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A B S T R A C T   

Zero-valent iron (ZVI) has been extensively studied for its efficacy in removing heavy metals, 
nitrate, and chlorinated organic compounds from contaminated water. However, its limited 
effectiveness due to rapid passivation and poor selectivity is prompting for alternative solutions, 
such as the use of aluminium alloys. In this study, the efficacy of five distinct aluminium alloys, 
namely Al–Mg, Al–Fe, Al–Cu, and Al–Ni, each comprising 50 % Al by mass at a concentration of 
10 g/L, was assessed using copper, nitrate and trichloromethane (TCM) as model contaminants. 
Results show that chemical pollutants reacted immediately with Al–Mg. On the contrary, the 
remaining three alloys exhibited a delay of 24 h before demonstrating significant reactivity. 
Remarkably, Al–Mg alloy reduced nitrate exclusively to ammonium, indicating minimal prefer-
ence for nitrate reduction to N2. In contrast, the Al–Cu, Al–Ni, and Al–Fe alloys exhibited N2 
selectivity of 3 %, 5 %, and 19 %, respectively. The removal efficiency of copper, nitrate and TCM 
reached 99 % within 24 h, 95 % within 48h and 48 % within 48h, respectively. Noteworthy 
findings included the correlation between Fe concentration within the Al–Fe alloy and an 
increased N2 selectivity from 9.3 % to 24.1 %. This resulted in an increase of Fe concentration 
from 10 % to 58 % albeit with a concurrent reduction in reactivity. Cu2+ removal by Al–Fe alloy 
occurred via direct electron transfer, while the removal of nitrate and TCM was facilitated by 
atomic hydrogen generated by the alloy’s hydrolysis. Intriguingly, nitrate and TCM suppressed 
Cu2+ reduction, whereas Cu2+ improved nitrate reduction and TCM degradation. These findings 
demonstrate the great potential of Al–Mg and Al–Fe alloys as highly efficient agents for water 
remediation.   

1. Introduction 

Water pollution caused by heavy metals, nitrate, and chlorinated hydrocarbons such as trichloromethane, pose serious threats to 
both human health and the ecological environment [1–6]. To mitigate this issue, a variety of techniques have been employed for 
removing these pollutants from contaminated water, including but not limited to adsorption, anion exchange, membrane filtration, 
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biological methods, and chemical reduction [1,2,7–12]. Among these various methods, chemical reduction using zero-valent iron 
(ZVI) and zero-valent aluminum (ZVAl), and bimetallic systems such as Fe/Al, Fe/Ni, Pd/Al has been found to be a cost-effective and 
efficient method for removing multiple contaminants [9,13–18]. 

Nonetheless, it is worth reporting that both ZVI and ZVAl undergo rapid passivation [19,20]. Both materials were found to 
exclusively reduce nitrate to ammonium [15,21]. However, the primary goal in addressing nitrate-contaminated water is the con-
version of nitrate to N2, as ammonium poses a significantly greater risk to aquatic organisms compared to nitrate. Additionally, 
conventional bimetals are not uniform and are susceptible the detachment of the two metals which compromise their galvanic and 
catalytic effects [20,22–24]. Bimetallic alloys avoid these problems of conventional bimetals [25] and Al–Fe and Al–Ni alloys have 
been successfully used to remove heavy metals, nitrate and/or chlorinated organics from water [1,21,24,26–33]. Notably, it was 
observed that the Al–Fe alloy exhibited high efficiency in converting nitrate, achieving a conversion rate from 10 to 60 % across a 
broad range from pH 2 to 12. The intermetallic Al13Fe4 in the Al–Fe alloy was identified as the catalyst enhancing the efficiency and N2 
selectivity [21]. The intermetallic Al12Mg17 within the Al–Mg alloy was also noted for its ability to catalyze the reduction of Ni2+ by Mg 
[34]. Further to this, it was also shown that Al–Ni alloy was able to catalyze the hydrodechlorination of 2-chlorophenol [26,29]. 

The presence of Cu2+ was found to enhance the nitrate reduction to N2 when using Al–Fe alloys. This enhancement occurred due to 
the increasing concentration of nitrite intermediates, which facilitated the oxidation of ammonium to N2. Additionally, Cu2+ was also 
seen as a factor that promoted the reduction of nitrite to ammonium [15,30]. To date, our understanding of the catalytic effects arising 
from the intermetallic compounds within Al alloys and the presence of heavy metals, whether alloyed with Al or existing in the 
contaminated water, as well as their interactions with various contaminants in water, remain scarce. The primary objective of this 
study is to conduct a comprehensive investigation into the efficacy of Al–Mg, Al–Fe, Al–Ni, and Al–Cu alloys in the decontamination of 
water. The study focuses on using copper, nitrate, and trichloromethane as representative model pollutants to understand how these 
alloys perform. Additionally, the study aims to elucidate the intricate interactions between these pollutants and the alloys. Further-
more, it seeks to explore the potential applications of these alloys in treating acid mine drainage (AMD) originating from iron and 
copper mining sites. 

