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Abstract: Hydrogen energy attracts an amount of attention as an environmentally friendly and
sustainable energy source. However, hydrogen is also flammable. Hydrogen fires and explosions
might occur in wet-dust-removal systems if accumulated aluminum dust reacts with water. Hydrogen
inhibition is a safe method to address these issues. For this purpose, we used sodium citrate, a
renewable and nontoxic raw material to inhibit Hy formation. Specifically, hydrogen inhibition
experiments with sodium citrate were carried out using custom-built equipment developed by our
research group. When the concentration of sodium citrate solution was in the range of 0.4-4.0 g/L,
a protective coating was formed on the surface of the Al particles, which prevented them from
contacting with water. The inhibitory effect was achieved when the concentration of sodium citrate
was in a certain range, and too much or too little addition may reduce the inhibitory effect. In this
paper, we also discuss the economic aspects of Hj inhibition with this method because it offers
excellent safety advantages and could be incorporated on a large scale. Such an intrinsic safety design
of Hj inhibition to control explosions in wet-dust-removal systems could be applied to ensure the
safety of other systems, such as nuclear reactors.

Keywords: Hj explosion inhibition; coating; aluminum dust; sodium citrate

1. Introduction

A large amount of dust forms during the grinding and polishing of Al and its alloys.
This dust is considered combustible and explosible in air. For example, an explosion
occurred in 2014 in Jiangsu Kunshan Zhongrong Metal Products Company, which killed
146 people and caused 351 million yuan of damage [1]. The use of a wet-dust-removal
system could mitigate such explosions. The structure of a typical wet-dust collector is
shown in Figure 1. The dust-laden air is sucked into the collector through an inlet. After the
dusty air is filtered by water, and most of the Al dust remains in the water and gradually
settles at the bottom of the wet-dust collector. An explosion can occur if Al dust (for example,
from metal grinding and polishing) reacts with water producing Hy. In 2011, accumulated
Hj; exploded at the Al-Mg alloy processing facility in Zhenjiang (Jiangsu Province, China),
which used water spraying for dust suppression. The accumulated static electricity in the
pipeline ignited the accumulated Hj, which exploded, and injured 21 people [2]. Both
American and Chinese standards (NFPA 484-2019 and AQ 4272-2016, respectively) require
a continuous fan operation (if H, formation in the wet-dust collector is anticipated) to
prevent Hy accumulation. Additionally, both standards require the installation of H,
detectors and sensors in the locations where H; can be generated. However, even these
safety measures cannot entirely prevent H, explosions. Therefore, intrinsic H, inhibition
methods are required to address the H, explosion risks in wet-dust-removal systems. If
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the reaction of Al particles with water in these systems can be controlled, the H explosion
risks could be mitigated and even prevented.
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,,,,,, —

Water
| —

Figure 1. Diagram showing the structure of a wet-dust collector.

Al particles reaction with water can be stopped or minimized (1) by preventing H;
formation by shifting Al reaction with water towards the formation of an insoluble film on
the Al surface by adding corresponding inhibiting ions and (2) by using adsorption-type
inhibitors, which are typically organic materials (in this case, polar groups attach to the
metal surface, leaving exposed hydrophobic nonpolar groups, which act as a water barrier
preventing the metal contact with the corrosive solutions). Wang et al. used K,Cr,0Oy,
NayCr,O7-2H,0, Cr(NO3)3-9H, 0O, and CrK(504),-12H,0 to inhibit Al/water reaction in
wet-dust-removal systems [3-5]. CeCls also inhibited H, formation in the wet-dust-removal
system [6]. Zheng et al., applied L-phenylalanine, xNayO-ySiO, and calcium lignosulfonate
to inhibit the Al and water reaction [7-9], while Wang et al., and Zhang et al., used sodium
D-gluconate [10] and sodium tungstate [11], respectively. These inhibitors are summarized
in Table 1. However, some inhibitors are toxic and expensive. For example, chrome-based
compounds cause cancer [12]. CeClz emits poisonous gas at high temperatures. If a fire
and an explosion occur, secondary disasters will also occur due to toxic gases produced.
Some other disadvantages (in addition to cost and toxicity) also exist. For instance, the
high viscosity of calcium lignosulfonate solution might cause equipment blockage if used
in a wet-dust collector for a long time. Thus, only a few currently-developed inhibitors
are suitable for future large-scale applications. Therefore, safer and more environmentally
friendly inhibitors are still needed.

