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This study investigated the feasibility of H, production by acid corrosion, employing a by-product from the fertilizer industry

(Hexafluorsilic acid - H,SiF;) and waste iron sources. Different masses of metal from three different sources: iron powder (waste
from metal workshops), steel wool and rebar (construction waste), were reacted with various proportions of H,SiF, with HC1. The
influence of the variables was evaluated by factorial design, verifying greater production of H, for materials with higher contact areas.
The lowest production was observed for construction industry waste (rebar) probably due to the presence of protective films and
lower contact area. The gas produced was analyzed by gas chromatography and was found to consist only of H, (up to 99%) and air.

The results indicate a promising application of H,SiF,, which is generated in large quantities during phosphate fertilizer production

and has few commercial applications. The method proposed is promising, it does not emit toxic or polluting gases, contributing to

the sustainable generation of H,.
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INTRODUCTION

Increasing consumption of energy resources and non-renewable
fossil energies, coupled with increased damage to the environment,
has led to the pursuit of technologies that aim to produce energy by
methods that are clean and sustainable.! According to the definition
of the United Nations (UN), sustainable development aims at meeting
the needs of the present without compromising the ability of future
generations to meet their own needs.? In this sense, companies
have recently adopted practical strategies aimed at corporate
social responsibility that balances the relationship between profit,
environmental preservation and social actions.?

Within this scenario, renewable energy is becoming increasingly
accessible, replacing economic dependence on fossil fuels. To
accelerate this process, hydrogen gas (H,) production is a first step.
In Europe, for example, H, production is based on mainly in steam
reform, however this process results in considerable CO, emissions.*

H, is a promising alternative fuel, standing out for its high energy
density and low pollution effect. Despite being the most abundant
element in the universe, H, is present at low concentrations in the
atmosphere due to its ability to escape the gravitational pull of the
earth. And as aresult, it is necessary to develop methods for producing
and storing this gas.’ H, is widely used as a raw material in chemical
processes such as food production, hydrogenation reactions, ammonia
and methanol production and in the pharmaceutical industry, as well
as being used to produce renewable energy.®

Hydrogen that is produced by green methods can be either stored
and used in the chemical industry or used for electricity generation
(through fuel cells, for example) with zero post-combustion pollutant.”
As clean, low-carbon secondary energy, H, energy can be applied
in renewable energy (mainly wind power and photovoltaic) grid-
connected power smoothing, which opens a new way of coupling
hydrogen energy storage with renewable energy.® Currently, most of
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the world’s H, consumption is produced using fossil fuels, but the
biggest problem with this method is the generation of CO and CO,.
In addition, conventional methods for producing H, require high
energy consumption and are not profitable. Thus, this scenario makes
it important to search for innovative, sustainable, and economical
technologies to produce H,.°

Thus, as hydrogen is not found in the in free form in nature, it is
necessary to dissociate it from a primary source, such as hydrocarbons,
biomasses or water.!” Thus, several hydrogen production methods
have been studied, as can be seen in Figure 1.

Several studies mention that there exist different methods for
hydrogen production such as dark fermentation, coal gasification,
electrolysis, amongst other. At present more than 90% of hydrogen
in the market is provided by steam reforming of methane.'>!3!4
Electrolysis, for example, is the process in which electrical energy
is used to force the non-spontaneous cleavage of H,O and a large
number of variations can be found in the literature.'” Furthermore,
electrochemical hydrogen production via electrolysis provides good
energy efficiency as well as with the lowest cost rate. An electrolytic
cell is an experimental assembly in which electrolysis is performed,
which consists of a pair of electrodes made of a non-reactive metal,
such as platinum, immersed in an electrolyte solution. These
electrodes must be connected to a power source. In addition, the
reaction will easily occur in a 0.1 mol L solution of H,SO,, as in
this case there are enough ions to conduct electricity.'® One of the
challenges of electrolysis produced from solar technologies is that the
transfer of energy from the photovoltaic generator to the electrolyzer
is dependent on the instantaneous climatic conditions and how they
are connected."”