2. Materials and methods 

2.1. Chemicals, materials and acid mine drainage 

Analytical grade chemicals were used throughout the study. CuCl2, Cu(NO3)2, KNO3 and TCM purchased from Beijing Chemicals, 
China. The initial concentrations of Cu2+, NO3

− and TCM in spiked water samples were 5 mg/L, 20 mg-N/L and 120–153 μg/L, 
respectively. The spiked water samples were prepared by dissolving CuCl2, Cu(NO3)2, KNO3 and TCM in deionized water. The Al alloys 
were composed of 50 % of the second metal for Al–Mg, Al–Ni, and Al–Cu alloys (referred to as Al–Mg50, Al–Ni50, and Al–Cu50). 
Additionally, three variations of Al–Fe alloys, termed Al–Fe10, Al–Fe50, and Al–Fe58, were also evaluated. The particle size for all of 
the alloys ranged between 100-and 200 meshes. Al–Mg50 was provided by Tangshan Weihao Magnesium Powder Co., Ltd, Qianan, 
Hebei, China, Al–Fe alloys were purchased from Hubei Tianhui Special Metal Materials Co., Ltd (Hanchuan, China), Al–Cu50 alloy was 
obtained from Jiangsu Youlian Metals Co., Ltd (Nantong, China) and Al–Ni50 alloy (325 meshes, 45 μm) was obtained from Aladdin 
reagent (Shanghai) Co., Ltd. Samples of acid mine drainage (AMD) were taken from mining pits from South China (Iron ores 118.5◦E, 
31.7◦N and copper ores 117.7◦E, 29.0◦N). 

2.2. Alloy pretreatment and pollutant removal 

The alloy powders (5 g) were soaked in 500 mL deionized water for pretreatment and hydrogen was collected into a measuring 
cylinder by water drainage. After pretreatment, alloy powders were collected and dried at 40 ◦C in a vacuum oven for 12 h. Then, 5 g 
pretreated alloy powders were added to 500 mL contaminated water samples and the mixture was stirred at 900 rpm at 25 ◦C. At given 
time intervals, 5 mL of sample were withdrawn and filtered through a 0.22 μm membrane filter for pH measurement and analysis of 
nitrate, nitrite, metals, and TCM concentrations. The experiments were performed in duplicates and the average removal rate was 
calculated according to equation 1 

removal rate =
C − C0

C0
×100% Eq. 1  

2.3. Analytical methods and material characterization 

The pH of the solution was measured using a Mettler Toledo, FE 20 pH meter. The concentrations of nitrate and nitrite were 
determined by ion chromatography (Dionex, ICS-900, USA) using a solution containing 4.5 mM Na2CO3 and 0.8 mM NaHCO3. 
Ammonium concentration was quantified by optical absorption method using a UV–vis spectroscopy (Persee, TU-1900, China) at a 
wavelength of 697 nm, where salicylic acid and hypochlorous acid was used as the coloring reagents [35]. The selectivity of nitrate 
reduction to N2 was estimated by mass balance of total nitrogen, NO3

−-N, NO2
−-N and NH4

+-N as previously described [15,21]. 
The determination of TCM was carried out using GC (GC-2010 plus, Shimadzu, Japan) equipped with an electron capture detector 

[31]. Concentration of metals was determined by induced coupled plasma mass spectrometry ICP-MS (7500, Agilent, America) and 
ICP-OES (iCAP 6000, America). The morphology and chemical composition of the alloys were characterized by scanning electron 
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microscopy (Hitachi, S4800-SEM, Japan) and X-ray diffraction (Bruker, D8 Advance, Germany) with a scanning range from 15◦ to 90◦

and a scanning speed of 5◦ min−1. 

