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Hydrometallurgy, which involves the use of aqueous solutions for the recovery of metals from ores,
concentrates, and recycled or residual material, plays an integral role in the multi-billion dollar minerals
processing industry. It involves either the selective separation of various metals in solution on the
basis of thermodynamic preferences, or the recovery of metals from solution through electro-chemical
reductive processes or through crystallisation of salts. There are numerous hydrometallurgical process
technologies used for recovering metals, such as: agglomeration; leaching; solvent extraction/ion
exchange; metal recovery; and remediation of tailings/waste. Hydrometallurgical processes are
integral across various stages in a typical mining recovery and mineral processing circuits be it in situ
leaching (where solution is pumped through rock matrices); heap leaching (of the ROM or crushed
ore); tank/autoclave leaching (of the concentrate/matte obtained from floatation); electro-refining
(of the blister product from smelting routes); and the treatment of waste tailings/slags from the
aforementioned processes. Modern hydrometallurgical routes to extract metals from their ores are faced
with a number of issues related to both the chemistry, geology and engineering aspects of the processes
involved. These issues include declining ore grade, variations in mineralogy across the deposits and
geo-metallurgical locations of the ore site; which would influence the hydrometallurgical route chosen.
The development of technologies to improve energy efficiency, water/resources consumption and
waste remediation (particularly acid-rock drainage) across the circuit is also an important factor to be
considered. Therefore, there is an ongoing development of novel solutions to these existing problems
at both fundamental scales and pilot plant scales in order to implement environmentally sustainable
practices in the recovery of valuable metals.

The Present Issue

We are delighted to be the Guest Editors for this Special Issue of Hydrometallurgy published in
the journal Metals. With a total of 22 papers covering both fundamental and applied research, this
issue covers all aspects of hydrometallurgy from comprehensive review articles [1,2], theoretical
modelling [3] and experimental simulations [4], surface studies of dissolution mechanisms and
kinetics [5], pre-treatment by roasting [6] or carbonation [7] to enhance recovery, aqueous
carbonation as a means of CO2 sequestration [8], biological systems [9–11], solvent and liquid-liquid
extraction [12–14], nanoparticle preparation [15,16] and the development of novel and/or
environmentally sustainable methods for the treatment of wastes and effluents for the recovery
of valuable metals and products [17–22]. The number and of quality of submissions makes this Special
Issue of Metals the most successful to date. As Guest Editors, we would especially like to thank
Dr. Jane Zhang, Managing Editor for her support and active role in the publication. We are also
extremely grateful to the entire staff of the Metals Editorial Office, who productively collaborated
on this endeavour. Furthermore, we would like to thank all of the contributing authors for their
excellent work.

Metals 2016, 6, 122 ix www.mdpi.com/journal/metals
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Abstract: Since Pourbaix presented Eh versus pH diagrams in his “Atlas of Electrochemical Equilibria
in Aqueous Solution”, diagrams have become extremely popular and are now used in almost
every scientific area related to aqueous chemistry. Due to advances in personal computers, such
diagrams can now show effects not only of Eh and pH, but also of variables, including ligand(s),
temperature and pressure. Examples from various fields are illustrated in this paper. Examples
include geochemical formation, corrosion and passivation, precipitation and adsorption for water
treatment and leaching and metal recovery for hydrometallurgy. Two basic methods were developed
to construct an Eh-pH diagram concerning the ligand component(s). The first method calculates
and draws a line between two adjacent species based on their given activities. The second method
performs equilibrium calculations over an array of points (500 ˆ 800 or higher are preferred), each
representing one Eh and one pH value for the whole system, then combines areas of each dominant
species for the diagram. These two methods may produce different diagrams. The fundamental
theories, illustrated results, comparison and required conditions behind these two methods are
presented and discussed in this paper. The Gibbs phase rule equation for an Eh-pH diagram was
derived and verified from actual plots. Besides indicating the stability area of water, an Eh-pH
diagram normally shows only half of an overall reaction. However, merging two or more related
diagrams together reveals more clearly the possibility of the reactions involved. For instance, leaching
of Au with cyanide followed by cementing Au with Zn (Merrill-Crowe process) can be illustrated
by combining Au-CN and Zn-CN diagrams together. A second example of the galvanic conversion
of chalcopyrite can be explained by merging S, Fe–S and Cu–Fe–S diagrams. The calculation of
an Eh-pH diagram can be extended easily into another dimension, such as the concentration of
a given ligand, temperature or showing the solubility of stable solids. A personal computer is capable
of drawing the diagram by utilizing a 3D program, such as ParaView, or VisIt, or MATLAB. Two 3D
wireframe volume plots of a Uranium-carbonate system from Garrels and Christ were used to verify
the Eh-pH calculation and the presentation from ParaView. Although a two-dimensional drawing
is still much clearer to read, a 3D graph can allow one to visualize an entire system by executing
rotation, clipping, slicing and making a movie.

Keywords: Pourbaix diagram; Eh-pH diagram; Eh-pH applications; ligand component; equilibrium
line; mass balance point; Gibbs phase rule; 3D Eh-pH diagrams; ParaView; VisIt; MATLAB

1. Introduction

All Eh-pH diagrams are constructed under the assumption that the system is in equilibrium with
water or rather with water’s three essential components, H(+1), O(´2) and e(´1); the oxidation states
are presented using Arabic numbers with a + or a ´ sign. The diagrams are divided into areas, each
of which represents a locally-predominant species. Eh represents the oxidation-reduction potential
based on the standard hydrogen potential (SHE), while pH represents the activity of the hydrogen ion
(H+, also known as a proton). An Eh-pH diagram can describe not only the effects of potential and pH,

Metals 2016, 6, 23 1 www.mdpi.com/journal/metals
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but also of complexes, temperature and pressures. By convention, Eh-pH diagrams always show the
thermodynamically-stable area of water by two dashed diagonal lines.

Two typical Eh-pH diagrams, both based on thermodynamic data from the NBS database [1], are
presented. Figure 1 shows an Eh-pH diagram for one component (excluding three essential H(+1),
O(´2) and e(´1) components) of metal, in this case manganese, Mn, while Figure 2 is that of another
component of mineral acid phosphorus, P. Both diagrams show that oxidized species reside in high
Eh areas, while reduced species are in low Eh areas. The metal diagram starts, at the left edge, from
metal ions (Mn2+) at low pH, which progressively react with OH´ as pH increases to produce metal
hydroxides (Mn(OH)2) or oxides. The diagram for the mineral acid starts, again from the left, with
acid (H3PO4) and progressively deprotonates due to reactions with OH´ to finally produce phosphate
ion (PO4

3´) at high pH. Figure 1 also illustrates the tendencies to transition between species.

Figure 1. Eh-pH diagram of a Mn–water system. Dissolved manganese concentration, [Mn] = 0.001 M.

Figure 2. Eh pH diagram of a P-water system. Dissolved phosphorus species, [P] = 0.001 M.

2
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Scope of the Paper

This paper illustrates some ways to improve a basic Eh-pH diagram for better visualization of
species and stability regions. The demonstrated methods are all calculated and constructed with
an ordinary PC, without a high-end graphics card, using Windows 7 or a higher version. All diagrams
can be obtained in a short time. The fundamentals underlying the calculations are briefly described
and/or available in the literature and listed as references. Discussions include:

1. Examples of applications: geochemical formation, corrosion and passivation, leaching and metal
recovery, water treatment precipitation and adsorption.

2. Development of equilibrium line and mass balance point methods to handle ligand component(s):
the theory, illustration and result comparison are presented; both methods satisfy the Gibbs phase
rule derived for the Eh-pH diagram.

3. Examples by merging two or more diagrams for better illustration of the overall reactions involved
in a process.

4. Demonstrations using a third party program to produce 3D diagrams with the addition of a third
axis. The axis can represent the solubility of stable solids, ligand concentration or temperature.
Two 3D wireframe volume plots of the Uranium-carbonate system based on a classic Garrels and
Christ [2] work were used to verify the Eh-pH calculation and the presentation from ParaView.

This paper is not intended to discuss the following topics in detail:

1. Comparison among existent computer programs listed from the literature that directly or
indirectly construct an Eh-pH diagram.

2. Effects from temperature, pressure, ionic strength and surface complexation for
aqueous chemistry.

3. The algorithm and flow sheet to construct the diagram used by the author: they are available and
referenced elsewhere; no source codes of the programs are presented.

4. Comparison or comments on third party 3D programs used by the author.

Note: The diagrams shown in this paper are solely for illustration. Unless specified, all were
constructed at a temperature of 25 ˝C and zero ionic strength. The molarity is used for a dissolved
species as [species], and Σcomponent is used to represent the sum of all mass from one component.
Various thermodynamic databases were used as was convenient. Except as noted for 3D plots, all
diagrams were constructed by STABCAL [3] running on the Windows operating system using win8.1
64 bit, Pentium i7, 4.3 GHz with 16 GB RAM hardware, and 1680 ˆ 1050 resolution monitor.

2. Crucial Developments of the Eh-pH Diagram

Chapter 2 of the Pourbaix Atlas [4] presented the method of calculation and the procedure of
the construction of an Eh-pH diagram. The process was relatively simple since only one component
was considered.

Garrels and Christ [2] dedicated a full chapter to the Eh-pH diagrams. Several diagrams related
to geochemical systems were not only presented, but also explained. They laid out a procedure to
construct the diagrams when ligand(s) were involved, such as illustrated in the Fe–S and Cu–Fe–S
systems. They also presented two 3D wireframe volume diagrams for the Eh-pH-CO2 system, which
will be discussed later in this paper.

A crucial development in constructing an Eh-pH diagram was in deciding how to handle a system
when a ligand component was involved. Two completely different approaches were evolved.

2.1. Development of the Equilibrium Line Method

The equilibrium line method was originally used by Pourbaix for simple metal-hydroxide systems.
Each line equation is derived from an electrochemical and/or acid-base reaction between species.

3
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Garrels and Christ used Fe–S as an example to show that the same procedure presented by
Pourbaix could be applied to a multicomponent system. Basically, it involved two separate steps:
domain areas of ligand S were first constructed, then all Fe species (including Fe–S complexes) were
distributed in each isolated area of the ligand species. Huang and Cuentas [5] presented a computer
algorithm to construct this type of diagram using an early personal computer.

2.2. Development of the Mass Balance Point Method

Forssberg et al. [6] constructed several Eh-pH diagrams related to chalcopyrite, CuFeS2, by
performing equilibrium calculations for the whole system at once at each given Eh and pH. By doing
so, the Cu:Fe:S ratio could be strictly maintained to 1:1:2 at all points. They used the SOLGASWATER
program developed by Eriksson [7] to perform the calculation. This point-by-point mass balance
method identifies the predominant species at each given point of Eh and pH. Points of the same species
were combined into an area for the final diagram. The SOLGASWATER program used free energy
minimization, which is commonly used for equilibrium calculation. Woods et al. [8] also presented
diagrams for the Cu–S system using SOLGASWATER.

The mass balance method can also be computed considering the law of mass action
(Huang et al. [9]). This approach simultaneously solves all equations, equilibria and mass balances, at
each given point of Eh and pH. As with the free energy minimization method, the final diagram has to
be plotted by grouping calculated results together. presented later, was reconstructed using the law of
mass action for Cu–S and matched with from Woods et al. [8].

Besides matching the mass input, these diagrams reveal the presence of multiple solids as
restricted only by the Gibbs phase rule. The key to the success of using the point-by-point method,
however, is the resolution of the grids used in the calculation. Except for 3D diagrams, all mass balance
diagrams in this paper were constructed using grids of at least 400 ˆ 800.

3. Applications for the Diagrams

Eh-pH diagrams are widely used in many areas where an aqueous system is affected by
oxidation-reduction and/or acid-base reactions, ligand complexation, temperature or pressure.
The following three examples are presented to illustrate these effects.

3.1. Geochemical Formation

Copper porphyry ore deposits occur throughout the world and are very important sources of
copper, silver and gold. These deposits initially consist of disseminated sulfide minerals in a rock
matrix, but near-surface weathering oxidizes the sulfides and leaches dissolved metals from the
residual mass. These leached metals in solution percolate downward and are often reprecipitated in
an enrichment zone overlying unreacted sulfide protore. The near-surface weathered, oxidized portion
of the deposit corresponds to the oxidizing region of an Eh-pH diagram, while the non-oxidizing
reduced enrichment zone corresponds to the reducing diagram region. Figure 3 is a geologic sketch of
an idealized porphyry deposit versus the depth from the surface, while Figure 4 is a copper Eh-pH
diagram in which iron, sulfur and carbonate, besides copper, are considered in the calculations.
The minerals predicted in the diagram, solely from thermodynamic considerations, correspond
extremely well with minerals observed in these deposits and with the relationships between these
minerals. In the oxidized and weathered zone, the original copper and iron sulfides are not stable,
while copper carbonates (antlerite, malachite, azurite) and oxides (tenorite, cuprite) form instead.
In the enrichment zone, the copper-only sulfides covellite (CuS) and chalcocite (Cu2S) are dominant,
with native copper seen to occur in both oxidized and enriched zones.
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Figure 3. Illustrated copper ore deposit for comparison to the Eh-pH diagram to the right
(Dudas et al. [10]).

 
Figure 4. Eh-pH diagram Cu–CO2–Fe–S in water. pCO2 = 0.1 atm, [S] = 0.01 M, [Fe] = [Cu] = 0.001 M.
Species were taken from the LLnL database [11].

Another geochemical example is the Eh-pH diagram modeling metamorphic conditions. In order
to show the effect of high pressure, a database such as SUPCRT (Johnson et al. [12]) is required. See the
reference from Kontny et al. [13] for a Fe–S diagram at 300 ˝C and 1500 bars pressure or Huang [14] for
more calculations and examples using SUPCRT-related databases.
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3.2. Corrosion and Passivation

Metallic corrosions are widespread problems of great importance in virtually all physical
structures. Corrosion chiefly occurs when metal electrochemical dissolution is favored. One way to
protect the metal from corrosion is to form a passivated layer, which may simply be a metal oxide. Some
metal oxides, such as PbO, exhibit relatively high solubility and provide little corrosion protection.

The distribution-pH diagram (Figure 5) shows the concentrations of dissolved Pb species, as well
as the solubility of PbO, versus pH. Formation of metal-carbonate, as shown in the Eh-pH diagram
of Figure 6, offers a wider passivation region. Both diagrams were constructed using the LLnL [11]
database. Pourbaix in his lectures [15] presented a similar case for using CO2 to passivate Zn metal.

Figure 5. Solubility of PbO (shaded) versus pH. PbO does not provide good corrosion protection, even
at elevated pHs.

Figure 6. Eh-pH of the PbCO3–water system. [Pb] = 1 ˆ 10´6 and [CO3] = 0.001 M. Pb carbonate
phases do provide corrosion resistance.
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3.3. Water Treatment and Adsorption

Water discharge standards almost always include concentration limits for the acid, base and
heavy metals. When feasible, precipitation of a solid, followed by a liquid-solid separation is usually
the preferred means of achieving these limits, but often, stringent standards are difficult, if not
impossible, to comply with by this means. Adsorption onto metal oxides/hydroxides sometimes
provides an alternative means of removing these metals from the discharge solution. The adsorption of
arsenic (As) by ferrihydrite is demonstrated in Figure 7 using data from Nishimura et al. [16]. For this
particular experiment, the initial conditions were ΣAs = 37.5 mg/L with a Fe/As mole ratio of 10.
The source of ferric iron was dissolved Fe2(SO4)3:5H2O.

The species considered and their thermodynamic values were also taken from the LLnL
database [11]. The equilibrium calculation included adsorption using a surface complexation model.
Potentially adsorbed species onto ferrihydrite are three arsenates, one arsenite, two sulfates, hydrogen
ion and hydroxide. Their equilibrium constants, logKads

int, were obtained from Dzombak and
Morel [17]. In order to better fit the experimental data, some modifying changes were made:

1. Type 2 site density for ferrihydrite was changed from 0.2 to 0.3 mole As/mole Fe due
to co-precipitation,

2. The logK1
int for adsorbed species ”FeH2AsO4 was changed from 29.31 to 31.67,

3. The adsorbed species ”FeAsO4
2´ and its logK3

int = 21.404 were added and
4. Solid scorodite (FeAsO4:2H2O) and its ΔG0

25C = ´297.5 kcal/mole were included with the
LLnL dbase.

Figure 7 is the resulting distribution-pH diagram, of the same type as Figure 5, for arsenate
As(V). The adsorption model nicely matches the experimental data, demonstrating effectively what
the arsenic removal should be. The adsorption of arsenite As(III), while not shown, also matches the
experimental data. Figure 8 is presented to illustrate the Eh-pH diagram for the As–Fe–S–water system
constructed using the mass-balanced (600 ˆ 800 grids) method. The areas in light blue show solids
and adsorbed species to a dissolved concentration less than 0.1 ppm.

Figure 7. Distribution of As(V) vs. pH diagram when Fe/As = 10. Asterisks are experimentally-observed
values. Drinking water standard from EPA (2001).
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Figure 8. Eh-pH of As–Fe–S water where the mole ratio of Fe/As = 10. The colored area indicates less
than 0.1 ppm concentration of As by adsorption.

3.4. Hydrometallurgical Leaching and Metal Recovery

Three applications for hydrometallurgy are presented in more detail later in the section titled
“Enhancing the Eh-pH Diagrams by Merging Two or More Diagrams”. These are:

1. Cyanidation of Au and cementation with Zn Metal,
2. Cementation of copper with elemental Fe, and
3. Galvanic conversion of chalcopyrite with Cu metal with two construction methods for Eh-pH

diagrams to handle ligand components.

4. Descriptions and Comparison between These Two Crucial Methods

4.1. Equilibrium Equations for Eh-pH Diagrams

The chemical equation between Species A and B in the water system, with or without electron
involvement, can be expressed as:

aA ` cC Ø bB ` dD ` hH+ ` wH2O p`ne´q (1)

Species C and D are ligand and complexes produced with ligand. The stoichiometric coefficient
of a species is taken as positive if it is on the right-hand side of the equation, and vice versa. Species H+,
H2O and e´ may not always be on the right-had side of the equation. Because so many equations and
species are involved while performing equilibrium calculations for an Eh-pH diagram, it is easier to
use the free energy of formation of each involved species, ΔGi

0, then to calculate the free energy of
reaction as,

ΔGrex “
ÿ

pυi ˆ ΔGi
0q (2)

where υi represents the stoichiometric coefficient of species i.
Depending on whether or not the reaction involves an electron and/or hydrogen ion, the

equations are:
The Nernst equation for oxidation-reduction reaction with or without acid-base:
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Eh “ Eh0 ` lnp10qRT
pn ˆ Fq ˆ

«
log

˜
tBub tDud

tAua tCuc

¸
´ hpH

ff
(3)

where Eh0 “ ΔGrex
pn ˆ Fq , where R is the universal gas constant, 8.314472(15) J/(K¨ mol); T is in kelvins; F is

the Faraday constant 96,485.3399(24) J/(V¨ equivalent); and {A} and the others species are defined as the
activities of Species A. The activities of solid and liquid are normally assumed to be one; gas is taken
as the atmosphere (atm). The activity of an aqueous solution is the multiplication of the concentration
in mol/L, symbolized as [A], with its activity coefficient. The coefficient can be computed from one
of the appropriate models. Without having the acid-base, the “hpH” term in the equation will be
dropped out.

The equilibrium equation for acid-base reaction without redox reaction:

pH “ 1
h

ˆ
«

log

˜
tBub tDud

tAua tCuc

¸
` ΔGrex

lnp10q ˆ RT

ff
(4)

The equation for reaction involves neither an electron nor a hydrogen ion:

log Q ´ log K “ log

˜
tBub tDud

tAua tCuc

¸
` ΔGrex

lnp10q ˆ RT
(5)

Species A will be favored if logQ ´ logK is positive, and vice versa.
As mentioned earlier, two different approaches may be used to construct an Eh-pH diagram.

One is to calculate equilibrium equations between pairs of species and to construct the diagram
by plotting the resulting equilibrium lines. The other is to perform equilibrium calculations from
all involved species at each point in a grid, then selecting the predominant species at each point.
Regardless of which method is used, these equilibrium equations have to be satisfied.

4.2. Line Method Using Equilibrium Concentration [5]

The diagram is constructed by computing the equilibrium between two adjacent species from
their activities. The concentration or activity of aqueous species has to be given. Figure 9 shows
the Eh-pH diagram for Cu at three different concentrations. The case where a ligand component
is also involved is demonstrated in Figure 10, for the Cu–S–water system using [S] = 0.001 and
[Cu] = 0.001 mol/L. The areas of predominance for the various ligand S species (labeled in light
blue) were first constructed. The distribution of Cu species, including Cu–S complexes, in each S
domain (such as the area of H2S shaded with light blue) was then constructed. The final diagram of
Cu species was determined by combining all of the areas from S ligands. It should be noted that the
total concentration of ΣS may change depending on whether or not Cu is complexed with S. When Cu
species are not complexed with S, ΣS would be 0.001 mol/L, as described. However, when Cu species
are complexed with S, as in the formation of CuS, ΣS will be the molar sum of the S concentration plus
the CuS concentration, which will be equal to 0.002 mol/L. In such a case, the mass of total S may not
be constant, as originally assigned.
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Figure 9. Eh-pH of Cu-water constructed by the line method where three concentrations in log scale
are plotted. Data taken from NBS [1].

Figure 10. Eh-pH of Cu(main)–S (ligand). The line method plots the ligand first, shown in blue color.
The distribution of Cu species for each domain of S is then determined.

4.3. Point-by-Point Method Using Mass Balance [9,18]

In this method, mass balances are considered and calculated with all of the equilibria from all of
the components at once from every point of the grid. Unlike the line method where the concentration or
activity of aqueous species is specified, this method requires knowing the total mass of each component.
The calculation requires not only satisfying all equilibrium equations, but also matching all of the mass
balances. The results are sorted out in order to plot the diagram for each specific component. This type
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of diagram is particularly important for Eh-pH diagrams, which include solids with composition ratios
that are close to mineral formation ratios (such as 3:1:4 mole ratios for enargite Cu3AsS4)

Mass inputs, including masses of ligands, are crucial for determining critical areas of these
diagrams. Figures 11 and 12 illustrate this for the Cu–S–water system (data from NBS [1]). Figure 11
shows the case where S is stoichiometrically slightly less than copper, i.e., ΣCu = 0.001 and
ΣS = 0.0009 M, while Figure 12 shows the case where S is slightly in excess. The higher mass of
S leads to a larger area of predominance for CuS.

Figure 11. Mass-balanced Eh-pH diagram for the Cu–S–water system with copper slightly in excess.
ΣCu = 0.001 M and ΣS = 0.0009 M.

Figure 12. Mass-balanced Eh-pH diagram for the Cu–S–water system with copper slightly in deficit.
ΣCu = 0.001 M and ΣS = 0.0011 M.
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4.4. Differences and Comparison between the Methods

Different results of the two methods can be seen by comparing diagrams constructed within the
Cu–S system, with sulfate species not shown due to unfavorable kinetics (Woods et al. [8]). Figure 13
was constructed by the equilibrium line method where [Cu] = 0.118 and [S] = 0.059, and Figure 14 was
constructed by the mass-balanced point method where ΣCu = 0.118 and ΣS = 0.059. Free energy data
were taken from Woods et al. [8]. Crucial differences can be seen in the general area of Cu–S solids.
As can be seen from Figure 13, even though the concentration ratio of Cu/S is specified as two to one,
CuS, not Cu2S, is the predominant species.

The mass-balanced point calculation involved points on a 400 ˆ 800 grid to a precision
of 1 ˆ 10´10, but took less than three minutes for a PC from creating a worksheet for input to plotting
the final diagram.

Figure 13. Eh-pH diagram for the Cu–S–water system constructed by the equilibrium line method.

Figure 14. Eh-pH diagram for the Cu–S–water system constructed by the mass-balance point-by-point
method. This diagram matches Figure 5 of Wood et al. [8].
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The equilibrium line method was favored in the past due to its relative ease of construction.
When diagrams were constructed using manual calculation (as by Pourbaix), the equilibrium line
method was the only practical approach. As greater computational power became available, the
mass-balanced point-by-point method came into favor. The following list includes some areas where
the mass balance method should be considered over the line method.

1. When the exact composition of the system is needed: Examples include leaching and flotation
studies. See Huang and Young [18] for more examples. The Eh-pH diagram of enargite (Cu3FeS4)
(Figure 15) was constructed using data collected by Gow [19].

2. When a system is required to specify total concentration, not equilibrium concentration
nor activity.

3. When the adsorption by solids, such as ferrihydrite, is considered (refer to Figure 8).
4. When multiple phases of a solid need to be shown: Figure 16 was constructed by showing the

coexistence of schwertmannite with various forms of jarosites in Berkeley pit water. Water samples
were taken and analyzed from 1987 to 2012 by the Montana Bureau of Mines and Geology [20],
and the thermodynamic data for the solids species were regression estimated by Srivastave [21].

5. A diagram will most likely be mass balanced if a speciation program, such as PHREEQC
(USGS) [22], was used to construct it. Results from the program were collected manually or
electronically, then combined into an Eh-pH diagram.

Figure 15. Mass balanced Eh-pH diagram for the enargite Cu3AsS4 system. The mass ratio is 0.75:0.25:1
for Cu, As and S. The diagram shows only the copper species in acid solution.
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Figure 16. Mass balanced Eh-pH diagram for the Fe–K–S system at 7 ˝C. This diagram shows the
coexistence among schwertmannite, K-jarosite and KH-jarosite. * represents the data analyzed from
the sampled water.

Both methods, however, can produce identical diagrams under the following conditions:

1. A one-component system, such as Figure 1 for Mn and Figure 2 for P,
2. The concentration of ligand component(s) is much greater than the main component, such as

metal corrosion by sea water, and
3. Gas is the only ligand, such as the Fe–CO2(g) system.

4.5. Gibbs Phase Rule Applied to an Eh-pH Diagram

An Eh-pH diagram constructed using either method must follow the Gibbs phase rule.
The original phase rule equation, P + F = C + 2, was developed for considerations of temperature and
pressure. It can be refined for use in constructing an Eh-pH diagram by implementing some concepts
and restrictions.

Mass-balanced method: This method calculates equilibrium from all components at once.
The variables are as follows:

1. P is the total number of phases = 1 (liquid water) + 1 (gas if considered) + N (maximum number
of solids/liquids),

2. F is the degree of freedom on the diagram, which is two for an open area, one on a boundary line
and zero on a triple point,

3. C is the total number of components = 3 + EC (extra components). Three components are essential
for Eh-pH calculation in an aqueous system. These are H(+1), O(´2) and e(´1). The extra
components include the main component to be plotted, as well as all ligands.

4. The term of +2 is for temperature and pressure variables. Since both are considered to be constant,
+2 will be dropped off. If any system involved a gaseous species, +1 should be used, but it will be
canceled out with one extra gaseous phase to the equation.

The phase rule equation for an Eh-pH diagram, best expressed as the maximum number of solids
plus liquids excluding the liquid phase of water, thus becomes:
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Nmaxsolid “ C ´ F ´ 1 (6)

Example 1, Cu and S two-component system: The incorporation of the rule is illustrated in
Figure 17, in which all solids containing Cu, as well as S components are presented. Since the method
computes equilibria from all components involved at once, C = 3 + 2 and Nmaxsolid = 5 – F – 1 or 4 – F.

1a. In an open area of the diagram where F = 2, Nmaxsolid will be equal to two. The co-existence of
two solids can be seen in many places on the diagram,

1b. On a boundary line where F = 1, Nmaxsolid becomes three. For instance, while each of the light
blue areas contains two solids, the line between them represents the presence of three: CuO, Cu2S
and Cu1.96S,

1c. On a triple point where three lines meet, F = 0, Nmaxsolid = 4. At the point labeled A, for
instance, even though four areas meet, only three solids are coexistent at the point: CuO, Cu1.75S
and Cu1.96S.

Example 2, Pb-S-KEX (potassium ethyl xanthate) three-component system: Pb-S-KEX was also
used to illustrate the phase rule. Figure 18 was constructed using data taken from Pritzker and
Yoon [23]. The plot illustrates a small, but intricate area, Eh from ´0.5 to ´0.3 and pH from 10 to
13, with a resolution of 600 ˆ 800. A small pink area shows three stable solids: PbS, Pb and PbX2.
This number agrees with the phase rule equation for the Eh-pH diagram of Nmaxsolid = 5 – F, where F
is equal to two, being inside an open area. There are four solids (PbS, Pb, PbX2 and Pb(OH)2) along the
line between this pink area and the area right above it. The Nmaxsolid for all three corners of this area
was no greater than five, as described by the rule.

 

Figure 17. Mass-balanced Eh-pH diagram of the Cu–S–water system to illustrate the phase rule. This is
a zoomed-in detail from Figure 14; stable solids include elemental S from the S component. ΣCu = 0.118
and ΣS = 0.059 M.
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Figure 18. Mass-balanced Eh-pH diagram of the Pb–S–potassium ethyl xanthate (KEX) water system.
ΣPb = ΣS = 0.45 and ΣX = 0.0001 M. This zoomed-in detail has a resolution of 600 ˆ 800 to verify the
Gibbs phase rule.

Equilibrium line method: Since this method works on one component at a time,
Nmaxsolid = 4 – F – 1 = 3 – F. Referring to Figure 13, in any open area of the diagram, Nmaxsolid = 1,
which means only one solid is allowed. On any boundary line, Nmaxsolid = 2, as shown by the line
between CuO and CuS. If a triple point is formed, Nmaxsolid will be equal to three.

5. Enhancing the Eh-pH Plot by Merging Two or More Diagrams

Most Eh-pH diagrams indicate the stability of water by two dashed lines: this is a typical example
of merging two diagrams together. Other examples include showing several solubilities of solid species
(see Figure 9), showing dissolved species in areas dominated by solids and showing ligands in addition
to the main component (see Figure 10).

An Eh-pH diagram, including the examples listed above, often shows only half of a reaction.
To illustrate the whole process, merging another relevant diagram may be necessary. The combined
diagram can be re-plotted or overlaid by a graphics program, such as MS PowerPoint. It is strongly
suggested to use different colors for each merged diagram.

5.1. Cyanidation of Gold and Cementation with Zn Metal

The combination of a Au–CN diagram with a Zn–CN diagram is shown as Figure 19. The up-arrow
indicates leaching of Au using CN as the complexing ligand and O2 as the oxidant. The down-arrow
indicates the cementation of Au replaced by Zn metal.

5.2. Cementation of Copper with Metallic Iron

Figure 20 shows the combination of a Cu–water diagram and a Fe-water diagram and illustrates
cementation of copper by iron metal. Additionally, the diagram shows other reactions of interest, such
as those that represent wasteful consumption of iron metal by reactions involving Fe3+, O2(g) and
H+(a). Although not part of the diagram calculations, the rest potential between the Cu2+/Cu–Fe2+/Fe
electrodes is also shown.

16



Metals 2016, 6, 23

 

Figure 19. Combined Au–CN and Zn–CN Eh-pH diagrams would show leaching and cementation for
the gold cyanidation process.

Figure 20. Combined Cu and Fe Eh-pH diagrams would show that reactions occur during copper
cementation using metallic iron.

5.3. Galvanic Conversion of Chalcopyrite with Copper Metal [24]

When in contact with Cu metal, chalcopyrite reacts cathodically in an effect known as
galvanic conversion:

10CuFeS2 pchalcopyriteq ` 24H+ ` 8e´ “ 2Cu5FeS4 ` 8Fe2+ ` 12H2S (7)

2Cu5FeS4 pborniteq ` 6H+ ` 2e´ “ 5Cu2S ` 2Fe2+ ` 3H2S (8)
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An anodic reaction takes place on the metallic copper as:

2Cu ` H2S “ Cu2S ` 2H+ ` 2e´ (9)

A schematic diagram for all these reactions is shown as Figure 21. In order to present all of the
species involved, three Eh-pH diagrams are superimposed and shown as Figure 22.

1. The three diagrams used are: S species in cyan, Fe and Fe–S in red and Cu–Fe–S in black.
2. Areas of predominance are shown as: chalcopyrite in yellow, bornite in gray, chalcocite in light

blue and metallic copper in orange.
3. The down-arrow indicates where galvanic conversion occurs down from chalcopyrite to bornite

and, finally, to Cu2S. The up-arrow indicates where the anodic reaction occurs up from metallic
copper to Cu2S.

4. The diagram indicates that both cathodic and anodic reactions lead to the formation of Cu2S, and
other final species match what Hiskey and Wadsworth [24] described.

 

Figure 21. Schematic diagram of reactions occurring upon galvanic conversion of chalcopyrite with
metallic copper [24].

Figure 22. Combination of three Eh-pH diagrams showing the galvanic conversion reactions of
chalcopyrite with metallic copper.
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6. Third Dimension to an Eh-pH Diagram

Even more information may be shown by adding a third dimension to a base Eh-pH diagram.
The third dimension can be the simple solubility of solid or an independent variable, such as
temperature or ligand concentration. First, the data needed for a 3D Eh-pH diagram must be calculated.
Thereafter, 3D programs for PC, such as ParaView [25], VisIt [26] or MATLAB [27], combine all of
the data into a single diagram. These programs can also provide other functions, such as animated
rotation, clipping and slicing. This section presents some 3D examples by considering extension of
the Eh-pH diagram into a third dimension. Data creation and setup input files for a 3D program are
briefly presented. Three areas are illustrated:

1. Eh-pH along with the solubility of stable solids; two example diagrams are illustrated: passivation
of lead (Figure 6) and adsorption of As(III) and As(V) onto ferrihydrite (Figure 8).

2. Eh-pH with an extra axis for ligand CO2: two wireframe volume diagrams of Eh-pH-CO2 taken
from Garrels and Christ [2] are used for verifying the results; these two are:

(a) Figure 7.32b: in order to match the given ΣCO2 for the third axis, the mass balance method
has to be used; the output of 3D and discussion for this case are presented in more detail.

(b) Figure 7.32a: since the third axis is given as the pressure of CO2(g), the equilibrium line
method can be applied; the time required for the Eh-pH calculation was much less.

3. Presentation of a system in which two or more solid phases, such as CuS and Cu2S, can coexist.

6.1. Eh-pH with Solubility

Including the solubility of solids in an Eh-pH diagram can give a much clearer view of what
can happen to the solid. The following two diagrams constructed by MATLAB extend the 2D Eh-pH
diagrams presented earlier. In order for MATLAB to plot 3D solubility diagrams, the Eh-pH program
needs to create two files: the (name).m file contains instructions to be executed by MATLAB, and
the data file contains solubility from each Eh and pH from the grid. A MATLAB plot can show the
matching contour (iso-solubility) lines below the 3D feature.

Figure 23 is an extension of Figure 6, showing the solubility of Pb(II) as the third dimension.
The red areas indicate conditions where corrosion can be expected to occur. The gulch area in yellow
indicates conditions where Pb(II) is passivated by CO2.

 

Figure 23. The Eh-pH plus solubility diagram for Pb–CO3–water. The yellow gulch area in the middle
is where Pb(II) is likely passivated by CO3.
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Figure 24 illustrates the same system as Figure 8, which showed where As(V) and (III) can
be adsorbed upon the formation of ferrihydrite. The solubility diagram shows where the lowest
concentrations of As(V) and (III) can be achieved. The deep blue area at the low Eh of the diagram is
where arsenic metal becomes stable and immunized from corrosion.
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Figure 24. The Eh-pH plus solubility diagram for As–Fe–water. The valley area on the left is where the
greatest adsorption of arsenic can occur.

6.2. 3D Eh-pH, Uranium with ΣCO2: Using the Mass-Balance Point Method

Example system: Figure 7.23b from Garrels and Christ [2] is one of the earliest three-dimensional
diagrams for the U–CO2–water system. It is an Eh-pH diagram with the concentration of CO2 used
for the third dimension. See the duplicated plot from Figure 25. In it, each predominant species is
enclosed by the faces of adjacent species. A semi-transparency presentation can be a more advanced
graphical method, but it had not been developed at the time. A comparison to the Garrels and
Christ plot was generated, considering the same species and their ΔG0s (Free energy of formation).
Other considerations required are:

1. One species in one volume: Since total carbonate is given, assuming total CO2 means all
carbonates, including dissolved, solids and complexes with U, the mass-balanced method for
Eh-pH diagram is used. However, to match the Garrels and Christ plot, only one single solid in
each volume was selected, with no regions of mixed solids allowed.

2. One missing species: One species on the Garrels and Christ diagram, indicated by a red letter A in
Figure 25, seems to have been mislabeled as UO2(CO3)4´. Judging from its high pH and carbonate
location, and being sandwiched between U(IV) and U(VI), the species UO2(CO3)3

5´ [28] seems
to be a good fit. Figure 26 is the regenerated 2D Eh-pH diagram using logΣCO2 = ´1 M.
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Figure 25. 3D diagram after Garrels and Christ. Label A is where the questionable species is located.

Figure 26. The Eh-pH diagram of U with logΣCO2 = ´1. The inclusion of UO2(CO3)3
5´ clarifies

a region that Garrels and Christ might have misrepresented.
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Example diagrams and conditions: Figures 27–32 are three-dimensional diagrams created using
ParaView (Version 4.3.1) based on the data generated by the STABCAL program. Although the
complete ParaView diagram allows such functions as continuous rotation, clipping and slicing, these
static diagrams demonstrate the range of features that can be achieved. A color map (bar), shown in
Figure 27, indicates that the names of the species should be added at least once to one of the figures.
Computational conditional limits include:

‚ Ranges: Eh = ´1 to 0.8, pH = 0 to 14 and logΣCO2 = ´6 to ´1,
‚ Grid point: 250 ˆ 250 ˆ 250,
‚ Computer: 64 bit, 3.40 GHz, 16 G of RAM,
‚ Program algorithm: mass balance point method using mass action law,
‚ Accuracy (sum of squared residual) <1 ˆ 10´8 and
‚ Time to complete the calculation: 1:36:25 (h:mm:ss) from i7 PC or 2:00:51 from i5; contrary to

using the line method, shown later, which took less than 30 s.

In order for ParaView to plot a 3D diagram, the Eh-pH program needs to create a (name).vtk
file [29] that specifies the type of grid, the values of all X, Y and Z coordinates followed by all of the
point data that indicate which species are to be plotted for each point on all three axes.

 

Figure 27. Eh-pH-logΣCO2 of uranium where the species are shown by colors. A color bar is inserted
to show the corresponding species.
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Figure 28. The transparent view of the 3D plot. Each colored area is labeled with the name of the species.

 

Figure 29. The clip plot shows only regions below the constraint of Eh ´0.1 V.

23



Metals 2016, 6, 23

 

Figure 30. The clip plot shows species below the plane of theoretic water stability between H2O and
H2(g). Compare to the lower dashed water line in Figure 26 or the lower plane where no species were
shown in Figure 25.

 

Figure 31. 3D plot that shows the boundaries (contour) between species.
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Figure 32. Semi-transparent plot that shows the stability region of UO2(CO3)2(H2O)2
2´ species.

A three-dimensional plot has the great advantage of being able to show the effects of multiple
variables at once. Tools, such as rotate, slice and clip, can easily identify areas of particular
interest. For a complicated system, however, a three-dimensional image may not be as clear as
a two-dimensional drawing due to the memory and screen resolution imposed by an ordinary PC. It is
therefore wise to choose or combine the use of 2D and 3D to have the best presentation.

A simple way to turn a set of line-drawn diagrams into a three-dimensional object is to arrange
six two-dimensional surface plots (two from each of Eh-pH, Eh-ligand and pH-ligand) into a cube.
It may be necessary to reverse the x- or y-axis direction for this purpose. Simple plastic cubes, intended
for use with photographs, are readily available. See Figure 33, where the section on the left (three plots
combined) is the top-front view and the section on the right is the bottom-rear view. The two sections
are jointed along the Eh axis, at pH = 14 and log ΣCO3 = ´1 M. Rotating the right sections to the left
will make a complete cube. To show the continuity between plots, species UO2 was purposely colored
in light blue.

 

Figure 33. Combination of six surface plots of the U Eh-pH-logΣCO2 system to form a cube.
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6.3. 3D Eh-pH, Uranium with Pressure CO2(g): Using the Equilibrium Line Method

This example used Figure 7.32a from Garrels and Christ for U with the CO2 system. Since the
extra axis is the pressure of CO2(g), the equilibrium line method was used. The Eh-pH program took
less than 30 s to create necessary data for making the (name).vtk file for ParaView. Without having
to repeat the same features presented earlier, only the semi-transparent surfaces and the boundaries
between species are shown on Figures 34 and 35 respectively. These two plots agree with the original
diagram presented by Garrels and Christ.

 

Figure 34. Eh-pH-logpCO2(g) of uranium where the species are shown by colors. This diagram matches
Figure 7.32a of Garrels and Christ.

 

Figure 35. 3D plot that shows the boundaries (contour) between species. This diagram used data from
the line method where logpCO2(g) was given.
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6.4. How to Show Two or More Solids in One Area

ParaView is capable of showing areas occupied by more than one solid phase. As with single solid
regions, multi-phase areas are also colored and shown on the color map. Using the same conditions
as for Figures 11 and 12, Figures 36 and 37 are plotted by ParaView indicating four two-solid phases.
The areas occupied by CuS plus Cu2S are indicated in red and pointed to by an arrow.

 

Figure 36. ParaView of Cu–S–water, where ΣCu = 0.001 and ΣS = 0.0009 M. See the 2D plot of Figure 11
for a comparison.

 

Figure 37. ParaView of Cu–S–water, where ΣCu = 0.001 and ΣS = 0.0011 M. See the 2D plot of Figure 12
for a comparison.

27



Metals 2016, 6, 23

7. Summary

An Eh-pH diagram, commonly known as a Pourbaix diagram, is an effective way of presenting
the effects from oxidation-reduction potential, acid and base, complexing ligands, temperature and
pressure for an aqueous system. It can be used in many scientific fields, including hydro- and
electro-metallurgy, geo and solution chemistry and corrosion science. Diagrams describing natural
copper deposits, lead corrosion prevention and arsenic adsorption by ferrihydrite and leaching and
metal recovery were illustrated. The fundamental principles behind the diagram were briefly described.

To handle ligand components for these diagrams, two separate methods developed over time,
the line of equilibrium concentration and the point of complete mass balances, were described and
illustrated. Both satisfy the Gibbs phase rule in their own way of calculation. The comparison and
applications from these two methods are mentioned and illustrated.

Many advances of the Eh-pH diagrams are presented. These are:
Merging diagrams: Most of the Eh-pH diagrams describe only half of the reactions. Merging

several same-sized Eh-pH diagrams together can better illustrate the overall system. Examples include
cyanidation of Au plus cementation with Zn metal, cementation of Cu with metallic Fe and galvanic
conversion of chalcopyrite with metallic Cu.

Creating 3D diagrams: Expanding the Eh-pH program to create data from an extra axis is
relatively simple. However, a more professional third party 3D program is the best choice for
drawing the final diagram. The author has tested ParaView, VisIt and MATLAB for 3D Eh-pH
diagrams. Most of these programs can perform animations, such as rotation, clipping and slicing.
The diagram can be semi-transparent or show the boundary for better illustration. The following
examples are demonstrated:

1. An Eh-pH diagram that shows solubility. Examples include: lead corrosion prevention with
CO2 and concentrations of arsenic adsorption by ferrihydrite; MATLAB was used for more
colorful pictures.

2. An Eh-pH with an independent variable; diagrams created by ParaView were illustrated for its
functionality, and example are:

The mass balance point method for the Uranium system where the extra axis is log(ΣCO3);
The equilibrium line method for the Uranium system where the third axis is logp(CO2(g));
The Cu–S system for showing the coexistence of two or more solids in one volume.