Table 1. Comparison of inhibitors capable of preventing the reaction between water and Al particles.

Optimal Inhibitory

Inhibitor Type Inhibitor Toxic? Concentration (g-L 1) References
K>Cry, Oy Yes 2.03 [3]
Na,Cr,07-2H,0 Yes 2.01 [3]
Cr(NO3)3-9H,0O Yes 5.32 [5]
Precipitation  CrK(SOy),-12H,0 Yes 0.0516 [4]
Ce(Cl; Yes 6.02 [6]
Na,O-nSiO, No 2.1~3.25 [9]
NayWOy No 100 [11]
CoH11NO, No 24.8 [7]
Adsorption CpoH»4Ca01oS; No 0.5 [8]

Ce¢H11NaOy No 04 [10]
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Citric acid metal chelates were reported to be excellent corrosion inhibitors for Zn-
based pigments [13]. Citric acid also inhibits the corrosion of steel in parts used in water-
cooling equipment [14]. Some scientists believe that corrosion of aluminum pigments can
be inhibited by chelating them with citric acid [15]. For example, Li et al., demonstrated
that sodium citrate inhibits the corrosion of Al alloys [16]. Zhong et al. [17] used sodium
citrate-modified activated carbon to efficiently complex and adsorb copper ions at 30 °C.
Liu et al. [18] showed that citric acid inhibits equipment and pipeline corrosion at 95 + 2 °C.
Typically, sodium citrate forms a protective film on the metal particle surfaces, and the
temperature will not affect the formation of protective film. Sodium citrate is inexpensive
and nontoxic, and is used as a food additive. Thus, its usage for industrial applications can
make them more eco-friendly.

Therefore, in this work, we tested sodium citrate as an inhibitor of the Al/water
reaction. The objectives of this study were:

1.  Analysis of the inhibitory effect and the optimum concentration of sodium citrate
with regards to 1.5 g of aluminum powder.

2. Experimental confirmation (by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS)) of the inhibition film formation on the Al parti-
cles surface.

3. Investigation of the inhibition mechanism (with the help of Fourier transform infrared
(FTIR) spectroscopy) of the reaction between Al and water by sodium citrate.

2. Experimental Section
2.1. Setup

We used the Al/water reaction tester described previously [7]. Airtightness tests were
performed before the experiments [5]. The hydrogen inhibition tests were conducted after
the adequate airtightness was confirmed. We also installed the temperature sensors in
the Al alloy wet-dust precipitators to record its working temperatures (which were in the
28-35 °C range). However, to promote the reaction and to observe the results quicker, the
experimental temperature and pressure were set at 50 °C and 100 kPa, respectively. A total
200 mL of sodium citrate solution with different concentrations and 1.5 g of Al powder
were added to the reactor in each test. The accumulated H; (or hydrogen evolution, x)
produced in different stages were then calculated using Equation (1). The pressure change
was monitored through the reaction.

(P B Pinitial)(v - Vsolution)

o= noRT )

where: a-is hydrogen evolution; P-reactor gas pressure, kPa; Pjy;;,-initial reactor pressure,
kPa; V-reactor volume, L; V,,1i0n-volume of the solution added into the reactor, L; -
amount of Al particles added into the reactor, mol; R-ideal gas constant equal to 8.314
J/(mol-K); T-gas temperature, K.

Each experiment lasted 9 h. After the tests, the reaction products were air-dried in the
oven and then analyzed by SEM, EDS, and FTIR.

