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Abstract

Cementation is a method to recover and remove metal ions from aqueous solutions by reductive
deposition of the metals using another elemental metal acting as an electron donor or reducing agent.
Cementation has been used in hydrometallurgical processes as well as in environmental remediation
to remove toxic heavy metals from contaminated solutions. Aluminum (Al) has been considered as a
promising electron donor for environmental remediation, because of its less toxicity and low standard
electrode potential, allowing it to use for reducing most other metal ions without secondary
contamination. Practical application of Al in cementation is, however, limited due to the presence of
surface Al oxide layer(Al,O3), which inhibits electron transfer from Al to metal ions. Recently, a new
cementation technique using the mixture of Al and activated carbon (AC) has been proposed for
recovering gold ions from ammonium thiosulfate solution. In this technique, AC attached on Al surface
act as an electron mediator, and electrons are transferred from Al to gold ions even without removing
Al oxide layer. In this study, applicability of the cementation method using Al as an electron donor
and AC as an electron mediator was investigated for removing heavy metal ions from sulfate and

chloride solutions, and alternative electron mediators to AC was also studied.

Chapter 1 describes the background and objectives of this study, and a literature review on

cementation using Al.

In Chapter 2, effects of AC addition on the cementation of Cd**, Co?*, Ni**, and Zn?" from sulfate
solutions were investigated using Al powder as an electron donor. The results of solution analysis
showed that at pH over 4, efficiencies of metal ion removal from solutions were higher when using
both AC and Al than that with only AC or Al. The results of surface analysis for the cementation
products by SEM-EDX, XPS, and AES analysis showed that the metals were deposited as an elemental
form on AC attached on Al surface. The result of linear sweep voltammetry (LSV) for Al electrode in
cadmium sulfate solution at pH 5, showed that current for reducing Cd ions increased by attaching AC
on Al electrode surface. These results suggested that AC act as an electron mediator to enhance
electron transfer from Al to heavy metal ions even in the presence of insulating surface aluminum
oxide layer, and that cementation technique using AC/Al mixture can be applied to remove a wide

variety of heavy metal ions from sulfate solution.

In Chapter 3, the effects of AC addition on the cementation of Pb%*, Cd**, Co?", Ni**, and Zn**
from chloride solutions at initial pH 4 were investigated using Al as an electron donor. In chloride
solutions, insulating Al oxide layer was removed from Al surface due to formation of soluble
aluminum chloride complexes, and this caused high cementation efficiency (99%) for Pb?>" and Cd?*

while the cementation efficiencies for Co?*, Ni?*, and Zn?>* were almost zero, mainly because of



competition of metal deposition and hydrogen evolution (for Co?* and Ni?*), and slow metal deposition
rate (for Zn?"). With AC/Al mixture was used, cementation of Pb?>" and Cd** was suppressed and
cementation of Co?', Ni**, and Zn?>" was enhanced. Based on the results of electrochemical
experiments and SEM-EDX analysis for cementation products, a possible mechanism for the
suppression and enhancement of the cementation of different metal species in chloride solutions was

discussed.

In Chapter 4, alternative electron mediators to AC were studied. Using fine particles of Ti oxide
(TiOy, rutile) and Si oxide (SiO2) as an alternative to AC, cementation of Co?" and Ni** from sulfate
and chloride solutions were investigated with Al as an electron donor. No cementation occurred when
non-conductive SiO; was used. When semi-conductor TiO, was used, enhanced cementation of Co
and Ni has observed: the results showed that elemental Co and Ni were deposited on TiO; particles
attached on Al surface, and that cementation efficiencies increased with increasing the dosage of TiO».
These results suggest that electro-conductive particles like TiO» can be used as an alternative electron

mediator for enhanced cementation using Al as an electron donor.

In Chapter 5, using Al particles as an electron donor and magnetite (Fe3O4) particles as an electron
mediator, cementation of Cd?>" and Zn?" from sulfate solutions were investigated. The results of
cementation experiments showed that Cd and Zn were deposited on Fe3O4 particles attached on Al
surface, and that the cementation efficiencies of these metals increased with increasing Fe;O4 dosage.
The results of electrochemical impedance spectroscopy for Al electrode confirmed that charge transfer
resistance was reduced when Fe3O4 was attached on the surface. By applying ultra-sonification and
magnetic separation for cementation products, a significant portion of cemented Cd and Zn were

recovered together with Fe;O4 in a magnetic fraction, and Al were separated to a non-magnetic fraction.

Chapter 6 summarized the important findings of this dissertation.
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CHAPTER 1 - GENERAL INTRODUCTION
1.1 Background and Objectives

To recover a small amount of valuable metal ions in hydrometallurgical processes and to remove
toxic heavy metal ions from aqueous solutions are important issues both economically and
environmentally. Among the several techniques to recover and remove metal ions, cementation, which
is an electrochemical reduction reaction, is one of widely used techniques with following advantages:
(1) high process efficiency, (2) low energy consumption, (3) simple operation, and (4) not require
expensive and complicated facilities (Anacleto and Carvalho, 1996; Chen and Lee, 1994; Demirkran
and Kiinkiil, 2011; Farahmand et al., 2009). Cementation proceeds through two concurrent
electrochemical reactions: reduction of metal ions (i.e., cathodic reaction) and oxidation of less noble
metal (i.e., anodic reaction) (Brevnov et al., 2004; Wei et al., 1994). Thus, metal ions are reductively
deposited on the surface of less noble metal, and its driving force is determined by the half-cell
potential difference between metal ions and less noble metal in the electromotive force series (Abdel-

Aziz et al., 2016; Brevnov et al., 2004; Donmez et al., 1999).

Aluminum (Al) is a promising electron donor for environment remediation with low standard
electrode potential (i.e., E°a3/a1=—1.67 V vs. SHE) and less toxicity (Hong et al., 2014; Karavasteva,
2005; Li et al., 2013), which allows reducing most other metal ions without further contamination as

described by the following equation (Demirkran and Kiinkiil, 2011):
2A1° ) + 3Me*  (ag) = 2A13 (aq) + 3Me) (Me: more noble metal than Al) (1-1)

Although Al1° is the most efficient electron donor, its practical application for cementation is
limited due to the presence of a passive Al oxide layer (Al,O3) on Al° surface, which inhibits electron
transfer from Al° to metal ions (Brevnov et al., 2004; Karavasteva, 2005; Malik, 1991; Reboul, et al.,
1997). The surface Al>O3 layer is very thin but difficult to remove because it is dense and tight (1-10
nm), and even if removed, it is immediately regenerated when exposed to the water and atmosphere
(Malik, 1991; McCafferty, 2003; Natishan and O’Grady, 2014; Poinern et al., 2010; Reboul, et al.,
1997). Because of these reasons, numerous studies have been reported for cementation using Al° by
removing Al,O3 layer: when applying high temperature, strong acidic/alkaline pH, and the addition of
additives like chloride ions, the surface Al,O3 layer to inhibit cementation reaction can be removed.
These extreme conditions are applicable for the processes using reactors, while they are very difficult
to use for on-site operations of environmental remediation. Recently, a new cementation technique to
recover gold ions from ammonium thiosulfate solution using a mixture of Al and activated carbon (AC)
has been proposed by Jeon and coworkers (Jeon et al., 2020). The proposed mechanisms of this
enhanced cementation technique (i.e., AC/Al-cementation) are as follows: attached AC on Al surface

acts as an electron mediator and electron transfer could occur from Al° to gold ions even without the



removal of AL,Oj3 layer.

The AC/Al-cementation proposed by Jeon et al. (2020) can successfully recover gold ions from
ammonium thiosulfate solutions, however, applicability of AC/Al-cementation to remove heavy metal
ions from sulfate and chloride solutions has not been investigated. Moreover, applicability of
alternative electron mediator to AC has also not been studied. The specific objectives of this study are
as follows: (1) to investigate the applicability of AC/Al cementation to removal of heavy metal ions

from sulfate and chloride solutions, (2) to develop alternative electron mediators replacing AC.

1.2 Literature review on cementation using Al

1.2.1 Property of Al as an electron donor on cementation
» Cementation process

Cementation, a spontaneous electrochemical reaction, has been widely used since the 16th
century for electrochemically reducing dissolved metal ions from aqueous solutions using less noble
metal (i.e., electron donor) in the hydrometallurgical industry (Djokié, 1996; Ekmekyapar et al., 2012;
Karavasteva, 2009; Murr and Annamalai, 1978a). In general, cementation is concurrent reactions
between anodic and cathodic reactions (Brevnov et al., 2004; Wei et al., 1994), and the overall reaction

is represented by the following equation:
n A’ (s T m Bb+(aq) =nA¥uqtm BO(S) (na = mb) (1-2)

Where, A is a less noble metal (electron donor) and B, a metal that is removed from an aqueous solution.
This reaction occurs spontaneously when the Gibbs free energy change of the reaction (AGY) is
negative. The relation between the Gibbs free energy change and standard electrode potential of anodic

and cathodic reactions can be expressed by the following equation (Uhlig and Revie, 1985):
AGocell =-n FAEOcell (AEocell = EOCathodic - EOAnodic) (1'3)
where n and F represent the number of electrons transferred and Faraday’s constant, respectively.

As shown in Fig. 1-1, cementation process is composed of five steps (Murr and Annamalai, 1978b;
Wei et al., 1994): (1) metal ions (B"") diffusion to surface of electron donor (metal A%) from bulk
solution, (2) adsorption of B*" onto the A° surface, (3) electron exchange between B and A°, (4)
release of A*" from the anodic site, and (5) diffusion of A*" into the bulk solution. In general, steps (1)
and (5) are mass transfer processes, and (2) — (4) are electrochemical reactions. Factors like pH,
temperature, hydrogen evolution, and additives affect the rates of steps (1) — (5) and overall reaction

(Eq. 1-2).
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Fig. 1-1 The schematic diagrams of cementation of metal ions involving the mechanisms (Murr and

Annamalai, 1978b; Wei et al., 1994).

»  Property of Al

Because the standard electrode potential of aluminum (Al) is very low (i.e., E®a/an0 = —1.66 V
vs. SHE), Al can be used as electron donor for cementation to remove most of other metal ions.
Although cementation using Al° can achieve high efficiency for removal of most metal ions, its
practical application is limited because it is covered with an insulating passive Al oxide layer (Al,O3),
inhibiting electron transfer from Al° to metal ions (Anacleto and Carvalho, 1996; Brevnov et al., 2004;

Karavasteva, 2005).

When A1’ is exposed to oxygen in the atmosphere, stable Al,O3 layer forms immediately on its
surface (Li et al., 2013; McCafferty, 2003; Poinern et al., 2010; Reboul, et al., 1997). The thickness of
AlLOs3 layer depends on the production conditions and it has been reported to be 4.8 nm (Strohmeier,
1990), 4.0 nm (Yu et al., 2000), and 4.0 nm (Zéhr et al., 2012) for air-exposed aluminum, with an
average of 1-10 nm (Poinern et al., 2010; Uhlig and Revie, 1985). This Al,Os layer is thin but hard
and stable in a neutral medium, so it can prevent corrosion of Al° (Park et al., 2020; Poinern et al.,
2010; Xhanari and Finsgar, 2019). Moreover, even if corrosion occurs, it can be considered that
continuous oxidation of A1’ is difficult due to regeneration of Al,O3 layer (Malik, 1991; McCafferty,
2003; Reboul, et al., 1997; Takahashi et al., 2009). When Al is oxidized in aqueous solutions during
cementation, aluminum ions (A1’") are released, and they are precipitated as hydroxide (Fig. 1-2).
When this aluminum hydroxide covers on Al° surface, they act as an insulation layer and suppresses
further reactions for cementation (Abdollahi et al., 2015; Hong et al., 2014; Karavasteva, 2005; Li et
al., 2013; Park et al., 2018; Reboul, et al., 1997; Seng et al., 2019).
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Fig. 1-2 The solubility of various metal hydroxides as a function of pH (created using the GWB ®
Professional Ver. 12.0.3 software).

1.2.2 Factors affecting cementation efficiencies

Several techniques have been reported to enhance the efficiency of cementation using Al° by
removing Al,O3 layer at high temperature, strongly acidic/alkaline pH, and in the presence of additives
such as chloride ions. This section summarizes the factors to enhance cementation efficiency by the

removal of ALLOs3 layer.
»  Effects of temperature

Many studies have confirmed that cementation efficiency increases with increasing temperature
as shown in Table 1-1. Annamalai et al. (1978) investigated the kinetic studies on the cementation of
Cu ions in chloride solution using Al° disc and the effects of temperature. At 15 °C, the specific rate
constant (k) was very low while it increased rapidly as the temperature increased to 33 °C. Ekmekyapar
et al. (2012) examined the effects of temperature on the study of kinetics on the cementation of Cu
ions in acetic leachate using A1° disc, and they observed that the rate constant increase rapidly as the
temperature increased from 20 °C to 60 °C. Based on these results, they suggested that the increase of
rate constant was caused by the break down (i.e., removal) of the Al,O3 layer via high temperature.
This is supported by the leaching experiment of alumina (Al>O3). Sarker et al. (2015) demonstrated
that the leaching efficiency of alumina (Al,O3) increased with increasing temperature from 25 °C to

100 °C using 4 M HCl solution.



Lee et al. (1997) investigated the recovery of Au and Ag ions from thiourea solution using Al°
powder. The recovery efficiencies of Au and Ag ions at 15 °C were 60% and 20%, respectively, and
increased to around 99% as the temperature increased to 25-35 °C. They suggested that high
temperature caused removal of Al,Os layer and causes higher cementation efficiency for gold and

silver recovery.

As summarized in Table 1-1, the effects of temperature are more clear in the following studies:
(1) Cu ions recovery in sulfate solutions (Demirkran and Kiinkiil, 2011; Dénmez et al., 1999), (2) Au
ions recovery in thiocyanate solution (Wang et al., 2007), (3) Pb ions recovery in chloride solution
(Abdollahi et al., 2015; Farahmand et al., 2009), and In ions recovery in chloride solution (Hong et al.,
2014; Lee et al., 2014). These results showed that the importance of high temperature for cementation

process using Al°,



Table 1-1 A list of studies on the cementation of metal ions using A1° on the effects of temperature.

Speed Time Cl- Temp.
Year Aluminum type Target metal ions Solutions pH Comment Ref.
(min™) (min) (mg/L) ©C)

1978 Al disc Cu ions in chloride solution 2.5 1250 - 75 15-70 Rate constant increased with (Annamalai et al.,
(9 2.22 cm, 99.99%) (100 mg/L) increasing temperature 1978)

1997 Al power Au ions (96 mg/L) in thiourea solution <15 300 60 X 15-35 Au = 60%,Ag = 20% (15°C)  (Leeetal., 1997)
(—200 mesh, > 99%) Ag ions (534 mg/L) Au 99%, Ag 99% (> 25 °C)

1999  Aldisc Cu ions in sulfate solution 2.5 5027 45 X 20-50 = 53% (20 °C, 15 min) (Donmez et al.,
(92.2cm,-) (635.46 mg/L) = 80% (50 °C, 15 min) 1999)

2007 Al power Au ions in thiocyanate solution 2 500 60 X 6-50 = 70% (6 °C, 60 min) (Wang et al., 2007)
(Dso: 168.9 pm, 99.0%) (10 mg/L) 99% (25 °C, 60 min)

99% (50 °C, 15 min)

2009 Al powder Pb ions in chloride solution - 110 90 - 40-70 = 50% (40 °C) (Farahmand et al.,
(~125 +88 pm, 99.5%) (3000 mg/L) 94% (70 °C) 2009)

2011 Al powder Cu ions in sulfate solution 1 71 90 X 40-80 = 60% (40 °C) (Demirkran and
(2.0 +1.5 mm) (1589 mg/L) = 99% (80 °C) Kiinkiil, 2011)

2012 Aldisc Cu ions in acetic acid solution 1-3.26  200-500 90 X 20-60 Cemented Cu fraction increased (Ekmekyapar et al.,
(9 50 mm, —) (159-1271 mg/L) with increasing temperature 2012)

2014 Al plate In ions in chloride solution 0.4 - 120 - 0-60 18% (40 °C) (Hong et al., 2014)
) (266 mg/L) 89% (60 °C)

2014 Al plate In ions in chloride solution 0.15 - 180 - 40-80 40% (40 °C, 10 min) (Lee etal., 2014)
(15 x 3 mm, 99.9%) (400 mg/L) 70% (60 °C, 10 min)

2015 Al powder Pb ions in chloride solution 4 100 90 300 x10°  40-70 87% (40 °C, 40 min) (Abdollahi et al.,
) (5630-16360 mg/L) 93% (70 °C, 40 min) 2015)

Note: “x” means not present and “—”” means not reported.



»  Effects of acidic and alkaline pH

Maintaining the appropriate pH of an aqueous solution is an important technique to enhance
cementation efficiency using Al° (Abdollahi et al., 2015; Karavasteva, 2005). As shown in Fig. 1-3,
AlLO3 layer is stable in neutral pH ranges, but it is dissolved in acidic and alkaline conditions to be
stable species as AI** and AI(OH)s~ or AlO; respectively (Reboul, et al., 1997; Stubblebine et al.,
2016; Tak et al., 2006; Uhlig and Revie, 1985; Xhanari and FinSgar, 2019).
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Fig. 1-3 The Eh — pH diagram of AI** — H,0 system at 25 °C, 1.013 bar ([AI’"]: 0.1 M, created using
the GWB® Professional Ver. 12.0.3 software).

Stubblebine et al. (2016) studied the corrosion behavior of A,Os and Al° in acidic media using a
thermodynamic Eh — pH diagram. At low pH, dissolution of Al,Os layer on Al surface is as expressed

in Eq. 1-4.
A1203(5) + 6H+(aq) = 2A13+(aq) + 3H20(aq) (1—4)

After removing Al,Oj3 layer on Al° surface at low pH, an oxidation-reduction reaction takes place on
the exposed Al° surface as explained in Fig. 1-2. Two reactions can occur on the Al° surface: (1)
cementation of metal ions (Eq. 1-1) and (2) hydrogen evolution reaction (HER) (Eq. 1-5; MacKinnon
and Ingraham, 1971; Reboul, et al., 1997; Stubblebine et al., 2016).

2A1%) + 6H" (aq) = 2AP*(ag) + 3Hag) (1-5)



In cementation process, HER is an unwanted side reaction, causing the decreases in cementation
efficiency by competition with metal ions reduction and the excessive consumption of Al° (Anacleto
and Carvalho, 1996; Nelson et al., 2000). The rate of HER depends on the hydrogen overpotential of
cemented metal; hydrogen evolution became faster when hydrogen overpotential is low (Beyene et al.,

2018; Ezaki et al., 1993; Ku and Chen, 1992; Uhlig and Revie, 1985).

