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This study converts waste magnesium scraps into nanomaterials which can function in 

use to simultaneously remove F
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ABSTRACT 

 Although there have been many reports on the synthesis of hydrotalcite-like compound 

(HTlc), none of them have investigated the special case of converting metal waste into 

anion-sorptionable HTlc. Mg−Al alloy is the most commonly used Mg alloy. Most metallic 

Mg wastes and the post−consumer Mg products are, however, currently not recyclable, thus 

leaving the resources wasted. Here, methods that allow the reuse and recycling of the Mg 

wastes are demonstrated, employing a combination of hydrolysis and chemical conversion 

treatment in chloride acidic solutions that corrode the metallic wastes to develop Mg−Al−Cl 

HTlc. The study can convert bulk−type magnesium waste into nanosized Mg−Al−Cl HTlc 

powder. For fine flake−type magnesium waste, Mg-Al-Cl HTlc film can directly form on the 

surface of the flake. All the synthesized HTlcs have nanosized microstructures, being able to 

function in use to uptake most of the fluoride and sulfate anions from waste water.  

 

Keywords: Nanomaterials; Anion sorption; Alloy; Waste recycling; Hydrotalcite like 

compound (HTlc); Magnesium waste scrap 
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1. Introduction 

Material recycling is important to making products more environmentally sustainable 

over their life cycles.1 In the automotive industry, the ability to recycle a material is regarded 

as an important aspect of its value.2 Mg alloys and Al alloys are very attractive materials for 

use in lightweight vehicles.3, 4 A range of automotive components are made of Al and Mg 

alloys, including wheels, seat frames, and others.4 When cars and trucks that contain such 

materials reach the end of life, the scrap aluminum and magnesium can be recovered from the 

end-of-life vehicles. Scrap Al and Mg from end-of-life vehicles can be further separated from 

each other, but for economic reasons, Mg scrap ends up in the light metal fraction together 

with Al scrap, and is typically reused as an additive in aluminum alloys.2 According to Mendis 

and Singh,5 given the increased use of Mg, a commercially viable method for separating Mg 

from Al is essential. Various studies 2, 3, 6-8 have investigated new methods for the 

metallurgical recycling of scrap Mg in all instances from end-of-life products. For example, 

according to Javaid et al.,7 when Mg alloys are mixed or contain impurity elements, they 

cannot easily be recycled. Fechner et al. 6 and Blawert et al. 8 tried to develop a secondary 

magnesium alloy system with improved tolerance of impurities for the new alloy system 

coming from mixed magnesium post-consumer scrap. Currently, low-grade magnesium scraps 

and post-consumer Mg alloys (e.g., coated (Cu, Ni) magnesium) are not recycled.9 Most 

magnesium products are manufactured by the die casting process,10 which generates Mg flash 

scrap.11 Flash scrap (as will be presented in Fig. 3) is thinner than other Mg scraps at about 0.3 

mm thick. Since oxide and slag are easily formed when fine flash scrap is dumped into a 

melting furnace, the flash scrap cannot be recycled into secondary Mg ingots. In fact, 

according to Javaid et al.,7 Mg scraps that contain oxide particles cannot easily be recycled, 

potentially resulting in the Mg resource wasted. In 2009, the authors of the present study 

developed a method for reusing Mg scraps in a hydrogen generator.12 Recently, Ehrenberger 
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and Friedrich2 suggested that owing to its potential to reduce CO2 emissions from the 

production of primary magnesium, the reuse of Mg alloy scraps is a promising means of 

improving the environmental performance of Mg alloys.  

HTlc is a well-known layered material with a general formula 

[M2+
1-xM

3+
x(OH)2]

x+(An−
x/n)⋅nH2O.13 M2+ and M3+ denote divalent and trivalent metal cations, 

respectively, such as Mg2+ and Al3+. An− is an anion, such as CO3
2−, F− or Cl−. The affinities of 

various anions toward the interlayer spaces of HTlcs follow the order, CO3
2− > SO4

2− > OH− > 

F− > Cl− > Br− > NO3
− > I−.14 Therefore, of Mg−Al−An− HTlc, where An− is CO3

2−, SO4
2−, F− 

or Cl−, Mg−Al−Cl HTlc exhibits greater anion exchangeability than Mg−Al−An− HTlc (An − = 

CO3
2−, SO4

2−, F−). Coprecipitation,15 sol-gel process16 and ammonia release17, 18 are traditional 

methods for synthesizing HTlc powders. Some new methods have also been recently 

reported.19-21 HTlc powders are utilized for catalysis,22 adsorbents,23 drug storage24 or CO2 

capture.25, 26 For example, Choudary et al. 22, 27, 28 utilized Mg-Al-Cl HTlc powders to perform 

catalytic reactions. A typical method for synthesizing Mg-Al-Cl HTlc powder is 

coprecipitation in mixed solutions of MgCl2 and AlCl3 at pH 10.29 Another method for 

producing Mg-Al-Cl HTlc powder involves the deintercalation of carbonate ions from the 

interlayer of HTlcs.17, 30 Costantino et al.17 generated Mg-Al-Cl HTlc by passing gaseous HCl 

through Mg-Al-CO3 HTlc at 150 °C for 8 h. In the range 140-160 °C, carbonate ions in the 

interlayer are deintercalated and be replaced by chloride ions.17 Iyi et al. 30 deintercalated 

carbonate ions by immersing Mg-Al-CO3 HTlc powder in various concentrations of HCl 

solutions for 24 h. The carbonate content in Mg-Al-CO3 HTlc was effectively reduced to 

almost zero by immersing the HTlc powder in highly concentrated HCl solutions (0.03 N). 

However, the weight loss was approximately 50% of the original weight of input of the HTlc 

powder. Iyi et al. 30 made great progress in developing a mixed solution of dilute HCl (0.005 N) 
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and highly concentrated NaCl (25 wt.%) to conduct the deintercalation of the carbonate ions in 

Mg-Al-CO3 HTlc. Around 60 % of the carbonate in the Mg-Al-CO3 HTlc was deintercalated 

by immersing the Mg-Al-CO3 HTlc powder in the 25 wt.% NaCl solutions for as long as 24 h. 

However, the use of highly concentrated NaCl solutions yielded a mixture of residual salt and 

the final HTlc products. Therefore, the product had to be washed several times in decarbonated 

and deionized water.30 In the new method, developed in the present study, aqueous HCl with 

an initial pH of 1.5 (0.03N), containing only 3.5 wt.% NaCl, was used to develop an Mg-Al-Cl 

HTlc film directly on the surface of Mg alloy flash scrap in a single step. The low 

concentration, 3.5 wt.%, of the NaCl solution (c.f., 25 wt.% 30) should reduce the amount of 

residual salt that mixed with the final Mg-Al-Cl HTlc product, eliminating the need for 

washing several times using water.  

