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Abstract
Aluminum (Al) has been extensively studied for hydrogen 
generation and water treatment due to its abundance 
and low redox potential. However, the reductive capabil-
ity of Al is hindered by the formation of a passive oxide 
layer on its surface. Besides the conventional Al surface 
treatment techniques such as acid/alkali corrosion, alloy-
ing and mechanical ball-milling, a novel Al surface modi-
fication technology that emerged in recent years has at-
tracted significant attention and extensive research. This 
technology has been validated as an efficient method for 
Al activation, boasting both economic benefits and envi-
ronment-friendly manufacturing processes.

In this review, the recent Al surface modification technol-
ogies and their applications in the fields of hydrogen gen-
eration and water treatment are comprehensively sum-
marized. The advantages and disadvantages between Al 
surface modification technologies and common Al reac-
tivity activation methods are compared, mainly focusing 
on their enhanced effect on Al performance in Al-water 
reactions for hydrogen generation and Al-contaminant 

reactions for water treatment. Finally, the obstacles that 
restrict Al surface modification processes in practical ap-
plication in Al-water reactions for clean energy genera-
tion and Al-contaminant reactions for water treatment 
are examined. Several strategies to potentially address 
the obstacles in Al practical application are proposed.

Introduction

In recent years, the applications of metal Al in the fields 
of Al-water reactions for hydrogen evolution and Al-con-
taminant reactions for water treatment have gained in-
creasing attention and intensive investigations. Al is the 
third most abundant element in the earth’s crust and 
the most abundant metal element (Bokare and Choi, 
2009). In comparison with the metal iron (Fe, E0(Fe2+/
Fe0) = -0.44V), Al has a lower redox potential [E0(Al3+/Al0) 
= -1.662V)] (Bokare et al., 2009; Bokare et al., 2014; Yang 
et al., 2016; Manilevich et al., 2024) (as listed in Table 1), 

	 Zero-valent metals	 Standard redox potential (V)

	 E0(Al3+/Al0)	 -1.662

	 E0(Zn2+/Zn0)	 -0.762

	 E0(Fe2+/Fe0)	 -0.44

	 E0(Cu2+/Cu0)	 -0.337

	 E0(H+/H2)	 0

Table 1. Standard redox potential for several zero-valent metals 
(Yang et al, 2016).
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which makes it a promising electron donor. In fact, Al-wa-
ter reactions and Al-contaminant reactions have similar 
physicochemical mechanisms, both of which are based 
on the high reduction ability of metal Al. Distinctly, in Al-
water reactions, the electrons released from inner Al are 
captured by water molecules to generate hydrogen mole-
cules through reductive reaction [Eqs. (1)-(2)]. In contrast, 
in Al-contaminant reactions, the electrons directly attack 
the chemical bonds in the large contaminant compound 
molecules that then are decomposed into small organic 
fragments as shown in Eq. (3). The electrons derived from 
metal Al also can be captured by peroxide (hydrogen per-
oxide or persulfate) molecules and generate strong-oxi-
dizing-activity radicals, and as shown in Eqs. (4)-(7), these 
free radicals can mineralize the organic contaminants in 
solution into CO2 and H2O.

	 Al → 3e- + Al3+	 (1)

	 2H2O + 2e- → 2OH- + H2 ↑	 (2)

	 large organic molecule + e- → small organic  
	 molecule fragments	 (3)

	 2e- + O2 + 2H+ → H2O2	 (4)

	 e- + H2O2 → OH- + OH• 	 (5)

	 6e- + S2O8
2- + 6H+ + 1.5O2 → 2SO4

•- + 3H2O	 (6)

	 e- + HSO5
- + H+ → SO4

•- + H2O	 (7)

Previous investigations demonstrated that a dense oxide 
film would form on the Al particle surface when Al is ex-
posed to an oxygen-containing or a humid atmosphere, 
which hinders the release of electrons from inner Al and 
subsequently leads to a decrease in Al reduction ability 
(Gai et al., 2012; Mercati et al., 2013; Yavor et al., 2013; 
Swamy et al., 2014). Hence, overcoming the obstacle of 
the Al surface dense oxide layer is critical for recovering 
the Al reduction ability and realizing its practical applica-
tions. Until now, a variety of Al activation methods have 
been developed, such as acid/alkali washing, alloying and 
mechanical ball milling, which could effectively reactivate 
Al and increase its electron-releasing ability. In recent 
years, a new method used in the treatment of the Al sur-
face oxide layer that is named as Al surface modification 
technology has been developed. Hereafter springs a se-
ries of reports about its applications in the fields of Al-wa-
ter reactions for hydrogen evolution and Al-contaminant 
reactions for water treatment.

Until now, there have been few detailed reports summa-

rizing the applications of surface-modified Al in hydrogen 
energy evolution and water treatment. In this paper, dif-
ferent Al surface modification methods were reviewed 
and the underlying mechanisms responsible for the 
enhanced effect on Al electrons transferring were clari-
fied. Furthermore, the performances of Al encountering 
different surface treatment processes in Al-water reac-
tions for clean energy generation and Al-contaminant re-
actions for water treatment were compared. Finally, this 
paper elaborated upon the advantages of surface modi-
fication processes compared to the common Al surface 
treatment methods and pointed out the drawbacks of 
Al surface modification technology that should be over-
come for its practical applications in the fields of hydro-
gen generation and water treatment.