Because AlbOj; is an amphoteric substance that can react with alkaline media as well as acidic
media, so cementation using Al° in an alkaline solution can also be an alternative technique (Bi et al.,
2021). The dissolution of Al,O3 layer in alkaline solution is mainly caused by the reactions with OH~
as shown by Egs. 1-6 to 1-9, and products of Al,O3 dissolution are AlO,™ and AI(OH)4 (Brouwers and
Eijk, 2003; Mendibide et al., 2021; Stubblebine et al., 2016; Tossell, 1999; Xhanari and Finsgar, 2019).

ALOs) + 20H (ag = 2A105 g + H20() (1-6)
AlOx g + 2H200) = AI(OH)s ag) (1-7)
ALOse + 3H200) = 2A1(OH)ss (1-8)
Al(OH)3(5) + OH (aq) = AI(OH)4™(aq) (1-9)

As shown in Eqgs. 1-10 to 1-11, under strongly alkaline conditions, the following hydrogen evolution
occurs and these reactions consumed Al° (Djoki¢, 1996; Mendibide et al., 2021; Stubblebine et al.,
2016; Xhanari and Finsgar, 2019).

2Al) + 2H20q1) + 20H (ag) = 2A1027(aq) +3H2(g) (1-10)
2Al) + 20H (aq) + 6H200) = 2AI(OH)4 (ag) + 3H2(e) (1-11)

When the pH value moves to the neutral condition, dissolved A" and AI(OH)4~ precipitates as Al
hydroxide on the Al° surface due to their low stability (Egs. 1-12 to 1-14), suppressing the further
cementation process (Arima et al., 2002; Demirkran and Kiinkiil, 2011; Lee et al., 2019; May et al.,
1979).

Al3+(aq) + 30H’(aq) = Al(OH)}(s) (1-12)
Al3+(aq) + 3H,O¢) = AI(OH)3(S) +3H" (1-13)
Al(OH)4™(ag) + H'(ag = A(OH)3(s) + H2Oq) (1-14)

As discussed above, removal of Al,Oj3 layer, hydrogen evolution, consumption of Al® and Al
hydroxide precipitation depends on pH, and maintaining appropriate pH is important on cementation

using Al° (Demirkran and Kiinkiil, 2011; Karavasteva, 2005; Kim et al., 2011; Ku and Chen, 1992).

Wang et al. (2007), Demirkran and Kiinkiil (2011), and Ekmekyapar et al. (2012) demonstrated

that at pH 1 to 3, cementation efficiency was high because of the removal of A1,Os layer. MacKinnon
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and Ingraham (1970), Chen and Lee (1994), studied the kinetic rate constant of cementation of Cu
ions from sulfate and chloride solutions at acidic to neutral pH. They observed that the specific rate
constant became smallest at a neutral pH because of the presence of Al,Os3 layer. Anacleto and
Carvalho (1996) investigated cementation of Hg ions from chloride solutions using Al° powder, and
they demonstrated that recovery efficiency was over 80% at pH from 1-7, suggesting that cementation
using Al° as electron donor was possible at acidic to neutral pH in chloride solutions. On the other
hand, in sulfate solutions efficiency of cementation using Al° at acidic to neutral pH is limited: Dénmez
et al. (1999) reported that recovery of Cu was less than 10% in sulfate solution at pH 5.2. This may be

due to the AL,Os3 layer is not removed in sulfate solution at neutral pH.

Arima et al. (2002) demonstrated that the cementation efficiency of Au ions in ammonium
thiosulfate solution was 80% at pH 10 while it was 0% at pH 9.5. At pH 10, AI(OH)4~ was stable and
this caused the removal of insulating Al,O3 layer, while at pH 9.5, AI(OH)4~ was not stable and Al,O3
layer was not removed, causing a lower efficiency of cementation. The experimental conditions and

results of the effect of pH on cementation using Al° are summarized in Table 1-2.



Table 1-2 A list of studies on the cementation of metal ions using A1° on the effects of pH.
Speed Time Cr Temp.
Year Aluminum type Target metal ions Solutions pH Comment Ref.
(min™) (min) (mg/L) °C)

1970  Aldisc Cu ions in sulfate solution 0-1 1250 - X 50 Cementation efficiency increased ~ (MacKinnon and
(9 2.22 cm, 99.99%) (100 mg/L) with increasing [H'] Ingraham, 1970)

1994 Al disc Cu ions in chloride solution 14 800 - 220 30 Rate constant value is slow when  (Chen and Lee,
(9 46.8 mm, —) (200 mg/L) pH over 4 1994)

1996 Al powder Hg ions in chloride solution 1-7 - 30 100x10° 18 = 80% (pH 1) (Anacleto and
(Dso: 70pm, >90.5%) (500 mg/L) = 99% (pH 3) Carvalho, 1996)

= 80% (pH 7)

1999  Aldisc Cu ions in sulfate solution 1-5.2 5027 45 X 30 99% (pH 1) (Donmez et al.,
(922 cm,-) (635.46 mg/L) = 10% (pH 5.2) 1999)

2002 Al powder Au ions in ammonium 9.5— - 60 X Room = 0% (pH 9.5) (Arima et al.,
(45um, ) (8 mg/L) thiosulfate solution 10.5 temp. > 80% (pH > 10) 2002)

2007 Al power Au ions in thiocyanate solution  1-3 500 60 X 25 99% (pH 1, 50 min) (Wang et al.,
(Dso: 168.9 pm, 99.0%) (10 mg/L) = 80% (pH 3, 60 min) 2007)z

2011 Al powder Cu ions in sulfate solution 1-2 71 60 X 70 = 90% (pH 1) (Demirkran and
(-2.0 +1.5 mm) (1589 mg/L) = 80% (pH 2) Kiinkiil, 2011)

2012 Aldisc Cu ions in acetic acid solution 1-3.26  200-500 90 X 20-60 Cemented Cu fraction increased (Ekmekyapar et al.,
(9 50 mm, —) (159-1271 mg/L) with decreasing pH 2012)

Note: “x” means not present and “—" means not reported.

10



»  Effects of chloride ions

Pitting corrosion, a typical reaction destroying Al° caused by anions such as Cl™ in aqueous
solutions, is used as a technique for the enhancement of cementation via removal of ALLO; layer.
(McCafferty, 2003; Natishan and O’Grady, 2014; Reboul, et al., 1997; Sarker et al., 2015; Tak et al.,
2006). The removal of Al,Os layer via Cl- involves as follows (McCafferty, 2003; Natishan and
O’Grady, 2014; Reboul, et al., 1997): (1) CI~ adsorption on Al,O3 layer’s micro-flaws, (2) hydrogen
evolution occurred at ALO3/Al” interface, (3) formation and growth of blister due to the gas pressure

increase, and (4) removal of Al,Os layer by a larger scale blister breaks and localized corrosion.

Adsorption of Cl™ is enhanced at pH lower than 9, because the point of zero charge (PZC) of Al
is around 9 and negatively charged Cl- is attracted to the positively charged surface of Al at pH lower
than 9 (McCafferty, 2003; Natishan and O’Grady, 2014; Reboul, et al., 1997).

In the presence of Cl-, Al,O3 layer is dissolved according to Eq. 1-15 (Reboul, et al., 1997; Sarker
etal., 2015).

ALO3(s) + 6HClag) = 2A1Cl33aq) + 3H20q) (1-15)

When Al° surface is exposed to the solution, hydrogen evolution (Eq. 1-16) occurs (Reboul, et al.,

1997, Tak et al., 2006).
Al(s) + HCl(aq) = A1C13(aq) + Hz(g) (1— 1 6)

In addition to Al,O3 removal, Cl~ enhances cementation reaction by increasing the exchange current

density and preventing passivation of Al surface (Hong et al., 2014; Vasil’ev et al., 2010).

Effects of CI” concentration on the cementation using Al° has been investigated in many studies.
Annamalai et al. (1978) investigated the effect of CI~ concentration on Cu ion cementation using Al°.
They showed that the specific rate constant of cementation increased as the concentration of ClI-
increased up to 25 mg/L and then maintained a constant value above 25 mg/L, suggesting that a small
amount of CI” is enough to remove Al,O3 layer. The different sources of Cl~ (e.g., KCl, NaCl,
AICl; = 6H>0, CuCl; = 2H,0, and HCI) have not significantly affected the Cu ion cementation using
Al° (Annamalai and Murr, 1978; Wei et al., 1994).

Cementation of valuable metal ions from hydrochloric leaching solutions using Al° has been
investigated by many researchers (e.g., Ag and Pb recovery from zinc leaching residue; In and Sn
recovery from indium tin oxide) (Farahmand et al., 2009; Hong et al., 2014; Lee et al., 2014; Raghavan
et al.,, 1998). In this case, further addition of Cl~ is not required, so there is an advantage that
cementation using A1° can be used immediately as a follow-up process after leaching. Table 1-3 is the

list of cementation research using A1° on the effects of CI.
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Table 1-3 A list of studies on the cementation of metal ions using Al° on the effects of CI-.

Aluminum Target P Speed Time Temp.

Year Cr Comment Ref.
type metal ions H (min")  (min) (°C)

1978 Al disc Cu 2.5 1250 - 75 50 Specific rate (Annamalai et
(62.22 cm, (100 mg/L) mg/L constant increased al., 1978)
99.99%) with increasing

[CT]

1978 Al disc Cu 2.5 1250 - 75 40 Using different (Annamalai and
(9222 cm, (100 mg/L) mg/L sources of Cl™ Murr, 1978)
99.99%)

1994 Al disc Cu 3 800 100 - 30 AICl; * 6H,0 added  (Wei etal.,

(0 46.8 mm, (50-300 to remove Al,Os 1994)
-) mg/L)

1996 Al powder Hg 7 - 30 100 18 = 80% (Anacleto and
(Dso: 70pm, (500 mg/L) g/L Carvalho, 1996)
>90.5%)

2020 Al powder In 04 200 20 075 25 91.69% (in HCI) (Rahmawati and
(0.4-0.45 (6.83 g/L) M < 1% (in H,SOsand  Liu, 2020)
pm, 99.8%) HNOs)

Note: “—” means not reported.

Effects of other anions were also reported. Halogens like F~and Br~ are also effective to enhance
cementation using Al as electron donor, while SO4>~ did not enhance the cementation(Li et al., 2013).
This is because that SO4>~ inhibits the pitting corrosion by inducing rapid regeneration of the passive
oxide layer on Al° surface (Li et al., 2013; Reboul, et al., 1997; Rudd and Scully, 1980; Tak et al.,
2000).

»  Effects of morphology of cemented metal

There is a strong relationship between the morphology of cemented metal when using Al° as
electron donor and cementation rate. A featherlike dendrite-type precipitate was observed when
cementation rate was high, while a bulbous-type precipitate was observed when the rate was low
(Annamalai et al., 1978; Chen and Lee, 1994; Li et al., 2013; Wei et al., 1994). Specific surface area
is larger with a featherlike dendrite-type precipitate than with a bulbous-type precipitate (Chen and
Lee, 1994; Hong et al., 2014). This surface area difference may cause mass transfer rate, which is an

important factor to determine cementation rate.
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»  Effects of chelating agent

Chelating agents for heavy metal ions (Fu and Wang, 2011; O’Connell et al., 2008) affect the
efficiency of cementation using Al® in aqueous solutions. Chen and Lee (1994) investigated the effects
of chelating agents such as EDTA, NTA, and citrate on Cu ions cementation using Al disc. The specific
rate constant depended on the type of chelating agent: the rate increased with citrate, while decreased
with EDTA and NTA. When Al,O3 layer is removed at low pH, citrate can enhance the cementation
efficiency by precipitating a fine dendrite-type precipitate, but it acts as an inhibitor of Al,O3 layer
removal from chloride solution due to competitive adsorption with CI~ (Rudd and Scully, 1980; Toujas
etal., 2017). Wei et al. (1994) studied the effects of EDTA concentration on Cu ions cementation using
Al disc, and they demonstrated that the specific rate constant decreased with increasing EDTA
concentration based on the calculation of kinetic model and surface analysis results. In the presence
of NTA or EDTA, the cementation rate decreased because diffusion and reduction of metal ions were

inhibited by stable chelated species (Chen and Lee, 1994).

1.2.3 New cementation techniques using Al and AC

As mentioned earlier, the presence of AlOj3 layer on Al° surface suppresses cementation reaction
by inhibiting electron transfer from Al° to metal ions. Many researchers have been studied removal of
AlO3 layer to enhance cementation. Recently, Jeon et al. (2020) reported a new cementation technique
using Al and AC for the recovery of Au-thiosulfate complex from the ammonium thiosulfate solution.
They conducted cementation experiments under the following conditions: 0.15 g of Al and/or 0.15 g
of AC in the 10 ml of ammonium thiosulfate solutions (i.e., pH: 9-10, 100 mg/L Au ions, 1 M Na»S,0s3,
0.5 M NH3s, 0.25 M (NH4)2SO4, and 10 mM CuSOs) at 25 °C for 24 h. Without AC the recovery of Au
from the solution was negligible. With AC, the cementation efficiency of Au was significantly
enhanced. Based on the surface analysis results, they suggested a possible mechanism as follow: Al
acts as an electron donor (i.e., anode) and AC attached to Al surface served as an electron mediator
(i.e., cathode) from Al to Au-thiosulfate complex despite the presence of Al,Os layer, thereby

promoting Au recovery.
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1.3 Outline of the dissertation
The dissertation consists of six chapters. The key contents of each chapter are as follows:

Chapter 1 gives the general background, objectives of this study, and literature reviews on cementation

using Al

Chapter 2 investigates the effects of AC addition on the cementation of Cd**, Co?*, Ni*', and Zn?**
from sulfate solutions using Al powder as an electron donor, and mechanisms are detailed based on

surface analysis and electrochemical experiments.

Chapter 3 investigates the effects of AC addition in the absence of Al,O3 layer on the cementation of
Pb%*, Cd**, Co*", Ni?*, and Zn?*" from chloride solutions using Al powder as an electron donor.
Suppression and enhancement cementation of different metal species are discussed based on surface

analysis and electrochemical experiments.

Chapter 4 examines TiO> and SiO, as alternative electron mediators to AC for Co?" and Ni**

cementation using Al powder.

Chapter 5 investigates Cd?>* and Zn?* cementation from sulfate solution using Al powder as an electron
donor and Fe3;O4 as electron mediator and proposes detailed mechanisms by electrochemical
experiments and surface analysis. The effect of magnetic separation for cementation products is

studied to separate cemented Cd and Zn in magnetic fractions.

Chapter 6 gives the summary and general conclusion of this dissertation.
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CHAPTER 2 — Enhanced cementation of Cd?*, Co?*, Ni**, and Zn** with
aluminum from sulfate solutions by the addition of activated carbon as electron

mediator
2.1 Introduction

Cementation is an electrochemical reduction process usually used in the hydrometallurgical
industry to recover or remove dissolved metal ions (Nelson et al., 2000). This reaction spontaneously
proceeds via the difference in the standard reduction potentials, and more noble metal ions are
reductively cemented on the surface of reductant metal (i.e., electron donors) in the same aqueous
system. The overall cementation reaction is described by the following equation (Abdel-Aziz et al.,

2016; Donmez et al., 1999; Gouvea and Morais, 2007; Hsu and Tran, 1996; Navarro et al., 2004):
n A%+ m B @q = n A% g + m B (na = mb) (2-1)
where A and B represent the reductant and target metals, respectively.
Equation 2-1 can be divided further into two half-cell reactions as follows:

anodic reaction: n A® — n A* + na e (2-2)
cathodic reaction: m B**+ mb e — m B° (2-3)

The anodic reaction (Eq. 2-2) represents the oxidative dissolution of reductant (A°) while the cathodic

reaction (Eq. 2-3) refers to the cementation of target metal ion B®* on the reductant.

Various cementation systems using low electrode potential reductants such as iron (E%e2+/re = —
0.45 V vs. SHE), zinc (E%zn2+/zn = —0.76 V vs. SHE), and aluminum (E°Aj3+/a= —1.67 V vs. SHE) have
been studied (Boyanov et al., 2004; Choi et al., 2020; Jeon et al., 2020b; Ku and Chen, 1992;
Makhloufi et al., 2000; Silwamba et al., 2020b, 2020a; Tables et al., 2018). Among them, Al° is
theoretically considered as a promising electron donor because of its low standard electrode potential,
which makes it possible to recover almost all metal ions; however, its application is limited due to the
presence of dense insulating aluminum oxide (Al>Os) layer inhibiting electron transfer from Al° to
metal ions (Anacleto and Carvalho, 1996; Annamalai and Murr, 1978; Choi et al., 2021; Li et al.,
2013a; Murr and Annamalai, 1978a, 1978b). When the Al oxide layer is removed from the surface, Al
can be used as an electron donor for cementation. To remove the Al oxide layer, however, high
temperatures, acid/alkaline solutions, or high concentration of chloride ions are needed (Demirkran
and Kiinkiil, 2011; Djoki¢, 1996; Ekmekyapar et al., 2012; Farahmand et al., 2009; Li et al., 2013a),
and these extreme conditions make it difficult to use Al as an electron donor in the practical

cementation processes.
Recently, Jeon et al. (2020b) investigated the effects of activated carbon (AC) addition on the
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efficiency of cementation using Al as an electron donor for recovering gold ions from ammonium
thiosulfate solution (Jeon et al., 2020a, 2020b). The results showed that cementation efficiencies of
the metal ions were significantly enhanced by the addition of activated carbon (AC) even when an
insulating Al oxide layer covered on the Al surface (Jeon et al., 2020a, 2020b). This “enhanced
cementation using AC/Al-mixture” can be operated under mild conditions; i.e., it does not require
extreme operating conditions such as high temperatures, and high concentrations of chemical reagents
such as acid, base, and chloride ions. This new method may, therefore, provide a practical way to use
Al, one of the strongest reductants (electron donor) for cementation to recover metal ions from dilute

solutions.

In this chapter, enhanced cementation using AC/Al-mixture was investigated to recover/remove
heavy metal ions other than gold ions under mild conditions. Batch-type experiments were conducted
to investigate the applicability of “AC/Al-cementation” for the recovery/removal of cadmium (Cd),
cobalt (Co), nickel (Ni), and zinc (Zn) from sulfate solutions. These heavy metals were selected not
only because they are challenging to remove by conventional neutralization-precipitation strategies
but also due to their emerging importance in batteries and renewable energy technologies (Bernhoft,
2013; Choi et al., 2020; Douglas. S. Flett, 2004; Gupta et al., 1997; Lupi and Pasquali, 2003; Peeters
et al., 2020; Silwamba et al., 2020b; Tabelin et al., 2021; Zhang et al., 1998). In addition, these heavy
metals have different hydrogen overpotentials (higher overpotentials with Cd?>* and Zn?", and lower
overpotentials with Co?" and Ni**) (Beyene et al., 2018; Ezaki et al., 1993; Hickling and Salt, 1940;
Uhlig and Revie, 1985), which can advance our understanding of how hydrogen overpotential affects

cementation.

