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Abstract:

In situ remediation of groundwater by zerovalent iron (ZVI)-based technology faces the
problems of rapid passivation, fast agglomeration, limited range of pollutants and
secondary contamination. Here a new concept of Magnesium—Aluminum (Mg—Al) alloys
andin situlayered double hydroxides on is proposed for the degradation and removal of a
wide variety of inorganic and organic pollutants from groundwater. The Mg—Al alloy
provides the electrons for the chemical reduction and/or the degradation of pollutants while
released Mg2*, Al3*and OH-ions react to generatein situlLDH precipitates, incorporating
other divalent and trivalent metals and oxyanions pollutants and further adsorbing the
micropollutants. The Mg—Al alloy outperforms ZVI for treating acidic, synthetic
groundwater samples contaminated by complex chemical mixtures of heavy metals (Cd?",
Cré+, Cu2+, NiZ*and Zn?*), nitrate, AsO,;3-, methyl blue, trichloroacetic acid and glyphosate.
Specifically, the Mg—Al alloy achieves removal efficiency >99.7% for these multiple
pollutants at concentrations ranging between 10 and 50mgL-!'without producing any
secondary contaminants. In contrast, ZVI removal efficiency did not exceed 90% and
secondary contamination up to 220mgL-1Fe was observed. Overall, this study provides a
new alternative approach to develop efficient, cost-effective and green remediation for
water and groundwater.
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hydroxides
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In situ remediation of groundwater by zerovalent iron (ZVI)-based technology faces the problems of rapid passivation, fast agglomeration, limited range of pollutants and secondary contamination. Here a new concept of Magnesium–Aluminum (Mg–Al) alloys andin situlayered double hydroxides on is proposed for the degradation and removal of a wide variety of inorganic and organic pollutants from groundwater. The Mg–Al alloy provides the electrons for the chemical reduction and/or the degradation of pollutants while released Mg2+, Al3+and OH-ions react to generatein situLDH precipitates, incorporating other divalent and trivalent metals and oxyanions pollutants and further adsorbing the micropollutants. The Mg–Al alloy outperforms ZVI for treating acidic, synthetic groundwater samples contaminated by complex chemical mixtures of heavy metals (Cd2+, Cr6+, Cu2+, Ni2+and Zn2+), nitrate, AsO33-, methyl blue, trichloroacetic acid and glyphosate. Specifically, the Mg–Al alloy achieves removal efficiency ≥99.7% for these multiple pollutants at concentrations ranging between 10 and 50mgL−1without producing any secondary contaminants. In contrast, ZVI removal efficiency did not exceed 90% and secondary contamination up to 220mgL−1Fe was observed. Overall, this study provides a new alternative approach to develop efficient, cost-effective and green remediation for water and groundwater.
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1. Introduction

Groundwater pollution is a worldwide problem (Schwarzenbach et al. 2006; Shannon et al. 2008) posing a
significant challenge for the remediation sector, especially in developing and implementing efficient, green
and sustainable remediation treatments (Chih-Ming et al. 2020; Schwarzenbach et al. 2006; Shannon et al.
2008). While in situ treatment technologies using various materials such as carbon materials, layered
doubled hydroxides (LDH), zeolites, TiO» and metal organic frameworks, are seen as the most cost-effective
for groundwater remediation, their performance and effectiveness can vary greatly with site specific
conditions and be impaired by other substances in groundwater (Ali et al. 2018; Saleh 2020a; b; c¢; Saleh
and Ali 2018; Yang et al. 2016; Zubair et al. 2017). For example, active carbon (AC) is a classic carbon
adsorbent for water treatment but it is not highly effective for the removal of inorganic pollutants and heavy
metals, particularly in acidic waters (Jeirani et al. 2017; Tran et al. 2017). Similarly, LDH, a class of anionic
clays with a highly tuneable brucite structure, has attracted great attention as an emerging biocompatible
material in a wide range of applications, including environmental and water remediation (Boclair and
Braterman 1999; Ma et al. 2017; Theiss et al. 2014; Zubair et al. 2017). However, the unique structure of
LDH collapses when exposed to highly acidic water environment and therefore rendering it unsuitable for
remediation purpose. Further to this, adsorption-based methods suffer a high risk of re-contamination. In
this context, chemical oxidation-reduction/degradation using zerovalent iron (ZVI) and nanoscale
zerovalent iron (nZV]) is of advantages for in situ groundwater remediation (Fu et al. 2014; Guan et al.
2015; Li et al. 2019). However, ZVI and nZ VI suffer poor adsorption, rapid passivation, fast agglomeration
and sedimentation, and secondary contamination (Bae et al. 2018; Chih-Ming et al. 2020; Cohen and
Weisbrod 2018; Guan et al. 2015). Furthermore, ZVI and nZVI are inadequate for some heavy metals such
as Cd**, Ni** and refractory organic contaminants and toxic oxygenated anions (Guan et al. 2015; Li et al.
2019). To overcome these issues, bi-metals (Fe/Al, Fe/Ni, Fe/Cu, Pd/Al) and Al alloys (Al-Fe, AI-Ni, Al-
Cu) have been investigated (Bao et al. 2017; Fu et al. 2015; Tosco et al. 2014; Xu et al. 2018; Zhang et al.
2019). The major problem associated with these metal-based materials is secondary contamination by the
release of metal ions (Al, Fe, Ni, Cu, etc.) (Bao et al. 2017; Fu et al. 2015; Guan et al. 2015). To date there
is still a pressing need for developing new materials that can overcome the inherent problems encountered
with ZVI and nZVI (Guan et al. 2015; Li et al. 2019).

