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In this work, pristine aluminum (Al) powder was soaked in deionized water for a time period and then it was
dried and heat-treated at 400 °C such that a layer of fine Al,Os grains covered the Al particle surfaces,
forming oxide modified Al powder (OM-Al). It was found that OM-ALl greatly enhanced the efficiency in
removing methyl orange (M-orange) and methyl blue (M-blue) in agueous solution. The time to
completely degrade M-orange and M-blue by OM-ALl is about one third of that by pristine Al powder,
and decreases with increasing dosage of OM-Al. The enhancement in dye removal rate by oxide
modification is much better than that with ultrasonic assistance, especially for M-blue. LC/MS spectrum
analyses revealed that large dye molecules are broken into small biodegradable organic molecules after
reaction with OM-AL It is deduced that the promotion of fine Al,Os on the hydration process of Al
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Accepted 15th December 2020 surface passive oxide film is the main mechanism responsible for the enhancement of dye removal by
OM-AL Furthermore, OM-Al has a good recyclability and 80% of M-orange and M-blue can be removed

DOI: 10.1035/d0ra09048d even when it was reused for up to three cycles. These results indicate that oxide modification is an
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1. Introduction

With the development of economics and society, environmental
pollution is a global issue and has received much attention.'” A
variety of pollutants such as heavy metals, organic pollutants
and nutrients are discharged from industrial activities, leading
to a poor quality of surface water.*** Every year, large amounts
of organic dyes are consumed in textile, printing, leather pro-
cessing and other industries."”>"* Some of them enter into the
natural water system, becoming one of the sources of water
pollution.*** It is recognized that organic dyes are refractory,
carcinogenic, coloring and harmful to aquatic organisms.'®"”
In the past few years, different methods were developed to
remove organic dyes from water such as adsorption/precipita-
tion,"™>* biodegradation,”** advanced oxidation processes
(AOPs),>*** reduction,**” and combinations of the above
methods.*® Another way is to pretreat organic dyes and let them
transform into small biodegradable organic molecules, e.g. by
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effective way to activate Al for the removal of organic dyes.

reduction reaction using active metals, which then are dis-
charged into natural water.>**

Metal Al is low-cost and abundant on the earth, which has
high electron density,** and strong reduction ability (Eo(Al’*/A1°)
= —1.662 V), suitable for use in wastewater treatment. It was
reported that some organic or inorganic pollutants can be effi-
ciently reduced by zero-valent Al (ZVAl) in aqueous solution
such as trichloroethylene,® acid orange 7, hex-
abromocyclododecane (HBCD),* Cr(vi),*® and bromate,* etc.
However, the passive oxide film on Al particle surfaces has
become the bottleneck restricting its application, because it
prevents the direct contact of inner metal Al with outside
water.*”*® In order to improve Al reaction activity suppressed by
the passive oxide film, different methods are adopted to activate
Al such as acid washing,* alkali washing,” adding poly-
oxometalate (POM)," and mechanical milling,** etc.

Previous works,**** showed that oxide modification can
improve the activity of Al powder and promote Al-water reaction
to generate hydrogen at neutral pH condition. This method is
expected to improve the efficiency of Al in removing organic
dyes in aqueous solution, because Al is electron donors in both
of pollutant removal and Al-water reaction. Azo dye methyl
orange (M-orange) and complex aromatic dye methyl blue (M-
blue) are two typical anionic dyes, they have stable structures
and are not easily degraded. In this work, pristine Al particles
were put into water for 14 h and then heat-treated in vacuum at
elevated temperature so that a layer of fine Al,O; covered on Al
particle surfaces. The oxide modified Al (OM-Al) was used to
remove M-orange and M-blue in aqueous solution. To the best
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of our knowledge, this is the first report to use OM-Al for dye
degradation. The affecting factors**’ and related physico-
chemical mechanism are investigated as well.

2. Materials and methods
2.1 Chemicals

High-purity Al powders with the average sizes of 100 nm, 1.32
pum and 7.29 pm were purchased from Shanghai St-nano Sci. &
Tech. Co., Ltd. (Shanghai, China), Henan Yuanyang Aluminum
Co., Ltd. (Henan, China), and High Purity Chemical Co., Ltd.
(Tokyo, Japan), respectively. Organic dyes M-blue (Cz,;H,,;N3-
Na,04S3, CAS: 28983-56-4) and M-orange (C;,H;,N3NaO;S, CAS:
547-58-0) and anhydrous ethanol were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). All water
used in this work was deionized water (resistivity > 18 MQ cm,
pH = 5.8).