2.2 Materials and methods
2.2.1 Aluminum and activated carbon

As an electron donor, Al powder (99.99%, Wako Pure Chemical Industries, Ltd., Osaka, Japan)
was used, and AC powder (99.99%, Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used as
an electron mediator. Particle size distribution of these materials, measured by laser diffraction
(Microtrac® MT3300SX, Nikkiso Co. Ltd., Osaka, Japan), is shown in Fig. 2-1. The median diameters
(Dso) of Al and AC were 21.3 and 38.1 um, respectively.
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Fig. 2-1 Particle size distribution for (a) aluminum and (b) activated carbon used in this chapter.

2.2.2 Cementation methods

When Sulfate solutions containing 1 mM Cd?*, Co?*, Ni%*, or Zn?" were prepared by dissolving
CdSO4:nH20 (99.5%, Wako Pure Chemical Industries, Ltd., Japan), CoSO4-7H>0 (99.0%, Wako Pure
Chemical Industries, Ltd., Japan), NiSO4-6H>0 (99.0%, Wako Pure Chemical Industries, Ltd., Japan),
or ZnSO4-7TH20 (99.5%, Wako Pure Chemical Industries, Ltd., Japan) in deionized (DI) water (18
MQ-cm, Mill-Q® Integral Water Purification System, Merck Millipore, USA). The initial pH was
adjusted using 1 M H,SO4 (Wako Pure Chemical Industries, Ltd., Japan). Total SO4*~ concentration
was fixed to 0.1 M using Na>SO4 (99.0%, Wako Pure Chemical Industries, Ltd., Japan) to normalize

the effects of this anion on cementation.

To investigate the removal/recovery efficiency of heavy metal ions from sulfate solutions, 10 mL
of prepared solution (initial pH of 1, 2, 3, 4, and 5) was poured into a 50-mL Erlenmeyer flask and
then purged with ultrapure N (99.9%) for 15 min to remove dissolved oxygen. Afterward, 0.1 g of Al
and/or 0.1 g of AC was introduced into the flask and then re-purged with ultrapure N> for 5 min. After
this, the flask was tightly capped with a rubber stopper and parafilm, and shaken at 25 °C for 24 h in
a thermostat water bath shaker (Cool bath shaker, ML-10F, Taitec Corporation, Japan) with 40 mm of
shaking amplitude and 120 min' of shaking frequency (Note that these parameters were selected
based on our preliminary experiments). At pre-determined time intervals, flasks were collected from
the shaker and the final pH of suspensions was measured. The suspensions were then filtered through
syringe-driven membrane filters (pore size: 0.2 pm, LMS Co., Ltd., Japan), and the filtrates were
immediately diluted with 0.1 M HNOs. The concentrations of metal ions in the filtrates were analyzed
using inductively coupled plasma atomic emission spectroscopy (ICP-AES, ICPE-9820, Shimadzu
Corporation, Japan) (margin of error = +2%) and removal/recovery efficiency (R) was calculated

according to the following equation:
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R = x 100 (2-4)

i
where C; and Crare the initial and final concentrations of metal ions, respectively. The amount of metal

ion removed per unit mass from solution (g) was also calculated as follows:

_ GiCp)v
= & (2-5)
where ¢ is the amount of metal ion removed per unit mass (mg/g), ¥ is a volume of solution (L), and
m is the mass of Al (g) and/or AC (g) used. When an AC/Al-mixture was used, m is the combined

masses of AC (0.1 g) and Al (0.1 g).

2.2.3 Surface analysis

The cementation products were collected by vacuum filtration (pore size: 0.2 um, Merck
Millipore, USA), washed thoroughly with DI water, dried in a vacuum oven at 40 °C for 24 h, and
then analyzed by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDS, JSM-IT200™, JEOL Co., Ltd., Japan), X-ray photoelectron spectroscopy (XPS, JPS-9200,
JEOL Co., Ltd., Japan) and auger electron spectroscopy (AES, JAMP-9500F, JEOL Co., Ltd., Japan).
The XPS analysis was conducted using a monochromatized Al Ko X-ray source (hv = 1486.6 eV)
operated at 100 W (voltage: 10 kV; current: 10 mA) under ultra-high vacuum (~1077 Pa). All spectra
were calibrated and corrected using the Cls binding energy of adventitious carbon (284.0 eV).
Background subtraction and curve fitting were done using the SPECSURF analysis software by
applying a true Shirley background and 80%—-20% Gaussian—Lorentzian curve fitting model (Park et
al., 2021; Shirley, 1972). Auger electron spectroscopy (AES) analysis was conducted under a pressure
of less than 1077 Pa, probe energy of 10 kV, and probe current of 19.7 nA. The spectra were then

analyzed using Spectra Investigator AES software.

2.2.4 Electrochemical measurements
2.2.4.1 Linear sweep voltammetry (LSV)

To understand reduction reactions of Cd** on the surfaces of Al and AC/Al, linear sweep
voltammetry was carried out using a potentiostat (SP-300, Biologic, France) with a conventional three-
electrode system. For this, Al rod (99.999 %, 10 mm ¢@; AL-012651, Nilaco Corp.), Ag/AgCl electrode
filled with saturated KCI, and platinum (Pt) electrode were used as working, reference, and counter
electrodes, respectively. The Al working electrode was polished using wet 1200-grit silicon carbide

papers using a polishing machine (Saphir 250 M1, ATM, Germany). After this, the electrode was
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further ground using 1 um diamond paste on a polishing cloth plate using the polishing machine,
ultrasonically cleaned for 3 min in DI water to remove impurities on Al surface, and re-washed with
DI water. After this, the Al working electrode was exposed to air to make Al,Os layer on Al° surface
for 7 days. The Al electrode with AC was prepared as follows: (1) AC was mixed with acetone and
suspended by ultra-sonification, and (2) the acetone suspension was put on the whole surface of the
polished Al electrode. The Al and AC/Al electrodes were used as a working electrode after the
evaporation of acetone. Three electrodes were immersed into the prepared solution (e.g., pH 5 1 mM
Cd?" with 0.1 M SO4?~ as a supporting electrolyte), deoxygenated by N> purging, and equilibrated at
25 °C for 30 min. After equilibration at the open circuit potential (OCP), LSV was measured starting
from OCP to —1.2 V vs. Ag/AgCl at the scan rate of 10 mV/s.

2.3 Results and discussion
2.3.1 Removal of Cd**

2.3.1.1 Effects of pH

Figures 2-2(a), (b), and (c) show the Cd** removal efficiency, final pH, and Al concentration,
respectively in sulfate solution using AC, Al, and AC/Al-mixtures at different initial pH for 24 h. When
only AC was added, the removal efficiency was less than 4% at pH 1-3 and around 25% at pH 4-5.
The Cd*" removal by AC could be attributed to adsorption onto negatively charged surface functional
groups like 7n(—COOH) as described in Eq. 2-6 (Ali et al., 2012; Dil et al., 2016; Gao et al., 2018;
Gupta and Saleh, 2013; Iida et al., 2013; Kadirvelu et al., 2001; Karnib et al., 2014; Mar et al., 2013;
Sulyman et al., 2017).

M™ + n(~COOH) <> (-COO),M + nH* (2-6)

At low pH, surface functional groups on AC remains protonated (i.e., uncharged) because of the high
H* concentration that limited Cd** removal by adsorption (Burakov et al., 2018; Gao et al., 2018; Iida
et al., 2013; Kadirvelu et al., 2001; Karnib et al., 2014; Saleh and Gupta, 2014; Sulyman et al., 2017).
As the pH is increased, these surface functional groups are deprotonated, become more negatively
charged, and promote Cd*" adsorption via electrostatic interactions (Eq. 2-6) (Burakov et al., 2018;

Dil et al., 2016; Gupta et al., 2014, 2013, 2002; Nekouei et al., 2015).

The removal efficiency using only Al was even lower than AC at ~2% (pH 4-5), suggesting that
cementation of Cd** on Al was negligible. Figures 2-3(a) and (b) illustrate the XPS spectra of Al before
and after the Cd*" removal experiments at pH 5, respectively. The Al 2ps» peaks were unchanged

before and after the experiment with a binding energy of 72.6 eV from Al metal and of 75.6 eV from
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Al oxide layer; that is, both Al and Al,O3 were present in the samples (Kaplowitz et al., 2014; Naumkin
etal., 2012; Zahr et al., 2012). Before and after experiments, the Al metal and A1,Os peaks have similar
FWHM of around 1.240.1 and 0.740.1, respectively. The curve fitting results also showed that A1,O3
before the experiment was 84.5% and only slightly decreased to 83.5% after the experiments, which
means that the insulating AL,Osz layer on Al was stable at pH 5. This deduction is supported by the
activity-pH diagram for A" in 0.1 M SO4?>~ predicting ALOs stability at pH 5 (Fig. 2-4(a)), the very
low AI** concentrations (< 0.1 mg/L) measured at pH 5, and previous reports on Al;Os solubility (Park
etal., 2020; Tabelin et al., 2017a). At pH below 3, AI** concentration increased with decreasing initial
pH (Figs. 2-2(c) and 2-4(a)), indicating that A1,O3 dissolved under strongly acidic conditions, then
electron transfer from Al to Cd** could occur spontaneously due to standard redox potential differences
between Cd?*"/Cd redox pair (—0.40 V vs. SHE) and AI**/Al redox pair (—1.67 V vs. SHE). This
promoted Cd** reduction to elemental Cd (Cd°) on Al as described in Eq. 2-7.

3Cd* +2 Al0 — 3 CdO+ 2 A* 2-7)

The final pH was also markedly higher at initial pH 2—3, which could be attributed to two phenomena:
(1) buffering effects of Al,O3 (Tabelin et al., 2017b), and (2) H" consumption due to H, formation on
Al (Eq. 2-8), which will be discussed in detail later.

2H +2e —>H, (2-8)

When only AC was used, the increase in pH was smaller than the AC/Al-mixture, confirming that the
pH increase was mainly due to the reaction of proton with Al or Al,O3. Slight increase of final pH was
observed in the experiments with only AC, which could be attributed to protonation (i.e., H" adsorption)

of AC surface functional groups as explained previously (Dil et al., 2016; Suhas et al., 2016).

In the case of AC/Al-mixture, Cd?* removal efficiency increased to ~50% at pH 4-5, which were
higher than either AC only or Al only. As noted earlier, Al was covered with Al,O3 at pH 4-5, so the
enhanced removal of Cd*" was likely because of electrochemical interactions between Al and AC, a
phenomenon that will be discussed in more detail in the surface analysis section. Although Cd**
removal via precipitation as Cd-hydroxide and/or carbonate is another possible mechanism, this can
be neglected because the maximum final pH in the experiments was 5.1 where Cd*" solubility remains

high (Figs. 2-2(b) and 2-4(b); Tabelin et al., 2020b).
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Fig. 2-2 (a) The Cd** removal efficiency, (b) final pH, and (b) AI** concentration in sulfate solutions
at different pH for 24 h (Al = Al°; AC = Activated carbon).
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2.3.1.2 Effects of time

Figures 2-5(a) and (b) show the removal efficiency of Cd** and final pH in sulfate solution using
AC, Al, and AC/Al-mixture as a function of time (initial pH: 5.0). When only Al was used, removal
efficiencies were almost 0% regardless of the experiment duration. When only AC was added, Cd**
removal efficiency reached 21% within 1 h, which remained unchanged until 24 h. The pH also

decreased to 4.7 but stabilized quickly after just 1 h.

When both Al and AC were added, the removal efficiency increased to 21% after 1 h and
increased continuously with time to reach 45% after 6 h. After 24 h, the amount of Cd*" removed per
unit mass of AC/Al-mixture was 2.1 mg/g (Eq. 2-5). Given that Cd*" removal by Al was negligible,
the increase in Cd*" removal after 1 h cannot be explained by adsorption to AC only. These results
suggest a synergistic interaction between AC and Al that enhanced Cd?" removal in sulfate solution.

During the experiments, the pH remained in the range of 4.8-5.1 regardless of Al and AC.
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Fig. 2-5 (a) The removal efficiency of Cd*" and (b) final pH in sulfate solutions at initial pH 5 for 24
h (Al = Al% AC = Activated carbon).

2.3.1.3 Surface analysis of Cd-bearing products

Figure 2-6 shows the SEM photomicrograph and EDS point analysis of cementation products
obtained after Cd*>" removal experiments using AC/Al-mixture at pH 5 for 24 h. The SEM
photomicrograph (BSE) has bright regions (e.g., Point 1) attached to a dark particle (Point 2). Based
on the EDS spectra, Al was the major component detected in Point 2 while in Point 1, Al and O peaks
were detected together with Cd and C peaks. These results suggest that Cd was likely deposited on AC
rather than on Al.

Figure 2-7 shows the XPS spectra of Cd 3d, Al 2ps/2, and O 1s of cementation products obtained
after Cd** removal experiments using AC/Al-mixture at pH 5 after 24 h. The XPS spectrum of Cd 3d

with fitted Gaussian-Lorentzian models is shown in Fig. 2-7(a). The spin-orbit splitting components—
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main Cd 3ds,, and spin-orbit Cd 3d3»,—in Cd 3d peak appeared at 405.0 eV and 411.8 eV (Fig. 2-7(a)).
The measured difference between the Cd 3ds» and Cd 3ds, was 6.8 eV, which is consistent with
reported values for Cd binding energy separation (Li et al., 2013b; Marychurch and Morris, 1985).
The peak detected at 405.1 eV (Cd 3ds)) corresponded to Cd°, which means that Cd** was removed
via cementation. CdO formation was also implied by the binding energy (B.E.) at 404.2 eV, and the
formation of CdO was also corroborated by O 1s spectrum (Fig. 2-7(c)) (Naumkin et al., 2012). Direct
CdO precipitation around pH 5 is thermodynamically unfavorable (Tabelin et al., 2020b), so its
formation was likely the consequence of Cd® oxidation during drying of products before the XPS
analysis. The spectrum of Al 2p3/2 (Fig. 2-7(b)) and O 1s (Fig. 2-7(c)) identified peaks of Al,Os at
binding energies of 74.1 eV and 531.2 eV, and AI(OH); peaks at binding energies of 74.9 eV and 532.3
eV (Figs. 2-7(b) and (c)) (Fang et al., 2013; He et al., 1993; Kloprogge et al., 2006; Maslakov et al.,
2012; Park et al., 2020; Shi et al., 2013). This means that the enhanced cementation of Cd*" using
AC/Al-mixture occurred via A,Os layer on Al surface. Dissolved AI*" were not observed after
cementation experiments (Fig. 2-2(c)), which indicates that dissolved AI3* (Eq. 2-7) precipitated on
the Al surface as hydroxide form due to the high pH (Fig. 2-2(b)).
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Fig. 2-6 SEM photomicrograph of (a) cementation products using AC/Al-mixture in 1 mM cadmium
sulfate solution at pH 5.0 and EDS point analysis of each point (1 and 2).
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Fig. 2-7 XPS spectra of cementation products using AC/Al-mixture in 1 mM cadmium sulfate

solution at pH 5: spectrum of (a) Cd 3d, (b) Al 2p3», and (c) O 1s.
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2.3.1.4 Linear sweep voltammetry (LSV)

Figure 2-8 shows the cathodic linear sweep voltammograms for Al and AC/Al electrodes in
sulfate solutions with and without 1 mM Cd?* at pH 5. Linear sweep voltammograms for Al electrode
showed that there was no current peak without Cd** while a cathodic current peak was observed at —
0.97 V with Cd?*, suggesting that Cd** reduction (Eq. 2-9) occurred on Al electrode even though the

electrode surface was covered with insulating Al oxide layer at pH 5.
Cd* +2e — Cd° (2-9)
This may be due to the presence of cracks in the Al oxide layer.

When AC was attached on Al electrode (i.e., AC/Al electrode was used), a larger cathodic current
peak was observed. This result suggests that Cd** reduction became more active with attached AC and

that AC act as electron mediator from Al to metal ions.
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Fig. 2-8 Linear sweep voltammograms of without Cd** and 1 mM Cd?" (scan range: OCP to 1.2 V
vs. Ag/AgCl) in sulfate solutions at pH 5.0 at 25 °C using Al and AC/Al electrode (scan rate: 10
mV/s)

Based on the results in Sections 2.3.1.1 — 2.3.1.4, better removal of Cd*" by cementation in
AC/Al-mixture can be interpreted by assuming that AC provided an electron mediator from Al to Cd**

and this mechanism occurred even in the presence of Al,O3 on Al.

30



2.3.2 Removal of Co®* and Ni**

2.3.2.1 Effects of pH

Figures 2-9 and 2-10 show the removal efficiency, final pH, and AI** concentrations after 24 h at

initial pH of 1-5 for Co?* and Ni?", respectively. The AI** concentration was almost zero at pH over 4

but increased with decreasing pH below 3. With Al, the removal efficiencies were almost 0% in the

entire pH range considered in the experiments even if AI3* concentration increased at pH below 2.

When only AC was used, Co?>" and Ni?>" were adsorbed on AC and the removal efficiency increased

with increasing pH with maximum removal reaching ~32% for Co?* and ~45% for Ni*". When AC/Al-

mixture was used, higher removal efficiencies were observed and the maximum removal efficiencies

at pH 5 were 57% for Co** and 61% for Ni**. The maximum final pH was 5.0 and 5.1 for the Co** and

Ni?" removal experiments, respectively (Figs. 2-9(b) and 2-10(b)), and precipitations of Co?* and Ni**

as hydroxides under these conditions were thermodynamically unfavorable (Fig. 2-11).
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Fig. 2-9 (a) The Co?* removal efficiency, (b) final pH, and (c) AI** concentration in sulfate solutions
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Fig. 2-11 The activity — pH diagram for 1mM (a) Co?" and (b) Ni** species with 0.1 M SO4>~
(created using the GWB Professional Ver. 12.0.3 software).

Generally, proton (H") concentration or pH is an important factor in the cementation of metal
ions with Al as a reductant. On the one hand, the high concentrations of H" could dissolve the
insulating Al,O; layer on Al and enhance cementation (Donmez et al., 1999). On the other hand, high
concentrations of protons may inhibit cementation when H* are reduced to form hydrogen gas (H>) as
described in Eq. 2-8 (Backman and Ostvold, 2000). Because this half-cell cathodic reaction (Eq. 2-8)
consumes electrons, it competes with metal ion reduction (Eq. 2-3) and suppresses the extent of

cementation on Al.