1. Al Surface Treatment Methods
1.1. Acid/Alkali Corrosion

Due to their amphoteric properties, Al oxides or hydrox-
ides can be easily corroded and dissolved in acid or alka-
line conditions, recovering the reductive ability of metal 
Al as an electron donor (Kanakasabai et al., 2023). Be-
litskus et al. (1970) first proposed the method of the Al-
NaOH reaction for hydrogen generation, which laid the 
foundation of Al-alkali aqueous solution reactions for 
hydrogen energy evolution. Pyun and Moon (2000) and 
Zhang et al. (2009) clarified the Al corrosion mechanism 
in alkali aqueous solutions, which proposed that OH- ions 
could corrode the dense oxide film on the Al surface and 
then react with inner Al and generate Al(OH)3. The gener-
ated Al(OH)3 further combined with an OH- ion to form 
Al(OH)4

- ion [Eqs. (8)-(10)]. When Al(OH)4
- ion concentra-

tion exceeds a critical value, it would inversely decom-
pose into Al(OH)3 and OH- ions [Eq. (10)]. Consequently, 
the increasingly thickening Al(OH)3 layer would hinder the 
transportation of water molecules and lead to a gradual 
deterioration of Al reduction ability.

	 Al2O3 + 2OH- +3H2O → 2Al(OH)4
- 	 (8)

	 Al + 3OH- → Al(OH)3 + 3e-	 (9)

	 Al(OH)3 + OH- ↔ Al(OH)4
- 	 (10)

Soler et al. (2010) found that the alkaline Na2SnO3 aque-
ous solution also has a promoted effect on Al-water re-
actions for hydrogen generation. Furthermore, the per-
formance of Na2SnO3 on activating metal Al reactivity 
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is superior to that of NaOH and NaAlO2 at the same pH 
values. This could be attributed to the fact that Na2SnO3 
can be reduced by metal Al and generate metal Sn cover-
ing on the surface of Al particles. The Al-Sn galvanic cell 
structure would further enhance Al corrosion, increase 
the rate of electron release and consequently increase 
Al-water reaction kinetics.

the BPA removal efficiency using metal Al would evident-
ly decrease as the solution pH value increased. Liu et al. 
attributed the enhanced effect of acidic conditions on the 
performance of metal Al in BPA removal to two aspects. 
On the one hand, the acidic solution promoted the dis-
solution of the Al surface oxide film, which made the in-
ner Al prone to exposure and direct touch with BPA mol-
ecules. On the other hand, the acidic solution provided a 
suitable condition for the generation of hydroxyl radicals 
(OH•) with high oxidation ability [Eqs. (11)-(12)]. Further-
more, Liu et al. found that the addition of Fe2+ ions into 
the reaction solution could further increase BPA degra-
dation kinetics, which could be attributed to the synergis-
tic effect of the Fenton process.

	 2Al + 3O2 + 6H+ → 2Al3+ + 3H2O2 	 (11)

	 Al + 3H2O2 → Al3+ + 3OH• + 3OH-	 (12)

Fu et al. (2016) and Chen et al. (2015) soaked Al powder in 
an acid solution with an initial pH value of ~ 2.0 for a time 
duration. This acid-Al system could efficiently transform 
high-toxic Cr(VI) ions into low-toxic Cr(III) ions through 
the reduction process or could mineralize the aqueous 
BPA in the participation of H2O2 through an advanced 
oxidation process.

Lin et al. (2017a) used hydrochloric acid (HCl) to wash 
zero-valent zinc (ZVZ); they found that the reduction 
ability of metal zinc in bromate removal was enhanced 
compared to that of untreated ZVZ. A higher ZVZ dos-
age and an elevated temperature had positive effects on 
the efficiency and kinetics of the ZVZ-bromate reduction 
reaction. Furthermore, pH value played a significant role 
in the ZVZ-bromate reduction process. Bromate removal 
efficiency and reaction kinetics were tremendously bol-
stered when the solution pH was 3 and were completely 
suppressed when the solution pH values were in the alka-
line range. Lin et al. (2017b) also found that the addition 
of oxalic acid could further improve the bromate reduc-
tion efficiency by acid-washed aluminum. It is because 
oxalic acid could coordinate with the oxidized Al species 
(Al3+) and thus suppress the formation of the passivation 
layer of Al(OH)3.

Although acid or alkali washing is effective in activating 
the Al reduction ability, it poses a severe challenge to cor-
rosion resistance of the reaction facilities, which impedes 
its large-scale applications in the field of clean energy 
generation or water treatment to some extent.

Figure 1.  The schematic representation of the enhancement 
effect of acid washing on BrO3- removal by Al (Lin and Lin, 
2016).