Another method used is anaerobic fermentation, where simple,
pure sugars, naturally contained in biomass, are converted into H,,
CO, and organic acids in the presence of microorganisms. Among
the biological processes for H, generation, anaerobic fermentation is
considered more viable, as it does not need an external energy source
and various types of industrial waste and effluents can be carbon


https://orcid.org/0000-0001-8471-1835
https://orcid.org/0000-0003-4775-040X
https://orcid.org/0000-0001-6487-1225
https://orcid.org/0000-0003-3627-8998
https://orcid.org/0000-0002-0036-5750

Vol. 44, No. 10 Feasibility of H, production by acid corrosion using H,SiF, and waste Fe sources 1227
| Hydrogen production methods |
Renewable sources ‘ l Fossil fuels |

Biological NL‘JcIear S‘team D P:Jr‘tial ‘ Coal

Electrochemical s o

ectrochemica methods hydrogen reforming | | reforming oxidation | | gasification
Water | Ach cal Anaerobic Photoproduction by
electrolysis | €lectrochemica fermentation microorganisms
corrosion

Figure 1. Examples of types of hydrogen production methods. Adapted from ref. 11

sources for microorganisms. Large amounts of hydrogen have been
produced by this technique. However, the main constraint of this
production method is its low performance when compared to other
existing chemical and electrochemical methods.'®

Steam reforming of hydrocarbons is the most widely used
process for large-scale H, production. In this process, a mixture of
water vapor and hydrocarbons reacts at high temperatures in the
presence of a catalyst, forming a mixture of CO, and H,. The most
used hydrocarbon in the reform process is natural gas (CH,)."” The
main form of H, generation is by steam reforming furnaces, which
are made up of a series of vertical tubes inside an externally heated
radiation chamber that focus on the tube walls. Inside these tubes run
hydrocarbons or alcohols and water vapor that at high temperatures
react endothermically. The problem with this hydrogen production
process is that it generates gases that contribute to the greenhouse
effect.?

Partial oxidation methane of can be complex depending on the
catalyst used and the operating conditions. There are two partial
oxidation mechanisms: indirect, in which part of the methane is first
oxidized to CO, and H,0, producing synthesis gas.?' This process
has the advantage of being able to dispense the need for catalysts.
However, the operating temperature range is 1200-1500 °C range
and requires high pressures.?

Cyanobacteria use biophotolysis to produce H, by employing
solar energy and water, producing H, and O, without emitting CO,,
using N,, atmospheric CO,, and H,O as electron sources and sunlight
as energy.”?* H, generation by microorganisms has been recognized
as being a renewable source, presenting low production costs and not
being dependent on agricultural areas, as in the case of biofuels. The
production method using photosynthetic microorganisms is a valid
alternative, but it is a great challenge, as it presents low efficiencies
in the conversion of solar energy, requiring optimization.”

An alternative method for the generation of H,, is acid
electrochemical corrosion, which can be performed by reusing waste
metals from metal workshops or waste building metals. The process
takes advantage of the well-known corrosion process of metals to
produce H,. Metals display a bright luster when cut/scratched, conduct
heat and electricity, furthermore they are malleable and flexible.
Metals tend to have low ionization energy, which results in easy cation
formation, explaining why they undergo rapid oxidation.?® Corrosion
itself can be defined as the process of material deterioration, most
often associated with metals and chemical/electrochemical processes
can occur in conjunction with mechanical effects.?’*

The electrochemical corrosion method can be used for H,
generation by means of a reaction between acid and metals, which
consists in reducing the H* ion generating H,.”” The method employs

two half-reactions involving acid (H*) and a metal, and consists in
reducing H* to generate H,, as shown in Equation 1.

2H* +2e - H, (1)

Generally, this process is spontaneous, involving electron transfer
during the oxirreduction process. The reactions involved are shown
in Equations 2, 3 and 4."!

Anode: Fe — Fe* + 2e- (2)
Cathode: 2H* + 2e- —> H, 3)
Global reaction: 2H* + Fe — Fe** + H, “)

One drawback to this process is the need for concentrated acids,
such as HCI, which can increase considerably the cost of the process.
One alternative is the use of waste acids that are in need of disposal
and one such possibility is Hexafluorsilic acid. Hexafluorsilic acid
(H,SiF), a waste product from the fertilizer industry, is used in water
fluoridation, metal surface cleaning/treatment and pH control of
textiles and laundries. In addition, FSA is used in the manufacture of
aluminum fluoride of low bulk density, cryolite, silicon tetrafluoride
and other fluorosilicates.’*® However, there is a large production of
this acid requiring new applications. This fact makes the use of this
acid in the production of H, by the acid electrochemical corrosion
method an interesting research area.

