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n explosion control measures by
using L-phenylalanine for aluminum wet dust
removal systems

Xin Zheng,a Kaili Xu,*a Yantong Wang,bc Ruiqing Shenb and Qingsheng Wang *bd

Wet dust removal systems are an effective design for preventing aluminum dust explosion in the process

of metal polishing. However, wet dust removal systems pose hydrogen fire and explosion risks because

aluminum dust can react with water to produce hydrogen gas. According to previous studies, L-

phenylalanine can be used to solve the corrosion problem of metal slabs. In this work, a hydrogen

inhibition method was proposed to inhibit hydrogen production in wet dust removal systems by using

L-phenylalanine. The hydrogen evolution curves of aluminum particles reacting with different

concentrations of L-phenylalanine solutions obtained via hydrogen inhibition experiments revealed

that when the concentration of L-phenylalanine solutions reached 20 g L�1, essentially no hydrogen

gas was produced. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)

were used to characterize the aluminum particles before and after the reaction. This work shows that

L-phenylalanine is a good inhibitor. The adsorption of L-phenylalanine on the aluminum particle

surface obeys the Langmuir adsorption isotherm. Additionally, Fourier transform infrared (FTIR)

analysis was conducted to explain the physicochemical mechanism of the L-phenylalanine inhibition

of hydrogen production. L-Phenylalanine is an environmentally friendly inhibitor and hence can be

used in wet dust removal systems for the treatment of aluminum dust, which can reduce the

hydrogen fire and explosion risk.
1 Introduction

Aluminum alloys have the following advantages: low specic
gravity, high strength, and good physical and chemical prop-
erties. Because of these benecial properties, aluminum and
aluminum alloys have replaced traditional iron-based materials
in some elds in recent years and they are among the most
widely used nonferrous metal structural materials in industrial
applications. Specically, they have been widely used in the
aviation, aerospace, automobile, mechanical manufacturing,
shipbuilding and chemical industries.1 Before being used in any
industrial application, raw metal needs to be polished rst to
meet the corresponding industrial requirement. During the
polishing process, a large amount of metal dust is produced.
Aluminum dust is a type of combustible dust.2 When the
concentration of aluminum dust dispersed in the air reaches
ng, Northeastern University, Shenyang,

lahoma State University, Stillwater, OK,

al Protection Holding (Beijing) Co., Ltd,

Artie McFerrin Department of Chemical

ge Station, TX, USA. E-mail: qwang@

6

a certain explosion limit, serious dust explosion accidents may
occur. Eckhoff noted that accidental dust explosions remain
a persistent hazard in processing industries.3 In addition,
Taveau J. et al. reviewed seven particular accidents that occurred
at aluminum nishing facilities.4 Dust explosion accidents have
occurred in China in recent years due to the grinding and pol-
ishing of aluminum, and these accidents resulted in consider-
able casualties and property losses. On the morning of August
2nd, 2014, a catastrophic aluminum-alloy dust explosion acci-
dent occurred in a polishing workshop owned by Kunshan
Zhongrong Metal Products Co., Ltd. Seventy-ve people lost
their lives almost immediately, and another 185 were injured.5

The application of a wet dust removal system can effectively
mitigate the occurrence of aluminum dust explosions. However,
aluminum dust can react with water to produce hydrogen.6 In
2001, due to the reaction of aluminum magnesium alloy dust
with water, in which hydrogen was produced, a dust removal
system exploded in a polishing workshop of a mobile phone
company in Japan, resulting in 10 people being injured. In 2011,
a hydrogen explosion occurred in an aluminum-magnesium-
alloy shell processing workshop in China due to the use of
water spray to reduce dust, in which 21 people were injured.7

According to NFPA 484-2015, explosion-proof, anti-static and
venting explosion measures should be adopted in wet dust
removal systems. Moreover, all the electrical components of
This journal is © The Royal Society of Chemistry 2018
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these devices should be explosion-proof. By taking these safety
measures, the probability of hydrogen explosion accidents can
be reduced; however, these safety measures cannot inherently
prevent the hydrogen explosion problem, and the cost of
installing these devices is very high. If the reaction itself
between aluminum dust and water in a wet dust removal system
can be controlled, the risk of hydrogen explosion can be elim-
inated signicantly.