In 2016, Lin and Lin dissolved Al surface oxide film using 
hydrochloric acid. They studied the performance of the 
acid-corroded Al on reductively removing the aqueous 
BrO3

- ions and the factors that influence BrO3
- removal 

efficiency. This research laid the foundation for the appli-
cation of zero-valent Al in the removal of aqueous BrO3

- 
ions. Physicochemical analysis demonstrated that the en-
hanced effect brought about from acid corrosion on the 
performance of Al removing BrO3

- ions could be attrib-
uted to two aspects. One is that as the inner fresh Al was 
exposed after acid washing, the direct touch between Al 
and BrO3

- ions would greatly accelerate BrO3
- ions reduc-

tion removal kinetics. The other is that the acid-corroded 
Al would adsorb many more BrO3

- ions than the untreat-
ed Al because the acid corrosion process decreases the 
average Al particles sizes and subsequently increases the 
surface area of Al particles, as shown in Figure 1.

In 2009, Bokare and Choi studied zero-valent Al oxidative-
ly degraded 4-chlorophenol (4-CP) in acidic aqueous solu-
tion. They found that pH value is crucial to 4-CP degrada-
tion kinetics by metal Al; a lower solution pH value would 
give rise to higher 4-CP degradation kinetics. Thereafter, 
an acidic solution is widely adopted in Al-based water 
treatment methods. Liu et al. (2011) adjusted the pH val-
ue of the reaction solution to the acidic range using HClO4 
and studied the performance of metal Al in the removal 
of aqueous bisphenol A (BPA) under acidic conditions. 
They found that in the reaction solution with a pH val-
ue lower than 2.5, metal Al could efficiently remove the 
aqueous bisphenol A (BPA) at room temperature. When 
the initial pH value of the reaction solution exceeded 2.5, 
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1.2. Alloying

Alloying is another widespread method for Al surface 
treatment. Metal Al can form alloys with other low-melt-
ing-point metals through high-temperature melting and 
grinding. The enhanced effect of Al alloying on activation 
of Al can be derived from the galvanic cell structure that 
effectively facilitates metal Al corrosion. Ziebarth et al. 
(2011) fabricated Al-Ga alloy through a high-temperature 
melting method and they proposed that liquid phase for-
mation was essential for Al alloy-water reactions. Wang 
et al. (2021) melted the metals Ga, In, Sn, and Al, adopt-
ing the electricity arc method under an Ar atmosphere, 
achieving Ga-In-Sn coverage on the Al particle surface 
and obtaining a Ga-In-Sn-Al alloy. The alloying process 
not only could prevent the Al surface from passivation 
but could also promote the inner Al atoms’ outward dif-
fusion and contact with water molecules (Amberchan et 
al., 2022; Gao et al., 2021). Chen et al. (2014) fabricated 
Al-Li alloy through the ball-milling process. On one hand, 
metal Li could increase the brittleness of the Al-Li alloy 
and make it prone to fracture during the reaction. On the 
other hand, the metal Li-water reaction is an exothermic 
process, which could further accelerate the breakage of 
the Al surface hydrated layer and the generation of hy-
drogen. Fu et al. (2015) and Cheng et al. (2016) deposited 
an Fe layer on the Al particle surface through the Fe2+ ion 
exchange process and obtained an Al/Fe bimetal alloy. 
This bimetal system could be used in the effective reduc-
tion of aqueous heavy metals such as arsenate, arsenite 
and Cr(VI) ions, achieving the purpose of purifying the 
water quality. Although the alloying process could effi-
ciently promote metal Al corrosion, this process is usu-
ally involved in the use of noble metals, which indirectly 
increases the cost of the alloy materials. Apart from Fe, 
metal Zn also could form an alloyed system with metal 

Al. Fan et al. (2010) found that metal Zn could reduce the 
redox potential of the Al-In alloy and efficiently acceler-
ate the diffusion of metal In around the Al particle sur-
face. Wang et al. (2014) revealed that the enhanced cor-
rosion ability of the Mg-Al-Fe alloy mainly derived from 
its galvanic cell structure.

The alloying process is an effective method in preventing 
the Al surface from secondary passivation and increasing 
Al reactivity. Nevertheless, other metals and high tem-
perature are usually required in this process, which in-
creases power consumption and the material-fabrication 
cost.

1.3. Mechanical Ball-Milling

Mechanical ball milling is a common method used for Al 
surface modification in hydrogen generation by the Al-
water reaction. Besides Al, Al powder could also be ball-
milled with carbon materials, metal oxides and soluble 
salts used as grinding agents. Ravavi-tuousi and Szpunar 
(2013) ball-milled Al powder with stearic acid as a control 
agent under an Ar atmosphere. The ball-milling process 
decreased the radius of Al particles and consequently in-
creased the surface area of Al particles. The intrinsic Al 
surface oxide film was fractured during the ball-milling 
process, which led to the generation of lattice defects. 
The results showed that the ball-milling time duration is 
crucial to the activation effect of Al. An insufficient ball-
milling process would result in large Al particle sizes 
and would not play a satisfactory role in increasing the 
Al particle surface area. However, overlong ball-milling 
time would conversely lead to the re-blocking of lattice 
defects and consequently decrease Al reduction ability.