2.2. Materials

Al dust powder was obtained from an Al processing company in Shanghai (China).
The chemical composition of this powder was 95.15% Al and 3.72% Mg. These particles
showed an oval geometry and smooth surfaces (see Figure 2). A laser diffraction ana-
lyzer (Mastersizer 3000, Malvern, Malvern city, UK) was used to obtain the particle size
distribution. The majority of the particles were around 5 pm.
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Figure 2. SEM micrograph of the purchased Al dust particles used for the tests in this work.

Sodium citrate was of analytical grade and purchased from the Damao Chemical
Reagent Co. (Shenyang, China). Deionized water was used to prepare all solutions.
Sodium citrate solutions (0.005, 0.025, 0.4, 2, 4, 10, and 20 g/L) were prepared by adding
corresponding salt amounts into 200 mL of deionized water.

2.3. Characterization

Morphologies of the Al particles surfaces were analyzed using ULTRA PLUS SEM
instrument (Zeiss Microscope Company, Jena, Germany) operated at voltages up to 30 kV.
It was coupled with the EDS (Shimadzu Corporation, Shanghai, China).

FTIR spectroscopy (performed by a Nicolet Nexus 470 operated at 200 mW and
5145 nm laser wavelength, Nicolet, Madison, WI, USA) was applied to analyze the inhibitor
and Al particle surface functional groups. The corresponding spectra were recorded in the
450-4000 cm~! range at 16 s~! scanning rate and 4 cm ™! resolution.

3. Results and Discussion
3.1. Influence of Sodium Citrate Content
3.1.1. Results of Hydrogen Inhibition Tests

The H; evolution curves for the tests performed at various sodium citrate concentra-
tions (0,0.005, 0.025, 0.4, 2, 4, 10, and 20 g/L) are shown in Figure 3. When no sodium citrate
was present, a continuous Hy production was observed. At sodium citrate content equal to
0.005 g/L, the inhibition (which was judged by the absence of the H; in the test chamber)
lasted for only one hour, after which Hj started to form. We also did not observe a forma-
tion of an inhibitory film on the Al particle surfaces. At sodium citrate content equal to
0.025 g/L, o« was below 0.05 during the first 6 h but increased afterward. At sodium citrate
content in the 0.4—4 g/L range, the o values were below 0.05. The H, amounts formed
during these tests were very small, which indicates a strong inhibition of Al reaction with
water. The inhibitory effect weakened at sodium citrate contents equal to 10 and 20 g/L: the
amounts of Hj released in the first 30 min of the tests were even above those observed for
the tests performed without sodium citrate. It is likely that sodium citrate and Al*>* reacted
forming soluble ionic compounds, which would accelerate the Al/water reaction rate and,
consequently, Hy production [19]. When excessive amounts of citric acid were present,
a complete protective film did not form on the Al particle surfaces because the chemical
properties of the adsorption layer changed. This, in turn, resulted in decreased inhibition
efficiency and increased risk of Al pitting corrosion [20]. We found that the sodium citrate
could well prevent the reaction between aluminum and water in a certain concentration
range, and adding too much or too little sodium citrate would weaken the inhibitory effect.
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Figure 3. Hydrogen evolution curves for the Al particles submerged in water under the presence of
sodium citrate at different concentrations.

3.1.2. SEM and EDS Results

SEM demonstrated that Al particles treated with the 0.005 g/L sodium citrate solution
agglomerated (see Figure 4a). This was very likely because the sodium citrate layer formed
on the Al particle surface was not dense enough and could not protect Al from its reaction
with water. However, when Al particles were treated with the 0.4 g/L sodium citrate
solution, their surfaces became very smooth and compact (see and Figure 4b), which
indicates that an inhibiting film formed on the Al particles.

Signal A = SE2 Date :21 Oct 2019 2pm EHT = 15.00 kv Signal A = SE2 Date :21 Oct 2019
Mag= 200KX Time 10:10:28 — WD = 85mm Mag= 10.00K X Time :10:16:44

(@) (b)

Figure 4. SEM data for the Al particles submerged in (a) 0.005 g/L and (b) 0.4 g/L sodium citrate
solution.