Previous studies have focused on promoting the reaction
between aluminum particles and water.8–13 Few researchers
have attempted to inhibit the hydrogen-producing reaction
between aluminum and water. Wang Y. proposed the use of
K2Cr2O7, Na2Cr2O7$2H2O, Cr(NO3)3$9H2O, and CrK(SO4)2-
$12H2O, and Xu K. proposed the use of CeCl3 to inhibit the
reactions between aluminum and water in wet dust removal
systems.14–17 These inhibitors can effectively constrain the
reaction between aluminum dust and water and intrinsically
prevent the hydrogen explosions in wet dust removal systems.
However, chromate is toxic, and the long-term exposure to
chromate can cause cancer.18 Moreover, CeCl3 emits poisonous
gas at high temperatures. If a re and an explosion occur,
secondary disasters will also occur due to toxic gases produced.
Therefore, a safe and non-toxic inhibitor must be identied.
The reactions between aluminum and water are essentially
aluminum corrosion reactions.19 Zheng X. used electrochemical
methods to evaluate the corrosion inhibition performance and
inhibition mechanism of L-phenylalanine for Q235 steel in
0.5 mol L�1 H2SO4 solutions.20 L-Phenylalanine is an important
food additive, and one of the essential amino acids of the
human body. Starting from this point, L-phenylalanine is
employed as a potential inhibitor to mitigate the reaction
between aluminum and water, which is experimentally inves-
tigated in this study.

The objectives of this study are as follows:1 L-phenylalanine
solutions are used to control reactions between water and
aluminum powder at different concentrations using an
aluminum and water reaction tester. The inhibitory effect and
Fig. 1 Physical and schematic diagram of the experimental setup ((1) po
water outlet hole, (5) circulating water inlet hole, (6) PC, (7) temperature
tray, (11) motor, (12) double-layer quartz glass reactor, (13) high-temper

This journal is © The Royal Society of Chemistry 2018
the most suitable inhibitory concentration of L-phenylalanine
are obtained;2 scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS) and a chemical kinetic
model are used to prove the existence of an inhibition lm on
the aluminum particle surface;3 the Fourier transform infrared
(FTIR) and adsorption isotherms are used to analyse the reac-
tion mechanism and determine how the reaction between
aluminum and water can be inhibited. The proposed method
offers new insights into the hydrogen explosion prevention
capability of wet dust removal systems.
2 Experiments
2.1 Hydrogen inhibition experiment

The experiments were conducted using the aluminum and
water reaction tester shown in Fig. 1.

According to the work by Wang Y. et al.,14–17 the initial
temperature and pressure for each experiment were set to 50 �C
and 100 kPa, respectively. In addition, the reaction between
aluminum particles and water can produce only hydrogen; thus,
the change in the mole of the generated hydrogen can be
characterized by the change of the pressure within the reactor.
Hydrogen evolution a is used to represent the hydrogen
production of different reactions:

a ¼ ðP� PinitialÞðV � VsolutionÞ
n0RT

(1)

a-hydrogen evolution, P-gas pressure in the reactor, kPa, Pinitial-
initial pressure value in the reactor, kPa, V-reactor volume, L,
Vsolution-volume of the solution added into the reactor, L, n0-
mole of aluminum powder added into the reactor, mol, R-ideal
gas constant, 8.314 J (mol�1 K�1), T-gas temperature, K.

An aluminum powder production company in Shanghai,
China, was selected as the eld research site, and a wet dust
removal systemwas used to collect aluminum dust released into
the air. To better understand the detailed characteristics of the
aluminum dust sample, a laser diffraction analyser (Microtrac
sitive pressure pump, (2) vacuum pump, (3) flowmeter, (4) circulating
sensor, (8) pressure sensor, (9) exhaust solenoid valve, (10) aluminum
ature water circulator).

RSC Adv., 2018, 8, 41308–41316 | 41309
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Fig. 2 Particle size distribution.
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s3500) was used to obtain the aluminum dust size distribution.
The results are shown in Fig. 2. Most of the particles have a size
of approximately 2 mm. Fig. 3 shows a SEM image of the
aluminum dust. The surface of the aluminum dust is smooth
and compact. L-Phenylalanine (analytical reagent grade, Sino-
pharm Chemical Reagent Co., Ltd., Shanghai, China) and
deionized water were applied to prepare a certain concentration
of the solution.