 In 2007, the authors of this paper developed a novel method for producing an 

Mg−Al−CO3 HTlc film on Mg−Al alloy to protect it against corrosion.31, 32 Lin et al. 33, Chen 

et al. 34 and Zhang et al. 35 investigated the mechanism of growth of the Mg−Al−CO3 HTlc 

film on Mg−Al alloy. Recently, Ishizaki et al. 36 made great process in improving the corrosion 

resistance that is provided by the Mg−Al−CO3 HTlc film on Mg alloy. However, since the 

affinities of various anions toward interlayers of HTlcs follow the order CO3
2− > SO4

2− > OH− 

> F− > Cl− > Br− > NO3
− > I−,14 carbonate ions exhibit the highest affinity to the interlayers of 

HTlcs. To extend the range of possible applications of the HTlc obtained from Mg scraps, this 

study focuses on the formation of Mg−Al−Cl HTlc powder and its thin film. To the best of the 

authors’ knowledge, this study is the first to examine whether Mg alloy scraps can be applied 

to the formation of Mg−Al−Cl HTlc powder. No investigation has before been published on 

the direct growth of Mg-Al-Cl HTlc film on Mg−Al alloy substrate. 
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Briefly, this work will establish a possible means of reusing low-grade Mg scraps. 

According to previous study,37 Al12Mg17 intermetallic compound was prepared by melting 

pure magnesium and pure aluminum in an induction furnace under vacuum. For application, 

the Al12Mg17 could absorb hydrogen at temperature over 200 °C and desorb hydrogen at 340 

°C.37 Here, we successfully prepare Al12Mg17 by melting bulk magnesium scrap and aluminum 

scrap in a furnace in air. This study develops novel processes to convert the Al12Mg17 into 

Mg−Al−Cl HTlc nanomaterial. Additionally, a new aqueous solution (pH 1.5 HCl aqueous 

with 3.5 wt.% NaCl ) that can easily be used to form a conversion coating (Mg−Al−Cl HTlc 

thin film) on the surfaces of Mg flake scraps is developed. The performance of the HTlc in 

taking up fluoride and/or sulfide anions from waste water is evaluated. Anion intercalation 

within interlayer spaces in HTlc was not the dominant mechanism of removal of most F− from 

the solution. Residual positive charge (RPC) was measured, and found to be useful for 

evaluating the F-uptake ability of an HTlc compound. 

 

2. Experimental 

2.1 Preparing Al12Mg17 powder for producing Mg−−−−Al−−−−Cl HTlc powder 

To convert bulk-type waste metal scraps into anion-exchangeable Mg−Al−Cl HTlc 

powder at a relatively high rate, the scrap metal bulk must be powdered first. Since Mg alloy 

waste (as displayed in Fig. 1(a)) and pure Al wire cable scrap (Fig. 1(b)) are both ductile 

materials, neither of which can be efficiently ground by hand into powder. According to 

previous work,37 Al12Mg17 intermetallic compound (containing 42 wt.% Al and 58 wt.% Mg) 

is weak and brittle. The compound can be pulverized easily, followed by being ground into 

powder. In this study, Mg−Al alloy scrap (Fig. 1(a)) and Al cable wire scrap (Fig. 1(b)) are 

utilized as the raw materials in the preparation of Al12Mg17 IMC. The raw materials were 
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melted together in a graphite crucible, and the molten metal was poured (at 600 °C) into a 

metal mold to solidify. Figure 1(c) presents the as-cast Al12Mg17 IMC ingot thus formed. 

Figure 1(d) displays the X-ray pattern of the as-cast ingot, which includes X-ray peaks of 

Al12Mg17 only (JCPDS card 1-1128). The material was not pyrophoric and could be safely 

handled in air. The as-cast Al12Mg17 sample was crushed by hand into small pieces (Fig. 2(a)) 

and ground by hand to a powder in a mortar (Fig. 2(b)). A 0.625 g mass of the Al12Mg17 

powder was immersed in 250 mL of deionized water at 60 ºC. Mixing was followed by the 

continuous addition of aqueous HCl to the mixture. Ar gas (at a flow rate of 0.5 LPM) was 

bubbled through the solution to reduce contamination by CO2. The pH value was maintained 

at approximately pH 1 by adding aqueous HCl acid dropwise with vigorous stirring. The 

Al12Mg17 powder was hydrolyzed in the acidic solution in around 30 min. The concentration 

of cations in the solution was determined by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) (ULTIMA 2000, Horiba Jobin Yvon). When 0.625 g of Al12Mg17 was 

dissolved in aqueous acid (250 mL), the aqueous solution contained approximately 1402 ppm 

Mg2+ and 1098 ppm Al3+. The solution then contained the necessary anion (Cl−) and cations 

(Mg2+ and Al3+) for the subsequent synthesis of Mg-Al-Cl HTlc powder. This solution was 

cooled to room temperature. Aqueous NaOH (2.5 M) was added dropwise to the solution with 

vigorous stirring until the pH of the solution reached the desired value (pH 8, 9, 10, or 11), 

which was maintained for 10 min. The simultaneous stirring and bubbling of Ar were not 

interrupted during this synthetic process. A white precipitate formed as a suspension in the 

solution. The suspension was filtered using a centrifuge, and washed with deionized water. All 

of the precipitates were then immediately dried in a vacuum. HTlc−Cl_pH11 denotes the HTlc 

powder that was fabricated by dissolving Al12Mg17 powder in HCl(aq) and then adding NaOH(aq) 

dropwise to increase the pH of the solution from pH 1 to pH 11, which was maintained for 10 

min. Similarly, HTlc−Cl_pH8 was formed by adding NaOH(aq) to increase the pH of the 
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solution from pH 1 to pH 8, which was maintained for 10 min. 

The crystallographic structures of the synthetic products were identified by X-ray 

powder diffraction using a Bruker D2 Phaser diffractometer with Ni-filtered Cu Kα1 (1.5406 

Å) radiation. The synthetic products also underwent Fourier transform infrared (FT-IR) 

analysis using a Perkin-Elmer Spectrum RX-I spectrometer. For FT-IR, each powdered sample 

was mixed with oven-dried spectroscopic-grade KBr. The mixture was then pressed into a disc 

with a diameter of 12.91 mm under around 8 tons of pressure for one minute in a vacuum. 

FT-IR spectra were obtained at wavenumbers from 400 to 4000 cm−1. Elemental chemical 

analyses of the synthetic products were carried out by energy dispersive spectrometry (EDS) 

using an Oxford INCA Energy-350 microanalysis system and an INCA Wave-500 that was 

attached to a JEOL JSM-7000F field emission scanning electron microscope.  

