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ABSTRACT: In this work, for the first time, high-activity filtrates
were prepared by the reaction of aluminum (Al) powder with
hydrogen peroxide (H2O2) in acidic solution and then filtration,
which were used to degrade various organic pollutants such as
phenol, methyl orange, and bisphenol A. It was found that the
filtrates can effectively degrade and mineralize various organic
pollutants and have a high efficiency comparable to their parent Al
+ acid + H2O2 suspensions. The filtrates can keep their high
activity for several weeks under ambient conditions, and the
activity depends on their initial pH value. At a pH value of ∼3.5,
the reaction activity of filtrates is the best. Electron spin resonance
spectroscopy (ESR) analyses indicated that there is a large quantity
of stable hydroxyl radicals (OH•) existing in the filtrates, which are responsible for the removal of organic pollutants. Furthermore,
the related factors are discussed.

1. INTRODUCTION
Since Henry J. Fenton found that H2O2 could be activated by
Fe(II) salts to oxidize tartaric acid in 1894,1 Fenton and
Fenton-like reactions have become of great interest in
biological chemistry, synthesis, the chemistry of natural
water, and the treatment of hazardous waste.2−7 The
mechanism behind Fenton reaction was revealed by Haber
and Weiss in 1934,8 which is to generate hydroxyl radicals
(OH•) in aqueous solution. Hydroxyl radicals have a high
oxidation potential in the range of 2.8−1.95 V (pH = 0−14)
versus standard calomel electrode, which are non-selective and
react rapidly with many organic species having rate constants
in the range from 108 to 1010 M−1 s−1.
Advanced oxidation processes (AOPs) were first proposed

by Glaze in the 1980s9,10 and were defined as processes that
generate and use powerful transitory species hydroxyl radicals,
where the organic compounds can be oxidized to other species
or a total mineralization can take place. In the past few
decades, the AOP concept has been extended to the oxidative
processes with other radicals such as sulfate (SO4

•−), chlorine
radicals (Cl•), and so on.5,11 In addition to iron, other metals
with multiple redox states (such as chromium, cerium, copper,
cobalt, manganese, and ruthenium) are also used to
decompose H2O2 into hydroxyl radicals through a conven-
tional Fenton-like pathway.12 Meanwhile, the generation of
highly reactive oxidizing radicals can be realized by a variety of
methods including chemical, photochemical, sonochemical,
and electrochemical reactions.5,13−15

Aluminum is a good electron donor16−19 and has a more
negative redox potential [E0(Al

3+/Al0) = −1.662 V] than iron

[E0(Fe
2+/Fe0) = −0.44 V], which has been used to generate

hydroxyl and sulfate radicals in aqueous solution and degrade
organic pollutants in the past few years.20−29 However, there is
a dense passive oxide film covering the Al particle surfaces to
prevent the transport of electrons from the inner Al to outside
target reactants. In order to improve Al reaction activity in
aqueous solution, different methods are adopted to activate Al
such as acid washing,30 adding polyoxometalate (POM),31

with the assistance of Fe(II) ions,32,33 mechanical ball
milling,34−36 and so on.
In this work, Al powder and H2O2 were added into an acidic

solution to form a suspension and then react for a time period.
The suspension was filtrated using a sub-micrometer mesh to
obtain a filtrate, which was used to degrade various organic
pollutants. For the first time, it was shown that the filtrate has
hydroxyl radicals and can effectively degrade and mineralize
various organic pollutants and has a high efficiency comparable
to its parent suspension.