Before the start of the experiments, H2 was injected into the
reactor at 500 kPa to perform an air tightness test, with the
pressure sensor recording the pressure value during the air
tightness test. The temperature was maintained at 50 �C, and
the test was conducted for 24 h. Aer 24 h, the pressure inside
the reactor remained at 500 kPa. In each experiment, 200 mL of
solution was added to the reactor. The change in the molar
quantity of the generated hydrogen can be characterized by the
change of the pressure in the reactor.
Fig. 3 A SEM image of the aluminum particle.

41310 | RSC Adv., 2018, 8, 41308–41316
2.2 Characterizations

The appearances of the original aluminum particle surface and
the aluminum particle surface aer reacting with different
solutions were characterized using a SEM (ULTRA PLIS, Zeiss
Microscope Company, Germany). EDS was used to conduct
a comparative analysis of the atomic percentages of oxygen and
aluminum in the surface lms on the aluminum particles aer
reacting with 2.50 g L�1, 8.25 g L�1 and 24.80 g L�1

L-phenyl-
alanine solutions. To identify the main functional groups of the
inhibitor, aluminum dust reacted with 24.80 g L�1

L-phenylal-
anine solution was tested by FTIR (Nicolet Nexus 470, 5145 nm,
200 mw, 450–4000 cm�1).
3 Results and discussion
3.1 Results of inhibition experiments

Fig. 4 shows the hydrogen evolution curves of the reaction between
aluminum dust and the L-phenylalanine solution of different
concentrations. The reactions lasted for approximately 9 h. As the
concentration of L-phenylalanine solution increased, the hydrogen
evolution a gradually decreased. When the concentration of the L-
phenylalanine solution was greater than or equal to 20 g L�1, the
hydrogen evolution a approached 0, indicating that hydrogen
production was almost completely inhibited.
3.2 SEM-EDS

The SEM results for three samples (aer aluminum particles
reacted with 2.50 g L�1, 8.25 g L�1 and 24.80 g L�1

L-phenylal-
anine solutions) are shown in Fig. 5–7. As shown in Fig. 5(a),
when the aluminum particles reacted with the 2.50 g L�1

L-
phenylalanine solution, under the action of L-phenylalanine,
the aluminum particles were clustered together. At this time, no
L-phenylalanine protective lm existed on the aluminum
particle surface. According to the work by Wang Y. et al.14–16 and
Xu K. et al.,17 aer all the Al2O3 available on the surface has
reacted with water and formed Al(OH)3, the aluminum core can
react with Al(OH)3 and generate hydrogen. Fig. 8 shows that
around the aluminum core, many ellipsoidal hydrogen bubbles
are uniformly arranged. With the accumulation of hydrogen,
the Al(OH)3 lm experiences increased tension. When the
tension is larger than the critical tension of the Al(OH)3, the lm
will rupture, with the hydrogen being released. In Fig. 5(b), the
morphology of the surface for the agglomeration is enlarged
(the original picture is shown in Fig. 5(a)) and it also shows the
morphology of the rupture of the Al(OH)3 lm. Fig. 6 is the SEM
image of aluminum particles aer reacting with the 8.25 g L�1

L-
phenylalanine solution. Clearly, a protective lm was formed on
the surface of the aluminum particles, but it was not a compact
protective lm yet. Fig. 7 is the SEM image of aluminum
particles aer reacting with the 24.80 g L�1

L-phenylalanine
solution. Clearly, the aluminum particle surface was very
smooth and compact. The hydrogen evolution curve shows that
the reaction between aluminum particles and water was
completely inhibited.

Fig. 9 presents EDS element analysis images of aluminum
particles aer reacting with 2.50 g L�1, 8.25 g L�1 and 24.80 g
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Hydrogen evolution curves of aluminum particles when reacting with L-phenylalanine solution of different concentrations.
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L�1
L-phenylalanine solutions, respectively. For these three

cases, the atomic percentages of aluminum and oxygen
elements were shown in Table 1. From Table 1, as the concen-
tration of the L-phenylalanine increases in the solution, the
atomic percentage of aluminum element in the reaction prod-
ucts of the aluminum particles and L-phenylalanine solution
increases, and the atomic percentage of the oxygen element
decreases. In particular, in the reaction products of aluminum
particles and the 24.80 g L�1

L-phenylalanine solution, the
atomic percentage of aluminum was as high as 96.52%, indi-
cating that the inhibitor effectively prevents the reaction
between aluminum and water.

According to previous studies, the hydrogen evolution a and
reaction rate should t eqn (2) during the reaction.21 The cor-
responding rate constant was calculated, as shown in Table 2.
Fig. 5 (a) SEM image of the aluminum particles after reacting with the 2.
Al(OH)3 film.

