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Abstract: In this study, hydrolysis reaction performances of raw BFS powder and metal powders (which are ingredients of
BFS) that are used as a catalyst are compared. Hydrogen generation by hydrolysis reaction of the Al and Fe,O, Nano&Granule
powders with sodium borohydride (NaBH,) addition in water was studied by using different catalysts amounts at reaction vessels.
The measured values of reaction temperatures and hydrogen flow rates were measured by using high-precision equipment. As a
result of the obtained data, it was determined that Fe,O, and Al catalysts have advantages over hydrogen production rate and fuel
conversion, also, these experiments show a very high success in different parameters, and create promising effects in the reactions.
Among the Al catalyst samples, the highest efficiency performances are achieved with Al Nanocatalyst samples at 85.31 °C preheat
with an instantaneous hydrogen generation rate of approximately |1.226 L / min for 33 minutes. Among the Fe O, catalyst
samples, the highest efficiency performances are achieved with Fe,O, Nanocatalyst samples at 50 °C preheat with an instantaneous
hydrogen generation rate of approximately 29.91 L / min for 12 minutes.
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l. Introduction friendly and more efficient, will come into play for energy
production in a sustainable future. One of these sources
is hydrogen, which can be used as an energy raw material
in today and the future. As one of the renewable energy
sources, hydrogen is a great hope to reduce the ever-grow-
ing energy need and environmental pollution. Although
hydrogen gas has many advantages, its biggest disadvan-
tage is storage difficulty. Due to its low density, it must be
stored in high-pressure tanks to provide sufficient fuel to
the systems, thus increasing the storage cost [3]. Hydrides

Today most of our energy needs are provided by fossil
fuels. Fossil fuel sources are limited as they are non-re-
newable energy sources, also, are rapidly being depleted
with the increase in industrialization. Although fossil
fuels seem useful to meet energy needs, serious damage
is caused to the environment during the extraction and
transportation process, thus, creating very harmful en-
vironmental effects of the fossil fuel resources. Since

the main component of fossil fuels is carbon, they emit

greenhouse gases (CO,, CH,, N,O) that are harmful to have been preferred in recent years due to their high hy-
drogen volume and reliability. Many types of hydrides

such as metal hydrides and chemical hydrides are used in
obtaining hydrogen. Examples of the most popular chem-
ical hydrides are NaBH o NH3) and MgH.. Borohydrides
such as NaBH, are preferred due to their environmental
friendliness, non-flammability, and stability in alkaline
solutions [4]. A popular way to obtain hydrogen is using
sodium boron hydride (NaBH,) which is a purposive hy-
drogen carrier. Therefore, among the chemical hydrides,

Opportunities of rapid technological change such as re- NaBH_ is the most studied and researched [5].
newable energy sources, which are more environmentally *

the atmosphere when they are combusted. Due to this,
air pollution problems arise [1]. Due to the decrease in
the reserves of fossil energy resources and the damage
they cause to the environment, a search for new energy
resources has been started. As a result of this search, re-
newable energy resources have increased interest in them.
These resources are the most ideal energy sources for con-
tinuous energy needs and clean energy [2].
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Some of the main advantages of NaBH, can be listed as;

i) High ability to produce hydrogen at room tem-
perature,

ii) It is a hydrogen reservoir and has a high hydro-
gen density (About 10%),

iii) It has a high reduction,
iv) It has easy storage and transportation features.

As shown in Equation 1, hydrogen gas and Sodium Me-
taborate (NaBO,) are released end of the reaction of
NaBH, with water, NaBH, can be synthesized from
NaBO, which is a by-product. As a result of the study
done by Schlesinger, it was observed that NaBH, hydroly-
sis was slow at room temperature [6]. Adding catalysts to
the hydrolysis reaction increases hydrogen production by
reducing the activation effect [5,7]. Most of the NaBH,
hydrolysis studies are based on more efficient and faster
hydrogen gas generation than the hydrolysis reaction. The
various chemicals used during hydrolysis reactions, it is
aimed to produce hydrogen gas in a faster and more sus-
tainable manner.