Industrial waste water (100 mL), comprising about 200 ppm F− and 200 ppm SO4
2−, was 

used to evaluate the ability of the synthesized powder to uptake fluoride and sulfide ions from 

waste water. In the experiment, the solution was purged with argon to reduce the effect of 

carbonate anions formed from the atmospheric gaseous CO2. In the experiments, 0.35 g and 

0.7 g of Mg−Al−Cl HTlc_pH10 were used. Dilute nitric acid (2 vol.%) was used to maintain 

the pH of the solution at 6.0 ± 0.5 throughout the absorption experiment). Concentrations of 

residual F− and SO4
2− in the industrial waste water were simultaneously measured using ion 

chromatography (IC) (ICS-900, Dionex). The errors in the F− and SO4
2− concentrations that 

were caused by adding nitric acid to maintain the solution pH at 6.0 ± 0.5 were under 5%.  

2.2 Flake (flash) scraps and aqueous solutions for forming Mg−−−−Al−−−−Cl HTlc thin film 

thereon 

Flash scraps from AM60 and AZ91 die casting (Figs. 3 (a) and (b)) were used in this 

study. AM60 contained 6.0 wt.% Al and 0.13 wt.% Mn; AZ91 comprised 9.0 wt.% Al and 0.7 
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wt.% Zn. Flash scraps were smashed into small pieces (around 0.3×3×3 mm3, as shown in the 

bottom of Fig. 3 (c)), and then deoiled. An aqueous solution of 3.5 wt.% NaCl at pH 1.5 

(reached by the dropwise addition of 10.4 M HCl) was prepared. This aqueous solution, 

denoted as NaCl_pH 1.5, was used to develop conversion coating (Mg−Al−Cl HTlc) on AM60 

and AZ91 Mg flash scraps.  

AM60 contains 6 wt.% Al, which is approximately 3 wt.% less than the weight 

percentage in AZ91 alloy. Owing to the low Al concentration, a unique solution was prepared 

for coating AM60 flash scrap by dissolving AlCl3 in NaCl_pH 1.5 aqueous. The solution with 

0.02 g AlCl3 added to 200 ml NaCl_pH 1.5 aqueous is denoted as AlCl3
0.02_NaCl_pH 1.5. 

Similarly, AlCl3
0.22_NaCl_pH 1.5 is the solution formed by adding 0.22 g AlCl3 to 200 ml 

NaCl_pH 1.5 aqueous. Argon gas was bubbled through each solution throughout the 

conversion treatment to reduce contamination by carbonate. 
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2.2.1 Formation of Mg-Al-Cl HTlc film on surface of flash scrap.  A 1.5g mass of flash 

scrap was added to NaCl_pH 1.5 solution (200 ml) with stirring at room temperature. Argon 

gas was bubbled through the solution to reduce contamination by carbonate during the 

chemical conversion surface treatment. The AM60 and AZ91 scrap samples that had been 

treated in NaCl_pH 1.5 aqueous for 30 min were denoted as AM60_HTlc30min and 

AZ91_HTlc30min, respectively. AM60 flash scrap (1.5 g) was separately treated in NaCl_pH 

1.5, AlCl3
0.02_NaCl_pH 1.5 and AlCl3

0.22_NaCl_pH 1.5 aqueous solutions, for 30 min at room 

temperature. The reaction time 30 min was selected because the solution pH would reach to a 

static value after 30 min reaction in the NaCl_pH 1.5 aqueous. The post-treated AM60 samples 

(treated in the AlCl3−added aqueous) were denoted as AM600.02_HTlc30min and 

AM600.22_HTlc30min. In the notation, the first superscript indicates the amount of AlCl3 that 

was added to 200 ml of NaCl_pH 1.5 solution, and the second superscript indicates the 

duration of the treatment.  

Crystallographic data were obtained from each coated material by glancing angle X-ray 

diffraction (GAXRD) using a glancing angle of 0.5° under Cu Kα1 (1.5406 Å) radiation. 

Microstructures were studied using a field-emission scanning electron microscope (SEM, 

JEOL JSM - 6700F), which was equipped with an energy dispersive spectrometer (EDS) 

connected to an Oxford Inca Energy-350 microanalysis system. Following the work of 

Ishizaki et al.36 on SEM-EDS analysis, herein, the compositions of the Mg-Al-Cl HTlc films 

on the Mg flake scraps were determined by SEM-EDS area scanning (30×30 µm2) at 10 keV. 

A Fourier transform infrared (FT-IR) spectrum of the Mg-Al-Cl HTlc was obtained using a 

DIGILAB FTX3500 instrument at wavenumbers from 400 to 4000 cm-1. The Mg-Al-Cl HTlc 

powder (0.001 g) for FT-IR analysis was taken from the surface of an HTlc-coated scrap by 

lightly scraping its surface with a surgical blade. The powder thus obtained was combined 

with oven-dried spectroscopic-grade KBr (0.1 g). The mixture of the HTlc powder and the 
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KBr was pressed into a disc (with a diameter of 12.91 mm) under eight tons of pressure for 1 

min in a vacuum before the FT-IR measurements were made. 

2.2.2 Removal of fluoride ions from fluoride-containing water by the HTlc-coated scraps.  

An aqueous (100 ml) solution of 100 ppm fluoride ion was prepared using NaF standard 

solution (Merck). HTlc-coated flake scrap with a total mass of 1.5 g was immersed in the 

F−−containing solution (pH 6.0 ± 0.5) with stirring. Ion chromatography (IC; ICS-900, 

DIONEX) was used to measure the residual fluoride concentration at 10 min, 20 min, 30 min 

and 60 min. The errors in the fluoride concentration that were caused by adding nitric acid to 

maintain the pH of the solution at 6.0 ± 0.5 were less than 5 %. 

3. Results and Discussion 

3.1 Converting bulk Mg scrap into HTlc powder 

3.1.1 Formation of Mg-Al-Cl HTlc powder from acidic to alkaline environment.  Figure 

4(a) presents the X-ray powder diffraction patterns of the synthesized Mg-Al-Cl HTlc powder. 

The bottom of Fig. 4(a) shows, in order, the patterns of HTlc-Cl_pH8, HTlc-Cl_pH9, 

HTlc-Cl_pH10, and HTlc-Cl_pH11. Gibbsite and brucite peaks were detectable following 

treatment at pH 8 or pH 9 at room temperature. The peaks were absent following treatment at 

pH 10 or pH 11 (See the X-ray patterns of HTlc-Cl_pH10 and HTlc-Cl_pH11 in Fig. 4(a)). 

The X-ray peaks at 11.22° and 22.38° were identified as basal reflections of hydrotalcite. 