This journal is © The Royal Society of Chemistry 2018
As the L-phenylalanine concentration in solution increased, the
rate constant decreased. Table 2 shows that when the L-
phenylalanine concentration in solution was greater than or
equal to 20 g L�1, the reaction rate constant was 0, indicating
that the reaction between aluminum and water was completely
suppressed.

1� ð1� aÞ1=3 ¼ kt (2)

a-hydrogen evolution, k-rate constant, h�1, t-reaction time, h.
3.3 FTIR

A FTIR analysis of the L-phenylalanine sample is shown in
Fig. 10. Additionally, a FTIR analysis of the product obtained
50 g L�1
L-phenylalanine solution. (b) Morphology of the rupture of the

RSC Adv., 2018, 8, 41308–41316 | 41311
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Fig. 6 SEM image of the aluminum particles after reacting with the
8.25 g L�1

L-phenylalanine solution.

Fig. 7 SEM image of the aluminum particles after reacting with the
24.89 g L�1

L-phenylalanine solution.

Fig. 8 The hydrogen production reaction.
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from the reaction between aluminum particle and 24.80 g L�1
L-

phenylalanine solution is shown in Fig. 11.
According to the study by Zhang W.,22 a strong absorption

peak at 3414 cm�1 indicates that –OH exists. The absorption
peak at 3000 cm�1 is generated by N–H stretching vibration,
indicating that –NH2 exists. At 2830–2930 cm�1, a relatively
weak C–H absorption peak exists for the alkane structure, and
near 1600 cm�1, an absorption peak due to the vibration of the
aromatic ring (C]C) exists. According to the work by Geng J.,23

the absorption peak at approximately 2100 cm�1 is the char-
acteristic absorption peak of L-amino acids, the absorption peak
at approximately 1563 cm�1 is the carboxyl group absorption
peak, and the absorption peak at approximately 1160 cm�1 is
41312 | RSC Adv., 2018, 8, 41308–41316
the swing absorption peak of –NH2. The important IR absorp-
tion bands of L-phenylalanine are shown in Table 3, and the IR
absorption bands of the product obtained from the reaction of
aluminum particle and 24.80 g L�1

L-phenylalanine are shown
in Table 4. Table 3 indicates that the absorption peak of the
carbonyl stretching vibration at 1563.34 cm�1 coincides with
the strong absorption peak at 3440.94 cm�1, suggesting the
existence of a –COOH structure. Additionally, the absorption
peak of C–H at 2963.34 cm�1 coincides with the absorption
peak of C]C at 1625.33 cm�1, indicating the existence of
a benzene ring. The molecular structure of L-phenylalanine is
shown in Fig. 12.

4 Physicochemical mechanisms

As a mechanism that prevents aluminum from reacting with
water to produce hydrogen, the protective lm that forms on the
surface of aluminum particles can be divided into a precipita-
tion type and an adsorption type. The inhibitors proposed by
Wang Y.14–16 and Xu K.17 to inhibit the reaction between
aluminum particles and water are precipitating inhibitors. Most
of the adsorbent inhibitors are organic materials, which have
polar genes and can be adsorbed by metal surface charges.

The Langmuir adsorption isotherm is shown in eqn (3), the
detailed derivation of the eqn (3) can be found in the work by
Helal.24 A linear relationship can be obtained on plotting C/q as
a function of C, with a slope close to 1, and the value of the
intercept is the reciprocal of K.

The results of which are shown in Table 5. In addition, the
linear correlation of C/q–C for the L-phenylalanine inhibitor is
shown in Fig. 13. According to the study by Li W. H.,25 the
correlation coefficient and slope are both close to 1, which
indicates the adsorption model of L-phenylalanine on the
surface of aluminum particles agrees with the Langmuir
adsorption isotherm.

C

q
¼ 1

K
þ C (3)
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 EDS element analysis images of aluminum particles after reacting with 2.50 g L�1, 8.25 g L�1 and 24.80 g L�1
L-phenylalanine solutions.
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C-mass concentration of inhibitors, g L�1, K-adsorption equi-
librium constant, L g�1, q-surface coverage.