When a 3D picture becomes too complex to label all of the species involved, two-variable diagrams
(Eh-pH, Eh-ligand, Eh-temperature or pH-ligand) can be presented side-by-side for clarity.
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Abstract: This study provides an up to date review of tannins, specifically quebracho, in mineral
processing and metallurgical processes. Quebracho is a highly useful reagent in many flotation
applications, acting as both a depressant and a dispersant. Three different types of quebracho are
mentioned in this study; quebracho “S” or Tupasol ATO, quebracho “O” or Tupafin ATO, and
quebracho “A” or Silvafloc. It should be noted that literature often refers simply to “quebracho”
without distinguishing a specific type. Quebracho is most commonly used in industry as a method
to separate fluorite from calcite, which is traditionally quite challenging as both minerals share a
common ion—calcium. Other applications for quebracho in flotation with calcite minerals as the
main gangue source include barite and scheelite. In sulfide systems, quebracho is a key reagent
in differential flotation of copper, lead, zinc circuits. The use of quebracho in the precipitation
of germanium from zinc ores and for the recovery of ultrafine gold is also detailed in this work.
This analysis explores the wide range of uses and methodology of quebracho in the extractive
metallurgy field and expands on previous research by Iskra and Kitchener at Imperial College
entitled, “Quebracho in Mineral Processing”.

Keywords: quebracho; tannin; flotation; fluorite; germanium; precipitation; Tupasol

1. Introduction

Tannins are organic, wood derived compounds that have many industrial applications including
leather production, chemical and petroleum processes, and froth flotation. The most commonly used
form of tannins comes from two types of trees that grow in southeastern South America. Figure 1
displays one of the species of quebracho trees native to Argentina.

This valuable material, quebracho, is extracted from the inner core of the tree, or the heartwood.
The heartwood is chipped, heated to around 230 ◦F under pressure and evaporated under a vacuum.
This produces Tupafin ATO, the most basic form of quebracho, which is soluble in warm water.
If treated with the addition of sodium bisulfate the compound becomes Tupasol ATO, quebracho that
is soluble at all ranges of pH and temperatures. Silvafloc is a quebracho with added amine groups [2].
There are two chemically distinct tannin groups: hydrolysable and condensed. Quebracho is a member
of the condensed tannin group and will not break down to form other compounds in when acids, alkali
or enzymes are introduced [3]. Chemically, quebracho is made up of carbon, oxygen, and hydrogen
atoms. The quebracho compounds are made up of phenol and carboxylic groups. When ionized, these
groups provide the adsorption onto cationic surfaces and with the addition of hydrogen bonding, the
mineral surfaces become hydrophilic [2]. Quebracho adsorption occurs in a variety of ways including
hydrogen bonding, complex formation between OH groups and cations, charge neutralization with
OH- meets a positively charged surface, and from electrostatic attraction between negatively charged
quebracho micelles and positively charged mineral surfaces [3].
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Figure 1. A cut from the Quebracho Colorado tree displays the deep red-brown heartwood [1].

2. Flotation

2.1. Jamesonite

The use of tannins for the polymetallic ore containing tin, antimony lead, and zinc was studied at
the Changpo flotation plant in China. The optimum flotation conditions for jamesonite (Pb4FeSb6S14)
were at a pH below 8.5 with addition of lime. In these conditions it is problematic to depress sulfides
including marmatitie, arsenopyrite, pyrite, and pyrrhotite. Five different types of tannins were used to
determine the depressing affect—larch, bayberry, valonia, acacia mangium, and emblic.

Lab scale bulk flotation tests were carried out to recover the antimony, lead, and zinc into a
single concentrate. The concentrate was reground and floated with lime, sodium cyanide, zinc sulfate,
and tannins. All tannin varieties produced positive results on jamesonite flotation except bayberry.
Larch and emblic are condensed tannins with flavonoids and were the most effective as opposed
to the hydrolysable tannins that contained carboxyl and hydroxyl groups like the bayberry tannin.
In addition to this factor, tannins with more total color correlated to more quinines and thus better
selectivity. The presence of larch tannins in the lab flotation circuit improved the grade significantly
from 18.5% to 23.5%, while the recovery remained constant at 86%.

X-ray diffraction was used to compare the patterns between concentrates with and without the
larch tannin; these are shown in Figure 2. The intensity of the peaks was compared to determine the
depressing effect of tannin on each mineral. Calcite and quartz were the most strongly depressed,
followed by pyrite, marcasite, sphalerite, pyrrhotite and arsenopyrite. However, the jamesonite
intensity was greatly increased with the addition of tannins—thus, tannins have no depressing affect.

In addition to lab scale work, an industrial test was also completed at the Changpo plant. The
circuit had a capacity of 2000 t/day and contained a rougher cell, eight cleaner cells, and four scavenger
cells. The larch tannins were added to the second, fourth, and sixth cleaner cells. The results were
positive for the two-month trial with an increase in antimony grade from 13.1% to 17.6% and increase
in lead grade from 14.8% to 19.9% while the recoveries of both remained constant.
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Figure 2. X-Ray diffraction peaks show the quebracho effect on the concentrates [4].

The results of this study indicate that the use of tannins, particularly larch tannin, which is
condensed and has a higher content of tannin species, helps to depress minerals to aid the flotation of
Jamesonite [4].

2.2. Strontium

Historically, the main application for strontium was in the production of cathode ray tubes for
color televisions; however, these televisions are becoming obsolete and other applications such as
ferric magnets, zinc reduction, specialty alloys and fireworks now take up the majority of the market.
The most common sources of strontium are celestite (SrSO4) and strontianite (SrCO3).

There are several common methods for the recovery of strontium. The first involves the black
ash method whereby finely ground celestite is combined with coal and heated to 1100 ◦C to reduce
the strontium sulfate into a soluble strontium sulfide. Strontium carbonate is precipitated out as a
final product by passing soda ash through the sulfide solution. The soda ash method involves treating
ground celestite with soda ash and steam for several hours. Strontium carbonate is formed and sodium
sulfate goes into solution [5].

The main setback in the production of a strontium concentrate is the separation of the calcareous
gangue, primarily calcite, from the celestite mineral as both minerals are similar in physical and
chemical properties. Flotation proves to be a viable method with the addition of quebracho as a means
to depress calcite.

In the flotation studies done by F. Hernainz Bermudez de Castro and M. Calero de Hoces,
quebracho was used as a key reagent in addition to sodium silicate and sodium oleate. Sodium silicate,
an inorganic modifier, was compared with the organic quebracho reagent to depress the calcite. Both
of these depressants act by decreasing the adsorption of the collector, sodium oleate, on the calcite
surface. In addition to these reagents, pine oil was used as a frother, with hydrochloric acid and
sodium hydroxide used as pH modifiers. The study indicated that quebracho did have a depressing
effect on the calcite; however, it also depressed the celestite and resulting in poor selectivity. For a
given concentration of collector this affect was largely independent of pH. However, concentration
of collector changed the outcome drastically. With an increase in concentration of sodium oleate, the
depression action of quebracho was significantly lowered. Thus, the interaction of both the collector
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and the depressor is an important factor to watch. A competition between the two reagents occurs for
the adsorption on the calcite surface [6]. While the quebracho was not a selective reagent under these
conditions, further work should be done possibly with combining depressors, to fully understand the
limitations of quebracho.

2.3. Rare Earth Oxides

A study on the Mt. Weld deposit in Western Australia looked into the recovery of rare earth
oxides from limonitic siltstone ore rich in both iron and calcium. Two different upgrading methods
were tested, one, which focused on multiple flotation, stages following fine grinding with a P80 of
110 μm. Sodium silicate was used for desliming, with sodium sulfide, starch and fatty acid used
in the rougher and scavenger cells. Quebracho was utilized in the cleaners to depress any iron and
calcium minerals remaining in the rougher concentrate While the results displayed the upgrading
was substantial with a grade of 49.5% in 16 percent of the total weight, a large portion of hematite
and calcium oxide remained in the final concentrate. The study concluded that optimizing grinding
conditions and modifying the depressant usage in the cleaners would be needed [7].

2.4. Scheelite

The separation of scheelite (CaWO4) from calcite (CaCO3) proves to be quite difficult given
the physical and chemical similarities that both minerals share—including hardness, solubility, and
specific gravity [8]. Thus, flotation was researched as a means for the selective recovery of scheelite. An
investigation was conducted by the U.S. Bureau of Mines to determine a procedure to efficiently float
calcareous scheelite ores. The ores had varying assays of scheelite ranging from 0.16 to 0.54 weight
percent and from 24.3 to 32.0 weight percent calcite. All of the experiments consisted of three separate
flotation phases. A traditional reagent scheme of fatty acid collectors, sodium silicate as a depressant
and sodium carbonate for pH control was used in the addition to quebracho. First, the sulfide minerals
in the ore were floated off prior to scheelite flotation—modified dixanthogen and cresylic acid had the
highest recoveries of sulfides while pulling almost no scheelite. The pulp was then conditioned with
sodium carbonate, quebracho, and trisodium phosphate to depress the gangue minerals and finally a
rougher and one cleaner produced the final scheelite concentrate. Alternatives for quebracho such as
lignin sulfonate salts, sodium cyanide, and other tannin extracts were tested yet quebracho remained
the most effective for calcite depression. The Table 1 shows the optimal reagent additions from the
batch tests.

Table 1. Depressant Dosing Amounts [9].

Reagent Amount (Pounds per Ton)

Linoleic-oleic acid 1.2
Sodium silicate 3

Sodium carbonate 4
Quebracho 1–2 *

* The amount of quebracho needed was directly related to the amount of calcite in the ore.

The preliminary work studied many factors of flotation including water purity, pulp density,
temperature, and reagents. A more detailed study was completed on the factors that were considered
“critical in achieving optimal results.” These factors were found to be the role of quebracho as a
depressant and the control of iron. The role of quebracho in the flotation of scheelite was critical.
While the recovery is only slightly affected by the amount of quebracho in the system, the grade
is significantly improved with the addition of quebracho. Quebracho has a marked effect on the
selectivity of the collector and allows the scheelite to be preferentially chosen over the calcite during
flotation. It was shown that a deficiency in quebracho was met with a much lower grade concentrate,
while excess quebracho had little effect.
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It was shown that the order in which the reagents were added for conditioning and the
conditioning time were important variables. While the reagents can be added simultaneously, the
quebracho should be added before the collector to allow the scheelite surfaces to become preferential
to the calcite surfaces. Quebracho primarily influences the grade of the concentrate. This was also the
case with the conditioning time, as seen in Table 2. A marked difference in grade and an insignificant
difference in recovery were seen by changing time. The optimum time for conditioning was 3 to 5 min
for the quebracho followed by a 5 to 10 min conditioning with the collector. The reason for declining
grade with increasing time was explained that as time went on the quebracho film was removed from
the calcite surfaces [9].

Table 2. Conditioning Time Data [9].

Quebracho Conditioning Time
(minutes)

Collector Conditioning Time
(minutes)

% WO3 in Concentrate

3 3 6.6
3 5 8.9
3 10 7.7
3 20 2.2
5 3 6.1
10 3 2.1
20 3 1.2

The work done by the Imperial College suggests some further interpretations of the 1964 Bureau
of Mines study. The primary advantage of using the sodium carbonate in addition to controlling the
pH is to limit the amount of soluble calcium and magnesium ions within the system. When excess ions
exist within the system, the quebracho is more likely to bind to the scheelite surfaces and displace the
fatty acid collector [3].

In another study done at the Istanbul Technical University, multiple modifiers were used in
addition to the oleoyl sarcosine collector including quebracho, oxine, and alkyl oxine. Zeta potential
measurements were taken over a range of modifier concentrations to display electrokinetic data. For
quebracho alone, in concentrations from 10 ppm to 150 ppm, the zeta potential for scheelite was more
negative than that of calcite, which indicates the scheelite would be depressed. In higher concentrations
above 150 ppm, the zeta potentials were comparable, consequently no selectivity would occur.
However, when conditioning with alkyl oxine was done prior to adding quebracho, the zeta potential
of calcite surfaces was greater than that of the scheelite surfaces—providing selective depression.
Competitive adsorption occurs on the scheelite surfaces between alkyl oxine and quebracho; alkyl
oxine is chemically adsorbed onto the surface and decreased the negative charge on the surface. The
zeta potentials of scheelite and calcite were significantly different enough to feasibly separate via
flotation. Both the recovery and grade with the oxines were higher than without [8].

2.5. Fluorite

Although fluorite is often regarded as a gangue mineral for metals production, high-grade fluorite
has value in a variety of markets. The most notable use for fluorite ore is in the production of
hydrofluoric acid used for the majority of fluorine compounds. It is also used in uranium production,
aluminum production and as a flux. Figure 3 displays the relative amounts of fluorspar used in
different applications over time.
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Figure 3. United States Geological Survey data showing the uses of fluorspar over the last few decades
is illustrated [10].

The traditional means to recover fluorspar involved utilizing ores that did not contain significant
amounts calcium carbonate. Means to separate fluorite from silica were well established; however up
until the 1940s, calcareous deposits were untreatable. Cullen and Lavers revealed a new method for
fluorite flotation in 1936. Anderson, Stengl, and Trewartha set out to produce a high quality fluorite
concentrate (no less than 97% CaF2) from calcareous type deposits. The process involved grinding
the material to around 150 microns, floating at a pH of 8 with fatty acid collectors and quebracho to
depress the calcite and other gangue [11]. Currently, quebracho and tannin extracts are the depressant
of choice for generating high purity acid-grade fluorite concentrates.

The positive advantage of adding quebracho into the flotation circuit was seen in the study done
by Clemmer and Anderson. The head assay of zinc and lead flotation tailings was 0.13% Pb, 0.45%
Zn, 26.92% CaF2, and 42.98% CaCO3. The material was ground to below 100 mesh and treated with
oleic acid and quebracho in a cell. The final concentrate assayed at 99% CaF2, 0.03% Pb, and 0.05%
Zn [12]. With an enrichment ratio of 3.68, it is a very formidable process and proves to be viable for the
production of fluorite in multiple applications.

The basic principle behind the success of quebracho in the fluorspar flotation circuit lies in the fact
that it depresses the calcite, silicates, and metal sulfides much stronger than the fluorite. With respect to
calcite, it is particularly challenging to separate from fluorite because both minerals have Ca2+ cations
in lattice. When quebracho is adsorbed, the surface becomes hydrophilic. Many attempts to describe
and characterize the selective nature of quebracho have been undertaken. One of the primary insights
involved the depression variance between tannin derivatives. It is clear through many studies that
the condensed tannins, like that of quebracho, are far more selective than the hydrolysable tannins
like that of tannic acid. The hydrolysable tannins have a greater depression affect to a disadvantage
compared to the condensed tannins; the depression on the hydrolysable tannins is too strong and thus
provides a less selective depression [3].

The method of bonding also affects the behavior of tannins within a system. Plaskin and Shrader
had several insights on how tannins interacted with the surfaces of minerals being floated with oleic
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acid. They determined the tannins to be semi-colloidal with hydrogen bonding being present. Tannins
carry a negative surface charge due to the phenolic-OH groups present. Tannins thus react with the
surfaces of minerals via chemisorption. This reaction isn’t exclusive to the mineral surface itself but
also interacts with the collector being used. The electrokinetic potential of the mineral is slightly
negative with the addition of small amounts of tannin. This negative surface charge repels anionic
collectors causing depression, but attracts cationic collectors [3].

The use of quebracho in a circuit relies heavily on the other reagents in the flotation scheme and
their concentrations. In general, fatty acid collectors are used exclusively in fluorspar flotation with
quebracho. Common collectors include oleic acid, sulphated soap, spermol, and oleate. The general
range for collector addition is around 200–500 grams per ton while the tannins are similar at around
100–500 grams per ton. The Imperial College study determined that both the quebracho and the
collector compete for adsorption on the surfaces of calcite and fluorite. Adsorption was observed
for all scenarios of calcite and fluorite in the presence of quebracho and oleate. When only oleate
was present in the system, fluorite adsorbed almost double the amount than the calcite. Adding only
quebracho, the adsorption levels onto the calcite and the fluorite were very similar. Thus, it was shown
that both the oleate and the quebracho played a significant role in the depression of calcite. With calcite
holding less oleate than fluorite and quebracho adsorbing similarly onto both minerals, the fluorite
floats and the calcite is depressed. In this manner, the order of conditioning is important. It was found
that when the quebracho was added before the oleate, a greater depression of calcite took place and
when the oleate was added prior to the quebracho, an increase in calcite flotation was observed [3].

The effect of pH on the flotation of fluorite with quebracho has been studied quite thoroughly.
In practical applications, the pH ranges from 8 to 9.5. This accounts for multiple factors of adsorption
of the quebracho and the oleate, the acid consumption, and practical recovery and grade balances.
The Imperial College study indicated that quebracho remains a depressant up until a pH of around 10.
The optimal adsorption pH for quebracho on fluorite surface is around 7, while the dissolution of calcite
requires the pH be at or above 8 [3]. The work done by Clarence Thom suggests that pre-conditioning
the ore at a pH less alkaline than that of optimal flotation levels improves the separation. Thom had
optimum recovery when the quebracho conditioning was carried out at a lower pH (ideally below 8)
before soda ash and oleic acid were added [13]. While the pH of the cell has been studied extensively,
temperature could be a new parameter of interest.

Another aspect that has been studied with regards to fluorite flotation is the effect of soluble ions
within the system—specifically calcium ions. As both fluorite and calcite are marginally soluble, it can
be concluded that a small amount of calcium ions will be present in the aqueous solution. The Imperial
College work acknowledged that adding different concentrations of calcium ions into the solution,
by means of calcium chloride, affected the flotation. At concentrations greater than 10−4 M calcium
ions, the fluorite was severely depressed, keeping all other factors constant. However, when the
concentration of calcium is slightly lower, on the order of 10−5 M, the calcite is heavily depressed,
while the fluorite floats. In industry, it is common practice to use softened water to avoid the negative
affect of dissolved calcium ions on the flotation of fluorite [3].

In the patent from Allen and Allen, the generation of acid grade fluorspar, 97% CaF2 or greater,
was investigated. The main research done involved the addition of ferrous sulfate salts and the effect of
quebracho in the circuit. It was shown that a crude fluorspar ore assaying at 87.23% CaF2, 4.68% SiO2,
and 4.66% CaCO3 was significantly upgraded to 97.48% CaF2 with a recovery of 91 percent. In this
example, the material was crushed and fed to a wet ball mill unit running at 70 percent solids where
0.275 pounds of ferrous sulfate was added. The material was reduced to 89% passing 200 mesh, was
flocculated, thickened and transferred to a conditioning tank. Reagents on the amounts of 2.2 pounds
per ton of stearic fatty acid, 3.3 pounds per ton Acintol FA2 tall oil fatty acid, and 0.97 pounds of
sodium carbonate were added to the conditioning cell at 207 ◦F for 20 min. Quebracho was added at
the conditioner tank discharge at 0.18 pounds per ton of crude ore in addition to 3.67 pounds per ton of
sodium silicate. This was fed to the first flotation cells, which produced a heavily mineralized fluorspar
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froth while maintaining the pH between 8 and 9. Quebracho was further used in the subsequent two
cleaning stages at 0.37 pounds per ton. From this study, it was concluded that the addition of soluble
ferrous sulfate salts (on the order of 0.2 to 0.8 pounds per ton) in combination with quebracho aided
in depressing gangue minerals present including silica and calcium carbonate, whilst improving the
flotation of fluorite.

Allen and Allen also delved into the effect of different types of fatty acids. Fatty acids are the most
common type of collectors for fluorite flotation. This study suggested that the use of saturated fatty
acids was critical in the reagent scheme. They argued that using high concentrations of the traditional
unsaturated fatty acid collectors, like oleic acid and tall oil acids, was not the best practice. Instead, it
was recommended having a collector composition between 30 and 60 percent saturated fatty acids.
The saturated fatty acids were preferably to have between 12 and 18 carbon atoms like those of stearic
acid, lauric acid, and palmitic acid. Increased recoveries of fluorite were seen with the use of saturated
fatty acids.

Allen and Allen also discovered that the use of guar within the system in addition to the reagents
discussed above helped to further improve the flotation of fluorite. It was shown that when guar
was added to the pulp the gangue minerals including barium sulfate, pyrite, and clay slimes were
significantly depressed. It was suggested that the guar be introduced into the circuit in the mill or the
conditioner when the ferrous sulfate and depressants are added [14].

While fluorite flotation is conventionally carried out in a standard bank of cells with multiple
stages comprised of roughers, scavengers and cleaners, column flotation also proves to be a successful
method. The Fish Creek fluorite processing plant in Eureka County Nevada proved column flotation
to be superior due to increased recovery [15]. The work done by the Gujarat Mineral Development
Corporation in Kadipani proved column flotation to be more advantageous than that of the traditional
route. The original processing circuit consisted of a rougher, scavenger and six stages of cleaning
while the modified column flotation eliminated four of these stages. The differences between column
and conventional flotation can be seen in Table 3. The findings of this study showed that the use of
tannins in a column flotation scheme as opposed to a traditional flotation circuit improved the overall
separation of fluorite from the gangue consisting of CaCO3, SiO2, and P2O5 [16].

Specific column flotation parameters were researched in fluorite flotation on an ore from the
Nossa Senhora do Carmo Mining Company. The work focused on using a short column, described as
the collection zone being 8 m tall, with a negative bias regime. Negative bias is obtained by having
a smaller tailing output flow than the feed input flow. The cell was kept at 30% solids with a pH
of 10 and sodium silicate, cornstarch, quebracho, and tall oil were added in sequence during the
conditioning stage. The study concluded that increased recoveries were observed in this environment
due to the negative bias allowing loaded air bubbles to more readily rise to create froth. While this
scheme created a good environment for the recovery of fluorite, it should be used as a rougher as the
grade of the concentrate is fairly low [17].

A very common issue regarding flotation as a means of separation involves slime coatings.
The heterocoagulation of a fluorite and gangue minerals was observed for a feed fluorite ore of the
Minera de las Cuevas concentration plant in Mexico. The work focused on the flotation circuit with
oleic acid as a collector and quebracho as a depressant with the addition of CMC and water glass
as dispersants. SEM (scanning electron microscope) was used to observe the slime coatings of the
gangue minerals, calcium carbonate and quartz, on the fluorite surface. It was found that strong
heterocoagulation occurred around pH 9, which is close to general operating parameters for pH in a
fluorite flotation circuit. The study suggested that this phenomenon may be due to strong electrical
double layer attraction yet weak double layer repulsion between the gangue particles and the fluorite
particles at these conditions. The addition of the dispersants CMC and water glass improved the
flotation circuit by reducing the slime coatings; an increased recovery of fluorite from 72% to 78.5%
was seen with the grade remaining continuous at 98% [18].
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Table 3. Kadipani Flotation Data [16].

Feed Assay %

Sample CaF2 CaCO3 SiO2 P2O5

1 65.84 5.62 16.68 3.14
2 74.51 5.10 10.82 2.16
3 78.8 4.36 10.60 1.88
4 84.69 4.67 4.57 1.78
5 89.42 4.23 2.56 0.89
6 90.58 2.43 3.00 1.20

Concentrate Assay, % Conventional Flotation Concentrate Assay, % Column Flotation

Sample CaF2 CaCO3 SiO2 P2O5 CaF2 CaCO3 SiO2 P2O5

1 76.80 5.62 6.73 2.40 82.80 5.12 3.70 3.20
2 80.86 6.60 6.16 2.13 88.82 4.86 1.47 1.41
3 80.01 2.40 9.80 2.01 92.56 1.65 1.53 1.35
4 88.77 4.64 4.57 1.78 91.80 3.40 1.06 1.07
5 91.75 3.31 1.64 0.72 95.21 1.59 0.60 0.18
6 92.10 3.61 1.95 0.68 94.35 2.12 1.07 0.58

The stability of the feed into a flotation circuit is a critical parameter to control, particularly as
it affects the grades and recoveries of the valuable mineral in question. The work done by Schubert,
Baldauf, Kramer, and Schoenherr on the development of fluorite flotation examined the effects of
changing feed in high calcareous ores with the addition of quebracho, sodium hexametaphosphate,
and oleoyl sarcosine. Oleoyl sarcosine with around 20% oleic acid was favored over the traditional
collector containing 60%–70% oleic acid. The calcium carbonate content in the ores tested ranged
from 7 percent to 45 percent while the fluorite ranged from 29 to 52 percent. As noted previously,
the most important parameter to control was the concentrations of the reagents; specifically the
amount of quebracho added. This study illustrated that quebracho had two major effects: when at low
concentrations, depression is the primary rule and at higher concentrations the flotation of fluorite
becomes activated. It was also explained that quebracho acts as a dispersant in the system particularly
at high concentrations. The most favorable recoveries occurred in the pH range from 8–9 and in highly
flocculated systems with a particle size from 0.04 to 0.16 mm [19].

2.6. Sulfides: Copper-Lead-Zinc-Nickel Ores

To effectively separate polymetallic sulfide ores, depressants including lime, sulfites and cyanide
in conjunction with xanthate collectors are traditionally used. Quebracho proves to be a promising
alternative to these depressants and is favored for operating conditions, as the tannins are completely
non-toxic and work at moderate pH levels [3]. The order of depression by quebracho is shown below
for sulfides:

pyrite > pyrrhotite > sphalerite > copper sulfides [2] (1)

Imperial College provided a comprehensive study on the effects of quebracho as a depressant for
sulfides. The depressant action of quebracho was found to be a function of the –OH group content [3].
Before this study, the quebracho form most commonly used for sulfides was Tupasol ATO; however,
Tupafin ATO proved to be the most effective quebracho depressant form.

The primary aim in nearly all sulfide separation includes removing the pyrite content from the
rest of the valuable sulfides. An important distinction of the form of pyrite was taken into account.
As pyrite experiences high surface oxidation, both non-oxidized and oxidized pyrites were tested.
In the presence of xanthate, the non-oxidized pyrite was sufficiently depressed by all three forms of
quebracho. In the case of the oxidized pyrite, it is clear that quebracho is less effective for depression.
Figures 4 and 5 display the differences in depression that quebracho has on non-oxidized and oxidized
pyrite. Most notably the range of pH that the pyrite is depressed is much smaller in the case of
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the oxidized pyrite where large fluctuations occur between pH around 6 to 9. In the case of the
non-oxidized pyrite, a pH from around 4 to 9.5 was sufficient for the depression of pyrite. These
figures also illustrate how the three forms of quebracho behave differently. Silvafloc (quebracho A) has
the best depressing effect when the pyrite is non-oxidized, but Tupafin ATO (quebracho O) provides
the best results when dealing with the oxidized pyrite. Since it is feasible that there will be a mix of both
oxidized and non-oxidized pyrite in a sulfide flotation cell, the preferred quebracho type is Tupafin
ATO. The reasoning behind the differences in depression effect between oxidized and non-oxidized
pyrite was explained through testing with ferric salts. It was shown that when increasing amounts of
Fe3+ ions were added to the solution quebracho no longer depressed pyrite.

 

Figure 4. Depression of non-oxidized pyrite with addition of xanthate and quebracho [3].

Quebracho is known to complex with trivalent iron especially above pH 6; thus, it was determined
that as the levels of ferric iron in the pulp rose, as was the case with oxidized pyrite, the depressing
effect of quebracho decreased. It should be noted that ferrous iron does not form a complex with
quebracho however it readily oxidizes to ferric iron [3]. A pH 6 was shown to provide the best
conditions for depressing pyrite.

It is interesting to note that quebracho does not always behave the same way in terms of adsorption.
With separation of calcite from fluorite, quebracho and the collector oleate are competitive adsorbates.
Both fluorite and calcite adsorb the quebracho and oleate by the same mechanisms via pulp and
lattice calcium ions. However, in the case of sulfide systems, it was shown that this was not the case.
Quebracho and xanthate do not act as competitive adsorbates within the system; xanthate is adsorbed
onto the mineral surfaces at very similar values with and without the addition of quebracho. This
indicates that the depressing effect of quebracho is completed by rendering the surface hydrophilic [3].

40



Metals 2015, 5, 1520–1542

Figure 5. Depression of oxidized pyrite with addition of xanthate and quebracho [3].

Laboratory and pilot plant testing was done on the Cayeli-Riz massive sulfide deposit in Turkey
to compare two different depressant systems. The deposit has two ores; the yellow ore is mostly copper
with fine-grained pyrite while the black ore contains both copper and zinc that is finely disseminated.
Both ores are very high in pyrite and thus required a specific depressant system that would depress
the gangue sulfides without depressing the valuable sulfides. The copper rougher flotation was taken
out at a pH of 10.5–11.5, the copper cleaning at a lower pH 4.5–5.5, and the zinc flotation was at a high
pH above 11.5. The first depressant system used a 1:1 mixture of cyanide and thiourea at 120 g/t in the
copper rougher to depress zinc and lime was used to depress the pyrite at 8000 g/t with controlled
addition of SO2. The second system used the same additions of lime and SO2 in addition to 2H-BC,
which is a mixture of quebracho and dextrin-maleic acid. The new addition of 2H-BC was successful
at depressing the ultrafine pyrite and increased both the grade and recovery of the copper and zinc
concentrates by several percentage points [20].

A recent study taken out by the National University of San Juan in Argentina set out to prove
that tannins and quebracho are a cleaner alternative to the conventional flotation reagents used in
copper sulfide flotation. The work specifically set out to show that the Cu/Fe ratio could be improved
by depressing pyrite with the organic depressant. Hallimond tube flotation tests were taken out on
both pure pyrite and pure chalcopyrite minerals. The pyrite was floated at a pH 8 and showed good
depression (around 40% pyrite depressed) with increasing tannin concentration up to around 0.25
g/L where it leveled off. The effect of pH on the recovery of pyrite was shown to favor in the alkaline
and acidic range where only 5%–10% pyrite was recovered with a mixture of tannins and lime. It was
also illustrated that the presence of Ca2+ ions (in the form of lime) improved the depression effect
of the tannins on the pyrite system. Similar tests were carried out in the Hallimond tube for pure
chalcopyrite. The recovery of pyrite and chalcopyrite with and without the addition of tannin is shown
in Figure 6 [21].

Figure 6 clearly illustrates that the use of tannins have a marked depression effect on pyrite while
having little influence on chalcopyrite recovery. Flotation work was carried out in a Denver cell where
the pH was set constant at 10 with the addition of lime and a varying amount of tannins between 0 and
600 g/t. With increasing tannin addition, the pyrite was drastically reduced in the concentrate with the
best results at 600 g/t. These tests concluded that the addition of tannins in the system significantly
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increased the grade of the copper while only sacrificing 1 percent of recovery of copper due to the
depression of pyrite [21].

Figure 6. The effect of tannins on pure chalcopyrite and pyrite Hallimond tube flotation [21].

A United States patent titled “Separation of Polymetallic Sulphides by Froth Flotation” by Srdjan
Bulatovic and Robert S. Salter investigates the use of quebracho as a depressant in complex sulfide
ores. Bulatovic and Salter’s work focuses on comparing a newly invented depressant mixture to
the traditional depressant system on several polymetallic sulfides. The new depressant is made by
dissolving quebracho into solution with either dextrin or guar gum. This mixture undergoes a second
reaction with a lignin sulphonate to make a water-soluble polymer. The polymer is then partially
monomerized by at least one of the following reagents: alkali metal cyanide, alkaline earth metal
cyanide, metal sulfate, and/or a sulfite. For the experimental trials, the lignin sulphonate polymers
LS7 and LS8 are used; LS7 is the compound that is reacted with sodium cyanide while LS8 is the
compound that has been reacted with zinc sulfate/sodium cyanide complex.

The first set of experiments focused on the clean separation of copper and zinc from a massive
sulfide deposit in Canada. The Cu–Zn ore contains valuable amounts of silver and the primary gangue
minerals are quartz, pyrite and pyrrhotite. Four sets of experiments were conducted on two ore types,
high and low copper, to compare the effects of the LS8 depressant versus sodium cyanide on the
recovery and grade of the concentrates. The first set of experiments was laboratory scale while the
second set was tested on a full-scale commercial plant. The LS8 depressant was added during the
grinding process and in the copper cleaner flotation circuit, with a total of 170 g/t added. In the lab
scale trials, the LS8 depressant made large improvements over the sodium cyanide on the rejection of
zinc and iron sulfides from the copper concentrate by several percentage points. The sequential zinc
concentrate grade and recovery was also improved with the addition of LS8. In the plant trails, similar
results were obtained whereby the zinc recovery in the copper circuit was reduced, copper concentrate
grade was increased, and zinc recovery in the zinc circuit was improved.

The second segment of laboratory experiments was conducted on two different massive sulfide
ores containing mostly copper and nickel. The first ore, from British Columbia, contained copper
and nickel as well as significant amounts of platinum and palladium. The comparison tests between
the LS8 depressant and sodium cyanide proved that the LS8 reagent had a positive effect on the
circuits. With the use of LS8 the copper was recovered to a higher degree in the copper flotation circuit,
while the nickel was effectively depressed. The nickel recovery in the nickel circuit was increased
and overall, the platinum and palladium recovery was improved. The second ore, from Northern

42



Metals 2015, 5, 1520–1542

Ontario, also showed improved results with the use of LS8. Most significantly, the nickel recovery in
the nickel cleaner concentrate was increased by more than 50 percent. These examples prove that the
LS8 depressant is highly effective for depressing nickel in the flotation of copper-nickel ores.

The third installment of experiments involved a massive sulfide with mostly lead and zinc with
large amounts of pyrite. Lime was compared to the LS7 depressant in laboratory testing. LS7 was
added during the grinding stage at 250 g/t while the lime was added in the lead circuit at 750 g/t and
the zinc circuit at 3500 g/t. The recovery of lead in the lead concentrate remained the same, while
the grade improved over 30 percent with the addition of LS7. Zinc grade and recovery in the zinc
concentrate was also improved with the use of LS7. In plant operations, testing was done to compare
the addition of 300 g/t of LS7 to no addition of LS7. By using the LS7 reagent, grade of the lead
concentrate was increased with no recovery loss.

The work done by Bulatovic and Salter proved that the invention of a new series of quebracho
containing depressants greatly improved the differential flotation of polymetallic sulfides in contrast
to traditional reagent schemes [22].

3. Precipitation

Germanium

Germanium is primarily consumed as a vital element for the production of semiconductors for
electronics use. It is most closely associated with the elements C, Zn, Si, Cu, Fe, Ag, and Sn. Argyrodite,
germanite, canfieldite, and renierite germanium containing minerals; however, these minerals do not
form specific ore deposits. Thus, the majority of germanium is sourced from trace and minor amounts
found in coal, iron ore, and Cu–Pb–Zn sulfide deposits [23]. Sphalerite ores with low amounts of
iron prove to be the most important source of germanium containing a few hundred ppm that is
contained within the lattice of the zinc sulfide [24]. As a minor element in zinc ores, the challenge
comes in finding a way to selectively remove the germanium from the rest of the residual metals
and compounds.

There are a variety of different methods that germanium is recovered from zinc circuits.
While germanium can be collected pyrometallurgically, the concerns of volatile germanium oxides
and sulfides prove hydrometallurgical methods to be the most viable route. There are two main
methods to recover germanium hydrometallurgically; the first is by precipitation with tannins and the
second is solvent extraction (generally used for higher concentrations of germanium in solution) [25].
Tech Cominco’s process uses the latter. A substantial circuit is used whereby the zinc concentrate is
calcined by two Lurgi Fluo-solid roasters and a suspension roaster. Zinc oxide is the product of this
process, with the sulfides being taken off as gas oxides. ZnO from the roasting process is sent through
a ball mill, cyclones, and electrostatic precipitators prior to being sent to the leaching plant. Leaching
tanks contain the calcined zinc material at a pH from 1.7 to 3.5. The residue from the leaching is leached
one more time with sulfuric acid to take the germanium and indium into solution. The germanium is
recovered and concentrated by selective solvent extraction [26]. Another zinc operation in Russia, the
Joint Stock Company Chelyabinsk Electrolytic Zinc Plant, also possesses germanium as a byproduct.
This plant utilizes fluidized bed reactors to roast the sulfides and convert them to oxides that are
leached. The underflow from the leaching process is dried and sent to another processing facility to
recover the germanium from the residue [27].

The recovery of germanium from Cu–Pb–Zn ore was studied at the Cinkur Zinc Plant in Kayseri,
Turkey. This plant produces zinc electrolytically and requires that the leach solution be refined to
remove impurity metals like Ge, Cd, Ni, Co, and Cu before electrolysis occurs. Figure 7 shows the
operating flow sheet.
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Figure 7. Flow sheet of the Cinkur plant in Turkey [25].

Precipitation was used to hydrometallurgically recover these metals in solution. First, the cobalt
and nickel were precipitated using CuSO4·5H2O and As2O3 and zinc powder. The second precipitation
utilized CuSO4·5H2O, Sb2O3 and zinc to remove the cadmium from solution. These precipitated cake
solutions provide the largest source of germanium at the plant with a concentration of over 700 ppm.
The cake was leached with sulfuric acid and the leach solution treated with tannins to precipitate
out germanium. Two different leaching schemes were created; one for selective leaching and one for
collective leaching. The selective leaching found optimum operating conditions with a temperature
from 40–60 ◦C, 100 grams per liter sulfuric acid, 30 min leach time, a solid to liquid ratio of 1/4, and
no air pumping. It was found that 78% of the germanium was recovered under these conditions.
With regards to the collective leaching approach a temperature of 85 ◦C, 150 grams per liter sulfuric
acid, 1 h of leach time, and a solid to liquids ratio of 1/8 with air pumping was advantageous.
The collective leaching method resulted in 92.7% germanium recovery although the solution had
significant amounts of Cu, Zn, Ni, Co, and Cd. The tannin precipitation study indicated that 94% of
the germanium could be selectively recovered from leach solution [25]. The primary reaction for the
precipitation of germanium with tannins is shown below:

Ge4+ + O2 + H6T → GeO2·H6T (2)

where T is tannic acid (C14H10O9) [25]. The study suggested that a more effective germanium
precipitation from the zinc electrolytic solution could be done with tannins rather than the copper and
zinc additives mentioned above.
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Precipitation methods as sulfides, hydroxides, or with tannic acid are a viable option for obtaining
germanium hydrometallurgically. The role of tannins in the precipitation of germanium from zinc
production has been given more weight in recent years. Tannins work my forming chelates that
complex with metal ions in solution. Optimization of tannins use is of great interest as the reagents are
expensive. A study to understand the behavior of tannins chelation was done on the Chinese Yunnan
Chihong Zinc and Germanium plant, the largest germanium producer in the world. The experiment
was two-stage with the first part looking into the binding of tannins to metal ions individually and
second, the effect of binding in a polymetallic system. It was shown through the experiments that
the metals with higher valences (like that of germanium and ferric iron) had the best binding ability
with tannins. This is explained by the electrostatic attraction that favors ions with larger valence.
Figures 8 and 9 show the binding ability, noted as the precipitation yield for metals in both a single
metal solution and a polymetallic solution. The conditions for complexation were a stirring rate of
10 rps, temperature of 373 K, and a duration of 500 s [28].

 

Figure 8. Binding ability of various metals in a single metal solution with tannins [28].

The complexation reaction of metals with tannins is described as follows:

Ge4+ + 2HT → (GeT)2+ + 2H+ (3)

where T is tannins (H2(GeO2C76H52O46·nH2O) [29].
Additional research was also done to determine if adding tannins in stages produced different

results than adding tannins in one step. In the study the same amount of tannins was introduced,
50 g, divided equally among the number of stages to the 1 L leach solution. It was shown that yield
increased dramatically with additional stages. The single step tannin addition resulted in a percent
yield of 85.2 and steadily increased each time as stages were added to the five stage addition that had a
yield of 99.8 percent. A possible explanation for this behavior is diffusion; with the single step addition,
diffusion had a shorter time to react with more difficulty. In addition, the tannins concentration may
affect the binding ability of metal ions [28].
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Figure 9. Binding ability of various metals in polymetallic system with tannins [28].

4. Precious Metals Recovery

4.1. Gold Bacterial Oxidation

The Fosterville Gold Mine in central Victoria, Australia, treats primary sulfide refractory gold
by means of bacterial oxidation, cyanidation, and froth flotation. Nearly 80% of the gold is contained
within the pyrite and the remainder in the arsenopyrite and stibnite, while the gangue consists
of carbonates, quartz and other silicates. The gold occurs as a solid solution within the sulfide
mineral; thus, it cannot be separated by direct cyanide leaching. The BIOX® biooxidation system was
implemented to oxidize and break down the minerals from sulfides to sulfate and make iron and
arsenic soluble. The following counter-current decantation washes the sulfate, iron, and arsenic in
solution and the solids remaining are leached with cyanide.

While the majority of gold remains in the solids, part of it is lost to the waste liquor stream.
The gold grade has been up to 10 ppm in this stream and represents around two to four percent gold
loss in total. It was found that the majority of the gold lost was under 0.2 microns, in the ultrafine range,
and that it occurred as colloidal gold. Several methods to recover the colloidal gold were researched
and tested including coagulation and gold capture by means of creating a solid surface for the gold to
adsorb onto. Both limestone and Portland cement precipitation generated undesirable affects within
the circuit.

Quebracho was investigated as a means to precipitate a surface for the colloidal gold to adsorb
to. The tannins formed fine precipitates from the soluble iron in the liquor and thus created a large
surface area for the collection of the ultrafine gold. Multiple series of tests were completed, in all cases
the addition of quebracho decreased the gold loss. Full-scale plant trials proved successful, reducing
gold loss from the waste liquor by 40%. Given the results, the plant installed a tannins mixing and
addition station to implement it long-term. With the implementation of tannins into the circuit, the
overall gold recovery in the Fosterville plant has increased by 2.6 percent [29].

Golden Star Resources Limited in Bogoso, Ghana follows a similar processing scheme to that
of Fosterville. The primary source of gold is submicron particles entrapped within pyrite and
arsenopyrite. The BIOX® bacterial oxidation process is used to oxidize the sulphides and free up the
gold. Counter-current decantation (CCD) is done to collect the solids, which contains the majority of
gold and is further processed with cyanide. The gold that remains in the CCD solution is not soluble,
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but colloidal gold. The Golden Star plant saw 0.57 g/L gold go to tailings with the CCD solution.
Quebracho tannin supplied by Nowata Mining Chemical Manufacture and Supply was tested.

Varied concentrations, between 0.05 g/L and 1 g/L, of quebracho tannin were prepared at 10
percent strength and were tested at a laboratory scale. Total suspended solids (TSS) and reduction
in gold loss were the two main end goals of the study. It was found that the quebracho tannin was
optimum at a level of 0.05 g/L where there was a 21.25% reduction in the TSS and a 45.79% gold loss
reduction. These results warranted the industrial scale test, which resulted in 53.51% reduction in TSS
and an additional recovery of 0.13 grams of gold per tonne of ore [30].

4.2. Tannin Gel Adsorption

The use of tannins to create a gel adsorbent to recover precious metals from aqueous solutions
has been studied by several groups. One of the first to study adsorption behavior with tannin gels
was Takeshi Ogata and Yoshio Nakano from the Tokyo Institute of Technology. Their work focused on
the synthesization of a tannin gel derived from wattle tannin for the application of recovering gold
from electronic waste as an alternative to other hydrometallurgical operations like solvent extraction
and ion exchange. Ogata and Nakano developed a method to immobilize the tannin particles, which
are naturally soluble in water. The tannin powder was dissolved into a sodium hydroxide solution
before adding formaldehyde to act as a cross-linking agent. The solution was allowed to gelatinize
for 12 h at an elevated temperature of 353 K. The tannin gel was then crushed to 125–250 micron
particles. The particles were added to a gold solution containing 100 ppm gold prepared from
hydrogen tetrachloroaurate tetrahydrate. With varying pH, different chlorogold complexes were
created. In the pH range from 2–3.8 the predominant complex was AuCl4−. Between pH 2–3.8, there
was no dependence on initial pH for the recovery of gold. This was interpreted by Ogata and Nakano
to be explained by the conversion of chlorogold complexes. It was shown that the adsorption rate of
gold increased with increasing temperature. Additional tests were completed with 5 mg of tannin
gel in 100 ppm gold solution to obtain the maximum adsorption capacity of the gold onto the gel.
An extremely high value of 8000 mg of gold per 1 g of tannin gel was found for the adsorption capacity.
Through XRD and FT-IR spectra research, it was shown that the hydroxyl groups on the tannin gel
particles were oxidized to carbonyl groups during the adsorption testing. Trivalent gold in solution is
reduced to elemental gold on the surface of the tannin gel particles [31].