Huang et al. (2012) fabricated an Al/C composite material 
using graphite as a ball-milling agent. They found that 

Figure 2. The schematic representation of the reaction of Al/C composite material with water 
(Huang et al., 2012).
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this composite material could continuously react with 
water to generate hydrogen at room temperature, which 
is attributed to the ball-milling process that could break 
the Al surface oxide layer and make Al particles uniformly 
covered by the carbon material (Xiao et al., 2021). The 
coverage of carbon material around the Al particle sur-
face could prevent the Al surface from secondary pas-
sivation and have a negligible effect on the contact be-
tween the inner Al and water molecules. Furthermore, 
the hydrogen gas bubbles, and reaction heat released in 
the Al-water reaction would promote the breakage of the 
covered carbon material layer and ensure the direct con-
tact of the inner Al with water molecules, as illustrated in 
Figure 2.

The underlying mechanism of Al activation by metal ox-
ides used as ball-milling agents closely depends on the 
oxide types used. Wang et al. (2011) used nano metal 
oxides including TiO2, Co3O4, Cr2O3, Fe2O3, Mn2O3, NiO, 
CuO and ZnO as ball-milling agents. In comparison, TiO2, 
Co3O4 and Cr2O3 used as ball-milling agents had a greater 
effect on the Al-deionized water reaction for hydrogen 
generation at 25ºC. Furthermore, Wang et al. found that 
the TiO2 with average particles sizes of 14 nm were highly 
effective in facilitating the production of hydrogen from 
the reaction of Al with tap water, while other oxide nano-
crystals were ineffective in promoting hydrogen genera-
tion in tap water. This is attributed to the fact that 14 nm 
TiO2 nanocrystals remain in intimate contact with the sur-
face of Al particles. The anodic polarization at the contact 
point of the TiO2:Al2O3 layer rendered the defect species 
more mobile and increased reactivity.

Soluble salts, such as KCL and NaCl, could also be used 
as grinding agents for the treatment of the Al surface ox-
ide layer. It is known that the crystalline salt grains have 
good rigidity and their sharp edges could cut and then 
be embedded into the Al surface oxide layer in the grind-
ing process. Lots of micro water channels would form af-
ter the salts dissolved, which subsequently leads to the 
exposure of inner fresh Al. Nevertheless, some scholars 
attributed the promoted effect of crystalline salts on Al 
reactivity to that of the pit-corrosion effect by Cl- ions in 
preventing the Al surface from repassivation to a great 
extent (Chen et al., 2013; Liu et al., 2015). If other metals 
exist in this case, a galvanic cell system would form and 
Cl- ions would enhance the electric conductivity of the 
aqueous solution and the synergistic effect would further 
speed up the Al corrosion process (Fan et al., 2008).

The grinding process requires a large amount of electric-

ity and the grinding efficiency is low. Additionally, facility 
abrasion is inevitable accompanying mechanical vibra-
tion and noise. These disadvantages are inconvenient for 
the application of the grinding process in Al surface treat-
ment.

1.4. Surface-Modified Al Powder (SMAP)

In 2005, Deng et al. (2005a) first adopted the ceramic-fab-
rication technique, which involved the mixing of Al(OH)3 
with Al powder, tableting, sintering, smashing and siev-
ing, and finally obtained γ-Al2O3 modified Al powder. This 
modified Al powder could be used in hydrogen genera-
tion from Al-water reactions or be used in aqueous con-
taminant removal under mild conditions, which would 
provide a promising functional metal material for clean 
energy evolution and water treatment. In fact, the essen-
tial mechanism of Al surface modification is attributed 
to crystalline phase transformation (Deng et al., 2001a; 
Deng et al., 2001b; Deng et al., 2001c). After heat treat-

Figure 3.  SEM micrographs (a) and TEM micrographs (b) of the 
SMAP with composition of 72 wt% Al + 28 wt% γ-Al2O3 (Deng et 
al., 2005b).
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ment for a time length, the intrinsic Al particle surface ox-
ide or hydroxide layer would transform into γ-Al2O3 grains 
with fine-crystallite structures (as shown in Figure 3). The 
SMAP could continuously react with water and generate 
hydrogen at room temperature and under atmospheric 
pressure, demonstrating that SMAP is a kind of potential 
material for clean energy generation. The mechanism re-
sponsible for the promoted effect of γ-Al2O3 modification 
on Al-water reaction will be explained in detail in the fol-
lowing section.  

2. Application of SMAP in Al-Water   
    Reactions for Hydrogen Generation
SMAP was initially proposed in the study of Al-water re-
actions for hydrogen generation. Deng et al. (2005a) put 
forward a hypothesis that the enhancement effect of Al 
surface modification processes on Al-water reactions 
mainly derives from the generation of γ-Al2O3 with fine-
crystallite structures, which provided a reasonable expla-
nation for Al-water reactions or Al-contaminant reduction 
removal. According to the hypothesis, there is an intrinsic 
dense oxide film on the Al surface (Fu et al., 2024; Li et al., 
2024; Yang et al., 2023; Wang et al., 2024) when Al powder 
is exposed to a humid environment and a hydration reac-

tion occurs in this oxide film, which involves the breakage 
of the Al-O-Al bond and the generation of Al-OH pieces. 
Two Al-OH pieces would be generated accompanying the 
breakage of one Al-O-Al bond. As the hydration process 
proceeds, a layer of AlOOH or Al(OH)3 would consequent-
ly generate on the Al particle surface [as Eq. (13)]. When 
the hydrated oxide layer contacts the inner fresh Al, it will 
react with Al and generate molecules [as Eq. (14)] (Deng 
et al., 2007). Since H atoms have a limited solubility in Al 
particles, hydrogen molecules would immediately accu-
mulate at the hydrated oxide layer-Al surface interface. 
The hydrated oxide layer will be broken when the hydro-
gen gas pressure exceeds the critical pressure that the 
hydrated layer can sustain (Kumar et al., 2023; Mutlu et 
al., 2024; Chen et al., 2024). From the above analysis, it 
can be deduced that an induction period is needed be-
fore the Al-water reaction for hydrogen generation, as 
shown in Figure 4.