2. MATERIALS AND METHODS

2.1. Chemicals. Three kinds of high-purity Al powders
with the average sizes of 100 nm (Shanghai St-nano Science &
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Technology Co., China), 4.70 μm (Henan Yuan Yang
Aluminum Industry Co., China), and 7.29 μm (High Purity
Chemical Co., Tokyo, Japan) were used in this work.
Analytical-grade chemicals phenol (C6H5OH, CAS: 108-95-
2), methyl orange (MO, C14H14N3NaO3S, CAS: 547-58-0),
bisphenol A (BPA, C15H16O2, CAS: 80-05-7), potassium
peroxymonosulfate (PMS, KHSO5·0.5KHSO4·0.5K2SO4, CAS:
70693-62-8), aluminum chloride hexahydrate (AlCl3·6H2O,
CAS: 7784-13-6), xylenol orange disodium salt
(C31H30N2Na2O13S, CAS: 1611-35-4), hydrogen peroxide
(H2O2), sulfuric acid (H2SO4), hydrochloric acid (HCl),
sodium hydroxide (NaOH), tert-butanol (TBA), and anhy-
drous ethanol (EtOH) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All water
used in this work was deionized water (resistivity >18 MΩ·cm,
pH ≈ 5.8).
2.2. Preparation of High-Activity Filtrates. An acidic

solution with pH = 1 was prepared by diluting the
concentrated HCl or H2SO4 solution using deionized water;
then, 40 mM H2O2 and 4 g L−1 7.29 μm Al powder were
added to the diluted acidic solution. The abovementioned
suspension was agitated using a magnetic bar with a speed of
500 rpm for 2 h. The reaction temperature is 35 °C, which was
controlled using a thermostatic water bath with an accuracy of
±1 °C. Finally, the high-activity filtrate was obtained by
filtrating the suspension using a 0.22 μm polyethersulfone
(PES) filter.37,38 Figure 1 shows that the high-activity filtrates
prepared with HCl and H2SO4 are colorless and transparent
with a pH value of 3.6 and 3.3, respectively.

2.3. Degradation Tests. Three typical organic matters
phenol, MO, and BPA were used in the experiment. A suitable
amount of organic matter was added into 250 mL of high-
activity filtrate filled in a 500 mL Teflon beaker such that the
concentration of the organic matter in the solution is 10 mg
L−1. The solution was agitated using a magnetic bar with a
constant rotating speed of 500 rpm at a temperature of 45 °C.
The main absorption peak of organic matter solution at a
preset time was measured using an UV−visible absorbance
detector (UV−Vis, UV-3600, Shimadzu) through extracting 7
mL of the solution. The organic matter concentration and their
main absorption peak height (λ ∼ 507 nm for phenol, λ ∼ 464
nm for MO, and λ ∼ 276 nm for BPA) have a linear
correlation, as shown in Figure S1a−c. For the degradation
tests of organic matter in Al particle suspension, 7 mL of the
extracting sample was filtrated using a 0.22 μm PES filter and
then sent for UV−visible absorption measurement. The
organic matter degradation ratio α at time t is defined as

C C
C

100%t0

0
α =

−
×

(1)

where C0 is the initial organic matter concentration and Ct is
the organic matter concentration at time t. The total organic
carbon (TOC) in the filtrate was measured using a total
organic carbon analyzer (TOC-LCPN, Shimadzu Co., Japan).
The TOC degradation ratio β in the filtrate is written as
follows

C C

C
100%ttoc,0 toc,

toc,0
β =

−
×

(2)

where Ctoc,0 and Ctoc,t are the TOC concentrations at the initial
time and time t, respectively.

2.4. Analysis Methods. The morphologies of solid
particles were observed via a scanning electron microscope
(SU-5000, JEOL); the element analyses of solid particles were
performed using an energy-dispersive X-ray spectrometer
(INCA Energy 300, Oxford Instruments) equipped on the
scanning electron microscope. X-ray diffractometry (XRD, D/
max-2200, Rigaku) was used to analyze the phase composition
of solid powder. The residual Al in the filtrates was measured
using an inductively coupled plasma atomic emission
spectrometer (ICP-AES, Model no. ICAP 6300, Thermo
Fisher Co., USA). The byproducts of the reaction of phenol in
the high-activity filtrates were identified using a liquid
chromatograph fitted with a mass spectrometer (Qstar XL,
AB SCIEX) with a Z-spray electrospray ionization (ESI)
source in the negative mode. Electron spin resonance spectrum
(ESR) analyses were carried out on a EMX plus spectrometer
(Bruker Co., Germany) with 5,5-dimethyl-lpyrroline-N-oxide
(DMPO) as a radical spin-trapping reagent.
The particle size distribution in filtrates was measured using