NaBH,+ 2H,0 — NaBO, + 4H, )

In the literature, the effect of the catalyst used in the hy-
drolysis of NaBH, depends on the large area of the sur-
face, high conductivity or high degree of graphitization,
a suitable pore structure to ensure mass transport, and
the number of metal particles. Metal-containing catalysts
used as catalysts in hydrogen production reactions from
NaBH, have high catalytic activity. Noble metal-based
catalysts such as Ru, Pd, and Pt are used in the hydrolysis
reaction of NaBH, [7-9]. These catalysts have been ob-
served to greatly increase the catalytic activity of the re-
action, but their use is limited due to their rare and costly
properties in the industrial field. In studies where tran-
sition metals such as Co, Ni, Fe, and Cu are used, it is
expected that these metal catalysts will be used as high-ef-
ficiency catalysts, considering the high catalytic activity of
Ni and Co metal catalysts and because they are less costly
than noble metals. Efforts to synthesize cheaper catalysts
are quite popular. Therefore, metal powders are produced
from industrial wastes such as AL O, [10], SiO, [11], TiO,
[12], activated carbon [13] or metal-rich clays [14,15], ze-
olite [16,17]scanning electron microscope (SEM and ce-
ramics [18]. New catalysts can be synthesized for use in
hydrogen production reactions [14]. Iskenderoglu et al.
examined the catalytic activity of the raw BFS powder in
hydrolysis reactions. The hydrogen production of raw BFS
catalyst, which is used with 10% NaBH . by weight in the
reaction at 50 °C, is 54.63 L/ming__ [19].

Also, Al and water react to hydrogen generation, and the
hydrogen gas can be released by the reaction shown in
equation 2 at a high temperature or high pressure [20].
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Al+%H20® ALO, +%H2

()
The results of Zhu et al.’s study show that for Al powder
with 7% NaBH, addition by weight, the maximum hy-
drogen volume concentration obtained by using steam is

approximately 21,000 ppm at 650 °C [21].

In this study, the effects of both BES powder and Al and
Fe,O, metal powders in the content of BFS powder on
the hydrolysis reaction of Nano and Granule forms were
examined and the results of the experiments were com-
pared. The fact that these metal powders have not been
used in studies in the literature before, and the effect of
metal powders used in different amounts in the experi-
ments, the effect of BFS powder or HCl acid addition on
the test results, makes this study different from its coun-
terparts. As a result, it is aimed to produce efficient hydro-
gen gas by using a cheaper, more environmentally friendly
catalyst material than other catalysts, like many catalyst
articles in the literature. In addition to all these, another
factor that makes this article special is that the catalyst
used is a product that can be obtained from waste product
without requiring any processing and by considering the
use of zero waste. According to the results obtained as a
result of the experiments, it has been proven that the ad-
dition of HCl acid to Fe,O, metal powder, which has not
been used in hydrolysis experiments before, has a notice-
able efficiency effect on hydrogen production.

2. Materials & Experimental Methods

The 98.5% pure NaBH, that contains 0.05% Si and
0.005% Fe was supplied from a commercial company.
Fe,O, was also obtained from a commercial company.
Nanosize Fe,O, has 99.55% purity and contains 0.003%
Ca, 0.015% Cr, 0.14% Mn, 0.05% Al and 0.091% SiOZ. Al
Nano supplied from ZAG Kimya company is 99% pure
and 0-150um in size. Al Granule supplied from Nanokar
Company is 98.5% pure and 2 mm in size. The Cobalt
(Co) Micron powder was supplied from the Nanografi
company. The Cobalt (Co) Micron Powder is 99.99% pure
and has a size of 1 pm. BFS was supplied from Iskenderun
Iron and Steel factory. the steel BES, which produced in
Turkey, is assumed to consist of SiO, (39.66 %), Fe O,
(158 %), ALO, (12.94 %), CaO (34.20 %), MgO (6.94
%), Na,0 (0.20 %), K20 (1.44 %), SO3 (0.72 %) [22].

Figure 1. Experimental installation
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The schematic view of the experimental setup is shown in
Figure 1. It consists of a 4-port reactor, heater, moisture
trap, Alicat Scientific brand flow meter, DS18B20 tem-
perature sensor, MTOPS MS300HS brand heater, and
Arduino Uno. The amount of NaBH, was kept constant
as 2 g for all experiments. Then, in the hydrolysis reaction
of NaBH,, BFS powders, and Fe,O,, Al Nano&granule
powders were weighed one by one in the analytical bal-
ance as 0.2 gr, 0.5 gr, 1 gr, and 2 gr together with distilled
water.