Work done by a group at Saga University in Japan and Memorial University of Newfoundland in
Canada expanded on the initial study done by Ogata and Nakano. This collaborative study focused
on the use of tannin gel to selectively recover precious metals from a polymetallic acidic leach solution
of circuit boards from spent mobile phones. The tannin gel was prepared to the procedure specified by
Ogata and Nakano. Persimmon tannin was used to create the original tannin gel. This was further
processed to create a chloromethylated persimmon tannin, which was treated to obtain the final tannin
gel with bisthiourea functional groups. This tannin gel was labeled BTU-PT. It was shown that the
adsorption behavior varied for different metal ions. Precious metals in the hydrochloric acid solution,
particularly gold and palladium, had a drastically higher percent adsorption onto the tannin gel
than the base metals like copper, iron, zinc and nickel. Maximum adsorption capacities of the tannin
gel were found to be 5.18 mol kg−1 for Au(III) ions, 1.80 mol kg−1 for Pd(II) ions, 0.67 mol kg−1

for Pt(IV) ions. The mechanism behind the adsorption was studied with FT-IR technology. It was
found that ion exchange, electrostatic interactions, and thiocarbonyl coordination were all mechanisms
of adsorption for precious metals on the BTU-PT gel. It was shown the that tannin gel could be
successfully regenerated for up to 5 cycles of use. Finally, an industrial study was done using actual
circuit board leach liquor and as indicated in the initial laboratory work, the BTU-PT tannin gel acted
as a successful adsorbent for precious metals while not taking up base metals in solution [32].

Work done by Yurtsever and Sengil at Sakarya University in Turkey explored the use of a valonia
tannin gel for the removal of silver ions from solution. The valonia tannin was sources from a Turkish
leather company and the gel was prepared similarly to Ogata and Nakano’s procedure. It was shown
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in the study that the major factors influencing the adsorption of silver ions onto the tannin gel were
solution pH, temperature of solution, and concentration of silver ions, and contact time. The peak of
adsorption was seen at a pH 5. As temperature increased, from 20 to 90 degrees Celsius, the amount of
silver ions adsorbed onto the tannin gel decreased. In addition, the more silver ions initially in the
system lead to a higher amount of adsorption [33].

5. Pressure Leaching

Zinc and Nickel

In the 1960s, Gordon Sherritt Mines Limited filed a number of patents for the extraction of zinc
from iron containing sulfide ores. In this process, elevated temperature and pressure with the addition
of oxygen and sulfuric acid, leached zinc. Up until the 1970s, the pressure leaching of zinc complexes
was done below the melting point of sulfur at around 120 ◦C to avoid the formation of elemental
sulfur at higher temperatures. However, it was found that if the temperature was increased, a more
advantageous rate of reaction occurred. With the formation of elemental sulfur at temperatures above
120 ◦C, the zinc sulfide particles were wetted by the molten sulfur and thus were not available for
leaching. To provide the best kinetics and complete extraction of zinc, an additive was needed to
prevent the unreacted zinc sulfide particles from being occluded by the molten sulfur. The additives
found to be beneficial were those tannin compounds like quebracho, lignins, and lignosulphonates.
The amount of additives needed was found to be around 0.1–0.3 g per liter. In a series of tests conducted
at 150 ◦C, it was proven that the additives significantly improved the extraction of zinc. By adding
0.1 g per liter calcine lignosulphonate and 0.2 g per liter quebracho, the zinc extraction was increased
from 54.4% to 90.0% in one test and 63.3% to 97.8% in another. The use of additives such as quebracho
greatly increased the metal recovery in the elevated temperature leaching and became part of the
commercialized Sherritt Zinc Pressure Leach Process [34].

Similar work investigating the effects of these additives was done on other sulfide systems. Libin
Tong and David Dreisinger conducted research at the University of British Columbia on pentlandite,
nickeliferous pyrrhotite, pyrrhotite, and chalcopyrite. Studies were conducted on the work of adhesion
which is the work required to separate liquid sulfur from the mineral surface. This is expressed by the
Dupre equation:

Wa = γMA + γSA − γMS = −ΔGW/α (4)

where Wa is the work of adhesion, γ are interfacial tension, ΔGw is the surface free energy and α is the
surface area of the mineral.

It was shown that in three different systems, pentlandite, nickeliferous pyrrhotite, and pyrrhotite
that the work of adhesion was significantly lowered with the addition of quebracho, lignosulphonate,
and humic acid. This implies that the additives should be good dispersing agents of the molten
sulfur [35].

6. Conclusions

This study has explored the role of tannins in extractive metallurgy, specifically flotation and
precipitation. Quebracho has proved to be an efficient depressant in many flotation systems, both
sulfidic and calcareous, improving the overall selectivity of the collectors. Quebracho has also shown
to aid in the precipitation of metals from solution including that of germanium and gold. While it is
known that quebracho can be used for many different flotation and precipitation applications, the
fundamentals of how quebracho functions requires additional investigation.
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Abstract: The Carbon-in-Leach (CIL) circuit plays an important role in the economics of a gold
refinery. The circuit uses multiphase stirred tanks in series, in which problems such as dead zones,
short-circuiting, and presence of unsuspended solids are detrimental to its efficiency. Therefore, the
hydrodynamics of such a system is critical for improving the performance. The hydrodynamics of
stirred tanks can be resolved using computational fluid dynamics (CFD). While the flow generated by
the impellers in the CIL tanks is complex and modelling it in the presence of high solid concentration
is challenging, advances in CFD models, such as turbulence and particle-fluid interactions, have
made modelling of such flows feasible. In the present study, the hydrodynamics of CIL tanks was
investigated by modelling it using CFD. The models used in the simulations were validated using
experimental data at high solid loading of 40 wt. % in a lab scale tank. The models were further used
for examining the flow generated by pitched blade turbine and HA-715 Mixtec impellers in lab scale
CIL tanks with 50 wt. % solids. The effect of design and operating parameters such as off-bottom
clearance, impeller separation, impeller speed, scale-up, and multiple-impeller configuration on
flow field and solid concentrations profiles was examined. For a given impeller speed, better solids
suspension is observed with dual impeller and triple impeller configurations. The results presented
in the paper are useful for understanding the hydrodynamics and influence of design and operating
parameters on industrial CIL tanks.

Keywords: CIL tanks; CFD; hydrodynamics; HA-715 impeller; impeller configuration; design

1. Introduction

Carbon-in-Leach (CIL) circuit is a process that concentrates gold from 2.5 to 3.5 g/t in ore to
10,000 to 15,000 g/t on carbon. It is a process of continuous leaching of gold from ore to liquid and
counter-current adsorption of gold from liquid to carbon particles in a series of tanks. The tanks
used in the CIL circuit are continuously stirred tanks and contain high concentration of ores. Efficient
operation of CIL tanks requires suspension of the ore particles in the leaching solution and hence, to
provide maximum contact between ore and leaching solution. However, problems such as settled
solids and presence of dead zones are detrimental to the efficiency, and could be identified and solved
by understanding the flow field and solid distribution in the system. Furthermore, reducing the energy
consumption to achieve a higher contact is always desired and can be achieved by proper design and
optimization while investigating the hydrodynamics.

While, some information on the hydrodynamics such as residence time distribution (RTD) can be
obtained from experiments using tracer studies; detailed quantitative measurement of the flow field
inside the CIL tank is challenging. In such a scenario, computational fluid dynamics (CFD) can prove
to be an inexpensive and viable solution. With the availability of improved models for turbulence,
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interphase drag force, particle-particle interaction models, etc. and advances in computational speeds,
resolving the complex multiphase flows phenomenon is possible using CFD.

In the present work, models for simulating high solid loading stirred tanks are validated with
experimental data. The flow field generated by a pitched blade turbine and a HA-715 impeller is
compared. The effect of design parameters such as off-bottom clearance, impeller separation, impeller
speed, scale-up, and multiple-impeller configuration is examined by modelling the flow and estimating
the suspension quality for each case.

2. Literature Review

Carbon-in-leach tanks are high solid loading stirred tanks of large diameter (~10–15 m) with
solid concentration of up to 50% by weight (~28% by volume). Such a high concentration renders
opacity to the system which makes its hydrodynamic investigation challenging even at a small scale.
With the advent of radioactive experimental techniques such as Computer Aided Radioactive Particle
Tracking (CARPT), Positron Emission Particle Tracking (PEPT), etc., reliable quantitative data can be
obtained [1–3]. The data can now be used to validate the computational models for the high solid
loading regimes in turbulent flows and further advance the design and optimization of CIL tanks.

While simulating high solid concentration (20% by volume) stirred tanks, Altway et al. [4] found
major discrepancy while validating the solid concentration profile using data from Yamazaki et al. [2].
Micale et al. [5] used Multiple Reference Frame (MRF) and Sliding Grid (SG) approach to study the clear
liquid layer and the suspension height for dense solid-liquid systems. In their simulations, the power
numbers were 2.98, 2.74, and 2.68 for N = 5, 6.33 and 8 RPS respectively (particle loading of 9.6% v/v),
which were significantly smaller than the experimental values of 4.59, 4.37, and 4.23. They attributed
the imperfection in the solid suspension prediction to second order effects (particle drag modifications
due to liquid turbulence, presence of other particles, particle-particle direct interactions, etc.) that
were neglected in the study. Ochieng and Lewis [6], Fradette, et al. [7], Ochieng and Onyango [8],
Kasat, et al. [9], Fletcher and Brown [10], Tamburini, et al. [11–13], conducted simulations for volume
fractions below 20%, and validated using non-local properties like cloud height, suspension quality,
etc. In another similar study, Gohel, et al. [14] used qualitative and quantitative data for cloud height to
validate the simulation of high concentration solids suspension in stirred tanks. In these studies, while
the parameters, for example cloud height, were accurately predicted, the errors in the predictions
of local hydrodynamics were not verified in the absence of data. In the direction of resolving the
local hydrodynamics of the stirred tanks, Liu and Barigou [15] used local velocity field and solids
concentration data for model validation and found that even though a good agreement in the axial
concentration profile was observed, the local concentration predictions could still be very poor and
could vary from experiments by several folds. The inaccuracy was attributed to inadequate models for
particle sedimentation, lift-off, and particle-particle interaction in their CFD model. They suggested
incorporating particle-particle interaction in the solids pressure term given by Gidaspow [16], but
did not use it in their models due to convergence problems. The highest solid loading for which the
simulation results in stirred tanks are reported is 20% (by volume), and the simulations are not able to
predict the local concentration due to limitations of models [4,5].

In the CIL tanks, Dagadu, et al. [17] used a radioactive tracer to investigate the RTD in
the CIL tanks and developed a model to predict it. While the results provided an overview of
complexity of the system and suggested the presence of stagnant and active volumes, the details
such as solid accumulation, dead-zones, uniformity, etc. are still unknown. To address these issues,
Dagadu et al. [18,19] investigated the mixing in the CIL tanks by conducting CFD simulations and
drawing inferences based on the flow field and eddy viscosity. In both of these instances, neither the
relationship of the flow field or turbulent viscosity with the solid distribution is quantified, nor the
solid distribution in the tanks are presented. While validation with experimental data is missing, the
scope of both studies is limited to evaluating the ability of the models for predicting the qualitative flow
behavior in such systems. Drawing conclusions for critical design and operating parameters requires
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comprehensive validation of models and controlled investigation of influence of these parameters on
the flow field and solid distribution.

The current study focuses on the extensive validation of local solid concentration distribution
in high solid loading stirred tanks. The shortcomings of previous investigations are addressed by
using the appropriate constitutive models for turbulence, drag, particle-particle interactions, etc. The
validated model is then used for investigation of critical parameters in the CIL tanks.

3. Model Description

3.1. Governing Equations

The hydrodynamic simulations are conducted using Eulerian-Eulerian multiphase model. In this
model, each phase is treated as an interpenetrating continuum represented by a volume fraction at
each point of the system. Reynolds averaged mass and momentum balance equations are solved for
each phase. The governing equations are:

Continuity equation:
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The rotation of impeller can be simulated using sliding grid approach (SG) or Multiple Reference
Frame (MRF). While MRF provides reasonably accurate steady state solution, SG is found to be more
accurate compared to MRF approach [20,21]. Therefore, SG will be used in the paper to simulate the
impeller rotation.

Turbulence is not resolved in the RANS simulations and therefore, it needs to be modelled.
Standard k-ε is the most commonly used model in the RANS simulations of stirred tanks [4,9,21–25].
However, it finds limitation in modelling anisotropic turbulence in the impeller discharge region and
under-predicts turbulent kinetic energy in flow impingement region. RSM model predicts the Reynolds
stresses by explicitly solving their governing equations. Hence, it resolves the anisotropic turbulence
and results in improved predictions of turbulence in such regions [26]. Large eddy simulation (LES)
also resolves the larger anisotropic turbulence scales while requiring simulation of complete domain
with fine mesh, which is computationally expensive [27]. For the same scale, the computational
requirement using LES can be 100 times higher than that for RSM simulation. Therefore, in this paper,
RSM model is used for modelling turbulence.

The equations of Reynolds Stress Model (RSM) model for turbulence are given below.
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Eddy viscosity is computed from

μt,q = ρqCμ
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ε
(5)
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Evaluation of generation of turbulent kinetic energy is consistent with Boussinesq hypothesis and
is computed as

Gk,q = μt,q
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q

)
: ∇→

u q (6)

The equation of conservation of granular temperature is given as:
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u q is the generation of energy by the solid stress tensor, ∇.(kΘs∇Θs) is the

diffusion of energy, γΘs is the collisional dissipation of energy and ϕls is the energy exchange between
fluid and solid phase.

Table 1. Constitutive equations.
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5αsρsdsgo,ss(1 + ess)

(
Θs
π

)0.5
αs

Kinetic viscosity μs,kin = αsρsds
6(3−ess)

[
1 + 2

5 (1 + ess)(3ess − 1)αsgo,ss

]
Frictional viscosity μs, f r =

ps sin ϕ

2
√

I2D

Solids pressure ps = αsρsΘs + 2ρs(1 + ess)α2
s go,ssΘs

Radial distribution function go,ss =

[
1 −

(
αs

αs,max

)1/3
]−1

Diffusion coefficient of granular temperature kΘs =
15αsρsds

√
Θsπ

4(41−33η)

⎡
⎣ 1 + 12

5 η2(4η− 3)αsgo,ss

+ 16
15π (41 − 33η)ηαsgo,ss

⎤
⎦

where η = 0.5(1 + ess)

Collision dissipation energy γΘs =
12(1−e2

ss)go,ss

ds
√
π

ρsα
2
s Θ3/2

s

The stress-strain tensor in the momentum transfer equation is due to viscosity and Reynolds
stresses that include the effect of turbulent fluctuations. Boussinesq’s eddy viscosity hypothesis is
used for the closure of momentum transfer equation. The particle-particle interaction is modelled
using kinetic theory of granular flow by assuming that its behavior similar to dense gas. Similar to
the thermodynamic temperature of gases, the granular temperature is used to model the fluctuating
velocity of particles [16]. The constitutive equations for momentum equation are given in Table 1.

3.2. Turbulent Dispersion Force

Turbulent fluctuations result in dispersion of phases from high volume fraction regions to low
volume fraction regions. The turbulent dispersion force is significant when the size of turbulent eddies
is larger than the particle size [9]. The effect of turbulence dispersion force on the hydrodynamics
in CIL tanks, is incorporated using the Burns, et al. [28] model. The model equations for turbulence
dispersion force are given below:

→
F td,q = CTDkpq

Dt,q

σpq

(∇αp

αp
− ∇αq

αq

)
(8)
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3.3. Interphase Drag Force

Interphase drag is the resultant force experienced by the particle in the direction of relative
motion due to a moving fluid. Since, the solids and liquid phases are treated as inter-penetrating, an
inter-phase momentum exchange term is required. The interphase exchange force is calculated using
the following expression given by Syamlal et al. [29]:

Fd =
3αlαsρlCDRe

4dpV3
r

(→
u l −→

u s

)
(9)

where, Vr = 0.5
(

A − 0.06Re +
√
(0.06Re)2 + 0.12Re(2A − B) + (A)2

)
; A = α5.14

g ; B = 0.8α2.28
g , for

αg ≤ 0.85; B = α3.65
g , for αg > 0.85.

The drag coefficient is calculated using an expression that has a form derived by Dalla Valle and
Kenning [30]:

CD =

(
0.63 +

4.8√
Re/Vr

)2
(10)

4. Methodology and Boundary Conditions

4.1. Vessel Geometry

In this paper, a flat bottomed cylindrical tank was simulated (see Figure 1). The shaft of the
impeller was concentric with the axis of the tank. A Mixtec HA-715 was used as impeller for CIL
tanks, but for validation 45◦ six-bladed pitched blade turbine pumping downwards (PBTD) impeller
was employed. For validation, vessel geometry dimensions, material properties, etc. were taken
from paper of Guida et al. [3]. The dimensions of tank and impeller are given in Table 2. The fluid
and particle properties used in the simulation are also tabulated in the same table. Conditions
such as solid concentrations, impeller speed, and the Reynolds number in the tank are tabulated in
Table 3. Simulations were carried out at just suspension speed for each case, which was determined
by Guida et al. [3] following Zwietering [31] criterion. According to this criterion, no particle should
remain stationary on the base of the vessel for longer than 1–2 s.

Table 2. Dimensions of domain and properties of materials used in this study.

Tank (m) PBTD (m) HA-715

T 0.288, 10 D T/2 D T/2, T/3
H T Bl 0.055 Dshaft 0.01152
W T/10 Bw 0.041 - -

Ci
T/2, T/3, T/4,

T/6, T/8
Dshaft 0.01 - -
Dhub 0.034 - -

Table 3. Conditions in stirred tanks used for simulations.

Name of Case X (wt. %)
N = Njs

(RPM)
ρl (kg/m3) μl (Pa·s)

ρp

(kg/m3)
dp (mm)

PBTD-Validation 40 589.8 1150 0.001 2585 3
CIL tanks

(Lab Scale) 50 200–700 1000 0.001 2550 0.075

CIL tanks
(Full Scale) 50 22.15 1000 0.001 2550 0.075
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Figure 1. Computational domain, grid distribution, and schematic of the stirred tank.

4.2. Numerical Simulations

The stirred tank for validation consists of six PBT blades and four baffles and that of CIL tanks
consists of three HA-715 blades and three baffles. In all the cases studied in the paper, simulation of
the full tank is conducted. For the case of PBTD, the moving zone with dimensions r = 0.06 m and
0.036 < z < 0.137 is created (where z is the axial distance from the bottom). For the case of HA-715, the
moving zone of height T/10 and r = 3T/4 is created, with top and bottom surfaces equidistant from
the center of impeller. The impeller rod outside this zone is considered as a moving wall. Impellers
used in all the cases simulated in the study are operated in the down-pumping mode. The top of the
tank is open, so it is defined as a wall of zero shear. The solids in the tank are assumed to be settled
in the beginning of simulations. Therefore, a solid volume fraction of 0.6 is patched in the stirred
tank up to a height such that the volume averaged solid concentration is the same as the uniformly
distributed solids specified in Table 3. For modelling the turbulence, a RSM turbulence model is used.
The standard model parameters are Cμ: 0.09, Cs: 0.22, C1: 1.8, C2: 0.6, C1ε: 1.44, C2ε: 1.92, σk: 1.0 and
σε: 1.3. In the present work, SIMPLE scheme is used for Pressure-Velocity coupling along with the
standard pressure interpolation scheme. To avoid any numerical diffusion and unphysical oscillations,
a third order Quadratic Upstream Interpolation for Convective Kinetics (QUICK) discretization scheme
is used for momentum, volume fraction, turbulent kinetic energy, and turbulent dissipation rates.
The convergence of the simulation is verified by monitoring residual values as well as additional
parameters namely turbulence dissipation over the volume, turbulence dissipation at the surface right
below impeller and torque on the shaft. Once the residuals and additional parameters are constant,
a simulation is deemed to be converged. For all the cases presented in the paper, a time-step of 0.001 s
is less than the time which the impeller needs to sweep by a single computational cell (one cell time
step ~0.003 s). One cell time step is considered appropriate for the CFD simulations in stirred tanks [12].
But using a time-step of 0.001 s resulted in divergence in the initial time-steps. Therefore, the time-step
size initially used in the simulations is 0.0001s, which is gradually increased to 0.001 s. For the full
scale geometry, the one cell time step increased due to the reduction in the impeller speed. Therefore,
the maximum time-step used for full-scale simulation is 0.01 s (one cell time step ~0.025 s). The results
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of lab scale simulations approached transient steady values after 12 s. Therefore, the data used for
results and discussion is time averaged for the last 3 s. For full scale simulations, the time taken for
reaching the transient steady value is 900 s, and the data is time-averaged for 300 s. The numerical
solution of the system is obtained by using the commercial CFD solver ANSYS FLUENT 15.0 using
48 cores of Magnus with Cray XC40, Intel Xeon E5-2690V3 “Haswell” processors running at 2.6 GHz
system at Pawsey supercomputing center. Each time step takes an average of 20 s of the wall clock
time which reduces after approaching convergence when residuals reach at 10−5.

The finite volume method solves the partial differential equations in a spatially discretized
domain. The discretization should be fine enough to resolve the physics while not incurring excess
computational power. For the purpose, a grid independency test is conducted initially on the single
phase flow and is presented. The models used in the paper are validated with the experimental results
at 40 wt. % solid loading stirred tank published by Guida et al. [3]. The validated model is used for
analyzing the flow field generated by HA-715 impeller and assessing its efficacy compared to the
PBTD. The influence of different impeller speeds, impeller off-bottom clearance and impeller diameter
on the solid suspension, homogeneity and power consumption are examined. The appropriate stirred
tank design parameters are used for scale-up and simulations and are conducted to gain an insight
on the flow developed. Flow generated by single and multiple impeller systems in the full-scale CIL
tanks is also investigated.

5. Results and Discussion

5.1. Grid Independency and Validation

For testing the grid-independency, the experimental values for axial, tangential, and radial
velocities at impeller discharge plane for single phase flow were compared with the simulation results
using computational grids with 32,000 (coarse), 140,000 (medium) and 900,000 (fine) cells (see Figure 2).
The results using mesh with 32,000 cells are accurate at z = 0.2 H plane. The predictions improve slightly
while using 140,000 cells, and beyond that the improvement is marginal. Furthermore, the power for
the stirred tanks is calculated by integrating the turbulence dissipation rate over the volume. For the
coarse, medium, and fine meshes, the values of power number are 1.34, 1.53, and 1.57, respectively,
which re-emphasizes that a mesh of 140,000 cells is suitable for simulation and further refinement will
only lead to marginal improvement at significant computational cost. Therefore, the mesh with 140,000
cells is used for the rest of the simulations in the study. For the full scale geometry, the computational
grid of 140,000, 900,000, and 3,000,000 cells are investigated based on the same parameters. The values
of power number obtained for the three cases are 1.27, 1.49, and 1.55, respectively. Mixing time is
another parameter that is sensitive to the number of computational cells in the domain. For the full
scale tank, the mixing time for the three cases are 75 s, 113 s, and 111 s respectively to achieve 99%
homogeneity. It is evident from the analysis that the results of 900,000 cells and 3,000,000 cells are
similar. Therefore, the grid of 900,000 cells was selected for the simulation of full scale CIL tanks.

The models used in the study are validated by comparing the flow field generated by PBTD and
the concentration profiles obtained at 40 wt. % solid loading. The axial, tangential, and radial velocity
plots describe the flow generated by the PBTD. The PBTD pumps the fluid downwards leading to
highly negative axial velocities at the impeller plane. The jet leaving the impeller flows down to the
bottom of the stirred tank, is then redirected towards the periphery and circulates back to the top
along the walls. Due to such motion, a flow loop is formed near the impeller. It results in decreasing
axial velocity when moving radially outwards in impeller plane that eventually increases due to
the upwards flow near the walls. A 45◦ inclination of the impeller blade imparts momentum in the
tangential direction resulting in moderate values of tangential velocity. Due to the downward flow
developed by a PBTD, the magnitude of the radial component of velocity is the lowest. The maximum
values of radial, tangential, and axial velocity in the impeller plane are 0.1 Utip, 0.28 Utip, and 0.45 Utip

respectively. Both radial and tangential components gain value with the increase in radius as the
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velocity increases radially along the impeller blades. The maximum value is attained by both of these
components close to the impeller tip after which a sudden decline is observed due to no momentum
source in the absence of impeller. These characteristics are well represented in the velocity profiles
shown in Figure 2.
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Figure 2. Comparison of dimensionless axial (green), radial (black) and tangential (red) velocity at z =
0.2H plane for computational grid with different resolution.

The average axial concentration profile is compared with the experimental data of Guida et al. [3]
in Figure 3a. In some cases, the average axial concentration does not provide the information for
local variation of concentration. Therefore, radial concentration profiles at different heights are also
compared with the experiments. As is evident from Figure 3, the results obtained are in agreement
with the experimental data. As the impeller speed used is the speed of just suspension, the solid
concentration near the bottom of the tank is only double the average concentration. The jet from the
PBTD moves downwards and strikes the bottom around the r/R = 0.5. Therefore, the concentration at
this location is low. However, the solid is accumulated at the bottom center and the bottom corner of
the tanks due to low velocity fields in both of these regions. Near 0.29 Z, the low concentration in the
loop of the eye formed by the jet circular loop is also well predicted by the simulations. With increasing
height, the axial velocity near the wall and impeller diminish and therefore, the concentration profile
also becomes inverted with low concentration near the periphery and impeller rod. This shape of
concentration profile is maintained till the top of the stirred tank with the magnitude of concentration
decreasing with height.

The validity of the CFD simulations is further tested by comparing the results of cloud height in
stirred tanks. For quantifying the cloud height, Hicks et al. [32] conducted experiments and reported
the values at various suspension speeds, D/T, power, torque, and suspension ratios. Bittorf and
Kresta [33] developed a model for predicting the cloud height based on the analysis of liquid jet
velocity and just suspension speed. Due to inherent complexity due to several variables such as solid
concentration, suspension speed, particle diameter, D/T ratio, C/T ratio, experimental errors, etc.,
error in the predictions lie in the range of ±16%. Therefore, the simulations are conducted using
10.6% solid concentration (by weight) at Njs with D/T of 0.5 and C/T of 0.25. These results were
compared with the experimental results of Hicks et al. [32]. The cloud height obtained from CFD
simulations is 0.93 compared to the experimental value of 0.94. For the solid concentration of 20%
and 40%, the cloud height calculated from CFD simulation is 0.935 and 0.942 respectively. This aligns
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with the observation by Hicks et al. [32] that the cloud height remains nearly constant between solid
concentration of 10% and 40%. It is evident that the models used in the simulations are able to predict
the local hydrodynamics for high solid loading stirred tank systems accurately and can be used for
investigating hydrodynamics in CIL tanks.
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Figure 3. (a) Averaged axial concentration profiles and (b) radial concentration profiles plotted at
different heights in stirred tanks with 40 wt. % solid loading using PBTD.

5.2. Flow Field

The simulations of lab scale stirred tank with PBTD and HA-715 were conducted to compare the
hydrodynamics in both the cases. Only for these set of simulations, four baffles were employed for the
HA-715 case, which is equal to that of PBTD cases. The flow field generated by both axial impellers
viz. PBTD and HA-715 are shown in Figure 4. The asymmetry seen in the case of HA-715 impellers is
due to the use of three impeller blades which cannot simultaneously appear in the mid-baffle plane.
Both of these impellers generate strong axial flow with similar flow field profile. Similar to the flow
generated by PBDT, the jet originates from the impeller blades for HA-715 impeller and strikes the
bottom of the tank. Such a motion is effective for the suspension of ore particles at the bottom of
the tank. After hitting the bottom, the fluid changes direction and moves upwards along the wall
of the stirred tank. This results in higher axial velocities near the bottom-wall region of the stirred
tanks, where both radial and tangential velocities diminish. The value of axial velocity near the wall
gradually diminishes with the ascent due to the counter effect of gravity. The height to which axial
velocity remains significant is proportional to the magnitude of velocity at the bottom, which exerts
force against gravity. Such a behavior is also evident from Figure 4. It can be observed from contours
that for the same impeller rotation speed, the flow generated by PBTD is dominant compared to that
generated by HA-715. However, the flow generated at a particular impeller rotation speed is not the
sole criterion for determining the efficacy of impellers. Rather than the impeller speed, the power
consumed is a more reasonable criterion, where the desired flow needs to be generated by supplying a
specific amount of power. While the power consumed for the PBTD case is 20.79 W, its value for the
HA-715 case at 300 RPM is only 3.25 W. Therefore, the power used in HA-715 was increased to 12.89 W
by doubling the impeller speed. This change resulted in a flow field that is far more effective than that
generated by the PBTD, while using 60% of the power. The efficiency of mixing for both the cases
is quantified by determining the mixing time using an 8% solute patched at the top of stirred tank.
The value of mixing time for PBTD is 4.2 s, while the same for HA-715 at 660 RPM is 2.9 s. Therefore,
for the given power consumption, HA-715 shows better mixing characteristics than PBTD.
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Figure 4. Flow field contours in a stirred tank generated by PBTD and HA-715.

5.3. Concentration Profiles

The CIL stirred tanks at 50 wt. % solid loading are simulated at lab scale. The influence of impeller
speed, diameter, and off-bottom clearance is analyzed by plotting the concentration profiles for each of
the cases in Figure 5. The variation of off-bottom clearance and impeller speed presented in this paper
is between 0.125 T and 0.5 T, and 200 and 700, respectively. These variations are studied for impeller
diameters of 0.5 T and 0.33 T.

At low off-bottom clearance for the impeller diameter of 0.5 T, the concentration profile remains
uniform in the bottom half of the tank. It suggests the lower off-bottom clearance contributes to
suspension of the settled solids. Therefore, the rise in the solid concentration near the bottom is not
visible for C = T/8 case. As the clearance is gradually increased, the velocity of jet hitting the bottom
also decreases, and hence the possibility of the presence of settled solids increases. The presence
of settled solid at the bottom is dependent on the velocity of jet when it hits the bottom. Also this
velocity is governed by the distance between the impeller and the bottom, and the impeller rotation
speed. For high off-bottom clearance and low impeller rotation speeds, the jet velocity hitting the
bottom is low, and hence a higher solid concentration can be observed near the bottom of the tank.
With the increase in the off-bottom clearance, solid concentration assumes a vertically flipped S-shaped
profile. This profile is an indication of significant variation in the solid concentration with height.
Such a profile means, the concentration of solid is high at the bottom, it lowers around the region of
impeller, then gradually increases above the impeller, and then finally diminishes near the top of the
stirred tanks. Comparatively lower concentration in the region near the impeller is because the jet
carrying solids circulates after hitting the bottom, and forms an eye with very low velocity at the center,
resulting in lower solid accumulation in this region. In all the cases in which the lower concentration is
observed, a circular loop formed by the jet is present. Therefore the presence of circular loop and the
magnitude of the jet velocity determines the formation of a low concentration zone near the impeller.
This circular loop is not formed in two cases: first, at low impeller speeds and high off-bottom clearance
as the velocity diminishes before the jet reaches the bottom of the tank; and second, at low off-bottom
clearance, where the jet hits the bottom but cannot get enough distance to form a loop. In both of these
cases, a flat profile near the impeller is observed.
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Figure 5. Axial concentration profiles at different stirrer speeds and off-bottom clearance for impeller
to tank diameter ratio of (a) 0.5 and (b) 0.33.

When the impeller diameter is decreased to 0.33 T, the flipped S-shaped concentration profile is
not dominant. On the contrary, the concentration is high near the bottom, which decreases to average
concentration while reaching the height of the impeller, and then gradually decreases when reaching
near the top. Clearly, the conditions for strong circular loop formed in the 0.5 T case is not met in the
0.33 T case. With the decrease in the impeller diameter and similar rotation velocity, the impeller tip
speed is reduced and therefore, the velocity magnitude of the jet is not sufficient to form a circular loop
of solids. Therefore, the profiles for all the cases are almost identical, with strong influence of impeller
speed. At low impeller speeds, a high accumulation of solids at the bottom and low concentration
at the top is observed. At high impeller speeds, the concentration values showed less variation with
height. However, the influence of off-bottom clearance on the accumulation of solid near the bottom
remained the same as in the case of 0.5 T. A low off-bottom clearance is found beneficial to suspend
the settled solids.
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5.4. Suspension Quality and Power Consumption

The suspension quality and power consumption are the two important parameters for determining
the efficiency of a stirred tank. A high homogeneity (high suspension quality) achieved at a low power
consumption is the objective of design and optimization. Suspension quality in a stirred tank can be
defined in two different ways: first, by defining the variation between the minimum and maximum
concentration [34] and second, by determining the homogeneity by variation in local concentration
compared to the average concentration [35]. Mathematical representation of both these methods is
given in equations below:

ΔCmax =
Cmax − Cmin

Caverage
× 100 (11)

Hsusp = 1 −
√√√√ 1

n

n

∑
i=1

(
Ci

Caverage
− 1
)2

(12)

The results obtained from both of these equations are plotted in Figure 6. While the results from
the Hsusp equation suggest that the homogeneity increases with the increase in impeller speed and
reaches a plateau value, the results of the ΔCmax equation appear quite erratic. Such an observation
is a result of error in the Cmin or Cmax values due to local errors during computation. Therefore, a
conclusion cannot be drawn from these plots with confidence. Hsusp provides insight with respect to
the homogeneity prevailing in the stirred tanks.

For the case of Di/T = 0.5, the homogeneity is low at low impeller speeds, which improves with
increasing impeller speed and reaches a plateau. However, for an impeller off-bottom clearance of
T/3, the homogeneity decreases at very high velocity because of the generation of a dominant flipped
S-shaped concentration profile (see Figure 5a). For a clearance higher than T/3 or lower than T/3,
the flipped S-shaped profile is not dominant and therefore, the decrease in homogeneity at very high
impeller speed is also not observed. The highest deviation in the homogeneity occurs due to the
suspended solids at the bottom. Decreasing the off-bottom clearance allows the high velocity jet to
force the solids to suspend. Therefore, at off-bottom clearance of T/8, the homogeneity improves at
lower impeller speed compared to other cases.

The results of cases Di/T = 0.33 are far different from those of Di/T = 0.5. In these cases, the
improvement in the homogeneity is not significant with the increase in the impeller rotation speed.
Exceptions are the case of off-bottom clearance of T/4, T/6, and T/8, where the homogeneity crosses
0.9 beyond the impeller rotation speed of 600, 500, and 500 RPM respectively. This suggests that the
higher off-bottom clearance and low impeller speeds result in dead zones in the stirred tank, hence
reducing the homogeneity. When the velocities in the lower part of the tank are sufficiently high, the
solids suspend and a higher value of homogeneity is achieved.

For a particular impeller speed, the power consumption in a stirred tank system is proportional
to D5

i . Therefore, the power consumption for an impeller diameter of Di/T = 0.5 is higher than that
of Di/T = 0.33 at a given RPM (see Figure 6). For an impeller rotation speed of 700 RPM, the power
consumption for cases of Di/T = 0.33 is less than 9 W. The impellers with Di/T = 0.5 can operate
only up to 400 RPM using this power, and beyond 400 RPM, these impellers will require additional
power. However, at the same time, homogeneity higher than a value of 0.9 can only be achieved
for an impeller rotation speed above 400 RPM using this impeller diameter, while the same can be
achieved using an impeller diameter of Di/T = 0.33 and clearance of T/6 or T/8 using 70% of the
power requirement at 600 RPM. Therefore, Di/T = 0.33 is more efficient than Di/T = 0.5 for obtaining
high suspension quality for a given power consumption. The power consumption also varies with the
off-bottom clearance [36]. The closer the impeller is to the bottom of the tank, the higher the turbulence
and power dissipation. Although only minor, the power consumption of T/8 off-bottom clearance is
more than that of T/6. Therefore out of all the cases discussed, the impeller diameter of Di/T = 0.33
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with clearance of T/6 and impeller rotation speed of 600 RPM is appropriate for efficiently suspending
high concentration of solids in a stirred tank using an HA-715 impeller.
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Figure 6. Suspension quality and power consumption plotted at different stirrer speeds and off-bottom
clearance for impeller to tank diameter ratio of (a) 0.5 and (b) 0.33.

5.5. Scale-Up

Different scale-up criteria are available based on attaining homogeneity or complete suspension
condition in the stirred tanks [37–40]. Buurman et al. [37] suggested a scaling up rule of Njs ∝ D−0.666

for the complete suspension in stirred tanks assuming the turbulence to be isentropic. Barresi and
Baldi [40] suggested that Njs ∝ D−0.666 is strictly valid in a homogeneous isotropic turbulent field
and devised a new rule of Njs ∝ D−0.666 by applying the turbulence theory to the solids distribution.
Magelli et al. [38] investigated the solids distribution in high aspect ratio stirred tanks under batch and
semibatch conditions and found that a constant ND0.93 was more appropriate. Montante et al. [39]
analyzed the scale-up criteria for stirred tanks based on the dependency of minimum impeller speed
as a function of impeller diameter and the dependency of settling velocity on the λ/dP, and backed the
scale-up criterion of a constant ND0.93. Montante et al. [41] further investigated the role of turbulence on
the particle settling and suspension in scaled-up vessels, and arrived at the conclusion that intermediate
turbulent fluctuation maintains the vertical solid concentration. Therefore, a value intermediate of
constant tip speed Njs ∝ D−1) and constant power per unit volume (Njs ∝ D−0.666), i.e., N ∝ D−0.93 is
appropriate for scaling-up. Based on this criterion, an impeller velocity of 22.15 RPM used for a stirred
tank with T = 10 m.

The axial concentration profiles in laboratory scale and full scale stirred tanks are shown in
Figure 7. The homogeneity in solid concentration observed in the laboratory scale stirred tank
at 600 RPM is not extrapolated to the full scale stirred tank at 22.15 RPM. The presence of low
concentration on the top can be explained by the very low velocity field present in the top part of

63



Metals 2015, 5, 1997–2020

the full scale tank (see Figure 8). The velocity imparted by the impeller is observed to be localized in
the lower part of the stirred tank and has apparently no influence on the top. Therefore, the velocity
vectors between the middle and top of the impeller are nearly invisible showing low velocity zones.
The average value of turbulent kinetic energy in the lower half of the tank is 0.033 m2/s2, which
reduces to 0.0008 m2/s2 in the lower half of the tank. Without sufficient kinetic energy in the flow field
in this zone, the settling of solids is evident. As a result, the solid concentration drops sharply to zero
after 8.5 m in the full scale tank. Due to the same low velocity field in the middle to top zone of the
stirred tank, the remaining solid stays suspended in the bottom half of the stirred tank.

From the above discussion it is clear that the power provided in the lower half of the stirred tank
is sufficient to suspend the solids. However, due to the absence of a power source in the upper half,
maintaining the homogeneity in the stirred tank is not possible. Therefore, a multiple impeller system
is desired to achieve homogeneity.
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H

, [
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Figure 7. Axial concentration profiles for lab scale (T = 0.288 m) and full scale (T = 10 m) stirred tanks
with C = T/6 and Di = T/3.

Figure 8. Velocity vectors on baffle-impeller blade plane in a full scale stirred tank.
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5.6. Multiple-Impeller Systems

As the homogeneity was not achieved with the single impeller and additional power for solid
suspension near the top is required, more impellers are required to be installed in the full scale CIL
tanks. Therefore, three configurations in multi-impeller CIL systems were investigated, the details of
which are given in Table 4.

Table 4. Details of impeller configuration in multi-impeller CIL tanks.

Variable Twin-CT6 Twin-CT3 Triple-CT4

Off-bottom clearance, Ci T/6 T/3 T/4
Distance between

impellers, CiD
2T/3 T/3 T/4

The solid concentration contours on the baffle-impeller plane in the full-scale CIL tanks for single
impeller and multi-impeller cases are given in Figure 9. The inhomogeneity in the single and Twin-CT6
cases are evident from the contour plot. A continuous gradient is observed from bottom-to-top in
these two cases. This gradient can be categorized into three zones of very low, medium, and high
solid concentration. The use of a second impeller in the Twin-CTby6 case forms a jet that draws the
low concentration liquid from the top and circulates the high concentration fluid along the periphery
of the tank. Such a flow is favorable for increasing the suspension quality near the top of the CIL
tanks, as a result of which the extent of the low concentration zone is reduced. The zone of high solid
concentration is the largest for the single impeller system (extends to z = 0.6 T), which is reduced by
using a second impeller which disperses the high solid concentration present near the middle of the
CIL tanks (extends to z = 0.5 T). However, the limited range of the jet formed by this impeller does not
significantly affect the high concentration zone which still extends to half of the tank. Nonetheless, the
use of a second impeller is partially effective in improving the homogeneity.

Figure 9. Concentration profiles in baffle-impeller plane for (a) Single impeller; (b) Twin-CT6; (c)
Twin-CT3 and (d) Triple-CT4.
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While, the presence of impeller near the gradient at the top was found beneficial, a similar
approach near the interface between medium and low concentration zones can be applied. Therefore,
Twin-CT3 and Triple-CT4 cases were investigated specifically targeting at the interface of the gradients
between the zones. The strategy appears to be beneficial as the interface between the medium and high
concentration zone disappears and an intermediate concentration is observed to be prevalent in the
majority of tank. The average concentration values of intermediate concentration zones for Twin-CT3
and Triple-CT4 cases are 0.32 and 0.31, respectively. The increased distance from the top in Twin-CT3
case results in the weakening of drawing forces at the interface of low and medium concentration
zones. Therefore, compared to Twin-CT6 case, the low concentration zone in Twin-CT3 case has
extended to single impeller value of 0.9 T. This value again increases to 0.95 T for Triple-CT4 case,
where the distance of impeller from the interface of low and medium concentration zones is reduced.
The concentration profiles indicate accumulation of solid particles at the bottom center of the CIL for
off-bottom clearance of T/6 and T/4, which is not present in the off-bottom clearance of T/3. A closer
scrutiny of the flow near the bottom of the CIL tanks indicate that the secondary loops play a vital role
in the suspension of solid particles at the bottom center of the tank. Ibrahim and Nienow [42] made a
similar observation while investigating the solid suspension using different impellers and Newtonian
fluids with different viscosities. For T/3 clearance, the secondary loop formed near the bottom is
strong which results in the values of axial velocity required for solid suspension at the bottom. For all
other cases, the secondary loop is not strong and the values of axial velocity also approach zero. This
results in accumulation of solids near the bottom center.

Twin-CT3 case and Triple-CT6 case present feasible configurations for achieving homogeneity
in CIL tanks. Comparison of the suspension quality and power requirement may provide further
information on the efficiency of these two cases. In the case of Twin-CT3, the combination of lower
intermediate concentration and extended low concentration zone results in a low suspension quality
of 0.72, nearly the same of 0.78 for the Triple-CT6 case. The power requirements for single impeller,
Twin-CT3 case and Triple-CT4 cases are 6.5 kW, 12 kW, and 18 kW, respectively. Therefore, the increased
homogeneity is achieved at the expense of 6 kW of power per additional impeller.

6. Conclusions

CFD was used to simulate the high solid loading carbon-in-leach tanks. The averaged and local
concentration profiles in high solid loading systems were validated with the available experimental
data. The validated models were used to simulate the lab scale and full scale CIL tanks. The influence
of design and operating parameters such as off-bottom clearance, impeller diameter, and impeller
rotation speed were investigated. Several impeller configurations in the full scale CIL tanks for
attaining homogeneity in the CIL tanks were also assessed. The conclusions deduced from the study
are as follows:

1. The Euler-Euler simulation approach with KTGF, Syamlal drag model, RSM turbulence model
and turbulent dispersion force model appropriately predict the local hydrodynamics in high
solid loading stirred tank systems.

2. For a given power consumption, the flow generated by the HA-715 impeller is more dominant
than the PBTD.

3. The low off-bottom clearance is favorable in achieving homogeneity at low impeller speed for lab
scale CIL tanks.

4. For scale-up, multiple impeller systems are necessary for providing kinetic energy in the upper
half of the CIL tanks.

5. While a low off-bottom clearance is suitable for solid suspension, solids can however accumulate
at the bottom center in full scale CIL tanks due to weak secondary loops.
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6. The dual impeller configuration with T/3 clearance and triple impeller configuration with T/4
clearance minimize the problems encountered in the CIL tanks. Additional impellers require
approximately 6 kW of extra power in CIL tanks.