2.2 Preparation of oxide modified Al (OM-Al)

10 g of pure Al powder (7.29 um) was put into a suitable amount
of deionized water filled in a glass beaker and then agitated by
a magnetic bar with a speed of 500 rpm at 25 °C for 14 h. The
soaked Al powder was washed with anhydrous ethanol and
separated by a centrifugal method for 3 times, then it was dried
at 60 °C for 10 h and heat-treated in vacuum at 400 °C for 1 h.
OM-Al was finally obtained after sieving the heat-treated Al
powder by a 100-mesh sieve.

2.3 Batch removal tests

200 mg L' stock solution of M-orange or M-blue was pre-
prepared, and the desired lower concentration was obtained
by diluting the stock solution. In a typical dye removal test,
200 mL of dye solution was put into a 500 mL Teflon beaker
agitated with a constant rotating speed of 500 rpm. The reaction
temperature was controlled by a thermostat water bath with an
accuracy of +1 °C. All the experiments were conducted without
pH adjustment. The main absorption peak of dye solution at
a preset-time was measured by UV-visible absorbance detector
(UV-vis, UV-3600, Shimadzu) through extracting and filtering
5 mL of suspension.**** The dye concentration and their main
absorption peak height (A ~ 464 nm for M-orange and ~314 nm
for M-blue solution) have a linear correlation, as shown in
Fig. S1.T The dye removal ratio « at time ¢ is defined as

a= =S oo 1)

o

where C, is the initial dye concentration and C; is the dye
concentration at time ¢.

The total organic carbon (TOC) in aqueous solution was
measured by a total organic carbon analyzer (TOC, TOC-L¢pn,
Shimadzu). The TOC removal ratio § in aqueous solution is
written as follows

_ CtocA,O - Ctoc.t

= 100° 2
18 Ctoc.O x % ( )
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where Cioc0 and Cioc are the TOC concentrations at the initial
time and time ¢, respectively.

2.4 Recycling tests of OM-Al

After the removal test, OM-Al in dye solution was washed with
deionized water and anhydrous ethanol for 3 times and
collected by a centrifugal method, then it was dried at 60 °C for
1 h and finally used for next dye removal test. The removal test
by reused OM-Al is 1 h and 3 h for M-orange and M-blue,
respectively.

2.5 Analysis methods

The morphologies of Al particles were observed via scanning
electron microscope (SEM, SU-5000, JEOL). The element anal-
yses on Al particle surfaces before and after dye removal test
were performed by energy dispersive X-ray spectrometer (EDS,
INCA Energy 300, Oxford Instruments) equipped on SEM. X-ray
diffractometry (XRD, D/max-2200, Rigaku) was used to analyze
the phase composition of Al powder. The chemical bonds and
functional groups of dye and those on OM-Al before and after
reaction were observed by Fourier transform infrared spec-
trometer (FTIR, AVATAR 370, Thermo Nicolet). The byproducts
by the reaction of M-orange and M-blue with Al were identified
by a liquid chromatograph fitted with a mass spectrometer (LC/
MS, Qstar XL, AB SCIEX) with a Z-spray electrospray ionization
(ESI) source in positive and negative mode, respectively.

3. Results and discussion
3.1 Characterization

Fig. 1(a)-(c) is the SEM morphologies of three sizes of as-
received Al powders used in this work. It can be seen that all
pristine Al particles have smooth surfaces and spherical shape,
but part of 7.29 um Al particles are elongated. However, the
surfaces of modified Al particles become rough due to the
formation of fine Al,O; grains, as shown in Fig. 1(d). It is
deduced that these fine Al,O; grains should be y-Al,O; phases,
because the passive oxide films on Al particle surfaces are
hydrated and become oxyhydroxide or hydroxide phases when
Al particles are soaked in water,* which would be transformed
into v-Al,O; phases at the present heat-treatment temperature
of 400 °C.>°

X-ray diffraction patterns of three sizes of as-received Al
powders and OM-Al are shown in Fig. 2(a)—(d). The results show
that only metal Al phase was detected in both of as-received and
OM-Al powders, though fine Al,O; phases are visible on OM-Al
surfaces (Fig. 1(d)). This is because the amount of fine Al,O3
grains is below the level that X-ray diffraction technique can
detect.