The effect of the catalytic activity performances of these
powder samples on the hydrolysis reaction of NaBH, was
investigated. These catalytic hydrolysis reactions were
carried out in a four-necked round bottom flask reactor.
Solid NaBH, was weighed on an analytical balance and
metal powder samples which used as catalysts were trans-
ferred to the reactor. Distilled water was added to the sol-
id powder in the reactor by using a measuring cylinder.
The reaction temperature was measured by a thermocou-
ple that connected to the Arduino Uno. The hydrogen gas
produced as a result of the reaction was passed through a
desiccant to separate it from the water vapor contained in
it. The volume of hydrogen gas produced was measured
by a high precision Alicat Scientific brand flowmeter. The
measured data were simultaneously transferred to the mi-
croprocessor and saved to the computer.

Hydrogen Production

Hydrogen production took place in a three-necked round
bottom flask reactor as shown in Figure 1. The three-
necked were used as water and catalyst inlet, thermocou-
ple outlet, and hydrogen outlet connections. All connec-
tions of the reactor were wrapped with gas Teflon tape
to prevent possible hydrogen leakage, providing a high
sealing environment. The catalyst mixture prepared from
the water and catalyst inlet and 20 ml of distilled water
measured with the aid of a measuring cylinder were trans-
ferred into the reactor. Then, with the aid of a heater, the
reactor was heated to 50°C. The hydrogen gas produced
as a result of the hydrolysis reaction taking place in the
reactor was passed through the desiccant and conveyed to
the flow meter. The flow rate of hydrogen and the reaction
temperature with the thermocouple in the reactor were
measured by the flow meter. Using Arduino Uno, data
from both the thermocouple and the flow meter were si-
multaneously recorded in an Excel file.

3. Results and Discussions
3.1. Effect of BFS powder on Hydrolysis
Reaction

Experiments were carried out using three different
amounts of 2 g, 3 g, and 4 g for the BES catalyst, 20 ml
of distilled water was used for all three experiments and
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the reaction vessel was heated up to 50 °C. The results
obtained from the experiments are shown in Figures 2a
and 2b. The experiment using 2 g BES lasted for 27 min-
utes and the maximum temperature was up to 59.13 °C.
In the experiment, the total flow reached 142.44 L and
the maximum flow amount was measured as 0.23 L/min.
geatalyst. The instantaneous flow rate of the reaction
was measured as 5.275 L/min. The experiment using 3
g BFS lasted 22 minutes and the maximum temperature
was up to 62.88 °C. In the experiment, the total flow
reached 146.25 L and the maximum flow amount was
measured as 0.28 L/min.gcatalyst. The instantaneous
flow rate of the reaction was measured as 6.647 L/min.
The experiment using 4 g BFS lasted for 25 minutes and
the maximum temperature increased up to 63.81 °C. In
the experiment, the total flow reached 216.88 L and the
maximum flow amount was measured as 0.28 L/min.
geatalyst. The instantaneous flow rate of the reaction
was measured as 8.675 L/min. Among the three reac-
tions, the longest-lasting reaction was the one using 2 g
of BFS, and it lags behind the others in terms of total hy-
drogen produced. The temperatures and maximum flow
values reached in the experiments using 3 and 4 gr BFS
are approximately the same. In terms of instantaneous
flow rate and the total amount of hydrogen produced, the
experiment using 4 g of BFS is quite eflicient.

Total Hydrogen Production (L)
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Figure 2. a) The Total Hydrogen Production of Different Amounts of
BFS Powders, b) The Temperature Effect of Different Amounts of BFS
Powders
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3.2. Effect of Granule and Nanoparticles
on Hydrolysis Reaction

3.2.1. Effect of Granule particles on Hydrolysis Reac-
tion

Al Granule powders:

When 0.2 gr and 0.5 gr of Al Granule metal powder
were used, hydrogen gas output could not be measured
because of very low levels. Therefore, experiments were
carried out using two different amounts, 1 g, and 2 g, and
20 ml of distilled water and 2 g of NaBH4 were used for
both experiments and the reactor was heated up to 50.
The results of total hydrogen production and reaction
temperatures obtained from the experiments are shown
in Figures 3a and 3b. According to these Figures, the ex-
periment using 1 gr Al Granule lasted 26 minutes and
the maximum temperature was up to 67.62 °C. The to-
tal flow amount measured in the experiment is 166.3 L
and the maximum flow rate was measured as 0.18 L/min.
geatalyst. The instantancous flow rate of the reaction was
measured as 6.396 L/min. The experiment using 2 gr Al
Granule lasted 26 minutes and the maximum tempera-
ture was up to 67.19 °C. The total flow amount measured
in the experiment is 172.92 L and the maximum flow
rate was measured as 0.28 L/min.gcatalyst. The instan-
taneous flow rate of the reaction was measured as 6.065
L/min. Test times and maximum temperatures attained
for both catalyst quantities are approximately the same.
When the amount of hydrogen produced was compared,
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Figure 3. a) The Total Hydrogen Production of Different Amounts of Al
Granule Powders, b) The Temperature Effect of Different Amounts of
Al Granule Powders
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it was observed that when 2 g of Al granule was used,
there was 6 L more production.

&;QiGmnule powders:

Fe O, Granule catalyst was used in 3 different amounts,
0.2 gr- 0.5 gr-1 gr. In all experiments, hydrolysis reactions
were carried out using 20 ml of distilled water and 2 g of
NaBH,, and the reaction vessel was heated up to 50°C
and closed. The results obtained from the experiments
are shown in Figures 4a and 4b. In the experiment per-
formed with 0.2 gr Fe O, catalyst, the reaction time, the
maximum temperature reached by the reaction, the maxi-
mum flow rate of the reaction, the instantaneous flow rate
of the reaction, and the total flow rate were 12 minutes,
88.25°C, 1.99 L/min.gmalyst, 28.47 L/min, and 341.65 L,
respectively. was measured. In the experiment where 0.5 g
Fe O, catalyst was used, the reaction time, the maximum
temperature reached by the reaction, the maximum flow
rate of the reaction, the instantaneous flow rate of the re-
action, and the total flow rate were 12 minutes, 87.06°C,
252 L/min.g ., 28.26 L/min, and 339.21 L, respec-
tively. The last experiment, which used 1 g Fe,O, Nano-
powder, ended at 19 minutes, and the highest temperature
reached by the reaction was measured as 90.25 °C. The
total flow in the experiment is 304.37 L, the maximum
flow amount is 4.33 L/ming . and the instantaneous
flow amount in the reaction is 33.81 L/min.

In the experiments of Fe O, Granule with 0.2 gr- 0.5 gr
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400

350
300
250
200
150

100

Total Producuse Hydrogen (L)

50

0! - -
00:00:00 00:02:53 00:05:46 00:08:38 00:11:31 00:14:24
Time (mm:ss)

—e—Fe203Gr_0,2g —e—Fe203_Gr_0,5g Fe203_Gr_lg

Fe,0, Granule powders Hydrolysis Reaction

100
90
80
70

60
50

Temperature (°C)

40
30 /
20
10

0
00:00:00 00:02:53 00:05:46 00:08:38 00:11:31 00:14:24

Time (mm:ss)

—&—Seri7 ~o-—Serig Seri9

Figure 4. a) The Total Hydrogen Production of Different Amounts
of Fe203 Granule Powders, b) The Temperature Effect of Different
Amounts of Fe203 Granule Powders Powders
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-1 gr, the reaction temperature, maximum flow amount
and instantaneous flow amount are approximately close
to each other. However, the experiment in which the total
flow was the highest in these experiments according to the
nanosize was the experiment using 0.2 gr FCZO3 Granule.