a laser particle size analyzer (Zetasizer Lab, Malvern
Panalytical, Europe). The Al3+ ion concentration in the filtrates
was determined using the UV−visible absorbance detector,
using xylenol orange disodium (150 mg L−1) as a coloring
indicator (Al-XO).39 Standard Al3+ ion solution was prepared
by dissolving aluminum chloride hexahydrate in deionized
water. Our calibration results indicated that the Al3+ ion
concentration and their main absorption peak height (λ ∼ 550
nm) have a linear correlation, as shown in Figure S1d. Before
measurement, the filtrates were diluted with deionized water,
so that the Al3+ ion concentration in aqueous solution is below
the upper limit of the effective measurement.

3. RESULTS AND DISCUSSION

3.1. Al Particle Morphology. Figure S2 shows X-ray
diffraction patterns and scanning electron microscopy (SEM)
micrographs of as-received 7.29 μm Al powder and those after
reaction in HCl + H2O2 and H2SO4 + H2O2 solutions for 2 h,
showing that there is no obvious composition change after Al
powder was used to prepare the high-activity filtrates.
However, a slight corrosion on Al surfaces occurred after Al
particles reacted in acid + H2O2 solutions, indicating that the
consumption of Al is small.

3.2. Oxidizability of Filtrates and Their Parent
Suspensions. Figure 2 shows the dependence of the
degradation of phenol and the TOC in high-activity filtrates
and their parent suspensions on reaction time. It is understood
that when Al powder is put into an acidic solution with H2O2,

Figure 1. Schematic procedure for preparing the high-activity filtrates.
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there are hydroxyl radicals generated by the following main
processes29

2Al 3O 6H 2Al 3H O0
2

3
2 2+ + → ++ +

(3)

Al 3H O Al 3OH 3OH0
2 2

3+ → + ++ − •
(4)

Hydroxyl radicals have a strong oxidation ability to organic
matter, and therefore, phenol is degraded, and the TOC
decreases with increase in the reaction time in Al + HCl
(H2SO4) + H2O2 suspension. Interestingly, its filtrates also
have a strong ability to degrade phenol and the TOC in
aqueous solution. It can be seen that it takes ∼2 h to
completely remove phenol by the Al + HCl (H2SO4) + H2O2
suspension, while just 40 min is sufficient to completely
decompose phenol with its filtrates. Of course, the TOC
removal ratio after 24 h of reaction in the Al + HCl (H2SO4) +
H2O2 suspension is higher than that in its filtrates. These
indicate that the Al + HCl (H2SO4) + H2O2 suspension and its
filtrates have a comparable oxidizability to degrade organic
pollutants.
In order to test whether the abovementioned phenomena

can be extended to other radical system, 2.0 g L−1 4.70 μm Al
powder and 2.0 g L−1 PMS were added to deionized water to
form a suspension, which was agitated using a magnetic bar
with a speed of 500 rpm and reacted at 35 °C for 2 h. By the
same procedure in Section 2.2, the reacted Al + PMS
suspension was filtrated to obtain a filtrate, which was used

to degrade BPA in aqueous solution. It is known that sulfate
radicals (SO4

•−) can be generated in the Al + PMS
suspension.40,41

Al Al 3e0 3→ ++ − (5)

HSO e SO OH5 4+ → +− − •− −
(6)

Figure 3 shows that the as-prepared Al + PMS suspension
can effectively degrade BPA, while its filtrate almost has no
ability to degrade BPA in aqueous solution. This implies that
the high oxidation activity does not exist in the filtrate prepared
with the Al + PMS suspension.