	 Al2O3 + H2O → 2AlOOH	 (13)

	 6AlOOH + 2Al → 4Al2O3 + 3H2↑	 (14)

After modification, the intrinsic dense oxide film on the 
Al surface will be transformed into a loose structure (as 
shown in Figure 3), and the maximum pressure that the 
surface oxide layer can sustain decreases. Simultaneous-

Figure 4.  Several processes in Al-water reaction: (a) hydration of passive 
oxide film, (b) accumulation of hydrogen molecules, (c) Al-water reaction 
(Deng et al., 2007).
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ly, as the critical hydrogen gas pressure is proportional 
to the tension of surface oxide film (Deng et al., 2007), it 
can be inferred that the SMAP surface oxide layer is more 
easily broken by the accumulated hydrogen gas bubbles. 
Then, continuous hydrogen generation at room tempera-
ture and atmospheric pressure can be achieved.

Surface modification technology attracted wide attention 
once it was proposed. This is mainly because the reaction 
of SMAP with water has no induction process, in contrast 
to commercial Al powder (Figure 5). SMAP is becoming a 
promising on-spot clean energy-generation material ow-
ing to its relatively low cost and its ability to continuously 
react with water at mild temperature and under atmo-
spheric pressure.

The enhancement effect of γ-Al2O3 modification on the Al-
water reaction closely relies on the percentage of γ-Al2O3 
in Al/γ-Al2O3 mixed powder. As γ-Al2O3 content increased 
from 27% to 70%, Al-water reaction kinetics became re-

markably more rapid, and the hydrogen yield increased 
by nearly six times in the same length of time. Besides, 
Al-water reaction kinetics are positively proportional to 
the reaction temperature (Deng et al., 2005b). Deng et al. 
(2010) and Liu et al. (2012) found that the enhancement 
effect of γ-Al2O3 modification has a positive correlation 
with the uniformity of γ-Al2O3 coverage on Al particles 
surface. Later, Gai et al. (2015) supplemented the mecha-
nistic explanation for the enhancement effect of γ-Al2O3 
modification on the Al-water reaction for hydrogen gen-
eration (Figure 6): the γ-Al2O3 grain acts like a “reactive 
sponge” that can store and release water molecules in a 
reactive way (Sohlberg et al., 1999; Yang et al., 2014). This 
means that water molecules could be dissociated into 
H+ and OH- ions when they contact γ-Al2O3 grains. When 
γ-Al2O3 grains contact Al particles in aqueous solution, 
the OH- ions dissociated from water molecules on γ-Al2O3 
surfaces are easy to hydrate with the passive oxide film 
on the Al particle surface, which greatly accelerates the 
hydration process in the Al surface oxide layer. Conse-
quently, the induction time length at the beginning of the 
Al-water reaction would be greatly shortened. Table 2 lists 
several different Al surface process methods.

Apart from the γ-Al2O3 modification, Gai et al. (2014) 
found that direct addition of γ-Al2O3, Al(OH)3, α-Al2O3 or 
TiO2 powder could also remarkably shorten the induction 
period time of the Al-water reaction (Figure 7), and γ-Al2O3 
exhibited the most remarkable improvement. This study 
discovered that the phase constituents of these oxides re-
main nearly unchanged compared to their pristine ones, 
indicating that these oxides or hydroxides just acted as 
reaction catalysts that effectively promoted the hydration 
process in the Al surface oxide film. This is probably re-

Figure 5.  Hydrogen generation from water using SMAP with 
different γ-Al2O3/Al composition (Deng et al., 2005a).

Processing	 Reaction	 Hydrogen generation	
Ref.methods	 condition	 efficiency and time

Alkaline additive	 0.25 M Na2SnO3, pH = 	 35%, ~ 0 h	 (Soler et al., 2010)
		  12.0, 75ºC, 1atm

Alloys	 50 wt% Al-34 wt% Ga-11 wt% 	 85%, ~ 0 h	 (Ziebarth et al., 2011)
		  In-5 wt% Sn, 55ºC, 1atm

Ball-milled alloys	 Al-5wt%Li-5wt%NaCl, 25ºC, 1atm	 100%, ~ 16.67 h	 (Chen et al., 2014)

Ball-milled Al/C 	 Al-23wt%C-2%wt NaCl, 	 86%, ~ 5.83 h	 (Huang et al., 2012)
		  65ºC, 1atm

SMAP	 30wt% Al: 70wt% 	 27.6%, ~ 22 h	 (Deng et al., 2005)
		  γ-Al2O3, 25ºC, 1atm

Table 2. Hydrogen generation from water using Al powder activated with different methods.
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lated to the structural characteristics of these oxides or 
hydroxides.