Previous electrochemical studies on the reaction rates of hydrogen evolution using different metal
electrodes reported that the rate is mainly dependent on hydrogen overpotential, a parameter defined
as the voltage required for hydrogen evolution on a given metal surface (Beyene et al., 2018; Ezaki et
al., 1993; Hickling and Salt, 1940). Hydrogen evolution is sluggish when hydrogen overpotential is
high but fast when the overpotential is low.

As shown in Table 2-1, the hydrogen overpotential of Co is around 0.3—0.4 V while that of Ni is
around 0.3 V (Ezaki et al., 1993; Hickling and Salt, 1940). These values are lower than that of Cd
(0.99 V) and thus, the reduction of H* to H» occurs more readily on Co and Ni than Cd (Hickling and
Salt, 1940). Because of this, it is postulated that small amounts of Co and Ni deposited on Al could
promote hydrogen reduction and hydrogen gas evolution that competes with the continued

cementation of Co?" and Ni?" on Al.
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Table 2-1 Hydrogen overpotential values of Cd, Zn, Co, and Ni

Metal Temperature (°C) Solution p at 1 mA/cm? (V) Reference
Cd - - 0.99 (Hickling and Salt, 1940)
Zn 20 0.5 M H2SO4 0.94 (Uhlig and Revie, 1985)
Co 30 0.5 M H2SOq4 03-0.4 (Ezaki et al., 1993)

(Ezaki et al., 1993;

Ni 30 0.5 M H2504 0.3 o
Hickling and Salt, 1940)

Note: “—” means not reported.
2.3.2.2 Effects of time

Figures 2-12(a) — (d) show the removal efficiency and pH of Co?" and Ni** from sulfate solution
using AC, Al, and AC/Al-mixture as a function of time (initial pH: 5.0). When only Al was used, the
removal efficiencies of Co?" and Ni?* were almost 0% regardless of time. When only AC was used,
Co?" and Ni*" adsorption occurred and the removal efficiencies increased to 31% for Co*" and 41%
for Ni?* within 1 h, and remained virtually constant until 24 h. When AC/Al-mixture was used, higher
removal efficiencies for Co?" and Ni*" were observed, and the removal efficiencies were 31% for Co?*
and 41% for Ni%* at 1 h. These values increased to 57% for Co?" and 61% for Ni** after 24 h, which
were equivalent to removal amounts per unit mass of AC/Al-mixture of 1.4 mg/g and 1.5 mg/g for
Co?" and Ni*", respectively. The pH slightly decreased to 4.70 for Co*" and Ni** within 1 h, then
increased to 5.0 for Co?" and 5.1 for Ni*" after 24 h. As discussed in Sections 2.3.1.1 and 2.3.1.2,
adsorption of metal ions on AC was rapid that saturated adsorption sites quickly. The succeeding
increase in metal removal efficiencies in AlI/AC-mixtures after 1 h is difficult to interpret by adsorption
alone because this process usually reaches steady-state condition in a short time (Sulyman et al., 2017).
The succeeding increase in the metal removal efficiencies suggests that a slow chemical process like

cementation at low temperature is related to metal removal (Lee et al., 1997).

The experimental results in Figs. 2-12(a) and (c) suggest that when AC/Al-mixture was used,
Ni?" and Co?" cementation was enhanced because AC acted as an electron mediator from Al to Co?*
and Ni*". The extent of cementation was, however, limited because of the high hydrogen overpotential
of AC, which consumed electrons by hydrogen formation and competed for metal ion reduction. This
suggests that continuous metal deposition until the surface of AC is covered could be possible provided
that competition from hydrogen formation is suppressed. The details of the mechanism proposed here

are not fully understood and further study is needed.
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Fig. 2-12 The removal efficiency and final pH of (a, b) Co and (c, d) Ni in sulfate solutions at initial
pH 5 for 24 h (Al = Al°% AC = Activated carbon).

2.3.2.3 Limitation of cementation using AC/Al-mixture

As shown in Figs. 2-5(a), 2-12(a) and (c), the removal at pH 5 of Cd**, Co?’, and Ni** almost
stopped after 6 h. To identify the reason for this limited cementation, cementation experiments using
cementation products (AC/Al-mixture) were conducted. In this series of experiments, used AC/Al-
mixtures were prepared and resuspended in a fresh sulfate solution containing 1 mM metal ions to
investigate metal ion removal by the used mixture. The detail of experimental procedure is described
follows: used AC/Al-mixture was prepared by mixing 0.3 g of Al, 0.3 g of AC and 30 mL sulfate
solution containing 1 mM metal ions (pH 5) in a 100-mL centrifuge tube using a roller mixer (Mix
Rotor Variable 5 rollers, VMR-5R, AS ONE Corporation, Japan) (Rotation speed, 110 rpm;
temperature, room temperature; gas condition, N»). After 24 h, the solution was removed from the tube
by a centrifugation-decantation technique using Table Centrifuge 5220, KUBOTA, Japan (at 2500 rpm
for 3 minutes) and 30 mL of fresh sulfate solution containing 1 mM metal ions (pH 5) was added to
the tube containing the cementation products (used-AC/Al mixture). The mixture was then mixed in

the same manner described above and metal removal from fresh solution was determined after 24 h.
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Figure. 2-13 compares the removal efficiencies of metal ions using fresh AC/Al-mixtures and
used AC/Al-mixtures. The removal efficiencies were lower with used AC/Al-mixture than with fresh
AC/Al-mixture, suggesting that AC/Al-mixture lost a majority of its ability to remove metal ions when
re-used in the metal ion removal experiments. Table 2-2 shows the initial and final pH of the metal ion
removal experiments. It was observed that there was an insignificant difference between using fresh

and used AC/Al-mixtures.
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Fig. 2-13 Co?", Ni** and Cd?" removal efficiencies using “fresh” and “used” AC/Al-mixtures in

sulfate solution at pH 5.0.

Table 2-2 Initial and final pH of Co?*, Ni** and Cd*" removal experiments using “fresh” AC/Al-

mixture and “used” AC/Al-mixture in sulfate solutions after 24 h at initial pH 5.

Final pH
Solutions
Initial pH “Fresh” AC/Al-mixture = “Used” AC/Al-mixture
1 mM CoSOq4 52 5.1 53
1 mM NiSO4 5.1 5.0 5.1
1 mM CdSOq4 5.0 5.1 53

Figure 2-14(a) shows the SEM photomicrograph (BSE) of the cementation products of Co?*
removal experiment using fresh AC/Al-mixture. There is a dark Al particle and a small bright particle
attached on the Al particle. The small bright particle is cemented Co because a strong Co signal was
detected in the EDS spectrum at Point 1 in this area. This cemented Co was covered with a gray-
colored layer, which is most probably an aluminum precipitate because in the EDS spectrum at Point
2, a stronger Al signal was detected together with a weaker Co signal. This suggests that AI** released

from Al was likely re-precipitated and covered the surface of cemented Co.

To identify Al compounds precipitated on deposited Co, XPS observation for the cementation

product was conducted. Figure 2-15 shows XPS spectra of Al 2p3;» and O 1s. In both Al 2p3»,and O 1s
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spectra, strong peaks were observed, and each peak can be deconvoluted with two peaks. The
deconvoluted peaks at 74.1 eV and 74.9 eV in Al 2p3, spectrum and at 531.2 and 532.3 eV in O 1s
spectrum matched with Al,O3 and AI(OH); signals, respectively (Fang et al., 2013; He et al., 1993;
Maslakov et al., 2012; Park et al., 2020; Shi et al., 2013). In XPS spectrum for Al powder before
cementation experiments (Fig. 2-3) showed that there were only AbO3 peaks. From these results, it

can be concluded that Al precipitate covered on deposited Cd in the cementation product was AI(OH);.

0.6 -
.............................. (o Point 1 Point 2
Al Zos
g Al
8 0.4
-
s
2
@ 02
C q=a Co
e 0 L e R T
0 Sk } Co
P 0
‘ W 0

6

.Energy (keV)

—
=

0 4 6 8 10

2Energy (keV)

Spum

Fig. 2-14 SEM photomicrograph of (a) cementation products using AC/Al-mixture in 1 mM cobalt
sulfate solution at pH 5.0 and EDS point analysis of each point (1 and 2).
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Fig. 2-15 XPS spectra of cementation products using AC/Al-mixture in 1 mM cobalt sulfate solution

at pH 5: (a) spectrum of Al 2p3,» and (b) O 1s.

At the surface of the cemented Co, H" is preferentially consumed by hydrogen evolution (Eq. 2-
8), causing a higher “interfacial” pH than in the bulk solution phase. This deduction is supported by
negligible AI** concentration using AC/Al-mixture at initial pH 5 (Fig. 2-9(c)). Considering this, the
layer on cemented Co is likely AI(OH)3 formed as described in Eq. 2-10 (Ali et al., 2012).

Al3+(aq) +3 H20(1) — AI(OH)3(S) +3 H+(aq) (2-10)

This aluminum hydroxide layer covering cemented Co may suppress cementation of Co?" and

limit the overall removal of this metal ion.
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2.3.3 Removal of Zn’

2.3.3.1 Effects of pH

Figures 2-16(a) — (c) show the Zn?>' removal efficiency and final pH, and Al concentration,
respectively in sulfate solution at different initial pH for 24 h. When only AC was used, Zn>* adsorbed
on AC and the maximum removal efficiency was around 30% at pH 5. When only Al was used, the
removal efficiency was negligible from pH 1 to 5, although the standard redox potential of Zn>*/Zn (-
0.76 V vs. SHE) is higher than AI**/Al (-1.67 V vs. SHE). At higher pH (4-5), Al,Os likely inhibited
Zn?>* cementation on Al. Even at lower pH (1-3), where Al,O; was removed and Al concentration

increased (Fig. 2-16(c)), Zn*" cementation efficiency remained almost 0% (Eq. 2-11).
2 Al + 3 Zn*(ag) — 2 Al¥*(5) + 3 Zn%aq) (2-11)

One of the possible reasons for the suppression of Zn**cementation on Al at lower pH is the
competition between cementation reaction (Eq. 2-11) and hydrogen evolution (Eq. 2-8). Hydrogen
overpotential of Zn (i.e., 0.94 V) is higher than that of Co (i.e., 0.3 V) and Ni (i.e., 0.3-0.4 V) and very
close to that of Cd (i.e., 0.99 V) (Ezaki et al., 1993; Hickling and Salt, 1940; Uhlig and Revie, 1985),
suggesting that hydrogen evolution on Zn was not significant. Considering this, there would be another

reason for the suppression of Zn cementation on Al.

The relative rates of diffusion of hydrogen on Zn and Cd are quite different; that is, it is high in
Zn and low in Cd (Gabe, 1997), which indicates that hydrogen evolution reaction occurs more easily
on Zn than on Cd. Because of this, the low current efficiencies of Zn reduction and high current
efficiencies of Cd reduction were reported in several literatures and investigations (Gabe, 1997; Ivanov,
2004; Recéndiz et al., 2007; Wernick, 1932). In addition, the standard Gibbs free energy change, AG®,
for Zn cementation (Eq. 2-11) is —519.282 kJ/mol, which is less negative than that of Cd cementation
(Eq. 2-7;—729.427 kJ/mol). Therefore, the thermodynamic driving force for Zn cementation is weaker
than for Cd cementation. Furthermore, Cd*" and Zn?' cementation kinetic is essential which needs

further study.

As shown in Fig. 2-16(a), when using AC/Al-mixture, the removal efficiencies were over 80% at
pH 2-3, and this value was much higher than that observed with only Al or with only AC, suggesting
that the addition of AC enhanced Zn cementation using Al. At pH 4-5, the removal efficiencies were
less than 60%, indicating that Zn removal using AC/Al-mixture is dependent on pH. The maximum

final pH was 5.1 (Fig. 2-16(b)) and under this condition.
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Fig. 2-16 (a) The Zn?" removal efficiency, (b) final pH, and (c) AI** concentration in sulfate
solutions at different pH for 24 h (Al = Al1%, AC = Activated carbon).

2.3.3.2 Effects of time

Figures 2-17(a) and (b) show the removal efficiency of Zn?>* and pH as a function of time (initial
pH: 3.0). The removal efficiencies were almost 0% with Al only and less than 10% with AC only. With
AC/Al-mixture, the removal efficiency increased continuously with time and reached over 96% (2.8
mg/g AC/Al-mixture) after 24 h. The pH increased from 3.0 to 4.8 after 12 h, then it remained almost
constant until 24 h. This result suggests that Zn removal with Al was enhanced by the addition of AC.
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Fig. 2-17 The removal efficiency of Zn?* and final pH in sulfate solutions at initial pH 3 for 24 h (Al
= Al% AC = Activated carbon).
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2.3.3.3 Surface analysis of Zn-bearing products

Figure 2-18 shows the SEM photomicrographs (Fig. 2-18(a)) and EDS point analysis (1 and 2)
of cementation products obtained after Zn>* removal experiments using AC/Al-mixture at pH 3. As
shown in the SEM photomicrograph (Fig. 2-18(a)), a bright region (point 1) is sandwiched between
two dark “particles” (point 2). In the EDS spectra, Al and O peaks were detected in Point 2 on the
surface of a dark particle while Zn, Al, O, and C peaks were detected in Point 1 on the bright region,
suggesting that C was present with Zn.
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Fig. 2-18 SEM photomicrograph of (a) Zn cementation products using AC/Al-mixture in 1 mM zinc
sulfate solution at pH 3.0 and EDS point analysis of each point (1 and 2).

To identify the elemental composition of deposited Zn, cementation products of Zn?* removal
experiment using AC/Al-mixture were analyzed by AES. Figure 2-19 shows the AES
photomicrographs (Fig. 2-19(a)) and scan results of cementation products from the Zn>" removal
experiments. In the wide AES spectrum, the peaks corresponding to C, O, Zn, and Al were detected
(Fig. 2-19(b)). The narrow AES spectrum in the range of 960—1030 eV was fitted with reference
spectra of Zn® and ZnO (Fig. 2-19(c)). From the fitting result, it was confirmed that Zn in the products
was composed of Zn® (17.6%) and ZnO (82.4%). Because AES analysis is a surface sensitive (Kohli,
2012), the detected ZnO signal could be from the oxidized surface layer on Zn, which was formed

during drying and sample preparation before AES analysis.

The results of the surface analysis of cementation products can be summarized as follows: (1) Zn
was cemented together with carbon AC on Al based on the SEM-EDS analysis, and (2) Zn° was present
with its oxidized form (i.e., ZnO) based on the XPS and AES analyses. Overall, the above results
showed that Al is the primary electron donor (i.e., anode) while AC attached on Al acted as an electron
mediator (i.e., cathode) from Al to Zn?*, which was then cemented on AC. This mechanism is similar
to the enhanced cementation of gold-thiosulfate complex using AC/Al-mixture proposed by Jeon et al.

(2020b).
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Fig. 2-19 AES results of cementation products from the Zn?* removal experiments using AC/Al-

mixture: (a) photomicrograph, (b) wide scan energy spectrum of the red point in (a), and (c) the

narrow scan energy spectrum of the Zn peak with fitting spectra of Zn® and ZnO.

2.4 Summary

This chapter investigated the removal/recovery of Cd**, Co?*, Ni**, and Zn?" in sulfate solutions

via enhanced cementation using Al and AC. The results showed that removal/recovery efficiencies of

Cd?*, Co?*, Ni**, and Zn?" were higher in the AC/Al-mixture than those in AC or Al only experiments.

The results of surface analyses of cementation products showed that these heavy metals were deposited

on AC attached on Al in elemental (zero-valent) forms. The removal efficiencies varied depending on

the target heavy metal ion, which is mainly due to the differences in Gibbs free energy change for

cementation and hydrogen overpotential of different metals. Precipitation of AI(OH); induced by H*

consumption on the cemented metal further suppressed metal ion removal from sulfate solutions.

Overall, the role of AC during the “AC/Al-cementation” technique is as an electron “bridge” between

Al (electron donor) and metal ions (electron acceptor) in solution warranting further electrochemical

studies.
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CHAPTER 3 — Removal of Pb?*, Cd**, Co?*, Ni**, and Zn?* from chloride solutions
by cementation using aluminum as electron donor and the effect of activated

carbon addition
3.1 Introduction

In the previous chapter 2, Cd**, Co?", Ni**, and Zn?*' could be successfully removed via
cementation from acidic sulfate solutions by the concurrent use of Al and AC even without Al,O3
removal. To date, AC/Al cementation has been already widely studied in the situation where Al,O3
layer is present on Al surface like sulfate and thiosulfate solutions (Jeon et al., 2020), but it remains
unclear how the absence of Al>O3 layer affects the removal of heavy metals during AC/Al cementation

process.

In this chapter, thus, AC/Al cementation technique for recovering/removing heavy metals (e.g.,
Pb?*, Cd?**, Co**, Ni?", and Zn?") from acidic chloride media where Al,Os layer present on the surface
of Al° is known to be dissolved was investigated. Specifically, the objectives of this chapter are to: (1)
investigate how effective AC/Al-cementation technique is for recovering/removing heavy metal ions
from chloride solutions and (2) elucidate the possible mechanisms involved in this technique. The first
objective was accomplished by the batch-type cementation experiments using AC and/or Al while the
second objective was achieved by electrochemical studies (e.g., open circuit potential (OCP), linear
sweep voltammetry (LSV)) and solid-phase analyses (e.g., Brunauer-Emmett-Teller (BET) analysis,

and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS)).

3.2 Materials and methods

3.2.1 Cementation experiments
3.2.1.1 Cementation methods

Chloride solutions containing 1 mM of metal ions were prepared by separately dissolving PbCl,
(99.0%, Wako Pure Chemical Industries, Ltd., Japan), CdCl,-2.5H,0 (98.0%, Wako Pure Chemical
Industries, Ltd., Japan), CoCl,-6H20 (99.0%, Kishida Chemical Co., Ltd., Japan), NiCl,-6H>O (98.0%,
Kishida Chemical Co., Ltd., Japan), and ZnCl; (99.0%, Wako Pure Chemical Industries, Ltd., Japan)
in deionized (DI) water (18 MQ-cm, Mill-Q® Integral Water Purification System, Merck Millipore,
USA). The initial pH was fixed to 4.0 with 1 M HCl (Wako Pure Chemical Industries, Ltd., Japan) to
avoid an undesired side reaction between Al and protons (H") at low pH (MacKinnon and Ingraham,
1971), and total CI~ concentration was maintained to 0.1 M using 1 M NacCl (99.0 %, Wako Pure

Chemical Industries, Ltd., Japan) to normalize the effects of CI~ on cementation experiment.
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For the cementation experiment, 10 mL of prepared solution was added into a 50-mL Erlenmeyer
flask, and the solution was deoxygenated by bubbling ultrapure N> gas (99.99%) for 15 min before
each experiment. Afterward, 0.1 g of Al and/or 0.1 g of AC was added into the flask, and then the N»
gas was re-introduced for 5 min. The top of the flask was tightly capped by a rubber stopper and sealed
with parafilm to prevent evaporation as well as air introduction. The flask was shaken by a thermostat
water bath shaker (Cool bath shaker, ML-10F, Taitec Corporation, Japan) with 40 mm of shaking
amplitude and 120 min~! of shaking frequency at 25 °C for up to 24 h.