This study aims to investigate the feasibility of the production
of H, by acid electrochemical corrosion using waste materials
(industrial by-products and waste iron). Most importantly, it was
intended to employ HCI mixed in different proportions with a
by-product of the phosphate fertilizer industry, namely H,SiF;.
Additionally, waste metals (iron source) were employed as the
substrate for H, production, and were chosen for their different
surface areas. Statistical techniques of experimental design were
used to determine the optimal conditions of this process. To the best
of our knowledge, this is the first time H,SiF, has been employed
for H, production.

EXPERIMENTAL
Acid electrochemical corrosion system

The experiments were performed using the system presented
in Figure 2, consisting of a batch reactor in which the Fe sample
and a solution containing H,SiF¢ and HCI are inserted, and the
system sealed. The reactor was connected by a hose to the inside
of a recipient filled with water and immersed in a water bath. The
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subsequent volume of H, produced was monitored over time. Various
Fe sources were employed: iron powder (waste from metal/welding
workshop), steel wool (n° 2) and rebar (construction waste). As the
gas was produced, pressure was exerted on the water inside the water
bath and the displaced water level was equivalent to the volume of
gas produced.

1)

(2

(3)

&

Figure 2. Hydrogen production system consisting of (1) universal holder, (2)
measuring column filled with water for H, collection, (3) water bath and (4)
sealed batch reactor containing (H,SiF, + HCI + Fe)

Factorial design

Adequate experimental design requires that the experiment
provides the required information. It is necessary to quantitatively
evaluate the influence on the response variables and the interactions
between the factors. For this, a complete factorial design can be
used, which permits the elaboration of a minimum of experiments,
improving the quality of the information obtained."

Data were analyzed through a factorial design 33 (three levels
and three variables) for each material. The experimental matrix was
generated by the Statistica® software (license from PMPIT - ICTE
- UFTM). The independent variables analyzed were mass (X,),
volumetric acid fraction (H,SiF/HCl) — When the acid fraction
tends to 1, H2SiF6 is present at 100% — (X,) and time (X;), being
the volume of gas obtained the response variable. The coded levels
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and actual values of each variable are presented in Table 1. Assays
were performed in triplicate.

Table 1. Variables studied with coded and real values for the different iron

samples
IRON POWDER
Level

Factors

-1 0 +1
Mass (g) 5 10 15
Volumetric acid fraction (v/v) 0.3 0.6 0.9
Time (s) 120 480 840

STEEL WOOL

Factors Level

-1 0 +1
Mass (g) 0.1 0.5 1.5
Volumetric acid fraction (v/v) 0.1 0.5 0.9
Time (s) 240 600 720

REBAR
Level

Factors R 0 "]
Mass (g) 10 15 20
Volumetric acid fraction (v/v) 0.3 0.6 0.9
Time (s) 780 2820 4860

Orthogonal central composite design

The tests of the orthogonal central composite design (OCCD)
were performed to find the optimal condition of the H, production
process for each material analyzed, based on the results obtained
during the factorial design. Table 2 displays the levels of each variable
studied for OCCD.

In the case of iron powder, the mass was kept constant at 25 g.
For steel wool n° 2, the time was kept constant at 10 minutes due
to system limitations such as the size of the beaker available in the
laboratory. In the case of rebar, all variables were significant.

Gas Chromatography

To qualitatively analyze gas produced, the technique of gas
chromatography was employed. The samples were collected for

Table 2. Variables studied for the OCCD coded and real values for the different iron samples

IRON POWDER
Level
Factors
-0 -1 0 +1 -o
Volumetric acid fraction (v/v) 0.23 0.3 0.6 0.9 0.96
Time (min) 0,74 2 8 14 15,26
STEEL WOOL
Level
Factors
- -1 0 +1 -
Mass (g) 0.895 1.0 1.5 2.0 2.105
‘Volumetric acid fraction (v/v) 0.458 0.5 0.7 0.9 0.942
REBAR
Level
Factors
-a -1 0 +1 -
Mass (g) 5.50 20 55 90 104.49
Volumetric acid fraction (v/v) 0.196 0.3 0.55 0.8 0.903
Time (min) 11,72 20 40 60 68,28
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analysis at the optimized condition, after the factorial design and
OCCD. For this purpose, the gas stream generated was collected in
a syringe and transferred was stored in gasometric ampoules. The
gas stream generated during the treatment were analyzed for each
of the materials using a gas chromatograph (Shimadzu GC-2014),
equipped with a thermal conductivity detector and a Carboxen 1010
Plot column.