Recent studies have been looking into the development of nanocomposite materials by combining nZVI
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with AC or LDH to take the advantages of chemical degradation and adsorption (Cohen and Weisbrod 2018;
Shukla et al. 2018; Wang et al. 2019; Xu and Huang 2019; Yu et al. 2019). While nZVI-AC and nZVI-LDH
composite materials avoid fast aggregation and agglomeration, the reactivity of nZVI and the adsorption
capacity of AC and LDH in the nZVI-AC and nZVI-LDH nanocomposites have been shown to be easily
impaired by the presence of other contaminants in groundwater (Wang et al. 2019; Xu and Huang 2019; Yu
et al. 2019; Zhou et al. 2020). Furthermore, the complicated preparation procedures, high cost, limited
lifespan and ecotoxicity of these composite nanomaterials are major limitations for their field applications
(Saleh 2020b; Wang et al. 2019; Nguyen et al. 2018).

In this study, a new concept of Mg-Al alloy and its derived in situ LDH is proposed for groundwater
remediation using heavy metals, typical anions and organics as model pollutants (Fig. 1). Specifically, Mg-
Al alloy reacts with water (via hydrolysis) and the model pollutants Cu?*, Cr,O7%, trichloroacetic acid, etc.
(via chemical reduction) to produce Mg?*, AI**, Cu’, Cr**, OH- and CI'. Then, Mg?>", Al**, other divalent
and trivalent metal ions (Ni**, Zn?*, Cd?*, Cr**), OH and anions (CI-, COs*, SO4*, AsOs* and Cr,07*) react
to generate in situ hybrid LDH, which further adsorbs organic pollutants and other potential secondary
pollutants. Mg-Al alloy is relatively low in density and of no magnetic while LDH is biocompatible and
therefore, Mg-Al alloy/in situ LDH is expected to extend the range of pollutants and overcome the inherit
problems of poor adsorption, rapid aggregation and secondary contamination in the ZVI-based remediation

technology.

2. Materials and methods
2.1 Reagents and samples

Ni(NO3)2-6H20 (99.7%) and Cu(NO3)2-3H20 (99.7%) were purchased from Tianjin Fuchen Chemical
Reagent Factory (China). Zn(NO3)2-6H>0 (99.7%) and AICl3-6H20 (99.7%) were obtained from Xilong
Chemical (China). Cd(NO3)2-3H20 (99.7%), MgCl>:6H,0 (99.7%), NaNO; (99.8%), NaNO2 (99.8%),
NH4CI (99.8%), salicylic acid (99.7%), potassium sodium tartrate (99.7%), sodium nitroprusside (99.7%),
sodium hypochlorite (99.7%), HCI1 (99.7%) and NaOH (99.7%) were purchased from Beijing Chemical
Works (China). K2Cr07 (99.7%) and Mg metal powders (>240 mesh) were purchased from Tianjin
Guangfu Fine Chemical Research Institute (China). Powders of Al metal (>325 mesh) and ZVI (100-120

mesh) were purchased from Tianjin Fuchen Chemical Reagent Factory. Activated carbon (>200 mesh) and
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Mg/Al layered doubled hydroxide were purchased from Aladdin and Heowns, respectively. Stock multiple
element standard solutions (GBW(E) 081532-081535) for ICP-OES calibration were obtained from
National Institute of Metrology of China. Glyphosate (>99.5%), trichloroacetic acid (>99%), 2,4,6-
trichlorophenol (>98%) and methyl blue (>98%) were purchased from Aladdin. Aqueous solutions of
pollutants were prepared by dissolving heavy metals nitrates and organic compounds in ultrapure water
(18.2 MQ.cm, Millipore, USA) and adjusting to required pH with dilute HCI (1 M and 5 M) and NaOH (1
M) solutions. Groundwater samples were taken from 90-m underground in the northwest suburb of Beijing.
Ultrapure water was used for preparation of solutions and contaminated water.