However, the XRD reflection peaks were shifted to lower 2-theta values than those of a 

typical Mg-Al-CO3 HTlc (JCPDS 22-700, [Mg6Al2(OH)16](CO3)·4(H2O)). The basal spacing 

is well known to vary with the size of the intercalated anions.14 The Mg-Al-Cl HTlc had a 

(003) basal spacing of 0.788 nm (Fig. 4(a)), which is similar to corresponding values for 

Mg-Al-Cl HTlc that have been obtained elsewhere,38-40 exceeds that of the 
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carbonate-intercalated hydrotalcite Mg-Al-CO3 HTlc (0.769 nm),38-40 indicating that the 

carbonate ion was not the dominant anion in the HTlc. The results of the FT-IR analysis of the 

Mg-Al-Cl HTlc powder in Fig. 4(b) reveal an absorption band at 1372 cm-1, whose intensity 

was determined by carbonate ions.38-40 However, the intensity of this band was much lower 

than the typical band intensity of carbonate ions in Mg-Al-CO3 HTlc.40 The substantial 

absorption that was observed at 3470 cm-1 was attributed to the H-bonding stretching 

vibrations of the OH group (νO-H) in the brucite-like layer.41 The presence of a band at 

1640–1650 cm-1 was attributed to the bending vibration (δH2O) 41 of the H2O molecules in the 

interlayers and the surface absorbent. The typical lattice vibration bands (νM-O = 678 cm-1 and 

δM-O-H = 448 cm-1) 39, 42 of the brucite-like layers were identified at low wavenumbers. In the 

spectra of HTlc-Cl_pH8 and HTlc-Cl_pH9, the absorption band at 1028 cm-1 is attributable 

to the hydroxyl bending vibration δOH 43, 44 in gibbsite. The hydroxyl bending vibration δOH 

that was observed in the FT-IR spectra was absent from the spectra of HTlc-Cl_pH10 and 

HTlc-Cl_pH11. This result is consistent with the X-ray diffraction patterns of HTlc-Cl_pH10 

and HTlc-Cl_pH11 (Fig. 4(a)), which include no X-ray peak associated with gibbsite. 

However, neither X-ray diffraction nor FT-IR provided direct evidence of the presence of Cl− 

in the HTlc. Figure 4(c) shows the EDS spectrum of HTlc-Cl_pH10, including a Cl peak but 

no detectable Na peak. Thus, the intensity of the Cl peak in Fig. 4(c) EDS spectrum did not 

arise from the NaCl(s) on surface of the sample. Rather, Cl− ions were intercalated in HTlc 

during the synthetic process. The microstructure of HTlc-Cl_pH10 was as shown in Fig. 4(d), 

showing nanoplatelets in the HTlc-Cl_pH10. Strong evidence will be presented later (Fig. 6) 

that the removal of F− and SO4
2− from waste water involves the uptake of anions by the 

synthesized HTlc-Cl_pH10.  

The hydrolysis of Al12Mg17 powder in an acidic aqueous solution converted the Al12Mg17 

Page 13 of 45 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 12

powder into Al3+ and Mg2+. With respect to recycling, the major contribution of the method 

that is developed in this study is that no metal ions are left in the solution after the process. 

Figure 5(a) plots the residual concentrations of Al3+ and Mg2+ ions in an aqueous solution 

following the synthesis of Mg−Al−Cl HTlc powder: Al3+ ions were almost undetectable after 

the synthesis when the solution was maintained at pH 8, pH 9 or pH 10. The residual Al3+ 

concentration was slightly greater when HTlc was synthesized using a solution that was 

maintained at pH 11. The residual magnesium ions were almost undetectable when the pH of 

the solution that was used in the synthesis of the HTlc was maintained at a high value (Fig. 

5(a)). All of the Mg2+ and Al3+ ions in the solution were consumed to form Mg−Al−Cl HTlc 

when the solution was maintained at pH 9.5 ~ 10. Figure 5(b) reveals that the mass of the 

synthetic products varied with the pH that was maintained. The mass of the synthesized 

Mg−Al−Cl HTlc powder increased with the pH up to around pH 10, which maximized the 

mass of the synthesized product. Therefore, the results shown in Figs. 5(a) and (b) are 

consistent with each other, revealing that when all of the cations were consumed under the 

experimental conditions that included a maintained pH of the solution of approximately pH 10 

during the synthesis of the HTlc (Fig. 5(a)), the yield of the synthetic product was maximized 

(Fig. 5(b)). 

3.1.2 HTlc-Cl_pH10 to be in use for removal of F
−−−− and SO4

2−−−− from waste water.  Figure 6 

plots the capacity of the synthesized product to take up F− from waste water. The original 

aqueous solution that was used in the tests contained both ~ 200 ppm of fluoride ions and ~ 

200 ppm of sulfide ions. A 0.35 g mass of HTlc-Cl_pH10 was immersed in the solution, and 

the absorptions of fluoride and sulfide ions were measured as a function of immersion time 

(Fig. 6(a)). Both F− and SO4
2− concentrations declined rapidly for 5 min (Fig. 6(a)). The 

synthesized product HTlc-Cl_pH10 eliminated approximately 30% of F− (from 200 ppm to 
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140 ppm) and 35% of SO4
2− (from 200 ppm to 130 ppm) in 5 min. This period was followed 

by a slower reduction of the ion concentrations to 110 ppm (F−) and 105 ppm (SO4
2−) in 60 

min. Figure 6(b) demonstrates that adding 0.7 g HTlc-Cl_pH10 to the solution reduced the 

concentrations of both fluoride and sulfide anions to 50% of their original values (from 200 

ppm to 100 ppm) in 5 min. An F− concentration of 80 ppm remained in the solution at 60 min, 

representing a final reduction of F− concentration of about 60%; a SO4
2− concentration of only 

25 ppm remained at this time, representing a reduction of around 88%. The affinity of SO4
2− 

toward the interlayer of HTlc is stronger than that of F−,14 which fact probably explains why 

more SO4
2− than F− is absorbed. These results confirm that the waste metal conversion process 

changed the unrecyclable Mg scrap into Mg−Al−Cl HTlc powder, which can be potentially 

used to treat wastewater. 

 

3.2 Chemical conversion surface treatment of Mg flake (flash) scraps and characterization of 

the surface coating 

3.2.1 Mg-Al-Cl HTlc coating on surface of flake scraps.  When 1.5 g of flash scraps (AM60 and 

AZ91 flash scraps) is added to the NaCl_pH 1.5 solution, the pH increases rapidly from 1.5 to 

approximately 9 in 30 min and to around 10 in 60 min. Magnesium reacts with the aqueous solution 

at pH ≤ 11.5, as described by reaction (1), 45 which is responsible for the dramatic increase in the 

pH of the solution immediately following the immersion of magnesium scraps in the NaCl_pH 1.5 

solution. 