RESULTS AND DISCUSSION
Factorial design

Iron powder

Table 3 presents the values obtained for the parameter p, as well as
the values of the coefficients and the accumulated square error for iron
powder (R? of 0.9654). For a more refined analysis, the statistically
non-significant terms were eliminated, with the quadratic term of
mass (X,?) and quadratic time (X;?) being removed.

Table 3. Regression relations for iron powder monitored in the factorial

design 3°

Factor p Coefficient ch l::;;l;t::gr
Mean 0.00 137.14 8.67
(X,) Mass 0.00 36.78 12.27
S;g Zzlclggimc 0.00 114.11 24,54
X? 0.00 -32.89 21.25
(X;) Time 0.00 89.00 12.27
XX, 0.00 36.92 15.03
X, X5) 0.00 25.42 15.03
(X,X5) 0.00 60.08 15.03

Eq. 5 represents the model obtained and Figure 3A presents the
verification of the model fit. From Figure 3A it can be observed that
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the model given in Eq. 5 is adequate to describe the observed results
as the observed values follow closely the tendency given in Eq. 5.

V =137.14 + 36.78X, + 114.11X, — 32.89X,2 + 89X, +
36.92X,X, + 25.42X,X; + 60.08X,X, 5)

From the Pareto graph (Figure 3B) it can be observed that
time (X;) was the most significant variable, followed by acid
fraction (X,), the interaction between the acid fraction and time (X,X;)
and mass (X,). From the residuals plot (Figure 3C) it can be seen that
the model is adequate, with points distributed randomly around zero,
indicating that there was no bias in the results. The response surfaces
are given in Figures 4A-C.

From Figure 4A, it can be noted that the increase in acid fraction
leads to an increase in gas production, but the increase in mass is
not a significant factor. The influence of the acid fraction on gas
production indicates that HFSA can substitute HCI and improve
the rate of reaction and, importantly reduce the cost of the process.
Figure 4B demonstrates that yield increases linearly with increasing
mass and time of reaction, indicating that some form of inhibition is
overcome at exposure longer times. From Figure 4C the interaction
between fraction and time increases the production, in which
both the linear time and the linear fraction are very significant, as
well as the interaction between them. This phenomenon is well-
known, and the increase of hydrogen production can be related
with anodic polarization process and/or during anodic polarization
the ‘background’ corrosion current increases and therefore more
hydrogen evolution is observed. This background corrosion current
would be associated with the decrease of partially protective oxide
film (anodic event) that results in an enhanced auto-catalytic cathodic
activity for hydrogen evolution.’!33

Steel wool n° 2

Table 4 presents the values of p, coefficient, and accumulated
error for steel wool n°® 2. Several terms were eliminated (such as X2
(quadratic mass), X;? (quadratic time), X,?2X,? (interaction between

(B)
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o

-60
-100 -50 0 50 100 150 200 250 300 350 400 450 500 550
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©

Figure 3. (A) - Predicted versus observed values for iron powder; (B) - Pareto graph for iron powder; (C) - Graph of residues for iron powder
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Figure 4. Response surfaces for iron powder between (A) fraction and mass, (B) mass and time, and (C) fraction and time

Table 4. Regressions obtained for steel wool monitored during the factorial
design 33

Factor P Coefficient ch f;ilegri:gr
Mean 0.00 105.11 1.32
(X,) Mass 0.00 52.00 1.62
Sc(lg Z‘i‘g‘;ﬁtric 0.00 38.06 1.62
X% 0.02 3.58 1.40
(X;) Time 0.00 47.28 1.62
(X,X,) 0.00 17.08 1.98
X, X)) 0.00 9.87 1.72
(X,2X,) 0.00 571 1.72
(X,Xy) 0.00 21.08 1.98
(X,X5) 0.00 18.25 1.98

quadratic mass and quadratic fraction), X,2X; (interaction between
mass quadratic and time), X,X,2 (mass and quadratic time), X,2X;2
(quadratic mass and quadratic time), X,2X; (quadratic fraction and
time), X,2X;2 (quadratic fraction and quadratic time), and X,X;2
(fraction and quadratic time)), as they did not present significance at
the 95% confidence interval. The model is given in Eq. 6 (R?=0.9939)
and the relevant predicted vs. observed values are given in Figure 1S
A and the model is adequate to describe the observed results for H,
production from Fe powder.