Compositions of the Al particles treated with 0.005 and 0.4 g/L sodium citrate solutions
analyzed by EDS are shown in Table 2. When the Al particles were treated with 0.005 g/L
sodium citrate solution, the Al and O contents were to 58.2 wt.% and 38.8 wt.%, respectively.
These values correspond to aluminum hydroxide (see Table 2). However, when Al particles
were treated with the 0.4 g/L sodium citrate solution, Al content was 95.1 wt% (see Table 2),
which indicates that it did not react with water. Thus, 0.4 g/L sodium citrate provided an
excellent inhibiting effect for Al particles submerged in water.

Table 2. Elemental compositions obtained by EDS for the samples treated with 0.005 and 0.4 g/L
sodium citrate solutions.

wt. %
Concentration of Sodium Citrate Solution, g/L
Al o Mg
0.005 58.2 38.8 4.0

0.4 95.1 1.1 3.9
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3.1.3. Type of Protective Coating

Processes preventing the Al surface from reacting with water by a protective coat-
ing formed on the particle surface typically involve precipitation and adsorption. Most
inhibitors adsorbed by Al are polar organic materials attracted to Al by its surface charges.
The Langmuir adsorption isotherm for such processes is shown in Equation (2). Equation (3)
can be used to obtain 6. An intercept of the linear relationship between C/6 and C is re-
ciprocal to K. If the slope and the correlation coefficient are both close to 1, the adsorption
model follows the Langmuir mechanism [21]. The slope and the correlation coefficient of
our data fitted using the Langmuir formula were equal to 1.13 and 0.998, respectively. Thus,
the adsorption of sodium citrate by Al is indeed mono-layer adsorption.

c 1
s=gtC )

where: C—inhibitor concentration, in g/L; K—adsorption equilibrium constant, in L/g;
6—surface coverage.

0=1—u 3)

where a—hydrogen evolution.

3.1.4. FTIR Data

The structure of sodium citrate is shown in Figure 5. The FTIR data recorded for
pure sodium citrate and for the reaction product of aluminum submerged into 0.4 g/L
sodium citrate solution are shown in Figure 6. The vibration frequencies for sodium

citrate are shown in Table 3. All FTIR data was interpreted using corresponding literature
data [17,22-26].

Figure 5. Structure of sodium citrate: white—H, red—O, green—C, yellow—Na.
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Figure 6. FTIR spectra of sodium citrate and the reaction product of Al particles submerged in 0.4 g/L
sodium citrate solution.
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Table 3. Major IR absorption bands of pure sodium citrate.

Position and Frequency, cm—1 Functional Groups

3452.22 —COOH (OH stretching vibration of carboxylic acid)

2923.49, 2964.46 —CH,; (CH stretching vibration of methyl)
2250.03 Noise or baseline calibration
1592.14 —COOH (C=0 stretching vibration of carboxylate)
1394.12 —-CH; (CH in-plane bending vibration)
1305.43 —-COOH (C-O stretching vibration of carboxylate)
1156.58 C—C (reverse telescopic vibration)
1078.92 —-OH (C-O stretching vibration)
720~950 —-CH,; (CH out-of-plane bending vibration)
618.68 OH (out-of-plane bending vibration)

The FTIR spectrum of pure sodium citrate showed all expected vibration bands. The
1156.58 cm ™! peak belonged to the C-C reverse stretching vibration accompanied by a -C~
ONa stretching vibration [24], and the peak disappeared after reaction. However, after the
reaction with Al powder (at 0.4 g/L level) the FTIR spectrum was different (see Figure 6):
the absorption peak at 1616.37 cm~! was the carboxylic-acid-forming salt absorption
peak [27]. We observed carbonyl (at 3442.5, 1616.4 and 1316.6 cm™!) and methylene (at
777.8,1385.0, 2921.9, and 2851.9 cm~!) vibrations. Additionally, fewer vibrational peaks
were observed compared to the unmodified sodium citrate, very likely because some of
the vibrations became suppressed by Al interaction with the sodium citrate. Typical and
expected reactions of sodium citrate and AI** are shown in Figure 7. The presence of
methylene peaks indicates that the protective coating on Al particles contained organic
carbon chains. The structure of the resulting product (which is shown in Figure 8) very
likely contained an Al citrate complex attached to the Al particles. These products formed
a protective coating (attached to the Al surface by its hydrophilic groups) while the free-
dangling hydrophobic methylene groups acted as a water-repulsive layer.