The insight of the prevailing hydrodynamics in the CIL tanks in this study was useful for the
conclusions drawn for its design. The models can be further applied to other industrial high solid
loading stirred tank systems to investigate the optimal design and operating parameters.
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Nomenclature

Bl blade length, m
Bw blade width, m
Ci impeller clearance, m
CiD impeller-impeller distance, m
C concentration in volume percent, (-)
Cav average concentration in volume percent, (-)
CD drag coefficient, (-)
CDo particle drag coefficient in still fluid
CH cloud height, m
D or Di impeller diameter, m
Dshaft shaft diameter, m
Dhub hub diameter, m
dP particle diameter, m
→
F td force due to turbulent dissipation, kg·m/s2

→
F q external force, kg·m/s2

→
F lift lift force, kg·m/s2

→
F vm virtual mass force, kg·m/s2

→
F 12 interphase interaction force, kg·m/s2

g acceleration due to gravity, m/s2

Gk production of turbulence kinetic energy, kg·m2/s2

H tank height, m
=
I unit stress tensor, Pa

k turbulence kinetic energy per unit mass, m2/s2

M torque, N·m
N impeller speed, 1/min
Njs speed of just suspension, 1/min
NRe Reynolds number, (-)
NP power number, (-)
NQ pumping number, (-)
p pressure and is shared by both the phases, Pa
P power delivered to the fluid, W
T tank diameter, m
→
u velocity vector, m/s
→
u dr drift velocity, m/s
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Utip Impeller tip velocity, m/s
Greek Letters

α volume fraction
γ shear rate, 1/s
ε turbulence dissipation rate, m2/s3

εb bulk turbulence dissipation rate, m2/s3

λ Kolmogorov length scale, m
μ shear viscosity, Pa·s
μt turbulent viscosity, m2/s
ρ density kg/m3

σ Prandtl numbers
σsl dispersion Prandtl number
τ shear stress, Pa
=
τ stress tensor, Pa
θm mixing time, s
υ bulk viscosity
Subscripts
1 or l continuous or primary phase
2 or s dispersed or secondary phase
m mixture properties
z axial point
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Abstract: Bauxite residue is an alkaline, saline tailings material generated as a byproduct of the
Bayer process used for alumina refining. Developing effective plans for the long term management
of potential environmental impacts associated with storage of these tailings is dependent on
understanding how the chemical and mineralogical properties of the tailings will change during
weathering and transformation into a soil-like material. Hydrothermal treatment of bauxite
residue was used to compress geological weathering timescales and examine potential mineral
transformations during weathering. Gibbsite was rapidly converted to boehmite; this transformation
was examined with in situ synchrotron XRD. Goethite, hematite, and calcite all precipitated over
longer weathering timeframes, while tricalcium aluminate dissolved. pH, total alkalinity, and salinity
(electrical conductivity) all decreased during weathering despite these experiments being performed
under “closed” conditions (i.e., no leaching). This indicates the potential for auto-attenuation of
the high alkalinity and salinity that presents challenges for long term environmental management,
and suggests that management requirements will decrease during weathering as a result of these
mineral transformations.

Keywords: weathering; pressure vessels; in situ XRD; bauxite residue; reaction kinetics

1. Introduction

1.1. Tailings as a Soil Parent Material

Tailings are the residual mixture of solids and liquids remaining after extraction of a mineral
or energy resource from its ore. Around 7 Gt of tailings are produced worldwide each year, with
almost half of this total derived from copper extraction alone [1]. Tailings have typically been treated
solely as waste materials; however, tailings are increasingly being recognized as substrates for soil
development [2–4]. The annual mass of tailings produced globally is approximately one-third of the
mass of soil lost through erosion globally [1,5]. Understanding how tailings materials weather into
soils over extended timescales is therefore important not only for managing long term environmental
impacts associated with tailings (e.g., acid mine drainage), but also for predicting future ecosystem
properties and land use capabilities given the substantial and growing contribution of tailings to parent
material inputs for global soil development.
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Bauxite residue is an alkaline, saline-sodic byproduct of the Bayer process for alumina refining.
Most economic reserves of bauxite worldwide are hosted in deeply weathered lateritic deposits [6], and
the bauxite residues produced during the Bayer process contain a characteristic mineral assemblage
dominated by weathering-resistant minerals, such as quartz (SiO2), goethite (FeOOH), hematite
(Fe2O3), anatase (TiO2) and rutile (TiO2). Precipitates formed during the Bayer process, such as
the desilication products sodalite (Na8(AlSiO4)6Cl2) and cancrinite (Na6Ca2(AlSiO4)6(CO3)2), calcite
(CaCO3), tricalcium aluminate (Ca3Al2(OH)12), and perovskite (CaTiO3), also report to the residue
fraction during processing, as well as minor amounts of undigested aluminium oxides (gibbsite
(Al(OH)3) and boehmite (AlOOH)). Each year, 120 Mt of bauxite residue are produced globally,
adding to the 3 Gt already stored in tailings facilities [7]. After deposition in tailings storage facilities,
management tasks include collection and treatment of alkaline, saline leachates, and rehabilitation of
the bauxite residue surface. Rehabilitation aims to stabilize the surface and improve visual amenity by
establishing a vegetation cover. Insofar as the objective of rehabilitation is to establish a vegetation
cover, rehabilitation strategies aim to accelerate pedogenesis (soil formation) in bauxite residue and
enhance natural mechanisms of alkalinity and salinity attenuation such as precipitation, dissolution,
and leaching. The weathering trajectory of bauxite residue, therefore, needs to be determined in order
to identify any attenuation mechanisms that can be targeted by applied treatments. Furthermore,
an understanding of the potential weathering trajectories of bauxite residue may aid in minimizing
amounts and types of applied treatments. Refinery scale Bayer processing commenced in 1894, which
gives 120 years exposure to weathering in the very oldest residue deposits [7]. The longest weathering
timeframe for bauxite residue reported in studies to date was 40 years under a tropical climate in
Guyana, in which dissolution of sodalite and calcite were observed [3]. This reflects the fact that
weathering of primary minerals, an essential part of soil formation, can be a slow process in the field
which is partially constrained by reaction kinetics. Limited evidence of mineral weathering has also
been reported in other studies of soil development in bauxite residue [8,9]. Laboratory simulation
of weathering is therefore essential in order to understand how this material behaves over longer
weathering timescales and ensure that management strategies are effectively designed to minimize
adverse environmental impacts over the long term.

1.2. Laboratory Simulation of Weathering

Compressing the geological timescales over which mineral weathering occurs requires
manipulation of environmental conditions to accelerate reaction rates. Increasing temperature and/or
pressure can accelerate attainment of chemical equilibrium according to the modified Arrhenius
Equation (Equation (1)):

K = A (exp (−(Ea + PΔV)/RT)) (1)

where K is reaction rate (s−1; for a first-order reaction), A is the pre-exponential factor (s−1; for a
first-order reaction), Ea is activation energy (J·mol−1), P is partial pressure of reactant (mol·cm−3),
ΔV is activation volume (cm3·mol−1), R is the universal gas constant (8.314 J·mol−1·K−1) and T is
temperature (◦K).

Soxhlet extractors have been used to simulate weathering for a variety of geological
materials [10–14]; however, the very fine texture of bauxite residue (median particle diameter 130 μm
for bauxite residue used in this study; [15]) inhibited leaching. Furthermore, the Soxhlet extraction
procedure is slow and labour intensive when conducting experiments at multiple temperatures to
investigate reaction kinetics. Pressure vessels (also known as pressure bombs, Teflon bombs, Parr
bombs) have been used to accelerate reactions and rapidly bring materials to chemical equilibrium,
because they apply both elevated temperatures and pressures to the material under investigation.
Their previous use in weathering studies has mostly concerned the alteration of single minerals during
pedogenesis [16–18]. Reaction kinetics can be derived from these experiments and extrapolated to
predict reaction rates under field conditions [17,19]. The drawback of pressure vessels compared to
Soxhlet extractors for weathering simulations is that they do not allow for the effect of leaching, being
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a “closed” system. Allowing reaction products to accumulate may create a local equilibrium which
slows further reactions. Different equilibrium states could therefore be identified for the same material
under various leaching conditions. Bauxite residue has a very low hydraulic conductivity [20], which
limits leaching; and under low leaching rates, equilibration with pore water may proceed to chemical
equilibrium. The use of pressure vessels to predict the long term equilibrium composition of bauxite
residue may therefore be a reasonable representation of reactions that occur under field conditions.

The aims of this study were to: (a) analyse the chemical and mineralogical composition of bauxite
residue over time under simulated weathering conditions in pressure vessels; (b) extrapolate results
from the pressure vessel studies to temperatures and pressures typical of field conditions in bauxite
residue deposit areas (tailings storage facilities); and (c) determine whether pressure vessels provide a
suitable method for rapidly determining potential weathering trajectories of bauxite residue under
field conditions. Under hydrothermal conditions, we expected to observe some conversion of mineral
phases that are commonly associated with Bayer process conditions, such as conversion of gibbsite to
boehmite [21], goethite to hematite [22], tricalcium aluminate to calcite [23], and quartz to desilication
products [24]. Dissolution of sodalite and calcite has been observed during weathering under leaching
conditions [3,25,26]. However, dissolution of these minerals was not expected within this experiment
because no leaching was possible.

2. Experimental Section

2.1. Study Design

This study used pressure vessels to elevate temperature and pressure in order to rapidly determine
the likely weathering trajectory of bauxite residue. Two types of pressure vessels were used: PTFE-lined
stainless steel pressure vessels; and fused silica capillaries, sealed and pressurized with N2 to
avoid boiling. These vessels were used in two experiments to provide complementary information.
The stainless steel pressure vessels allowed sampling and analysis of both solid and liquid phases, but
required 90 min to reach the required temperature in an oven. This limited temporal resolution, and
complete transformation of some minerals (e.g., gibbsite to boehmite) was observed between the initial
(t = 0) and second (t = 90 min) sampling times. Use of the fused silica capillary reaction vessels at the
Australian Synchrotron Powder Diffraction beamline 10BM1 resolved this problem, as they heated
quickly (less than 40 s in our experiment) and full X-ray diffraction (XRD) patterns can be collected in
situ on a rapid basis (20 s in this experiment) with the Mythen detector array. Results are unreplicated;
that is, only one sample was analysed for each time and temperature combination. This is common in
mineral dissolution and precipitation studies where reaction rates are studied in response to variables,
such as temperature or pH [17,22,27–34] to derive reaction kinetics. A single time and temperature
combination in the pressure vessel experiments (100 ◦C, 909 h) was conducted in triplicate to estimate
variability; this approach has also been used elsewhere [35].

2.2. Bauxite Residue Sample

Bauxite residue was sourced from Alcoa of Australia Limited’s Kwinana refinery. Iron oxides
(goethite and hematite) were the major mineral phases present, with smaller amounts of quartz,
and calcite and sodalite formed during the Bayer process (Table 1). In 1:1 bauxite residue to water
suspensions, initial pH was 13.07, electrical conductivity (EC) was 15.52 dS·m−1, and total alkalinity
(TA) was 7.35 g/L CaCO3.

2.3. Stainless Steel Pressure Vessel Experiment

Five hydrothermal treatment temperatures (100, 140, 165, 200 and 235 ◦C) were employed in
order to extract kinetic data for observed reactions. Subsamples (4 g) of bauxite residue were added
to 5 mL of ultrapure deionised water to create bauxite residue slurries inside 25 cm3 internal volume
PTFE-lined stainless steel pressure vessels (Parr Instrument Company, Moline, IL, USA) and heated
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to the designated temperature in a rotating oven. One vessel was removed after 1.5, 3.75, 21, 28, and
48 h and allowed to cool to room temperature. Additional samples of the 100 ◦C treatment were also
collected at 170, 336 and 909 h. Slurry samples were taken from each vessel after cooling (<2 h).

Table 1. Mineral concentrations in bauxite residue prior to hydrothermal treatment, as determined by
quantitative mineral analysis by Rietveld refinement of an X-ray diffraction pattern.

Mineral Formula Concentration (% Weight) a

Goethite FeOOH 41
Hematite Fe2O3 11

Calcite CaCO3 11
Quartz SiO2 9.4

Boehmite AlOOH 8.4
Muscovite KAl2Si3AlO10(OH)2 8.4
Gibbsite Al(OH)3 3.4
Sodalite Na8(AlSiO4)6Cl2 2.8
Anatase TiO2 1.7
Ilmenite FeTiO3 1.7

Tricalcium aluminate Ca3Al2(OH)12 0.4
Amorphous/unidentified - 0.8

a X-ray diffraction analysis was performed as described for hydrothermally-treated samples in Section 2.4. using
Rietveld refinement implemented in TOPAS-Academic (v. 4.1; [36] Coelho Software, Brisbane, Australia) without
running in sequential refinement mode.

Cooled slurries were centrifuged at 3000 rpm for 5 min to separate liquid and solid phases.
Supernatants were immediately filtered through a 0.2 μm cellulose acetate filter and analysed for pH,
EC, and total alkalinity by titration with 0.1 M HCl to endpoints pH 8.5 and 4.5 [37]. Subsamples of
supernatants were diluted 1:10, acidified with HCl to pH < 2 and stored at 4 ◦C prior to analysis by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES; Optima 5300DV, PerkinElmer,
Waltham, MA, USA) to determine Al, Ca, Fe, K, Na, Si, and Ti concentrations.

Treated solids were shaken with acetone in an end-over-end shaker for 90 min and then
centrifuged at 3000 rpm for 5 min. The supernatant was decanted and the solids allowed to dry
at ambient laboratory temperature for 48 h. Dried solids were hand ground with an agate mortar and
pestle and then packed into 0.3 mm internal diameter glass capillaries for XRD analysis (wavelength
0.8271 Å, collection time 5 min) at the Powder Diffraction beamline (10BM1) at the Australian
Synchrotron, Victoria, Australia. Peak locations and areas for selected minerals were then calculated
using Traces [38]. Anatase, which is naturally present in the bauxite residue, was used as an internal
standard for the purpose of comparing peak areas of selected minerals between XRD patterns. Anatase
has been found to be only sparingly soluble in the presence of Bayer liquor at 90 ◦C under ambient
pressure [39].

2.4. Fused Silica Capillary Pressure Vessel Experiment

In situ XRD experiments were conducted at the Australian Synchrotron’s beamline 10BM1, with
slurries heated in Norby cells [40], consisting of fused silica capillaries (internal diameter: 0.8 mm; wall
thickness: 0.1 mm, typical working volume: 0.02 mL) heated with a hot air blower, continuously rotated
through 270◦ along the longitudinal axis of the capillary, and held under N2 pressure during heating
to various temperatures (140–170 ◦C) to avoid boiling. The N2 regulator could not provide sufficient
pressure to avoid boiling above 170 ◦C. Slurries were prepared <2 h before analysis at the same bauxite
residue: Deionised water ratio as in the stainless steel pressure vessel experiments (44% wt solids).
Diamond powder was added to the dry bauxite residue at 5% wt (2.2% wt in slurries) as an internal
standard for the purposes of quantitative phase analysis by Rietveld refinement. Diamond was
selected for its low reactivity under the experimental conditions, and for its few diffraction peaks
within the 2θ angular range of interest, which minimizes overlaps with other phases. Diffraction
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patterns were collected continuously every twenty seconds using the Mythen microstrip detector,
capable of collecting 80◦ 2θ simultaneously, to allow calculation of mineral transformation kinetics.
XRD patterns were collected first at ambient temperature with the required N2 pressure applied,
during heating, and for the duration of the experiment. Operating temperature was reached in 20–40 s.
Run times varied between 1.5 h and 4 h, depending on factors such as loss of synchrotron beam,
capillary failure, and observed reaction rates.

To quantify changes in mineral concentrations and amorphous content during this experiment,
quantitative mineral analysis of X-ray diffractograms was conducted using TOPAS-Academic
(v. 4.1; [36] Coelho Software, Brisbane, Australia) for Rietveld refinement. Compared with the peak area
based data analysis approach, Rietveld refinement removes the potential for errors from peak overlaps,
reports mineral concentrations on an absolute rather than relative scale, and allows quantification
of amorphous content. Data were analysed using a sequential refinement approach, which used
the refined (output) mineral concentrations for dataset x as the input mineral concentrations for the
Rietveld refinement of dataset x + 1, where x is any dataset in the collected sequence of XRD patterns
for bauxite residue at a particular temperature. Reported mineral concentrations (on a percent weight
basis) were corrected for amorphous content (including X-ray amorphous solids, fused silica capillary,
and water in the slurry) using the diamond internal standard and Equations (2) and (3):

Absi = (wiSTDtrue)/(STDmeas) (2)

wamorph = 1 − (
n

∑
i=1

Absi) (3)

where Absi is the absolute weight fraction of phase i, wi is the weight fraction of phase i determined
by Rietveld refinement, STDtrue is the known weight fraction of the diamond standard, STDmeas is the
calculated weight fraction of the diamond standard by Rietveld refinement and wamorph is the total
absolute weight fraction of amorphous and unidentified phases.

2.5. Reaction Kinetics Calculations

An extent of reaction parameter, α, was calculated from either peak areas (stainless steel pressure
vessel experiment) or mineral concentrations (fused silica capillary experiment), where It was the
observed peak area or mineral concentration at a sampling time, t, and Imax was the maximum peak
area or mineral concentration attained (Equation (4)):

α = (It)/(Imax) (4)

Kinetic data was then extracted using an approach identical to that detailed by Murray et al. [22].
The Sharp-Hancock equation (Equation (5); [41]), a linearised version of the Avrami-Erofe’ev Equation
(Equation (6); [42–45]), was used to calculate kinetic parameters n (reaction order) and k (reaction rate)
by plotting ln(−ln(1 − α)) against ln(t) and fitting a least-squares linear equation.

ln(−ln(1 − α)) = n ln(t − t0) + n ln(k) (5)

α = 1 − exp(−k (t − t0))n (6)

Nucleation time (t0) was assumed to be zero as no new minerals were formed and growth sites
therefore existed for all phases. Values for ln(k) were then plotted against 1/T in an Arrhenius plot to
determine activation energy, Ea, and the pre-exponential factor, A.
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3. Results and Discussion

3.1. Supernatant Chemistry

Decreases in pH, EC, and total alkalinity (TA) were observed over time in bauxite residue in the
200 ◦C and 235 ◦C treatments (Figure 1), indicating a potential for “auto-attenuation” of alkalinity
and salinity within the bauxite residue. This is in sharp contrast with the weathering trajectories of
tailings derived from sulfidic ores, in which initially low pH and high salinity are exacerbated during
weathering due to oxidation of residual iron sulfides [2,4]. Some increases in EC and TA were observed
in 100 ◦C and 135 ◦C treatments whereas EC and TA initially increased and then sharply decreased in
the 165 ◦C, 200 ◦C, and 235 ◦C treatments. This suggests that the lower temperature hydrothermal
treatments progress along the same reaction trajectory as the higher temperature treatments, with
slower reaction rates in the lower temperature treatments.

Figure 1. pH, EC, and total alkalinity (TA) of supernatants from bauxite residue during pressure vessel
treatments at various temperatures. Dashed lines indicate t = 0 values. Note that treatment time (X axis)
is graphed on a logarithmic scale. Error bars indicate 95% confidence interval for the mean of the
100 ◦C treatment at 909 h.

Supernatant concentrations of Al, K, Na, and S all decreased over time to below initial
concentrations in the 200 and 235 ◦C treatments, suggesting removal from solution by mineral
precipitation. Concentrations of Al, Na, and S increased and then decreased to concentrations slightly
above or below initial concentrations in the 165 ◦C treatment. This suggests that similar reactions are
responsible for observed changes in concentrations of Al, Na, and S at temperatures from 165 to 235 ◦C,
and that reaction rates decrease with decreasing temperature. At 100 and 130 ◦C, Al, K, Na, and S
concentrations increased and remained above initial concentrations during hydrothermal treatment;
this suggests that precipitation reactions occur very slowly or do not occur at all at lower temperatures.
Silicon concentrations in the supernatant increased over time in all but the 235 ◦C treatment. This could
be a result of dissolution of reactive Si (from muscovite or finely divided quartz), with precipitation of
sodalite or cancrinite only occurring to an appreciable extent at 235 ◦C. Iron concentrations in solution
remained near or below the detection limit for all treatment temperatures except 235 ◦C (Figure 2).
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The assumption of anatase insolubility was supported by ICP-OES data, which indicated that little Ti
was released to solution, except at 235 ◦C. Titanium and iron concentrations increased simultaneously
and were present in solution at an approximate Fe:Ti molar ratio of 8:1, which is inconsistent with
ilmenite dissolution and rather may indicate dissolution of a minor titanium-substituted iron oxide
phase, such as titanohematite. Ca concentrations were below detection limits (0.35 mg/L) in all samples
and are therefore not shown in Figure 2.

Figure 2. Concentrations of selected elements (mg or g·L−1) in supernatant from bauxite residue after
treatment in pressure vessels. Dashed lines indicate concentrations at t = 0. Where no dashed line is
visible, concentrations at t = 0 were below detection limits. Note that treatment time (X axis) is graphed
on a logarithmic scale. Error bars indicate 95% confidence interval for the mean of the 100 ◦C treatment
at 909 h.

3.2. Solids Mineralogy

The rapid collection of XRD patterns from the bauxite residue slurry in fused silica capillary
reaction vessels allowed construction of time sequence graphs which illustrate the temperature
dependent transformation of gibbsite to boehmite over short timescales (Figures 3–6). Gibbsite
and boehmite dynamics reflect a dissolution-precipitation mechanism based on observed rates of
transformation in Figures 3–6, and previous studies of hydrothermal conversion [46,47]. This would
aid in lowering pH, EC, and TA by diluting the supernatant (Equation (7)). No Al would be released to
the supernatant, although some Al initially present in solution may also be precipitated as boehmite.

Al(OH)3(s) → AlOOH(s) + H2O(l) (7)
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The gibbsite to boehmite reaction could only be observed by in situ synchrotron XRD because
the transformation time (<50 min at 165–170 ◦C) was faster than the required time for the stainless
steel pressure vessels to heat to temperature. The gibbsite to boehmite transformation is known
to occur above 100 ◦C [22]. Transformation of gibbsite to boehmite was very slow at temperatures
≤150 ◦C in this study and increased markedly above this temperature. Elevated pressure slows the
transformation, because the sum of the molar volumes of the products is greater than that of the
reactants (Equation (7)). At lower temperatures, the inhibitory effect of elevated pressure is likely to
have slowed the transformation; however, this effect appeared to have less influence on reaction rates
at higher temperatures. A similar conclusion was drawn by Mehta and Kalsotra [48], who observed
conversion of gibbsite to boehmite under hydrothermal conditions only at temperatures ≥190 ◦C.
Higher alumina to caustic ratios (A/C; Al2O3:Na2O ratio (g/L) in the supernatant) also raise the
minimum transformation temperature [49,50]; the alumina:caustic ratio was consistently below 0.5 in
this experiment and was therefore unlikely to have inhibited transformation of gibbsite to boehmite.

Goethite precipitated to a minor extent at 170 ◦C (Figure 6). Anatase concentrations appeared
stable according to quantitative mineral analysis graphs (Figures 3–6), which supports interpretations
based on Ti concentrations in the supernatants (Figure 2). Amorphous content was stable during the
transformation of gibbsite to boehmite; given that calculated amorphous content includes contributions
from water in the slurry, amorphous content was expected to increase as a result of the water released
during this transformation. The water released during transformation of gibbsite (present in the
bauxite residue slurry at approximately 2% wt) to boehmite may have been insufficient to increase the
amorphous content detectable within the error of the Rietveld-based quantification approach. The
quality of the diffractograms was compromised by the short collection time; this hindered accurate
quantification of gibbsite concentrations below 0.5% wt, and quantification of tricalcium aluminate and
ilmenite concentrations. Diffractogram quality may also have been too poor to detect small changes
in amorphous content of the solid phase. Longer collection times (1–2 min) are required for complex
mineral assemblages if quantification of minor phases, or small changes in concentration of major
phases are of interest.

Figure 3. Concentration of crystalline and amorphous phases in bauxite residue slurry in capillary
reaction vessels as a function of treatment time at 140 ◦C, as determined by Rietveld-based quantitative
mineral analysis of X-ray diffractograms. Note that amorphous content is plotted on the secondary
Y axis and represents contributions from X-ray amorphous minerals in bauxite residue, water in the
slurry, and the fused silica capillary.
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Figure 4. Concentration of crystalline and amorphous phases in bauxite residue slurry in capillary
reaction vessels as a function of treatment time at 150 ◦C, as determined by Rietveld-based quantitative
mineral analysis of X-ray diffractograms. Note that amorphous content is plotted on the secondary
Y axis and represents contributions from X-ray amorphous minerals in bauxite residue, water in the
slurry, and the fused silica capillary. Gaps in data from 100–110, and 160–180 min were caused by beam
loss at the synchrotron. Heating of the slurry continued during beam loss.

 

Figure 5. Concentration of crystalline and amorphous phases in bauxite residue slurry in capillary
reaction vessels as a function of treatment time at 165 ◦C, as determined by Rietveld-based quantitative
mineral analysis of X-ray diffractograms. Note that amorphous content is plotted on the secondary
Y axis and represents contributions from X-ray amorphous minerals in bauxite residue, water in the
slurry, and the fused silica capillary.
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Figure 6. Concentration of crystalline and amorphous phases in bauxite residue slurry in capillary
reaction vessels as a function of treatment time at 170 ◦C, as determined by Rietveld-based quantitative
mineral analysis of X-ray diffractograms. Note that amorphous content is plotted on the secondary
Y axis and represents contributions from X-ray amorphous minerals in bauxite residue, water in the
slurry, and the fused silica capillary.

During extended hydrothermal treatment in stainless steel pressure vessels, boehmite, goethite,
hematite, and calcite appeared to precipitate (Figure 7; Table 2), along with minor precipitation of
sodalite; whereas gibbsite and tricalcium aluminate dissolved (Figure 7). As discussed above, gibbsite
is likely converted to boehmite during hydrothermal treatment. Although conversion of goethite
to hematite has been observed under Bayer process conditions [22], goethite dissolution was not
observed during this experiment, perhaps due to the inhibitory effect of anatase [22]. The precipitation
of both goethite and hematite was likely limited by low dissolved Fe concentrations. Fe(OH)4

−
(aq) is

thermodynamically predicted to be the dominant form of dissolved iron at pH values observed in
these experiments, and goethite and hematite precipitation would therefore have a minimal effect
upon pH, EC, and TA (Equations (8) and (9)) even if precipitation occurred to a greater extent:

Fe(OH)4
−

(aq) → FeOOH(s) + H2O(l) + OH−
(aq) (8)

2Fe(OH)4
−

(aq) + 2H+
(aq) → Fe2O3(s) + 5H2O(l) (9)

Tricalcium aluminate dissolved more slowly than gibbsite and the majority of Al and Ca supplied
to solution from dissolution of both minerals is likely to have been precipitated as boehmite and calcite
given that Al and Ca concentrations did not increase substantially during dissolution (Equation (10);
Figure 2). This conclusion is consistent with the conversion mechanisms described elsewhere [23,46,47].

Ca3Al2(OH)12(s) + 3CO3
2−

(aq) → 3CaCO3(s) + 2AlOOH(s) + 10OH−
(aq) (10)

Calcite and sodalite precipitation were not observed in the fused silica capillary experiments;
changes in calcite:anatase ratio in Table 2 indicate that this is a slower reaction and smaller in magnitude
than the boehmite precipitation reaction. Precipitation of calcite may have only occurred to a minor
extent during the fused silica capillary experiments, and therefore may not have been detected.
A similar explanation may account for the observations of goethite and hematite precipitation in the
longer term stainless steel pressure vessel experiment. Both minerals precipitated more slowly and to
a lesser extent than boehmite (Table 2), and precipitation may therefore not have been detectable over
timescales of 150–250 min at temperatures of 140–165 ◦C.
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Figure 7. X-ray diffraction patterns from bauxite residue before and after hydrothermal treatment. Treatment
time and temperature are indicated for each pattern. Peaks between 7.5◦–35◦ 2θ are labeled with d-spacings
(Å) and abbreviations for minerals as follows: M—muscovite; S—sodalite; B—boehmite; T—tricalcium
aluminate; Go—goethite; Gi—gibbsite; Q—quartz; C—calcite; H—hematite; At—natase; I—ilmenite.

Muscovite appeared to dissolve at 165–170 ◦C in the fused silica capillary experiments but was
stable in the stainless steel pressure vessel experiments. As the only K-bearing mineral in bauxite
residue, muscovite behaviour could be expected to mirror supernatant K concentrations (Figure 2),
dissolving at temperatures ≤165 ◦C and precipitating at temperatures ≥200 ◦C. This is not fully
supported by the XRD data from the fused silica capillary or the stainless steel pressure vessel
experiments. All XRD patterns were collected from powders or slurries that were rotated during
collection of XRD patterns; preferred orientation is therefore unlikely to cause changes in peak areas
between patterns. Muscovite has been observed to dissolve under alkaline conditions [28,31], although
dissolution rates decrease as aqueous Al and Si concentrations increase [32]. The minor dissolution
observed in fused silica capillary experiments at 165–170 ◦C may be due to decreases in aqueous Al in
supernatant solution at temperatures ≥165 ◦C (Figure 2). It is unclear why muscovite dissolution was
not observed by ex situ XRD of hydrothermally treated solids.

Table 2. Percentage change in mineral:anatase ratio during hydrothermal treatment of bauxite residue,
relative to untreated bauxite residue. Ratio was calculated from primary peak areas of each mineral
from synchrotron XRD scans. Mineral names are abbreviated as follows: Gi—gibbsite; T—tricalcium
aluminate; B—boehmite; C—calcite; Go—goethite; H—hematite; S—sodalite. Mineral:anatase ratios of
muscovite, anatase, and quartz did not indicate dissolution or precipitation in response to temperature
or treatment time.

Temperature (◦C) Treatment Time (h)
Mineral

Gi T B C Go H S

100 1.5 54 41 82 30 47 15 47
100 21 47 24 102 43 48 29 62
100 48 46 −2 153 44 52 30 64
100 336 43 −2 313 88 107 89 106

165 1.5 −100 −14 300 53 71 55 68
165 21 −100 −100 468 95 119 109 118
165 48 −100 −100 584 106 138 117 190

235 1.5 −100 −35 348 85 99 90 123
235 3.75 −100 −100 526 88 114 119 150
235 21 −100 −100 587 94 141 177 294
235 48 −100 −100 643 111 156 198 389
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3.3. Reaction Kinetics

Peak areas of minerals in XRD patterns of residues from the 100, 165, and 235 ◦C treatments in
the stainless steel pressure vessel experiment (Table 2) were used to calculate extents of reaction (α)
and kinetic parameters (Equations (4)–(6)). The rapid dissolution of gibbsite and tricalcium aluminate
precluded calculation of reaction kinetics for these phases from the stainless steel pressure vessel
experiment data. Fused silica capillary reaction vessel data were used for the calculation of gibbsite
reaction kinetics, at hydrothermal treatment temperatures of 140, 150, 165, and 170 ◦C, using absolute
mineral concentration as calculated by Rietveld refinement of XRD patterns rather than peak area
of minerals relative to the internal standard. The quality of the XRD patterns from the fused silica
capillary experiment was insufficient to allow accurate quantification of tricalcium aluminate and
reaction kinetics were therefore not calculated for this mineral.

Sharp-Hancock analysis of mineral transformations within these experiments indicated that the
plots of ln(−ln(1 − α)) against ln(t) were well described by linear functions because r2 values were
generally >0.80 (Table 3), except for goethite at 100 ◦C. This indicates that a single reaction mechanism
dominated over the course of the dissolution or precipitation reactions for most minerals. The n values
of 0.8–1.2 observed for gibbsite dissolution (Table 4) are consistent with first-order reaction kinetics
(n = 1). Contracting area kinetics, with an n value of 1.04, and contracting volume kinetics, with an n
value of 1.08, would also be feasible explanations for the observed n values and are consistent with the
transformation of gibbsite to boehmite as a dissolution-precipitation mechanism [46,47].

Table 3. Coefficients of determination (r2) for Sharp-Hancock lines of best fit (ln(−ln(1 − α)) vs. ln(t))
to mineral transformations in bauxite residue. Mineral names are abbreviated as follows: Gi—gibbsite;
B—boehmite; C—calcite; Go—goethite; H—hematite; S—sodalite.

Temperature (◦C) Gi Temperature (◦C) B C Go H S

140 0.90 100 0.86 0.84 0.64 0.91 0.91
150 0.98 165 0.94 0.99 0.99 0.99 0.92
165 0.94 235 0.86 1.00 1.00 1.00 0.97
170 0.99

Table 4. Reaction orders (n) derived from Sharp-Hancock lines of best fit (ln(−ln(1 − α)) vs. ln(t)) to
mineral transformations in bauxite residue. Mineral names are abbreviated as follows: Gi—gibbsite;
B—boehmite; C—calcite; Go—goethite; H—hematite; S—sodalite.

Temperature (◦C) Gi Temperature (◦C) B C Go H S

140 0.804 100 0.289 0.281 0.200 0.363 0.162
150 1.072 165 0.357 0.441 0.361 0.301 0.331
165 0.991 235 0.403 0.096 0.314 0.499 0.508
170 1.185

The Ea value calculated from this study (Table 5) match well with values from Mehta and
Kalsotra’sstudy [48] of boehmite precipitation under hydrothermal, alkaline conditions for boehmite
(Ea 69.63–73.46 kJ·mol−1). Under alkaline, heated (60–85 ◦C) conditions, at ambient pressure, the
Ea for gibbsite dissolution is 107 kJ·mol−1 [51]. This is lower than the value observed in this study
(Table 5), which suggests that pressure inhibited the gibbsite-boehmite transformation [21] The Ea

value determined from this study for sodalite precipitation (Table 5) was much higher than that
determined in other studies for first-order reaction kinetics involving precipitation from solution
(38.2–48.4 kJ·mol−1; [52,53]). This suggests that sodalite is not directly precipitated from solution,
but that precipitation is reliant upon the dissolution or transformation of another mineral. A similar
elevation in activation energy for cancrinite precipitation under Bayer conditions was observed when
cancrinite formed from sodalite rather than directly precipitating from solution [54]. Muscovite or
quartz could be sources of reactive silica for sodalite precipitation; however, neither were observed to
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dissolve to an appreciable extent within this study. No values for activation energies of precipitation
of calcite, goethite, or hematite under similar reaction conditions were available in the literature.

The low values of n returned from Sharp-Hancock analysis (0.10 < n < 0.85) for minerals other
than gibbsite suggest that precipitation of minerals proceeded via three-dimensional (3D) diffusion
controlled reaction mechanisms (Table 3), because these reactions occur with an ideal n value of
0.57 [55]. However, the activation energies calculated from Arrhenius plots of ln(k) against 1/T ranged
from 76–131 kJ·mol−1 (Table 5). These activation energies are far higher than expected for diffusion
controlled reactions (generally <21 kJ·mol−1; [56]), and therefore suggest that precipitation reactions
were in fact surface controlled.

Table 5. Activation energies (Ea; kJ·mol−1), pre-exponential (“frequency”) factors (A; s−1), and reaction
rates at 165 ◦C (k; s−1) calculated from Arrhenius plots for mineral transformations in bauxite residue.
Mineral names are abbreviated as follows: Gi—gibbsite; B—boehmite; C—calcite; Go—goethite;
H—hematite; S—sodalite.

Parameter Gi B C Go H S

Ea 190.79 88.03 99.58 75.54 75.71 131.15
ln A 49.00 12.80 18.45 9.79 8.38 21.07

log(k), 165 ◦C −1.47 −4.94 −3.86 −4.76 −5.39 −6.50

In an attempt to distinguish which kinetic models best describe observed behaviour, lines were
fitted to the reaction data for [ln(1 − α)] against t, which should result in a straight line with gradient k
if the reaction is controlled by first-order kinetics, and [1 − (1 − α)1/3]2 against t, which should result
in a straight line with gradient k if the reaction is controlled by 3D diffusion [55]. Gibbsite data was also
fitted to [1 − (1 − α)1/2] against t, which should result in a straight line with gradient k if the reaction
proceeds at a decelerating rate proportional to remaining mineral surface area (contracting area),
and [1 − (1 − α)1/3] against t, which should result in a straight line with gradient k if the reaction
proceeds at a decelerating rate proportional to remaining mineral volume (contracting volume).
Coefficient of determination values (r2) were used to compare the linear fits achieved by each model.
Fits achieved were similar, although r2 values for first-order reaction models were generally better
than r2 values for 3D diffusion models for precipitating minerals (Table 6). The gibbsite dissolution
rate appears to be constant at 140 and 150 ◦C (Figures 3 and 4), but appears to decelerate at 165 and
170 ◦C (Figures 5 and 6). However, the first-order, contracting area, and contracting volume models fit
gibbsite dissolution at 150 and 170 ◦C equally well (Table 6). Overall, the fits to first-order, contracting
area, and contracting volume models for gibbsite dissolution were almost identical, which does not
allow the most appropriate model amongst these three to be identified.

Reaction half lives (time required for half of the reactant(s) in a chemical reaction to be consumed),
as predicted by the Avrami-Erofe’ev Equation and using the values of n expected for first-order surface
controlled and 3D diffusion controlled reactions, were compared with observed reaction half lives,
calculated by interpolation of Sharp-Hancock lines of best fit. Precipitation reaction half lives were
predicted far more accurately by the first-order surface control model (Table 7). This information,
combined with the high activation energies which are inconsistent with the 3D diffusion mechanism,
suggests that the rates of these precipitation reactions were controlled by first-order surface kinetics.
It also seems unlikely that 3D diffusion would control reaction rates in a continuously stirred system.
However, there was more than an order of magnitude difference between observed and predicted
reaction half lives for boehmite, goethite, muscovite, and sodalite using first-order kinetics, which
suggests that first-order kinetics do not accurately model reaction kinetics in all cases.
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Table 6. Coefficient of determination (r2) values for least square lines fitted to mineral precipitation or
dissolution data under a first-order surface control kinetic model (FO), 3D diffusion control kinetic
model (3D), contracting area model (CA), and contracting volume model (CV). Mineral names are
abbreviated as follows: Gi—gibbsite; B—boehmite; C—calcite; Go—goethite; H—hematite; S—sodalite.

Mineral Kinetic Model
Temperature (◦C)

100 165 235

B FO 0.985 0.998 0.785
3D 0.999 0.989 0.813

C FO 0.995 0.989 0.938
3D 0.996 0.994 0.944

Go FO 0.994 0.985 0.988
3D 0.991 0.996 0.992

H FO 0.992 0.819 0.994
3D 0.995 0.854 0.999

S FO 0.963 0.993 0.999
3D 0.989 0.962 0.998

Mineral Kinetic Model
Temperature (◦C)

140 150 165 170

Gi FO 0.907 0.987 0.948 0.976
3D 0.890 0.954 0.937 0.916
CA 0.907 0.986 0.939 0.986
CV 0.907 0.987 0.943 0.984

Table 7. Reaction half lives (t1/2) as calculated by interpolation of Sharp-Hancock lines of best fit to
observed data (OB) and the Avrami-Erofe’ev equation predicted for first-order surface control (FO)
and 3D diffusion control (3D) for mineral transformations in bauxite residue. Mineral names are
abbreviated as follows: Gi—gibbsite; B—boehmite; C—calcite; Go—goethite; H—hematite; S—sodalite.

Temperature Kinetic Model Gi B C Go H S

165◦C (h)
OB 0.0061 2 2 2 17 83
FO 0.0057 16.78 1.40 11 47 595
3D 0.0570 67870 869 32412 416986 35509858

25 ◦C (years) FO 32098 164 61 21 94 1513193

Using the kinetic data presented in Tables 4 and 5, and assuming that reactions are controlled
by a first-order surface mechanism (i.e., n = 1), reaction rates were extrapolated to determine reaction
half lives at field conditions (1 atm pressure, 25 ◦C). Calcite, boehmite, goethite and hematite reach
their reaction half lives within two centuries; however, gibbsite and sodalite take substantially longer
to reach their half lives. Boehmite precipitation was predicted to occur more rapidly than gibbsite
dissolution at field conditions, which indicates that gibbsite dissolution would control the gibbsite to
boehmite transformation. Although auto-attenuation of residue alkalinity and salinity under closed
system conditions is theoretically possible, it would take millions of years under field conditions
if controlled by these mineral reactions. No mineral transformations or reactions were observed
during simulated weathering that would be potentially deleterious to rehabilitation and long term
environmental management, although the slow dissolution of calcite and sodalite (which precipitated
to a minor extent under closed system conditions) during rainfall leaching would contribute to the
maintenance of high alkalinity and salinity in bauxite residue pore water and leachates. Given the
mineral transformations observed here, the soil forming from bauxite residue is likely to have similar
mineralogical properties to deeply weathered soils characteristic of tropical environments, such as
Nitisols and Ferralsols [57], owing to the dominance of iron oxides and absence of high-activity clay
minerals. These soils are not alkaline or saline so substantial leaching of residue would be required
to remove soluble salts, especially sodium which remains in pore water at substantial concentrations
(≥1.5 g·L−1) even at the highest treatment temperature.
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The reactions observed in this experiment may not occur under field conditions. Non-linearity
in the response of activation energies and reaction rates to temperature and pressure can occur due
to different reaction mechanisms being favoured [56], which hinders the use of observed activation
energies and rates to predict behaviour outside the observed range. Diffusion does not appear to be
a significant rate limiting process in the observed reactions, but is dependent on pressure, and the
direction of this dependence (and thus the effect of pressure on reaction rates according to Equation (1))
cannot be predicted without determining activation volumes of the reactions. The effect of pressure on
reaction rates is considered to be small relative to temperature for pressures found in the Earth’s crust
(1–10,000 kbar) [56], and is, therefore, unlikely to cause substantial variation between observed and
predicted reaction half lives within this study. However, the effect of temperature on activation energies,
rates, and reaction mechanisms could result in a different suite of reactions occurring in bauxite residue
within storage areas under ambient temperature and pressure compared to those observed at elevated
temperatures and pressures. Results from this study illustrate a potential weathering trajectory for
bauxite residue; but this would need to be validated against observations of mineral transformations
in the long term for field weathered bauxite residues to confirm that the predicted reactions occur in
the field. Further, trace element speciation and mobility, which were beyond the scope of this study,
also merit evaluation under both simulated laboratory weathering and field weathering scenarios to
ensure that the weathering reactions observed here do not result in pulses of elements, such as As, Se,
Mo, and V, being released.

4. Conclusions

Hydrothermal treatment of bauxite residue slurry resulted in a decrease in pH, EC, and total
alkalinity, as well as decreases in concentrations of Al, K, Na, and S, in the liquid component of the
slurry; these decreases were inversely related to treatment temperature and time. Conversion of
gibbsite to boehmite, and the dilution from water released to solution during this reaction, appeared
to be the main mechanism responsible for decreases in pH, EC, TA, and element concentrations.
Dissolution and precipitation kinetics were adequately described by first-order kinetics. Extrapolation
of reaction rates and activation energies from hydrothermal conditions imposed in this study
to standard temperature and pressure indicated that calcite, goethite, hematite, and boehmite
precipitation could be expected to occur within a few centuries; but that dissolution of gibbsite and
precipitation of sodalite would take substantially longer. Auto-attenuation of alkalinity and salinity
in bauxite residue under closed conditions is theoretically possible according to the reaction kinetics
determined in this study, although it would occur over lengthy timescales. Based on the observed
mineral transformations, soil developing from bauxite residue is likely to have characteristics associated
with Nitisols or Ferralsols. Extrapolation of reaction kinetics observed under hydrothermal conditions
to standard temperatures and pressures may be invalid because of different reaction mechanisms being
favoured at different temperatures and pressures. Temperature is likely to be more important than
pressure in this regard. Validation of observed mineral behaviour in this study against field weathered
residues is required to determine if mineral transformations observed under hydrothermal conditions
provide an accurate representation of weathering reactions under field conditions.