Mg + 2H2O → Mg2+ + 2OH- + H2     (1) 45 

 Figure 7 presents the GAXRD patterns of the primitive flash scraps and of those that were 

treated in NaCl_pH 1.5 solution for 30 min. Figure 7(a) displays the X-ray patterns of the AM60 

scraps before and after the treatment, indicating that AM60_HTlc30min yields the X-ray intensity 
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peaks of Mg-Al HTlc (peaks A). Importantly, the X-ray peaks of the HTlc coating had a large 

half-width unlike those of crystalline Mg (peaks B) in Fig. 7(a). The present authors’ earlier study33 

found that the HTlc coating contained Mg-Al-CO3 HTlc precursor when the half-width of the HTlc 

X-ray peak was large. The precursor contained excess Al.33 Figure 7(b) presents the patterns of 

AZ91 and the AZ91_HTlc30min, obtained after the AZ91 scraps were treated in NaCl_pH 1.5 

solution for 30 min. Similarly, the X-ray peaks of the HTlc on AZ91D (peaks A in Fig. 7(b)) had a 

relatively large half-width. Figure 8 presents the FT-IR spectra of the AM60_HTlc30min and 

AZ91_HTlc30min samples. A broad absorption band at ~3442 cm-1 corresponds to the H-bond 

stretching vibrations of the hydroxyl group in the hydroxide layer.46 The absorption band at ~1632 

cm-1 is attributed to the bending motion of the water in the interlayer.47 The band at ~1440 cm-1 is 

weak, indicating the presence of amorphous carbonate.33 The absorption band at ~1370 cm-1 is 

characteristic of the asymmetric stretching mode of CO3
2- (ν3). The absorption bands at ~1370 cm-1 

and ~1440 cm-1 are weak, suggesting that the interlayer of HTlc contained only a few carbonate 

ions. The band at ~585 cm-1 is associated with the Al-OH translation mode in HTlc.48 The band at 

~420 cm-1 is associated with various lattice vibrations of the metal hydroxide sheets in the HTlc 

material.49 However, FT-IR did not detect the Cl− in the spaces among the hydroxide sheets). 

Figures 9 (a) and (b) present the EDS spectra of the AM60_HTlc30min and AZ91_HTlc30min samples, 

which include Cl peaks. Notably, the EDS spectra of neither of these two samples included an Na 

peak, revealing that the Cl signal was not associated with NaCl. The table in Fig. 9 reveals that the 

Al concentration in AM60_HTlc30min was ~3.63 wt.% and the Cl concentration therein was ~2.55 

wt.%, as determined by SEM/EDS (EDS scanning area: 30 × 30 µm2). The Al concentration in 

AZ91_HTlc30min was ~8.21 wt.% and the Cl concentration therein was ~5.85 wt.% (EDS scanning 

area: 30 × 30 µm2). The Al and Cl concentrations of AZ91_HTlc30min exceeded those of 

AM60_HTlc30min. The chemical reaction (corrosion) of the Mg-Al alloy scrap in NaCl_pH1.5 

aqueous yielded Mg2+ and Al3+ to the solution. The formation of cationic layers requires a high 
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enough concentration of the Al3+ cations, which replace some of the Mg2+ at the octahedral lattice 

sites of magnesium hydroxide. The relevant results (Fig. 7 and Fig. 8) confirm that the magnesium 

alloy (AM60) that contains less aluminum than AZ91 could also develop an Mg−Al−Cl HTlc 

coating on AM60.  

Figure 10(a) presents the SEM observations of the surfaces of the as-received AM60 scraps 

(top photograph in Fig. 10(a)) and AM60_HTlc30min (bottom photograph in Fig. 10(a)). Figure 10(b) 

shows the surface microstructures of the as-received AZ91 scrap (top photograph in Fig. 10(b)) and 

AZ91_HTlc30min (bottom photograph in Fig. 10(b)). Solidification microstructures of the 

as-received AM60 (top photograph in Fig. 10(a)) and AZ91 (top photograph in Fig. 10(b)) were 

observed. The flash scraps strongly reacted with NaCl_pH 1.5 aqueous, rapidly increasing the pH 

of the solution from 1.5 to ~9 in 20 min, consistent with the reaction equation (1). The post-treated 

surface microstructures of AM60_HTlc30min and AZ91_HTlc30min (shown in the bottom micrographs 

of Fig. 10(a) and (b)) revealed conventional HTlc structures with fine and upstanding platelet-like 

HTlc disks. 

3.2.2 Activity of the HTlc film on Mg alloy flake scrap −−−− the capacity to uptake F
−−−− from waste 

solution.  Figure 11(a) shows the removal of F− by AM60_HTlc30min and AZ91_HTlc30min in an 

aqueous solution of 100 ppm fluoride. AM60_HTlc30min (1.5 g) reduced the concentration of 

fluoride from 100 ppm to 77.3 ppm in 10 min and to 71.2 ppm in 60 min, while 1.5 g 

AZ91_HTlc30min reduced the concentration of fluoride from 100 ppm to 64.2 ppm in 10 min and to 

53.7 ppm in 60 min. Figure 11(b) displays the FT-IR spectra of the AM60_HTlc30min and 

AZ91_HTlc30min samples following the uptake of F−. An intense and sharp absorption band at 

~1384 cm-1 reveals that the fluoride ions were intercalated in the spaces between hydroxide 

sheets,50 suggesting that AM60_HTlc30min and AZ91_HTlc30min exchanged Cl− with F− in the water. 
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Additionally, AM60_HTlc30min and AZ91_HTlc30min had F− absorption bands with similar FT-IR 

intensities. That is, these two samples had similar anion-exchange capacities. However, since 

AZ91_HTlc30min actually took up more F− than AM60_HTlc30min did (Fig. 11(a)), some other 

mechanism must have been responsible for the removal of F− from solution.  

Apart from the mechanism of interlayer anion-exchange, a hydrotalcite-like structure of an 

HTlc platelet has a high surface area that probably facilitates the adsorption of F− ions on its surface. 

According to some investigations,51, 52 HTlcs can take up anion species from solution by three 

mechanisms − adsorption to the surface of HTlcs platelets, interlayer anion-exchange and 

reconstruction of the HTlc precursor. In the present work, the adsorption of F− by HTlc platelets 

surface may have occurred when residual positive charges associated with Al3+ were present in the 

HTlc. These residual positive charges would have been balanced by F− adsorption. Moreover, HTlcs 

may adsorb anion species from solution by the reconstruction of an HTlc precursor by the “memory 

effect”.51, 53 Li and Duan 51 suggested that the “memory effect” of the HTlc precursor is one of its 

attractive features as an adsorbent of anionic species. Naime Filho et al. 53 studied the “memory 

effect” of the calcined HTlc precursor, and concluded that organic anions could be adsorbed outside 

the layers of the HTlc. In the present work, the as-synthesized AZ91_HTlc30min and 

AM60_HTlc30min contained an amorphous precursor, as revealed by the relatively large half-widths 

of the HTlcs X-ray peaks (Fig. 7, mentioned in Section 3.2). In the experiments, AZ91_HTlc30min 

took up more F− from solution than did the AM60_HTlc30min (Fig. 11), probably because the former 

sample exhibited a higher sorption capacity for F−. More experimental results concerning adsorption 

by HTlc, and a related explanation, will be presented later. 