The flask was collected at designated time intervals, the suspension was filtered by a syringe-
driven membrane filter (pore size: 0.2 um, LMS Co., Ltd., Tokyo, Japan), the final pH of filtrate was
measured. The metal ion concentrations in the filtrate were analyzed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, ICPE-9820, Shimadzu Corporation, Japan) (margin of error
= 2%).

The removal efficiency (R) of metal ions from chloride solution was calculated using the
following equation:

Ci—Cr

R= x 100 (3-1)

i

where C; and Cr were the initial and final concentrations of metal ions, respectively.
3.2.1.2 Electrochemical measurements

The cementation products were collected by vacuum filtration (pore size: 0.2 um, Merck
Millipore, USA), rinsed using DI water thoroughly, dried in a vacuum oven at 40 °C for 24 h, and
analyzed by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS,
JSM-IT200™, JEOL Co., Ltd., Japan).

3.2.2 Cementation methods

3.2.2.1 Open circuit potential (OCP)

To understand the reduction reactions of Pb?*, Cd**, Co?*, Ni**, and Zn?" occurring on the surface
of Al, open circuit potential (OCP) was measured using a potentiostat (SP-300, Biologic, France). For
this, Al rod (99.999%, 10 mm ¢, Nilaco Corp.), Ag/AgCl electrode filled with saturated KCI were
used as working and reference electrodes, respectively. The Al working electrode was polished via
1200-grit silicon carbide papers followed by a 1 um diamond paste on a polishing cloth plate using a
polishing machine (Saphir 250 M1, ATM, Germany). After this, the polished electrode was

ultrasonically cleaned for 3 min in DI water to remove impurities attached on Al surface, and rinsed
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with DI water. Two electrodes were immersed into the prepared solution (e.g., | mM Pb**, Cd**, Co?",
Ni%*, or Zn?* at pH 4.0 with 0.1 M CI- as a supporting electrolyte), deoxygenated by N purging, and
then OCP was measured at 25 °C for 10 min.

3.2.2.2 Linear sweep voltammetry (LSV)

The hydrogen evolution overpotential (i.e., hydrogen overpotential) on Pb, Cd, Co, Ni, and Zn
metal surface was investigated by linear sweep voltammetry (LSV) using a potentiostat with a
conventional three-electrode system in acidic chloride solution (pH, 4; [C1], 0.1 M). The working
electrodes were prepared using Pb rod (99.999%, 8 mm ¢, Nilaco Corp.), Cd rod (99.99%, 8§ mm ¢,
Nilaco Corp.), Co rod (99.995%, 5 mm ¢, Nilaco Corp.), Ni rod (99.99%, 5 mm ¢, Nilaco Corp.), and
Zn rod (99.99%, 10 mm ¢, Nilaco Corp.). The reference electrode was an Ag/AgCl electrode filled
with saturated KCl, and the counter electrode was a platinum (Pt) electrode. Before the experiments,
the working electrode was polished in the same manner as described in section 2.3.1. Dissolved
oxygen was removed by N purging for 30 min. Then three electrodes were immersed into the prepared
solution, and equilibrated at 25 °C for 15 min. After measuring OCP, LSV was measured starting from

OCP to —1.8 V vs. Ag/AgCl for Pb, Cd, Zn, Co, and Ni at the scan rate of 1 mV/s.

3.3 Results and discussion
3.3.1 BET surface area of Al and AC

The surface area of Al (Dso: 21.3 um, 99.99%, Wako Chemical Co., Ltd., Japan) and AC (Dso:
38.1 um, Wako pure Chemical Industries, Ltd., Japan) was characterized by the BET method using a
surface area analyzer (NOVA 2200e, Quantachrome, USA). Degassing of an adequate amount of Al
or AC was conducted in the sample cell under the nitrogen (N2, 99.99%) flow at 200 °C for 2 h. After
degassing, the multipoint BET surface area was determined via N» sorption at —196 °C in the relative
pressure (P/Py) range of 0.05 to 0.3, where P and Py represent the equilibrium and saturation pressure

of the adsorbate N gas, respectively.

The BET surface area of Al and AC was measured by the N, adsorption-desorption method.
Figures 3-1(a) and (b) show the N> adsorption-desorption isotherm of Al and AC, respectively. The
specific surface areas determined by the BET method of AC and Al were 1,484.6 m?/g and 1.3 m%/g,
respectively, indicating that the specific surface area of the former was obviously larger than that of

the latter.

51



1.6 1000

(@)

—m

|(b) cy
9

800 - Q p
o

& 20

600 ey

] ped
400 /

200 ®

=
&}

a

s

Volume adsorbed (cc/g)
b g S
= -]
Volume adsorbed (cc/g)

™

e
o

1/ -m-Adsorption i —¢-Adsorption
|. -[+Desorption <-Desorption
t
0

0 T T T T 0

0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Relative pressure, P/P, Relative pressure, P/P,

Fig. 3-1 BET nitrogen adsorption-desorption isotherm plot of (a) aluminum (Al) and (b) activated
carbon (AC).

3.3.2 Removal of metal ions from chloride solutions

3.3.2.1 Addition of only Al

Figures 3-2(a), (b), and (c) show the removal efficiencies of Pb?*, Cd**, Co?*, Ni**, and Zn?",
changes in pH, and Al concentrations during cementation using Al as a function of time, respectively.
The results showed that the removal efficiencies of Pb?*" and Cd?" were around 99% within 1 and 2 h,
respectively, indicating that Al oxide layer was removed. However, Co?*, Ni**, and Zn?" were about
0% for 24 h, suggesting that the cementation of Co?*, Ni**, and Zn** were impossible to occur when
using Al even in the absence of Al oxide layer. After cementation for 24 h, the pH observed in Pb?",
Cd?*, Co?*, Ni**, and Zn?" solutions increased to 4.6, 4.8, 4.6, 4.7, and 4.6, respectively (Fig. 3-2(b)),
and this can be elucidated by the fact that the protons (H") in solutions were consumed by dissolution
of Al oxide layer and/or Al metal as described in Egs. 3-2 and 3-3 (Reboul, et al., 1997; Tak et al.,
2006).

ALO3) + 6 HClaq) — 2 AlClzag) + 3 H20 (3-2)
2 Al(s) +6 HCl(aq) —2 A1C13(aq) + 3 Hag (3-3)

Once the insulating Al oxide layer is removed, the reduction of metal ions having a higher
standard reduction potential than Al (AI1**/Al; —1.67 V vs. SHE) is expected to occur. Moreover, the
Gibbs free energy values for each metal ion reaction with Al° are all negative (Table 3-1) (Tables et

al., 2018), indicating that cementation of those metal ions should spontaneously occur as described in
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Eq. 3-4; however, the results showed that only Pb*" and Cd*" could be cemented on Al’. As
cementation of Pb?* and Cd?* progressed, dissolved Al concentration increased to about 78 to 83 mg/L,
whereas its concentration was very low (<5 mg/L) for the cases of Co?*, Ni**, and Zn?*, which supports

that the latter three metal ions were not cemented (Figs. 3-2(a) and (c)).
3 M62+(aq) +2 Alo(s) —3 Meo(s) +2 A13+(aq) (3—4)

Considering this, there would be another reason for the limited cementation of Co?*, Ni**, and

Zn?" using Al, which will be discussed in the following sub-section.
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Fig. 3-2 (a) The removal efficiencies of Pb?*, Cd**, Co?", Ni**, and Zn?", (b) the changes in pH and
(c) Al concentration during the cementation using Al with time at initial pH 4.0 and 0.1 M CI".

Table 3-1 Standard electrode potential of each metal and Gibbs free energy changes of cementation

reaction using only aluminum at 25 °C.

Half reaction E' (V) Elean = EOW;’};“ B0 o (kajmol)
Pb?*/Pb" ~0.13 1.53 ~885.73
Cd*/Cd’ ~0.40 126 72943
Co*/Co’ -0.28 138 ~798.90
NiZ*/Ni ~0.26 1.40 ~810.47
Zn*/Zn® ~0.76 0.90 ~521.02
AP*/AI ~1.66 - -

3.3.2.2 OCP behaviors of metal ions on Al

During cementation of metal ions with Al, anodic half-cell (Al = AI** + 3¢") and cathodic (Me**
+ 2e” = Me% 2H" + 2e = H,) reactions occur on the surface of Al, and thus open circuit potential
(OCP), a mixed potential of anodic and cathodic reactions occurring on the electrode surface, is
affected by types of metal ions present in the system (Gros et al., 2011; Hiromoto et al., 2008; Ramdani

et al., 2007). As shown in Fig. 3-3, the Eocp of Al electrode in the absence of any metal ions was —1.0
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V at 0 s and decreased with time to reach —1.2 V at 600 s. In this case, Al dissolution (i.e., Al = A" +

3e") and H; evolution (Eq. 3-5) are main anodic and cathodic reactions, respectively.
2 H%q +2 ¢ — Hag 3-5)

Since H' is consumed by the cathodic reaction, H" concentration near the surface of the Al electrode
is reduced with time, causing the decrease in the cathodic current and shift of Eocp to a negative
direction. When metal ions were present in the solution, not only the H» evolution but also the reduction
of those ions (i.e., Me?" + 2¢~ = Me®) were also considered as cathodic reactions. When the reduction
of metal ions occurs, the total cathodic currents increase and finally cause the positive shift of Eqcp.
With Co?" and Ni** in the solution, Eocp at 0 s was around —0.98 V, which was very close to that
without metal ions, suggesting that reduction of these metal ions on the surface of Al electrode was
not so significant. With Pb?>" and Cd?*, however, Eocp at 0 s was much higher than that without metal
ions (i.e., —0.65 V with Pb%*; —=0.75 V with Cd?"), and this may be due to the reduction of Pb** and
Cd** on the Al surface. On the other hand, Eocp with Zn?" was more negative than that without metal
ions at 0 s and slightly decreased with time. Similar to the cases of Co?" and Ni**, Eocp with Zn?*
measured for 100 s was within Eocp without metal ions, implying that the reduction of Zn*" hardly
occurred. Summing up the results of OCP measurements (Fig. 3-3), Pb*" and Cd** were much easier
to be reduced on the surface of Al than Co?*, Ni**, and Zn?" in the chloride system, and these results

were in good agreement with the cementation results shown in Fig. 3-2(a).
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Fig. 3-3 The open circuit potential (OCP) of Al electrode in chloride solutions at 25 °C for 10 min
(solutions: 1 mM Pb?*, Cd**, Co?*, Ni**, Zn?" and without metal ions in 0.1 M CI" at initial pH 4.0).
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3.3.2.3 Hydrogen evolution overpotential on Pb, Cd, Co, Ni, and Zn

When metal ions are cemented on the Al surface, HER occurs on the cemented metal surface,
and the rate of HER varies depending on the type of metals (Beyene et al., 2018; Ezaki et al., 1993;
Hickling and Salt, 1940; Uhlig and Revie, 1985). To evaluate the HER on each metal surface in the
studied system (i.e., acidic chloride solution (pH 4)), linear sweep voltammetry (LSV) was conducted

using Pb, Cd, Co, Ni, and Zn electrodes.

Figure 3-4 shows the cathodic linear sweep voltammograms for Pb, Cd, Co, Ni, and Zn electrodes
in the solutions containing 0.1 M CI at pH 4 without metal ions. The results showed that the current
densities measured using Co and Ni electrodes were significantly larger than using Pb, Cd, and Zn
electrodes; that is, at an applied potential of —1.8 V, the current densities for hydrogen evolution were
around —22.9, -28.2, 1.9, -2.8, and -3.5 mV/cm? on Co, Ni, Cd, Zn, and Pb electrodes, respectively,
indicating that hydrogen evolution occurred more actively on Co and Ni electrodes than the other cases
(Ezaki et al., 1993; Hickling and Salt, 1940; Nelson et al., 2000; Uhlig and Revie, 1985). During the
cementation of Co?" and Ni?', a limited amount of these metal ions can be cemented on the surface of
Al (Eq. 3-4), but their further deposition would be stopped because of the active hydrogen evaluation
on the cemented metals competing with the reduction of metal ions in the solution. On the other hand,
Pb*" and Cd** cementation can occur since the HER does not actively take place on the surface of
metals. In the case of Zn, although the HER is inactive like Pb and Cd (Fig. 3-4), the cementation of
Zn** was suppressed (Fig. 3-2(a)), which means that the competition between HER and metal
reduction is not the main reason for the suppressed cementation of Zn?* in the system. This can be
elucidated by the fact that the reduction rate of Zn?>* on Al is slower than those of Pb** and Cd** (Gabe,
1997; Ivanov, 2004; Recéndiz et al., 2007; Wernick, 1932). As shown in Table 1, the standard reduction
potential for Zn?* is much lower than Pb?* and Cd?", and this lower reduction potential may be a reason

for the slower reduction rate of Zn?".
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Fig. 3-4 The linear sweep voltammograms of Pb, Cd, Co, Ni and Zn electrodes in chloride solutions

at 25 °C (solutions: without metal ions in 0.1 M CI™ at initial pH 4.0; sweep rate: 1.0 mV/s).
3.3.2.3 Effects of AC for cementation using Al

The results of cementation experiments using Al and/or AC powder (i.e., removal efficiency of
each metal ion, changes in pH and Al concentration) were summarized in Table 3-2. The maximum
pH values observed after cementation experiments were less than 5.1, below which the precipitation
of metal ions as hydroxides was neglected as shown in the activity — pH diagrams for Pb**, Cd**, Co**,
Ni?*, and Zn?* (Fig. 3-5), indicating that the removal of metal ions resulted from cementation reactions,

not their precipitation.

Results of experiments using only AC showed removal efficiency of each metal ions increased
rapidly within 30 min, then it became constant until 24 h (Table 3-2). The rapid increase in removal
efficiency is most likely caused by the adsorption of metal ions onto the AC surface. The surface
functional groups like carboxyl group act as adsorption sites where metal ions are attracted (Gao et al.,
2018; Iida et al., 2013; Kadirvelu et al., 2001; Karnib et al., 2014; Sulyman et al., 2017). Because
adsorption sites were saturated within 30 min (Karnib et al., 2014; Sulyman et al., 2017), and thus the

removal efficiency was maintained at an almost constant value.

Removal efficiencies of metal ions with AC/Al-mixture by 3 h were almost the same as that with
only AC, suggesting that the metal removal until 3 h was mainly due to the adsorption of metal ions
on AC. However, it is important to note that after 3h, the removal efficiencies of metal ions were
continuously increased by 12 h when using AC/Al-mixture, which indicates that the removal of metal

ions was achieved by not only adsorption but also relatively slow chemical process like cementation.
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Table 3-2 The removal efficiency of metal ions (Pb**, Cd?**, Co?*, Ni**, and Zn?"), and the changes in

pH and Al concentration during cementation using Al, AC, and AI/AC mixture in chloride solutions

at initial pH 4.0 for 24 h.
Al AC AIHAC (1:1)
. Removal Removal Removal
Time Al conc. . . Al conc. .
Elem. (h) pH (mg/L) efficiency | pH efficiency | pH (mg/L) efficiency
& (%) (%) & (%)

0: 4.0 - -1 4.0 -1 40 - -
05 44 5.0 283 1 43 695 44 <0.1 58.7
1 43 22.2 98.1 43 678 44 <0.1 69.2
2 44 353 988 i 43 703 i 4.5 <0.1 72.3
Pb?* 3 44 50.2 994 i 43 709 | 4.6 <0.1 75.3
6 4.7 75.8 99.1 i 43 70.7 | 4.8 <0.1 85.3
12 4.6 82.0 993 i 43 7171 4.8 1.9 91.5

18 4.6 82.7 99.6 i 4.4 7341 4.8 2.2 92.1
24 4.6 82.5 997 i 44 720 4.8 2.1 92.8
0 4.1 - -1 41 -1 4.1 - -
05 45 2.4 344 4.7 25.2 1 4.7 <0.1 26.2

1 45 17.6 89.6 | 4.8 26.7 | 4.7 <0.1 27.1
2 46 31.6 98.9 | 4.7 284 4.7 <0.1 28.3
Cd* 347 46.6 100 | 4.7 301 4.8 <0.1 32.0
6 49 74.6 100 | 4.8 327 49 <0.1 43.8
121 50 80.9 100 | 4.8 35,0 5.1 2.2 45.4
18 5.0 79.1 100 | 4.8 334 5.1 2.1 45.5
24 1 49 78.1 100 | 4.7 35,0 5.1 2.2 45.4
0 4.0 - -1 4.0 -1 4.0 - -
05 42 <0.1 0 45 434 4.5 <0.1 42.8
1 45 0.5 0 45 428 44 <0.1 42.8
245 0.9 0 45 426 4.5 <0.1 42.8
Co* 3. 46 2.9 0 4.6 453 4.6 <0.1 45.8
6 4.7 32 0 45 46.2 i 4.8 <0.1 79.5
121 4.6 2.6 0 4.6 439 49 <0.1 77.5
181 4.7 2.9 0 4.6 436 4.9 <0.1 76.9
24 1 4.6 2.7 0 45 428 49 <0.1 76.4
0 4.1 - -1 41 -1 4.1 - -

05 45 35 0 4.6 55.1 | 4.6 <0.1 55.1
1 45 32 0 45 547 1 4.5 <0.1 55.3
245 2.8 0 45 5331 45 <0.1 53.7

Ni?* 3 46 35 0 45 539 45 <0.1 55.1
6 46 38 0! 45 55,5 4.7 <0.1 78.1
121 4.6 5.0 0 44 545 49 <0.1 80.8
18 4.6 4.5 0 45 56.3 5.0 <0.1 78.7

24 1 4.6 3.6 0 44 55.3 5.0 <0.1 79.1
0: 42 - -1 4.2 -1 42 - -
05 43 <0.1 0 4.6 443 | 4.6 <0.1 44
1 46 0.4 0 4.6 449 | 4.7 <0.1 44.3
2 47 0.4 0 4.6 455 4.6 <0.1 46.1
Zn** 3. 46 0.3 0 4.6 464 | 4.6 <0.1 45.1
6 4.6 0.8 0 45 46.6 | 4.8 <0.1 70.6
12 . 4.6 <0.1 0 4.6 476 5.0 <0.1 86.4
18 4.7 <0.1 0 45 489 | 5.0 <0.1 81.5
24 4.7 <0.1 0 4.6 488 i 5.0 <0.1 80.0
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3.3.3 Surface analysis of Pb**, Cd®*, Co’*, Ni**, and Zn** cementation products (AC/Al-mixture)

To investigate the effects of AC on cementation of Pb?*, Cd**, Co?", Ni?*, and Zn?", the residues
obtained from the cementation experiments using AC/Al-mixture were analyzed by SEM-EDS. As
shown in Fig. 3-6, SEM photomicrographs for all cases showed small bright particles attached to the
surface of large and dark particles. Strong signals of Al and O were detected on the spectra of “points
a-1, b-1, c-1, d-1, and e-1”, confirming that the dark particles were Al. Meanwhile, the spectra of the
points a-2, b-2, c-2, d-2, and e-2 showed strong signals of Pb, Cd, Co, Ni, and Zn, respectively,
indicating that bright particles attached on Al particles are cemented metals. In the spectra of the points
a-2, b-2, c-2, d-2, and e-2, C signal was detected together with cemented metals (Pb, Cd, Co, Ni, and
Zn), confirming that AC coexists with cemented metals. The results of SEM-EDS observation for
cementation products suggest that AC act as an electron mediator from Al to metal ions (Pb?", Cd**,

Co?", Ni**, and Zn?"), and thus the efficiency of cementation of these metal ions was enhanced.
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Fig. 3-6 SEM photomicrograph of cementation products using AC/Al-mixture (a) Pb, (b) Cd, (c) Co,
(d) Ni and (e) Zn, and EDS point analysis of each point (1 and 2).
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3.3 Comparison of cementation of metal ions using AC/Al mixture in sulfate and chloride

solutions

In a previous chapter 2, the cementation of various metal ions (Cd**, Co?*, Ni**, and Zn?") using
AC/Al mixture in sulfate solutions was investigated, and it was reported that AC act as an electron
mediator from Al to metal ions, leading to the enhanced cementation. Similarly, AC acted as an
electron mediator during cementation of metal ions (Pb**, Cd**, Co?*", Ni*', and Zn?") using AC/Al
mixture in chloride solutions as confirmed by Fig. 3-6; however, the cementation efficiency was
enhanced only for Co?*, Ni**, and Zn?". In other words, the addition of AC suppressed the cementation

of Pb2" and Cd?" on Al.