2.2 Materials and instrumentation

Mg-Al alloys were prepared by melting pure Mg (>99.9%) and Al (>99.9%) ingots (mass ratio 60:40)
using MgO crucible in a vacuum electric furnace (SGM.VB6/16, Sigma Furnace Industry, China) at a
vacuum pressure of < 5 Pa. The temperature of the furnace was increased from room temperature to 800 [
at a rate of 7 [J/min and was maintained for 30 min. The furnace was then cooled to room temperature and
the Mg-Al alloy ingot was crushed into >200 mesh powders.

Materials were characterized by X-ray diffraction (Ultima IV, XRD-6000, Japan) at 40 kV/40 mA with
Cu Ka radiation (1= 1.5406 A) with a scan rate of 5° min™' in the 20 range of 5-90° and scanning electron
microscope (Hitachi, S4700, Japan). Particle size distribution was measured by dynamic light scattering
(Malvern, Nano ZS90, U.K.). BET specific surface areas were measured from the N, adsorption and
desorption isotherms at 77 K collected from a Autosorb-I1Q gas adsorption analyzer (Quantachrome, U.S.A.).

The concentration of heavy metals, Al, Mg and Fe was determined by ICP-OES (Thermo, iCAP 6000,
U.S.A.). The concentration of nitrate, trichloroacetic acid and glyphosate were measured by ion
chromatography (Dionex, ICS-900, U.S.A.) using an lonPac AS19 (4*250 mm) analytical column and
TonPac AG19 (2*50 mm) guard column with 35 mM NaOH at a flow rate of 0.5 mL min"!. The retention
time of nitrate, trichloroacetic acid and glyphosate was 10.1, 12.4 and 13.5 min, respectively. Methyl blue
was determined by UV-vis photometer (TU-1900, Persee, China) at a wavelength of 600 nm. The pH meter
(Mettler Toledo, FE 20, Switzerland) was used to measure pH of the solution.

2.3 Removal experiments
Fig. S1 provides an overview of the experimental apparatus used. Three g of alloy materials were added

into the 500 mL glass bottle with a two-outlet tube cap. One outlet tube was inserted into a bottom-up placed



88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

measuring cylinder filled with water for H» collection. After air tight test by injection syringe with
measurements (Fig. S1a), 300 mL aqueous solution containing 25 mg L' heavy metals and 40 mg L' NOs
were rapidly pumped into the bottle through the other outlet tube (Fig. S1b). The solution was stirred with
a magnetic bar at 350 rpm (Fig. S1c, IKA, RO10, Germany). The room temperature was set at 22+2 [1. The
pH of the solution was adjusted to pH 2 with diluted HCI (0.1 and 1 M) and NaOH (0.1 and 1 M) prior to
loading to the reactor unless otherwise specified. Samples of 3 mL were drawn through the other outlet tube
at a certain time interval and filtered with 0.22 pm nylon membrane filters (Jinteng, China). Part of the
filtered samples were acidified to 2% HNOj prior to ICP-OES for metal analysis and part of the samples
were analyzed for organic pollutants after appropriate dilution (see section 2.2). After reaction, the solid
materials and/or precipitates were filtered with filter paper, washed with deionized water several times and

dried in a vacuum oven (-0.9 MPa) at 60 [] for 12 h.

3. Results and discussion

3.1 In situ formation of LDH by Mg-Al alloy hydrolysis

The most important parameters for the co-precipitation process of Mg/Al-LDH are pH, Mg?" and
Al¥*concentrations and their ratio, the reaction temperature and time (Bukhtiyarova 2019; Theiss et al. 2016).
The dissolution rate of Mg and Al from Mg-Al alloy hydrolysis is determined by the pH of the solution, the
composition and structure of the alloy and the temperature (Guo et al. 2018). In this study, the in situ
formation of LDH from the Mg-Al alloy with a mass ratio of 64/40 was investigated. For comparison,
metallic Mg powders in AICl; solution (Mg+AICls), metallic Al powders in MgCl, solution (AI+MgCl,),
and mixtures of metallic Mg and Al powders (Mg+Al) were also investigated (Fig. 2). The Mg-Al alloy is
dominated by the phase of intermetallic Mg;7Ali2, a cubic crystal as identified by the characteristic
diffraction peaks of planes (330), (332) and (721) at 28 of 36.8°, 40.2° and 65.2°, respectively (JCPDS Card
No. 01-1128) (Fig. 2a). The hydrolysis product of the Mg-Al alloy is LDH, a hexagonal crystal as identified
by the typical diffraction peaks of planes (003), (006) and (012) at 26 of 11.6°, 23.4° and 34.9°, respectively
(JCPDS Card No. 89-0460) (Fig. 2b). By contrast, the hydrolysis product of Mg+AICl; are mixtures of
LDH and Mg(OH), while no LDH is observed in the hydrolysis products of Al+MgCl, and Mg+Al. The
SEM characterization (Fig. 2¢, d) shows that the hydrolysis product of the Mg-Al alloy displays a typical