3.2 Effects of temperature, Al particle size and ultrasonic
assistance

Before discussing the removal of organic dyes by OM-Al, we
show the effects of temperature, Al particle size and ultrasonic
assistance on the reaction. Fig. S21 shows the dependence of M-
orange and M-blue removal in aqueous solutions on reaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM micrographs of Al powders with average particle sizes of (a) 100 nm, (b) 1.32 um, (c) 7.29 um, (d) that in (c) after soaked in water for
14 h and then heat-treated in vacuum at 400 °C for 1 h, surface modified Alin (d) after used to remove MO (e) and MB (f) in aqueous solution up to

4 cycles, respectively.

time at different temperatures using 100 nm as-received Al
powder. It can be seen that the removal ratio of both M-orange
and M-blue is highly sensitive to temperature and it increases
rapidly with the reaction temperature. M-blue is a little bit more
difficult to remove than M-orange under the same condition.
Meanwhile, it is noted that the removal ratio of M-blue
increases fast at the initial stage of ~10 min regardless of the
reaction temperature, then enters a flat stage, and finally
increases depending on temperature. It is believed that the fast
increase of M-blue removal at the initial stage is due to the
adsorption by nanometer Al particles, because M-blue is easier
to be adsorbed by oxides than M-orange.*®

The higher adsorption amount of M-blue is due to its more
sulfonic groups (D-SO;~) than M-orange in aqueous solution
(see Fig. S3 and S4t), because the adsorption originates from
the electrostatic attraction between the sulfonic groups and
positive charges on Al particle surfaces. It should be mentioned
that pH value in aqueous solution increases with the dye

© 2021 The Author(s). Published by the Royal Society of Chemistry

removal reaction, but it is less than 8 in our tests. At pH < 8, the
zeta potential of Al particle suspension is positive and Al
particle surfaces have positive charges.®® Furthermore, our
experiment indicated that M-orange and M-blue are stable in
aqueous solution with a pH value of 5.0-8.0 in this work.

Fig. 3 shows the dependence of M-orange and M-blue
in aqueous
different-sized as-received Al powders with and without ultra-
sonic assistance, where the ultrasonic assistance was realized in
an ultrasonic water bath with a frequency of 40 kHz and power
of 150 W. It can be seen that M-orange and M-blue removal is
highly dependent on Al particle sizes and their removal rate

removal solutions on reaction time using

increases with decreasing Al particle sizes, while generally M-
blue is more difficult to remove than M-orange under the
same condition. It is noted that there is a longer induction time
for the beginning of Al and M-blue reaction, especially for 1.32
um and 7.29 um Al powders. The possible reason is that M-blue
is easy to adsorb on Al particle surfaces, which inhibits the

RSC Adv, 2021, 11, 867-875 | 869
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Fig. 2 X-ray diffraction patterns of Al powders with average particle
sizes of (a) 100 nm, (b) 1.32 um, (c) 7.29 um, (d) that in (c) after soaked in
water for 14 h and then heat-treated in vacuum at 400 °C for 1 h,
surface modified Al in (d) after used to remove MO (e) and MB (f) in
aqueous solution up to 4 cycles, respectively.

hydration of Al surface passive oxide films.*** It can be also
seen that ultrasonic assistance can speed up the reaction of Al
and organic dye and promote M-orange and M-blue removal in
aqueous solution. However, if without Al powder, ultrasonic
waves cannot degrade M-orange and M-blue in aqueous solu-
tion. The enhancement in M-orange and M-blue removal by
ultrasonic assistance is due to acoustic cavitation and its
resultant bubble collapse, which produce intense local heating
and high pressure. Meanwhile, bubble collapse would launch
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micro-jets with a high velocity, which generate giant shear,
strain and stress and effectively disperse Al agglomerates in
suspension.®*