Compared to the common Al surface treatment method, 
the Al surface modification process possesses advan-
tages such as mild fabrication conditions, no corrosion 
to reaction facilities, and a lower cost. However, the slow 
reaction kinetics limit its large-scale application to a cer-
tain degree; this could be overcome through lowering the 
initial reaction gas pressure and elevating the reaction 
temperature.

3. Application of SMAP in  
    Water Treatment
Apart from the Al-water reaction for hydrogen genera-
tion, another successful application of SMAP is in the 
field of water treatment. SMAP presents excellent effects 
in reduction removal of aqueous contaminants such as 
heavy-metal ions, inorganic salts and organic dyes. Al-
though the destination contaminants are different, their 
removal mechanisms by SMAP share some similarities, 
which are all fundamentally based on the mechanism of 
electron transfer, as illustrated in Figure 8.

3.1. SMAP Used for Cr(VI) Removal

Chromium (Cr)—a byproduct of industrial processes 
such as powder metallurgy, product manufacturing, 
metal surface treatment, forging and leather tanning—is 
one of the most concerning heavy metals in wastewater 
due to its high toxicity, carcinogenicity and mutagenicity. 
The United States Environmental Protection Agency lists 
chromium as one of the most poisonous of seventeen 
elements and set 0.1 mg L-1 of chromium as the upper 
limit in drinking water (Zhang et al., 2018). Chromium has 

Figure 6. The surface structures of Al particles (a) before and (b) after heat 
treatment (Gai et al., 2015).

Figure 7. The effect of (a) initial gas pressure and (b) different 
oxides or hydroxides on Al-water reaction for hydrogen 
generation (Gai et al., 2015).

Figure 8. Schematic representation of aqueous contaminant 
removal by SMAP.
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diverse oxidation states, among which Cr(III) and Cr(VI) 
states are the most widespread and stable in the natural 
environment. Because Cr(VI) has a much higher toxicity 
and solubility than Cr(III), a common and effective way 
to eliminate the toxicity of chromium-containing water is 
the reduction from highly soluble Cr(VI) ions into Cr(III) 
ions with low solubility. Up to now, various methods used 
for reductive removal of aqueous Cr(VI) ions have been 
exploited, as shown in Table 3.

Yang et al. (2020) developed a simple Al surface modifica-
tion method, where commercial Al powder was soaked 
in water for a length of time and then the Al containing 
suspension was centrifuged to obtain wet Al mud. Sub-
sequently, the wet Al mud was dried at 60º and then 
heat-treated at 400º for a length of time to obtain the 
final SMAP. Compared to the common Al surface modi-
fication methods, including tableting and sintering pro-

cesses (Deng et al., 2001a), Yang’s manufacturing process 
has a more effective enhancement on Al reactivity. That 
is because the Al particle surface hydrated oxide layer 
could be transformed into fine γ-Al2O3 grains in the heat-
treatment process and these fine γ-Al2O3 grains cover the 
Al particle surface more uniformly and result in a more 
excellent Al surface modification effect.

Yang et al. (2020) further used the above SMAP in the re-
duction removal of Cr(VI) ions in aqueous solution, which 
is the first study that reported the application of SMAP 
in the field of water treatment. The results confirmed 
that the surface treatment methods through soaking and 
then heat treatment processes could effectively improve 
Al reactivity. The obtained SMAP powder exhibited high 
reduction ability for transformation from high-toxic Cr(VI) 
ions into low-toxic Cr(III) ions [as Eq. (15) and Figure 9(a)], 
which provided a promising water-purification material 

Processing methods	 Reaction condition	 Removal ratio	 Ref.
			   and time

Acid washing	 [Cr(VI)]0 = 20.0mg L-1, [Al]0 = 	  100%, 150 min	 (Fu et al., 2016)
		  0.4 g L-1,  pH0 = 1.5

Al deposited with Fe	 [Cr(VI)]0 = 20.0mg L-1, [Fe/Al]0 = 6.0 g L-1,	 100%, 10 min	 (Fu et al., 2015)
		  Fe/Al mass ratio: 0.75g Fe/g Al, pH0 = 3.0

SMAP	 [Cr(VI)]0 = 8mg L-1, [Al]0 = 	 100%, 60 min	 (Yang et al., 2020)
		  4  g L-1, near neutral pH,

Ball milling	 5.0 wt% NaCl (grinding aid), 300rpm,	 100%, 380 min	 (Zhang et al., 2018)
		  1.0h, N2, [Cr(VI)]0 = 0.2mM, [Al]0 = 
		  4 g L-1, pH0 = 7.00	

Ball milling	 Ethanol (grinding aid), 3.00h, [Cr(VI)]0 = 	 100%, 25 min	 (Ren et al., 2020)
		  20mg L-1, [Al]0 = 4  g L-1, near neutral pH

Table 3. Activated Al using different methods for aqueous Cr(VI) removal.