Al
e} ONa \
O

O O + AP _,oo/cho + v

N N
a0 OH ONa o o

Figure 7. Schematics of the complexation reactions between sodium citrate and Al>*.

Figure 8. Structure of aluminum citrate: white—H, red—O, green—C, and blue—Al.



Coatings 2022, 12, 349

8 of 10

3.2. Influence of Al Particles Content

The curves showing Hj released from the reactors containing 0.4 g/L of sodium citrate
solution and 1.5, 2.5, 4, and 6 g of Al powder are produced in Figure 9. As the Al amount
was increased, the amount of H; produced also increased, which indicates a weakening
inhibition effect of sodium citrate. Thus, during the design and development of practical
applications, the optimum concentration of sodium citrate to prevent the reaction between
aluminum and water needed to be optimized based on the amount of Al powder present
in the dust collector.
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Figure 9. Hydrogen evolution from the reactors containing 0.4 g/L of sodium citrate solution and 1.5,
2.5,4, and 6 g of Al particles.

3.3. Economic Feasibility Analysis

Current methods of avoiding H; explosions in wet-dust-removal systems include
installation of explosion-proof fans and their electrical components, H; sensors, as well
as alarms, and explosion relief devices. The installation, daily maintenance, and annual
calibration and testing of such equipment and facilities require significant investments.
The economic input of the traditional safety measures mentioned above is estimated
to be significant (see details of this assessment in [8]). A total of 865.5 kg of Al dust
will be sucked into the wet-dust-removal system over a 10-year period [4]. The price of
sodium citrate is $850 per ton. The investment needed to incorporate sodium-citrate-based
suppression of H, explosion and accident reduction in wet-dust-removal systems over
the 10-year period would present a saving—the detailed analysis results are shown in
Table 4. Thus, our sodium-citrate-based method offers significant economic advantages
over traditional methods.

Table 4. Economic inputs of sodium citrate hydrogen inhibition methods in wet-dust-removal
systems (over 10 years).

Equipment, Facilities or Chemicals Economic Input/$
Fan 20,333
Sodium citrate solution 19
Electrical components 4006
Energy 13,333

Total cost 37,691
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4. Conclusions

This work reports a novel method of H, formation inhibition based on sodium cit-
rate. Inhibition of H, formation is needed to prevent Hj explosions in wet aluminum
dust-removal systems. Our work experimentally demonstrated that the reaction between
aluminum dust and water can be inhibited. At sodium citrate and Al powder contents
equal to 0.4 g/L and 1.5 g, the hydrogen production rate was below 0.05 for 9 h. The H,
release inhibition occurred due to a formation of a film on the Al particles. We performed
extensive analyses (by SEM, EDS, and FTIR) to establish the mechanism of this inhibition.
Sodium citrate is adsorbed by Al particles, preventing their reaction with water. Thus, no
Hj forms. However, the inhibitory effect of sodium citrate (tested at 0.4 g/L) becomes
weaker as the Al dust amount increases. However, sodium citrate amount needs to be
optimized according to the system-specific details and the generated Al dust amount.

The method developed in this work can be easily expanded to an industrial scale
to prevent H, formation in wet Al dust removal systems. Another significant advantage
of our method is its environmental friendliness, which can be extended not only to Hj
explosion prevention in wet-dust-removal systems but also to the safety of nuclear reactors.
For example, the zirconium alloy cladding in the Fukushima nuclear reactor core (Japan)
reacted with high-temperature steam in 2011. The released water corroded Al in the
containment system, producing large Hy amounts and heat, which melted the core and
caused an Hj explosion [28]. We believe that the sodium citrate inhibition method could be
extended to prevent such accidents as well.
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