3.2.2. Effect of Nanoparticles on Hydrolysis Reaction
Al Nano Powders:

Experiments were carried out using 4 different amounts
of metal powder of Al Nano as 0.2 gr, 0.5 gr, 1 gr, and 2
gr. For all experiments, 20 ml of distilled water, and 2 g of
NaBH4 were used and the reaction vessel was heated to 50
°C. The results obtained from the experiments are shown
in Figures Saand 5b. The experiment using 0.2 gr AlNano
lasted 26 minutes and the maximum temperature was up
to 58.44 °C. The total flow in the experiment was 184.05
L and the maximum flow amount was measured as 0.28 L/
min.gcatalyst. The instantancous flow rate of the reaction
was measured as 7.078 L/min. The experiment using 0.5
g Al Nano lasted 31 minutes and the maximum tempera-
ture was up to 73 °C. The total flow in the experiment was
316.11 L and the maximum flow amount was measured as
0.42 L/min.gcatalyst. The instantaneous flow rate of the
reaction was measured as 10.197 L/min. The experiment
using 1 gr Al Nano lasted 28 minutes and the maximum
temperature was up to 84.31 °C. The total flow in the ex-
periment was 366.81 L and the maximum flow amount
was measured as 0.62 L/min.gcatalyst. The instantaneous
flow rate of the reaction was measured as 13.100 L/min.
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Figure 5. a) The Total Hydrogen Production of Different Amounts of Al
Nano Powders, b) The Temperature Effect of Different Amounts of Al
Nano Powders
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The experiment using 2 gr Al Nano lasted 33 minutes and
the maximum temperature was up to 85.31 °C. The total
flow in the experiment was 370.46 L and the maximum
flow amount was measured as 0.52 L/min.gcatalyst. The
instantaneous flow rate of the reaction was measured as
11.226 L/min. For Al Nano, the reaction time and tem-
perature increased as the amount of catalyst increased. In
addition, the total amount of hydrogen produced and the
instantaneous flow rates have also increased. If we examine
Figures 5a and Sb, we can say that the most efficient is 2
gr Al Nano.

&;Qé Nano Powders

Fe203 Nanocatalyst was used in 3 different amounts,
0.2 gr- 0.5 gr -1 gr. In all experiments, hydrolysis reac-
tions were carried out using 20 ml of distilled water and
2 g of NaBH4, and the reaction vessel was heated up to
50°C and closed. The results obtained from the experi-
ments are shown in Figures 6a and 6b.In the experiment
performed with 0.2 gr Fe2O3 catalyst, the reaction time,
the maximum temperature reached by the reaction, the
maximum flow rate of the reaction, the instantaneous
flow rate of the reaction, and the total flow rate were
measured at 26 minutes, 79.19 °C, 0.57 L/min.gcatalyst,
12.55 L/min, and 339.07 L, respectively. In the experi-
ment where 0.5 g Fe2O3 catalyst was used, the reaction
time, the maximum temperature reached by the reaction,
the maximum flow rate of the reaction, the instantaneous
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Figure 6. a) The Total Hydrogen Production of Different Amounts of
Fe,0, Nano Powders, b) The Temperature Effect of Different Amounts
of Fe,0, Nano Powders
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flow rate of the reaction, and the total flow rate were 16
minutes, 88.12°C, 1.5 L/min.gcatalyst, 23.28 L/min, and
372.5 L, respectively. The last experiment, which used 1
g Fe203 Nano, ended in 12 minutes and the highest tem-
perature reached by the reaction was measured as 89.25
°C. The total flow in the experiment is 358.97 L, the
maximum flow amount is 2.53 L/min.gcatalyst and the
instantaneous flow amount in the reaction is 29.91 L/min.

0.2 gr- 0.5 gr-1 gr F6203 In nano experiments, the high-
est temperature, maximum flow amount, and total flow
values were seen in the experiment performed with 1 gr
Fe,O,. The experiment with the highest total flow amount
is the value made with 0.5 gr Fe,O, Nano. The longest ex-
periment was the experiment using 0.2 gr FeZO3 Nano. As
a result, with the increase in the amount of catalyst used
in hydrolysis reactions, the total amount of hydrogen gas
produced increases in direct proportion.