3.3 Effect of oxide modification

Fig. 4 shows the dependence of M-orange and M-blue removal
in aqueous solution on reaction time using as-received and OM-
Al powders. It can be seen that compared to pure Al powder, Al
oxide modification considerably increases the removal rate of
M-orange and M-blue in aqueous solution. The time to
completely degrade M-orange and M-blue by OM-Al is about one
third of that by pristine Al powder, which decreases with
increasing the dosage of OM-Al due to more electron donors for
per unit dye provided by OM-Al. Of course, generally M-orange
removal rate by OM-Al is faster than that of M-blue under the
same condition. The enhancement in M-orange and M-blue
removal rate by oxide modification is much better than that
by ultrasonic assistance, especially for M-blue (see Fig. 3). In
fact, ultrasonic assistance is limited in practical application,
while OM-Al can be applied in large-scale production.

Fig. 5 shows the dependence of M-orange and M-blue
removal in aqueous solutions on reaction time with different
initial dye concentrations using OM-AL It can be seen that the
induction time for the beginning of removal reaction increases
and M-orange and M-blue removal rates decrease with
increasing the initial dye concentrations, leading to a longer
total removal time for a higher dye concentration. This is
because the increase in dye concentration leads to a decrease in
electron donors for per unit dye provided by OM-Al. The same as
above, the easier adsorption of M-blue on Al surfaces results in
a longer induction time for the beginning of M-blue removal
reaction than that of M-orange.*

3.4 Recyclability of OM-Al

As shown in Fig. 6, the removal ratios of M-orange and M-blue
almost have no change at the second cycle and then decrease to
~80% at the third cycle. At the fourth cycle, the ability of reused
OM-Al in removing organic dye drops rapidly. The possible
reason is that the Al-water reaction byproduct hydroxides on Al
particle surfaces increase with the recycling test, as shown in
Fig. 1(e) and (f), which inhibit the contact of M-orange and M-
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Fig. 3 Dependence of (a) M-orange and (b) M-blue removal in aqueous solutions on reaction time using different-sized Al powders with and
without ultrasonic assistance (Cm-orange = Cm-biue = 20 Mg L% Al dosage=1g L%, T = 45 °C, ultrasonic power = 150 W).
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Fig. 4 Dependence of (a) M-orange and (b) M-blue removal in aqueous solutions on reaction time using different dosages of oxide modified

7.29 pm Al powder (Cm-orange = Cm-blue = 20 mg LY, T=45°Q).
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Fig. 5 Dependence of (a) M-orange and (b) M-blue removal in agueous solutions on reaction time with different initial M-orange and M-blue
concentrations using oxide modified 7.29 um Al powder (Al dosage =1 g L™, T = 45 °C).

blue molecules in aqueous solution with inner Al. Although
hydroxides on Al particles were not detected by X-ray diffraction
(Fig. 2(e) and (f)), the peak heights decrease in reused OM-Al,
confirming the consumption of Al and generation of
byproducts.

Table 1 gives a comparison of OM-Al with foam Al and other
bio-method in degradation of organic dyes, indicating that OM-
Al has a competitive efficiency in removal of M-orange and M-
blue.
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Fig. 6 M-orange/M-blue removal using reused oxide modified 7.29
pum Al powder (Cm-orange = Cm-biue = 20 mg L% Al dosage=1g9 L5 T
=45°Q).
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3.5 UV-Vis absorption spectra

Fig. 7 shows UV-Vis absorption spectra of M-orange and M-blue
in aqueous solutions and their dependence on the reaction time
with 7.29 pm OM-AL. It is known that the absorption peaks of M-
orange at the wavelengths of 464 nm and 275 nm (or 248 nm) in
Fig. 7(a) correspond to the structures of -N=N- bond and
aromatic ring in M-orange molecules, respectively.” It can be
seen that the absorption peaks of M-orange at 464 nm and
275 nm decrease and that at 248 nm increases with the reaction
by OM-AL These indicate that the chromophoric groups of M-
orange molecules (A ~ 464 nm) decrease with the reaction
time, implying that the azo bonds in M-orange molecular are
broken or they are adsorbed by OM-Al.** Meanwhile, the peak
blue shift of 275 nm to 248 nm with the reaction progress is due
to the change of the electron absorption transition from m-m*
to n—rv* in aromatic rings. The above results suggest that large
M-orange molecules were decomposed into small organic
molecules under the assistance of OM-Al in aqueous solution.