An important difference between sulfate and chloride system is the presence of insulating AlO3
layer on Al surface; that is, Al,O3 layer covers Al surface in sulfate solutions while it is removed in
chloride solutions (Malik, 1991; Reboul, et al., 1997). Because of the presence of insulating Al,O3
layer in sulfate solutions, cementation of metal ions using only Al powder did not occur, while the
addition of AC enhanced metal cementation using Al. In chloride solutions, there was no Al,Os layer
on Al, and this allowed the cementation of Pb?>* and Cd?" on Al, but other metal ions like Co**, Ni**,

and Zn*" were not cemented.

For the cases of Co?" and Ni?*, the amounts of metal deposition are limited due to the competition
with HER. Once Co?" and Ni?" are reductively cemented on Al, hydrogen evolution occurs with high
reaction rates on the surface of cemented metals (e.g., Co and Ni), suppressing further deposition of
these metal ions (Fig. 3-7(a)). Moreover, the surface area of Al is relatively small, which causes limited
sites for Co and Ni deposition. Activated carbon, acting as an electron mediator, provides very large
surface area for metal deposition (Fig. 3-7(b)), and this may cause larger amounts of Co and Ni
deposition even with HER as shown in Table 3-2 and Fig. 3-7(b). As a result, the cementation of Ni?*

and Co?" using Al as electron donor is enhanced with AC.
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Fig. 3-7 Schematic diagram of Co?" and Ni** cementation using (a) only Al and (b) AC/Al-mixture.

In the cases of Pb?" and Cd**, metal deposition is not limited by the competition with HER, as
the rate of HER on Pb and Cd is very slow as shown in Fig. 3-4. Because of this, Pb and Cd can be
continuously cemented on Al surface without AC (Fig. 3-8(a)). With AC, however, HER occurs on AC

surface with a higher rate (Moseley et al., 2018). As a result, electrons for cementing metal ions are
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consumed by HER, thus suppressing metal deposition (Fig. 3-8(b)).

2 2 Pb*
Pb2* Cd2+ Pf Cf H H Cd2* o
l' 1 bt 22220 8P2d e AC
4 4 : 4

@SALET wp NSTALEEH] ) ALE

Fig. 3-8 Schematic diagram of Pb?* and Cd*" cementation using (a) only Al and (b) AC/Al-mixture.

In the case of Zn?*, as discussed in a previous section, the limited cementation of Zn?* is not due
to the competition with HER but its slow reduction rate (Fig. 3-9(a)). When AC is added, AC attached
on Al acts as sites for metal deposition. As a result, with AC, although HER occurs on AC surface, a
larger surface area can be used for metal deposition (Fig. 3-9(b)), and this causes the enhancement of

Zn cementation with AC.
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Fig. 3-9 Schematic diagram of Zn*" cementation using (a) only Al and (b) AC/Al-mixture.

The results of the present chapter show that in both sulfate and chloride solutions, AC acts as an
electron mediator from Al to metal ions, while its effects on metal cementation are depending on metal
species and solutions. In sulfate solutions, metal cementation is enhanced by AC addition. On the other
hand, in chloride solutions, AC suppressed the cementation of Pb and Cd, while it enhanced Co, Ni,
and Zn cementation. When using only Al, Co?*, Ni**, and Zn?" cannot be recovered by cementation,

while they can be recovered by applying AC/Al-mixture.

3.4 Summary

In this chapter, cementation experiments for Pb?*, Cd**, Co?*, Ni**, and Zn?" using Al as an
electron donor were carried out in chloride solutions and the effects of AC addition on the cementation
were investigated. The results of SEM-EDS analysis for the solid products showed that metals were
cemented on AC attached on Al, suggesting that AC act as electron mediator from Al to metal ions.
The results of solution analysis showed that AC addition suppressed the cementation of Pb?" and Cd?*,

while enhanced the cementation of Co?', Ni?*, and Zn?".
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CHAPTER 4 — Enhanced cementation of Co*" and Ni?* from sulfate and chloride
solutions using aluminum as electron donor and electron-conductive particles as

electron mediator
4.1 Introduction

In previous chapters 2 and 3, cementation of Cd**, Co?*, Ni**, and Zn** from sulfate solutions
and Pb*", Cd**, Co?*, Ni?*, and Zn>" from chloride solutions using Al and AC were investigated. The
results of surface analysis for the cementation products have suggested that AC attached on the Al
surface acted as an electron mediator from Al to noble metal ions, even in the presence of a surface
AL Oj layer (Jeon et al., 2020b). If this is the case and the essential role of AC is just as an electron
mediator, enhanced cementation would occur even when AC is replaced by other (semi)conductors.
On the other hand, as AC is a porous material and has a very large specific surface area, not only the
electroconductivity but also large adsorption capacity of AC for metal ions may play an important role
in the enhanced cementation using the AC/Al-mixture. If this is the case, replacing AC to another
conductor with a low specific surface area cannot enhance the cementation using Al as an electron

donor.

Cobalt (Co) and nickel (Ni) represent important strategic resources in the world market and their
use is rapidly growing for renewable energy technologies and rechargeable battery productions, and
the importance of the development of technologies for recovering and purifying Co and Ni is
continuously increasing (Global EV Outlook 2020, 2020; Lee et al., 2011; Liu et al., 2014; Negem et
al., 2019; Zeng et al., 2014; R. Zhang et al., 2018). Therefore, this chapter aims to investigate whether
the AC could be replaced with other (semi)conductors for recovery of Co and Ni from sulfate and
chloride solutions. Titanium dioxide (TiO,) was selected for a semiconductor because of its nontoxic,
nonreactive, and high chemical stability, while silicon dioxide (SiO») was chosen for a nonconductor
to clarify the mechanism(s) of the enhanced cementation using the mixture of conductor and Al (Hext

et al., 2005; Nesbitt et al., 2004).

In this chapter, batch-type cementation experiments were conducted using Al as an electron donor
to recover Co?" and Ni?" from sulfate and chloride solutions and the effects of the addition of AC,
TiO,, or SiO; on the recoveries of these metal ions were investigated. Surface analysis (Auger electron
spectroscopy (AES)) for the cementation products was also conducted to elucidate the cementation

mechanism.
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4.2 Materials and methods
4.2.1 Materials (Al, AC, TiO;, and SiO;)

As an electron donor, Al powder (99.99%, Wako Pure Chemical Industries, Ltd., Osaka, Japan)
was used, and AC powder (99.99%, Wako Pure Chemical Industries, Ltd., Osaka, Japan), TiO, powder
(99.0%, rutile form, Wako Pure Chemical Industries, Ltd., Osaka, Japan), and SiO, powder (99.0%,
Wako pure Chemical Industries, Ltd., Osaka, Japan) were used as an electron mediator. Particle size
distribution of these materials, measured by laser diffraction (Microtrac® MT3300SX, Nikkiso Co.
Ltd., Osaka, Japan), is shown in Fig. 4-1. The median diameters (Dso) of Al, AC, TiO», and SiO, were
21.3, 38.1, 8.5, and 21.2 um, respectively.
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Fig. 4-1 Particle size distribution for (a) aluminum (Al), (b) activated carbon (AC), (c) titanium
dioxide (TiO»), and (d) silicon dioxide (SiO>) used in this chapter.

4.2.2 Recovery of Co’" and Ni** from sulfate and chloride solutions
4.2.2.1 Preparation of Co*" and Ni** solutions

The cementation products were collected by vacuum filtration (pore size: 0.2 um, Merck
Millipore, USA), rinsed using DI water thoroughly, dried in a vacuum oven at 40 °C for 24 h, and
analyzed by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS,
JSM-IT200™, JEOL Co., Ltd., Japan). The sulfate solutions containing 1 mM metal ions were
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prepared by dissolving CoSO4-7H>0 (99.0%, Wako Pure Chemical Industries, Ltd., Osaka, Japan) or
NiSO4-6H>0 (99.0%, Wako Pure Chemical Industries, Ltd., Osaka, Japan) in deionized (DI) water (18
MQ-cm, Mill-Q® Integral Water Purification System, Merck Millipore, USA). For the preparation of
1 mM metal chloride solutions, CoCl,-6H,0 (99.0%, Kishida Chemical Co., Ltd., Osaka, Japan), or
NiClI2-6H20 (98.0%, Kishida Chemical Co., Ltd., Osaka, Japan) was dissolved in DI water. The initial
pH of sulfate and chloride solutions was adjusted to 4.0 using 1 M H»SO4 and HC1 (Wako Pure
Chemical Industries, Ltd., Osaka, Japan), respectively. The total concentration of SO4> and CI~ were
fixed to 0.1 M using Na,SO4 (99.0%, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and NaCl

(99.5%, Wako Pure Chemical Industries, Ltd., Osaka, Japan) to normalize their effects on experiments.
4.2.2.2 Cementation tests

The cementation tests were carried out in a 50 mL Erlenmeyer flask using a thermostat water bath
shaker (Cool bath shaker, ML-10F, Taitec Corporation, Saitama, Japan) with 40 mm of shaking
amplitude and 120 min™! of shaking frequency at 25 °C for 24 h. (Note that these parameters were
selected based on our preliminary experiments). Ten milliliters of the prepared solution were added to
the flask, then ultrapure nitrogen gas (99.9%) was introduced for 15 min before experiments to
maintain an oxygen-free environment. One-tenth gram of Al powder and/or a predetermined amount
(0.01, 0.05, 0.1, 0.2, 0.4 g) of electron mediators (i.e., AC, TiO», and SiO,) were added to the solution.
Ultrapure nitrogen gas (99.9%) was further introduced to the flask for 5 min, then the flask was tightly
capped with a rubber cap and sealed with parafilm, and an experiment was conducted. After 24 h, the
suspension was filtered using a syringe-driven membrane filter (pore size: 0.2 um, LMS Co., Ltd.,
Tokyo, Japan); final pH of the filtrate was measured. The filtrate was diluted with 0.1 M HNO3, and
the concentrations of metal ions were analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, ICPE-9820, Shimadzu Corporation, Kyoto, Japan). The recovery efficiency

of Co?" and Ni** was calculated based on Eq. 4-1:

Ci—Cr

R= x 100 (4-1)

i

where Ci and Cf are the initial and final concentrations of metal ions, respectively.
4.2.2.3 Surface analysis

The solid products obtained by filtration were washed 5 times with DI water, dried in a vacuum
oven at 40 °C for 24 h, and then analyzed by Auger electron spectroscopy (AES) using JAMP-9500F
(JEOL Co., Ltd., Tokyo, Japan). The dried residue was mounted on an AES holder using conductive
carbon tape. The analysis was conducted under the following conditions: ultrahigh vacuum condition,
~1 x 1077 Pa; probe energy, 10 kV; and probe current, 19.7 nA. The spectra were analyzed by using

Spectra Investigator AES software.
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4.3 Results and discussion

4.3.1 Recovery of Co’* and Ni**

4.3.1.1 Recovery of Co®>* and Ni** from sulfate solutions

Cementation experiments for recovering Co*" and Ni?* from sulfate solutions (initial pH = 4)
were conducted for 24 h using Al powder as an electron donor, and the effects of the dosage of electron
mediators (AC, TiO,, and SiO,) on the efficiency of Co and Ni recoveries were investigated. To access

the adsorption of Co?" and Ni?* on the electron mediators, experiments without Al were also conducted.

Figures 4-2(a) — (c) and 4-3(a) — (c) show the Co and Ni recovery efficiencies and final pH as a
function of SiO,, AC, and TiO; dosages, respectively. In all experiments, final pH was in the range

from 5.1 to 5.6, at which Co?" and Ni** do not precipitate as their hydroxide (Fig. 4-4).

As shown in Figs. 4-2(a) and 4-3(a), without Al, the efficiencies of Co and Ni recovery were
almost 0% at any dosage of SiO», suggesting that there was no adsorption of Co?" and Ni?* on the SiO»
surface. Even with Al, the Co and Ni recovery efficiencies were also almost 0% regardless of SiO»
dosage, suggesting that cementation of Co?" and Ni?>* using Al as an electron donor did not occur. This
may be due to the presence of an Al,O3 layer covering the Al surface, which inhibits the electron
transportation from Al to Co?* and Ni?>* (Chen and Lee, 1994; Demirkran and Kiinkiil, 2011). Because
the cementation did not occur regardless of SiO» addition, the results also confirm that physical
breakage of the Al,O3 layer due to the collision of SiO; to Al powder in the shaking flask did not cause
enhanced cementation. As shown in Figs. 4-2(b) and 4-3(b), even without Al, the recovery efficiency
of Co?" and Ni?" increased with increasing AC dosage, suggesting that these metal ions adsorbed on
the AC surface. It has been reported that there are functional groups such as carboxyl and carbonyl
groups on the surface of the activated carbon and they act as adsorption sites to metal ions through the
reaction described by Eq. 4-2 (Gao et al., 2018; Karnib et al., 2014; Sulyman et al., 2017). Increase in
final pH indicates that not only Co?" and Ni?*, but also proton (H") adsorbed on AC (Burakov et al.,
2018; Dil et al., 2016).

M"™ + n(—COOH) « (-COO)nM + nH* (4-2)

In the range between 0.05 to 0.2 g AC dosage, recovery efficiency was much higher with Al than
without Al; at 0.1 g AC dosage, the efficiency was 56% for Co and 61% for Ni with Al, while it was
31% for Co and 43% for Ni without Al. The difference of metal recovery efficiency between either
with or without Al was 25% for Co and 18% for Ni, which cannot be ignored as an experimental error.
This suggests that the addition of AC enhances Co and Ni cementation using Al as an electron donor

(Egs. 4-3 and 4-4), even though the Al,O3 layer remained on the Al surface.
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3 Co*"(ag) + 2A1%) — 3 Co¥s) + 2A1 (o (4-3)
3 NiZaq) + 2A1%) — 3 Ni%s) + 2A1 (o) (4-4)

Following these equations, it is expected that the stoichiometric amount of Al dissolves when
cementation occurs; however, the dissolved Al concentration after cementation was less than 3 ppm,
which means that most of the AI’* were precipitated as Al-(oxy)hydroxide (Abdollahi et al., 2015;
Park et al., 2020).

As shown in Figs. 4-2(c) and 4-3(c), the recovery efficiency of Co?" and Ni*" without Al was
almost 0% regardless of TiO, dosage, indicating that TiO> has no ability to adsorb Co?* and Ni?*,
When 0.1 g of Al was used together with TiO», the recovery efficiency continuously increased with
increasing TiO; dosage and reached the maximum value of 52% for Co and 71% for Ni with 0.4 g
TiO,. As already discussed, Co?" and Ni** do not precipitate as hydroxides at the pH ranges observed
in this series of experiments; the enhanced recovery of Co?" and Ni?" with TiO, and Al suggests that
the addition of TiO, enhanced the cementation of Co?" and Ni?>* by Al (Egs. 4-3 and 4-4). It was also
confirmed that the dissolved Ti concentrations were below detection limit, indicating that TiO- is stable

enough to be used as an agent to enhance cementation of Co?" and Ni** with Al in the sulfate solution.
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Fig. 4-2 The effects of (a) SiO», (b) AC, and (c) TiO> dosages on the recovery efficiency of Co*" and
final pH in sulfate solutions at initial pH 4.0 for 24 h.
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Fig. 4-3 The effects of (a) SiO2, (b) AC, and (c) TiO, dosages on the recovery efficiency of Ni** and
final pH in sulfate solutions at initial pH 4.0 for 24 h.
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Fig. 4-4 The activity—pH diagram for 1 mM (a) Co?* and (b) Ni** species with 0.1 M SO4*~ at 25 °C
(created using the GWB Professional Ver. 12.0.3 software).