3.2.3. Comparison of Nano and Granule particules

As seen in Figure 7, it is more efficient than Al Granule
in experiments where Al Nano is used as a catalyst. The
amount of hydrogen produced is approximately 2 times
higher. This is because the surface area width of Al Nano
is more than Al Granule. This is because the solution
formed in the hydrolysis reaction comes into contact
with more catalyst surface area. In this case, it causes an
increase in the reaction time. If two different amounts of
Al Granule are compared, it can be observed that 1 gr Al
Nano gives better results in experiments using Al Nano,
although they are approximately the same efficiency.
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Figure 7. Time-Dependent Total Hydrogen Produced in Al Nano and
Al Granule

In 0.2 gr experiments, Fe,0, Granule produced more
hydrogen than Fe,O, Nano and reached higher tem-
peratures. As seen in Figure 8, FCZO3 Granule gave bet-
ter results at maximum flow rate and instantaneous flow
rate. In the 0.5 g experiment, Fe O, Nano produced more
hydrogen and increased to a higher temperature. Fe,O,
Granule reached a higher value at maximum flow amount
and instant flow rate. In 1 gr experiments, Fe,O, Granule
has the highest temperature value and Fe,O, Nano has
the highest amount of hydrogen produced. Fe,O, Granule

@ European Mechanical Science (2022), 6(3): 179-188

has higher values at maximum flow amount and instant
flow rate.

Fe,0; Nano&Granule powders Hydrolysis Reaction
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Figure 8. Time-Dependent Total Hydrogen Produced in Fe,O, Nano
and Fe,0, Granule

3.3. Adding BFS To The Hydrolysis
Experiment

3.3.1. Effect of Al Nano and BFS on Hydrolysis Reac-
tion

1 gand 2 g of Al nano metal powder, 1 gof BFS, and 2 g
of NaBH , were reacted. For both experiments, 20 ml of
distilled water was used and the reaction vessel was heated
to 50 °C. The results obtained from the experiments are
shown in Figures 9a and 9b. The experiment using 1 gr
Al Nano lasted 28 minutes and the maximum tempera-
ture was up to 71°C. The total flow in the experiment was
189.18 L and the maximum flow amount was measured as
0.28 L/min.gcatalyst. The instantancous flow rate of the
reaction was measured as 6.756 L/min. The experiment
using 2 gr Al Nano lasted 25 minutes and the maximum
temperature was up to 71°C. The results obtained from
the experiments are shown in Figures 9a and 9b. The total
flow in the experiment was 216.45 L and the maximum
flow amount was measured as 0.28 L/min.gcatalyst. The
instantaneous flow rate of the reaction was measured as

8.538 L/min.

The addition of BES to the Al Nano metal powder kept
the reaction time of 1 g Al Nano the same as in the BFS-
free experiment. However, it reduced the maximum tem-
perature reached by the reaction by 13 °C. It reduced the
instantaneous flow rate of the reaction by 7 L/min and
the total hydrogen flow amount by 177 L. For 2 gr Al
Nano, it extended the reaction time by 8 minutes. With
this; It decreased the maximum temperature value by 14
°C, the total hydrogen flow amount by 154 L, and the in-
stantaneous flow rate by 3 L/min, respectively.

3.3.2. Effect of Fe,O, Nano&Granule and BFS on Hy-
drolysis Reaction

In this experiment, in addition to 20 ml distilled water,
2 gr NaBH4 and 0.5 gr Fe203 Granule powder, 2 gr BES

was used. The reaction was completed in 18 minutes and
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Figure 9. a) The Total Hydrogen Production of Different Amounts
of Al Nano&BFS Powders, b) The Temperature Effect of Different
Amounts of Al Nano&BFS Powders

the maximum temperature was measured as 84.62°C. The
results obtained from the experiments are shown in Fig-
ures 10a and 10b.In this experiment, a total 0£290.08 L of
hydrogen is produced, the maximum flow is 1.01 L/min.
geatalyst, and the instantaneous speed of the experiment
is 16.11 L/min. These reaction results gave lower values
than the 0.5 g Fe,O, Granule test without BFS.

In this experiment, in addition to 20 ml distilled water,
2 gr NaBH, and 0.5 gr Fe,O, Nanopowder, 2 gr BFS was
used. The experiment lasted 19 minutes and the maximum
temperature was 82.06°C. In this experiment, a total of
262.9 L hydrogen was produced, and the maximum flow
was measured as 0.67 L/min.gcatalyst. The instantaneous
velocity of the experiment is 13.83 L/min. These values
gave lower results than the 0.5 gr Fe,O, Nano experiment
without BES.