3. Result and discussion 

3.1. Effect of alloying elements 

The removal rate of Cu2+, NO3
− and TCM and the selectivity of NO3

− reduction by Al–Mg, Al–Fe, Al–Cu and Al–Ni are shown in 
Fig. 1. To achieve 97 % removal efficiency for Cu2+, NO3

−, and TCM requires between 4 and 20 h, 30 and 48 h, and more than 48 h, 
respectively(Fig. 1a–c). Al–Mg has the highest removal rate for Cu and NO3

− but the lowest rate for TCM. The removal efficiency follows 
the order of Al–Mg > Al–Cu > Al–Fe > Al–Ni for Cu2+, Al–Mg > Al–Fe ≥ Al–Cu > Al–Ni for NO3

− and Al–Fe > Al–Cu ≥ Al–Ni > Al–Mg 
for TCM. 

A retardation period of approximately 24 h was observed for Al–Fe, Al–Cu and Al–Ni in removing NO3
− and TCM. However, this 

delay was not observed for Cu2+. In contrast, Al–Mg alloy reacted immediately with all pollutants. The retardation effect was also 
observed on Al–Fe alloy for nitrate removal [32] and ZVAl for Cr(VI) removal [36]. The retardation is attributed to the protection of 
metal oxide layer on the surface of the alloy particles. The length of retardation can be significantly shortened by increasing the 
temperature of the solution [37]. It is not clear why the retardation period was not observed for Cu2+ removal. A plausible explanation 
is that Cu2+ can easily penetrate the thin metal oxide layer and undergo direct electron transfer with Al, while the reduction of NO3

−

and TCM requires atomic hydrogen, which is produced by the reaction of Al with water molecules. 
After the retardation period, the decrease in pollutant concentration over time follows a pseudo-zero-order reaction. The removal 

kinetics do not adhere to the typical rules of physico-chemical adsorption. The dominant mechanism for removing nitrate and chlo-
rinated organic solvents, such as CHCl3, CCl4, trichloroethylene, 1, 2-dichloroethane, 2-chloro-2-methylpropane, and 1-chlorobutane, 
from water using ZVI, ZVAl, and Al–Fe alloys involves chemical reduction, which results in the release of Fe and Al ions [1,15,38,39]. 
ZVI removes Cu2+ through a combination of chemical reduction (Cu2+ → Cu0) and coprecipitation of copper and iron hydroxides [40]. 
Similarly, Al–Mg, Al–Fe, Al–Cu, and Al–Ni alloys remove Cu2+ through a combination of chemical reduction and coprecipitation of 
aluminum and copper hydroxides. The initial pH of the solution was 6.3 ± 0.2 (Fig. 1), while the final pH of the solution was ranging 
between 8.78 and 9.67 (Table 1) which meets the requirement for general water quality (pH 6–9) [41]. As a result of the removal 

Fig. 1. Removal of Cu, nitrate and TCM from water (a) Cu(II), (b) NO3
−-N, (c) TCM and (d) nitrogen distribution by Al-based alloys. Al alloy 5 g, 

volume of solution 500 mL, temperature 25 ± 1 ◦C, particle size 150 μm, initial concentration: [NO3
−-N] = 22.7 mg-N/L, [Cu(II)] = 5 mg/L, [TCM] 

= 153 μg/L; initial pH 6.3 ± 0.2. The nitrogen distribution of NO3
−-N and NO2

−-N are below 1 % in Fig. 1d. 
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process, the formation of white or grey precipitates was observed (Fig. 2). Furthermore, high concentrations of Al (5 mg/L by Al–Ni, 35 
mg/L by Al–Mg, and 180 mg/L by Al–Cu) were also recorded in the solution (Table 1). Clearly, Al acts as the electron donor in these 
alloys for chemical reduction of pollutants, while the alloying metals (Mg, Fe, Ni, and Cu) are well-protected. 

It is interesting to note that Mg is protected by Al in the Al–Mg alloy, as Mg is more active than Al (EƟ(Mg2+/Mg) = −2.37 V, 
EƟ(Al3+/Al) = −1.67 V). Nitrate reduction by hydrogen occurs through the pathway of N(+V) → N(+IV) → N(0) → N(-III) leading to 

Table 1 
Ion concentrations and final pH values in the experiments of Fig. 1.  

Parameter Al–Mg50 Al–Fe50 Al–Ni50 Al–Cu50 

Al concentration (mg/L) Al: 35 Al: 0.19 Al: 5.0 Al: 180 
Elements concentration (mg/L) Mg: 0.08 Fe: 0.05 Ni: 0.01 Cu: <0.01 
Final pH 9.52 8.19 8.78 9.67  

Fig. 2. Photos of end solutions after simultaneous removal of nitrate (22.7 mg-N/L), TCM (153 μg/L) and Cu (II) (5 mg/L) by four Al-based alloys. 
Experimental conditions are the same as those of Fig. 1. 