V =105.11 + 52X, + 38.06X, + 3.58X,? + 47.28X, + 17.08X,X, +
9.88X,X,2 + 5.71X2X, + 21.08X,X, + 18.25X,X, (6)

From the Pareto graph (Figure 5) it can be verified that the linear
terms of mass (X,), fraction (X,) and time (X;) were significant in
the confidence interval analyzed. The interactions X, X; (mass/time),
X,X; (acid fraction/time) and X, X, (mass/acid fraction) were also
significant, as was the quadratic term of fraction (X,?). From the plot
of the residuals (Figure 1S B) it can be verified that the points are
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Figure 5. Pareto graph for steel wool

grouped randomly around zero, meaning there was no trend, and the
model is adequate to the data.

The response surfaces for the factorial design for gas production
from the steel wool, are given in Figure 6A-C. From Figure 6A, it
is observed that for a small and constant mass the fraction has a low
influence on the volume of gas produced, as the volume produced
for a low fraction is almost the same as when the fraction is high.
Therefore, when a lower mass is used, there is no reason to use higher
acid fractions.

When increasing the mass, it is observed that higher fractions
increase the volume of gas produced. However, when analyzing
the effect of the fraction for a mass of 1.6 g, it is observed that the
production tends to stabilize close to an acid fraction of 1.0. This
which may indicate that the acid fraction can consume all the steel
wool present or that some form of passivating film is formed.*?> From
the analysis of Figure 6B, linearity observed in the variation of the
terms mass and time. For smaller masses it would take longer to obtain
appreciable gas production, while for larger mass quantities the time
required would be shorter. Therefore, it would not be interesting to
employ large amounts of mass if there was not a sufficiently long time
for the reaction occur, nor would it be efficient to provide a long time if
the steel wool mass is too low. From Figure 6C (time vs acid fraction),
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Figure 6. Response surfaces for steel wool between (A) fraction and mass, (B) mass and time, and (C) fraction and time

it can be observed that time behaves approximately linearly for both
low and high fractions. It is noted that for a short time, the increase
of the acid fraction results in a small influence on the increase of the
volume of gas produced. For a longer time interval, larger acid fractions
provide greater volumes of gas. Thus, the increase in the experimental
time would be justified only if accompanied by an increase in the acid
fraction, requiring longer times and higher fractions for better results.
The quantity of hydrogen produced is related to chemical composition
of the sample (e.g., type of valence state of iron — Fe, Fe*, or Fe*)
and the quantity of iron present. Using 20.76 (%wt.) of steel wool a
theoretical total of 31.50 mL g'!' can be produced and 40.35 mL g if
24.15 (%wt.) is employed. Thus, the mass increase is related to the
greater quantity of hydrogen produced, as seen in the literature.>*

Rebar

In the case of rebar, the analysis of p values resulted in the
elimination of a number of terms (X2, X,2X,, X,2X,%, X, X2 X,2X2,
X,X;, X, X2 and X,*X;?). The regression relations are given in Table
5, where linear term of acid fraction (X,) was not disregarded from
the model, as this would considerably decrease the value of R2 The
model, represented by Eq. 7, displayed a reasonable fit to the data
(Figure 2S A) with R? of 0.9930.

V =79.11 + 27.24X, — 6.21X12 + 6.11X, + 10.08X,” + 60.96X, +
4.50X,X,? + 26.96X,X; — 4.02X,2X, + 13.59X,?X, (7)

From the Pareto graph (Figure 7) it was observed that the linear
term of time (Xj) is significant compared to the other terms evaluated,
having with a positive influence on the response. From the residuals
graph (Figure 2S B) it was observed that the points are situated
randomly around zero, which proves that the model is appropriate
for the data, as no trend is observed.

The response surfaces are given in Figure 8A-C. From Figure 8 A
it was found that the increase in mass has the effect of increasing

Table 5. Regression relations obtained for rebar monitored in the factorial
design 3°