Acknowledgments: The authors thank Stephen Leavy, Tina Matheson, and Alan Jones (Alcoa of Australia
Limited) for assistance with the stainless steel reaction vessel experiment; Michael Smirk (University of Western
Australia) and Bree Morgan (Monash University) for assistance with the fused silica capillary reaction vessel
experiment; and Ian Madsen (CSIRO) and Matthew Rowles (Curtin University) for assistance with Rietveld
refinement of X-ray diffractograms. Part of this research was undertaken on the Powder Diffraction beamline
(10BM1) at the Australian Synchrotron, Victoria, Australia, and the authors would like to thank Kia Wallwork for
assistance with the fused silica capillary reaction vessel experiment. This research was supported by an Australian
Postgraduate Award, and funding from the Minerals and Energy Research Institute of Western Australia, Alcoa of
Australia Ltd., and BHP Billiton Worsley Alumina Pty Ltd.

Author Contributions: T.S. and M.F. conceived the experiments; T.S. designed experiments with contributions
from M.F. and R.G.; T.S. performed experiments, data analysis and interpretation, and wrote the paper.

85



Metals 2015, 5, 1241–1261

Conflicts of Interest: The authors declare no conflict of interest. This study was supported by funding from Alcoa
of Australia Ltd. and BHP Billiton Worsley Alumina Ltd.; however, funders had no role in the design of the study
or interpretation of results.

References

1. Mudd, G.M.; Boger, D.V. The ever growing case for paste and thickened tailings—Towards more sustainable
mine waste management. J. Aust. Inst. Min. Metall. 2013, 2, 56–59.

2. Uzarowicz, L.; Skiba, A. Technogenic soils developed on mine spoils containing iron sulphides: Mineral
transformations as an indicator of pedogenesis. Geoderma 2011, 163, 95–108. [CrossRef]

3. Santini, T.C.; Fey, M.V. Spontaneous vegetation encroachment upon bauxite residue (red mud) as an
indication and facilitator of in situ remediation processes. Environ. Sci. Technol. 2013, 47, 12089–12096.
[CrossRef] [PubMed]

4. Hayes, S.M.; Root, R.A.; Perdrial, N.; Maier, R.M.; Chorover, J. Surficial weathering of iron sulfide mine
tailings under semi-arid climate. Geochim. Cosmochim. Acta 2014, 141, 240–257. [CrossRef] [PubMed]

5. Wilkinson, B.H.; McElroy, B.J. The impact of humans on continental erosion and sedimentation. Geol. Soc.
Am. Bull. 2007, 119, 140–156. [CrossRef]

6. Bardossy, G.; Aleva, G.J.J. Lateritic Bauxites; Elsevier: Amsterdam, The Netherlands, 1990.
7. Power, G.; Grafe, M.; Klauber, C. Bauxite residue issues: I. Current management, disposal and storage

practices. Hydrometallurgy 2011, 108, 33–45. [CrossRef]
8. Santini, T.C.; Fey, M.V. Fly ash as a permeable cap for tailings management: Pedogenesis in bauxite residue

tailings. J. Soils Sediments 2015, 15, 552–564. [CrossRef]
9. Santini, T.C.; Fey, M.V. Assessment of Technosol formation and in situ remediation in capped alkaline tailings.

Catena 2015. in review.
10. Henin, S.; Pedro, G. The laboratory weathering of rocks. In Experimental Pedology; Hallsworth, E.G.,

Crawford, D.V., Eds.; Butterworths: London, UK, 1965; pp. 15–22.
11. Williams, C.; Yaalon, D.H. An experimental investigation of reddening in dune sand. Geoderma 1977, 17,

181–191. [CrossRef]
12. Singleton, G.A.; Lavkulich, L.M. Adaptation of the Soxhlet extractor for pedologic studies. Soil Sci. Soc. Am.

J. 1978, 42, 984–986. [CrossRef]
13. Sullivan, P.J.; Sobek, A.A. Laboratory weathering studies of coal refuse. Environ. Geochem. Health 1982, 4,

9–16. [CrossRef]
14. Hodson, M.E. Experimental evidence for mobility of Zr and other trace elements in soils. Geochim. Cosmochim.

Acta 2002, 66, 819–828. [CrossRef]
15. Taylor, S.; Pearson, N. Properties of Bayer Process Solids from Alcoa WA Refineries and Their Component Minerals;

Alcoa of Australia Ltd.: Perth, Australia, 2001; p. 86.
16. Hurst, V.J.; Kunkle, A.C. Dehydroxlyation, rehydroxylation, and stability of kaolinite. Clays Clay Miner. 1985,

33, 1–14. [CrossRef]
17. Imasuen, O.I.; Tazaki, K.; Fyfe, W.S.; Kohyama, N. Experimental transformation of kaolinite to smectite. Appl.

Clay Sci. 1989, 4, 27–41. [CrossRef]
18. Mosser-Ruck, R.; Cathelineau, M. Experimental transformation of Na, Ca smectite under basic conditions at

150 ◦C. Appl. Clay Sci. 2004, 26, 259–273. [CrossRef]
19. Su, C.; Harsh, J.B. Dissolution of allophane as a thermodynamically unstable solid in the presence of boehmite

at elevated temperatures and equilibrium vapor pressures. Soil Sci. 1998, 163, 299–312. [CrossRef]
20. Nikraz, H.R.; Bodley, A.J.; Cooling, D.J.; Kong, P.Y.L.; Soomro, M. Comparison of physical properties between

treated and untreated bauxite residue mud. J. Mater. Civ. Eng. 2007, 19, 2–9. [CrossRef]
21. Wefers, K.; Misra, C. Oxides and Hydroxides of Aluminium; Alcoa Technical Paper No. 19 (revised); Aluminium

Company of America: Pittsburgh, PA, USA, 1987; p. 92.
22. Murray, J.; Kirwan, L.; Loan, M.; Hodnett, B.K. In situ synchrotron diffraction study of the hydrothermal

transformation of goethite to hematite in sodium aluminate solutions. Hydrometallurgy 2009, 95, 239–246.
[CrossRef]

23. Whittington, B.I. The chemistry of CaO and Ca(OH)2 relating to the Bayer process. Hydrometallurgy 1996, 43,
13–35. [CrossRef]

86



Metals 2015, 5, 1241–1261

24. Smith, P. The processing of high silica bauxites—Review of existing and potential processes. Hydrometallurgy
2009, 98, 162–176. [CrossRef]

25. Thompson, T.L.; Hossner, L.R.; Wilding, L.P. Micromorphology of calcium carbonate in bauxite processing
waste. Geoderma 1991, 48, 31–42. [CrossRef]

26. Menzies, N.W.; Fulton, I.M.; Kopittke, R.A.; Kopittke, P.M. Fresh water leaching of alkaline bauxite residue
after sea water neutralization. J. Environ. Qual. 2009, 38, 2050–2057. [CrossRef] [PubMed]

27. Hawkins, D.B.; Roy, R. Experimental hydrothermal studies on rock alteration and clay mineral formation.
Geochim. Cosmochim. Acta 1963, 27, 1047–1054. [CrossRef]

28. Knauss, K.G.; Wolery, T.J. Muscovite dissolution kinetics as a function of pH and time at 70 ◦C. Geochim.
Cosmochim. Acta 1989, 53, 1493–1501. [CrossRef]

29. Huang, W.L. Stability and kinetics of kaolinite to boehmite conversion under hydrothermal conditions.
Chem. Geol. 1993, 105, 197–214. [CrossRef]

30. Frogner, P.; Schweda, P. Hornblende dissolution kinetics at 25 ◦C. Chem. Geol. 1998, 151, 169–179. [CrossRef]
31. Kuwahara, Y. In situ observations of muscovite dissolution under alkaline conditions at 25–50 ◦C by AFM

with an air/fluid heater system. Am. Mineral. 2008, 93, 1028–1033. [CrossRef]
32. Oelkers, E.H.; Schott, J.; Gauthier, J.M.; Herrero-Roncal, T. An experimental study of the dissolution

mechanism and rates of muscovite. Geochim. Cosmochim. Acta 2008, 72, 4948–4961. [CrossRef]
33. Gudbrandsson, S.; Wolff-Boenisch, D.; Gislason, S.R.; Oelkers, E.H. An experimental study of crystalline

basalt dissolution from 2 ≤ pH ≤ 11 and temperatures from 5 to 75 ◦C. Geochim. Cosmochim. Acta 2011, 75,
5496–5509. [CrossRef]

34. Saldi, G.D.; Schott, J.; Pokrovsky, O.S.; Gautier, Q.; Oelkers, E.H. An experimental study of magnesite
precipitation rates at neutral to alkaline conditions and 100–200 ◦C as a function of pH, aqueous solution
composition and chemical affinity. Geochim. Cosmochim. Acta 2012, 83, 93–109. [CrossRef]

35. Heimann, R.B.; Vandergraaf, T.T. Cubic zirconia as a candidate waste form for actinides: Dissolution studies.
J. Mater. Sci. Lett. 1988, 7, 583–586. [CrossRef]

36. Coelho, A. TOPAS-Academic v 4.1, Coelho Software: Brisbane, Australia, 2007.
37. Vogel, A.I. A Textbook of Quantitative Inorganic Analysis; Longman Group: New York, NY, USA, 1978; p. 925.
38. GBC Scientific Equipment Pty. Ltd. Traces: X-ray Diffraction Screen Processing Software and Accessories, v 6.7.20,

GBC Scientific Equipment: Hampshire, NH, USA, 2006.
39. Chester, R.; Jones, F.; Loan, M.; Oliviera, A.; Richmond, W.R. The dissolution behaviour of titanium oxide

phases in synthetic Bayer liquors at 90 ◦C. Hydrometallurgy 2009, 96, 215–222. [CrossRef]
40. Norby, P. Hydrothermal conversion of zeolites: An in situ synchrotron X-ray powder diffraction study. J. Am.

Chem. Soc. 1997, 119, 5215–5221. [CrossRef]
41. Sharp, J.H.; Hancock, J.D. Method of comparing solid state kinetic data and its application to the

decomposition of kaolinite, brucite, and BaCO3. J. Am. Ceram. Soc. 1972, 55, 74–77.
42. Avrami, M. Kinetics of phase change. I. General theory. J. Chem. Phys. 1939, 7, 1103–1113. [CrossRef]
43. Avrami, M. Kinetics of phase change. II. Transformation-time relations for random distribution of nuclei.

J. Chem. Phys. 1940, 8, 212–225. [CrossRef]
44. Avrami, M. Granulation, phase change, and microstructure kinetics of phase change. III. J. Chem. Phys. 1941,

9, 177–185. [CrossRef]
45. Erofe’ev, B.V. Generalised equation of chemical kinetics and its application in reactions involving solids.

C. R. (Dokl.) Acad. Sci. URSS 1946, 52, 511–514.
46. Tsuchida, T. Hydrothermal synthesis of submicrometer crystals of boehmite. J. Eur. Ceram. Soc. 2000, 20,

1759–1764. [CrossRef]
47. Gong, X.; Nie, Z.; Qian, M.; Liu, J.; Pederson, L.A.; Hobbs, D.T.; McDuffle, N.G. Gibbsite to boehmite

transformation in strongly caustic and nitrate environments. Ind. Eng. Chem. Res. 2003, 42, 2163–2170.
[CrossRef]

48. Mehta, S.K.; Kalsotra, A. Kinetics and hydrothermal transformation of gibbsite. J. Ther. Anal. Calorim. 1991,
367, 267–275. [CrossRef]

49. Dash, B.; Tripathy, B.C.; Bhattacharya, I.N.; Das, S.C.; Mishra, C.R.; Pani, B.S. Effect of temperature and
alumina/caustic ratio on precipitation of boehmite in synthetic sodium aluminate liquor. Hydrometallurgy
2007, 88, 121–126. [CrossRef]

87



Metals 2015, 5, 1241–1261

50. Dash, B.; Tripathy, B.C.; Bhattacharya, I.N.; Das, S.C.; Mishra, C.R.; Mishra, B.K. Precipitation of boehmite in
sodium aluminate liquor. Hydrometallurgy 2009, 95, 297–301. [CrossRef]

51. Grenman, H.; Salmi, T.; Murzin, D.Y.; Addai-Mensah, J. The dissolution kinetics of gibbsite in sodium
hydroxide at ambient pressure. Ind. Eng. Chem. Res. 2010, 49, 2600–2607. [CrossRef]

52. Adamson, A.N.; Bloore, E.J.; Carr, A.R. Extractive Metallurgy of Aluminium—Volume 1; Interscience: New York,
NY, USA, 1963; pp. 23–58.

53. Cresswell, P.J. Factors affecting desilication of Bayer process liquors. In Proceedings of the Chemeca 84:
The 12th Australian Chemical Engineering Conference, Melbourne, Australia, 26–29 August 1984.

54. Barnes, M.C.; Addai-Mensah, J.; Gerson, A. A methodology for quantifying sodalite and cancrinite phase
mixtures and the kinetics of the sodalite to cancrinite phase transformation. Microporous Mesoporous Mater.
1999, 31, 303–319. [CrossRef]

55. Francis, R.J.; O’Brien, S.; Fogg, A.M.; Halasyamani, P.S.; O’Hare, D.; Loiseau, T.; Ferey, G. Time-resolved in situ
energy and angular dispersive X-ray diffraction studies of the formation of the microporous gallophosphate
ULM-5 under hydrothermal conditions. J. Am. Chem. Soc. 1999, 121, 1002–1015. [CrossRef]

56. Lasaga, A.C. Kinetic Theory in the Earth Sciences; Princeton University Press: Princeton, NJ, USA, 1998.
57. IUSS Working Group WRB. World Reference Base for Soil Resources 2014; World Soil Resources Reports No.

106; Food and Agriculture Organisation of the United Nations: Rome, Italy, 2014.

© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

88



metals

Article

“High-Throughput” Evaluation of Polymer-Supported
Triazolic Appendages for Metallic Cations Extraction

Riadh Slimi and Christian Girard *

Unité de Technologies Chimique et Biologiques pour la Santé (UTCBS), UMR 8258 CNRS, U 1022 Inserm, Ecole
Nationale Supérieure de Chimie de Paris (Chimie ParisTech)/PSL Research University, 11 rue Pierre et Marie
Curie, 75005 Paris, France; riadhslimi82@yahoo.fr
* Author to whom correspondence should be addressed; christian.girard@chimie-paristech.fr;

Tel.: +33-144-276-748; Fax: +33-144-276-496.

Academic Editor: Hugo F. Lopez
Received: 25 February 2015; Accepted: 7 March 2015; Published: 12 March 2015

Abstract: The aim of this work was to find and use a low-cost high-throughput method for a quick
primary evaluation of several metal extraction by substituted piperazines appendages as chelatants
grafted onto Merrifield polymer using click-chemistry by the copper (I)-catalyzed Huisgen’s reaction
(CuAAC) The polymers were tested for their efficiency to remove various metal ions from neutral
aqueous solutions (13 cations studied: Li+, Na+, K+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Cd2+, Ba2+, Ce3+,
Hg+ and Pb2+) using the simple conductimetric measurement method. The polymers were found to
extract all metals with low efficiencies ≤40%), except for Fe3+ and Hg+, and sometimes Pb2+. Some
polymers exhibited a selectively for K+, Cd2+ and Ba2+, with good efficiencies. The values obtained
here using less polymer, and a faster method, are in fair correspondence (average difference ±16%)
with another published evaluation by atomic absorption spectroscopy (AAS).

Keywords: polymer functionalization; click chemistry; CuAAC; complexants; metallic cations;
complexation; depollution; catalysis

1. Introduction

Water pollution by metallic ions and other pollutants is becoming an increasing concern nowadays.
This modification of the water, in all his reservoirs, is mainly due to Human activities with uncontrolled
rejects of such pollutants. The pollution has a strong impact onto the global ecosystem as well as
drinkable water sources. There is thus a strong need for methods to analyze traces and to remove the
pollutants from water. Usual methods for removing metallic salts from water range from distillation
to the use of engineered materials such as zeolites, polymers, membranes, etc. The long time known
ion-exchange resins can be used for this purpose [1–3]. Usually, the polymers are engineered is such
a way that their nature can be hydrophilic [4–7] or phobic [8,9], to meet the requirements for their
use [10–14]. Many polymers have been designed in order to include chelatants to fix metal ions to be
used in applications such as purification, depollution or catalysis [15–20].

Due to our interest into metal chelation, supported catalysis and Huisgen’s reaction, we became
interested into the preparation of polymers based on this approach [21–23]. We thus started to use the
“click-chemistry” concept for polymer functionalization and especially copper (I)-catalyzed Huisgen’s
cycloaddition (“copper (I)-catalyzed azide/alkyne cycloaddition” or CuAAC) [24–29]. The use of
CuAAC has the advantage to give a quick access of controlled substitutions onto the polymer by
the use of its azided version and alkynes with various substituents [30–35]. This CuAAC is linking
the azided polymer and the substituents bearing alkyne by forming the 1,4-triazole linkage. All the
introduced substituents and the triazole can be implicated into chelation through a “triazole design”,
or a “pendant design”, or both parts implicated into an “integrated design”. The chelation can be a
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mono- or multi-dentate mode due to the vicinity of other chelating entities and the flexible structure of
the polymer chains. (Figure 1) [34,35].

 

Figure 1. Functionalization of azido-Merrifield polymer by complexing appendages using
copper (I)-catalyzed azide/alkyne cycloaddition (CuAAC) for a 1,2,3-triazole linkages and possible
chelation modes.

The goal of this work was to try to find a faster method, using less polymer, for the evaluation
of several metal cations complexation evaluation. We present in this communication the use of the
less sensitive conductimetric method for the study of piperazine-triazole-substituted poly(styrenes).
The polymers were tested for their ability to extract metal cations salts (Li+, Na+, K+, Mn2+, Fe3+, Co2+,
Ni2+, Cu2+, Cd2+, Ba2+, Ce3+, Hg+ and Pb2+) from neutral aqueous solutions. The results were found
to be fair enough to be used for a primary evaluation at a “high-throughput” level when compared to
our previous atomic absorption spectroscopy measurements (within ±16% average difference) [36].

2. Experimental Section

2.1. N-Substituted Piperazine Propargylcarbamates and Polymers

Poly(azidomethylstyrene) was prepared from Merrifield polymer as already reported.
N'-propargylcarbamates of N-substituted piperazine, and the corresponding polymers containing
triazole-linked piperazines preparations were described in a another publication as depicted in
Figure 2 [36,37]. Typical procedures are indicated below.

 

Figure 2. Synthesis of the polymers by CuAAC procedure.
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2.1.1. General Procedure for the Synthesis of Propargylcarbamates Derivatives of Piperazines 2a–2g

To a solution of the required N-substituted piperazine 1a to 1g (12.0 mmol) in acetonitrile (45 mL)
was added Na2CO3 (1.27 g, 12.0 mmol, 1 eq.). Propargyl chloroformate (1.42 g, 1.17 mL, 12.0 mmol, 1
eq.) was then added dropwise. The reaction mixture was stirred for 48 h at room temperature and
then filtered and evaporated under vacuum. The resulting carbamates 2a–2g were sufficiently pure to
be used without further purification.

2.1.2. General procedure for the Synthesis of Polymers 3a–3g

Coupling reactions onto the polymer using CuAAC were conducted accordingly to the general
procedure indicated below in round bottom flasks equipped with a reflux condenser. To a suspension
of 3.00 g of azidomethyl polystyrene A (1.82 mmol N3 g−1, 5.46 mmol N3) in THF (60 mL) was
added 6.30 mmol (1.15 eq.) of the alkyne (2a–2g), 9.00 mL of triethylamine (6.75 g, 66,7 mmol,
12.2 eq.) and 2.40 mg of copper (I) iodide (12.6 μmol, 4 mol%). The suspension was slowly stirred
at room temperature 72 h. After this time, the complete disappearance of the IR band of the azide
of the polymer A (2103 cm−1) was observed. The resulting polymer was filtered on sintered glass
and washed sequentially with CH2Cl2, pyridine, and MeOH (60 mL each), the sequential washings
being repeated two other times. The resulting polymers 3a–3g were finally dried overnight in an
oven at 50 ◦C.

2.2. Conductimetric Quick Primary Evaluation of Metals Complexation

2.2.1. Extraction

Neutral aqueous solutions of metal salts were prepared with 50 mg of LiCl (1.179 mmol),
NaCl (0.856 mmol), KCl (0.671 mmol), MnCl2·4H2O (0.253 mmol), Fe(NO3)3·9H2O (0.124 mmol),
CoCl2·6H2O (0.210 mmol), NiCl2·6H2O (0.210 mmol), CuCl2·2H2O (0.293 mmol), CdCl2·H2O (0.248
mmol), BaCl2·2H2O (0.205 mmol), CeCl3·7H2O (0.134 mmol), HgNO3 (0.190 mmol) and Pb(NO3)2

(0.151 mmol) in 1 L of distilled water.
Aliquots of the each polymers (100 mg; 3a: 0.137 mmol, 3b: 0.134 mmol, 3c: 0.121 mmol, 3d: 0.126

mmol, 3e: 0.126 mmol, 3f: 0.117 mmol and 3g: 0.123 mmol piperazine) were incubated in triplicate
with 20 mL (50 mg L−1, equals to 1 mg of salt) of each metal ion solution (23.6 μmol Li+, 17.1 μmol
Na+, 13.4 μmol K+, 5.05 μmol Mn2+, 2.47 μmol Fe3+, 4.20 μmol Co2+, 4.21 μmol Ni2+, 5.87 μmol Cu2+,
4.97 μmol Cd2+, 4.09 μmol Ba2+, 2.68 μmol Ce3+, 3.81 μmol Hg+ and 3.02 μmol Pb2+) at 25 ◦C for 24 h.
The suspension was then filtrated on filter paper, which was previously washed with distilled water
until no difference in conductimetry was observed between the washes and water.

2.2.2. Conductimetric Measurements

Evaluation of the chelated metal was done by conductimetric measurements on a bench
Conductivity/TDS/◦C Meter CO 3000 L, pHenomenal® by VWR (Paris, France) on the filtrate by
comparison with the conduction of the initial solution of the metal salt. The results, average of three
experiments, were expressed as percentages of extraction of the metal (Figure 3 (below) and Figure 4,
Section 3.2).
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Figure 3. Extraction efficiencies of metal cations by the triazolic piperazine polymers 3a–3g (cations
extracted at levels ≥50% are indicated).

3. Results and Discussion

3.1. Polymers Preparation

The polymers needed for this study have been prepared elsewhere [36]. They were
easily accessible, in different substitution motifs, using poly(azidomethylstyrene) (1) and various
N-substituted-piperazine-N'-propargylcarbamates (2a–2g). A CuAAC procedure afforded a
quantitative reaction to form the triazole linkage onto the polymers 3a–3g (Figure 2, Section 2.1) [36,37].

3.2. Extraction Results

After 24 h incubation on a 100 mg scale of the polymers in 20 mL of 50 mg L−1 solutions of the salts
(1 mg of salt, see Section 2.2.1 for details), the percentages of extraction for each metal were calculated
by conductimetric differences between the initial and final solutions, each experiment having been
carried out in triplicate. The results for each polymer as a function of the metallic cations are presented
in Figure 3 (Section 2.2.2).

When looking at the whole results, we can observe than most of the cations were poorly extracted,
at 30% or below, but exceptions. Since the polymeric structure differs only by the R substituent on
the nitrogen (Figure 2, Section 2.1), an analysis has been done to understand the influence of the
substituent’s nature on the extraction.

In the alkyl series, polymer 3a, R = Me, was a very good extractant for Fe3+ (81% ± 1%) and Hg+

(85% ± 1%), less for Pb2+ (37.5% ± 0.3%), and not very good for other metals (≤30%). When changing
R for Et, in polymer 3b, the same extractive properties were found, only at a little lower level, for Fe3+

(77.35% ± 0.05%) and Hg+ (77.5% ± 0.3%), less for Pb2+ (34% ± 2%), the other metals being around or
below 30%, as for the previous one.

When entering the aryl series, an obvious decrease in the extraction potentials was observed,
alongside some other interesting behaviors. For the uncited cations in the following paragraph, they
were extracted ≤30%. For R = 4-methoxyphenyl in 3c, Fe3+ (60% ± 7%) and Hg+ (46% ± 4%) were
less extracted. However, Pb2+ (51% ± 3%) was better extracted. By replacing the phenyl group by a
nitrogen containing aromatic one, like in the 2-pyrimidyl (3d), Fe3+ (59.4% ± 0.2%) was extracted at the
same level, lower than the alkyl family (3a, 3b). Hg+ (61.25% ± 0.05%) was a little less extracted than
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by N-alkyl substituted polymers 3a and 3b but better than the 4-methoxyphenyl polymer 3c. In the
case of polymer 3d, Pb2+ (18% ± 1%) extraction dropped, but K+ (34% ± 3%) uptake increased. It is
interesting to point out that some metals were not at all extracted by 3d: Li+, Na+, Mn2+, Co2+, Cu2+

and Cd2+. When the substituent borne by the nitrogen was 2-pyridyl (3e), the extraction level dropped
for Fe3+ (43% ± 2%), but stayed similar for Hg+ (59.19% ± 0.04%) and Pb2+ (22% ± 1%). Interestingly,
another metal was extracted, Ba2+ (51% ± 4%), while Ni2+ and Ce3+ were not extracted.

By changing the nature of the substituent by introducing a carbamate function in 3f

(R = C(O)OCH2Ph), the polymer became less selective. This polymer (3f) still extracted Fe3+

(72% ± 1%), but at the same level as the N-alkyl substituted ones (3a, 3b), it extracted Pb2+ (46% ± 1%)
at the level of the 4-methoxyphenyl polymer 3c, and stayed in the same range as the previous one for
Hg+ (58% ± 2%) and Ba2+ (41% ± 1%). Furthermore, the polymer 3f was a good extractant for K+

(67% ± 5%) and Cd2+ (60.3% ± 0.1%).
Finally, when the piperazine nitrogen onto the polymer was an amide of 2-furoic acid (3g),

The extraction behavior came back to the triade Fe3+ (41% ± 4%), Hg+ (56.23% ± 0.04%), and Pb2+

(34% ± 2%). The levels were similar as the ones of 3e. Once again some cations were not extracted like
Li+, Na+, and Cu2+.

From this first analysis, based only on the difference of the R group, it seems that the presence
of an alkyl substituent (3a, R = Me, 3b, R = Et) is giving the best extraction levels for Fe3+ and Hg+,
probably due to the increased electronegativity of the amine. Inductive and steric hindrance effects
can explain the differences between 3a and 3b. The introduction of a 2-methoxyphenyl group on the
nitrogen (3c) changes it to an aniline, less basic, which is extracting less Fe3+ and Hg+. However, the
presence of the methoxy group in ortho position seems to help in Pb2+ extraction. It is possible that this
oxygenated group is implicated into the chelation of this metal. Replacement of this aromatic by a
2-pyrimidyl (3d) and 2-pyridyl (3e), less and more basic respectively when compared one to the other,
still gives polymers capable of extracting Fe3+ and Hg+, with similar levels as 3c. Special features of
these polymers are higher extraction of K+ for 3d and Ba2+ for 3e, as well as exclusion of some cations:
Li+, Na+, Mn2+, Co2+, Cu2+ and Cd2+ for 3d, and Ni2+ and Ce3+ for 3e.

The electronegativities and chelating capabilities of these amino-R groups are however difficult
to put in relation with their extracting properties. The most puzzling effect is the presence of a
benzylcarbamate onto the nitrogen of the polymer (3f). This group is totally modifying the properties
of the polymer. In this case, more metallic ions are extracted, with the classical Fe3+ and Hg+. This
includes K+, Cd2+, Ba2+, and Pb2+. This may suggest another chelation mode introduced by the
presence of the carbamate. Finally, the presence of a derivative of furoic acid as an amide on the
nitrogen (3g) do not seems to helps since extraction levels are going down with extraction of the usual
Fe3+, Hg+, and Pb2+, and exclusion of Li+, Na+, Cu2+.

The electronegativities of the substituted nitrogen of the piperazine can in part explain some
of the relative extraction efficiencies. However, it is difficult to draw a clear conclusion. We have
also tried to rationalize the interactions between the polymers and the metal ions based on their
electropositivities, ionic radii and water solvatation. Once again, no clear link can be drawn about
the extraction efficiencies based on the metal cation properties. The only difference that can explain,
once again in part, the preference of the polymers for Fe3+ and Hg+, and in some cases Pb2+, is the
counter-ion of the salt used for the study. All metallic salts were chlorides except for Fe3+, Hg+, and
Pb2+, which were used as their nitrates.

The final analysis we have tried to make is to try to find out the chelation mode from the
piperazine-triazole in relation with the metal cations. For the best extraction results, over 40%, it was
not possible to make a clear discrimination between the three modes (pendant, triazole and integrated).
The ratios piperazine-triazole:metal cation varied from 13:1 (3f and K+, 67% ± 5%) to 118:1 (3e and
Fe3+, 43% ± 2%), since the chelating moieties were in large excess. This cannot gives a clear hit on the
chelation mode, which can be of polydentate type or simply a statistical repartition on the chelation
sites, without knowledge of the chelation type.
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All the results and analyses cannot clearly identify the discrete complexation behavior of the
metal by the polymers at the solid/liquid interface. However, we were able to obtain better results
than with our first series of triazolic polymers based on propargyl amides and propiolic anilides onto
poly(styrene) [38].

Figure 4 presents our results by cation absorption to help to find the best extractant. By drawing a
cut-off for selection at 40% extraction level, it is clear that none of the polymers is very efficient for the
removal of Li+, Na+, K+, Co2+, Ni2+, Cu2+ and Ce3+. For K+, polymer 3f is the best with 3.51 mg K+ g−1.

• In the case of Fe3+, as said before, all polymers are complexing this ion. The best results are
1.12 mg Fe3+ g−1 3a, 1.07 mg Fe3+ g−1 3b and 1.00 mg Fe3+ g−1 3f; followed by 0.83 mg Fe3+ g−1

3c and 0.82 mg Fe3+ g−1 3d, while 3e and 3g were borderline.
• Cd2+ and Ba2+ are more efficiently removed by 3f (3.37 mg Cd2+ g−1, 2.31 mg Ba2+ g−1) and 3e

(2.87 mg Ba2+ g−1).
• For Hg+, as for Fe3+, all polymers can be used. In order, by sorption capacities, are 3a

(6.49 mg Hg+ g−1), 3b (5.92 mg Hg+ g−1), 3d (4.68 mg Hg+ g−1), 3e (4.52 mg Hg+ g−1), 3f

(4.43 mg Hg+ g−1), 3g (4.30 mg Hg+ g−1) and 3c (3.51 mg Hg+ g−1).
• Finally, in the case of Pb2+, polymers 3c (3.19 mg Pb2+ g−1) and 3f (2.88 mg Pb2+ g−1) are the

more efficient.

 

Figure 4. Extraction efficiencies of metal cations by the triazolic piperazine polymers 3a–3g (polymers
extracting at levels ≥50% are indicated).

4. Conclusions

In this work, we studied chemical grafting of piperazine chelating units onto commercial
poly[styrene] (Merrifield resin) using CuAAC procedure between the azided polymer and selected
piperazine-N-propargylcarbamates. The synthesized polymers were characterized by FTIR. They were
then tested for their efficiency to extract metallic ions from aqueous solution (Li+, Na+, K+, Mn2+, Fe3+,
Co2+, Ni2+, Cu2+, Cd2+, Ba2+, Ce3+, Hg+ and Pb2+). All polymers were found to extract most of the
ions at low level (≤40%), with the exception of Fe3+, Hg+ and Pb2+. Some polymers showed selectivity
for K+, Cd2+ and Ba2+. Extraction efficiencies reached up 85%, with the highest sorption capacity at
6.49 mg Hg+ g−1 of polymer (3a).

The conductimetric method used, even having a less precise reputation, was good enough to
have a quick evaluation of several cations removal. This method has been selected both for its lower
cost in appartatus when compared to AAS and ICP methods. It is also faster and easier to do the
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measurements in order to speed up the process to find the best and highly selective extractant for a
range of engineered polymers.

Even if no clear interpretation can be done with the results for the interfacial chelation process,
the good extraction properties encourage us to continue polymers modifications using CuAAC in
order to find new polymeric complexants for depollution and catalytic applications. Further studies
will be reported in due course.
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Abstract: Nano-structured molybdenum disulfide (MoS2) catalysts have been extensively developed
for the hydrogen evolution reaction (HER). Herein, a novel hydrothermal intercalation approach
is employed to fabricate nanoflower-like 2H–MoS2 with the incorporation of three polymers,
polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), and polyethylenimine (PEI). The as-prepared
MoS2 specimens were characterized by techniques of scanning electron microscope (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), together with Raman and Fourier
transform infrared spectroscopy (FTIR). The HER properties of these lamellar nanoflower-like
composites were evaluated using electrochemical tests of linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS). The existent polymer enlarges the interlayer spacing
of the lamellar MoS2, and reduces its stacked thickness. The lamellar MoS2 samples exhibit a
promoting activity in HER at low additions of these three polymers (0.04 g/g MoS2 for PVA and PEI,
and 0.08 g/g MoS2 for PVP). This can be attributed to the fact that the expanded interlayer of MoS2

can offer abundant exposed active sites for HER. Conversely, high additions of the polymers exert
an obvious interference in the HER activity of the lamellar MoS2. Compared with the samples of
MoS2/PVP–0.08 and MoS2/PEI–0.04, the MoS2/PVA–0.04 composite exhibits excellent activity in
HER, in terms of higher current density and lower onset potential.

Keywords: nanoflower-like molybdenum disulfide; hydrogen evolution reaction; polymer
intercalation; electrochemical test

1. Introduction

Hydrogen as an ideal, clean and efficient secondary energy resource serves as one of the most
competent candidates for replacing petroleum fuels for the future. The electrolysis of water is the most
mature and promising method for the production of hydrogen [1,2]. Thus, a variety of nonmetal and
metal materials such as carbides [3,4], and Pt-group alloys [5,6] employed as catalysts for the hydrogen
evolution reduction (HER) have been extensively explored. Up to date, it has been difficult to push
the industrial applications of them because of the poor activities in HER or high costs. Compared
with the above-mentioned materials, chalcogenides [7–9], particularly, molybdenum disulfide (MoS2),
possess the merits of acceptable cost, acidic stability, easy fabrication, and a higher electrocatalytic
property [10,11]. The suitability of MoS2 as an excellent catalyst for HER, is mainly due to the catalytic
activity at the edge of this lamellar crystal [7,12,13]. It has been proved by theoretical and experimental
studies that the active sites of 2H-MoS2 for HER locate the (010) and (100) planes with the existence of
unsaturated molybdenum and sulfur atoms, while the (002) basal plane is inactive [7,12,14].
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In general, there are three pathways to obtain MoS2 catalyst with an effective activity in HER.
They are briefly described as follows: (1) increase in the intrinsic activity of active sites, for instance,
Ni, B, and Fe metals have been incorporated to improve the catalytic activity of MoS2 [15,16]; (2)
improvement in the electrical contact between the catalytic sites, such that graphite [17], mesoporous
carbon [18], and reduced graphene oxide [19,20] have been employed to improve electrical conductivity;
(3) enhancement in the number of active sites, thus the decrease in crystal size and stacked thickness
have been taken into account. It is well known that the HER activity of MoS2 decreases with the increase
of stacked thickness, because of the Van der Waals force interactions within its interlayer [21–23].
Therefore, most studies in the electrocatalytic enhancements of MoS2 have focused on improving the
density of the active sites and reducing the stacked thickness. Based on this consideration, the chemical
exfoliation process [24] and the low pressure chemical vapor deposition method [25] were employed
for the fabrications of exfoliated 1T–MoS2 and monolayer MoS2. In view of the enhancement in the
HER of nano-structured MoS2, various intercalation techniques have been employed to extend the
interlayer space and to increase the active sites of MoS2 specimens. Compared with intercalations of
graphene oxide and some other materials, the process of polymer intercalation can be easily performed.
To the best of our knowledge, however, as for the improvement in HER of MoS2-based catalyst,
insufficient efforts for the intercalation of polymers have been devoted to the increase in the exposed
unsaturated edge sites and the reduction in the stacked thickness. Thus, the enhancement in HER of
MoS2 catalyst merits extensive exploration.

The aim of this study is to reveal the effects of intercalated polymers on the structure,
density of active edge sites, and HER activity of nanoflower-like MoS2. Thus, three polymers, i.e.,
polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), and polyethylenimine (PEI) were added to
the aqueous solutions employed for the fabrication of nanoflower-like MoS2 via a solvothermal
synthesis approach. Herein, the prepared MoS2 specimens were characterized using scanning electron
microscope (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), as well as Raman
and Fourier transform infrared spectroscopy (FTIR). The electrocatalytic performances in HER of
theses lamellar catalysts were evaluated by the techniques of linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS). This work sheds insight into the enhancement in HER
of the MoS2-based material.

2. Material and Methods

2.1. Material

Analytical grade reagents of ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, AHM,
99 wt. %), thiourea (CH4N2S, 99 wt. %), polyvinyl alcohol (PVA, average molecular weight of 77087.5,
93 wt. %), polyethylenimine (PEI, average molecular weight of 600, 99 wt. %), polyvinylpyrrolidone
(PVP, average molecular weight of 10,000, 95 wt. %), and sulfuric acid (H2SO4, 98 wt. %) were
purchased from Jingchun Scientific Co. Ltd. (Shanghai, China). The 5 wt. % of Nafion solution was
provided by Alfa Aesar Chemicals Co. Ltd. (Shanghai, China). The above mentioned reagents were
used as received and without further purification.

2.2. Synthesis of Nanoflower-Like MoS2

The preparation process of nanoflower-like MoS2 was as follows: 1.41 g of AHM and 0.26 g of
thiourea were dissolved in 20 mL of distilled water, and the mixed solution was stirred to form a
homogeneous solution. Then, a certain amount of polymer (PVA in the range of 0.04–0.4 g/g MoS2,
PVP in the range of 0.08–2.0 g/g MoS2, PEI in the range of 0.04–0.4 g/g MoS2) was added to the
mixed solution. This solution was stirred for another 30 min at room temperature to guarantee the
homogeneity of the solution. Afterward, the mixed solution was transferred to a 25 mL Teflon-lined
stainless steel autoclave placed in an electric cooker (WRN-010, Eurasian, Tianjin, China). Then
the temperature of this mixed solution was increased to 200 ◦C and maintained for 24 h. When
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the temperature of the solution naturally cooled from 200 ◦C to room temperature, the solution
was centrifuged and then washed with distilled water and ethanol to remove residual reactants.
Finally, the obtained powders were dried at 60 ◦C under a vacuum atmosphere. With the addition
of PVA, PVP, and PEI, the prepared samples were described as MoS2/(PVA)–X, MoS2/(PVP)–X and
MoS2/(PEI)–X (Table 1), respectively; where X denotes the concentration of polymer (g/g MoS2) in the
solution. Without the presence of polymer, the pure MoS2 was fabricated by a similar process to that
mentioned above.

Table 1. Additions of reagents for MoS2/polymers catalysts with the hydrothermal synthesis process.
Polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), polyethylenimine (PEI), Thiourea, ammonium
molybdate tetrahydrate (AHM) and H2O are listed.

Sample
PVA (g/g

MoS2)
PVP (g/g

MoS2)
PEI (g/g
MoS2)

Thiourea (g) AHM (g) H2O (mL)

Pure MoS2 – – – 0.26 1.41 20
MoS2/PVA–0.04 0.04 – – 0.26 1.41 20
MoS2/PVA–0.2 0.2 – – 0.26 1.41 20
MoS2/PVA–0.4 0.4 – – 0.26 1.41 20
MoS2/PVP–0.08 – 0.08 – 0.26 1.41 20
MoS2/PVP–0.4 – 0.4 – 0.26 1.41 20
MoS2/PVP–2.0 – 2.0 – 0.26 1.41 20
MoS2/PEI–0.04 – – 0.04 0.26 1.41 20
MoS2/PEI–0.2 – – 0.2 0.26 1.41 20
MoS2/PEI–0.4 – – 0.4 0.26 1.41 20

2.3. Characterization

An X-ray diffractometer (XRD, Smartlab, Tokyo, Japan) with a Cu Kα radiation (λ = 1.5418 Å) was
employed to investigate the structures of the prepared catalysts. Raman spectroscopy was conducted
using a Raman Microscope (E55+FRA106, Bruker, Karlsruhe, Germany) with an excitation wavelength
of 514.5 nm. The morphology analysis was performed using a scanning electron microscope (SEM,
S-4800, Hitachi, Tokyo, Japan) with an accelerating voltage of 5 kV. Transmission electron microscopy
(TEM) and high resolution TEM (HRTEM) images were performed with a microscope (JEM-2010, JEOL,
Tokyo, Japan) at a voltage of 200 kV. A Nicolet iS5 Fourier transform infrared spectrometer (Thermo
Fisher Scientific, Madison, WI, USA) was adopted to determine the FTIR spectra of the specimens with
16 scans at a resolution of 4 cm−1 interval.

2.4. Fabrication of the Electrodes

The fabrication process of the tested electrode was described as follows. First, 5 mg of pure
MoS2 or MoS2/polymer powder and 30 μL of Nafion solution (5 wt. %) were dispersed in 1 mL of
ethanol-water solution at room temperature (the volume ratio between absolute ethanol and distilled
water is 1:3). Then the mixed solution was dispersed for 1 h using an ultrasonic cleaner (YJ5120-10,
Kun Shan Ultrasonic Instruments Co. Ltd., Kunshan, China). Second, 5 μL of the dispersed solution
was dropped onto the surface of a glassy carbon electrode (GCE) with a diameter of 3 mm (Aida
Hengsheng Technology Co. Ltd., Tianjin, China). Finally, the modified GCE with a powder loading
of 0.34 mg/cm2 was dried at room temperature for 24 h. The obtained electrodes were denoted as
MoS2/PVA–X, MoS2/PVP–X and MoS2/PEI–X (Table 1), where X denotes the different addition of
PVA, PVP, and PEI. The pure MoS2 electrode was fabricated exactly as the above process, except for
pure MoS2 powder applied to replace the MoS2/polymer powder.

2.5. Electrochemical Measurements

All the electrochemical measurements were performed in a 0.5 mol·L−1 H2SO4 solution at 298 K
under atmospheric pressure, using an electrochemical workstation (CHI 650C, Chenhua Co. Ltd.,
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Shanghai, China). A three stand electrode cell was employed, where the fabricated electrode mentioned
above, Ag/AgCl, and Pt wire were employed as working electrode, reference electrode, and auxiliary
electrode. Before the tests, all the electrolytes were deaerated by purging with pure N2 gas for 40 min
before the tests.

Linear sweep voltammetry (LSV) was conducted between −0.25 and 0.1 V at 2 mV·s−1.
Electrochemical impedance spectroscopy (EIS) was measured at a cathode overpotential of 200 mV;
the employed amplitude of the sinusoidal signal was 5 mV. All EIS tests were always carried out
from high frequency to low frequency, and the frequency ranged from 105 to 10−2 Hz. During the
test, all potentials were collected versus the Ag/AgCl electrode. Then the potentials (versus Ag/AgCl)
were calibrated to a reversible hydrogen electrode (RHE) as follows: ERHE = EAg/AgCl + 0.059pH +
0.209 V. All the measurements were performed in triplicate to guarantee the reproducibility of the
experimental data.

3. Results and Discussions

3.1. Characterization of Nanoflower-Like MoS2

3.1.1. X-Ray Diffraction (XRD) Spectra

The XRD patterns of the prepared MoS2-based nanoflower-like samples are presented in Figure 1.
For the purpose of comparison, the standard pattern of the pristine 2H-MoS2 (JCPDS No. 37-1492)
is also displayed within Figure 1. Three peaks appearing at 2θ = 15.0◦, 33.8◦, and 57.1◦ correspond
to the (002), (100), and (110) planes of the pristine 2H–MoS2, respectively. It is noteworthy that,
compared to that of pure MoS2, the locations of the composites corresponding to the (002) peaks shift
to lower angles. The diffraction peaks of composites centered at around 2θ = 12.5◦ correspond to the
interspacing (d) of 7.08 Å obtained via the Bragg equation. Herein, the interspacing thicknesses of the
three MoS2 composite specimens are identical, which may be due to the low additions of PVA, PVP,
and PEI. The interspacing of 7.08 Å for MoS2/polymer composites is much larger than that of the pure
MoS2 (5.9 Å), indicating the expansion of lattice and the intercalation of polymers [26,27]. In addition,
the weak characteristic of these three peaks for the prepared samples is validated, suggesting their
poor crystallizations. Meanwhile, with a decrease in concentrations of polymers, the shapes of these
reflection peaks become sharper, suggesting enhancement of crystallinities. It is noteworthy that the
decline of the (002) diffraction peak indicates a low stacking height [28], which is effective for offering
more active sites and lower intrinsic resistance for HER [21].