Fig. 3. Concentration of nitrate reduction end-products during simultaneous removal of nitrate (22.7 mg-N/L), TCM (153 μg/L) and Cu (II) (5 mg/ 
L) by (a) Al–Mg50, (b) Al–Cu50, (c) Al–Ni50, (d) Al–Fe50. Experimental conditions are the same as those of Fig. 1. 
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the production of nitrite, nitrogen gas (N2) and ammonium [1]. Ammonium is the sole end-product of nitrate reduction by ZVI [1]. In 
contrast, Pd–Cu bimetal catalyzed 86 % reduction of nitrate to N2 [4]. Further to this, Shi’s study demonstrated that Fe–Pd bimetallic 
nanoparticles reduced 71 % of nitrate to N2 at pH 8.67 and 25 ◦C [33]. 

Cu and Ni have been reported to catalyze nitrate reduction by H2 [4,42]. By contrast, no improvements in nitrate reduction were 
observed using Al–Cu and Al–Ni alloys, as compared to Al–Mg and Al–Fe alloys. All four alloys produced ammonium as the major 
end-product, but Al–Fe alloy exhibited the highest N2 selectivity (Fig. 1d). Nitrite (NO2

−) is known to be an intermediate product of 
nitrate reduction by ZVI and Al–Fe alloy [1,15,21] and is believed to enhance N2 selectivity [43]. Although noticeable concentrations 
of nitrite were detected during nitrate reduction by Al–Mg and Al–Cu (Fig. 3), there was no improvement in N2 selectivity. Overall, 
Al–Fe alloy performed the best in terms of removal efficiency, N2 selectivity, and metal leaching for the removal of Cu, nitrate, and 
TCM from water. 

3.2. Effect of Fe content in Al–Fe alloy 

The effectiveness of Al–Fe alloys with varying Fe concentrations (10 %, 20 %, 50 %, and 58 %) in removing mixtures of Cu2+, NO3
−, 

and TCM pollutants, as well as the nitrogen speciation, is shown in Fig. 4. The complete removal of 5 mg/L Cu2+, 23 mg-N/L nitrate, 
and 153 μg/L TCM was achieved within 24, 42, and 48 h, respectively (Fig. 4a–c). Interestingly, the N2 selectivity improved as the Fe 
concentration of Al–Fe alloy increased, with Al–Fe58 exhibiting the highest N2 selectivity of 24.1 % compared to Al–Fe10 alloy’s 9.3 % 
(Fig. 4d). This trend has been observed previously and it was considered that the intermetallic Al–Fe compound Al13Fe4 catalyzes 
nitrate reduction to N2 [15,21]. 

3.3. Effect of pretreatment with deionized water 

It is widely acknowledged that the reason for the retardation period in Al alloys and ZVAl is the protective metal oxide layer on their 
surface, as reported by Zhang [36]. To activate ZVI and ZVAl, an acid wash pretreatment is typically used to eliminate the metal oxides 
on the surface, as demonstrated by Han [44] and Yang [22]. On the other hand, Bao [15] showed that a deionized water soaking 
pretreatment for 2 h at 45 ◦C was effective in activating Al–Fe15 alloy. Once the metal oxide layer is removed, the fresh metal surface 
reacts with water, generating hydrogen and metal hydroxide. Consequently, two competing reactions, surface re-passivation and 

Fig. 4. Removal of Cu, nitrate and TCM from water (a) Cu(II), (b) NO3
−-N, (c) TCM and (d) nitrogen distribution by Al–Fe alloys. Volume of solution 

500 mL, reduction temperature 25 ± 1 ◦C, particles size 150 μm, Al alloy particle loaded 5 g, initial concentration: [NO3
−-N] = 22.7 mg-N/L, [Cu 

(II)] = 5 mg/L, [TCM] = 153 μg/L; initial 6.3 ± 0.2. The nitrogen distribution of NO3
−-N and NO2

−-N are below 1 % in Fig. 4d. 
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Fig. 5. H2 generation and pH during Al alloys pretreatment with water. (a) Al–Fe50, (b)Al–Ni50, (c)Al–Mg50, (d)Al–Cu50 and (e)Al–Fe10. So-
lution volume 500 mL; reaction temperature 25 ± 1 ◦C; amount of materials 5 g. 
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hydrolysis reaction (i.e., corrosion), may occur. Therefore, the efficiency of pollutant removal may vary depending on the duration of 
pretreatment. 

