C—O stretching occurs at
1150 cm™". The FT-IR spectrum for the products formed on
the carbon steel after immersion in waste formation water
containing ionic liquid BMAMC (see Figure 11b) confirms the
adsorption of BMAMC on the surface. The shifting in the
position of some bands such as hydrogen-bonded O—H, C-0O

https://doi.org/10.1021/acsomega.2c07685
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Figure 10. SEM images for (a) abraded carbon steel, (b) carbon steel immersed in waste formation water solution (pH 2.5) at 298 K, (c) carbon
steel immersed in waste formation water (pH 2.5) solution containing 4.35 X 10™* M of ionic liquid BMAMC at 298 K.
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Figure 11. FTIR spectra for pure ionic liquid BMAMC (a) and for
the scratched film formed on carbon steel in waste formation water
(pH 2.5) solution containing 4.35 X 10™* M of ionic liquid BMAMC

(b).

and C—N indicates the adsorption between the BMAMC
molecule and carbon steel.**™**

4. CONCLUSIONS

For the first time, the waste formation water from petroleum
field and carbon steel is used to generate hydrogen. With the
aid of the change in the solution conditions such as pH and
temperature, a variety of volumes of H, evolution can be
obtained. The presence of chloride ions in waste formation
water leads to the continuous hydrogen release. It was
confirmed that the highest hydrogen release rate (57.04 mL
ecm™ h™!) could be achieved by immersion carbon steel in
waste formation water at pH 2.5 and temperature 338 K. In
addition, the introduction of ionic liquid BMAMC with waste
formation water could inhibit the hydrogen generation
reaction. The performance of ionic liquid is likely due to the
adsorption of BMAMC molecules on the carbon steel surface,
which is supported by SEM and FTIR inspections. This work
reveals the future promise of the waste materials and ionic
liquids for the production of hydrogen.
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