 

3.2.3 Improving the Activity of the HTlc film on AM60 flake scrap.  For the purpose to 

improve uptake of F− by Mg−Al−Cl HTlc coating on AM60 scrap, two aqueous solutions 
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AlCl3
0.02

−NaCl−pH1.5 and AlCl3
0.22

−NaCl−pH1.5 were prepared by adding 0.02 g AlCl3 and 0.22 g 

AlCl3, respectively, to 200 ml of NaCl−pH1.5 aqueous. Approximately 1.5 g AM60 of flash scrap 

was respectively immersed in the AlCl3
0.02_NaCl_pH 1.5 and the AlCl3

0.22_NaCl_pH 1.5 solutions. 

The change of the pH of AlCl3
0.02_NaCl_pH 1.5 solution as a function of immersion time was 

similar to that of NaCl_pH 1.5 solution to which was added AM60 (as described previously in 

Section 3.2). The pH of the AlCl3
0.02_NaCl_pH 1.5 solution increased from pH 1.5 to pH 9 in 30 

min and to approximately pH 10 in 60 min. However, the pH of AlCl3
0.22_NaCl_pH 1.5 as a 

function of time following the immersion of AM60 scrap therein increased from 1.5 to ~4.3 in 20 

min, after which it was reasonably constant until the immersion time reached 60 min. Thereafter, pH 

increased to ~9 as the immersion time increased to 120 min. Figures 12 (a) ~ (c) show the surface 

microstructures of AM60_HTlc30min, AM600.02_HTlc30min and AM600.22_HTlc30min. AM60_HTlc30min 

and AM600.02_HTlc30min (Fig.12 (a) and (b)) had a typical microstructure of a platelet-like HTlc. The 

size of the platelets of AM600.02_HTlc30min (Fig. 12 (b)) was approximately the same as that of 

AM60_HTlc30min platelets (Fig. 12 (a)), as shown in the insets. Figure 12 (c) presents the surface 

microstructure of AM600.22_HTlc30min, which contains very fine HTlc platelets (~100 nm wide (see 

the inset in Fig. 12 (c)). Figure 12(d) presents the GAXRD patterns of AM60_HTlc30min, 

AM600.02_HTlc30min and AM600.22_HTlc30min. All of the patterns included X−ray peaks of Mg−Al 

HTlc (denoted as A). The X−ray peaks of the HTlc in the three samples had larger half-widths than 

the sharp peaks of crystalline Mg (denoted as B). Evidently, the half-width of the HTlc peak from 

AM600.22_HTlc30min was larger than those of the HTlc peaks from the other two samples (Fig. 12(d)), 

suggesting that AM600.22_HTlc30min contained the most HTlc precursor.33 

Figure 13 (a) shows the uptake of F− by AM60_HTlc30min, AZ91_HTlc30min, 

AM600.02_HTlc30min and AM600.22_HTlc30min from aqueous 100 ppm fluoride. Figure 13(a) re-plots 

the data for AM60_HTlc30min in Fig. 11(a). AM60_HTlc30min (1.5 g) reduced the concentration of 
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fluoride ions from 100 ppm to 77.3 ppm in 10 min and to 71.2 ppm in 60 min. The data for 

AZ91_HTlc30min (presented in Fig. 11 (a)), also shown in this figure for comparison, demonstrate 

that AZ91_HTlc30min reduced the concentration of fluoride ions from 100 ppm to 64.2 ppm in 10 

min and to 53.7 ppm in 60 min. AM600.02_HTlc30min reduced the concentration of fluoride ions from 

100 ppm to 71 ppm in 10 min and to 65.2 ppm in 60 min. AM600.22_HTlc30min reduced the 

concentration of fluoride ions from 100 ppm to 57 ppm in 10 min and to 35.9 ppm in 60 min. The 

ability of AM600.02_HTlc30min to take up F− exceeded that of AM60_HTlc30min. Among these HTlc 

samples, AM600.22_HTlc30min had the highest ability to take up F−. Based on the above results, 

adding AlCl3 to NaCl_pH 1.5 aqueous to coat AM60 scraps with HTlc improved their capacity to 

take up F−. Figure 13 (b) displays the FT-IR spectra of the AM60_HTlc30min, AM600.02_HTlc30min 

and AM600.22_HTlc30min samples after their uptake of F−. An intense band at ~1384 cm-1 associated 

with the signal from the intercalated F− indicates that the fluoride ions occupied the spaces between 

hydroxide sheets.50 According to Fig. 13 (b), all of the HTlc samples had absorption bands at ~1384 

cm-1 of similar intensities. FT-IR data suggest that the three samples AM60_HTlc30min, 

AM600.02_HTlc30min and AM600.22_HTlc30min exhibited almost identical anion-exchangeabilities 

with respect to the intercalation of F− in HTlc interlayers. However, the amounts of F− taken up by 

pairs of HTlc-coated samples in the 60 min-long experiment follow the order AM60_HTlc30min < 

AM600.02_HTlc30min < AM600.22_HTlc30min. Thus, the results of FT-IR analysis did not match the 

measured uptakes of F− which are presented in Fig. 13 (a). 

In Mg-Al hydrotalcite, each Al3+ that occupies an Mg2+ lattice site generates an extra positive 

charge in the brucite layer of the hydrotalcite. The extra positive charge was denoted as MgAl+ , 

representing the fact that one Al ion occupies one Mg lattice site, resulting in one positive charge. 