In this study, deionized water soaking pretreatment at ambient temperature was applied to Al–Fe50, Al–Ni50, Al–Mg50, Al–Cu50, 
and Al–Fe10, and the hydrogen generation and pH variation during the pretreatment were measured (Fig. 5). The amount of hydrogen 
generated is a direct measurement of the degree of metal corrosion in aqueous solutions. The results show that the amount of hydrogen 
generated by Al–Fe50 and Al–Ni50 was negligible during the 180-h soaking, whereas large amounts of hydrogen were produced by 
Al–Mg50, Al–Cu50, and Al–Fe10. Hydrogen production by Al–Mg50 was immediate, while a retardation period of 12 and 24 h was 
observed for Al–Cu50 and Al–Fe10, respectively. This phenomenon may explain the removal behaviour observed in Fig. 1. Hydrogen 
generation by Al–Fe10 increased rapidly after 48 h of soaking and slowed down after 160 h. 

The effect of pretreatment time (0–670 h) on removal of Cu2+, NO3
− and TCM by Al–Fe10 is shown in Fig. 6. The results show that 

increasing the pretreatment time up to 96 h leads to an increase in removal rates, followed by a decline thereafter. The rates of 
pollutant removal and hydrogen generation were positively correlated, indicating that the fastest removal of pollutants coincides with 
the highest rate of hydrogen generation. The impact of the pretreatment time on Cu2+ removal is less significant than on nitrate and 

Fig. 6. Effect of water pre-treatment time on removal of (a) Cu(II), (b) NO3
−-N, (c) TCM by Al–Fe10 alloy particles. Solution volume 500 mL; 

temperature 25 ± 1 ◦C; particle size 100 meshes; Al–Fe10 alloy loaded 5 g; initial concentration: [NO3
−-N] = 20 mg/L, [Cu(II)] = 5 mg/L, [TCM] =

120 μg/L; initial pH 6.3 ± 0.2. 
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TCM. The difference in Cu2+ removal rates between 300, 500 h, and 670 h was negligible (Fig. 6a), whereas a notable difference was 
observed for nitrate and TCM (Fig. 6b and c). After 170 h of soaking, hydrogen generation almost stopped, while the removal rates of 
nitrate and TCM decreased as the pretreatment time increased. This finding supports the notion that Cu2+ is removed by chemical 
reduction via direct electron transfer from Al, whereas nitrate and TCM are removed by reaction with hydrogen. Increasing pre-
treatment time produced more Al(OH)3 (Fig. 7) and porous, rougher surface (Fig. 8). The increased surface porosity observed in alloys 
pretreated for 96–170 h is likely caused by H2 generation. In contrast, the decrease in surface porosity of alloys pretreated for 300–670 
h is attributed to surface re-passivation once H2 generation stopped which has been also reported for ZVAl surfaces [24,45]. 

3.4. Interaction of pollutants 

Suppression and enhancement within complex mixtures of contaminants are a common phenomenon during their interactions with 
ZVI and Al–Fe alloys [1,32,46]. For instance, the reduction of nitrate by ZVI was hindered by trichloroethylene while it was improved 
in presence of Cu2+ [1,46]. In contrast, nitrate hindered the removal of Cu2+ by Al–Fe alloys [32]. In this study, nitrate and TCM 
significantly inhibited the removal of Cu2+ by Al–Fe10 (Fig. 9a). Conversely, the presence of Cu2+ enhanced the removal of nitrate and 
TCM by Al–Fe10 (Fig. 9b and c). After 6 h of reaction, 97 % of Cu2+ was reduced to Cu0 while the removal of nitrate and TCM was 

Fig. 7. XRD patterns of Al–Fe10 alloy particles with different pretreatment time. Solution volume 500 mL; reaction temperature 25 ± 1 ◦C; amount 
of materials 5 g. 

Fig. 8. SEM images of Al–Fe10 alloy particles with different pretreatment time: (a) 48 h, (b) 96 h, (c) 170 h, (d) 300 h, (e) 500 h, (f) 670 h. Solution 
volume 500 mL; reaction temperature 25 ± 1 ◦C; amount of materials 5 g. 
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improved. TCM hindered the reduction of nitrate, whereas nitrate enhanced TCM removal. 