flower-like structure of LDH. In a recent study, the composition and the BET surface area of the LDH



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

obtained by the hydrolysis of Mg-Al alloys were determined to be [MgisAl7(OH)so][Cl3(CO3)25H20] and
37-55 m?/g, respectively (Zheng et al. 2021).

The Mg?* and AI** concentrations, the pH of solution and hydrogen generation during the hydrolysis are
shown in Fig. 3. For Mg-Al alloy (Fig. 3a, b), Mg and AI** concentrations increase rapidly to 59.9 and 9.4
mg L within 2 h and then decrease slowly to 9.3 and 5.2 mg L, respectively at the end of the reaction
process (Fig. 3a). The pH of solution increases sharply to pH 8.7 within 0.5 h from initial pH 2 and then
remains almost unchanged (Fig. 3b). For Mg+AICls (Fig. 3c, d), Mg?" concentration increases to 180 mg
L within 1 h and then remains almost constant in the following period of 23 h while AI** concentration
decreases from initial value of 100 mg L' to 5.37 mg L' in 0.5 h (Fig. 3¢). The pH profile of Mg+AICl;
(Fig. 3d) is similar with that of Mg-Al alloy (Fig. 3b) but hydrogen generation is different (Fig. 3b, d). The
hydrolysis reaction is instantaneous in both systems and the difference is that hydrogen generation reaches
130 mL in the beginning 3 h and then stops in the Mg-Al alloy system while it reaches 83 mL in the
beginning and then slowly increases to 200 mL by the end of experiment. For comparison, Mg?*
concentration, pH variation and hydrogen generation of the hydrolysis of Mg metallic powders are shown
in Fig. S2. The above observation indicates that the Mg-Al alloy is active right at the onset of the process
and up to 5 h of reaction and then the surface is passivated while Mg metal is active to generate hydrogen
during the whole period of the experiment. The passivation of Mg-Al alloy surface is likely caused by the
formation of LDH (refer to Fig. 2b) as LDH coatings have proved to improve the corrosion resistance of
Mg meal and Mg alloys (Guo et al. 2018). It is worthy to mention that the passivation does not occur to Mg
metal although LDH formation is also observed in the Mg+AICl; system (Fig. 2b). Probably, the mechanism
of in situ LDH formation is different in these two systems and indeed, a larger amount of Mg(OH): is
produced in the Mg+AICl; system (Fig. 2b).

In the AI+MgCl, system (Fig. 3e, f), Mg?" concentration does not change relative to the added
concentrations during the whole period of the experiment. AI** ion is not observed in the initial period of 3
h but its concentration increases rapidly afterwards. A small amount of hydrogen is produced at the onset
but the reaction terminates immediately. The solution pH increases from 2.0 to 4.0 in 9 h and then stabilizes
at pH 4.2. Therefore, AI** concentration is the result of the dissolution of Al oxide layer on the surface of
Al metal particles while the pH stabilization at pH 4.2 indicates re-passivation of the Al metal surface. The

value of pH 4.2 is far too low to form LDH or Mg(OH); precipitates. Consequently, Mg?* is not consumed
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and LDH is not generated.

An interesting phenomenon is observed in the Mg+Al system where the Mg?* and AI** concentration
ratio and the pH value fulfil the requirement of LDH formation (Fig. 3g, h) while LDH is not produced (Fig.
2b). The hydrolysis reaction follows a biphasic process. Within the first 9 hours, the reaction dominates on
Mg metal particles, consuming H* while producing Mg?*, OH- and H,. During that period the Al oxides on
the surface of Al metal particles dissolve and the Mg metal surface is gradually passivated. Then, the
hydrolysis mainly occurs on Al metal, resulting in a rapid increase of H, generation.