 

Figure 1. X-ray diffraction (XRD spectra of the as-prepared MoS2-based nanoflower-like catalysts:
(a) MoS2/polyvinyl alcohol (PVA) composite; (b) MoS2/polyvinylpyrrolidone (PVP) composite;
(c) MoS2/polyethylenimine (PEI) composite.
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3.1.2. Raman Spectra

The Raman spectra of MoS2/PVA composites are reported in Figure 2a. The two characteristic
peaks of pure MoS2 at 372 and 402 cm−1 match well with the E2g

1 and A1g vibrational models of the
hexagonal MoS2 [29]. With the increase in concentration of PVA, intensities of E2g

1 and A1g peaks
become low and weak, demonstrating the decrease in crystallinities of the composites. Herein, Raman
spectra of MoS2/PVP and MoS2/PEI composites with different additions of PVP and PEI are not given,
because of their similarities to that of MoS2/PVA. In general, the difference in frequency between E2g

1

and A1g is helpful in determining the number of stacked layers [30,31]. As demonstrated in Figure 2a,b,
for MoS2/PVA, MoS2/PVP, MoS2/PEI composites, a red shift of the E2g

1 band and a blue shift of the
A1g band are observed; thus the smaller differences between E2g

1 and A1g can be validated for these
three composites. In contrast with that of pure MoS2, we confirmed that the intercalations of polymers
reduce the stacking thicknesses of the nanoflower-like MoS2 composites. It should be pointed out that
Raman spectra of the composite specimens strongly depend on the stoichiometry of their components,
thus the different HER activity between the pure MoS2 and the composites might be confirmed.

 

Figure 2. Raman spectra of various MoS2-based nanoflower-like catalysts: (a) MoS2/PVA composite;
(b) MoS2/PVA–0.04, MoS2/PVP–0.08, and MoS2/PEI–0.04 composites.

3.1.3. FTIR Spectra

FTIR spectra of MoS2/PVA composites (Figure 3a), MoS2/PVP composites (Figure 3b), and
MoS2/PEI (Figure 3c) composites were measured. As shown in Figure 3, the strong absorbance
peaks appearing at 3000 to 3600 cm−1 indicate the presences of intermolecular and intramolecular
hydrogen bonds; nevertheless, to some extent, these peaks are overlapped by the absorbance of water
molecules. The characteristic peaks of O–H, CH2, and C–H groups for PVA (Figure 3a) with the wave
number in the range of 1330–1648 cm−1 can be observed [32], while the peaks of the C–O stretch
and O–H bending can be found at 1096 cm−1. The characteristic peaks of the MoS2/PVA composites
are consistent with that of pure PVA. As for the pure PVP and MoS2/PVP composites (Figure 3b),
the peaks corresponding to C=O stretching vibration, and C–N stretching vibration are observed at
1659 cm−1, and 1284 cm−1 [33]. The peak located at 3380 cm−1 (Figure 3c) corresponds to the –NH2

group in PEI. In addition, peaks appearing at 2948, 2840, and 1459 cm−1 can be assigned to asymmetric
stretching vibrations of C–H bond, while the peak at 1106 cm−1 is attributed to the stretching vibration
of the C–N group [34]. Thus, the MoS2/PVP and MoS2/PEI composites present the same characteristic
peaks as the pure PVP and PEI polymers. Based on the above analyses, the existence of PVA, PVP,
and PEI can be validated, thereby indicating theses three polymer molecules can be intercalated in the
MoS2 gallery space during the hydrothermal process.
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Figure 3. Raman and Fourier transform infrared spectroscopy (FTIR) spectra of (a) MoS2/PVA–0.04
composite; (b) MoS2/PVP–0.08 composite; (c) MoS2/PEI–0.04 composite.

3.1.4. SEM Morphologies

The morphologies of the pure MoS2 and the synthesized MoS2/PVA composites are illustrated in
Figure 4. All samples are assembled by the lamellar nanoflower-like MoS2 with diverse lateral sizes
ranging from 100 to 400 nm. With the increase in PVA addition (Figure 4b–d), large nano-size flowers
with vague edges can be found, suggesting insufficient crystallization of these composites, consistent
with the results of XRD. It should be noted that a similar tendency in the presence of PVP and PEI
can also be confirmed (Figure 5). Among the MoS2/polymer composite samples, the MoS2/PVA–0.4,
MoS2/PVP–2.0 and MoS2/PEI–0.4 samples exhibit remarkable aggregations (Figures 4d and 5c,f),
which may be attributed to the excessive adsorption of polymers at the surface and edge sites of the
MoS2 composites. In addition, with the decrease in polymer addition, the edges of MoS2 composites
(Figures 4b and 5a,d) can be easily observed, thereby indicating the high crystallinity of the samples.
Therefore, a nanoflower-like MoS2 sample with a high crystallinity and small particle size can be
obtained with low additions of polymers (0.04 g/g MoS2 for PVA and PEI, and 0.08 g/g MoS2 for PVP).

Figure 4. Scanning electron microscope (SEM) images of (a) pure MoS2; (b) MoS2/PVA–0.04 composite;
(c) MoS2/PVA–0.08 composite; and (d) MoS2/PVA–0.4 composite.
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Figure 5. SEM images (a–f) of the MoS2/polymer composites synthesized at various concentrations,
where a–f represent MoS2/PVP–0.08, MoS2/PVP–0.4, MoS2/PVP–2.0, MoS2/PEI–0.04, MoS2/PEI–0.2,
and MoS2/PEI–0.4 composites.

3.1.5. TEM

To further elucidate the morphologies of the obtained composites, transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) measurements were performed. From the
fabricated composites, MoS2/PVA–0.04, MoS2/PVP–0.08, and MoS2/PEI–0.04 three samples were
selected for the tests. Also, the pure MoS2 sample was analyzed for comparison. As displayed in
Figure 6, these samples with a diameter of about 100 nm are assembled by lamellar MoS2 powders.
Nano-size flowers with a thickness of 2–5 nm can be observed, which are notably thinner than that of
the pure MoS2 (~10 nm). The lattice inter spaces of 7.08 Å for MoS2/PVA–0.04, MoS2/PVP–0.08 and
MoS2/PEI–0.04 composites are much larger than that of pure MoS2 (5.9 Å), which is also consistent
with the results of XRD. This may be attributed to the intercalations of polymers, and the interactions
between the oxygen-containing functional groups of the polymers and the MoS2 precursors [19]. Thus,
the polymers intercalated into the MoS2 interlayer can afford a number of exposed edges for HER.

Figure 6. Transmission electron microscopy (TEM) (a–d) and high resolution transmission electron
microscopy (HR-TEM) (e–h) of the various samples, represented for pure MoS2, MoS2/PVA–0.04,
MoS2/PVP–0.08, and MoS2/PEI–0.04 composites.
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3.2. HER Activity of the Nanoflower-Like MoS2/Polymer

3.2.1. Linear Sweep Voltammetry (LSV)

To evaluate the catalytic activity in HER of the MoS2/polymer composite, LSV measurements
were performed in 0.5 mol·L−1 H2SO4 solution with a scanning rate of 2 mV·s−1 at room temperature.
Cathodic polarization curves (Figure 7a) and corresponding Tafel plots (Figure 7d) of MoS2/PVA–0.04,
MoS2/PVA–0.08, MoS2/PVA–0.4 were obtained. In comparison with the pure MoS2 sample, it can
be observed that all the MoS2/PVA composites present much lower onset overpotentials (η); among
them, the MoS2/PVA–0.04 sample exhibits the lowest value of η (~40 mV), suggesting the excellent
HER activity. The onset potentials for other MoS2/PVA composites are in the range of 180–250 mV,
these values are still lower than that of the pure MoS2 (300 mV). As shown in Figure 7a, compared
with other specimens, the MoS2/PVA–0.04 sample exhibits the largest cathodic current density of
20 mA·cm−2 at (η = 250 mV), which is 80 times that of the pure MoS2 (0.25 mA·cm−2). Similarly, the
enhancements in HER for MoS2/PVP and MoS2/PEI composites can also be validated (Figure 7b,c).
The current densities of MoS2/PVP–0.08 and MoS2/PEI–0.04 (η = 250 mV) are 9.04 mA·cm−2 and
9.60 mA·cm−2, respectively; which are 36-fold and 38-fold levels higher than that of the pure MoS2.

Figure 7. Polarization curves (a–c) and corresponding Tafel plots (d–f) of the MoS2/PVA, MoS2/PVP,
MoS2/PEI composites.

It is well known that the smaller the Tafel slope of the sample, the higher the HER activity [35,36]
will be. The Tafel plots (Figure 7d–f) fit the following Tafel equation:

η = b × log j + a (1)

where, η (mV) is the overpotential, and j (mA·cm−2) is the current density. The values of Tafel slope are
~173, ~113, ~46, and ~39 mV·dec−1 for MoS2, MoS2/PVA–0.4, MoS2/PVA–0.2, and MoS2/PVA–0.04,
which are very consistent with published reports [37,38]. Among the samples, MoS2/PVA–0.04
with the smallest Tafel slope exhibits the highest HER activity. The small Tafel plot compares to
that of the other reported polymer [39]. Although Tafel slopes of MoS2/PVA–0.2, MoS2/PVA–0.4
samples are larger than that of MoS2/PVA–0.04, their HER activities are still higher than that of
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the pure MoS2 because of their smaller Tafel slopes. Similarly, the same can be concluded for
MoS2/PVP and MoS2/PEI composites. Among these two kinds of composite, the MoS2/PVP–0.08 and
MoS2/PEI–0.04 samples possess notable HER activities due to smaller Tafel slopes than those of other
corresponding samples (Figure 7e,f). However, these two composites for HER activity are inferior to
the MoS2/PVA–0.04 sample.

Based on the above mentioned results, we realize that all the prepared composites present quite
different HER activities due to the effects of different concentrations of polymers. Considering the
feasibilities of intercalation polymers in the interlayer of MoS2 catalysts and excessive adsorption of
them on the surface and edge sites of MoS2, the HER activities of these three kinds of composites
are reduced with increase in the additions of the polymers. Thus, the enhancement in HER for
nanoflower-like MoS2 can be achieved by adjusting the polymer addition.

3.2.2. Electrochemical Impedance Spectroscopy (EIS)

The kinetics of MoS2/polymer composites in HER can be further illustrated by EIS, and the
results are reported in Figure 8. The EIS data were fitted using a modified Randles equivalent circuit
shown in Scheme 1. The values of the circuit elements obtained by fitting the experimental results are
shown in Table 2. Herein, a constant phase element (CPE) was adopted to model the electrical double
layer of the electrode/electrolyte interface. The necessity of CPE in place of pure capacitance is due to
the dispersed distribution of Nyquist diagrams in the high frequency domain [40]. The double layer
capacitance (Cdl) and exchange current density (i0) of the electrode were estimated using Equations (2)
and (3) [41]:

Cdl = Y0 × (R−1
s + R−1

ct )
n−1

(2)

i0 =
RT

nFRct
(3)

where, Y0 (mS·s·cm−2) regarded as a capacity parameter, is the CPE coefficient; the dimensionless
CPE exponent (n) is related to the constant phase angle. Rs (Ω·cm2), and Rct (Ω·cm2) are the solution
resistance, and the charge transfer resistance, respectively.

 

Figure 8. Nyquist plots of MoS2-based nanoflower-like composite catalysts: (a) MoS2/PVA composite;
(b) MoS2/PVP composite; (c) MoS2/PEI composite.

As indicated by Figure 8 and Table 2, compared with that of the MoS2 pure sample, the
Nyquist plots reveal a decrease in charge transfer resistance (Rct) (from 7.55 kΩ·cm2 to 0.84 kΩ·cm2),
demonstrating the excellent conductivity of the composites (Table 2). Rct of MoS2/polymer composites
follow the sequence of MoS2/PVA < MoS2/PEI < MoS2/PVP. Rct of the MoS2/PVA–0.04 is smaller
than that of other specimens, suggesting a faster charge transfer of this composite. The double
layer capacitance (Cdl) is calculated to evaluate the exposed active surface area of the electrode.
As shown in Table 2, MoS2/PVA–0.04 exhibits the largest Cdl compared to the other ones. Furthermore,
MoS2/PVA–0.04 exhibits a significant exchange current density (i0) of 5.89 × 10−5 mA·cm−2, which is
2–11 times larger than that of the other composites. The large i0 further confirms the excellent activity
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for HER catalysis. Thus, among the composite samples, the MoS2/PVA–0.04 composite with the lowest
Rct, highest Cdl and i0 provides sufficient active sites, and thereby guarantees excellent HER activity.

 

Rs 

Rct 

CPE 

Scheme 1. Randles electrical equivalent circuit compatible with the Nyquist diagrams shown in
Figure 8. Rs, Rct and CPE are the solution resistance, the charge transfer resistance, and a constant
phase element, respectively.

Table 2. Analyzed parameters of electrochemical impedance spectroscopy (EIS) spectra for the composites.

Sample Rs/(Ω·cm2) Rct/(kΩ·cm2) Y0/(mS·s·cm−2) n Cdl/(mF·cm−2) i0/(×10−5mA·cm−2)

MoS2 6.13 7.55 0.16 0.67 0.29 0.50
MoS2/PVA–0.04 4.87 0.84 1.00 0.52 2.13 5.89
MoS2/PVA–0.2 5.24 1.96 0.25 0.72 0.64 1.82
MoS2/PVA–0.4 5.86 6.05 0.19 0.79 0.39 0.54
MoS2/PVP–0.08 5.72 2.62 0.27 0.71 0.85 1.38
MoS2/PVP–0.4 6.54 3.04 0.20 0.87 0.40 0.97
MoS2/PVP–2.0 7.58 6.23 0.02 0.81 0.34 0.51
MoS2/PEI–0.04 6.22 1.45 0.30 0.83 0.87 2.14
MoS2/PEI–0.2 6.45 2.47 0.21 0.66 0.62 1.58
MoS2/PEI–0.4 5.71 6.18 0.20 0.80 0.37 0.52

Y0 regarded as a capacity parameter, is the CPE coefficient. the dimensionless CPE exponent (n) is related to the
constant phase angle. Rs and Rct are the solution resistance and the charge transfer resistance. The double layer
capacitance (Cdl) and exchange current density (i0) are listed in the table.

3.3. Stability

In addition to the HER activity, stability plays a crucial role in the potential application for a
MoS2-based catalyst. In order to reveal the stability of this catalyst in acidic solution, a long-term
cycling test for the MoS2/PVA–0.04 composite was conducted. This test was performed with the
potential ranging from −0.25 to 0.1 V (vs. RHE) at a scan rate of 20 mV·s−1. It can be observed that the
current density of the composite (Figure 9) shows a slight decrease (less than 4%) after 1000 CV cycles.
Thus, the MoS2/PVA–0.04 composite exhibits excellent durability in the HER process.

 

Figure 9. Stability test for the MoS2/PVA–0.04 composite. RHE = reversible hydrogen electrode.
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4. Conclusions

In this study, three kinds of MoS2/polymer composites were fabricated by a facile hydrothermal
method. The effects of three polymers PVA, PVP, and PEI on the stacking height and the quantity
of exposed active sites of the nanoflower-like MoS2 were evaluated. The intercalated or adsorbed
polymers provide carbonyl and hydroxyl functional groups for attachment of the MoS2 precursor,
and enlarge the interlayer spacing of MoS2 particles. The expanded interlayers of nanoflower-like
MoS2 catalysts lead to the enhancement in active sites, resulting in a high electrocatalytic activity
for HER. Of all the composites, the MoS2/PVA–0.04 composite exhibits the best HER activity, due
to a small overpotential (~40 mV), a large cathodic current (20 mA·cm−2), and a small Tafel slope
(~39 mV·dec−1).
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Abstract: Aqueous solutions of tetrachloroauric acid of high purity and stability were synthesised
using the known reaction of gold metal with chlorine gas. The straightforward procedure developed
here allows the resulting solution to be used directly for gold nanoparticle synthesis. The procedure
involves bubbling chlorine gas through pure water containing a pellet of gold. The reaction is
quantitative and progressed at a satisfactory rate at 50 ◦C. The gold(III) chloride solutions produced
by this method show no evidence of returning to metallic gold over at least twelve months. This
procedure also provides a straightforward method to determine the concentration of the resulting
solution using the initial mass of gold and volume of water.

Keywords: gold chloride; HAuCl4; chlorine; gold nanoparticles

1. Introduction

Research involving gold nanoparticles has increased significantly over the last two decades,
creating with it the need for high purity gold chloride (generally in the form of tetrachloroauric acid)
as a starting material for the nanoparticle synthesis. Many synthetic methods utilize aqueous solutions
of gold(III) chloride for this purpose. Although gold chloride can be purchased from commercial
suppliers, we have found that this can increase laboratory costs significantly, especially when larger
quantities of gold nanoparticles are being prepared. Furthermore, solutions of gold(III) chloride can be
quite unstable, rapidly returning to metallic gold unless kept under appropriate conditions (e.g., pH <
4 with excess chloride ions) [1]. Here we report a straightforward method to produce highly stable
aqueous solutions of gold(III) chloride using gold metal and molecular chlorine as starting materials.
The method can be scaled from the millilitre scale to litre scale and requires no expensive reagents.

2Au0
(s) + 3Cl2 (g) + 2HCl (aq) → 2HAuIIICl4 (aq) (1)

The reaction of metallic gold with chlorine is shown in Equation (1). This chemistry was applied
to industrial processes as early as the 19th century to dissolve gold from gold-bearing ores [2–4], and
although chlorination was quickly replaced by cyanidation in the gold mining industry, research
into the use of halogens, in particular chlorine, bromine and iodine, has made a resurgence in recent
decades due to environmental concerns associated with cyanide use [5,6]. A number of the industrial
procedures for ore extraction use chlorine gas injected into the reaction chamber or alternatively water
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that contains dissolved chlorine gas [7], while other methods employ the reaction between sodium
hypochlorite, hydrochloric acid and sodium chloride (Equation (2)) to generate chlorine gas in situ [8,9].

NaOCl (aq) + 2HCl (aq) + NaCl (aq) → 2NaCl (aq) + Cl2 (g) + H2O (l) (2)

Of course, aqua regia (formed from nitric and hydrochloric acids) has been used for centuries to
dissolve gold and form gold(III) chloride, but this process requires cumbersome workup procedures
(such as boiling down and repeated hydrochloric acid dilution/concentration cycles to remove
nitric acid).

Thus, the method that we report here offers several advantages over the above-mentioned
procedures. Importantly, we show that the known reaction of gold with chlorine can be used in a
straightforward method to produce high purity and highly stable gold(III) chloride solutions that can
be used directly (without further workup procedures) for gold nanoparticle synthesis. In comparison
to solutions prepared from commercially available gold(III) chloride, this method offers a significant
reduction in expense, ease of concentration determination and is scalable.

2. Experimental Section

2.1. General

Gold pellets (99.99%, ~250–360 mg, AGS Metals, Sydney, Australia), hydrochloric acid (36%; RCI
Labscan, Pathumwan Bangkok, Thailand), potassium permanganate (BDH) and sodium thiosulfate
pentahydrate (Ajax Chemicals, Sydney, Australia) were all used as received. Ultrapure Milli-Q water
(Sartorius, Dandenong South, Australia; 18.2 MΩ cm) was used as the reaction solvent. UV-visible
spectra were recorded using an Agilent Technologies Cary 60 UV-Visible spectrophotometer (Mulgrave
Victoria, Australia) with 0.1 M aqueous HCl as the solvent. Inductively coupled plasma mass
spectrometry was performed with an Agilent Technologies 7500cx series ICP-MS (Mulgrave Victoria,
Australia) with sample introduction via a micromist concentric nebuliser (Glass expansion) and a Scott
type double pass spray chamber cooled to 2 ◦C. The sample solution and the spray chamber waste
were carried with the aid of a peristaltic pump. ICP-MS extraction lens conditions were selected to
maximise the sensitivity of a 1% HNO3:HCl solution containing 1 ng/mL of Li, Co, Y, Ce and Tl. Gold
and manganese stock solutions were obtained from Choice Analytical (Thornleigh, Australia). Baseline
nitric acid (HNO3) was purchased from Seastar Chemicals Inc. (Sidney, BC, Canada). Calibration
standards were prepared in 1% nitric acid. Oleylamine-stabilised gold nanoparticles were prepared
by the literature method [10]. The concentration of chlorine in solution was measured using the
iodometric titration method [11].

2.2. Synthesis of Tetrachloroauric Acid (HAuCl4)

A laboratory-scale reaction apparatus was assembled as shown in Figure 1. Hydrochloric acid
(14 mL, 36%, 0.16 mol) was placed in a pressure-equalizing dropping funnel, and slowly added
drop-wise to a side-arm flask containing potassium permanganate (3.0 g, 19 mmol). The resulting
chlorine gas (see Equation (3)) was passed into a two-neck round-bottom flask containing 100 mL
Milli-Q water and one pellet of gold (~250–360 mg). Undissolved/unreacted chlorine gas was bubbled
through a solution of sodium thiosulfate (1.1 g, 7.0 mmol) in 50 mL of water. The reaction mixture was
stirred at the selected temperature (25–70 ◦C) until all of the gold dissolved. The resulting solution
of tetrachloroauric acid can be used without further treatment. UV-Vis (λmax, nm [ε, 104 M−1·cm−1]):
226 (3.5), 313 (0.54).

112



Metals 2015, 5, 1454–1461

Figure 1. Apparatus for the synthesis of aqueous tetrachloroauric acid.

2KMnO4 (s) + 16HCl (aq) → 5Cl2 (g) + 2KCl (aq) + 2MnCl2 (aq) + 8H2O (l) (3)

2.3. Measurement of Reaction Times

The rate at which gold dissolved was measured by weighing the gold pellet at regular intervals.
The pellet was removed from the reaction vessel using a clean glass spoon, rinsed with acetone and
allowed to completely dry, and then weighed before returning to the reaction mixture. For experiments
using flattened gold pellets, the pellets were placed between layers of cotton fabric or sheets of
polycarbonate and mechanically pressed to a thickness of ~1 mm.

2.4. Synthesis of Citrate-Stabilised Gold Nanoparticles

The citrate method was used to synthesise aqueous gold nanoparticles from the tetrachloroauric
acid synthesised as above. All glassware was cleaned with aqua regia, then rinsed and steeped in
Milli-Q water prior to use. Aqueous tetrachloroauric acid (6.85 mL, 14.6 mM) was added to a 100 mL
volumetric flask and diluted with Milli-Q water to make a 1.00 mM solution. The contents of the
volumetric flask were poured into a 250 mL conical flask containing a magnetic stirrer bar, and heated
to 90 ◦C. While stirring vigorously, a freshly prepared solution of tri-sodium citrate (114 mg, 10.0 mL,
38.8 mM) in Milli-Q water was quickly added to the conical flask. The solution was heated for a further
15 min, allowing it to turn a deep burgundy colour, indicating the presence of small gold nanoparticles.

3. Results and Discussion

The oxidation of gold metal to form aqueous solutions of gold(III) chloride was reliably and
reproducibly achieved through introduction of chlorine gas to water containing the gold metal. The
reaction is quantitative and no manganese-containing by-products (which may have arisen from the
chlorine production process) were detected (see Table S1). Thus, the concentration of the gold(III)
chloride solutions can be reasonably accurately calculated from the mass of the gold metal and the
final volume of water.

The UV-visible spectrum of the resultant gold(III) chloride solution is shown in Figure 2 and
displays the expected peaks for a solution at pH 1.05. The absorption bands at 313 and 226 nm are
assigned to ligand-to-metal charge transfer [12,13]. It is important to note that the UV-visible spectrum
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is highly dependent on pH [14]. Therefore, accurate determination of concentrations of aqueous
gold(III) chloride solutions using UV-visible spectroscopy requires an accurate determination of pH
(and of course knowledge of the molar absorptivity at that particular pH).

 

Figure 2. UV-Vis spectrum of HAuCl4 in 0.1 M aqueous HCl.

At room temperature, the reaction proceeded at a moderate rate and the rate of reaction could
be significantly increased by increasing the reaction temperature (Figure 3). The rate at 50 ◦C was
significantly greater than that at room temperature and although the rate at 70 ◦C was greater than
that at 50 ◦C, it was only marginally so. We attribute this to the reduction in solubility of chlorine gas
at elevated temperatures [15].

 

Figure 3. Reaction times at different temperatures, expressed as the percentage remaining of the initial
mass of gold as a function of time: (i) 281 mg pellet at room temperature; (ii) 268 mg pellet at 50 ◦C;
(iii) 319 mg pellet at 60 ◦C; (iv) 357 mg pellet at 70 ◦C. Note: pellets were used as-received from the
supplier hence the range of masses used.

The effect of surface area of the gold pellet is also an important factor influencing reaction
times. The data shown in Figure 3 were obtained using reasonably spherical (as purchased) gold
pellets. Mechanical flattening of the gold pellets to thicknesses <1 mm resulted in significantly shorter
reaction times whereby the flattened pellets dissolved in ~12 h at 50 ◦C (ca. 35 h for spherical pellets).
However, care needs to be taken to prevent any metallic contamination of the gold during the flattening
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process. This may be accomplished by placing the gold between layers of cotton fabric or sheets of
polycarbonate prior to the mechanical flattening process.

 

Figure 4. Photographs of gold(III) chloride solutions prepared by: (a) chlorine gas method; and (b) sodium
hypochlorite/hydrochloric acid method (where precipitation occurred ~2 weeks post-synthesis).

The aqueous gold(III) chloride produced by this method is quite stable; no metallic gold
precipitation was evident within at least twelve months of synthesis and the UV-visible spectra
were invariant over this time (Figure S1). The stabilisation of the gold chloride was achieved without
the addition of a source of excess chloride ions, such as sodium chloride, which would have made the
gold chloride unusable for some nanoparticle synthesis methods due to the extreme sensitivity of many
gold nanoparticles to ionic impurities [16]. The dissolved chlorine concentration of a three month
old solution kept in a tightly stoppered flask was measured by iodometric titration to be 8.9 × 10−3

M. This concentration is somewhat lower than the chlorine saturation concentration of 0.08 M at 20
◦C [15] and comparable to previous reports of gold chloride solutions with dissolved chlorine [17–19].
The solution pH was 1.6–1.8, where molecular chlorine is expected to be the predominant species [17],
and well within the pH range required for gold chloride stability (<pH 4) [1]. Furthermore, the
as-prepared gold(III) chloride solution can be directly freeze-dried to produce solid gold(III) chloride
(note: the powder is highly hygroscopic, and must therefore be stored under strictly anhydrous
conditions). In contrast, gold(III) chloride solutions prepared using sodium hypochlorite as oxidant
followed by purification by extraction into diethyl ether, solvent removal and redissolving in pure
water or dilute aqueous HCl were found to be significantly less stable over time (see Figure 4).

To test the suitability of the gold(III) chloride solutions for direct use in nanoparticle synthesis,
citrate-stabilised aqueous gold nanoparticles were synthesised, which are known to be extremely
sensitive to ionic impurities. The formation of the nanoparticles progressed as described in previous
literature [20], and remained in a stable colloidal suspension, confirming the high purity of the gold(III)
chloride solutions produced by the chlorine gas method. We also used the gold chloride solution
as starting material to prepare organic-soluble oleylamine-stabilised gold nanoparticles [10]. This
synthesis also proceeded as described in the literature method to yield stable nanoparticles. Scanning
electron microscope images and UV-visible spectra of the particles are shown in the Supplementary
Information (Figures S2–S4).

4. Conclusions

Aqueous solutions of gold(III) chloride of high purity and stability can be reliably synthesised
from gold metal and molecular chlorine via a straightforward procedure. The reaction was found
to proceed at a satisfactory rate at 50 ◦C, and progressed at a faster rate when the gold pellets were
flattened compared to the as-purchased spherical beads.
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Gold(III) chloride solutions prepared by this method did not precipitate any metallic gold within
at least twelve months of synthesis. ICP-MS analysis confirmed the absence of any manganese
contamination that may have arisen from the chlorine production process, and the purity of the gold
chloride solution was further demonstrated through its direct use in the synthesis of stable aqueous
citrate-stabilised as well as oleylamine-stabilised gold nanoparticles. The use of gold metal as the
starting material allows for accurate determination of the final gold(III) chloride concentration from
the mass of gold and the volume of water.
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Abstract: Development of nanotechnology requires a constant innovation and improvement in many
materials. The exploration of natural resources is a promising eco-friendly alternative for physical
and chemical methods. In the present work, colloidal gold nanostructures were prepared using
orange peel extract as a stabilizing and reducing agent. The initial pH value of the solution and the
concentration of the gold precursor had an effect on the formation and morphology of nanoparticles.
The method developed is environmentally friendly and allows control of nanoparticles. By controlling
the pH and, especially, the gold concentration, we are able to synthesize crystalline gold nanowires
using orange peel extract in the absence of a surfactant or polymer to direct nanoparticle growth, and
without external seeding. UV-VIS spectroscopy, transmission electron microscopy (TEM), and X-ray
diffraction (XRD) were used to characterize the nanoparticles obtained by biosynthesis.

Keywords: biosynthesis; nanoparticles; gold; nanowires; orange peel extract

1. Introduction

Nanostructured materials have received considerable attention due to their unique physical
and chemical properties and their potential application [1–3]. The synthesis of nanoparticles with a
controlled shape and size is one of the most promising research areas. The excellent properties of some
materials strongly depend on crystallographic and morphological characteristics [4]. It is well-known
that triangular nanoparticles of gold exhibit two characteristic absorption bands referred to as the
transverse (out of plane) and longitudinal (in plane) surface plasmon resonance bands. The ability to
tune the optical properties of the gold nanotriangles can be very useful in applications such as cancer
cell hyperthermia [5] and architectural optical coatings [6]. One-dimensional nanostructures have also
unusual anisotropic properties. For example, if metal nanoparticles are smaller than approximately
tens of nanometers, electrons should be confined along the diameter of long metallic nanowires.
Metallic nanowires are useful to connect different components in nanodevices. Metal nanorods and
nanowires are able to absorb and scatter light along the long and the short axis because they have
two plasmon bands [7]. These structures have been used as components in flexible electronics [8] and
biological or gas sensing applications [9].

Synthesis of metal nanoparticles via chemical and physical methods has been employed
in nanotechnology due to their affordability and ease of modulation in functional behavior of
nanostructures [10–12]. However, toxic effects of various chemicals and organic solvents used in
physical and chemical methods have promoted an increasing interest in biomass as a biosynthetic
machinery for the production of metal nanoparticles [13–16]. Biosynthesis of gold nanoparticles has
been reported using bacteria [17], yeasts [18], actinomycetes [19], fungi [20], and plants [21]. Although
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biological methods are regarded as safe, cost-effective, sustainable, and clean processes, they also have
some drawbacks in culturing microbes and using biomasses, which are time-consuming and difficult
in providing better control over size distribution, shape, and crystallinity [22]. These are the problems
that have plagued the biological synthesis approaches.

The use of plants in the recovery of noble metals from ore mines and runoffs is known as
phytomining. Compared to the conventional chemical methods, phytomining is a cost-effective,
environmentally compatible method [23]. The use of plants and its by-products as sustainable
and renewable resources in the synthesis of nanoparticles is more advantageous over prokaryotic
microbes, which need expensive methodologies for maintaining microbial cultures and downstream
processing [21,24].

Another dimension was added to the “green chemistry” approach for pure metal synthesis with
the use of plant broths. Synthesis of noble metal nanoparticles using plant extracts is very cost effective,
and therefore can be used as an economic and valuable alternative for the large-scale fabrication of
metal nanoparticles. Extracts from plants may act both as reducing and capping agents in nanoparticle
synthesis. The bioreduction of metal nanoparticles by combinations of biomolecules found in plant
extracts (enzymes, proteins, amino acids, vitamins, polysaccharides, and organic acids, such as citrates)
is environmentally benign, despite of its chemical complexity [25,26].

In this work, biosynthesis of gold nanostructures has been investigated using aqueous
chloroaurate ions and orange peel extract as a clean technology to recover gold from dilute solutions.
Orange peel is a residue obtained after juice extraction in the food industry. Waste orange peel is
composed of sugars, cellulose, hemicelullose, pectin and D-limonene [27]. The morphology of the
nanoparticles produced could be controlled by varying the initial pH value and the concentration of
gold ions in the reaction medium. Triangular nanoplates and nanorods were obtained at low pH and
nanospheres at high pH values. Additionally, gold nanowires were produced by increasing the gold
ion concentration.

2. Materials and Methods

2.1. Materials

All chemical reagents including chloroauric acid (HAuCl4), sodium hydroxide flakes, and
hydrochloric acid (37%) were obtained from Panreac (Barcelona, Spain).

2.2. Synthesis of Gold Nanoparticles

The experimental method consists of mixing aqueous solution of metallic precursor with orange
peel extract (9:1) and stirring the mixture. The orange peel extract was previously prepared by boiling
the dried orange peel in deionized water. Then, the extract was obtained by filtration using 0.2 μm
nylon membrane filters from Whatman (Dassel, Germany). The initial pH of orange peel extract was
5.0. Chloroauric acid (HAuCl4) was used as precursor. Gold nanoparticles were synthesized at room
temperature. The influence of solution pH (2, 4, 7, and 9) was investigated in 100 mg/L (0.5 mM Au3+)
of metal precursor aqueous solutions. The pH was adjusted by addition of NaOH solution and HCl
in Au solutions. The effect of precursor concentration to obtain gold nanowires was tested by using
100 mg/L (0.5 mM Au3+), 250 mg/L (1.25 mM Au3+) and 500 mg/L Au3+ (2.5 mM Au3+).

2.3. UV-VIS Absorbance Spectroscopy Studies

The UV-VIS spectra of samples at different pH values were analyzed using a Libra S11 single
beam spectrophotometer (Cambridge, UK) operated at a resolution of 5 nm with quartz cells. Blanks
of each sample set were prepared with deionized water.
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2.4. TEM Measurements

The shape of the nanoparticles was observed by transmission electron microscopy (TEM). Samples
of the biosynthesized gold nanoparticles were prepared by placing drops of the product solution
onto carbon-coated copper grids and allowing the solvent to evaporate. TEM measurements were
performed on a JEOL model JEM-2100 instrument (Tokyo, Japan) operated at an accelerating voltage
of 200 kV.

2.5. X-ray Diffraction Analysis

The measurements were carried out by powder X-ray diffraction (XRD) on a Philips X’pert-MPD
equipment (El Dorado County, CA, USA) with a Cu anode operating at a wavelength of 1.5406 Å as
the radiance source. Samples were placed on off-axis quartz plates (18 mm diameter × 0.5 mm DP
cavity). The scanning range was from 10◦ to 60◦ 2θ with an angular interval of 0.05◦ and 4 s counting
time. The crystalline phases were identified using standard cards from the International Centre for
Diffraction Data (ICDD, Newtown Square, PA, USA) Powder Diffraction File database.

3. Results

The present work was focused on the development of a biosynthetic method to control the
production of gold nanostructures using green chemistry. For that, authors propose an efficient
exploitation of wastes from food industry production. The color of gold solutions changed from pale
yellow to dark blue or pink in 30 min (Figure 1). This change would be an indication of gold reduction
by orange peel extract and the formation of nanoparticles. Orange peel extract contains organic acids,
amino acids, and proteins, as well as the important presence of saccharides, which provides reduction
power for the nanostructures’ preparation. In order to complete the study, an attempt to develop a
biosynthetic method for the production of gold nanowires using green chemistry was carried out.
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Figure 1. UV-VIS spectra of gold nanoparticles using 100 mg/L HAuCl4 prepared at different initial
pH values: pH 2, 4, 7, and 9. The inset shows the solutions corresponding to these spectra: (a) pH 2;
(b) pH 4; (c) pH 7; and (d) pH 9.
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3.1. Biosynthesis of Gold Nanoparticles: Influence of pH

3.1.1. UV-VIS Spectral Study

It is well known that the differences in UV-VIS absorption spectra and color of solution could
be dependent on different surrounding mediums and size, shape, and crystallinity of the metal
nanoparticles. The color of chloroaurate solutions changed to pink or blue depending on the pH tested,
indicating a change in metal oxidation and the formation of gold nanoparticles. As shown in the inset
in Figure 1, the color of the colloidal gold solutions is a function of pH.

In all cases, a surface plasmon resonance (SPR) band absorption peak appears centered at
approximately 540 nm, which is characteristic of gold nanoparticles. At a longer wavelength, a
second band related to aggregates of spherical nanoparticles [28] or anisotropic nanostructures [29] is
present in solutions at pH 2 and 4.

Triangular nanoparticles, nanorods, and nanowires of gold display two distinct SPR bands
referred to as transverse and longitudinal electron oscillations. The transverse SPR band coincides
with the longitudinal SPR band of spherical gold nanoparticles. However, the longitudinal oscillation
is very sensitive to the nanoparticle shape. In consequence, slight deviations from spherical shape
can lead to dramatic color changes. The longitudinal SPR band is a strong function of the edge length
of the triangles [5]. Gold nanorods and nanowires exhibit both a band corresponding to the short
axis and another one corresponding to the long axis at a longer wavelength. At pH 2, the absorbance
curve is practically flat in the range of 500–825 nm and the intensity is lower than at pH 4. In addition,
this spectrum corresponds to the blue sample. In this case, the two peaks of the SPR bands cannot
be clearly observed due to the overlap of the longitudinal absorption of the nanorods with different
aspect ratios at relevant wavelengths [30].

At pH 7 and 9, the spectra exhibit a unique resonance wavelength at approximately 540 nm
associated to the formation of the nanospheres since all their electronic oscillations are equivalent.
The band at pH 9, however, is broader indicating the polydispersity of size.

3.1.2. Characterization of Gold Nanoparticles

The morphology of the gold nanoparticles was observed by transmission electron microscopy.
Figure 2 shows representative TEM images of the nanoparticles synthesized using orange peel extract
at different pH values. TEM observations revealed that gold nanoparticles formed at acidic medium
were mainly triangular, polygonal and rod-shaped nanoparticles (Figure 2a,b). The edge length of
the rods can reach 120 nm at pH 2. When the pH was increased to 4, the size of the nanoparticles
decreased and the length of the triangles’ edge and the rods was ~40 nm.

An increase of initial solution pH favored the formation of nanospheres. At pH 7 and 9, spherical
nanoparticles were formed (Figure 2c,d). The analysis showed that the average diameter of the
nanospheres obtained at pH 7 was about 20 nm. At pH 9, there were nanoparticles with a diameter of
25 nm and smaller nanoparticles of 10 nm of diameter.

EDS microanalysis and XRD of the gold nanoparticles showed that the sample was essentially
metallic gold (Figure 3). Elemental gold peaks were found in the EDS study to confirm the nature of
the metallic nanoparticles (Figure 3a). The structural properties of gold nanoparticles were confirmed
using XRD technique. XRD pattern showed that diffraction peaks corresponded to the diffraction
planes (111), (200), (220), (311) and (220) of face-centered cubic gold (Figure 3b).
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Figure 2. TEM images of gold nanoparticles using 100 mg/L HAuCl4 prepared at different initial pH
values: (a) pH 2; (b) pH 4; (c) pH 7; and (d) pH 9.
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Figure 3. (a) EDS spectrum and (b) XRD pattern of gold nanoparticles.

3.2. Biosynthesis of Gold Nanowires: Influence of Gold Ion Concentration

It is already known that hydroxide ions play a key role in the production of nanowires. In spite
that the capping agent was available, competition between the biomolecules of the biomass and
hydroxide ions for gold ions favored the aggregation of nanoparticles due to the lower ability of
biomolecules to stabilize the nuclei formed. In turn, nanoparticle aggregation led to the formation of
nanowires. This process could be favored not only in the presence of hydroxide ions but also with
increasing gold ion concentration. Hence, gold nanowires production was investigated by increasing
the concentration of HAuCl4 at high pH value (pH 10).

TEM images of the samples evidenced that gold concentration has an enormous influence in
the shape and size of the gold nanoparticles synthesized using orange peel extract. As it is shown
in Figure 4a, spherical nanoparticles were obtained at 100 mg/L. There were some particles with an
average size of 42 nm and other very tiny nanoparticles of 5 nm. When the initial concentration of
gold precursor was 250 mg/L, triangular and polygonal nanoparticles were obtained and their edges
can reach up to 110 nm, and were surrounded by spherical nanoparticles with 20 nm of diameter
(Figure 4b). When the gold precursor concentration was increased to 500 mg/L, nanowires with an
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average diameter of 30 nm were formed (Figure 4c). Figure 4d shows the fine nanostructure of one
section of the gold nanowires depicted in Figure 4c.

At the lowest initial gold concentration, the amount of capping agent was enough to stabilize the
first particles formed in solution.

a b

c d

 

Figure 4. Effect of gold ions concentration. TEM images of gold nanoparticles obtained at pH 10 using
different HAuCl4 concentrations: (a) 100; (b) 250; and (c) 500 mg/L; (d) detail of nanostructure of the
gold nanowires.

Increasing concentration, gold nanoparticles size increased since they were not thermodynamically
stable and stuck together. At the highest concentration, gold nanowires were produced. The formation
of these nanowires can be related to the Ostwald ripening effect. In Ostwald ripening, smaller particles
dissolve preferentially with subsequent crystallization onto larger particles, which involves nucleation
and growth processes of larger particles from smaller ones.

4. Discussion

The green synthesis of silver and platinum nanoparticles using orange peel extract have
been previously reported [31]. It is found that the pH value influences the morphologies of the
nanostructures. The results indicated that the properties of silver and platinum nanoparticles depend
strongly on their morphologies and sizes. In general, silver nanospheres with lower diameter posses
the higher antimicrobial activity. However, silver nanowires are useful to connect different components
in nanodevices. Small and spherical platinum nanoparticles exhibited better catalytic properties.

The biosynthesis of nanoparticles with a controlled shape and size is one of the most promising
research areas. Gold nanoparticles are interesting due to their applications in optoelectronic, electronic,
and magnetic devices, and because of their use as catalysts and sensors. One- and two-dimensional
nanostructures for noble metals are especially attractive.

The initial pH value of the aqueous HAuCl4 solutions for different sets of samples was studied in
the synthesis of gold nanoparticles using orange peel extract. At high pH values, are spherical and
monodispersed gold nanoparticles were obtained. These nanoparticles could be used in non-toxic
carriers for drug and gene delivery applications. With these systems, the gold core imparts stability

123



Metals 2015, 5, 1609–1619

to the assembly, while the monolayer allows tuning of surface properties such as charge and
hydrophobicity. An additional attractive feature of these nanoparticles is their interaction with thiols,
providing an effective and selective means of controlled intracellular release [32].

The synthesis of gold nanotriangles under acidic conditions could be produced by slow reduction
and crystallization. This leads to the formation of stable multiply twinned particles which evolve into
gold nanotriangles due to the shape-directing effect of the constituents of the orange peel. Moreover,
the difference in the growth rates of the various crystallographic planes could lead to the changes
in the morphology of the nanoparticles. It can also be observed the hexagonal shapes, truncated
triangles or icosahedral shapes. These structures with unique and highly anisotropic planer shapes
might find application in photonics, optoelectronics, and optical sensing. Applications in cancer
cell hyperthermia, but also the effect of different organic solvent vapors like methanol, benzene and
acetone on the conductivity of tamarind leaf extract reduced gold nanotriangles, among others, have
been investigated [33].