3.3.3. Comparison of Fe,O, Granule, Fe,0, Nano, and
Al Nano Experiments Using BFS

The BFS, Al Nano, Al Nano + BFS powders used in the
same amounts were compared according to Figure 11. The
catalyst that produces the least hydrogen compared to
other amounts is 2 g of BFS. The experiment in which Al
Nano and BES powder are used together is more efficient
than the experiment in which only BES powder is used.
For this reason, although the BFS powder harmed the Al
Nano experiment, it was observed that the Al Nanopow-
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Figure 10. a) The Total Hydrogen Production of Different Amounts
of Fe,0,Nano&BFS Powders, b) The Temperature Effect of Different
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der had a positive effect on the hydrolysis experiments in
which the BES was used.
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Figure 11. Effect of Al Nano + BFS Powder on Hydrolysis Reaction

The BES, FeZO3 Granule, FCZO3 Nano, FCZO3 Nano +
BFS, and Fe,O, Granule + BFS powders used in the same
amounts were comparcd according to Figure 12. The 0.5
gram Fe O, Granule test with BFS gave better results than
the BES Fe,O, Nano test. The BFS Fe,O, Nano experi-
ment lasted longer than the experiment using granules.

3.4. Adding HCI Acid to the Hydrolysis
Reaction

Al Metal Powders

In addition to the experiments above, the effect of HCI
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acid in experiments using Al Metal powders is examined
in this section. In addition to 2 gr Al Granule or 2 gr Al
Nanopowders, 1 ml HCI acid was added to the reaction
using 2 gr NaBH,. For both experiments, 20 ml of dis-
tilled water was used and the reaction vessel was heated
to 50 °C. The results obtained from the experiments are
shown in Figure 12. The experiment using 2 gr Al Gran-
ule and 1 ml HCl acid took 4 minutes and the maximum
temperature was up to 80.87°C. In the experiment, the
total flow was 332.25 L and the maximum flow amount
was measured as 11.18 L/min.gcatalyst. The instanta-
neous flow rate of the reaction was measured as 80.562 L/
min. The experiment using 2 gr Al Nano and 1 ml HC]
acid took 11 minutes and the maximum temperature was
70.44°C. The total flow in the experiment was 234.52 L
and the maximum flow amount was measured as 5.75 L/
min.gcatalyst. The instantancous flow rate of the reaction
was measured as 23.452 L/min. Adding HCI acid to Al
Granule metal powders decreased the reaction time by
22 minutes compared to the experiment without adding
HCl acid. The maximum temperature reached by the re-
action increased by 13 °C, the instantaneous flow rate of
the reaction increased by 74 L/min, and the total hydro-
gen flow rate by 150 L.

The addition of HCl acid to Al Nano metal powders de-
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Figure 13.The effect of adding HCl Acid to the Hydrolysis Reaction
with Al Nano and Granule catalysts
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creased the reaction time by 22 minutes compared to the
experiment without adding HCI acid. However, com-
pared to the Al Granule experiments, it decreased the
maximum temperature reached by the reaction by 15 °C
and the total hydrogen flow amount by 140 L, respective-
ly. However, it increased the instantaneous flow rate of
the reaction by 12 L/min. This is due to the hydrogen gas
released as a result of the reaction of HCl acid with water.

Fe,0, M etal Powders

In this experiment, in addition to 20 ml distilled water,
2 gr NaBH,, 0.5 gr Fe,O, Granule or 0.5 gr Fe,O, Nano-
powder, 1 ml of HCl acid was added to the reaction. The
reaction vessel was heated to 50 °C. In the experiment us-
ing 0.5 gr Fe,O, Granule and 1 ml HCl acid, the reaction
time, the maximum temperature reached by the reaction,
the maximum flow rate of the reaction, the instantaneous
flow rate of the reaction, and the total low rate were 16
minutes, 77.62 °C, 3.36 L/min.gcatalyst, 18.11 L, respec-
tively. It is measured as /min and 289.76 L. In the exper-
iment using 0.5 gr Fe,O, Nano and 1 ml HCI acid, the
reaction time, the maximum temperature reached by the
reaction, the maximum flow rate of the reaction, the in-
stantaneous flow rate of the reaction, and the total flow
rate were measured 7 minutes, 87.62 °C, 4.53 L/min.
geatalyst, 69.49 L/min, and 416.95 L respectively. The
addition of HCI acid to Fe,O, Granule metal powders
increased the reaction time by 4 minutes compared to
the experiment without adding HCI acid. The maximum
temperature reached by the reaction increased by 9.4 °C,
also increased the instantaneous flow rate of the reac-
tion by 10.16 L/min, and decreased the total amount of
hydrogen produced by 49.45 L. Addition of HCI acid to
Fe,O, Nano metal powders increased the reaction time by
10 minutes compared to the experiment without adding
HCl acid. However, according to the Fe,O, Granule ex-