In Fig. 7(b), the absorption peak at 600 nm corresponds to
—-C=N- bond, -C=C- bond and the whole conjugated structure
in M-blue molecules, while the maximum absorption peak at
314 nm results from the aromatic ring of M-blue molecules.>*
Both of the peaks at 600 nm and 314 nm decrease with the
reaction by OM-Al, especially at the beginning time of 20 min,
implying that M-blue molecules were decomposed and their
reaction byproduct are adsorbed. It is noted that a new

RSC Adv, 2021, 11, 867-875 | 871
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Table1 M-orange and M-blue degradation efficiency of various materials

Material Reaction condition Degradation ratio and time Ref.
Aluminum foam pH: 7.2, Co: 20 mg L', with ultrasound and direct electric current 100%, 8 h (M-orange) 56

Periphyton Dosage: 4 g L', pH: 7.0, Co: 50 mg L™, T: 30 °C
OM-Al Dosage: 1 g L', pH: 5.9, Cy: 20 mg L™, T: 45 °C
OM-Al Dosage: 1 g L', pH: 5.7, Co: 20 mg L™, T: 45 °C

absorption peak at 375 nm appears and rises at the middle stage
of the reaction, but it subsequently tends to disappear with the
reaction progress. This new peak probably results from the
small molecule intermediate products by the reaction of M-blue
with OM-Al in aqueous solution, indicating that the reaction
process is complicated.

3.6 LC/MS analyses

LC/MS spectra of M-orange solution in the positive ion mode
before and after reaction (Fig. 4(a)) with OM-Al are shown in
Fig. S3,T indicating that the molecule structure of M-orange has
a substantial change after reaction. The peaks at m/z = 306.11
and 328.09 in Fig. S3(a)f correspond to the cations of pristine
M-orange in aqueous solution, which disappeared after reaction
with Al. Several new peaks at m/z = 55.01, 121.01, 185.03 and
301.16 appear in the reacted M-orange solution, indicating that
M-orange has decomposed into small biodegradable organic
molecules,** (Fig. S3(b)f) due to the decrease of -CH; and
-N=N- bonds in them. This implies that azo bonds can be
broken efficiently by the reaction of M-orange with Al in
aqueous solution, which can be written,

Al > AP" + 3e” (3)

2H,0 +2¢~ — H,1 + 20H™ (4)

Ar; —N=N—Ar, +e¢ +H,—>Ar, —-NH-NH - Ar, (5)
Ar', —NH — NH — Ar, > Ar'|, — NH, + HN, — Ar,  (6)

LC/MS spectra of M-blue solution in the negative ion mode
before and after reaction (Fig. 4(b)) with OM-Al are shown in

141 (@) —Omin
—— 10 min
12F -
M-orange 20 min
g 1.0 —28 min
min
< 08| .
g —— 50 min
5 06 —— 60 min
(%2}
2 04

0.2

400 500 600

Wavelength (nm)

300

70%, 168 h (M-orange) 15
100%, 1 h (M-orange) This study
96%, 2.5 h (M-blue) This study

Fig. S4.f The peaks at m/z = 157.12 and 327.31 in Fig. S4(a)f
correspond to the characteristic fragment anions of pristine M-
blue in aqueous solution, while there are no strong peaks
existed after the reaction of M-blue with Al (Fig. S4(b)t), indi-
cating that M-blue has decomposed into other small organic
molecules. It is noted that there is a new weak peak at m/z =
982.99 in the reacted M-blue solution, it probably belongs to the
aggregates of small organic molecules due to their weak elec-
trostatic attraction.