3.5. Treatment of AMD 

Al–Fe50 and Al–Mg50 alloys were applied to treat AMD samples from iron and copper ore mines (Table 2). For these two typical 
samples, Al–Mg50 was found to be more efficient than Al–Fe50 for removing heavy metals and raising the pH of the treated samples. 
Specifically, Al–Mg50 removes >98 % of Cu, Ni, Zn, Fe and Al and >63.2 % of Mn and Cr, while raising the acidic pH to neutral pH. 
Moreover, the concentration of Al ions was reduced to <0.1 mg/L from 550 to 730 mg/L. In contrast, Al–Fe50 was effective to remove 
Cu and poor to other heavy metals (Cr, Fe, Mn, Ni, Zn and Al) while producing secondary contamination by Al and Fe. The pH of both 
samples was slightly raised to 3.7–3.9, indicating that the Al–Fe alloy was re-passivated. 

Limestone and lime are commonly used for AMD treatment, but they have many drawbacks, such as the difficulties in maintaining 
neutral pH, the formation of calcium sulfate suspensions and the disposal of large volumes of sludges [47–49]. Although Al–Mg alloy is 

Fig. 9. Removal kinetics of single and mixed solutions by Al–Fe10 alloy particles after pretreatment of 90 h: (a) Cu(II), (b) NO3
−-N and (c) TCM. 

Solution volume 500 mL; temperature 25 ± 0.5 ◦C; Al–Fe10 alloy loaded 5 g; initial concentration: [NO3
−-N] = 20 mg/L, [Cu(II)] = 5 mg/L, [TCM] 

= 120 μg/L; initial pH 6.3 ± 0.2. 
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much more expensive than lime, the cost of AMD treatment using Al–Mg alloy can be reduced by using scraps from Al–Mg alloy 
industries and producing layered double hydroxides (LDH), which has widespread applications in industrial catalysis, soil and water 
remediation [50–53]. 

4. Conclusion 

Among aluminum alloys (Al–Fe50, Al–Mg50, Al–Ni50 and Al–Cu50) for removing Cu2+, nitrate and trichloromethane from 
contaminated water and treating acid mine drainage, Al–Fe alloy demonstrated the best efficiency, selectivity, and minimal secondary 
contamination at near neutral pH, while Al–Mg alloy was the most effective to treat acidic wastewater. A simple soaking pretreatment 
was found to activate Al alloys, and Cu2+ removal occurred via direct electron transfer while nitrate and trichloromethane were 
removed by atomic hydrogen generated by alloy’s hydrolysis. Nitrate and trichloromethane suppressed Cu2+ reduction, while Cu2+

improved the rate of nitrate and trichloromethane removal. Al–Mg alloy was effective to maintain neutral pH and simultaneously 
remove heavy metals and other pollutants without the use of additional chemicals. Further investigation into detailed mechanisms of 
complex mixtures of heavy metals, anions and organic pollutants by Al–Mg alloys is required to explore its applications to environ-
mental remediation. Overall, Al–Fe and Al–Mg alloys are promising options for treating a wide variety of wastewater. 
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[26] M. Hegedüs, K. Gáborová, T. Weidlich, P. Kalivoda, J. Briančin, E. Tóthová, Rapid hydrodehalogenation of chlorinated benzoic acids using mechano-thermally 
prepared Raney alloy with enhanced kinetics, J. Environ. Chem. Eng. 9 (4) (2021), https://doi.org/10.1016/j.jece.2021.105764, 9. 

[27] S.S. Raut, R. Shetty, N.M. Raju, S.P. Kamble, P.S. Kulkarni, Screening of zero valent mono/bimetallic catalysts and recommendation of Raney Ni (without 
reducing agent) for dechlorination of 4-chlorophenol, Chemosphere 250 (250) (2020), 126298, https://doi.org/10.1016/j.chemosphere.2020.126298. 

[28] D. Mercier, M.G. Barthés-Labrousse, The role of chelating agents on the corrosion mechanisms of aluminium in alkaline aqueous solutions, Corrosion Sci. 51 (2) 
(2009) 339–348, https://doi.org/10.1016/j.corsci.2008.10.035, 51. 

[29] B. Yang, J. Zhang, Y. Zhang, S. Deng, G. Yu, J. Wu, H. Zhang, J. Liu, Promoting effect of EDTA on catalytic activity of highly stable Al–Ni bimetal alloy for 
dechlorination of 2-chlorophenol, Chem. Eng. J. 250 (250) (2014) 222–229, https://doi.org/10.1016/j.cej.2014.04.014. 

[30] M. Hou, Y. Tang, J. Xu, Y. Pu, A. Lin, L. Zhang, J. Xiong, X.J. Yang, P. Wan, Nitrate reduction in water by aluminum–iron alloy particles catalyzed by copper, 
J. Environ. Chem. Eng. 3 (4) (2015) 2401–2407, https://doi.org/10.1016/j.jece.2015.08.014, 3. 