4.3.2 Removal of metal ions from chloride solutions
4.3.1.1 Recovery of Co’* and Ni** from chloride solutions

Cementation experiments for recovering Co?" and Ni*" from chloride solutions (initial pH = 4)
were conducted for 24 h using Al powder as an electron donor, and the effects of the dosage of electron
mediators (AC, TiO,, and SiO») on the efficiency of Co and Ni recovery were investigated. To access
the adsorption of Co?* and Ni** on the mediators, experiments without Al were also conducted. Figures
4-5(a) — (c) and 4-6(a) — (c) show the Co and Ni recovery efficiencies and final pH as a function of
AC, TiOy, and SiO; dosages, respectively.

As discussed in previous chapter 3, with only Al, the recovery efficiency of Co?* and Ni** was
0% due to the low hydrogen overpotential on Co and Ni. Hydrogen overpotential is the voltage
required for hydrogen evolution reaction (HER) on a metal surface. If hydrogen overpotential is low,

the reduction of H* to H, (Eq. 4-5) occurs easily because the required voltage for HER is low.
2H*+2e > H, (4-5)

In the case of Co and Ni, the hydrogen overpotential is quite low (i.e., —0.3 to —0.4 V for Co; (Boyanov
et al., 2004; Ezaki et al., 1993; Yan et al., 2018; W. Zhang et al., 2018), and —0.3 V for Ni; (Ezaki et
al., 1993; Hickling and Salt, 1940)), so it is expected that even if the small amount of Co?" and Ni*" is
deposited (Egs. 4-3 and 4-4), the deposited Co and Ni is easily dissolved because of the HER on
deposited Co and Ni surface. Therefore, the cementation of Co** and Ni** was suppressed even though
the standard electrode potential of Al is lower than Co and Ni (redox pair: Co?>*/Co (-0.28 V vs. SHE)
and redox pair: Ni>*/Ni (-0.26 V vs. SHE) > AI**/Al (-1.67 V vs. SHE)).

As shown in Figs. 4-5(a) and 4-6(a), when SiO> was used as an electron mediator, the recovery
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efficiencies of Co?" and Ni?" both with and without Al were almost 0%. This indicates that in chloride
solutions, Co?" and Ni%" were not adsorbed on SiO», and the cementation of Co and Ni with Al did not

occur.

The results shown in Figs. 4-5(b) and 4-6(b) suggest that adsorption of Co?* and Ni** on AC
occurred in chloride solutions, because in the absence of Al, recovery efficiencies of these ions
increased with increasing AC dosage. As in sulfate solutions, in the presence of AC, enhancement of
metal ion recovery by Al addition was confirmed (Figs. 4-5(b) and 4-6(b)); e.g., at 0.1 g AC dosage,
by adding Al the efficiency increased from 57% to 70% for Co, and it increased from 57% to 70% for

Ni. This suggests that enhanced cementation of these metal ions with AC occurred in chloride solutions.

Figures 4-5(c) and 4-6(c) show that the efficiencies of Co?" and Ni** recovery in the absence of
Al were almost 0% at any dosage of TiO,, suggesting that adsorption of these ions on TiO; can be
ignored. In the presence of Al, the efficiencies of Co?" and Ni** recovery increased with increasing
TiO; dosage; without TiO, the efficiencies were almost 0% for both Co and Ni while they increased
to 61% for Co?" and 99.9% for Ni*>" when 0.4 g TiO> was added. These results suggest clearly that
addition of TiO; enhanced the cementation of Co and Ni by using Al as an electron donor, and indicated
that AC can be replaced with TiO; even if its surface area is lower than AC (Andersson et al., 2007;

Inada et al., 2009; Sulyman et al., 2017).

Compared to the result obtained in sulfate solution, the recovery efficiency was about 10-20%
for Co and about 30-50% for Ni higher in chloride solution, which is presumed as the following
reasons: (1) the more active electron transfer occurs through TiO, attached on Al surface because of
the removal of Al,O3 layer (Annamalai and Murr, 1978; Hutt et al., 2002; Wei et al., 1994), (2) CI~
promotes the exchange current between the anode and cathode surfaces and catalyzes the cementation
reaction (Hong et al., 2014; Murr and Annamalai, 1978; Vasil’ev et al., 2010), and/or (3) the
passivation of cemented Co and Ni surface would be prevented by Cl- (Annamalai et al., 1978; Hong
et al., 2014; Vasil’ev et al., 2010). In the case of Co and Ni, hydrogen overpotential is changed
depending on the deposited surface (Xu et al., 2006), so it speculated that the hydrogen overpotential
of Co increases on the AC and TiO; surfaces, and thus the cementation of Co?" and Ni*" was enhanced

when using AC/Al and TiO»/Al-mixture compared to Al only.
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Fig. 4-5 The effects of (a) SiO», (b) AC, and (c) TiO> dosages on the recovery efficiency of Co?" and
final pH in chloride solutions at initial pH 4.0 for 24 h.
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Fig. 4-6 The effects of (a) SiO», (b) AC, and (¢) TiO, dosages on the recovery efficiency of Ni** and
final pH in chloride solutions at initial pH 4.0 for 24 h.

4.3.2 Surface analysis of deposited Co and Ni

To investigate the elemental compositions of the deposited Co and Ni, residues obtained from the
Co?" and Ni?* recovery experiment from chloride solutions using 0.4 g of TiO> and 0.1 g of Al were
analyzed by AES. Figures 4-7 and 4-8 show the AES photomicrographs (Figs. 4-7(a) and 4-8 (a)) and
scan results of Co (Figs. 4-7(b) and (c¢)) and Ni (Figs. 4-8(b) and (c)). In both AES photomicrographs,
many small gray particles and light particles are attached together onto the surface of the dark particle.
The wide AES spectra of the dark particle (point 1 in Figs 4-7(b) and 8 (b)) show strong signals of
Al and O, indicating that these particles are assigned to Al powder. The small gray particles correspond
to TiO2 because of Ti and O signals observed at point 2 in Figs. 4-7(b) and 4-8(b). Meanwhile, light
particles are observed at point 3 in Figs. 4-7(b) and 4-8(b) are most likely the deposited Co and Ni,

respectively.

To identify the elemental composition of the deposited Co and Ni, the narrow AES spectra in the

range of 750-785 eV for Co and 830-858 eV for Ni were analyzed (Figs. 4-7(c) and 4-8(c)). These
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spectra were fitted using reference spectra of Co, CoO, and Co304 for Co composition, and Ni and
NiO for Ni composition. Fitting results indicate that the deposited Co consisted of metallic Co (93.1%)
and CoO (6.9%), while the deposited Ni was composed of metallic Ni (86.2%) and NiO (13.8%). The
analysis range of Auger is 0.3—5 nm, which is a near-surface analysis (Scherer, 2020), so it is
speculated that only the outermost surfaces of deposited Co and Ni were oxidized due to the oxidation
of metallic Co and Ni during the dry process. These results suggest that Co and Ni were deposited on
TiOs particles attached on the Al surface and TiO> can act as an electron mediator from Al to Co?* and
Ni?*, even if the Al,Os layer remains on the Al surface, and showed that physical separation (i.e., ultra-
sonification) could be applied as the post-cementation process for Co/Ni-TiO, particle and Al
separation. Afterward, it is expected that only Co and Ni would be dissolved in acidic aqueous

solutions, while TiO», would not be dissolved because TiO, is more stable than Co and Ni.
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Fig. 4-7 Auger electron spectroscopy (AES) results of the residue obtained after cementation of Co?*
from chloride solution using TiO»/Al: (a) photomicrograph, (b) wide scan energy spectrum of each
point, and (c) the narrow scan energy spectrum of the Co peak with fitting spectra of Co, CoO, and

C0304.
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(a) Ni cementation products
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Fig. 4-8 Auger electron spectroscopy (AES) results of the residue obtained after cementation of Ni**
from chloride solution using TiO»/Al: (a) photomicrograph, (b) wide scan energy spectrum of each

points, and (c) the narrow scan energy spectrum of the Ni peak with fitting spectra of Ni and NiO.

4.4 Summary

This chapter investigated whether activated carbon (AC) could be replaced with other electron
mediators such as TiO, and SiO> for the enhanced cementation of Co?* and Ni?* using aluminum (Al)
in sulfate and chloride solutions. In summary, the Co** and Ni*" recovery efficiencies using Al in
sulfate and chloride solutions were almost 0% because of the presence of an Al,O3z layer on an Al

surface and low hydrogen overpotential on Co and Ni.

The adsorption of Co?" and Ni?* occurred when using only AC, while it did not occur when using
only TiO; and SiO,. When using an AC/Al-mixture or TiO/Al-mixture, the Co** and Ni** recovery
efficiencies from sulfate and chloride solutions were enhanced compared to using Al, AC, TiO», and
Si02/Al- mixture. From the results of AES analysis, Co and Ni were mostly deposited as zero-valent
forms on TiO attached on Al surface. This work establishes that using a conductor (AC) or a
semiconductor (TiO2) could enhance the recovery of Co?* and Ni?" by Al-based cementation even
under mild conditions (e.g., low temperature, 25 °C; mild pH conditions, pH 4-5; no CI” or a low
concentration). Moreover, it is expected that other conductive materials could also be used for the

removal and/or recovery of metal ions using Al
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CHAPTER 5 — Enhanced cementation of Cd?** and Zn** from sulfate solutions
using aluminum powder and Fe3O4 as an electron mediator and application of

magnetic separation to concentrate cementation products
5.1 Introduction

The cementation method using Al as electron donor and electro-conductive materials as electron
mediator could be widely applicable for environmental remediation because a wide variety of metal
ions can be removed under mild conditions where Al,O3 layer remains on the surface of Al; however,
it is important to note that cementation product is a mixture of a small amount of toxic metals deposited
on electron mediator and a large amount of clean Al (i.e., unreacted Al). Because of this, the
cementation products should be disposed of in special landfills to prevent a recurrence of
environmental pollution in the surrounding areas (Tabelin et al., 2018). If cemented metals (i.e.,
deposited metals) can be recovered/separated from the product (i.e., clean Al and electron mediator),
it has two major advantages: (1) the amount of waste disposed of in landfills can be dramatically
reduced, and (2) the separated clean Al and electron mediator can be re-utilized for cementation
process. However, there is no suitable separation technique because the currently used electron

mediators (e.g., AC and TiO») have no distinct features.

In this chapter, thus, magnetite (Fe;O4) was used as an alternative electron mediator. Magnetite
is classified as a semiconductor (Alorro et al., 2010), so it has the potential of acting as an electron
mediator for improving the efficiency of cementation using Al. Moreover, Fe3Oj4 is a ferromagnetic
material, which facilitates the application of magnetic separation as a post-cementation process to
separate heavy metal-loaded Fe3O4 from Al. Specifically, this chapter attempted to remove Zn>* and
Cd?* via cementation using Fe3O4 and Al. In Zn hydrometallurgy process, a huge amount of zinc leach
residues (ZLRs) are generated after leaching of calcined ores and cementation-based purification
process to remove impurity metal ions from pregnant leach solution using Zn powder (Jha et al., 2001;
Silwamba et al., 2020a). These ZLRs are disposed of in landfills because there is no proper treatment
method even though it contains not only Zn but also various cemented heavy metals (e.g., Cd, Pb, etc.)
(Abo Atia and Spooren, 2020; Bae and Yoo, 2016; Jha et al., 2001; Martinez-Sanchez et al., 2019).
Recently, Silwamba et al. (2020) proposed a technique for treating ZLRs called coupled extraction-
cementation (CEC) wherein ZLRs are treated in chloride media (a mixture of NaCl/HC]I) together with
Al powder. During treatment, Pb and Zn contained in ZLRs are extracted by complexation with
chloride ions, and metal-chloride complexes are reductively deposited on Al surface. This technique
was effective in removing Pb?* but difficult to remove Zn?*, indicating that an additional process for
Zn removal should be followed. Moreover, they only focused on the removal of Pb and Zn, but Cd is
also often found in ZLRs (Abo Atia and Spooren, 2020; Bae and Yoo, 2016; Silwamba et al., 2020b).

Cadmium is very toxic even at minute concentrations, and long-term exposure to Cd increases the
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risks of developing cancers of lung, kidney, liver, stomach, etc. (Bernhoft, 2013; E. Park et al., 2021;
Vicentini et al., 2022), so it is necessary to develop an appropriate cementation technique for the

removal of Cd in ZLRs.

Therefore, this chapter aimed to investigate the effects of Fe304 addition on the cementation of
Cd?" and Zn?" from sulfate media using Al as an electron donor. In this chapter, Cd** and Zn>* were
selected as target metal ions because among the major heavy metals (Cd, Pb, and Zn) in ZLRs, Pb>*
is known to be precipitated as PbSO4 because of its low solubility in sulfate media. Specifically, this
chapter conducted cementation experiments as well as surface analysis and electrochemical chapter to
confirm the enhanced cementation and its mechanism. Moreover, magnetic separation experiments
were also conducted for the cementation products to separate heavy metal-enriched particles and

unreacted Al.

5.2 Materials and methods
5.2.1 Cementation experiments

For cementation experiments, solutions containing 1 mM Cd?** or Zn*" were prepared using
reagent-grade CdSO4-nH>O (99.5%, Wako Pure Chemical Industries, Ltd., Japan), ZnSO4- 7H,O
(99.5%, Wako Pure Chemical Industries, Ltd., Japan), and deionized (DI) water (18 MQ-cm, Mill-Q®
Integral Water Purification System, Merck Millipore, USA). The initial pH of these solutions was
adjusted to 5.0 by adding 1 M H>SO4 (Wako Pure Chemical Industries, Ltd., Japan) to minimize
precipitation of metal ions at high pH in consideration of the increase in pH after the experiment. To
normalize the effects of SO4?~ on cementation experiment, total SO4>~ concentration was adjusted to

0.1 M using 1 M Na>SO4 (99.0%, Wako Pure Chemical Industries, Ltd., Japan).

The cementation experiments were conducted using a 50-mL Erlenmeyer flask. A 10 mL metal
sulfate solution was added to the flask, and ultrapure N, gas (99.99%) was introduced for 15 min to
remove dissolved oxygen (DO) in the solution. Then, 0.1 g of Al powder (99.99%, Wako Pure
Chemical Industries, Ltd., Japan) with and without Fe;04 (0-0.4 g) (> 95.0%, Wako Pure Chemical
Industries, Ltd., Japan) was added to the flask, and N, was further introduced for 5 min. The median
particle sizes (Dso) of Al and Fe3O4 used were 21.3 um and 3.4 um, respectively. After that, the flask
was tightly capped with a silicon rubber plug and parafilm and shaken in a thermostat water bath
shaker (Cool bath shaker, ML-10F, Taitec Corporation, Japan) maintained at 25 °C with 40 mm
shaking amplitude and 120 min™' shaking frequency. After 24 h, the suspension was collected and
filtered by a syringe-driven membrane filter (pore size: 0.2 um, LMS Co., Ltd., Tokyo, Japan). After

measuring final pH, the filtrate was diluted with 0.1 M HNOs3 for measuring the change in metal ion
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concentration by inductively coupled plasma atomic emission spectroscopy (ICP-AES, ICPE-9820,
Shimadzu Corporation, Japan). The removal efficiency (R) of metal ions was calculated according to

the following equation:

R =L % 100 (5-1)

where C; and Crare the initial and final concentrations of metal ions (mg/L), respectively. For the case
of cementation products, it was thoroughly washed with DI water, dried in a vacuum drying oven at
40 °C for 24 h, and then analyzed by scanning electron microscopy with energy-dispersive X-ray

spectroscopy (SEM-EDS, JSM-IT200TM, JEOL Co., Ltd., Japan).

5.2.2 Magnetic separation

The washed cementation product was treated by an ultrasonicator (W-113, Honda Electronics
Co., Ltd., Japan) for 10 min in 400 mL DI water to disperse agglomerated particles. After this, the
suspension was agitated at 400 rpm, then magnetic separation was conducted for 1 min using a rare
earth tube magnet (0.6—0.65 T, 2.5 cm in diameter and 15 cm in length, Eriez Co., Ltd., Japan) attached
to outer surface of the beaker as shown in Fig. 5-1. The obtained magnetic and non-magnetic products
were processed by an additional magnetic separation to minimize the entrapment of non-magnetic
particles in the magnetic fraction as well as to recover magnetic particles remaining in the non-
magnetic fraction as shown in the flowchart (Fig. 5-2). After magnetic separation, the black particles
were separated as a magnetic fraction and the gray particles were separated as a non-magnetic fraction
(Fig. 5-2). The final products were filtered with a membrane filter, rinsed using DI water 5 times, and
dried in a vacuum oven for 24 h at 40 °C. The dried products (magnetic and non-magnetic fractions)
were dissolved in aqua regia, diluted with DI water, and analyzed by ICP-AES for examining

distribution. Moreover, the products were analyzed by SEM-EDS.

Before magnetic During magnetic After magnetic
separation separation separation

Fig. 5-1 Photographs of the magnetic separation used in this study: (a) before magnetic separation,

(b) during magnetic separation with stirring, and (c) after magnetic separation without stirring.
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Fig. 5-2 The flowchart of 2-stage magnetic separation and photographs of magnetic and non-

magnetic fractions obtained by magnetic separation of Cd cementation products.

5.2.3 Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) was conducted using a potentiostat (SP-300,
Biologic, France) with a conventional three-electrode system to eclucidate the electrochemical
properties of Al electrode with and without the attachment of Fe3;O4 particles on its surface. For EIS
experiments, Al rod (99.999%, 10 mm ¢, Nilaco Corp., Japan), Ag/AgCl electrode filled with saturated
KCl, and platinum (Pt) electrode were used as working, reference, and counter electrodes, respectively.
Al working electrode was polished with a 1200-grit silicon carbide paper followed by 1 um diamond
paste on a polishing cloth plate using a polishing machine (Saphir 250 M1, ATM, Germany). After
this, the Al working electrode was ultrasonically cleaned for 3 min to remove impurities, washed with
DI water, and exposed to the atmosphere for 7 days to form Al,O3 layer on the surface of Al working

electrode.
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The Fe304/Al electrode was prepared as follows: (1) 0.1 g of Fe3sO4 was mixed with 30 ml of
acetone and suspended by ultra-sonification, (2) the FesOs/acetone suspension was put dropwise on
the whole surface of Al electrode, and (3) the Fe;04/Al electrode was used as a working electrode after
the evaporation of acetone. Three electrodes were immersed into the electrolyte solution (0.1 M
Na»SOy4; pH 5), deoxygenated by N, purging, and equilibrated at 25 °C for 30 min. After equilibration
at the open circuit potential (OCP), EIS measurement was conducted with a 5 mV sinus amplitude and

frequency range of 20 kHz to 0.02 mHz as shown in Fig. 5-3.