It was reported that the nucleation of Mg/Al-LDH is critical in the co-precipitation method for the
preparation of LDH crystallites (Bukhtiyarova 2019; Theiss et al. 2016). The Mg-Al alloy employed in this
study is a component of Mgi7Al2, the hydrolysis of which releases Mg?" and AlI** simultaneously and
therefore, Mg>"Al** ratio is relatively constant. By contrast, the hydrolysis of Mg+Al is in a biphasic
process in which Mg?*/AI3* ratio varies during the hydrolysis. Therefore, it is probably more difficult to

generate the nucleation seed of Mg/Al-LDH in the Mg+Al system than in the Mg-Al alloy system.

3.2 Removal of heavy metals and nitrate
Fig. 4 shows the performance of the above 4 systems for simultaneously removing Cd**, Cr,07%, Cu?*, Ni*",
Zn*" (25 mg L' each) and NOs (40 mg L!). For comparison, Mg metal powders were also investigated.
Clearly, Mg-Al alloy and Mg+AICl; performed much better than the other three systems (>85% removal
within 2 hours) (Fig. 4a, c). Overall, the removal efficiencies of the heavy metals using either Mg+AICl; or
Mg-Al alloy are similar and their reaction rates both follow a pseudo-first-order reaction with constant rate
of 5.3 h'', 4.0 h'!, 40 h'', 3.4 h'! and 1.9 h'! (R?> 0.88) for Cu, Zn, Ni, Cr and Cd, respectively. No
contaminants are removed by Al+MgCl, (Fig. 4¢) and lower rates of heavy metals removal are observed in
the Mg+Al system than in the Mg system (Fig. 4g, i). Of the five systems, Mg-Al alloy shows the highest
removal rate for the heavy metals and nitrate. Interestingly, Mg-Al alloy removes 73% of NO3™ in 9 h (Fig.
4a) while Mg+AICl; removes only 12% (Fig. 4c) and Mg+Al and Mg alone were ineffective (Fig. 4g, 1).
In general, the removal of heavy metals by active zerovalent metals (e.g., Al and Fe) is via a combination
of chemical reduction (Cu?" — Cu®) with co-precipitation of metal hydroxides (Fu et al. 2014; Nidheesh et
al. 2018) while nitrate removal by ZVI is dominated by chemical reduction (Fu et al. 2014). The pH and

concentrations of Mg?* and AI** were measured (see the right panel of Fig. 4) and the materials after the
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removal process were characterized by XRD and SEM (Fig. 5) to understand the process. In this study, the
removal of the heavy metals by Mg-Al alloy is likely a combined effect of chemical reduction (e.g., Cu?>*—
Cu’, Cr®"— Cr’"), hydroxide co-precipitation and in situ formation of hybrid LDH (such as Mg/Al/Cr'!,
Mg/Cd/Al, Mg/Zn/Al, Mg/Zn/Cr'"). LDH is clearly observed in the Mg-Al alloy and Mg+AICl; systems
(Fig. 5a, b) whereas LDH is not produced in the systems of Al+MgCl,, Mg+Al and Mg metal alone (Fig.
5S¢, d, e). LDH shows high capacity for the adsorption of a wide variety of pollutants from water (Zubair et
al. 2017) and therefore, the in situ formation of LDH enhances the removal rates. The highest removal rates
of the pollutants by Mg-Al alloy are attributed to its fastest rate of Mg and Al dissolution (the effect of
galvanic corrosion between Al and Mg) and the largest amount of LDH produced. Neither the Al+MgCl,
nor the Mg+Al systems produce LDH (Fig. 5c, d) as the dissolution of metallic Al powders does not occur
(Fig. 41, g) due to the protection of the dense alumina layer on the surface of metallic Al (Nidheesh et al.
2018).

The concentration of NO,™ and NH4" in the Mg-Al alloy system at the end of experiment were >68% of
total nitrogen, which means that the removal of NO3~ by Mg-Al alloy was dominated by chemical reduction.
The removal rate of 12% for nitrate by Mg+AICl3 (Fig. 4c¢) is the result of the adsorption by in situ LDH
while nitrate is not removed in the systems of Mg+Al and Mg (Fig. 4g, 1). This indicates that Mg does not
reduce nitrate and nitrate removal by Mg-Al alloy is likely a combined effect of the chemical reduction
catalysed by the intermetallic compound Mgi7Al12 and in situ LDH adsorption. The catalysis of Mgi7Ali2
on the chemical reduction of Ni(Il) by Mg was reported (Chang and Uan 2021) while the mixtures of
Mg7Al1; and LDH were observed (Fig. 5a).