Figure 9. (a) Cr(VI) removal by SMAP and (b) the reusability of SMAP (Yang et al., 2020).
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fabrication technology. Besides, the study demonstrated 
that as the pre-soaked time length was prolonged, the 
Cr(VI) removal kinetics by SMAP would be increased. This 
is because increasing the soaking time length would lead 
to the generation of a thicker Al surface hydrated layer 
that would be transformed into finer γ-Al2O3 grains and a 
uniformly surrounded Al particle surface, as shown in Fig-
ure 8. Moreover, this SMAP exhibited excellent reusability 
in aqueous Cr(VI) removal, since ~ 80% of aqueous Cr(VI) 
ions could be removed even after SMAP were reused for 
five cycles [Figure 9(b)]. Interestingly, the recycled SMAP 
exhibited a higher reactivity in the reduction from Cr(VI) 
ions into Cr(III) ions, as compared to the unused ones. The 
higher reactivity of recycled SMAP in Cr(VI) removal can 
be attributed to the byproducts AlOOH or Al(OH)3 gener-
ated in the Al-water reaction. The byproducts AlOOH or 
Al(OH)3 covered the surface of the recycled Al particles, 
which would further promote the hydration process in 
the Al surface oxide layer and greatly decrease the induc-
tion time in the Cr(VI) reduction reaction using SMAP.

	Al + CrO4
2- + 4H2O → Al(OH)3↓+ Cr(OH)3↓+ 2OH- 	 (15)

3.2. SMAP Used for Removal of Methyl Orange/ 
        Methyl Blue

Large amounts of organic dyes are consumed every year 
in textile, printing, and some other industries (Ahmad et 
al., 2019; Ahmad et al., 2020). Some of them enter the nat-
ural water system, becoming one of the sources of water 
contamination (Hao et al., 2012; Shabbir et al., 2017).

Xie et al. (2021) adopted Yang’s manufacturing processes 
in section 3.1 to obtain the SMAP and then studied the 
effect of SMAP used in the removal of aqueous methyl 
orange and methyl blue [Figures 10(a) and 10(b)]. It was 
found that the surface modification process sharply re-
duced the organic dye removal time length to just one 
third of that using the untreated Al powder. It was also 
found that the dye removal performance using SMAP 
was superior to that of the ultrasound splitting effect. 
Meanwhile, the SMAP demonstrated an excellent reus-
ability in the removal of aqueous organic dyes, where 
more than 80% of methyl orange or methyl blue could be 
removed efficiently even after SMAP was used for three 

Figure 10. SMAP used for removal of (a) methyl orange, (b) methyl blue and (c) reusability test 
(Xie et al., 2021).
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Processing methods	 Reaction condition	 Degradation ratio	 Ref.
			   and time

Periphyton	 Dosage: 4g L-1, pH: 7.0, 	 70%, 168 h (M-orange)	 (Shabbir et al., 2017)		
	 C0: 50mg L-1, T: 30 ºC

SMAP	 Dosage: 1g L-1, pH: 5.9, 	 100%, 1 h (M-orange)	 (Xie et al., 2021)
		  C0: 20mg L-1, T: 45 ºC

SMAP	 Dosage: 1g L-1, pH: 5.7, 	 96%, 2.5 h (M-blue)	 (Xie et al., 2021)
		  C0: 20mg L-1, T: 45 ºC

Aluminum foam	 pH: 7.2, C0: 20mg L-1, 	 100%, 8 h (M-orange)	 (Liu et al., 2018)
		  with ultrasound  

	 and direct electric current

Table 4. Methyl orange/methyl blue removal by different materials.

Figure 11.  SEM micrographs of (a) as-received Al powder, (b) Al powder that is soaked 
and then freeze-dried, (c) Al powder that is soaked and then heat-treated, SMAP with a 
composition of (d) 10 vol% γ-Al2O3 + 90 vol% Al and (e) 30 vol% γ-Al2O3 + 70 vol% Al 
(Zhou et al., 2021)
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cycles [Figure 10(c)]. The removal of methyl orange by 
SMAP can be attributed to the released electrons from 
Al attacking -N=N- bonds in methyl orange molecules 
[Eqs. (16)-(19)] (Shabbir et al., 2017), which then directly 
decomposed into small organic fragments, achieving the 
purpose of decolorization or lowering wastewater toxici-
ty. In contrast, methyl blue removal using SMAP proceeds 
based on the synergistic effects of the reduction mecha-
nism and Al surface adsorption: Initially, the methyl blue 
molecules gained the electrons released from Al and de-
composed into small organic fragments; then these frag-
ments would be adsorbed by the surface of the Al par-
ticles. Table 4 compares the methyl orange or methyl blue 
removal performances using various materials.

	 Al → Al3+ + 3e-	 (16)

	 2H2O + 2e- → H2↑ + 2OH-	 (17)

	 Ar1-N=N-Ar2 + e- + H2 → Ar’1-NH=NH-Ar’2	 (18)

	 Ar’1-NH-NH-Ar’2 → Ar’1-NH2 + HN2-Ar’2	 (19)

3.3. SMAP Used for Bromate Ion Removal

Bromate belongs to Group 2B carcinogens to humans ac-
cording to the classification of the International Agency 
for Research on Cancer (IARC) because even a low dos-
age of bromate can lead to oxidative deoxyribonucleic 
acid (DNA) damage (WHO, 2011). WHO has set 0.01 mg 
L-1 of bromate as the upper limit in drinking water (WHO, 
2011).