@ Potentiostat

Working electrode
(Al or Fe;04/Al electrodes)

Counter electrode  Reference electrode
(Pt wire) (Ag/AgCl)

Fig. 5-3 The schematic diagram of electrochemical experiment.

5.3 Results and discussion
5.3.1 Effects of Fe;04 on cementation of Cd*" and Zn’* with Al

5.3.1.1 Cementation experiments

Cementation experiments for removing Cd** and Zn?*" from sulfate solutions were conducted at
initial pH of 5.0 using Al powder as an electron donor for 24 h, and the effects of the addition of Fe3O4
powder on the metal removal efficiencies were investigated. To clarify the enhanced cementation by
the combination of Fe3O4 and Al, the experiments using only FesOs (without Al) were also done.
Figures 5-4(a) and (b) show the results of the average removal efficiencies of Cd?>" and Zn?",
respectively. After cementation, the highest final pH was 6.7 for Cd** (Fig. 5-4(c)) and 6.4 for Zn**
(Fig. 5-4(d)), and at these pH conditions, Cd*" and Zn?" are expected not to be precipitated as Cd(OH),
and Zn(OH), based on equilibrium log activity — pH diagrams (Figs. 5-4(e) and (f)). This indicates
that the Cd*>" and Zn>" concentrations decreased after experiments are most likely due to the

cementation reaction, not to precipitation.
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Fig. 5-4 The removal efficiencies of metal ions ((a) Cd** and (b) Zn?") and final pH ((c) Cd*" and (d)
Zn?") in sulfate solutions using Al° and/or Fe3;O4 at initial pH 5.0 for 24 h and the activity — pH
diagram for 1 mM (e) Cd?** and (f) Zn** species with 0.1 M SO4>~ at 25 °C (created using the
Geochemist’s Workbench® Professional Ver. 12.0.3 software with the MINTEQ database).
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When only Al was used (without Fe304), the removal efficiency of Cd?>" and Zn?* was closed to
zero (Figs. 5-4(a) and (b)). In sulfate solutions at pH > 5, insulating Al,Os layer covers Al surface as
discussed in the previous chapters, and inhibits the electron transfer from Al to metal ions (Egs. 5-2

and 5-3).
2A10) + 3 Cd* (aq) — 2AP aq) + 3 Cd%) (5-2)
ZAIO(S) +3 Zn2+(aq) — 2A13+(aq) +3 Zl‘lo(s) (5—3)

On the other hand, the sole addition of Fe304 could remove around 8-39% of Cd*" and around
10-69% of Zn?>" from solutions. The Fe>O3/Fe3;04 redox pair is higher than standard electrode
potentials of Cd** and Zn?* (Alorro et al., 2010), which means that these metal ions are impossible to
be reductively deposited on the surface of Fe3O4. Instead, the removal of metal ions using only Fe3O4
was attributed to the adsorption of positively-charged metal ions on negatively-charged Fe3;O4 surface
by electrostatic attraction (i.e., physisorption) (Abdus-Salam and Adekola, 2018; Emadi et al., 2013;
Karami, 2013; Shahid et al., 2018).

The removal efficiencies of Cd** and Zn?>* could be significantly enhanced by using Fe;O4 and
Al simultaneously. Compared to the results of FesO4 only, the metal removal efficiencies were much
higher; for example, at Fe304 dosage of 0.4 g, the removal efficiencies for Cd** and Zn?" were 39 and
69% without Al and 83 and 92% with Al, respectively. This suggests that when using Fe;O4/Al mixture,
not only adsorption but also another chemical process such as cementation occurred, resulting in the

enhanced removal of metal ions.

Cementation experiments were conducted several times to obtain reproducibility using Fe3O4/Al-
mixture and only Fe;O4 (without Al) as shown in Fig. 5-5. Without Al, a good reproducibility was
achieved regardless of Fe3Os4 dosages. With Al, a low reproducibility was achieved because
cementation efficiency is decided by the probability of contacting Al and Fe3O4 particles. As can be
seen in Fig. 5-5, the removal efficiencies of Cd*" and Zn*" became less fluctuated with increasing the
amount of Fe3Oy4 particles. It is important to note that the removal efficiencies of Cd** and Zn?>* using

Fe304/Al mixture were higher than using Al only or Fe;O4 only.
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Fig. 5-5 Box plots of removal efficiencies of metal ions ((a) Cd*>" and (b) Zn?") in sulfate solutions

using A1’ and/or Fe3Oy4 at initial pH 5.0 for 24 h.

After cementation experiments, the concentrations of dissolved Al and Fe were also measured
apart from Cd?*" and Zn?". When cementation reaction (Egs. 5-2 and 5-3) occurs, Al should be
dissolved stoichiometrically. However, the concentrations of dissolved Al after cementation
experiments were less than 1 mg/L, which were lower than the expected values based on the
stoichiometry of cementation reactions. This suggests that A" dissolved by cementation reactions
was precipitated because of increased solution pH to 5.7-6.7 (Figs. 5-4(c) and (d)) where Al
oxyhydroxides (e.g., AI(OH); and/or AIO(OH)) are thermodynamically stable (Park et al., 2018; Wei
et al., 2005). Meanwhile, the concentration of dissolved Fe was significant when Fe3O4/Al mixture
was used; that is, about 13.7-16.8 mg/L Fe?* was extracted from Fe3O4 after 24 h. Since Fe;O4 cannot
act as an electron donor like Al, the release of Fe?" is most likely attributed to its reductive dissolution

by Al (Eq. 5-4):
3 Fe304+2A1°+ 18 H — 3 FeO + 6 Fe* + 2 AP + 9 H,O (5-4)

To meet the effluent discharge limits, therefore, the solution obtained after cementation process
needs to be treated for removing Fe?*. This can be achieved by aeration of solution that oxidizes Fe**
to Fe*, followed by its precipitation as Fe(OH)s (Li et al., 2019; 1. Park et al., 2021; Rose, 2010; Seng
et al., 2019); however, this is out of the scope of this study.

5.3.1.2 Surface analysis

Cementation products obtained after 24 h of cementation experiments using 0.1 g Al and 0.2 g
Fe304 were analyzed by SEM-EDS. As shown in the backscattered electron (BSE) image of the Cd-
cementation product (Fig. 5-6), small bright particles (e.g., Point 2) were agglomerated with small

gray particles (Point 3), and they were attached on the surface of dark and large particles (Point 1).
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The EDS point analysis revealed that Point 1 showed strong signals of Al and O, suggesting that a
dark particle was Al powder. Meanwhile, Points 2 and 3 showed the intensity of Al signal decreased
from 38 kcounts (Point 1) to ~6 kcounts and new signals (e.g., Cd and Fe) were detected, which
indicate that these two points were Cd cemented on Fe3O4. Specifically, bright particles (Point 2) are
considered as Cd metal deposited from solutions based on strong signals of Cd, while gray particles

(Point 3) are most likely Fe3O4 due to strong signals of Fe.
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Fig. 5-6 SEM-EDS analysis of Cd- cementation product: BSE image and EDS spectra of the

corresponding points.
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Similarly, SEM-EDS analysis of Zn-cementation product (Fig. 5-7) also showed agglomerates of
cemented Zn (Point 2) and Fe3O4 (Point 3) were present on the surface of Al (Point 1). These results

suggest that Cd and Zn were reductively deposited on the surface of Fe3O4 attached on Al powder.
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Fig. 5-7 SEM-EDS analysis of Zn- cementation product: BSE image and EDS spectra of the

corresponding points.
5.3.1.3 Electrochemical measurements

The results of cementation experiments and surface analysis suggest that Fe;O4 attached on Al
surface plays an important role in the enhanced cementation of Cd*" and Zn?". To elucidate how the
attachment of Fe;O4 on the surface of Al improves the cementation efficiency, electrochemical
impedance spectroscopy (EIS) measurements were conducted for Al electrode with and without Fe3O4

attachment.

As shown in Fig. 5-8(a), a Nyquist plot of Al electrode (without Fe;O4 attachment) was fitted
with an equivalent circuit (EC) model composed of a solution resistance (R;) connected with a parallel
circuit of a charge transfer resistance (R.;) and a capacitance (C). The diameter of the flat semi-circle
in the Nyquist plot corresponds to the value of charge transfer resistance, R.,, and the observed large
value (around 120 kQ) suggests that Al2O3 layer present on Al electrode surface acts as an insulating

layer inhibiting electron transfer between Al to chemical species in aqueous solutions.
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When Fe3O4 particles were attached on the surface of Al electrode (Fig. 5-8(b)), however, the
impedance data in the Nyquist plot were drastically changed; that is, an inclined straight line appeared
at the end of the plot. Thus, this EIS data was fitted with the EC model consisting of the R—(RC) circuit
connected with a Warburg impedance, corresponding to diffusion phenomenon or inclined straight line
in the Nyquist plot. An important difference between the impedance data with and without Fe3Oy4 is
the diameter of the semi-circle corresponding to RC parallel circuit; that is, the diameter observed with
Fe304 was apparently smaller than that without Fe3Oa, suggesting that charge transfer resistance (R.:)

was reduced from around 120 to 2 kQ when Fe;0;4 attached on Al electrode surface.

For the case of the pre-oxidized Al electrode without Fe3Oa, charge transfer resistance, R, is
determined by and proportional to the thickness of Al,Os layer, d. Even in this case, time constant (T)
of the parallel circuit, T = RC, is not changed because C is proportional to //d, minimizing the effect
of d. This indicates that the time constant does not change even when the thickness of Al oxide layer
becomes thicker. The effect of Fe3sO4 on time constant was evaluated using the following equation

(Bonnel et al., 1999; Dollé et al., 2001):
! (5-5)
T= -
2T fnax

where f... 1s the frequency at the top of semicircle in Nyquist plot. The value of f..c was 1.656 Hz

with Fe3O4, which was approximately 17 times larger than that without Fe;O4 (0.097 Hz). This
indicates that the time constant was reduced with Fe3O4, and that the reduction of R.; with Fe3O4 was
not caused by AlbOj; layer thickness reduction as already discussed. This is also supported by the
impedance spectra data (Bode plot) shown in Figs. 5-8(¢) and (d). Peak frequency, f(@na:) on 6-F plot
was significantly changed when Fe3O4 was attached on Al electrode, indicating that different reactions
could occur by the presence of Fe3O4 on Al electrode surface. The RC parallel circuit for Fe3O4/Al
electrode was not determined with Al>O; layer, and it was probably corresponding to Fe;O4 particles

on the electrode surface.

Figure 5-8(e) shows a model explaining the effects of Fe3O4 addition on the enhanced
cementation of Cd>" and Zn?>" using Al as an electron donor. The added Fe;O4 particles are attached
on Al particle of which surface is covered with an insulating ALbOs layer, and the attached Fe3O4
particles then act as an electron mediator to enhance electron transfer from Al to metal ions. The
authors reported that cementation of metal ions using Al as electron donor was also enhanced when
AC or TiO, was added (Choi et al., 2021b, 2021a; Jeon et al., 2020). All these materials are classified
as electro-conductive materials. The results obtained by a series of these studies by the authors suggest
that any kinds of electro-conductive materials can most likely be used as an electron mediator to

enhance the cementation using Al as an electron donor.
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mixture.
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5.3.2 Magnetic separation of cementation products

Magnetic separation of Cd- and Zn- cementation products was conducted to separate metal-
deposited Fe3O4 particles from clean Al particles. Yield of magnetic fraction was 67.1% for Cd
cementation product and 68.7% for Zn cementation product. The photographs of magnetic fraction
and non-magnetic fraction were shown in Fig. 5-2. Figures 5-9 and 5-10 show the results of SEM-
EDS analysis for magnetic and non-magnetic fractions obtained after magnetic separation of Cd- and
Zn-cementation products, respectively. As can be seen in BSE images of magnetic fractions (Figs. 5-
9(a) and 5-10(a)), there are many small particles (< 1 um) and relatively large particles agglomerated.
The results of EDS point analysis indicated that small particles (Point a-2 in Figs. 5-9(a) and 5-10(a))
are Fe304 particles based on strong signals of Fe and O, while large particles (Point a-1 in Figs. 5-9(a)
and 5-10(a)) were composed of Al, Fe3;04 and cemented metals. The results of SEM-EDS analysis for
non-magnetic fractions (Figs. 5-9(b) and 5-10(b)) showed that Al particles were major constituents
but a small amount of Cd/Zn-cemented Fe;O4remained, indicating that a part of cemented metals (Cd
and Zn), strongly adhered to the surface of Al that was not detached even after 10 min ultra-sonification,

was distributed to a non-magnetic fraction.
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Fig. 5-9 Back-scattered electron (BSE) image of the Cd components in (a) magnetic fraction and (b)

non-magnetic fraction, and EDS point analysis of each point (a-1, a-2, and b-1).
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(b) non-magnetic fraction, and EDS point analysis of each point (a-1, a-2, and b-1).

Figures 5-11(a) and (b) show the distribution ratio of Al, Fe, and heavy metals (Cd and Zn) to
magnetic and non-magnetic fractions. For both Cd- and Zn-cementation products, more than 99% of
Fe was distributed to a magnetic fraction, while more than 95% of Al was distributed to a non-magnetic
fraction, indicating that their separation was well achieved by applying magnetic separation. Heavy
metals were distributed to both magnetic and non-magnetic fractions; however, bulk of Cd (76.5%)
and Zn (69.8%) were distributed to a magnetic fraction. As confirmed by SEM-EDS analysis of non-
magnetic products (Figs. 5-9(b) and 5-10(b)), the distribution of cemented metals in non-magnetic
fractions was mainly due to some cemented products strongly adhered to Al surface. This suggests
that recovery of cemented metals attached on the surface of Al could be expected to increase if they

are sufficiently liberated by employing strong ultra-sonification, surface grinding techniques, etc.
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Fig. 5-11 Distribution of magnetic and non-magnetic fractions obtained by magnetic separation of

(a) Cd- and (b) Zn- cementation products.
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Figure 5-12 shows the proposed flowsheet for ZLRs treatment by cementation using Al and Fe3O4.
At the first step, heavy metals like Cd and Zn are extracted from ZLRs in sulfate media and
simultaneously cemented on Fe;O4 with the assistance of Al. Afterward, the suspension is introduced
to magnetic separator wherein heavy metal-loaded and fresh Fe3O4 particles were separated from
ZLRs and Al. Magnetic products consist of large size of Cd/Zn-enriched Fe3;O4 particles and small
size of fresh Fe;O4 particles, and they can be separated by employing hydrocyclone. Similarly, non-
magnetic products are also composed of fine ZLRs and coarse Al, and these two materials can be
separated by size-based separation like a mechanical classifier. Then, the recovered clean Al and Fe3O4
are re-utilized as cementation agents, while ZLRs and Cd/Zn-enriched Fe3O4 particles are disposed of
in landfills.
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Fig. 5-12 The estimated flowchart for cementation using Fe;O4 and Al in this study.
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5.4 Summary

In this chapter, cementation of Cd*" and Zn**, two of the major contaminants released from ZLRs,
using Al as an electron donor and Fe3Oj4 as an electron mediator was investigated. The use of FesO4/Al-
mixture significantly enhanced the removal efficiencies of Cd*" and Zn** from ~0% (0.1 g Al) and 18—
25% (0.2 g Fe304) to 73-83% (0.1 g Al + 0.2 g Fe304). Electrochemical impedance spectroscopy
proved that the charge transfer resistance of the oxidized Al decreased when Fes3O4 particles were
attached on its surface, indicating that Fe3;O4 acts as an electron mediator, and thus cementation
efficiencies of Cd*" and Zn** were enhanced. After cementation, the application of magnetic separation
to the cementation products could separate Al and Fe3;O4, where bulk of cemented metals (i.e., 77%
for Cd and 70% for Zn) were recovered together with the latter. Magnetic products were composed of
small Fe3O4 particles (< 1 um) with no cemented metals and agglomerates containing heavy metals
and Fe3O4 (~10 um). Their separation based on the difference in particle size like hydrocyclone should
be considered to reduce the amount of heavy metal-rich wastes disposed of in the landfill sites as well

as to reutilize clean Fe3O4 together with Al (non-magnetic products) as cementing agents.
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CHAPTER 6 - GENERAL CONCLUSION

In this dissertation, a new cementation technique using Al as electron donor and electro-conductivity
particle as electron mediator was studied to develop the methods for removal and recovery of heavy
metal ions from sulfate and chloride solutions. Important results obtained in each chapter are

summarized as follows:

Chapter 1 describes the background, objectives of this study, and literature review of the cementation

on Al and affecting factors to increase cementation efficiency.

Chapter 2 investigates the effects of AC addition on the cementation of Cd?*, Co?*, Ni?*, and Zn?*
from sulfate solutions using Al. The results of cementation experiments showed that cementation
efficiencies were enhanced with AC even when insulating Al,O3; layer was present. The results of
surface analysis and electrochemical study suggest that AC attached on the surface of Al act as electron

mediator to enhance electron transfer from Al to metal ions.

Chapter 3 investigates the effects of AC addition on the cementation of Pb**, Cd**, Co?*’, Ni*', and
Zn*" from chloride solutions at pH 4. In the chloride solutions, Al;O3 layer was dissolved due to the
formation of soluble AI** chloride complexes. Because of this, even without AC, almost all Pb>* and
Cd?" were cemented. In the case of Co?', Ni%*, and Zn?", however, cementation was limited, because
of competition with hydrogen evolution and slow reduction rate of the metal. With AC, cementation

of Pb?" and Cd** was suppressed while cementation of Co?", Ni**, and Zn>" was enhanced.

Chapter 4 studies alternative electron mediators to AC. Cementation experiments using Al to remove
Co?" and Ni** from sulfate and chloride solutions were conducted with TiO, and SiO; instead of AC.
Cementation efficiency depended on the conductivity of electron mediators: no cementation occurred
when using non-conductive SiO, while enhanced cementation occurred with conductive TiO2, and
surface analysis showed that elemental Co and Ni were deposited on TiO; attached on Al surface.

From these results, it is concluded that AC could be replaced by other conductive particles like TiO».

Chapter 5 investigates the addition of Fe304 for cementation of Cd?>" and Zn?* from sulfate solutions
using Al. Fe3O4 enhanced cementation efficiency of Cd?>" and Zn?>* with Al even in the presence of
AlOj3 layer, and electrochemical experiments showed that charge transfer resistance significantly
decreased when Fe3O4 was attached on Al surface. After cementation, a significant portion of
cemented Cd and Zn were concentrated together with Fe3O4 in magnetic fractions, and used Al was
separated as a non-magnetic fraction. Based on these results, it is expected that the application of
magnetic separation after cementation process using Fe3Os/Al-mixture could be applied as a post-

process of cementation using Al

Finally, Chapter 6 gives the general conclusions of this study.
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