Fig. 6 shows the results of XPS analysis for the reaction product of Mg-Al alloy with contaminated water.
The peaks at 476.9 eV and 585.8 eV were assigned to Cr(IlI) and those at 579.3 and 588.2 eV were for
Cr(V]) (Tran et al. 2019). Both Cu(0) and Cu(II) were detected. Clearly, the occurrence of Cr(III) and Cu(0)
was the result of the chemical reduction of Cr(VI) and Cu(Il), respectively. Cd, Ni and Zn were all in the
divalent form and they were removed from solution either in the hydroxides co-precipitates or hybrid LDH.
Thus, the removal of heavy metals by Mg-Al alloy involves chemical reduction, in situ hybrid LDH
adsorption/formation and hydroxide co-precipitation, depending on the nature of the heavy metal ions. For
example, the removal of Cu?" involves the chemical reduction to Cu’ and probably the precipitation of

Cu(OH); rather than the in situ formation of hybrid Mg/Cu/Al-LDH because the formation of Cu-based
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LDH is much more difficult due to the Jahn—Teller effect (Wu et al. 2020). The chemical reduction
mechanism dominates Cu?" removal because the chemical reduction still slowly proceeds at alkaline pH
values. Zn?" is removed most likely by the in situ formation of Mg/Zn/Al-LDH rather than the precipitation
of Zn(OH), because the solubility constant of the former is significantly lower than the later (1 x 1078
versus 3 x 10717) (El-eswed 2020; Kong et al. 2020; Liu et al. 2011). The detailed mechanism of heavy metal

removal by Mg-Al alloy is currently under investigation.

3.3 Effect of reaction time

The effect of reaction time on in situ LDH formation and the contaminant removal is shown in Fig. 7. The
intensity of LDH’s characteristic peaks increases with reaction time. This indicates that crystallinity of in
situ LDH increases with time and at least 6 hours are required to generate enough amount of LDH that can
be detected by XRD (Fig. 7a). Such slow kinetics for LDH formation may be conducive to maintain surface
reactivity of Mg-Al alloy. In comparison, the formation of Fe hydroxide and oxide precipitation occur
immediately when ZVI is exposed to acidic water, thus instantly passivating the surface of ZVI particles
(He et al. 2006; Li et al. 2019; Theiss et al. 2016). Although the in-situ LDH formation process is relatively
slow, the removal of heavy metals is swift. More than 98% of heavy metals are removed within 1 h at the
rate constants of 2.2-9.2 h'! (Fig. 7b). By contrast, nitrate removal is significantly slower at a rate constant
of 0.2 h'! (see insert of Fig. 7b).

One of the major disadvantages of ZVI and nZVI in treating contaminated, acidic water is secondary
contamination by high concentrations of FeEOOH, Fe,O3, and Fe3O4 (Bae et al. 2018). Therefore, Mg-Al
alloy and ZVI are compared by investigating the effect of reaction time on the treatment of acidic pH 2
water contaminated by Cd, Cr(VI), Cu, Ni and Zn (Fig. 8). For Mg-Al alloy, the concentrations of heavy
metals are all reduced to < 0.1 mg L' from 20 mg L' and the pH of the solution quickly rises from pH 2 to
pH 8.8 in 1.5 h and then stabilizes at pH 9.0 (Fig. 8a). The quantity of LDH increases and the LDH’s
crystallinity is improved with reaction time (Fig. 8b). The particle size of LDH is between 450-300 nm and
the concentration of Mg?* and AI** ions is less than 4.0 mg L' and 0.1 mg L', respectively (Fig. 8¢). LDH
sedimentation is well established (Fig. 8d). For ZVI, the removal efficiency of Cd, Cr and Ni by ZVI is
much lower and the pH of the solution stabilizes at pH 4 (Fig. 8e). The resultant suspensions are FeO(OH)

(JCPDS Card No. 08-0098) and Fe3O4 (JCPDS Card No. 19-0629) (Fig. 8f) in the particle size of around
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100 nm (Fig. 8g) and the suspensions of FeO(OH) and Fe3O4 at high concentrations of 106-231 mg L' are
not settled in 104 days (Fig. 8h), even over an extended period of 300 days. The high concentrations of iron
oxide particles/colloids are the major component of acid mine drainage (AMD) and Fe is one of the most
dangerous metals in AMD, which is often marked by “yellow boy”, an orange-yellow substance
(Rodriguez-Galan et al. 2019). AMD is a major water quality problem in the mine sites as the acidity of the
water (usually the pH of AMD is typically around 3) plus the high metal concentrations can be deadly to
animals and plants inhabiting the receiving streams. In this context, ZVI-based remediation technology

suffers potential risks of secondary contamination with Fe.