As a result, the cationic brucite layers were formed herein, and then intercalating Cl ions balanced 

the positive charges. However, the cationic brucite layers would not have been well balanced if 
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excess Al3+ had been presented in the cationic layers or insufficient Cl− had been intercalated. EDS 

surface scanning analysis was performed to determine the atomic percentages of Al and Cl on 

Mg-Al-Cl HTlc coating. All of the Al3+ in the Mg-Al-Cl HTlc structure is assumed to have occupied 

Mg lattice sites, so MgAl+  stands for Al3+. In this study, “residue positive charge (RPC)” is defined 

as [ MgAl+ (at %) − Cl− (at %)]. When the RPC value exceeds zero, the HTlc material not only exhibits 

anion-exchangeability but also the residual positive charges may be balanced by the adsorption of 

F−. When HTlc does not have a net residual positive charge (i.e., RPC equals zero), the HTlc 

exhibits only anion-exchangeability. Figure 14(a), based on the data in Fig. 11 (a) and 13 (a), plots 

the F− taken up from solution (ppm) against RPC [ MgAl+ (at %) − Cl− (at %)]. The three linear lines in 

Fig. 14(a) correspond to immersion times of 10 min, 30 min and 60 min. The amount of F− taken up 

is proportional to the RPC value (Fig. 14(a)). The concentration of F− taken up is extrapolated to be 

~20 ppm (at an immersion time of 10 min), ~20 ppm (30 min) and ~21 ppm (60 min) for HTlc 

samples without any residual positive charge (RPC = 0) (Fig. 14(a)). The extrapolated values from 

the three fitted lines were almost equal, suggesting that the anion-exchangeability of the three HTlc 

samples herein was approximately 20 ppm. This result is consistent with the FT-IR results for the 

HTlc samples (Fig. 13(b)), which revealed that they had similarly intense peaks associated with the 

intercalated F−. Figure 14(b) schematically depicts the linear relationship (thick blue line) between 

the concentration of F− taken up from solution vs. RPC. A dotted line passes through the point where 

the blue line intercepts the Y−axis at RPC = 0. The dotted line parallel to the X−axis shows that the 

samples with different RPC values exhibit the same F− intercalation ability. AM60_HTlc30min had a 

low PRC value (Figs. 14(a)), having taken up a relatively small amount of F− from solution. As 

schematically depicted in Fig. 14(b), a small amount of F− was taken up by the sample with a low 

RPC. As shown in Fig. 14(b), in the sample with the low RPC , anion intercalation was the 

dominant mechanism by which F− was taken up from solution. For AM600.22_HTlc30min (high RPC 
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value), the main mechanism involved the precursor of HTlc on the surface of the sample associated 

with the broad X−ray peaks from HTlc (see the bottom pattern in Fig. 12(d)). AM600.22_HTlc30min 

had a high RPC value (Fig. 14(a)), and therefore took up a large amount of F− form solution to 

balance those charges, both by simple surface adsorption and by adsorption outside the layers of 

HTlc during the reconstruction of the HTlc precursor. As schematically depicted in Fig. 14(b), 

surface sorption dominated the uptake of F− from solution when the sample had high RPC. 

In practice, all Mg-Al HTlc compounds could be used as catalysts. According to Choudary et 

al.
 54 and Rousselot et al., 55 Mg-Al HTlc 54, 55 and the compound that is formed by its calcination55 

at 450 °C exhibit favorable catalytic activity in the condensation of benzaldehyde and 

cyclohexanone, respectively. Accordingly, the present paper may support the development of a new 

method for treating waste magnesium scraps to turn them into a valuable resource.  

 

4. Conclusions 

1. Intermetallic compound Al12Mg17 can be produced by melting bulk-type Mg waste and Al 

waste in a furnace in air. The compound was weak and brittle, which was easily to be 

pulverized and powdered. The Al12Mg17 powder can be dissolved by hydrolysis in aqueous 

HCl acid, easily forming an ionic solution of Al3+, Mg2+ and the anion Cl−. Mg−Al−Cl HTlc 

can be produced in the ionic aqueous solution at room temperature when the alkalinity of the 

solution was increased to pH 10, and the pH 10 of the solution was maintained for 

approximately 10 min. Experimental conditions that maximized the yield of Mg-Al-X HTlc, 

converting all of the Al3+ and Mg2+ ions into the valuable HTlc, were identified. 

2. The above method can be extended to the formation of a wide range of Mg−Al−X HTlcs (X= 

NO3
− or SO4

2−, etc.). By simply adding Al12Mg17 powder to particular inorganic acids (such as 
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HNO3 and H2SO4), solutions that contain Al3+, Mg2+ and the specified anion (such as NO3
− or 

SO4
2−) can be formed. We have confirmed that Mg−Al−X HTlcs (X= NO3

− and SO4
2−) were 

formed when the solution was made alkaline and remained so for an extended period. 

3. A novel method was found to directly develop an Mg-Al-Cl HTlc thin film on the surfaces of 

flake−type Mg-Al alloy scrap, to enable the metallic waste to be reusable. Aqueous 3.5 wt. % 

NaCl (through which Ar was bubbled) at pH 1.5 was the base solution for treating the surfaces 

of the scraps. The surface of the Mg−Al alloy flakes in aqueous solution was important, not 

only in providing Mg2+ and Al3+ (by heavy corrosion) but also in increasing the pH of the 

solution, both of which processes favored the formation of Mg-Al-Cl HTlc film. In practice, 

HTlc-coated Mg flash (flake) scraps can, for example, take up enough fluoride ions from waste 

water to reduce greatly the fluoride concentration therein.  

4. Adding AlCl3 to the base solution generated a new aqueous solution for recycling Mg alloy 

flake scraps. Al3+ must be added to the base solution to supply sufficient Al3+ to form the 

Mg-Al-Cl hydrotalcite-like coating on the Mg alloy scraps. Additionally, the new aqueous (pH 

1.5) solution with the greater Al3+ concentration can form an Mg-Al-Cl HTlc film with a much 

higher F−−uptake ability. 

5. Herein, residual positive charge of the Mg-Al-Cl HTlc film was defined as the atomic percent 

of aluminum (Al3+) minus the atomic percent of chloride (Cl−). It was found that the amount of 

F− that was taken up by the HTlc film was proportional to the value of the residual positive 

charges of the film. Anion surface sorption was found to be the dominant mechanism by which 

the Mg-Al-Cl HTlc film removed most of the anionic contaminant from solution.  
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Figure captions 

Fig. 1 (a) AZ91 scrap of commercial die-cast; (b) Al scrap of cable wire for electric 

transition; (c) Al12Mg17 cast ingot made from commercial magnesium alloy scrap and 

aluminum alloy scrap; (d) X-ray powder diffraction pattern of cast ingot. 

Fig. 2 (a) Smash-down pieces of Al12Mg17 from cast ingot, which is not pyrophoric and 

can be handled in air; (b) the ground powder of Al12Mg17. 

Fig. 3 Mg alloys die casting flash scraps that currently can not be recycled economically: 

(a) AM60 scrap; (b) AZ91 scrap. The thin flash scraps easily to be broken dawn to small 

pieces, as shown in (c). 

Fig. 4 (a) X-ray powder diffraction pattern of Mg-Al-Cl HTlc; (b) FT-IR spectra of 

Mg-Al-Cl HTlc; (c) EDS spectrum of Mg-Al-Cl HTlc at the condition of pH 10; (d) 

microstructure of Mg-Al-Cl HTlc, showing nanoplatelets. 