3.7 TOC and FTIR analyses

TOC in aqueous solution after M-orange and M-blue removal
using different-sized Al powders (Fig. 3 and 4) is shown in
Fig. 8(a). It can be seen that TOC removal ratios of M-orange and
M-blue in aqueous solution after reaction with Al are very
different. TOC removal ratio of M-orange is <5% for different-
sized Al powders, but that of M-blue is >80%. The possible
reason is that small organic molecules decomposed by M-blue
are much easier to adsorb on Al particle surface oxides than
those decomposed by M-orange.***”*® This can also explain that
no strong peaks in LC/MS spectra appear after M-blue reacted
with Al shown in Fig. S4(b).T

FTIR spectra of organic dye, OM-Al before and after reaction
with organic dye in aqueous solution are shown in Fig. 8(b) and
(). The band of 3438 cm™* corresponds to —~OH vibration, the
peaks at 1633, 1506 (M-orange) and 1509 cm ™' (M-blue) belongs
to the vibrations of aromatic ring skeleton, the band of
1051 cm~ ' (M-orange) belongs to C-O vibration,”® and the
band of 1031 cm™ " (M-blue) belongs to ~SO;Na vibration.** It
can be seen that there are new peaks existed on OM-Al surfaces
after it reacted with organic dye, which are different from those

(b) ——O0min
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M-blue ——40 min
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Fig. 7 Dependence of UV-Vis absorption spectra of (a) M-orange and (b) M-blue in aqueous solutions on reaction time using oxide modified
7.29 um Al powder (Cu-orange = Cm-piue = 20 mg L™, Aldosage =1 g L%, T = 45 °C).
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=45°C).

in FTIR spectra of pristine M-orange and M-blue in aqueous
solutions. These further confirm that M-orange and M-blue
have decomposed into small organic molecules after reacted
with Al and these small organic molecules partly adsorbed on Al
particle surface oxides.

3.8 Mechanism analyses

It is known that there is a hydration process in the passive oxide
film on Al particle surfaces when they are put into water,* which
determines the induction time for the break of the passive oxide
film and the contact of inner Al with outside water. After the
breakage of Al surface oxide film, the reaction of inner Al with
organic dye in aqueous solution begins. As y-Al,O; can promote
the hydration process in Al passive oxide film,** the induction
time for the beginning of Al-organic dye reaction shortens. This
is the main reason why Al modification by fine y-Al,O; grains
greatly increased its efficiency in removal of M-orange and M-
blue in aqueous solution (Fig. 4). Meanwhile, in this work y-
Al,O; was obtained by the decomposition of the hydrated
hydroxides on Al particle surfaces. In this case, the new formed
passive oxide film on OM-Al is thinner than that on pristine Al
particles, because the thickness of passive oxide film on Al is
proportional to its exposure time in air.®® Therefore, the thinner
passive oxide film on OM-Al is the second reason leading to its
higher M-orange and M-blue removal efficiency. A schematic
representation of M-orange and M-blue removal by OM-Al in
aqueous solution is shown in Scheme 1.

© 2021 The Author(s). Published by the Royal Society of Chemistry

In fact, after the breakage of Al surface oxide film, inner Al
will react with organic dye and H,0 molecules simultaneously,
which was confirmed by the element analyses on Al particles
before and after reaction shown in Fig. S5.1 It can be seen that
the surfaces of reacted Al particles have more O element,
implying that some aluminum hydroxides were formed by the
reaction of Al with water. These mean that the dye removal
reaction and Al-water reaction are competitive in consuming
electrons from Al. The present results show that OM-Al can
provide sufficient electrons for M-orange and M-blue removal.

Dye

. Small organic molecules
@
7
o/

~<— v-AL O,

Adsorption

B

Passive oxide film

Ve

Oxide modification

Scheme 1 A schematic representation of M-orange and M-blue
removal by oxide modified Al in aqueous solution.
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4. Conclusions

In this work, oxide modified Al powder was obtained by putting
Al powder in water and then heat-treating in vacuum. As fine
Al,O; grains can promote the hydration process of passive oxide
film on Al particle surfaces, leading to a shorter induction time
for the beginning of Al and organic dye reaction. Meanwhile,
the new formed passive oxide film on OM-Al is thinner than that
on pristine Al particles. Therefore, OM-Al exhibited a higher
efficiency in removing M-orange and M-blue in aqueous solu-
tion than pristine Al. Furthermore, OM-Al shows a good recy-
clability and 80% of M-orange and M-blue can be removed when
it was reused up to three cycles in the present experimental
condition. The results indicate that oxide modification is
a promising way to activate Al in removing organic dyes.
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