3.4 Effect of initial pH

One of the major issues associated with AC, ZVI and pre-prepared LDH for water decontamination is their
high dependence on the pH of the water (Guan et al. 2015; Jeirani et al. 2017; Zubair et al. 2017). AC and
LDH are not effective to remove heavy metals, anionic and cationic dyes at pH values lower than 2
(Bhatnagar et al. 2013; Zubair et al. 2017) while the reactivity of ZVI decreases sharply with increasing pH
and the surface of ZVIis rapidly passivated at pH higher than 5 (Guan et al. 2015). pH is a critical parameter
affecting removal efficiency and mechanism for many pollutants. The majority of heavy metal ions are
ready to precipitate in hydroxides out of aqueous solutions and/or to produce metal colloids at near neutral
pH and above while organic substances are adsorbed by AC more efficiently at acidic pH than at alkaline
pH. In this context, the removal of heavy metals and organic pollutants by adsorption should be performed
at alkaline and acidic pH, respectively. Clearly, the removal of heavy metals by adsorption from water at
alkaline pH does not fully reflect the real capability of the material. To avoid such interferences, the effect
of pH was comparably investigated in this study for the removal of heavy metals at pH 3.5, methyl blue at
pH 8 and glyphosate at pH 9 by Mg-Al alloy, ZVI and commercial MgAl-LDH (cLDH) (Fig. 9). Overall,
Mg-Al alloy shows the best performance for heavy metals and organic pollutants within pH ranging from 3
to 9 (Fig. 9) compared to ZVI (Fig. 9b1) and cLDH (Fig. 9c1). For the Mg-Al alloy system, Mg ion
concentration increases rapidly from 0 to 16 mg L' within 30 min at a rate of 31.6 mg L min’! and then
slows down at a rate of 1.9 mg (L min)"'. In contrast, AI** concentration is less than 0.1 mg L' during the
whole course of experiment. For the ZVI system, Fe ion concentration increases from 0 to 17 mg L' within

3 h and then declines sharply. This is attributed to pH increase resulting in the precipitation of iron
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hydroxides (Fig. 9 bl). In the cLDH system, Mg and Al ions are gradually released reaching 6.1 mg L' and
0.6 mg L' within 3 h (Fig. 9 c1). This is the result of the dissolution of part of cLDH at initial pH 3.5.
The above results provide compelling evidence that Mg-Al alloy offer greater performance advantages

for treating groundwater across a wide range of pH compared to ZVI and other systems.

3.5 Removal of multiple contaminants
Table 1 presents removal efficiencies and final concentrations of Mg, Al and Fe for a range of chemical
mixtures from a synthetic groundwater sample at pH 2 by Mg-Al alloy, ZVI, AC and cLDH. The Mg-Al
alloy removes >99.8% of each pollutant (except for glyphosate >90.0%) and the dissolved concentrations
of Mg?" AI** and Fe3* after treatment are 56, <0.1 and <0.05 mg L', respectively. In contrast, ZVI removes
> 99.8% of Zn?*, AsOs** and methyl blue, >95% of Cr(VI), Cu®*, glyphosate and trichloroacetic acid, and
less than 76% for Cd**, Ni** and NOs™ . Further to this, high concentration of Fe was co-produced during
the process (up to 222 mg L) resulting in secondary pollution. AC is excellent for the removal of
trichloroacetic acid and methyl blue but it shows poor performance for heavy metals, NO3~ and glyphosate
and causes a secondary contamination with Fe and Al. Despite that LDH has been reported to show excellent
performance for adsorption for a wide variety of micropollutants including heavy metals, anions and
organics (Theiss et al. 2014; Zubair et al. 2017), the commercial Mg/Al-LDH employed in this study is
extremely poor for removing heavy metals (Cd?*, Ni**, Zn?", Cu?*, Cr(VI)), anions (NOs", AsOs*) and
organic pollutants (methyl blue, glyphosate, trichloroacetic acid) from this particular groundwater sample.
The commercial LDH is characterized as [MgeAl(OH)16]* (CO3)* - 4H,O with a BET surface area of
15.3 m? g'!. Lin et al. (2018) observed a similar BET surface area of 18.19 m? g! for their laboratory-
synthesized CO3>-LDH. The BET surface area of LDH synthesized by co-precipitation and hydrothermal
precipitation was between 1.8-179 m? ¢!, depending on the conditions of the preparation (Goh et al. 2008;
Tran et al. 2019). The in situ LDHs obtained from Mg-Al alloy are found to have BET surface areas of 27.9-
31.2 m? g'! while the BET surface area of AC employed is 1052 m? g!. It is considered that the superior
performance of Mg-Al alloy comes from the reactivities of Mg-Al alloy and in sifru LDH rather than the
BET surface area of the material. The removal of trichloroacetic acid by ZVI and Al-Fe alloy was found
through reductive dechlorination (Ding et al. 2019; Wu et al. 2019) while glyphosate and methyl blue were

removed by LDH via adsorption at a capacity range of 90-384 mg g™ (Feng et al. 2020; Li et al. 2020; Qiao