Gold nanorods and nanowires have usually been synthesized by electrochemical reduction with
cetyltrimethylammonium bromide (CTAB) and by seed-mediated growth method using a surfactant
template. The synthesis of gold nanowires using biological resources has hardly ever been reported.
Recently, networked nanowires were synthesized with an extract of Rhodopseudomonas capsulata
modulating the concentration of HAuCl4 [34] and gold nanowires were also obtained using sugar beet
pulp by changing the pH and the gold concentration [30]. Reduction with orange peel extract is a
method to produce nanowires in the absence of surfactant or polymer to control nanoparticles growth
and without externally added seed crystallites. As mentioned previously, gold is a face centered
cubic metal and its surface energies associated with different crystallographic planes are usually
different. The free energies decrease in the order γ{111} > γ{100} > γ{110}, because of the package and
the distinct surface atoms density. Surfactants and capping agents can usually cap planes with {100}
growth, which might lead to anisotropic growth of gold nanoparticles through {111} planes [35].
The effect of the hydroxyl ions in the shape and size of the gold nanoparticles using biomass has been
previously reported by our group and the results showed that nanowires are produced in alkaline
solutions [30]. The explanation for this probably involves Ostwald ripening and the capping action of
the biomolecules. The biomolecules of the orange peel extract were insufficient to stabilize completely
gold nuclei. The first gold nanoparticles formed were thermodynamically unstable due to their small
size and the insufficient amount of capping agent. The uncovered face of gold nanoparticles could
orientate against each other through dipole-dipole interaction of biomolecules and the intermolecular
hydrogen bounding interaction of biomolecules and hydroxide ions could act as possible driving forces
for the formation of 1D assembly. In addition, the surface energy of larger particles is lower than that
of smaller ones [36]. The nanoparticles grew and joined together because of their Brownian motion in
the solution, forming wire-like structures. The end of these nanorods may be bounded by {111} facets
whose interaction with OH− and with biomolecules is very weak and, thus, reactive to the new atoms
formed [37]. The weak complexing agent allows the deposition of newly reduced gold atoms and they
sinter together and form larger agglomerates of gold (nanowires).

5. Conclusions

Reduction of tetrachloroaurate with orange peel extract is a simple, conducted at room
temperature, efficient, and a clean method to synthesize gold nanostructures from dilute
hydrometallurgical solutions. Advantages over other biological methods include the reuse of industry
wastes, easy handling and scalability. In addition, one- and two-dimensional nanostructures for noble
metals are especially attractive.

The key points for nanowires production are: competition between hydroxide ion and
biomolecules for gold ions, shortage of biomolecules to cap the nanoparticles and preferential
adsorption of AuCl4− on the gold nanoparticles surface.
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Abstract: Potassium ferrate (K2FeO4) is a multi-functional green reagent for water treatment with
considerable combined effectiveness in oxidization, disinfection, coagulation, sterilization, adsorption,
and deodorization, producing environment friendly Fe(III) end-products during the reactions. This
study uses a simple method to lower Fe(VI) preparation cost by recycling iron from a spent steel
pickling liquid as an iron source for preparing potassium ferrate with a wet oxidation method. The
recycled iron is in powder form of ferrous (93%) and ferric chlorides (7%), as determined by X-ray
Absorption Near Edge Spectrum (XANES) simulation. The synthesis method involves three steps,
namely, oxidation of ferrous/ferric ions to form ferrate with NaOCl under alkaline conditions,
substitution of sodium with potassium to form potassium ferrate, and continuously washing
impurities with various organic solvents off the in-house ferrate. Characterization of the in-house
product with various instruments, such as scanning electron microscopy (SEM), ultraviolet-visible
(UV-Vis), X-ray diffraction (XRD), and X-ray absorption spectroscopy (XAS), proves that product
quality and purity are comparative to a commercialized one. Methylene blue (MB) de-colorization
tests with in-house potassium ferrate shows that, within 30 min, almost all MB molecules are
de-colorized at a Fe/carbon mole ratio of 2/1.

Keywords: potassium ferrate; wet oxidation method; steel pickling liquid; ferrous chloride; ferric
chloride; Fe k-edge XAS

1. Introduction

1.1. Environmental Application of Potassium Ferrate

Potassium ferrate (K2FeO4) is a potent oxidant. Under acidic and alkaline conditions, its respective
reduction potentials are 2.20 and 0.700 V, being a potential for replacing traditional oxidants, such as
ozone, hypochlorite, permanganate, and others [1]; their respective half-cell reduction potentials in
acidic conditions are 2.08, 1.48, and 1.69 V, respectively [2], all less than Fe(VI). Potassium ferrate, other
than acting as a powerful oxidant, can be an inorganic coagulant when chemically reduced to Fe(OH)3;
it can effectively remove suspended solids, heavy metals, and a variety of contaminants in water [3–7].
Further, using traditional oxidants to treat pollutants/contaminants usually can result in a noteworthy
toxic byproduct problem, such as tri-halo-methane and bromates [8]. In contrast, potassium ferrate, as
a water treatment agent, is reduced to environment friendly Fe(OH)3 [3,9–13]. Prior to the chlorination
process for drinking water, using Fe(VI) as a pre-treatment agent can effectively reduce the formation
of hazardous by-products [14,15].

Despite the advantages Fe(VI) can provide, it is expensive for using it to treat pollutants and
contaminants. Synthesizing Fe(VI) by using spent steel pickling liquid as an iron source can achieve a
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dual-win benefit by not only reducing the cost of Fe-source raw chemicals for Fe(VI) synthesis but also
recycling spent steel pickling liquid for sustainable spirits. Currently, the annual output rate of spent
steel pickling liquid is approximately 150,000 tons in Taiwan [16], and it is considered hazardous due
to its high content of various toxic metals that may be a constraint on preparation of Fe(VI) from the
pickling liquid.

1.2. Source of Spent Pickling Liquid

Spent pickling liquid is unwantedly produced by the steel industry. Products like steel plates,
pipes, and coils always require cleaning with acid to remove their surface impurities before being
subjected to further processing. The impurities include black surfaces, iron oxides, and other
contaminants. Hydrochloric acid is usually used as the pickling acid for carbon steel products due to
its relatively lower price, lower acid consumption rate, and providing a faster pickling process, despite
its shortcomings of a larger volatilization rate [17,18].

If spent pickling liquid is treated as waste water, toxic metal present in it is generally removed
through different approaches, such as precipitation method, ion exchange, and others. Among them,
precipitation as hydroxide is the most often used technology. Although the technology is technically
simple, its neutralization step requires a large amount of alkaline- or alkaline earth-based chemicals,
and it would be much more praised if spent steel pickling liquid can be recycled.

When hydrochloric acid is used as pickling agent, most iron in spent steel pickling liquid would
be present in a form of ferrous chloride through the following chemical reaction [17]:

FeO + 2HCl → FeCl2 + H2O (1)

1.3. Fe(VI) Preparation with Wet Oxidation Method

Oxidants used for Fe(VI) preparation in previous studies include hypochlorite, Cl2, and ozone [19].
Among them, ozone is the most powerful [19]. However, this study uses hypochlorite due to its relative
ease in laboratory handling. Yet, in our further study, utilization of ozone for Fe(VI) preparation from
spent pickling liquid is worthy of study. Theoretically, with the use of hypochlorite, Fe(III) can be
oxidized to Na2FeO4 in strong basic solution. After adding saturated KOH solution to replace the
sodium of Na2FeO4, potassium ferrate precipitate can then be formed, separated, washed with organic
solvents, and de-watered. Below are the associated chemical reactions [20].

Fe3+ + 3OH− → Fe(OH)3 (2)

2Fe(OH)3 + 3NaClO + 4NaOH → 2Na2FeO4 + 3NaCl + 5H2O (3)

Na2FeO4 + 2KOH → K2FeO4 + 2NaOH (4)

Both the purity and yield of potassium ferrate is affected by the types of oxidants and iron
precursors used for its preparation. In general, the use of hypochlorite (OCl−) can lead to more yield
and higher purity, as compared to that using chlorine. As to iron source, ferric nitrate Fe(NO3)3·9H2O
is more expensive than ferric chloride, which can result in a more rapid synthesis rate and more yield
than ferric chloride. As this study intends to recover the spent steel pickling liquid as raw material for
potassium ferrate synthesis, there will be no other choice in the aspect of the identity of iron source.

One more thing that needs consideration is what kinds of organic solvents ought to be used for
washing crude product potassium ferrate. Organic solvents can barely dissolve potassium ferrate, and
their function is to remove the impurities, such as moisture content, KNO3, KCl, KOH, and others.

During the purification step, n-pentane or benzene was used to replace the moisture content in
crude potassium ferrate. Methanol or ethanol was employed to dissolve hydroxides, chlorides, nitrates
and other impurities. Diethyl ether could speed up the drying process of crude product. The use of
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inert solvents to remove moisture from crude products is critical. Otherwise, ferrate will be readily
reduced to Fe(OH)3, losing its purity grade [21].

For this study, n-pentane, rather than benzene, was used due to its lower toxicity and cheaper price.
The prices for n-pentane and benzene are 80.6 and 96.1 US dollar L−1, respectively. The disadvantage
of using n-pentane is its lower boiling point (36.1 ◦C) compared to benzene (80.1 ◦C); this fact implies
a greater loss of n-pentane if a pilot-scale or full-scale device is to be set up for this purification process,
unless it is a closed process. Methanol was chosen, instead of ethanol, because of its cheaper price and
greater effectiveness in removing hydroxides, chlorides, nitrates and other impurities [21]. The price
ratio of methanol to ethanol is approximately 1/4 and their respective boiling points are 64.7 and
78.4 ◦C. Diethyl ether will be used to speed up de-moisture rate of crude product.

1.4. Stability of Fe(VI)

Fe(VI) is very unstable, readily snatching three electrons from neighboring water and being
reduced to a more stable form, Fe(III). Solid-phase hexavalent iron is more stable than aqueous iron.
It can be stored with negligible reduction reaction for a long time when it is stored in such a way that
keeps off the contact of moisture and atmospheric air [22]. When exposed to moisture and atmosphere,
it readily reacts with water forming Fe(OH)3, oxygen, and potassium hydroxide. The reduction
proceeds as follows [22]:

4K2FeO4 + 10H2O → 4Fe(OH)3 + 3O2 (g) + 8KOH (5)

1.5. Quantification of Fe(VI)

A few methods can be used for quantitative determination of Fe(VI); they include electrochemical,
volumetric, and various spectrophotometric methods [23,24]. Among them, UV-Vis spectral method
offers simple steps, rapid experimental work, and accurate outcome [24]. Therefore, this study chooses
to use UV-Vis spectral method for determining Fe (VI) concentration and purity. It is briefly described
as follows.

Determination of Fe(VI) concentration in water with UV-Vis absorbance is based on Beer’s law.
Fe(VI) ions in water appears dark purple with an absorbance maximum peak at 505 nm, and its molar
absorbance coefficient (ε) was determined to be 1070 M−1 cm−1 [23]; accordingly, the concentration of
Fe(VI) can be calculated using the following equation:

ε = A/BC (6)

where the notation “ε” equals 1070 M−1 cm−1 (molar absorbance coefficient), “A” is UV-Vis absorbance
by sample, “B” represents Fe(VI) concentration (M) in the examined sample, and “C” is light path (cm)
of the quartz cell used in this study.

For determining Fe(VI) purity of the in-house ferrate prepared in the present study, a proper
amount of the product was dissolved in 0.100-L de-ionized water, centrifuged for 10 min at 4000 rounds
per minute (centrifuge, Allegra 21/R, Beckman Coulter, Brea, CA, USA), and the top clear solution was
measured with a UV-Vis spectrometer (UV-2450, Shimadzu Corporation, Tokyo, Japan). In addition,
purity of the product in weight percentage can be calculated using the equation below. It has to be
noted that molecular weight of K2FeO4 is 198.04 g mole−1:

K2FeO4 purity =
A

1070
× 0.1 × 198.04

weight of sample
× 100% (7)

129



Metals 2015, 5, 1770–1787

2. Materials and Methods

2.1. Materials

The spent steel pickling liquid was provided by a local steel plant that uses hydrochloric acid
to clean its carbon steel surface. It contains 133 g L−1 Fe ions and 351 g L−1 Cl−, respectively.
The chemicals used in this study are summarized in Table 1.

Table 1. Chemicals used in this study.

Chemical Purity Producer

Fe(NO3)3·9H2O 98%–101% (reagent grade) JT Baker, Center Valley, PA, USA
n-C5H12 99% (reagent grade) Merck, Darmstadt, Germany
C2H5OH 96% (reagent grade) Merck, Germany.
(C2H5)2O 99.5% (reagent grade) Merck, Germany

FeCl2·4H2O 98% (reagent grade) Sigma-Aldrich, St. Louis, MO,
USA

FeCl3·6H2O 97% (reagent grade) Sigma-Aldrich, USA
KOH 85% (reagent grade) Sigma-Aldrich, USA

NaOH 99% (reagent grade) Sigma-Aldrich, USA
NaOCl solution 6%–14% (reagent grade) Sigma-Aldrich, USA

K2FeO4 purity ≥ 90% Sigma-Aldrich, USA
MB 100% Sigma-Aldrich, USA

2.2. Synthesis Flowchart for K2FeO4

Because the spent pickling liquid used here is very rich in Fe and Cl ions, 133 g L−1 and 351 g L−1,
respectively, a simple drying process on a 85 ◦C hot plate can readily vaporize its water content. The
solid derived from spent pickling liquid contains FeCl2·4H2O as the major iron species representing
approximately 93%, balanced by 7% FeCl3·6H2O on mole basis. The iron speciation was determined by
Fe k-edge X-ray absorption near edge spectrum (XANES) simulation, and the details will be described
below in Section 2.4.

K2FeO4 was synthesized using the derived solid as a raw material and the synthesis flowchart is
depicted in Figure 1. Briefly, first, 20 g NaOH and 30 mL 6%–14% NaOCl were mixed for one hour at a
stirring speed of 800 rpm, and un-dissolved NaOH solid was filtered off and the filtrate was retained
and mixed/reacted (stirring at 800 rpm) for 150 min with 2 g of the derived solid. Second, after the
centrifuging and solid/liquid separation, liquid solution was mixed with 20 mL saturated KOH, stirred
at 800 rpm for 20 min, centrifuged, and solid/liquid separated. The resulting solid material was added
into 10 mL 6.0 M KOH. Third, after a centrifuging process at 3500 rpm for 10 min and solid/liquid
separation, the liquid portion was added into an icy-cold 20 mL saturated KOH. Finally, this mixture
was filtrated and the resulting crude potassium ferrate was subjected to consecutive washing using
each of 0.5 mL n-pentane, methyl alcohol, and ethyl ether in approximately 2 min. The solid on filter
paper was then dried in a vacuum oven (VO-2000, Pan-Chum Co., Taipei, Taiwan) under a pressure <
30 mm Hg at room temperature for one hour to produce dry, purified K2FeO4 product.

2.3. Crystalline Phase Study with XRD

X-ray diffractometer (XRD, D8 Advance, Bruker AXS, Karlsruhe, Germany) using a copper target
was operated at a voltage of 30 kV and a current of 20 mA. X-ray wavelength generated is 1.54056 Å.
Sample scanning angle (2θ) is 20◦–80◦ with a scanning rate of 3 deg min−1. Diffraction patterns
were identified by comparing them with the database compiled by The Joint Committee on Powder
Diffraction Standards (JCPDS).
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Figure 1. Flowchart for synthesizing in-house potassium ferrate.
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2.4. Molecular Study of Potassium Ferrates

X-ray absorption spectroscopy is a non-destructive physical method. Generally, an X-ray
absorption spectroscopy (XAS) spectrum can be divided into two parts. The first part is X-ray
Absorption Near Edge Spectrum (XANES) for probing electronic properties of target atoms, such as
oxidation state and electron occupancy of its d-orbitals. The second part is Extended X-ray Absorption
Fine Structure (EXAFS) that can be Fourier transformed and simulated to reveal the knowledge of local
geometry of coordination atoms, such as atomic type, coordination number (N), interatomic distance
(R), and disorder level of coordination atoms (σ2).

XAS spectra were recorded on the 16A and Wiggler C (BL-17C) beamlines of National Synchrotron
Radiation Center, Hsinchu, Taiwan. During the recording period, its electron storage ring energy
was 1.5 GeV, current was 300 mA, and its energy range was 2–14.2 keV. The k-edge edge jump of iron
is at 7.112 keV. XAS data analysis was carried out using WinXAS 3.1 software [25] (ressler@winxas.de,
Thorsten Ressler, Hamburg, Germany). The software can be used to simulate a sample XANES
spectrum by linearly combining various standard spectra to quantify component species, based on
the least-squares principle from the fingerprints in their XANES spectra [25]. For each standard
compound used, two parameters, energy correction and partial mole fraction, are determined. At end
of the refining process, standards with a negative mole fraction and/or unreasonable energy shift
indicate their absence from the sample [25]. In the present study, XANES spectra from reagent grade
FeCl2·4H2O and FeCl3·6H2O were recorded and used as standards to simulate the experimental
spectrum from dry solid derived from spent pickling liquid.

3. Results and Discussion

3.1. Characteristics of Spent Steel Pickling Liquid

3.1.1. pH and Density of Pickling Liquid

Hydrochloric acid was employed by the steel plant for pickling its steel product. The spent
pickling liquid has a pH of <1 and a density of 1.40 kg L−3. The high density is due to its large contents
of Fe and Cl.

3.1.2. Composition of Spent Steel Pickling Liquid

Table 2 shows that the pickling liquid contains many kinds of toxic metals with their concentrations
being considerably higher than wastewater legal thresholds. The toxic metals include Cr, Bi, Tl, Cd,
Co, Cu, Ni, Pb, and Zn. Fe and Cl are the most abundant components, with Mn and Ca (respectively,
1.386 and 1.551 g L−1) being the second most abundant elements. Generally, when Fe content in
steel pickling liquid reaches 70–100 g L−1, the liquid is disqualified for further pickling process in
the steel industry [17]. The spent pickling liquid (Table 2) has apparently been over-used with an Fe
content of 133 g L−1. Because the sum of Fe and Cl, 485 g L−1, accounts for one third of the weight
of 1.0 L pickling liquid (i.e., 1.4 kg), only a small amount of heat is required for vaporizing its liquid
components, including water and HCl. The pickling liquid was dried on a 85 ◦C hot plate. Please note
that, practically, the HCl can be recovered with a cooling system if desired, but such recovery is not the
objective of the present study, rather, at present we are more focusing on investigating the technical
feasibility of using the recovered solid iron chloride(s) as a raw material for preparing potassium
ferrate. In contrast, direct use of the pickling liquid in potassium ferrate synthesis would alter the
required pH value of the solution containing 20 g NaOH and 30 mL NaOCl, as depicted in Figure 1.
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Table 2. Chemical compositions of spent steel pickling liquid.

Compositional Element Content (mg L−1) Spike Recovery d (%)

Cr a 3.63 ± 0.23 (24 ± 1.2)
Bi a 46.48 ± 0.95 (31 ± 4)
Ag a 6.86 ± 0.07 (25 ± 3.6)
Al a 6.73 ± 0.04 (76 ± 2)
Tl a 60.15 ± 0.13 (52 ± 3.1)
Ca b 1552 ± 0.3 (97 ± 2.5)
Cd a 3.08 ± 0.02 (30 ± 2.4)
Co a 5.10 ± 0.036 (31 ± 2.5)
Cu a 39.15 ± 0.085 (78 ± 1.4)
Fe b 133,000 ± 2160 (89 ± 1.2)
K a 7.69 ± 0.00 (111 ± 3.7)

Mg a 65.28 ± 0.07 (56 ± 2.6)
Mn a 1387 ± 1 (73 ± 0.2)
Na b 256.3 ± 1.4 (87 ± 4)
Ni a 19.72 ± 0.10 (30 ± 4.1)
Pb a 15.08 ± 0.60 (23 ± 2.6)
Zn b 188.6 ± 2.1 (91 ± 2.5)
Cl c 351,500 ± 3100 (88 ± 3.3)

a using an inductively coupled plasma atomic emission spectrometer (ICP-AES, Profile plus, Teledyne Leeman
Labs, Hudson, NH, USA) to measure metal concentrations after microwave-assisted digestion; b using a flame
atomic absorption spectrophotometer (FAAS, Z-6100, Hitachi, Tokyo, Japan) to measure metal concentrations after
microwave-assisted digestion; c the total amount Cl ion was measured with an ion chromatographer (IC, DX-100,
Dionex, Thermal Fisher Scientific, Sunnyvale, CA, USA); d the steps are described as follows. First, the pickling
liquid was digested with a microwave digester (MWS-4, Berghof Laborprodukte GmbH, Eningen Germany) at 180
◦C; metallic ion concentration in the digest was approximately measured with ICP/atomic emission spectrometer or
flame atomic absorption spectrometer. Then, exactly 0.5 to 5 times the amount of the approximate ion concentrations
were added to the spent steel pickling liquid and ionic concentrations were re-measured after the same digestion
process, providing data for the calculation of spike recovery.

3.1.3. Fe Speciation in Solid Raw Material Recycled

As shown in Figure 2, based on XANES simulation, Fe species in the solid raw material recycled
by drying the spent steel pickling liquid can be well simulated by approximately summing 93 mol.
% ferrous chloride and 7% ferric chloride. The simulative spectrum (dotted curve) and experimental
XANES (solid curve) are almost completely overlapped.

As reported in literature, iron sources used in wet oxidation process to synthesize hexavalent
iron are mainly ferric chloride and ferric nitrate. Among them, ferric nitrate is preferred due to
its characteristics of quick dissolution, rapid chemical reaction with sodium hypochlorite to form
hexavalent iron. Oxidation rate of ferric chloride by sodium hypochlorite is relatively slow because
chloride ions released by ferric chloride will slow down the rate of sodium hypochlorite dissociation,
thus prolonging Fe(VI) synthesis time [12]. However, ferric chloride costs much less than ferric
nitrate. Using reagent grade as an example, price ratio among these iron compounds (per unit iron)
is approximately 1.0 (ferric chloride):1.25 (ferrous chloride):2.5 (ferric nitrate). It is noteworthy that
reagent grade FeCl2·4H2O sells at approximately 120 US dollars kg−1 in Taiwan.

A comparison among various studies in K2FeO4 synthesis is presented in Table 3. Included in it
are types of raw material (iron source), Fe(VI) product purity, and Fe(VI) yield. The yield is calculated
based on the following equation.

133



Metals 2015, 5, 1770–1787

 

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

7.10 7.12 7.14 7.16 7.18

0.0

0.5

1.0

1.5

photon energy (keV)

Dry solid of spent pickling liquid

FeCl
2
: 92.83%

FeCl
3
:  7.17%

N
or

m
al

iz
ed

 a
bs

or
pt

io
n 

(a
.u

.)

FeCl
2

4H
2
O standard

FeCl
3

6H
2
O standard

Figure 2. XANES simulation-based Fe speciation in solid raw material recycled from spent steel pickling
liquid (dotted curve: simulative XANES spectrum being equivalent to 92.83% ferrous chloride plus
7.17% ferric chloride; solid curve: experimental XANES from dry solid of spent steel pickling liquid).

yield (mol. %) = (K2FeO4 product weight)×(produt purity)×(Fe atomic weight)
(K2FeO4 molecular weight)×(Fe mass in the solid derived from the pickling liquid) (8)

Table 3. Purity and yield of potassium ferrate reported in previous studies and this study.

Type of Iron Salt Oxidizing Agent Salt Weight (g) Yield (g) Purity (wt. %) Yield (Mol. %) Literature

Fe(NO3)3·9H2O NaOCl 25 10.43 63.40 53.9 [23]
FeCl3·6H2O NaOCl 25 9.64 74.71 39.3 [23]

Fe(NO3)3·9H2O NaOCl - b - b 98.5 - b [26]
Fe(NO3)3·9H2O NaOCl - b - b 90 - b [27]
Recycled solid a NaOCl 2 0.254 88 11.7 This study

a solid recycled from spent steel pickling liquid; b data not reported in both references [25] and [26].

The price of potassium ferrate quite depends on purity. For example, sale price of the
Sigma-Aldrich ferrate with ≥90% purity is 99 US dollars g−1, while with purity ≥97%, it used
to be sold at approximately 350 US dollars g−1. Although the yield of our in-house ferrate product
is only 12.7%, its purity grade is comparative to the Sigma-Aldrich ferrate with ≥90% purity. It is
premature to calculate the cost of our in-house ferrate at present because a pilot-plant scale study is
required to make such an estimate. However, for sure, the process reported in the present study can
save both raw material costs for ferrous chloride (33 US dollar per mole Fe) and ferric chloride (45 US
dollar per mole Fe) and local disposal expense for the spent pickling liquid that is currently about
2500 New Taiwan dollars m−3 (equivalent to 76.7 US dollars m−3 based on the exchange rate of 32.6:1
on 3 September 2015). It is noteworthy that local industrial recycling practitioners recover HCl from
the spent pickling liquid, but the HCl solution practically recovered contains only 13 wt. % HCl whose
industrial application is very limited.

3.2. Characteristics of In-House and Commercialized Potassium Ferrates

3.2.1. Chemical Compositions of Potassium Ferrates

Chemical compositions of the potassium ferrates were analyzed with ICP-AES after their
acidic digestion with microwave assistance. Table 4 shows that both in-house and as-purchase
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Sigma-Aldrich potassium ferrates are of high purity with only negligible impurities. Compared with
the commercialized one, the in-house product is no less in purity. Most non-iron metals originally
present in the pickling liquid have been either washed or precipitated off during the synthesis process.

Figure 3 depicts Fe k-edge XANES spectra from in-house (top) and as-purchase Sigma-Aldrich
(bottom) potassium ferrates. The height (or area) of pre-edge peak at 7.115 keV is proportional to the
ratio Fe(VI)/total Fe. This figure provides evidence that both ferrates are almost identical in pre-edge
peak height, implying that they are of similar purity.

Table 4. Chemical compositions of Sigma-Aldrich and in-house potassium ferrates by weight.

Sigma-Aldrich K2FeO4 Standard In-House K2FeO4 (This Study)

Composition wt. Percentage (%) Recovery (%) wt. Percentage (%) Recovery (%)

Cr a 0.11 ± 0 (51 ± 2.5) 0.01 ± 0.0002 (60 ± 2.8)
Bi a 0.11 ± 0.0344 (61 ± 1.6) 0.06 ± 0.000196 (51 ± 1.8)
Al a 0.01 ± 0.0006 (75 ± 2.6) 0.02 ± 0.00098 (71 ± 2.8)
Ba a 0.00 ± 0 (82 ± 2.2) 0.01 ± 0 (88 ± 2.1)
Ca a 0.00 ± 0.0004 (73 ± 1.4) 0.02 ± 0.0002 (70 ± 2.6)
Fe a 24.99 ± 0.899 (84 ± 2.7) 23.75 ± 0.214 (85 ± 2.1)
K a 37.77 ± 0.746 (96 ± 2.5) 38.69 ± 0.697 (94 ± 2.8)
Li a 0.20 ± 0.0008 (69 ± 2.3) 0.59 ± 0.00982 (58 ± 1.8)

Mn a 0.07 ± 0.002 (80 ± 2.6) 0.10 ± 0.00039 (79 ± 3.1)
Na a 0.01 ± 0.0002 (79 ± 1.5) 0.01 ± 0.00039 (77 ± 1.8)
Ni a 0.15 ± 0.0656 (69 ± 3.1) 0.04 ± 0.009627 (71 ± 3.0)

a analyzed with ICP-AES after microwave-assisted acidic digestion (n = 2).
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Figure 3. Comparison of Fe k-edge XANES of in-house K2FeO4 and Sigma-Aldrich K2FeO4 standard.
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3.2.2. UV-Vis Absorption Spectra

Previous literature found that hexavalent iron compounds show a maximum absorbance at
wavelength 505 nm [3] and two respective minimum absorbance peaks at 390 nm and 675 nm [15]
on UV-Vis spectrum. Figure 4 indicates no difference in UV-Vis absorbance spectrum between our
in-house potassium ferrate product and the commercial ferrate that was used as a reference compound
in this study.
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Figure 4. UV-Vis absorbance spectra of in-house and Sigma-Aldrich potassium ferrates at a
concentration of 2.88 × 10−4 M.

3.2.3. SEM-EDX Results from Potassium Ferrates

Figures 5 and 6 depict the mapping results from an environmental scanning electron microscope
(ESEM-EDX, FEI Quanta 400 F, Hillsboro, OR, USA) spectra of commercialized and in-house potassium
ferrates, respectively. Despite the presence of some impurities, such as Pb, Ca, Si, Al, Mg, Na, and
Cl, these two ferrate samples are almost identical in EDX spectrum except that Cl peak of in-house
product is slightly stronger. Thus, these two ferrates are considered to be not much different in quality.

Figure 5. SEM/EDX results from as-purchase potassium ferrate.
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Figure 6. SEM/EDX results from in-house potassium ferrate.

3.2.4. Crystalline Phases of Potassium Ferrates

Figure 7 indicates that XRD patterns of both in-house and commercialized potassium ferrate are
consistent with the main patterns belonging to K2FeO4 according to The Joint Committee on Powder
Diffraction Standards (JCPDS) 25-0652 data file. XRD patterns also indicate that K2O and FeO(OH) are
present as the main impurity in the in-house ferrate product.
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Figure 7. XRD patterns of in-house (top) and as-purchase (bottom) potassium ferrates.
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3.2.5. Test of Fe(VI) Stabilization during Storage

Moisture content was recognized to readily reduce Fe(VI) to Fe(III). Thus dry environment is
beneficial for Fe(VI) storage. To test storage stability of in-house Fe(VI) product, two identical parts
of it were respectively stored in an electronic dryer box (relative humidity: 35%–40%) and in the
atmosphere (relative humidity: 67%–70%) for 32 h, and a small amount of each part was retrieved
periodically in every 2–3 h interval for analyzing its Fe(VI) purity. The results are presented in Figure 8.

Figure 8 indicates that for a 32 h storage time, only 1.2% chemical reduction occurred to in-house
potassium ferrate when stored under 35%–40% relative humidity (RH), while, if stored under the
atmosphere of 67%–70% RH, Fe(VI) reduction rate to Fe(III) was 14.5%. Previous study elsewhere has
observed an increase in Fe(VI) reduction with increasing RH at room temperature [28]. At a lower
humidity (55%–70% RH), Fe(VI) decay was slow, while the decay rate was considerably enhanced at
higher humidity such as 90%–95% RH [28]. Formation of KHCO3 at higher RH was suggested to be an
important reason for the enhanced Fe(VI) decay rate [28].
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Figure 8. Storage stability of in-house potassium ferrate under different relative humidities.

3.3. Stepwise Loss of Iron in Fe(VI) Synthesis Flowchart

To know which step(s) have lost a large amount of iron for future studies to improve the yield of
in-house potassium ferrate, this study performed quantitative analysis of iron in the solid and liquid
phases after each solid/liquid separation step of Fe(VI) synthesis. Fe analysis was carried out with the
FAAS after microwave-assisted acidic digestion. Table 5 shows that iron was gradually lost along with
the synthesis steps. Among them, the centrifugation and filtration steps affect potassium ferrate yield
the most. Ideally, if these ion losses can be reduced, yield of potassium ferrate will be improved.

Table 5. Fe loss during wet synthesis of in-house potassium ferrate.

Synthesis Step b Fe Loss a (%)

Discarded solid (A) 54.8
Discarded solid (B) 26.5

Discarded liquid (C) 1.49
Discarded solid (D) 8.25
Discarded liquid (E) 0.55

a Fe loss =
(Fe in discarded solid or liquid)

total Fe used for synthesis ; b please refer to Figure 1.
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3.4. MB De-Colorization with In-House Potassium Ferrate

To verify how the in-house potassium ferrate performed in treating pollutants, it was employed
to de-colorize aqueous MB, a frequently used dye in dying sector. For the de-colorization test, two
Fe/C mole ratios, 2/1 and 1/1, were used, given that the oxidation state of carbon of MB molecules
will generally be increased from 0 to 4+ while Fe(VI) will be reduced to Fe(III) by a decrease of 3+
oxidation state. Figure 9 depicts time-dependence of methylene blue de-colorization with in-house
potassium ferrate, and within 30 min, all MB molecules are de-colorized at a Fe/carbon ratio of 2/1.
This fact proves the effectiveness of the in-house product.
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Figure 9. Time-dependence of methylene blue de-colorization by in-house potassium ferrate at two
Fe/C mole ratios.

4. Conclusions

A spent hazardous steel pickling liquid was recycled as iron chlorides for synthesizing high-purity
in-house potassium ferrate. Below are the conclusions.

First, the spent steel pickling liquid is very rich in iron and chloride ions, being co-existent with
various toxic metals that makes the pickling liquid hazardous. Despite the hazardous nature of pickling
liquid, after drying as solid material, it was successfully used as a raw material for synthesizing K2FeO4.
The derived solid material mainly consists of 7% ferric chloride and 93% ferrous chloride, as revealed
by Fe k-edge XANES simulation.

Second, as supported by the characterization results from using instruments including SEM-EDX,
UV-Vis absorbance spectroscopy, XRD, and XAS, the in-house potassium ferrate product is not inferior
to the commercialized ferrate. Varieties of impurity present in the spent steel pickling liquid do not
affect the purity of in-house potassium ferrate, compared with the commercialized one.

Third, for a 32 h storage time, only 1.2% decay occurred to in-house potassium ferrate when stored
under 35%–40% RH. If stored in an electronic dryer box to effectively cut off contact of atmospheric air,
the in-house potassium ferrate can seemingly remain stable without being chemically reduced for a
period of time longer than 32 h.

Fourth, the test of methylene blue de-colorization confirms that the in-house potassium ferrate
has great oxidation capability to break down pollutants in water.
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Finally, for future study, industrial grade chemicals will be used to replace the reagent-grade
chemicals for the synthesis of in-house potassium ferrate.
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Abstract: The pretreatment processes consisting of grinding followed by roasting were investigated
to improve the selective leaching of Nd and Dy from neodymium-iron-boron (NdFeB) magnet scraps.
The peaks of Nd(OH)3 and Fe were observed in XRD results after grinding with NaOH as the amount
of water addition increased to 5 cm3. These results indicate that the components of Nd and Fe in
NdFeB magnet could be changed successfully into Nd(OH)3 and Fe, respectively. In the roasting tests
using the ground product, with increasing roasting temperature to 500 ◦C, the peaks of Nd(OH)3 and
Fe disappeared while those of Nd2O3 and Fe2O3 were shown. The peaks of NdFeO3 in the sample
roasted at 600 ◦C were observed in the XRD pattern. Consequently, 94.2%, 93.1%, 1.0% of Nd, Dy, Fe
were leached at 400 rpm and 90 ◦C in 1 kmol·m−3 acetic acid solution with 1% pulp density using
a sample prepared under the following conditions: 15 in stoichiometric molar ratio of NaOH:Nd,
550 rpm in rotational grinding speed, 5 cm3 in water addition, 30 min in grinding time, 400 ◦C and
2 h in roasting temperature and time. The results indicate that the selective leaching of Nd and Dy
from NdFeB magnet could be achieved successfully by grinding and then roasting treatments.

Keywords: NdFeB magnet scraps; selective leaching; acetic acid leaching; roasting; planetary
ball milling

1. Introduction

Neodymium-iron-boron (NdFeB) magnets were developed in the early 1980s due to the important
discovery that modifying Nd2Fe17 produces the ternary compound Nd2Fe14B [1,2]. The NdFeB
magnets could substitute samarium-cobalt magnets because neodymium is more abundant than
samarium and the use of iron as transition metal is lower-cost than that of cobalt [1]. The NdFeB
magnets have been widely used in various applications such as motors for hard disk and hybrid
electric vehicle and magnetic generators for magnetic resonance imaging (MRI) [3–5]. Since most Nd
is imported into Korea, there is an increasing demand for recycling process of waste NdFeB magnets.

It has been well known that Nd could be obtained from NdFeB magnet scraps by sulfuric acid
leaching followed by precipitation of Nd salts [6–8]. Because this method dissolves iron as well as
neodymium, there are disadvantages such as high consumption of sulfuric acid and large amount
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of wastewater discharged. Many methods have been reported to extract selectively Nd from waste
NdFeB magnets such as roasting followed by sulfuric acid leaching [9], selective chlorination of Nd
using NH4Cl [4], selective extraction of Nd using molten Mg [5,10] and slag materials [6], and leaching
with hydrochloric acid and oxalic acid [11]. These methods require strong acid or should be performed
at high temperature over 700 ◦C. In this study, it was important to change the solid phase of NdFeB
magnets for selective recovery of Nd.

High-energy ball milling processes result in repeatedly fracturing and cold welding during
collision between balls or ball and inner wall of mill container, so mechanical solid phase reaction
could occur during milling [12]. Kim et al. reported that they improved the yield of La, Nd and Sm in
monazite to around 85% by 120 min-milling with NaOH [12]. Greenberg submitted an application to
the US patent regarding Nd recovery where NdFeB magnets are ground mechanically, then leached
with acetate, and finally Nd was precipitated selectively as NdF3 [13]. However, the experimental
conditions and results were not reported in detail.

This study is aimed at developing the pretreatment process for selective recovery process of Nd
and Dy from waste NdFeB magnets. The magnet scraps were ground with NaOH and water, and then
roasted under atmosphere conditions. The effects of various conditions such as milling time, milling
interval, amount of water and NaOH added, and roasting temperature were investigated. Finally,
acetate leaching tests were performed to investigate the selective leaching of Nd.

2. Experimental

2.1. Materials

The NdFeB magnet scraps were obtained from a Korean magnet company, and the chemical
composition shows 22.8% Nd and 71.8% Fe as main components and 0.9% B and 0.03% Dy as minor
components. The scraps were crushed with a jaw crusher to less than 2 mm before grinding. Pellet-type
NaOH (sodium hydroxide) and acetic acid (CH3COOH) are of reagent-grade (Wako Pure Chemicals,
Co., Osaka, Japan).

2.2. Grinding and Roasting

The crushed scraps and NaOH were mixed with predetermined stoichiometric ratio, and then
6.4 g of the mixture was introduced into an 80-cm3 stainless steel jar with 10 stainless steel balls
with 15-mm diameter, based on the preliminary tests. The jar was set in the planetary ball mill
(Pulverisette 6, Fritsch GmbH, Idar-Oberstein, Germany) and the scraps were ground under the
atmosphere conditions with various experimental factors such as adding 0 cm3 to 5 cm3 of water,
30 min to 240 min of grinding time, and 15 in stoichiometric ratio of NaOH to Nd. The ground
product was washed with deionized-distilled water to remove the remaining NaOH after grinding.
After drying at 80 ◦C for 24 h, the ground powder was roasted at 300 ◦C to 600 ◦C for 2 h under the
atmosphere conditions.

2.3. Leaching Procedures

The leaching tests of as-received scraps and roasted powder in acetic acid solution were performed
in a 500 dm3 three-necked Pyrex glass reactor using a heating mantle to maintain temperature.
The reactor was fitted with an agitator and a reflux condenser. The reflux condenser was inserted in one
port to avoid solution loss at high temperatures. In a typical run, 200 dm3 of solution (1 kmol·m−3 acetic
acid) was poured into the reactor and allowed to reach the thermal equilibrium (90 ◦C). Two grams
of the samples was then added to the reactor in the experiments, and the agitator was set at 400 rpm.
During the experiment, 3 cm3 of the solution sample was withdrawn periodically at a desired time
interval (30−180 min) with a syringe. The sample was filtered with membrane filter and then the
filtrate was diluted with 5% HNO3 solution.
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2.4. Analytical Methods

The concentrations of Nd, Fe, and Dy were measured by an inductively coupled plasma-atomic
emission spectrometry (ICP-AES, OPTIMA 8300DV; PerkinElmer Inc., Waltham, MA, USA).
The samples were also characterized by X-ray Diffraction (Smartlab, Rigaku Co., Tokyo, Japan) with Cu
target under the following conditions: 30 kV, 200 mA, 20–80◦/2θ in angle range, step scanning methods.

3. Results and Discussion

In this study, the pretreatment process consists of grinding and roasting for selective leaching of
Nd and Dy from the magnet leaving Fe component as leach residue. The Fe component should be
oxidized to ferric ion (Fe3+), since the solubility products (Ksp) of Fe(OH)3 and Fe(OH)2 are 10−36.51

and 10−14.18, respectively, using standard Gibbs free energy data in Table 1 [14], which means that
the solubility of ferric ion (Fe3+) is much lower than that of ferrous ion (Fe2+). The roasting tests were
performed to oxidize the Fe, but, since Kim et al. reported that the magnet scraps were not oxidized
sufficiently at less than 500 ◦C [15], the grinding tests were conducted to increase the specific surface
area of magnet powder and change the solid phase before roasting.

Table 1. Standard Gibbs free energies of species at 25 ◦C [14].

Species Fe2+ Fe3+ Fe(OH)2 Fe(OH)3 OH−

ΔG0 (kJ/mol) −91.2 −16.7 −486.6 −696.6 −157.293

The NdFeB magnet scraps were ground with 0 to 5 cm3 under the following conditions: 15 in
stoichiometric molar ratio of NaOH:Nd, 550 rpm in rotational speed, 30 min in grinding time. Figure 1
shows the effect of water addition on the formation of Nd(OH)3 during grinding. When samples were
ground without water, XRD peaks show little difference from the as-received sample, while the peaks
of Fe and Nd(OH)3 arose as the amount of water addition increased. It has been found that Nd could
be oxidized with H2O as the following equation.

2Nd + 6H2O = 2Nd(OH)3 + 3H2 (1)

The standard reduction potentials of Nd (Nd3+ + 3e = Nd) and water (2H2O + 2e = H2 + 2OH−) are
−2.32 V [16] and −0.83 V [17], respectively, and because the standard electrode potential of Equation
(1) is calculated to be 1.49 V, the reaction must be spontaneous. Therefore, 5 cm3-water addition could
accelerate the formation of Nd(OH)3 as shown in Figure 1. However, iron could not be oxidized by
water addition, so iron peaks were observed by adding 3 cm3 or 5 cm3 water. These results indicate
that Nd and Fe of Nd2Fe14B was changed successfully into Nd(OH)3 and Fe, respectively.

Greenburg proposed the recycling process of NdFeB magnet scraps [13], where Nd was selectively
leached after grinding with NaOH. Figure 2 shows XRD patterns of products ground for 30 min and
240 min. However, the intensity of the Fe peak decreased with increasing the grinding time, since
Fe remained after 240 min grinding and Fe could be dissolved by acetic acid leaching; therefore, it is
difficult to expect selective leaching of Nd. Furthermore, in the preliminary experiments with 30 in
stoichiometric molar ratio, the peaks of Fe were observed (data not shown).
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Figure 1. XRD patterns of ground products with water addition (Grinding conditions: 15 in
stoichiometric molar ratio, 550 rpm in rotational speed, 30 min in grinding time).

 

Figure 2. XRD patterns of ground products with grinding time (Grinding conditions: 15 in
stoichiometric molar ratio, 550 rpm in rotational speed, 5 cm3 in water addition).

Therefore, in this study, the magnet scraps were roasted after grinding to oxidize Fe for improving
selective leaching efficiency. The ground products were prepared under the conditions such as 15 in
stoichiometric molar ratio, 550 rpm in rotational speed, 30 min in total grinding time, and 5 cm3 in
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water addition, and then was roasted at 300 ◦C to 600 ◦C for 2 h. As shown in Figure 3, the peaks of
Fe2O3 and Nd2O3 as well as Nd(OH)3 and Fe were shown after roasting at 300 ◦C. After roasting at
400 ◦C and 500 ◦C, the peaks of Nd(OH)3 and Fe disappeared, and only peaks of Fe2O3 and Nd2O3

were observed. The peaks of NdFeO3 emerged after roasting at 600 ◦C, and the reaction was given as
the following equation [9].

2Nd + 6H2O = 2Nd(OH)3 + 3H2 (2)

These results indicate that iron could be oxidized at 400 ◦C and 500 ◦C, and the components of
Nd and Fe were changed into NdFeO3 at 600 ◦C.

The selective leaching with acetic acid was tested using the roasted product. Figure 4 shows the
leaching efficiencies of Nd, Fe, and Dy using product ground under the following conditions: 15 in
stoichiometric molar ratio, 550 rpm in rotational speed, 5 cm3 in water addition, 30 min in grinding
time and roasted at 400 ◦C. The leaching efficiencies of Nd and Dy increased rapidly to more than 90%
and remained almost constant after 60 min, and that of Fe remained at less than 1.5%, which indicates
that Nd and Dy were selectively leached from scraps. Therefore, the leaching efficiencies measured
at 60 min were used for further discussion.