[31] M. Xu, M. Wei, Layered double hydroxide-based catalysts: recent advances in preparation, structure, and applications, Adv. Funct. Mater. 28 (47) (2018), 
1802943, https://doi.org/10.1002/adfm.201802943, 28. 

[32] J. Zhang, J. Wu, J. Chao, N. Shi, H. Li, Q. Hu, X.J. Yang, Simultaneous removal of nitrate, copper and hexavalent chromium from water by aluminum-iron alloy 
particles, J. Contam. Hydrol. 227 (227) (2019), 103541, https://doi.org/10.1016/j.jconhyd.2019.103541. 

[33] J. Shi, C. Long, A. Li, Selective reduction of nitrate into nitrogen using Fe–Pd bimetallic nanoparticle supported on chelating resin at near-neutral pH, Chem. 
Eng. J. 286 (286) (2016) 408–415, https://doi.org/10.1016/j.cej.2015.10.054. 

[34] Y.C. Chang, J.Y. Uan, Mg17Al12 phase in magnesium alloy waste facilitating the Ni2+ reduction in nickel plating wastewater, J. Hazard Mater. 403 (403) (2021), 
123556, https://doi.org/10.1016/j.jhazmat.2020.123556. 

[35] P. Ministry, Of Ecology and Environment. Water Quality-Determination Of Ammonia Nitrogen-Salicylic Acid Spectrophotometry, 2009 August 30, p. 2020. Available 
from: http://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/jcffbz/201001/W020111114576914453712.pdf. 

[36] Y. Zhang, S. Yang, Y. Zhang, S. Wu, J. Xin, Enhancement of Cr(VI) removal by mechanically activated micron-scale zero-valent aluminum (MA-mZVAl): 
performance and mechanism especially at near-neutral pH, Chem. Eng. J. 353 (353) (2018) 760–768, https://doi.org/10.1016/j.cej.2018.07.174. 

[37] K.-Y.A. Lin, C.-H. Lin, Simultaneous reductive and adsorptive removal of bromate from water using acid-washed zero-valent aluminum (ZVAl), Chem. Eng. J. 
297 (297) (2016) 19–25, https://doi.org/10.1016/j.cej.2016.03.136. 

[38] T. Ren, S. Yang, Y. Jiang, X. Sun, Y. Zhang, Enhancing surface corrosion of zero-valent aluminum (ZVAl) and electron transfer process for the degradation of 
trichloroethylene with the presence of persulfate, Chem. Eng. J. 348 (348) (2018) 350–360, https://doi.org/10.1016/j.cej.2018.04.216. 

[39] J. Xu, Y. Pu, X.J. Yang, P. Wan, R. Wang, P. Song, A. Fisher, Rapid removal of chloroform, carbon tetrachloride and trichloroethylene in water by aluminum-iron 
alloy particles, Environ. Technol. 39 (22) (2018) 2882–2890, https://doi.org/10.1080/09593330.2017.1369577, 39. 

[40] Q. Yu, L. Qiurong, C. Hongjin, L. Menglin, L. Yuanfei, F. Shuangjiang, Methyl blue adsorption properties and bacteriostatic activities of Mg-Al layer oxides via a 
facile preparation method, Appl. Clay Sci. 163 (163) (2018) 119–128, https://doi.org/10.1016/j.clay.2018.07.018. 