3.3. Degradation of Different Organic Matters. Figure
4 shows the degradation of different organic matters and their
TOC in high-activity filtrates with reaction time. It can be seen
that the filtrates just prepared by the reaction of Al powder in
acidic solutions without H2O2 already degrade phenol up to
about 50% within 24 h, although their TOC degradation is
negligible. However, the filtrates prepared by the reaction of Al
+ acid + H2O2 suspensions degrade phenol, MO, and BPA very
quickly, and their TOC in solution is reduced as high as 40−
76% depending on organic matter and the acid used.
Meanwhile, the high-activity filtrate prepared with HCl is
better than that with H2SO4 in degradation and mineralization
of organic matter.42 The stable products by the reaction of
phenol in high-activity filtrates are oxalic and maleic acids
shown in Figure S3, which are the same as those of phenol

Figure 2. Dependence of the degradation of (a,c) phenol and (b,d) its TOC on reaction time in high-activity filtrates or suspensions with different
storage times, where the test temperature is 45 °C, CPhenol = 10 mg L−1. The “filtrate” was prepared by the reaction of 7.29 μm Al + acid + H2O2 in
aqueous solution and then filtration. “4.0 g L−1 7.29 μm Al” represents the suspension of 7.29 μm Al + acid + H2O2 with pH = 1.0 and CAl = 4 g
L−1. “0.04 g L−1 Al” and “0.1 g L−1 Al” represent the suspensions of 100 nm Al + acid + H2O2 at pH = 3.5 with CAl = 0.04 and 0.1 g L−1,
respectively.
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degradation by Fenton oxidation,43,44 where a series of
intermediate reactions exist before formation of oxalic and
maleic acids,44 further confirming the degradation occurrence
in the filtrates. TOC removal in high-activity filtrates implies
that the organic pollutants are mineralized and decomposed
into H2O and CO2.

43,44

3.4. Lifetime of High-Activity Filtrates. As-prepared
high-activity filtrates were stored under ambient conditions for
different times and used for degradation of phenol, as shown in
Figure 5. It can be seen that the filtrates keep their high activity
for several weeks and can effectively degrade and mineralize
phenol in aqueous solutions, although the time for complete
degradation of phenol increases and the removal ratio of TOC
decreases with the storage time. Meanwhile, the filtrate
prepared with H2SO4 has a longer lifetime than that prepared
with HCl. After a storage time of 20 days and 30 days for high-

activity filtrates prepared with HCl and H2SO4, respectively,
the filtrates basically lost their activity.

3.5. Effect of the pH Value. In order to study the effect of
the pH value on the stability of high-activity filtrates, a suitable
amount of acid (the same as that in preparing the filtrate) or
NaOH was added in the as-prepared filtrate. Figure 6 shows
the degradation of phenol with reaction time and the removal
ratio of its TOC after 24 h in the high-activity filtrate with
different pH values. It seems that the filtrates prepared with
both HCl and H2SO4 are most stable at a pH value of ∼3.5.
When the pH value becomes more acidic or more alkaline, the
reaction activity of filtrates decreases. When the pH value is
more than 5.5, the filtrates completely lost their activity. We
should mention that the pH value in high-activity filtrates
almost has no change after they reacted with organic matter for
24 h.

3.6. ESR Spectrum Analyses. In order to verify the
possible existence of hydroxyl radicals in high-activity filtrates,
ESR tests with DMPO as a radical spin-trapping reagent were
conducted,45 as shown in Figure 7. It can be seen that the
characteristic peaks of DMPO-OH adducts are noticeable, and
these experimental peaks are consistent with those in the
theoretical simulation,46 as shown in Figure S4, confirming that
there are hydroxyl radicals in the high-activity filtrates prepared
with both HCl and H2SO4. Figure 7 also shows that the
quantity of hydroxyl radicals in high-activity filtrates decreases
with increasing their storage time, consistent with the results in
Figure 5. At the same time, a radical scavenging experiment
with EtOH or TBA was performed to investigate the
degradation of phenol in high-activity filtrates, as shown in
Figure 8. It is clear that the degradation of phenol was
inhibited when EtOH or TBA was added into the solutions,
indicating that hydroxyl radicals are the main reactive oxidizing
species.