L-Phenylalanine is an adsorption inhibitor. The data in Table
4 suggest that the characteristic absorption peaks of L-
Table 1 Atomic percentage of aluminum and oxygen elements in the
reaction products

EDS elemental analysis Element Percentage

2.50 g L�1
L-phenylalanine solution O 62.73

Al 37.27
8.25 g L�1

L-phenylalanine solution O 26.30
Al 73.70

24.80 g L�1
L-phenylalanine solution O 3.48

Al 96.52

This journal is © The Royal Society of Chemistry 2018
phenylalanine disappear aer the reaction involving aluminum
particles and L-phenylalanine. This result proves that
a complexation reaction between aluminum ions and phenyl-
alanine has occurred. Additionally, the stretching vibration
absorption peak of –NH2 at 3065.88 cm�1 is displaced, and the
Table 2 The reaction rate constant

L-Phenylalanine (g L�1) k (h�1)

0.5 0.17732
2.5 0.08814
8.25 0.05488
16.5 0.00157
20 0
24.8 0

RSC Adv., 2018, 8, 41308–41316 | 41313
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Fig. 10 FTIR analysis of L-phenylalanine.

Fig. 11 FTIR analysis of L-phenylalanine after reaction.
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absorption peak at 1163.70 cm�1 disappears, indicating that the
amino group is involved in the complexation reaction. More-
over, the absorption peak of –COO� at 1563.34 cm�1 disap-
pears, and a –COH absorption peak is observed at 929.30 cm�1,
Table 3 The important IR absorption bands of L-phenylalanine

Absorption peak (cm�1) Absorption peak attribution

3440.94 –OH
3065.88 –NH2

2963.34 C–H
2122.52 Characteristic absorption

peak of L-amino acid
1625.33 C]C
1563.34 –COO�

1163.70 –NH2

949.31 –COH

41314 | RSC Adv., 2018, 8, 41308–41316
indicating that the carboxyl group is involved in the complex-
ation reaction. The structure of the reaction products of L-
phenylalanine and aluminum was deduced based on the char-
acteristics of the IR spectra and elemental analysis. The possible
structure of the reaction product is shown in Fig. 14. L-Phenyl-
alanine contains a non-polar benzene ring, polar group (–NH2)
Table 4 The important IR absorption bands of the product obtained
from the reaction of aluminum particle and 24.80 g L�1

L-
phenylalanine

Absorption peak (cm�1) Absorption peak attribution

3424.46 –OH
2918.05 –NH2

2844.11 C–H
1623.31 C]C
929.30 –COH

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 The molecular structure of L-phenylalanine (grey-C, white-H, red-O and blue-N).

Table 5 Linear regression parameters of C/q–C

Inhibitor
Correlation
coefficient (r) Slope

Absorption equilibrium
constant (K)/(L g�1)

L-Phenylalanine 0.9763 0.9091 0.3565

Fig. 13 Langmuir fitting curve of L-phenylalanine.

Fig. 14 The possible structure of the reaction products of L-phenyl-
alanine and aluminum particle.

This journal is © The Royal Society of Chemistry 2018
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and carboxyl group (–COOH). The N atom contains the lone
electrons pairs, which can bind with Al3+ and adsorb onto the
surface of the aluminum particle. The hydrophilic carboxyl
group (–COOH) has a negative charge and is able to provide
electrons for the blank orbit of aluminum. Therefore, a stable
and compact chemical adsorption protective lm can be formed
on the aluminum surface. The hydrophobic benzene ring is
arranged upwards to separate the metal surface from water and
inhibit the reaction of aluminum particle and water.

5 Conclusions

At an industrial site, particularly one with a wet dust removal
system used for the treatment of aluminum dust, the existence
of hydrogen can greatly increase the risk of re and explosion.
Based on the theory of inherent safety, L-phenylalanine solution
was proposed to inhibit hydrogen production. When the
concentration of L-phenylalanine in the solution reaches 20 g
L�1, almost no hydrogen is generated, and a strong inhibition
lm forms on the surface of aluminum particles. L-Phenylala-
nine is the main raw material in food additives and one of the
essential amino acids of the human body. Therefore, it is a safe,
environmentally friendly and efficient inhibitor. In some engi-
neering projects, to inhibit the hydrogen production in wet
aluminum dust removal system, solutions can be prepared by
adding the L-phenylalanine into the water in the wet dust
collector and the concentration of L-phenylalanine solutions
should not be less than 20 g L�1. Adding L-phenylalanine to
a wet dust removal system can fundamentally eliminate the risk
of hydrogen re and explosions in the wet dust collector.
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