. Cumulative
Fator p Coefficient Square Error
Mean 0.00 79.11 2.47
(X,) Mass 0.00 27.24 6.28
X2 0.00 -6.21 5.06
(X,) Acid fraction 0.09 6.11 6.48
(X% 0.00 10.08 5.79
(X;) Time 0.00 60.96 6.28
X, X)) 0.05 4.50 7.19
(X,X;5) 0.00 26.96 4.49
(X2X5) 0.05 -4.02 3.59
(X,2X5) 0.00 13.59 7.19
X 25.1689
XiXs
X1
Xo2X3
Xi?
X? ‘
XiX7?
Xr’Xs
X, ) 1 793651

p=0.05
Figure 7. Pareto graph for rebar

production, indicating that the larger the mass, the greater the
production. However, increasing both acid fraction and mass does not
significantly increase yield, a fact that can be confirmed in Table 5 for
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X, X, (mass/acid fraction), showing that the interaction between linear
mass and linear acid fraction is not significant. From Figure 8B, it
can be observed that the longer the time, the greater the production.
The increase in mass and time result in an increase in the volume of
gas obtained, which confirms the result observed in the Pareto graph
(Figure 8B), where the X, X, (mass/time) interaction has significance
at the 95% confidence interval with positive influence.

In Figure 8C it was observed that for smaller values of time with
the increase of the acid fraction the production decreases. However, it
was found that the longer the time and the fraction the greater the gas
production. This can be verified in the experiments with fractions of
0.6 and 0.9, which did not initially present large production differences,
as the acid fraction increase was not relevant. However, over time, it
was verified that the 0.9 fraction had a production higher than the 0.6.
This may be related to the reaction kinetics being slower initially due
to the presence of oxides or other barrier products that are removed at
longer exposure times, as expected in a corrosion process.*

Orthogonal central composite design

Based on the factorial design, analyses were performed to obtain
the optimal point for each material through the orthogonal central
composite design (OCCD).

Iron powder

Table 6 presents the regression relations obtained in the OCCD
for iron powder. Table 6 demonstrates that only the quadratic term
of time (X,?) was not significant in the confidence interval analyzed.
Eq. 8 represents the model obtained (R? = 0.9835) and the model (fit
and randomness) can be verified in Figure 3S A and 3S B.

V = 287.55 + 234.47X, — 40.51X,2 + 343.38X, + 162.54X,2 +
220.00X,X, 3
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Figure 8. Response surfaces for rebar between (A) acid fraction and mass, (B) mass and time, and (C) fraction and time
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Table 6. Regression relations obtained for iron powder monitored in the OCCD

Factor p Coefficient Cumulative
Square Error
Mean 0.00 287.55 31.69
(X;) Time 0.00 234.47 49.24
X 0.24 -40.51 62.60
(X,) acid fraction 0.00 343.38 49.14
(0:69) 0.00 162.54 62.17
(X,X5) 0.00 220.00 64.81

From the Pareto graph (Figure 9A), the linear term of the acid
fraction (X,) was the most significant. The terms X, (time), X,X,
(interaction between fraction and time) and X,? (quadratic fraction)
were also significant. The quadratic term of time (X,?) was not
significant (p > 0.05). However, this variable was not eliminated from
the model, as the value of R? decreased considerably, reducing the
reliability of the adjustment.

By analyzing the response surface of the fraction over time,
Figure 9B shows that the increase of these variables has a positive
influence on the response. Table 7 was also obtained, with the
maximum observed and minimum observed points and the critical
point calculated by the software.

Table 7. Observed minimum and maximum values and critical point obtained
by OCCD for iron powder

Minimum .. Maximum
Factor Critical value

observed observed
Time 0.74 8.03 15.26
Fraction 0.23 0.28 0.96

The critical value provided was expected to be the optimal process
point, however, the critical value presented is a cell point and not the
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highest production point. Thus, due to the physical limitations of
the experiment, the maximum gas production point for the process
is the maximum value observed with the fraction of 0.96 and time
of 15.26 minutes. The oxidation of iron and by consequence the H,
production can be decreased due to characteristics of the waste (such
as the presence of inhibitors or contaminants metals), however this
parameter was not evaluated in present study.®

Steel wool n°2

Table 8 presents the values of P, coefficient, and accumulated error
for steel wool. The interaction of X, (mass) and X, (acid fraction)
was not significant even though a positive response was observed.
However, the effects of X2 (quadratic mass), X,* (quadratic fraction)
and XX, (mass and fraction) were maintained in the model.

Table 8. Regression relations obtained for steel wool monitored in the OCCD

Factor p Coefficient ch l:lI:rl:g:(fr
Mean 0.00 224.08 10.00
(X,) Mass 0.00 84.41 7.78
X 0.57 -5.95 9.89
(X,) acid fraction 0.00 35.82 7.78
X 0.09 -19.61 9.89
(X,X5) 0.16 16.25 10.23

The model obtained for OCCD of the steel wool the presented
an R? of 0.9605 and the equation that represents it can be seen in
Eq. 9 and the fit and randomness are given in Figure 4S A and 4S
B, respectively.