Zhou et al. (2021) adopted four methods—soaking, soak-
ing and then cold drying, soaking and then heat treat-
ment, and γ-Al2O3 modification—to treat the Al particle 
surface oxide layer. The structure of the Al surface oxide 
layer became loose after using different surface treat-
ment processes, in contrast to that of the raw Al powder 

(Figure 11). The researchers found that the surface treat-
ment processes remarkably increased the bromate re-
moval efficiency by Al under neutral aqueous conditions. 
The bromate ion removal kinetics by Al with different 
surface treatment processes ranked as γ-Al2O3 modifica-
tion > soaking > soaking and then cold drying > soaking 
and then heat treatment > raw Al powder [Figure 12(a)]. 
Like the Al-water reaction for hydrogen generation, the 
enhanced effect of surface modification on bromate ion 
removal by Al powder is attributed to the fact that the 
surface treatment would increase the hydration process 
in the Al surface oxide layer and consequently increase 
the breakage of the Al surface hydrated oxide layer. This 
leads to quick contact between the aqueous bromate 
ions and the inner fresh Al. Consequently, the bromate 
removal kinetics by Al would be remarkably increased, as 
illustrated in Figure 8. Interestingly, the Al encountered 
different surface treatment processes that exhibited 
good reusability in bromate removal. Thus, 90% of aque-
ous bromate could be removed even when the SMAP 
was reused for four recycles [Figure 12(b)]. Table 5 sum-
marizes the aqueous bromate ion removal performances 
using different metals.

4. Conclusion and Prospects
Surface modification processes could promote the hy-
dration process in the Al surface oxide layer and increase 
the breakage of the surface hydrated oxide layer, which is 
a promising technology used for recovering Al reactivity. 
In contrast to the usual Al surface treatment methods, 
such as acid or alkali corrosion, alloying and ball milling, 
the surface modification method has unique advantages: 
a simple fabrication process, no corrosion to reaction 
facilities and low cost. These merits endow SMAP with a 

Materials	 Dosage	 pH	 C0(BrO3
 -) 	 T (°C)	 Removal ratio	 Ref.	 (g L-1)		  (mg L-1)		  and time

SMAP	 2.0	 5.7	 16	 35	 100%, 30min	 (Zhou et al., 2021)

Acid-washed Fe	 25	 6.0-6.5	 5.0	 20	 100%, 30min	 (Xie and Chang, 2006)

Acid-washed Zn	 5.0	 3.0	 10	 20	 100%, 60min	 (Lin et al., 2017)

Acid-washed Al	 3.5	 3.0	 10	 60	 100%, 30min	 (Lin et al., 2017)

Acid-washed Al 	 3.5	 7.0	 10	 60	 100%, 20min	 (Lin et al., 2017)
+ oxalic acid

Table 5. Bromate removal by different materials.
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strong application potential in the fields of clean energy 
generation and water treatment. The mechanisms of Al-
water reactions for hydrogen generation and Al-pollutant 
reactions for water treatment are both essentially based 
on the reduction effect because Al is naturally an excel-
lent electron donor.

Although Al surface modification has been widely stud-
ied in the fields of Al-water reaction for hydrogen gener-
ation and water treatment, several emergent problems 
for SMAP in the practical applications still exist:

(1) The SMAP-water reaction has slow kinetics under or-
dinary conditions. The question of how to further elevate 
Al reactivity under mild reaction conditions through im-
proving the SMAP materials manufacturing process has 
guiding significance for Al practical application in the Al-
water reaction for clean energy generation and water 
treatment;

(2) Al3+ leakage into the aqueous solution accompany-
ing the Al-pollutant reaction process would possibly lead 
to secondary pollution to water bodies. The Al3+ content 
is a crucial standard of drinking water, with the allowed 
upper limit of 0.2 mg L-1 (Wu et al., 2020; US EPA, 2014). 
Ways to develop a method for aqueous Al3+ removal by 
physical adsorption using activated charcoal, zeolite, bac-
teria, fungi and algae, etc. should be investigated in detail 
in future studies;

(3) Present studies about SMAP application in water 
treatment are mainly based on direct electrons attaching 
to the chemical bonds, which is hard for mineralization of 
the organic contaminants. The advanced oxidation pro-
cesses based on SMAP for Al application in water treat-
ment are worth investigating because the free radicals 
with high oxidation ability generated in advanced oxida-
tion processes could sufficiently mineralize the aqueous 
organic contaminants into CO2 and H2O;

(4) Reactivity deterioration of SMAP in the Al-water reac-
tion for hydrogen generation or water treatment is an 
obstacle restricting Al reusability. As the reaction pro-
ceeds, the Al surface hydrated oxide layer would become 
thicker and thicker. So, studies are needed to explore a 
surface treatment process that can make the Al surface 
oxide layer more prone to be broken and prevent the Al 
surface from secondary passivation, both of which are 
helpful for enhancing Al reusability in practical applica-
tions. 
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