10
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et al. 2018). In this context, the detailed mechanism of Mg-Al alloy for groundwater remediation warrants

a further investigation.

4. Conclusions

This study demonstrates the great potential of Mg-Al alloy for the remediation of groundwater as well as
the treatment of acidic wastewaters. Mg-Al alloy can be directly applied to remove a wide variety of
pollutants from acidic to alkaline water without pre-dosing any other chemicals. The removal kinetics
follow the pseudo-first-order of reaction and the rate constants are between 2-5 h! for 25 mg L' Cu, Zn,
Ni, Cr and Cd at initial pH 2 and a dosage of 1g/100 mL. Mg-Al alloy removes >99% of the heavy metals,
AsOs*, nitrate, glyphosate, methyl blue and trichloroacetic acid. It outperforms ZVI and AC mainly due to
a combined effect of chemical reduction and in situ LDH formation. Future work will need to investigate
the type of pollutants, alloy’s composition and durability, column studies, field testing and the detailed

mechanisms of pollutant removal.
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Table 1. Removal efficiency of multiple pollutants from synthetic,
polluted groundwater and released Mg, Al and Fe concentrations #

Initial conc. Removal efficiency (%)

Pollutants

(mg L™ Mg-Al alloy ZVI AC cLDH
Cd 20.2 >99.9 75.7  0.673 1.18
Cr(VI) 19.5 >99.8 97.5 15.5 10.7
Cu 20.9 >99.8 99.3 7.26 5.65
Ni 9.19 >99.8 66.5 0.102 1.39
Zn 10.4 >99.8 >99.8 0.130 1.58
AsO3* 19.9 >99.8 >99.8 8.35 27.8
NOs 533 >99.8 56.9 51.2 0.463
Glyphosate 19.9 >99.0 >99.0 30.7 53.1
Methyl Blue 324 >99.8 >99.8 >99.8 66.7
Trichloroacetic acid 20.5 >99.8 979 >99.8 17.1

Metal concentration (mg L")

Mg 21.4 56.2 17.8 23.1 102
Al <0.100 <0.100 <0.100 2.40 42.0
Fe <0.0500 <0.0500 222 3.34  <0.0500

@ The contaminated water sample was prepared by dissolving K>Cr,O7, nitrate salts and other
pollutants in real groundwater samples (pH 7.87) and adjusting to pH 2 using HCI. The groundwater
sample contained 4.85 mg L' K, 6.53 mg L' Na, 21.4 mg L' Mg and 61.4 mg L' Ca. The dosage
of each material was 1 g 100 mL-!, treatment time 9 h, treatment temperature 22 °C+2 . The result
is an average of three independent experiments. AC: activated carbon, ZVI: zerovalent iron, cLDH:
commercial MgAI-LDH.
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Fig. 1 Schematic illustration of model pollutants removal by Mg-Al alloy in situ layered double
hydroxide from contaminated water.
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Fig. 2. (a, b) XRD and (c, d) SEM characterization. (a) Mg and Al metals and Mg-Al alloy, (b) the
hydrolysis products of Mg-Al alloy, Mg+AICl3, Al+MgCl, and Mg+Al at initial pH 2 (HCI), (c)
Mg-Al alloy, (d) the hydrolysis product of Mg-Al alloy. 3 g Mg-Al alloy (Mg/Al = 60/40), particle
size >200 meshes; 3 g Mg metal powders (>240 meshes) in AICl; solution (100 mg L' AI*"), 3 g Al
metal powders (>325 meshes) in MgCl, solution (200 mg L' Mg?*), 1.8 g Mg metal powders and
1.2 g Al metal powders. Aqueous solution volume 300 mL, made to pH 2 (HCI), hydrolysis time 24
h, stirring speed of magnetic bar 300 rpm, temperature 22 “C+2 [1.
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Fig. 6 XPS characterization of the reaction products of Mg-Al alloy with contaminated water.

Contaminated water 300 mL, Mg-Al alloy 3 g, stirring speed 300 rpm, temperature 2242 °C.
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