V = 224.08 + 84.41X, — 5.95X> + 35.82X, - 19.61X,> +
16.25X,X, ©)

11.3859

(A)

Figure 10. Results for OCCD experimental design with steel wool: (A) Pareto graph, and (B) response surface for acid fraction vs. mass
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Figure 9. Results for OCCD experimental design with iron powder: (A) Pareto graph, and (B) response surface for acid fraction vs. mass

From the Pareto graph (Figure 10A) the linear mass (X,) was the
most significant variable. The linear fraction (X,) was also significant.
However, the quadratic term of fraction (X,?) had a negative effect,
just as the interaction between linear mass and linear fraction (X, X,)
was not significant, a fact that can be observed in Table 7 (p > 0.05).

The response surface (Figure 10B) demonstrates that the mass
increase has a linear effect, causing gas production to increase,
confirming the significant influence of mass. Moreover, when a high
mass is analyzed, it is observed that regardless of the fraction, the
yield was adequate, and that the fraction increase tends to stabilize,
as the curve seems to approach a maximum point. This fact may have
occurred due to total consumption of the mass when a high fraction
is employed, as suggested for the iron powder. Table 9 presents the
critical value as well as the observed minimum and maximum values.
The values presented in Table 9 demonstrate that the critical point
is not physically possible, since the fraction 2.47 cannot exist since
it must be < 1. In addition, the mass of 11.12 g would not fit within
the equipment used. This occurred because the software used is
statistical and thus the statistical parameters should be disregarded.
Thus, the maximum yield would occur using a fraction of 0.94 and
mass of 2.10 g.

Table 9. Observed minimum and maximum values and critical point obtained
by OCCD for steel wool

Minimum .. Maximum
Factor Critical value

observed observed
Mass 0.89 11.12 2.10
Fraction 0.46 247 0.94
Rebar

Regression ratios obtained for rebar are given in Table 10. The
terms of the interactions of the mass and acid fraction (X,X,) and acid
fraction and time (X,X;) were eliminated, and the quadratic fraction
(X% and the quadratic time were not disregarded from the model, as

B
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Table 10. Regression relations obtained for rebar monitored in the OCCD

Maeda et al.

Factor P Coefficient ch l;zlrl;l;tzsr
Mean 0.44 9.98 12.55
(X,) Mass 0.01 23.69 15.37
X2 0.60 5.06 18.83
(X,) acid fraction 0.01 24.00 15.37
[0:69) 0.00 29.99 18.82
(X;) Time 0.00 26.73 15.37
X)) 0.44 7.49 18.82
(X X5) 0.04 22.50 18.82

this would decrease the value of R2. Eq. 10 represents the obtained
model, with R? of 0.828 and the relevant predicted vs. observed values
are given in Figure 5S A and the model is adequate to describe the
observed results for H, production from rebar.

V=998 +23.69X, + 5.06X,> + 24.00X, + 29.99X,” + 26.73X, +
7.49X2 + 22.50X,X, (10)

From the Pareto graph obtained (Figure 11A) it can be observed
that the linear term of time is more significant. Quadratic fraction
(X,%), linear mass (X,), linear fraction (X,) and the interaction between
linear fraction and linear time (X,X;) are also quite significant.
However, the quadratic time and quadratic mass in the 95% confidence
interval were not significant. From the residuals graph (Figure 5S B)
it was observed that the points are situated randomly around zero,
which proves that the model is appropriate for the data, as no trend
is observed.

The response surface (Figure 11B) of the mass and time
interaction presents that an increase in mass and time resulted
in exponential behavior in gas production, so that the interaction
of both would lead to maximum production. The maximum and
minimum points observed and the critical point are presented in
(Table 11).