J. Zhang et al.                                                                                                                                                                                                          

https://doi.org/10.1016/j.cej.2017.05.110
https://doi.org/10.1016/j.jwpe.2019.101035
https://doi.org/10.1016/j.sna.2018.07.026
https://doi.org/10.1016/j.sna.2018.07.026
https://doi.org/10.1016/j.aca.2017.03.010
https://doi.org/10.1016/j.jiec.2017.07.026
https://doi.org/10.1016/j.jiec.2017.07.026
https://doi.org/10.1016/j.jece.2020.103659
https://doi.org/10.1016/j.chemosphere.2020.127476
https://doi.org/10.1016/j.scitotenv.2020.139829
https://doi.org/10.1016/j.scitotenv.2020.139829
https://doi.org/10.1016/j.jwpe.2017.12.005
https://doi.org/10.1016/j.cej.2013.10.062
https://doi.org/10.1016/j.cej.2017.03.104
https://doi.org/10.1016/j.cej.2017.03.104
https://doi.org/10.1016/j.jenvman.2017.03.080
https://doi.org/10.1016/j.chemosphere.2020.128371
https://doi.org/10.2174/2212717805666180405123523
https://doi.org/10.3390/nano13091564
https://doi.org/10.1016/j.jhazmat.2023.131313
https://doi.org/10.1016/j.watres.2015.02.034
https://doi.org/10.1016/j.chemosphere.2016.09.102
https://doi.org/10.1016/j.cej.2020.125140
https://doi.org/10.1016/j.jhazmat.2004.09.005
https://doi.org/10.1016/j.watres.2017.07.013
https://doi.org/10.1016/j.jenvman.2019.110011
https://doi.org/10.1016/j.jece.2021.105764
https://doi.org/10.1016/j.chemosphere.2020.126298
https://doi.org/10.1016/j.corsci.2008.10.035
https://doi.org/10.1016/j.cej.2014.04.014
https://doi.org/10.1016/j.jece.2015.08.014
https://doi.org/10.1002/adfm.201802943
https://doi.org/10.1016/j.jconhyd.2019.103541
https://doi.org/10.1016/j.cej.2015.10.054
https://doi.org/10.1016/j.jhazmat.2020.123556
http://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/jcffbz/201001/W020111114576914453712.pdf
https://doi.org/10.1016/j.cej.2018.07.174
https://doi.org/10.1016/j.cej.2016.03.136
https://doi.org/10.1016/j.cej.2018.04.216
https://doi.org/10.1080/09593330.2017.1369577
https://doi.org/10.1016/j.clay.2018.07.018


Heliyon 10 (2024) e23422

12

[41] D. Wen, J. Sun, J. He, X. Mao, L. Lin, S. Wang, F. Liu, Z. Rao, J. Jing, J. Qi, H. Zhou, P. Wu, K. Tang, Y. Luo, H. Yuan, S. Wang, H. Chen, G. Li, A. Wu, C. Li, 
E. Zhang, H. Wang, W. Cai, J. Liu, H. Xu, X. Zhu, N. Ye, X. Wang, Standard for Groundwater Quality, GB/T 14848-2017, National Administration for Quality 
Supervision, Inspection and Quarantine of the People’s Republic of China; Standardization Administration of China. 20, 2017. https://kns.cnki.net/kcms2/ 
article/abstract?v=aGn3Ey0ZxcBB26B394FeHX5oD5dJ5oW5xxW9Ek9DXr1GieiZ73vQak2Ox–8LFnRTV83EW_ 
NuG0NJ6Rbh5vpFmp7EBmqQu7ZOXsOrq0OR6CzA1OO_mou9g7rGI8MvTHfViBk_3K7TTM=&uniplatform=NZKPT&language=CHS. 

[42] I. Mikami, Y. Yoshinaga, T. Okuhara, Rapid removal of nitrate in water by hydrogenation to ammonia with Zr-modified porous Ni catalysts, Appl. Catal. B 
Environ. 49 (3) (2004) 173–179, https://doi.org/10.1016/j.apcatb.2003.12.009, 49. 

[43] W. Zhao, X. Zhu, Y. Wang, Z. Ai, D. Zhao, Catalytic reduction of aqueous nitrates by metal supported catalysts on Al particles, Chem. Eng. J. 254 (254) (2014) 
410–417, https://doi.org/10.1016/j.cej.2014.05.144. 

[44] W. Han, F. Fu, Z. Cheng, B. Tang, S. Wu, Studies on the optimum conditions using acid-washed zero-valent iron/aluminum mixtures in permeable reactive 
barriers for the removal of different heavy metal ions from wastewater, J. Hazard Mater. 302 (302) (2016) 437–446, https://doi.org/10.1016/j. 
jhazmat.2015.09.041. 

[45] Y.-G. Dai, X.-H. Guo, G.-W. Ma, W.-Z. Gai, Z.-Y. Deng, Efficient removal of nitrate in neutral solution using zero-valent Al activated by soaking, ACS Omega 8 
(28) (2023) 24922–24930, https://doi.org/10.1021/acsomega.3c01347, 8. 

[46] L. Gong, J. Qi, N. Lv, X. Qiu, Y. Gu, J. Zhao, F. He, Mechanistic role of nitrate anion in TCE dechlorination by ball milled ZVI and sulfidated ZVI: experimental 
investigation and theoretical analysis, J. Hazard Mater. 403 (2021) 403, https://doi.org/10.1016/j.jhazmat.2020.123844. 

[47] V. Masindi, E. Chatzisymeon, I. Kortidis, S. Foteinis, Assessing the sustainability of acid mine drainage (AMD) treatment in South Africa, Sci. Total Environ. 635 
(635) (2018) 793–802, https://doi.org/10.1016/j.scitotenv.2018.04.108. 
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