3.7. Related Factors. In order to understand why the
filtrates prepared with the Al + acid + H2O2 suspension have a
high reaction activity, their residual Al and Al3+ ion
concentrations were analyzed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) and Al-XO methods,
respectively. The results indicate that the total residual Al in
the filtrates prepared with Al + HCl + H2O2 and Al + H2SO4 +

Figure 3. Dependence of the degradation of BPA in the suspension or
filtrate on reaction time, where the test temperature is 35 °C, CBPA =
20 mg L−1. “Al + PMS” represents the suspension of 4.70 μm Al +
PMS with CAl = 2.0 g L−1 and CPMS = 2.0 g L−1. The fFiltrate” was
obtained by filtrating the abovementioned suspension after the
reaction of Al and PMS at 35 °C for 2 h.

Figure 4. Dependence of the degradation of (a) phenol, MO, and BPA and (b) their TOC in different high-activity filtrates on reaction time, where
the test temperature is 45 °C, CPhenol = CMO = CBPA = 10 mg L−1. In parentheses, HCl or H2SO4 represents the filtrate prepared by the reaction of
Al + acid in aqueous solution and then filtration; HCl + H2O2 or H2SO4 + H2O2 represents the filtrate prepared by the reaction of Al + acid + H2O2
in aqueous solution and then filtration.
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H2O2 suspensions is 38.2 and 75.4 mg L−1, and their
corresponding Al3+ ion concentration is 39.8 and 79.7 mg
L−1, respectively, as listed in Table 1. These show that the
residual Al in high-activity filtrates is the dissolved Al3+ ions
rather than solid metal Al particles. By the way, the solubility of
Al3+ ions in neutral aqueous solution (<1 ppm) is much lower
than that in acidic solution mentioned above.37,47 Therefore,
the residual Al3+ ions in acidic solution can be removed by
increasing its pH value after degradation of organic pollutants,
for example, by adding lime before the solution is discharged
into the environment, such that Al(OH)3 precipitates are
formed.30

As there is a particle size distribution in micrometer-sized Al
powder,48 in order to further exclude the possibility that the
residual Al in high-activity filtrates comes from their Al
particles partly passing through the 0.22 μm PES filter, a small
amount of nanometer Al powder, comparable with the residual
Al in the filtrates, was used to do the experiment. A total of 40
and 100 mg L−1 100 nm Al powder was added into HCl +
H2O2 (40 mM) and H2SO4 + H2O2 (40 mM) solutions with
pH = 3.5, respectively, which were used to degrade phenol in
aqueous solution, as shown in Figure 2. It can be seen that
both 40 mg L−1 100 nm Al + HCl + H2O2 and 100 mg L−1 100
nm Al + H2SO4 + H2O2 suspensions can effectively degrade
and mineralize 10 mg L−1 phenol in aqueous solution.
However, their phenol degradation and TOC removal ratios
are much lower than those of high-activity filtrates.
Furthermore, after the abovementioned two 100 nm Al +
acid + H2O2 suspensions was stored in air for 10 days, 40 mg

L−1 100 nm Al + HCl + H2O2 suspension almost lost its
reaction activity, and the activity of 100 mg L−1 100 nm Al +
H2SO4 + H2O2 suspension is much lower than that of the
corresponding filtrate stored for the same days, as shown in
Figure 5. An intuitive view of high-activity filtrates and the
abovementioned two 100 nm Al suspensions after storing for 5
days is shown in Figure S5; it can be seen that the high-activity
filtrates are transparent, but the two suspensions are gray,
indicating that they are not the similar aqueous solutions.
These indicate that hydroxyl radicals in high-activity filtrates
are not from the reaction with their residual Al in aqueous
solution; they are the stable hydroxyl radicals.
A laser particle size analyzer was used to analyze the as-