The critical value at which an optimal production point would be
obtained, but the critical value is a cell point. Therefore, as the fraction

Table 11. Observed minimum and maximum values and critical point obtained
by OCCD for rebar

Minimum .. Maximum
Factor Critical value

observed observed
Mass 5.50 40.99 104.49
Fraction 0.19 0.37 0.90
Time 11.72 25.19 68.28

p=0.05

(A)

() QWNOA

Quim. Nova

must be less than 1, and there is a limitation for mass, the maximum
yield occurs for a fraction of 0.90, mass of 104.49 and a time of 68,28
min. Rebar was the material that produced the least amount of gas
due to its lower contact surface, as would be expected.> Additionally,
oxide film formation may have occurred, which would function as
a protective layer on the metal surface. Rebar oxidation products
include iron oxides (Fe,O,, Fe;0,), iron sulfides (FeS) and others
such as iron sulfate (Fe,(SO,);(H20),) and these substances can form
a surface film that can cause a decrease in hydrogen production.*3¢

Gas Chromatography

The gases produced were tested at the optimum condition for H,
production obtained in the OCCD. When analyzing the gas produced
using gas chromatography, the presence of H, (up to 99%) and only
traces of air were observed for all the gas samples. No other reaction
product was observed indicating that the process produces hydrogen
with high purity. The presence of air in the analysis may be due to
the methodology used for the injection. Thus, there was no evidence
of unwanted reactions taking place in the reaction system.

Comparison

Table 12 presents the quantities of gas produced and an estimate of
the cost of the production price considering the volume of HCI used.
In Table 12 it can be seen that the iron powder, due to its extensive
contact area, produces large volumes of hydrogen gas, reaching
2770 mL, when the volumetric fraction of H,SiF¢/HCl is equal to
0.9, with time at 30 min and 25 g of iron powder employed. For steel
wool, it is observed that a maximum of 330 mL of H, is produced,
with an acid fraction of 0.9, at 10 min and 2 g of iron wool, lower
than that obtained from iron powder. Rebar, on the other hand, needs
larger masses and prolonged times (90 g and 60 min), respectively, to
produce a volume of 160 mL This confirms that future application of
the acid corrosion process should be applied to materials of greater
contact area or after an initial treatment step.

Additionally, Table 12 indicates the relationship between H,
produced in terms of iron mass used and time spent in minutes over the
time obtained in the OCCD. It is also possible to observe the value in
reais and in dollars of the cost based on the HC1 (U$ 11.25 per L) spent
in the process in which there was maximum H, production. The cost
of HCI was used as an indicator as all the remaining materials were
obtained by donation. Thus, the cost analysis shows that to produce
1 L of H,, the cost is lower if using iron powder (US$ 0.02 L),
while using rebar the production cost is higher (U$ 0.70 L)) This
indicates that the larger the contact surface, the greater the production
of hydrogen, as well as the greater use of reagents.

However, additional results produced by this laboratory demonstrate
that it is possible to use an alternative chloride ion source, that is cheaper

I <150
[ ] <100
B <50

(B)

Figure 11. Results for OCCD experimental design with rebar: (A) Pareto graph, and (B) response surface for acid fraction vs. mass
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Table 12. Comparison of maximum hydrogen production and price for each of the studied materials

Materials Maximum H, production Gas produced per mass Gas produced per mass Cost Cost in R$
(mL) (mL g) (mL g'min™) (US$ L' Hy* (R$L'H,)
Iron powder 2770 110.8 3.69! 0.02 0.11
Steel wool 330 165.0 16.50% 0.17 0.91
Rebar 160 1.8 0.03° 0.70 3.75

#Exchange rate 05/05/2021 (1US$= R$5.35). '30 min; 210 min; *60 min.

and safer than HCI, and achieve the same gas productivity and reduce
the cost per liter of hydrogen produced by up to 95.3 %, when compared
to the system using only HCl as a corrosive solution.

CONCLUSIONS

The present study demonstrates that it is feasible to employ a
by-product of the fertilizer industry to produce H, from waste iron
sources. It was observed that iron sources with larger contact areas
produced greater volumes of H,, as would be expected. Iron powder
from iron workshops resulted in the highest gas production, followed
by steel wool. Rebar was the material that produced the smallest
amount due to its smaller contact area and the difficulty of corrosion,
since oxide formation may have occurred, which functioned as a
protective film on the metal surface. This indicates that preprocessing
of certain types of waste (for example grinding) may be required.

The tests indicated promising application of mixtures of H,SiF; and
HCl for accelerated acid corrosion, providing added value for industrial
by-products and waste metals. The method has been shown to be
efficient, does not emit any toxic or polluting gas and is economically
viable, thus contributing to H, generation technologies. Future studies
will concentrate on the scale-up of the process for future applications.

SUPPLEMENTARY MATERIAL

Factorial design plots (Figures 1S-5S) are freely available at
http://quimicanova.sbq.org.br, in PDF format.
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