Metal powder& HCl Hydrolysis Reaction
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periments, the maximum temperature reached by the re-
action is approximately the same, respectively, it increased
the total hydrogen flow amount by 44.45 L and decreased

the instantaneous flow rate of the reaction by 8.6 L/min.

3.5. Discussion

In this study, it has been proved by experiments that Al
and Fe,O, catalysts can be used as efficient catalysts in
NaBH, hydrolysis reaction. In these experiments, the cat-
alyst samples were made suitable for the NaBH, hydroly-
sis reaction by various experiments in different amounts,
BES by-product, and HCI acid effect. In this study, the
analysis of the hydrogen production reaction carried out
under 5 different conditions with the Al and Fe,O, cata-
lysts was made. It has been shown that both types of cat-
alysts can be used efficiently in hydrolysis reactions when
the experimental results of these metal powder catalysts
are compared. According to the results of these optimiza-
tion experiments, more effective test results are obtained
by using different parameters and combinations.

In all experiments, hydrolysis reactions were carried out
by using 20 ml of distilled water and 2 g of NaBH, and
the reaction vessel was preheated to 50 ° C. Al and Fe O,
Nano metal powders catalyst were used in 3 different
amounts as 0.2 g - 0.5 g- 1 g During the experiments
with 0.2 g, 0.5 g, and 1g of Fe O, catalyst, the total flow
rates were 339.07 L, 372.5 L, and 358.97 L, respectively.
On the other hand, the total flow rate results of Al cata-
lyst for 0.2 g, 0.5 g, and 1gusages were 184.05 L, 316.11 L,
and 366.81 L, respectively. In the hydrolysis experiment
in which Fe,O, metal powder was used together with
BES, approximately 45% more hydrogen production was
observed compared to the experiment using only BES. In
the Al Nano experiment with the addition of BES, ap-
proximately 30% more hydrogen production was observed
compared to the experiment using only BFS. However,
the use of BES does not increase the yield in hydrolysis re-
actions where only Al and Fe,O, metal powders are used
as catalysts. In hydrolysis reactions using HCI acid, total
hydrogen production increased by 13% in the experiment
where Fe,O, Nano and HCI acid were used together,
while the total amount of hydrogen produced increased
by 20% in the experiment where Al Nano and HCl acid
were used together. It has been observed that adding HCI
acid gives efficient results in the reaction. Therefore, it can
be recommended to use HCl acid solutions with different
molarities in reactions.

4, Conclusions

In this study, the yields of Fe,O, and Al catalysts were
compared with the experiments conducted for hydrogen
production from the catalytic hydrolysis of NaBH, sup-
ported with BES by-product and HCl acid. As a result of
the obtained data, it was determined that Fe,O, and Al
catalysts have advantages over hydrogen production rate

European Mechanical Science (2022), 6(3): 179-188

and fuel conversion. In line with the results obtained from
the experiments, the Fe, O, catalyst and the Fe, O, catalyst
& HCl acid experiments show a very high success in dif-
ferent parameters, and also Fe, O, catalysts create promis-
ing effects in the hydrolysis reactions of NaBH,. Among
the catalyst samples, the highest efficiency performances
are achieved with Fe,O, Nanocatalyst samples at 50 °C
preheat with an instantaneous hydrogen generation rate
of approximately 29.91 L / min for 12 minutes. There is
no study in the literature with Fe,O, catalysts in NaBH,
hydrolysis reactions. In addition, other metal catalysts
used in these reactions are quite expensive and ineflicient
compared to Fe,O, catalysts. The use of Fe,O, catalysts
as cheap and efficient catalysts in hydrolysis reactions has
made a great contribution to literature studies.
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