prepared high-activity filtrates, indicating that there are no
particles existing in the filtrate prepared with the Al + H2SO4 +
H2O2 suspension. However, there are a very small amount of
unknown particles detected in the filtrate prepared with the Al
+ HCl + H2O2 suspension, with a particle distribution of
around 100 nm, as shown in Figure S6, which probably are the
AlCl3 precipitates. Moreover, it is noted that there are some
white precipitates deposited at the bottom of the beaker filled
with the filtrate prepared with the Al + H2SO4 + H2O2
suspension after the filtrate was stored for several days.
These white precipitates were separated, dried, and then sent
for SEM, energy-dispersive X-ray spectrometry (EDS), and X-
ray diffraction analyses, as shown in Figure S7. It can be seen
that the white precipitates are porous and amorphous
Al2(SO4)3,

49 which probably came from the oversaturation of
Al3+ ions in the solution. Because the pH value changes from

Figure 5. (a,c) Dependence of the degradation of phenol on reaction time in the high-activity filtrate with different storage times. (b,d)
Dependence of TOC degradation after phenol reacted in the filtrate for 24 h on its storage time. The test temperature is 45 °C, CPhenol = 10 mg L−1.
HCl (H2SO4) represents the filtrate prepared by the reaction of Al + HCl (H2SO4) + H2O2 in aqueous solution and then filtration.
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1.0 in the initial suspension to 3.3 in its final filtrate, the
solubility of Al3+ ions decreases rapidly with the increasing pH
value in aqueous solution.47 The abovementioned analyses
further exclude the existence of residual metal Al particles in
the high-activity filtrates.
ESR spectra in Figure 7 already confirmed the existence of

hydroxyl radicals in the high-activity filtrates, which are

responsible for the degradation of organic pollutants in
aqueous solution. Although we have excluded the possibility
that the hydroxyl radicals in the filtrates come from the
reaction of residual metal Al with H2O2, the mechanisms to
form stable hydroxyl radicals in the filtrates are not clear at the
moment, which are required to be investigated further. As the
existence of hydroxyl radicals in high-activity filtrates is free of

Figure 6. (a,c) Dependence of the degradation of phenol on reaction time in the high-activity filtrate with different pH values. (b,d) Dependence of
TOC degradation after phenol reacted in the filtrate for 24 h on the pH value of the filtrate. The test temperature is 45 °C, CPhenol = 10 mg L−1.
HCl (H2SO4) represents the high-activity filtrate prepared by the reaction of Al + HCl (H2SO4) + H2O2 in aqueous solution and then filtration.

Figure 7. (a,b) ESR spectra of DMPO trapped radical adducts in the high-activity filtrate with different storage times, which was prepared by the
reaction of Al + HCl (H2SO4) + H2O2 in aqueous solution and then filtration. The black heart represents DMPO-OH adducts; the concentration
of DMPO in the filtrates is 16.7 mM.
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solid catalysts, the present method make AOP technology
more feasible and cost-effective in organic pollutant removal,
micro- and nanoelectronic fabrication,50,51 biomedical appli-
cation, and so on.3,4

4. CONCLUSIONS
In this work, for the first time, high-activity filtrates were
prepared by a simple method in which Al powder was reacted
in acidic solution with H2O2 and then filtrated. It was found
that the high-activity filtrates have a long lifetime of several
weeks and are most stable at a pH value of ∼3.5, which can
effectively degrade and mineralize different organic pollutants
such as phenol, methyl orange, and bisphenol A. ESR spectrum
tests have confirmed the existence of hydroxyl radicals (OH•)
in the filtrates. However, by a similar experimental procedure
of Al powder reaction in PMS solution and then filtration, no
high-activity filtrate in the sulfate radical system was obtained.
The analyses showed that hydroxyl radicals in the filtrates are
not from the reaction of residual metal Al with H2O2; further
investigation is required to clarify the formation mechanisms of
stable hydroxyl radicals in aqueous solution.
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