Fig. 5 (a) Mg2+ and Al3+ concentrations in the residual solutions after each of the HTlc 

synthesization under different pH conditions; (b) Weight (g) of the synthetic product of 

Mg-Al-Cl HTlc under different pH. 

Fig. 6 Fluoride and sulfide absorption by HTlc-Cl_pH10 (a) 0.35g; (b) 0.7g in the 

industrial waste water solution. 

Fig. 7 GAXRD patterns of flash scraps and the scraps treated in NaCl_pH 1.5 solution for 

30 min: (a) AM60 and AM60_HTlc30 min; (b) AZ91 and AZ91_HTlc30 min. 

Fig. 8  FT-IR spectra for AM60_HTlc30 min and AZ91_HTlc30 min. 
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Fig. 9 EDS spectrum for (a) AM60_HTlc30 min and (b) AZ91_HTlc30 min (EDS scanning 

area: 30 × 30 µm2), with a table showing Mg, Al and Cl compositions (wt.%) of the HTlc 

film on AM60_HTlc30 min and AZ91_HTlc30 min. 

Fig. 10 SEM surface morphologies of (a) the upper photo is original flash scrap AM60, 

while the lower photo is AM60_HTlc30 min ; (b) the upper photo is original flash scrap 

AZ91, while the lower photo is AZ91_HTlc30 min. 

Fig. 11 (a) Removal of fluoride ions (ppm) vs. immersion time in a fluoride aqueous 

solution (100 ppm) at pH 6 by 1.5 g AM60_HTlc30 min and AZ91_HTlc30 min; (b) IR 

spectra of AM60_HTlc30 min and AZ91_HTlc30 min after 60 min of uptaking F− at pH 6 ± 

0.5. 

Fig. 12 SEM surface morphologies: (a) AM60_HTlc30 min (b) AM600.02_HTlc30 min and (c) 

AM600.22_HTlc30 min (d) GAXRD patterns: AM60_HTlc, AM600.02_HTlc and 

AM600.22_HTlc treated for 30 min. 

Fig. 13 (a) Remove amount of fluoride ions (ppm) versus immersion time in a fluoride 

aqueous solution (100 ppm) at pH 6 by 1.5 g AM60_HTlc30 min, AZ91_HTlc30 min, 

AM600.02_HTlc30 min and AM600.22_HTlc30 min: (b) the samples' IR spectra after 60 min of 

F− uptaking experiments. 

Fig. 14 (a) F− uptaken from solution (ppm) vs. RPC [ MgAl+ (at %) − Cl− (at %)]. Herein, 

RPC means residual positive charges; (b) a schematic plot showing that the mechanism of 

anion sorption became dominant as the RPC of the HTlc increased. 
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Fig. 1 (a) AZ91 scrap of commercial die-cast; (b) Al scrap of cable wire for electric 

transition; (c) Al12Mg17 cast ingot made from commercial magnesium alloy scrap and 

aluminum alloy scrap; (d) X-ray powder diffraction pattern of cast ingot. 
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Fig. 2 (a) Smash-down pieces of Al12Mg17 from cast ingot, which is not pyrophoric and 

can be handled in air; (b) the ground powder of Al12Mg17. 
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Fig. 3 Mg alloys die casting flash scraps that 

currently can not be recycled economically: (a) 

AM60 scrap; (b) AZ91 scrap. The thin flash 

scraps easily to be broken dawn to small pieces, 

as shown in (c). 

2 cm 

(a) 

2 cm 

(b) 

Page 34 of 45RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) X-ray powder diffraction pattern of Mg-Al-Cl HTlc; (b) FT-IR spectra of 

Mg-Al-Cl HTlc; (c) EDS spectrum of Mg-Al-Cl HTlc at the condition of pH 10; (d) 

microstructure of Mg-Al-Cl HTlc, showing nanoplatelets. 

. 

 

100 nm 

(d) 
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Fig. 5 (a) Mg
2+

 and Al
3+

 concentrations in the residual solutions after each of the 

HTlc synthesization under different pH conditions; (b) Weight (g) of the synthetic 

product of Mg-Al-Cl HTlc under different pH. 

pH maintained for HTlc formation 

(a) (b) 
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Fig. 6 Fluoride and sulfide absorption by HTlc-Cl_pH10 (a) 0.35g; (b) 0.7g in the 

industrial waste water solution. 
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Fig. 7 GAXRD patterns of flash scraps and the scraps 

treated in NaCl_pH 1.5 solution for 30 min: (a) AM60 

and AM60_HTlc
30 min

; (b) AZ91 and AZ91_HTlc
30 min

. 
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Fig. 8 FT-IR spectra for AM60_HTlc
30 min

 and AZ91_HTlc
30 min
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Fig. 9 EDS spectrum for (a) AM60_HTlc
30 min

 and (b) AZ91_HTlc
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 (EDS scanning 
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Fig. 10 SEM surface morphologies of (a) the upper photo is original flash scrap 

AM60, while the lower photo is AM60_HTlc
30 min

 ; (b) the upper photo is original 

flash scrap AZ91, while the lower photo is AZ91_HTlc
30 min

. 
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Fig. 11 (a) Removal of fluoride ions (ppm) vs. immersion time in a fluoride 

aqueous solution (100 ppm) at pH 6 by 1.5 g AM60_HTlc
30 min

 and 

AZ91_HTlc
30 min

; (b) IR spectra of AM60_HTlc
30 min

 and AZ91_HTlc
30 min

 

after 60 min of uptaking F
−
 at pH 6 ± 0.5. 
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Fig. 12 SEM surface morphologies: (a) AM60_HTlc
30 min

 (b) AM60
0.02

_HTlc
30 min

 

and (c) AM60
0.22

_HTlc
30 min

 (d) GAXRD patterns: AM60_HTlc, AM60
0.02

_HTlc and 

AM60
0.22

_HTlc treated for 30 min. 
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Fig. 13 (a) Remove amount of fluoride ions (ppm) versus immersion time in 

a fluoride aqueous solution (100 ppm) at pH 6 by 1.5 g AM60_HTlc
30 min

, 

AZ91_HTlc
30 min

, AM60
0.02

_HTlc
30 min

 and AM60
0.22

_HTlc
30 min

: (b) the 

samples' IR spectra after 60 min of F
−
 uptaking experiments. 
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Fig. 14 (a) F
−
 uptaken from solution (ppm) vs. RPC [ MgAl+ (at %) − Cl

− 
(at %)]. 

Herein, RPC means residual positive charges; (b) a schematic plot showing 

that the mechanism of anion sorption became dominant as the RPC of the HTlc 

increased.   
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