Figure 3. XRD patterns of roasted sample with temperature (Grinding conditions: 15 in stoichiometric
molar ratio, 550 rpm in rotational speed, 5 cm3 in water addition, 30 min in grinding time).

Figure 5 shows the effect of roasting temperature on the leaching efficiencies of Nd, Fe and Dy.
The samples were prepared under the grinding conditions: 550 rpm in rotational speed, 5 cm3 in water
addition, 30 min in grinding time and 15 in stoichiometric ratio, and then were leached under the
conditions: 1% in pulp density, 1 kmol·m−3 in acetic acid, 400 rpm in agitation speed, and 90 ◦C in
temperature. The leaching efficiencies of Nd and Dy decreased rapidly with increasing temperature
from 500 ◦C to 600 ◦C, and that of Fe decreased and then increased gradually with increasing roasting

146



Metals 2015, 5, 1306–1314

temperature. The decrease in leaching efficiencies of Nd and Dy would be formation of NdFeO3 shown
in Equation (2).

Figure 4. Leaching efficiencies of Nd, Fe, Dy with leaching time (Grinding conditions: 15 in
stoichiometric molar ratio, 550 rpm in rotational speed, 5 cm3 in water addition, 30 min in grinding
time, roasting condition; 2 h at 400 ◦C, leaching conditions: 400 rpm, 1 kmol·m−3 acetic acid, 90 ◦C).

Figure 5. The effect of roasting temperature on the leaching efficiency (Grinding conditions: 550 rpm
in rotational speed, 5 cm3 in water addition, 30 min in grinding time, 15 in stoichiometric molar ratio).

Figure 6. The comparison of leaching efficiencies using samples as as-received, only roasted, and
roasted after being ground.

147



Metals 2015, 5, 1306–1314

Figure 6 shows the comparison of leaching efficiencies using samples such as “as-received”,
“roasting only”, which was roasted at 400 ◦C for 2 h using “as-received” sample, and “roasting after
grinding”, which was prepared under the grinding conditions: 15 in stoichiometric molar ratio, 550 rpm
in rotational speed, 5 cm3 in water addition, 30 min in grinding time and roasting conditions: 400 ◦C in
temperature and 2 h in roasting time. The leaching efficiency of Fe is calculated to be more than 40% in
the cases of “as-received” and “only roasting” samples, and the results indicate that Nd and Dy were
not leached selectively from the scraps. The dissolution of Fe would result from insufficient oxidation
of Fe as reported by Kim et al. [15] However, 30-min grinding with NaOH changes the components of
Nd and Fe into Nd(OH)3 and Fe, respectively, which could oxidize Fe easily during roasting. Finally,
more than 90% of Nd and Dy could be leached but the leaching efficiency of Fe was 1% at 60 min
leaching time, which indicates that selective leaching of Nd and Dy could be achieved by roasting
after grinding but not by only roasting or by only grinding. The leaching efficiencies of Nd and Dy
increased to 94.2% and 93.1%, respectively, with increasing time to 180 min. These results indicate that
the selective leaching of Nd and Dy was achieved successfully.

4. Conclusions

The pretreatment methods consisting of grinding and roasting for the selective leaching of Nd and
Dy from NdFeB magnet scraps was investigated for recycling of waste NdFeB magnet. The magnet
scraps were ground with NaOH and water, and then roasted under the atmosphere condition to
decrease the leaching efficiency of Fe and to accelerate the selectivity of Nd and Dy leaching.

The peaks of Nd(OH)3 and Fe were shown by increasing the amount of water addition in the
grinding test. When the ground products were roasted at 400 ◦C and 500 ◦C, the peaks of Nd(OH)3

and Fe disappeared while those of Nd2O3 and Fe2O3 were observed in the XRD results. Consequently,
94.2%, 93.1%, 1.0% of Nd, Dy, Fe were leached, respectively, under the following conditions: 15 in
stoichiometric molar ratio, 550 rpm in rotational grinding speed, 5 cm3 in water addition, 30 min in
grinding time, 400 ◦C and 2 h in roasting temperature and time, 90 ◦C in leaching time, 1 kmol·m−3

in acetic acid concentration, 400 rpm in leaching agitation speed, 1% in leaching pulp density, and
180 min in leaching time.
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Abstract: In this work, we explore a novel mineral processing approach using carbon dioxide to
promote mineral alterations that lead to improved extractability of nickel from olivine ((Mg,Fe)2SiO4).
The precept is that by altering the morphology and the mineralogy of the ore via mineral carbonation,
the comminution requirements and the acid consumption during hydrometallurgical processing can
be reduced. Furthermore, carbonation pre-treatment can lead to mineral liberation and concentration
of metals in physically separable phases. In a first processing step, olivine is fully carbonated at high
CO2 partial pressures (35 bar) and optimal temperature (200 ◦C) with the addition of pH buffering
agents. This leads to a powdery product containing high carbonate content. The main products of
the carbonation reaction include quasi-amorphous colloidal silica, chromium-rich metallic particles,
and ferro-magnesite ((Mg1−x,Fex)CO3). Carbonated olivine was subsequently leached using an
array of inorganic and organic acids to test their leaching efficiency. Compared to leaching from
untreated olivine, the percentage of nickel extracted from carbonated olivine by acid leaching was
significantly increased. It is anticipated that the mineral carbonation pre-treatment approach may
also be applicable to other ultrabasic and lateritic ores.

Keywords: nickel; olivine; mineral carbonation; leaching; ferro-magnesite; colloidal silica

1. Introduction

In the last few decades, traditional nickel resources have become scarcer because of ramping
global production and growing demand [1]. Nickel is more abundantly present in the Earth’s crust
than copper and lead, but the availability of high-grade ores is rather limited [2]. The current strong
demand for nickel is expected to carry into the future, and the scarcity of high-grade recoverable ores
will inevitably call for the exploitation of low-grade ores as a source for nickel. Therefore, increasingly
more research is underway investigating the feasibility of recovering nickel from low-grade ores [3–5].
Magnesium-iron silicates, minerals that are widely distributed on the Earth’s crust and that contain
relatively dilute, yet considerable amounts, of nickel arise as one possible, yet challenging, opportunity.

Metals 2015, 5, 1620–1644 150 www.mdpi.com/journal/metals



Metals 2015, 5, 1620–1644

The main objective of this study was to investigate the possibility of processing olivine
((Mg,Fe)2SiO4) for the production of nickel. Olivine is solid-solution of iron- and magnesium-silicates
containing relatively small amounts of nickel and chromium, and is the precursor of weathered lateritic
ores. Olivine (also known as dunite, an ore containing at least 90% olivine [6]) is abundantly present
in the Earth’s upper mantle [7], and intrudes in some locations into the Earth’s crust, most notably
in the Fjordane Complex of Norway, which contains the largest ore body (approx. two billion metric
tons) under commercial exploitation [6]. The use of olivine as a nickel source could, thus, possibly
solve the scarcity problem of high-grade ores. Due to its small nickel content, conventional extraction
and recovery methods (e.g., high pressure acid leaching, agitation leaching or heap leaching [3])
are not viable, as reagent and processing costs become too high [8]. In this work a novel approach
was investigated, whereby the mineral is first carbonated in a pre-treatment step before the nickel
is extracted by leaching. Carbonation may allow for an easier recovery due to a better accessibility
of the nickel during leaching as a result of morphological and mineralogical changes. Recently,
considerable research has focused on the carbonation of olivine and other alkaline silicates as an option
for sustainable carbon dioxide sequestration [9,10]. In the present work, however, CO2 is utilized
primarily as a processing agent; such an approach can be termed “carbon utilization” (more specifically
turning CO2 from a waste into an acid).

Nickel is able to replace magnesium in olivine’s magnesium silicate matrix forming a
magnesium-nickel silicate (Mg,Ni)2SiO4 called liebenbergite or nickel-olivine. This replacement
is possible due to certain similarities of nickel and magnesium in the silicate structure. Their ionic
radii are similar (Mg = 0.66 Å; Ni = 0.69 Å), their valences are the same (Mg2+, Ni2+), and they both
belong to the same orthorhombic system [11]. The amount of nickel in olivine is variable and depends
on the ore’s origin, varying between <0.1 and 0.5 wt. % Ni [12]. These concentrations are rather low
compared to the grade of nickel deposits presently used in industrial processes, which ranges from
0.7 to 2.7 wt. % Ni [11].

Olivine is highly susceptible to weathering processes and alterations by hydrothermal fluids.
These alteration reactions involve hydration, silicification, oxidation, and carbonation; common
alteration products are serpentine, chlorite, amphibole, carbonates, iron oxides, and talc [11]. The fact
that olivine is highly susceptible to weathering also makes it suitable for intensified carbonation.
Due to this suitability and its high abundance, olivine has been the subject of intensive research for
carbon dioxide sequestration using mineral carbonation, whereby the formation of stable magnesium
carbonates act as carbon sinks [13–17].

Carbonating olivine converts the silicates (mainly forsterite (Mg2SiO4) and fayalite (Fe2SiO4) [6])
into carbonates and silica. This reaction is exothermic and is, thus, thermodynamically favored. The
reaction mechanism contains three main steps: the dissolution of CO2 in the aqueous solution to
form carbonic acid; the dissolution of magnesium in the aqueous solution, and the precipitation of
magnesium carbonate. The overall reaction schemes for carbonation of forsterite and fayalite are given
in Equations (1) and (2):

Mg2SiO4 + 2CO2 � 2MgCO3 + SiO2 + 89
kJ

mol CO2
(1)

Fe2SiO4 + 2CO2 � 2FeCO3 + SiO2 + 79
kJ

mol CO2
(2)

The formed magnesite (MgCO3) and siderite (FeCO3), as well as the residual silica (SiO2), are
thermodynamically stable products that are environmentally friendly. These reaction products can,
thus, be readily disposed of in the environment or reutilized as commercial products.
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The focus of this work was to investigate the leaching behavior of carbonated olivine. When
carbonated olivine is leached, the acid will have to dissolve a carbonate structure instead of a silicate
structure. These reactions can be seen in Equations (3) and (4):

MgCO3 + 2H+ � Mg2+ + CO2(g) + H2O (3)

MgCO3 + 2H+ � Mg2+ + CO2(g) + H2O (4)

Through these alterations of the olivine mineral, which may increase specific surface area, nickel
might become more accessible to leaching. Secondly, the C–O (360 kJ/mol) bonds are weaker than their
Si–O (466 kJ/mol) counterparts [18], which can lead to an easier leaching of the carbonated olivine
compared to natural olivine.

This paper reports the results of a series of tests that aimed to: (i) find the optimal carbonation
conditions that maximize the desired mineral and morphological alterations; (ii) characterize the
carbonated products with a focus on the fate of nickel; (iii) compare the leaching performance of
an array of organic and inorganic acids, and assess the efficiency and extent of nickel extraction
from carbonated olivine compared to natural olivine; and (iv) provide the proof-of-concept of using
carbonation as a pre-treatment step for nickel recovery from low-grade silicate ores and elucidate
directions for future research.

2. Experimental Section

2.1. Olivine Characterization

Olivine was supplied by Eurogrit B.V. (a subsidiary of Sibelco, Antwerp, Belgium) and originated
from Åheim, Norway. The material obtained, classified as GL30, had the following properties described
by the supplier: sub-angular to angular shape, pale green color, hardness of 6.5 to 7 Mohs, specific
density of 3.25 kg/dm3, and a grain size between 0.063 and 0.125 mm. The olivine was milled before
any further use to increase the reactivity of the material to carbonation and leaching by increasing
the specific surface area. The milling was performed using a centrifugal mill (Retsch ZM100, Haan,
Germany) operated at 1400 rpm with an 80 μm sieve mesh. After milling, a total of 86 vol. % of the
material had a particle size below 80 μm, and the average mean diameter D{4,3}, determined by Laser
Diffraction Analysis (LDA, Malvern Mastersizer 3000, Worcestershire, UK), was equal to 34.8 μm.
The particle size distribution is shown in Figure S1. The morphology of the particles was imaged by
Scanning Electron Microscopy (SEM, Philips XL30 FEG, Eindhoven, The Netherlands), and is shown
in Figure S2. For SEM analysis, particles were gold-coated and mounted on conductive carbon tape.

The material was extensively analyzed to obtain the chemical and mineralogical composition.
Table 1 presents the elemental composition results obtained by digestion followed by
Inductively-Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Electron X Series, Waltham, MA,
USA) analysis; Co, Mg, Mn, and Si content were determined by Wavelength Dispersive X-ray
Fluorescence (XRF, Panalytical PW2400, Almelo, The Netherlands).

The mineralogy of the fresh olivine was analyzed by powder X-ray Diffraction (XRD, Philips
PW1830, Almelo, The Netherlands) with quantification by Rietveld refinement; the diffractogram
is shown in Figure 1. As can be expected, the material contains mostly forsterite (84.5 wt. %; in
fact ferroan-forsterite, which is forsterite with iron substitution) as well as a smaller amount of
fayalite (2.5 wt. %). Other minor components present include some hydrated silicates (clinochlore
((Mg,Fe2+)5Al(Si3Al)O10(OH)8, 2.1 wt. %), lizardite (Mg3Si2O5(OH)4, 2.7 wt. %), talc (Mg3Si4O10(OH)2,
0.5 wt. %), and tirodite (Na(Na,Mn2+)(Mg4,Fe2+)Si8O22(OH)2, 3.1 wt. %)), carbonates (magnesian
calcite (Ca0.85Mg0.15CO3, 1.0 wt. %), and magnesite (MgCO3, 0.2 wt. %)), magnesium (hydr)oxides
(periclase (MgO, 0.1 wt. %), and brucite (Mg(OH)2, 0.7 wt. %)), chromite (FeCr2O4, 1.1 wt. %) and
quartz (SiO2, 0.2 wt. %).
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Table 1. Elemental composition of fresh olivine, in decreasing order, determined by ICP-MS (Al, Ca, Cr,
Fe, Ni) and XRF * (Co, Mg, Mn, Si).

Element Mass %

Mg 27.2
Si 20.7
Fe 3.7
Ni 0.27
Cr 0.24
Al 0.17
Ca 0.17
Mn 0.09
Co 0.02

* XRF was used for Si and Mg analysis as it is a more accurate method for determination of these elements. Data
for Co and Mn is not available by ICP-MS, so XRF data is presented; it should be noted that due to their low
concentration, these data are to be considered semi-quantitative.

 

Figure 1. XRD diffractograms of fresh olivine, fully carbonated olivine and fully carbonated olivine
after leaching in 1.28 N H2SO4 for 24 h; major mineral peaks are indicated: F = ferroan-forsterite
((Mg,Fe)2SiO4); M = magnesite/ferro-magnesite ((Mg1−x,Fex)CO3); A = quasi-amorphous phase.

The olivine was also analyzed with a Jeol Hyperprobe JXA-8530F Field Emission Gun Electron
Probe Micro-Analyzer (FEG EPMA, Akishima, Japan), equipped with five wavelength dispersive
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spectrometers, to map the concentration of each element within the particles. The EPMA was capable
of detecting elements down to a concentration of 100 ppm and map them down to a spatial resolution
of 0.1 μm. A small representative surface area (80 × 100 μm) of a polished sample (pelletized and
embedded in resin) was fully mapped to give the distribution of elements in the material. The EPMA
was operated at 15 kV, a probe current of 100 nA, and dwell time of 30 ms per 0.3 × 0.3 μm pixel. Both
peak and background were measured under these conditions. Nickel was found to be dispersed in the
material, as can be seen in Figure 2. This would indicate that it replaces magnesium in the magnesium
silicate structure to form a magnesium-nickel silicate ((Mg,Ni)2SiO4). There are also small particles
that are highly concentrated (shown as white) in nickel, chromium and iron. Figure S3 shows the
elemental distribution of other elements (Al, C, Ca, Co, Cr, Fe, Mg, Mn, Si). Figure S4 helps to visualize
that nickel-rich regions exist; in some, nickel is associated with iron (cyan color in composite map),
and in some nickel is not associated with iron nor chromium (green color in composite map). In the
case of chromium, it is present mainly in select regions, and those regions are highly concentrated in
iron as well (suggestive of chromite), but not in nickel.

Figure 2. Fresh olivine backscattered scanning electron image (top) and EPMA mapping of nickel
concentrations (bottom); concentration scale is relative to max/min levels.

2.2. Carbonation

Carbonation experiments were conducted in a Büchi Ecoclave continuously-stirred tank
reactor (CSTR, Uster, Switzerland). The reactor has a volume of 1.1 liters and is capable of
withstanding pressures up to 60 bar and temperatures up to 250 ◦C. Carbon dioxide gas (99.5%
purity) was continuously injected from a compressed cylinder. It should be noted that for industrial
implementation, gases with lower CO2 purity (e.g., combustion flue gases) may be used for mineral
carbonation so long as the desired CO2 partial pressure is met by gas compression. All experiments
in this study were conducted with 35 bar CO2 partial pressure; steam made up the balance pressure
up to 55 bar total, depending on the temperature. The reactor was equipped with a Rushton turbine
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stirrer and a baffle to ensure adequate mixing of the reactor contents; 1000 rpm stirring rate was used.
The liquid volume in the reactor was kept constant at 800 mL.

The experimental parameters varied are detailed in Table 2; these were temperature, solids loading,
residence time, and additive concentrations. Increasing the temperature influences the equilibrium
constants. An increase in the dissociation constants of carbonic acid leads to a decrease in pH (higher
acidity) and an increase in both bicarbonate and carbonate ion concentrations; this enhances the
dissolution of magnesium as well as the precipitation of magnesium carbonate (under suitable pH, i.e.,
not excessively acidic). These effects are counteracted by an increase of Henry’s constant, which leads
to a lower solubility of CO2 in the solution. Lastly, a decrease of the solubility product of magnesium
carbonate stimulates its precipitation. These opposing effects indicate that an optimal temperature
exists. Increasing the solids loading in the reaction process has been reported to increase the extent
of carbonation due to an increase in particle-particle collisions that remove passivating layers and
increase the surface area available for carbonation [19]. The use of additives aims at enhancing the
dissolution of magnesium, the dissociation of carbonic acid, and/or the precipitation of magnesium
carbonate. Sodium chloride (NaCl) and sodium bicarbonate (NaHCO3) were tested as carbonation
enhancing additives as suggested by Chen et al. [20].

After completion, the reacted slurry content was filtered to recover the liquid and solid portions;
solids were dried at 105 ◦C for 24 h. Most experiments were conducted in duplicate, and data presented
are average values.

Table 2. Parameter values used in the carbonation experiments.

Parameters Tested Values

Temperature 150–185–200 ◦C
Solids loading 50–100–200 g/800 mL
Residence time 4–24–48–72 h

NaCl concentration 0–1–2 M
NaHCO3 concentration 0–0.64–2.5 M

2.3. Leaching

Leaching experiments were conducted by atmospheric agitation methodology. A certain amount
of olivine (typically two grams), either fresh or carbonated, was added to plastic flasks together with
100 mL of a solution containing various concentrations of a certain acid. The flasks were shaken at
25 ◦C for the desired reaction time (typically 24 h). When finished, solids and liquids were separated
using a centrifuge. The supernatant liquids and the dried solids were further analyzed. Leaching
experiments were conducted in duplicate, and data presented are average values. A low leaching
temperature was used as this study’s main aim was to investigate mineralogical effects on chemical
equilibrium rather than leaching kinetics. Low temperature leaching (i.e., ambient) is typical in heap
leaching operations [3].

For the leaching with inorganic acids, sulfuric acid (H2SO4), nitric acid (HNO3) and hydrochloric
acid (HCl) were chosen. A preliminary test was performed using a large variety of organic acids: citric
acid (HOC(COOH)(CH2COOH)2), oxalic acid (HOOCCOOH), succinic acid (HOOC(CH2)2COOH),
lactic acid (CH3CH(OH)COOH), acetic acid (CH3COOH), formic acid (HCOOH) and butyric acid
(C3H7COOH). These organic acids were chosen as they are reportedly produced by microorganisms
utilized in bioleaching of silicate minerals [21,22]. Based on preliminary experimental results (Figure S5)
the three most promising organic acids, citric acid, formic acid, and lactic acid were selected for further
use in the experiments discussed hereon.

2.4. Analytical Methods

The concentrations of soluble elements in aqueous solutions were determined by ICP-MS. The
mineralogical, morphological, and microstructural properties of carbonated solids were characterized
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by XRD, SEM, nitrogen adsorption (BET, Micromeritics TriStar 3000, Norcross, GA, USA), LDA, and
EPMA. The CO2 uptake of the carbonated solids was determined by thermogravimetric analysis (TGA,
TA Instruments Q500, New Castle, DE, USA), conducted in duplicate. The weight loss between 250 and
900 ◦C was attributed to the decomposition of carbonates (XRD results suggest minimal formation of
hydration products that could interfere in this range, and there is good agreement between quantitative
XRD and TGA determination of magnesite content (Figure S6)). The maximal theoretical CO2 uptake
(MCO2,max) of natural olivine, 0.521 g, CO2/g, olivine, was estimated based on its magnesium and iron
content. Extent of carbonation (ξ) is expressed as the percentage ratio of actual to maximal uptake
values: ξ = MCO2,actual/MCO2,max.

3. Results and Discussion

3.1. Influence of Carbonation Parameters

The dependencies of the temperature, residence time, solids loading, and NaCl and NaHCO3

concentrations on the carbonation extent are given in Figure 3.
The influence of the reactor temperature on the carbonation is shown in Figure 3a. The extent

of carbonation increases with increasing temperature between 150 ◦C and 200 ◦C, both for 4 h and
24 h residence times. This is due to the increase in both acid dissociation constants of carbonic acid,
which contributes to magnesium silicate dissolution, as well as the decrease in the solubility product
of magnesium carbonate, which promotes magnesium carbonate precipitation. These two effects are
mutually beneficial, since as more magnesium precipitates as carbonate, more magnesium can leach
from the silicate, propagating the reaction. Increasing the temperature also increases Henry’s constant
for the dissolution of CO2 in the water, which can have a negative impact on the carbonation [20], but
this was not observed here. O’Connor et al. [23] found that these counteracting temperature effects lead
to an optimal olivine carbonation temperature of 185 ◦C. In our experiments, no maximum was reached
between 150 ◦C and 200 ◦C. The difference in results can be explained because O’Connor et al. [23] use
other parameter values in their experiments; most importantly, they operated at CO2 pressures of 150
bar, whereas our experiments operated at 35 bar. At higher CO2 pressure, the solubility limit of CO2

will be reached at a lower temperature.
The extent of carbonation increases linearly with an increase in residence time, as can be seen

in Figure 3b. There seems to be an initially fast carbonation rate due to parts of the olivine that are
more easily carbonated (fines, particle surfaces, and more reactive minerals (e.g., periclase, brucite)),
after which the carbonation continues linearly with time. Due to this linear increase with time, there is
either no limitation by the formation of a passivating layer, or the passivating layer is broken down
sufficiently by particle collisions. This was confirmed by SEM analysis of partially carbonated olivine.
Figure S7 shows that the residual silica and precipitated magnesite form separate particles, rather than
forming a passivating layer around unreacted olivine. More discussion on this is presented in the
Section 3.2. The residence times used in this study are relatively long, which was necessary because of
the relatively low CO2 partial pressure utilized (35 bar), as restricted by the reactor’s pressure rating.
Higher CO2 partial pressures should accelerate the processes, from the order of days to the order of
hours, as indicated by other studies conducted at higher pressures (e.g., 139 atm [14]) and modeling
work [13].

As can be seen from Figure 3c, increasing the solids loading greatly enhances carbonation. A solids
loading increase from 50 g (5.9 wt. %) to 200 g (20 wt. %) almost doubles the carbonation extent for both
the 24 h and 72 h experiments at 200 ◦C with the addition of 1 M NaCl. These results confirm previous
results from Béarat et al. [19] who also noticed a substantial increase in carbonation, proportional to
(wt. %)1/3, when increasing the solids loading from 5 to 20 wt. %. The higher amount of solids in
the reactor will lead to more collisions of the olivine particles, promoting the removal of passivating
layers and the breakage of unreacted particles. Julcour et al. [16] emphasized the importance of
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attrition/exfoliation, conducting olivine carbonation reactor in a stirred bead mill and achieving 80%
conversion in 24 h at 180 ◦C, 800 rpm and 20 bar CO2.

Figure 3. Influence of carbonation process parameters (temperature (a); residence time (b); solids
loading (c); NaCl concentration (d); and NaHCO3 concentration (e)) on extent of olivine carbonation;
Table S1 provides detailed data values and statistics on replicates.

The addition of NaCl does not seem to enhance the extent of carbonation. As can be seen in
Figure 3d, using one or two molar solutions of NaCl has a very limited impact on the extent of
carbonation. O’Connor et al. [23] proposed the addition of both 1 M NaCl and 0.64 M NaHCO3,
although they also remarked that the addition of sodium bicarbonate has a much larger impact than
sodium chloride on the carbonation extent. It can be concluded that, in view of minimizing processing
cost or complexity, NaCl addition can be omitted. However, ionic strength can play a role in surface
charges and particle aggregation, and should, thus, be investigated in view of product properties such
as particle size distribution, specific surface area, and mineral separation. An economical source of
saline solution, if desired, would be seawater.

The addition of NaHCO3, on the other hand, has a substantial impact on the carbonation reaction.
As can be seen from Figure 3e, the extent of carbonation is highest when 0.64 M of NaHCO3 is added.
The substantial impact of NaHCO3 on the carbonation is due to its dissolution into Na+ and HCO3

−

ions. Chen et al. [20] state that adding sodium bicarbonate reduces the concentration of magnesium
ions required to exceed the solubility product for magnesium carbonate and, thus, promotes the
precipitation of magnesite. They explain that this is because in solutions with a large amount of
NaHCO3, the concentration of CO3

2− is inversely proportional to CO2 pressure and proportional to
the square of the concentration of NaHCO3. A reversal of this effect occurs at higher concentrations
of NaHCO3 possibly because the solution pH increases excessively, slowing the dissolution of the
silicate minerals.
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3.2. Characterization of Fully-Carbonated Olivine

Full conversion (0.515 g, CO2/g, olivine = 99.0% ± 3.9%) of olivine was achieved by carbonating
it for 72 h at 200 ◦C and 35 bar CO2 partial pressure with the addition of 1 M NaCl and using a solids
loading of 200 g/800 mL. This fully carbonated olivine was the only carbonated material used in the
acid leaching experiments presented in Section 3.3. The chemical and mineralogical compositions as
well as the microstructural characteristics of the carbonated olivine are very important for interpretation
of the leaching results.

The chemical composition of the fully carbonated olivine was determined by digestion followed
by ICP-MS (for Al, Ca, Cr, Fe, and Ni) and by XRF (for Co, Mg, Mn, and Si). The obtained results,
in decreasing order, were: 18.1 wt. % Mg; 13.8 wt. % Si; 2.5 wt. % Fe; 0.19 wt. % Ni; 0.17 wt. % Cr;
0.13 wt. % Ca; 0.11 wt. % Al; 0.06 wt. % Mn; 0.01 wt. % Co. The respective weight percentages are
lower compared to fresh olivine (Table 1) due to the conversion of magnesium silicate to magnesium
carbonate; the addition of CO2 increases the total mass of the olivine by roughly 50%, thus reducing
the elemental concentrations.

The mineralogy of the fully-carbonated olivine was analyzed using XRD; the diffractogram is
shown in Figure 1. The magnesium silicate (ferroan-forsterite) that was predominant in fresh olivine
(84.5 wt. %) is now converted nearly completely (0.5 wt. % remaining) to magnesium carbonate
(magnesite (MgCO3), 87.0 wt. %). Periclase and brucite are absent, since they easily carbonate and
are also converted to magnesite. The various other minerals that were found in fresh olivine are still
present in the carbonated olivine, as they either did not react during carbonation or were formed as
hydrated by-products of the reaction: clinochlore (3.7 wt. %), talc (3.1 wt. %), lizardite (2.3 wt. %),
tirodite (1.4 wt. %), fayalite (0.9 wt. %), quartz (0.9 wt. %), magnesian calcite (0.3 wt. %), and
chromite (0.2 wt. %). Hydrated silicates are known to require dehydroxylation to enable accelerated
carbonation [24], and fayalite is known to require elevated pressures to convert into siderite [25].

The particle size distribution of the fully-carbonated olivine can be seen in Figure 4. The average
particle size is considerably lower after carbonation as 90 vol. % of the carbonated olivine has a particle
size below 42 μm. The BET specific surface area increased from 0.49 m2/g to 16.1 m2/g. This confirms
that carbonation can act as a substitute to more intense comminution of fresh olivine. Two distinctive
peaks can clearly be identified in the particle size distribution, with one peak around 5 μm and one
peak around 30 μm. The SEM and EDX analyses presented in Figure 5 provide insight into their
occurrence. The carbonated olivine consists of small particles that are clusters of small spheres, and
larger crystalline particles. The small particles are analyzed to be silica (SiO2) rich (Figure 5c), whereas
the crystalline particles are primarily magnesium carbonate (MgCO3), seemingly in solid-solution
with iron carbonate (FeCO3) (Figure 5b). The appearance of clustered silica particles is likely due to
the aggregation of smaller polymerized silica particles. Surface silica will polymerize setting free a
water molecule. The polymerized silica will break off from the surface of the olivine particle forming
small silica particles free in solution. These small particles can either grow by further condensation or
by aggregating together forming the clusters that are shown in Figure 5c. This reaction mechanism
was proposed for the preparation of silica from olivine by Lieftink and Geus [26] and was confirmed
by Lazaro et al. [27].

The fully carbonated olivine was analyzed using EPMA to map the concentration of each element
within the particles. The concentrations of chromium, iron, magnesium and nickel are shown in
Figure 6. Chromium is concentrated in iron-rich particles, in agreement with chromite composition.
Iron distribution largely coincides with that of magnesium, confirming the solid-solution carbonate
formation ((Mg1−x,Fex)CO3). Nickel appears to be more dispersed throughout the material, although
the outline of the carbonate particles can be seen in its map, which would suggest a preference for
the carbonate phase. Highly concentrated nickel is also found in a few small particles and the few
chromium-rich particles.
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Figure 4. Particle size distribution of fully carbonated olivine, determined by LDA.

Figure 5. SEM and EDX analyses of individual fully carbonated olivine particles: (a) fully carbonated
olivine at low magnification; (b) ferro-magnesite crystal; (c) colloidal silica cluster. Note that Au and C
signals are also attributable to gold coating and carbon tape.
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Figure 6. Backscattered scanning electron image and elemental concentration mapping (carbon,
chromium, magnesium, iron and nickel) of fully carbonated olivine, captured by EPMA; concentration
scale is relative to max/min levels; color gradient in Mg map is due to curvature artifact that occurs at
these relatively low magnifications.

Additional elemental distributions are mapped in Figure 7 and Figure S8, taken at slightly lower
magnification of another area of the embedded sample. In Figure 7 it is seen that silicon is present in
regions poor in magnesium and iron, which supports the EDX results (Figure 5) in that silicon forms
distinct particles separate from the carbonate phase. The few calcium-rich particles have magnesium,
silicon, and aluminum co-present (Figure 7), and low levels of carbon (Figure S8), which could indicate
a calcium-magnesium-aluminum silicate originally present in the olivine or formed during the reaction.
A possible natural analogue would be alumoåkermanite ((Ca,Na)2(Al,Mg,Fe2+)(Si2O7)) [28].
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Figure 7. Backscattered scanning electron image and elemental concentration mapping (silicon, iron,
magnesium, calcium and aluminum) of fully carbonated olivine, captured by EPMA; color scale
indicates max/min levels.

Spot EPMA analysis on certain regions of the polished sample is shown in Figure 8, with their
chemical compositions given in Table 3. The four analyzed spot areas are very distinctive. Area 001 is
a chromium- and iron-concentrated chromite particle. Area 002 contains mainly a combination
of magnesium and silicon, meaning it is a rare grain of unreacted ferroan-forsterite. Area 003
contains magnesium, iron and carbon, indicative of ferro-magnesite ((Mg1−x,Fex)CO3). Area 004
is a polymerized silica cluster, as it contains high concentrations of silicon, low concentrations of
magnesium and carbon that originates from the embedding resin that penetrates the gaps between
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the small agglomerated silica particles. These results reaffirm the EDX analysis presented in Figure 5,
indicating that carbonate and silica phases (as well as unreacted mineral grains) form distinct particles
in the product powder. This means that these particles may be separable by physical means, in view of
producing high-value product streams.

Figure 8. Backscattered scanning electron image of fully carbonated olivine and EPMA scanning of
selected areas; mounted sample was coated with platinum and palladium for the analysis.

Table 3. Chemical composition (%), determined by EPMA, of spot areas in Figure 8; carbon as elemental
C and other elements as oxides.

Chemical Formula 001 002 003 004

C 0.5 1.2 19.8 37.7
MgO 4.8 35.3 68.6 2.6
SiO2 0 57.6 0 59.8

Al2O3 3.3 0 0 0
Cr2O3 55.5 5.8 0 0
Fe2O3 35.9 0 11.6 0
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3.3. Acid Leaching of Fresh and Carbonated Olivine

3.3.1. Inorganic Acids

Limited research mentions the acid leaching of nickel from olivine. Our own experiments have
two main objectives. The first objective is to look at the leaching behavior of various inorganic
and organic acids for olivine. The second objective is to investigate the impact of carbonation as a
pre-treatment step to leaching.

The metal extractions for the leaching from fresh and carbonated olivine with the three inorganic
acids tested can be seen in Figure 9. Sanemasa et al. [29] found that there is no preferential leaching
of the silicate structure in olivine of one metal over the other. Our results, both for fresh as well as
carbonated olivine, confirm these findings: for each acid, at the various concentrations, there is no
preferential leaching of magnesium, iron or nickel. In all cases, chromium leaching was minimal,
which confirms that it is located in different particles than the ones containing nickel, and that those
chromium-containing particles do not undergo dissolution during leaching, while the ones containing
nickel do.

Terry et al. [30] noted that olivine dissolves congruently, meaning a complete breakdown of
the silicate structure to give, percentage-wise, the same amount of silica and metal cation leached.
The leaching results for fresh olivine in Figure 9 do not entirely confirm these findings. It seems that
less silica is solubilized than would be expected based on a congruent dissolution. This indicates that
dissolved silica will precipitate, possibly by forming a silica gel. Notably, the results for carbonated
olivine (Figure 9b,d,f) show substantially less leaching of silica compared to fresh olivine. This occurs
because the metal silicates in the fresh olivine are transformed to metal carbonates in carbonated olivine.
Carbon dioxide will now be released instead of silica during the acid leaching. The polymerized silica
in the carbonated olivine does not significantly partake in the dissolution reactions of the acid attack.

Increasing the acid concentration enhances the leaching of most elements. The leaching of Mg, Fe
and Ni from fresh olivine increased from below 10% at 0.02 N to above 60% at 2.56 N for all inorganic
acids tested. This impact was even more apparent for the leaching of carbonated olivine with HCl
and HNO3, where Mg, Fe, and Ni extractions increased from below 10% at 0.02 N to nearly 100% at
2.56 N. Most notably, the leaching of nickel from carbonated olivine is substantially better than from
fresh olivine when using hydrochloric and nitric acids. A concentration of 2.56 N of either acid leaches,
respectively, 100% and 91% of nickel from carbonated olivine. For fresh olivine these values are only
66% and 64%, respectively.

In terms of the differences between the three acids, all three inorganic acids show similar leaching
behavior of fresh olivine for the same acid normalities. Between 60% and 70% of Mg, Fe and Ni
is leached with 2.56 N of either HCl, H2SO4 or HNO3. At intermediate normalities, sulfuric acid
performed better; Sanemasa et al. [29] explain that sulfate is better at stabilizing the metal cations
than the chloride anions. For carbonated olivine, however, there is a clear and opposite distinction
between the leaching behaviors of nitric and hydrochloric acid compared to sulfuric acid. H2SO4

leaches substantially less Mg, Fe and Ni than HCl and HNO3. Whereas H2SO4 leaches only about 30%
Mg, Fe and Ni at 2.56 N, for HCl and HNO3 this is equal to about 90% to 100%. Additional leaching
tests, discussed later on, were performed to investigate this phenomenon.
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Figure 9. Leaching extent from fresh (a,c,e) and carbonated (b,d,f) olivine with hydrochloric (a,b),
sulfuric (c,d) and nitric (e,f) acids; Tables S2 and S3 provide statistical data on replicates.

The leaching enhancement ratio of nickel from carbonated olivine compared to fresh olivine can be
seen in Table 4; the enhancement ratio (ϕ) is calculated as the percent of nickel leached from carbonated
olivine (χNi,carb) over the percent of nickel leached from fresh olivine (χNi,fresh): ϕ = χNi,carb/χNi,fresh.
For HCl and HNO3, the leaching ratio increases with increasing acid concentration, peaking at 0.64 N,
where carbonated olivine leaches, respectively, 1.77 and 1.72 times better than fresh olivine. The slight
decrease at even higher concentrations can be attributed to the fact that the leaching of carbonated
olivine is approaching completion, while fresh olivine still benefits significantly from higher acid
concentrations (Figure 9). For H2SO4, the leaching of carbonated olivine compared to fresh olivine
follows the opposite path, decreasing with increasing acid concentrations. This indicates that the
inhibiting effect of H2SO4 is dependent on the sulfate ion concentration. The leaching ratio for H2SO4

reaches a minimum at 0.32 N with only 0.42 times the percentage of nickel extracted from carbonated
olivine compared to fresh olivine.
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Table 4. Nickel leaching enhancement ratios of carbonated olivine over fresh olivine for inorganic and
organic acids.

Leaching Ratio ϕ

(Carbonated/Fresh)
HCl HNO3 H2SO4

Leaching Ratio ϕ

(Carbonated/Fresh)
Lactic Citric Formic

0.02 N 0.99 0.85 1.11 0.25 N 1.01 1.15 0.46
0.04 N 0.93 0.92 0.92 0.5 N 1.18 1.25 0.46
0.08 N 1.23 1.01 0.72 1.0 N 1.38 1.16 0.47
0.16 N 1.20 1.22 0.52 2.0 N 1.48 1.00 0.57
0.32 N 1.47 1.65 0.42 4.0 N * 1.35 - 0.68
0.64 N 1.77 1.72 0.47
1.28 N 1.58 1.62 0.45
2.56 N 1.52 1.43 0.49

* exceeds citric acid solubility.

3.3.2. Organic Acids

The metal extractions from fresh and carbonated olivine by the three organic acids tested are
shown in Figure 10. Some similar conclusions can be drawn as for inorganic acids. There is also
essentially no preferential dissolution of Mg, Fe and Ni both from fresh and carbonated olivine.
Although there is also less silica in solution as would be expected based on a congruent dissolution
of the fresh olivine silicate structure, this difference is less than for inorganic acids. Silica is, thus,
less prone to precipitation in the presence of organic acids, but is equally insoluble when already
precipitated as colloidal silica in the case of carbonated olivine.

The leaching enhancement ratio for lactic acid increases with increasing acid concentrations,
reaching a maximum of 1.48 at 2 N (Table 4). Contrary to lactic and formic acids, leaching with citric
acid remains constant (for fresh olivine), or decreases slightly (for carbonated olivine) with increasing
acid concentration (Figure 10). The enhancement ratio remains above one up to 1 N, with a maximum
of 1.25 at 0.5 N (Table 4). Citrate ions act as chelating agents and will form strong metal-ligand
complexes that enhance leaching. It appears that due to these highly soluble complexes, citric acid
already reaches its maximum leaching potential at low concentrations. Tzeferis et al. [31] also found
that increasing the citric acid concentration from 0.5 M to 1.5 M did not increase the nickel or iron
extraction from nickeliferous ores at low pulp densities. At higher pulp densities, the percentages of
nickel and iron leached at 0.5 M were substantially lower than for low pulp densities, and they did
increase when the citric acid concentration was increased to 1.5 M. This confirms the idea that citric
acid has an intrinsic maximum for the leaching of metals or specific ores, which, once reached, will not
increase further when increasing the citric acid concentration.

Comparing the leaching results from fresh olivine with carbonated olivine, it can be seen that
there is also a large discrepancy among the organic acids (Table 4). Nickel leaching by citric and lactic
acids is enhanced when olivine is carbonated (i.e., enhancement ratios > 1). Leaching by formic acid,
however, just like with sulfuric acid, experiences a considerable decrease (–32% to –54%) in nickel
extraction from carbonated olivine compared to fresh olivine.
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Figure 10. Leaching extent from fresh (a,c,e) and carbonated (b,d,f) olivine with formic (a,b), citric
(c,d), and lactic (e,f) acids; Tables S4 and S5 provides statistical data on replicates.

3.3.3. Sulfuric Acid Leaching Investigation

Aforementioned results for fresh olivine show a limited leaching of nickel, magnesium and iron
(the cationic components of ferroan-forsterite) with H2SO4 compared to HCl and HNO3. Terry et al. [30]
noted that sulfate ions form stronger metal cation-acid anion complexes than chloride ions, which
would lead to an increased reactivity with sulfuric acid. For carbonated olivine, however, this is
completely reversed and thus does not follow the existing theory. One possibility is that the sulfate
ions form insoluble compounds with the components of carbonated olivine (carbonate and silica
phases), passivating the particles. To test this hypothesis, leaching tests were conducted using sulfuric
acid and mineral mixtures. The mineral mixtures consisted of one or more of the following components:
pure magnesite (MgCO3), pure fumed (amorphous) silica (SiO2), fresh olivine and fully carbonated
olivine. If the carbonation products (magnesite and silica) had unexpected behavior in contact with
sulfuric acid, these tests would help uncover these effects. Since the pure phases did not contain nickel
or iron, leaching data for magnesium was collected.

Figure 11 presents the data on magnesium leaching from the pure components (Figure 11a) and
from the mineral mixtures (Figure 11c). Figure 11a presents the raw leaching data (expressed as g,
Mg/100 mL) and the data expressed as a percentage of the theoretical maximum leaching extent (based
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on Mg content in the mineral: 0.577 g, Mg/100 mL for pure MgCO3, 0.543 g, Mg/100 mL for fresh
olivine, and 0.362 g, Mg/100 mL for fully carbonated olivine). It is found that pure MgCO3 leaches
completely in 1.28 N H2SO4, so there is no negative effect of sulfate anions, and no precipitation of
insoluble compound. In the case of olivine, leaching is much more extensive in the case of fresh olivine
(77%) compared to fully carbonated olivine (20%). This confirms the effects seen in previous results
(Figure 9). Figure 11b presents kinetic data on the leaching of fresh and fully carbonated olivine by
1.28 N H2SO4. Leaching of the latter is slower and stalls after two hours, while leaching of the former
continuously increases over time, although it is also relatively slow (leaching after 2 h is less than a
third that after 24 h).

Figure 11c presents the leaching results of four mineral mixtures. For each mixture, data is
presented in raw format (g, Mg/100 mL) and as a percentage of the theoretical maximum leaching
based on the mixture’s composition and the leaching results obtained for the singular components
(Figure 11a). The first mixture contains only the pure minerals, and shows that SiO2 does not prevent
leaching of MgCO3, as the leaching extent reaches 97% of the predicted value (i.e., within experimental
uncertainty). The second mixture shows that MgCO3 does not alter the leaching of fresh olivine, as the
leaching extent is equal to the predicted value; hence, no insoluble precipitate forms. Likewise, the
third mixture shows that SiO2 does not alter the leaching of fresh olivine (the value greater than 100%
is within experimental uncertainty); again, no insoluble precipitate forms. Finally, the last mixture
shows that carbonated olivine still leaches poorly and that leaching of MgCO3 is not affected by the
presence of carbonated olivine, since the leaching extent is approximately equal to the calculated
prediction (97%). This last mixture result shows that no component of carbonated olivine prevents the
leaching of pure MgCO3, although the ferro-magnesite present in carbonated olivine is affected.

To better understand what happens with the sulfuric acid-leached carbonated olivine, the leaching
residue was characterized by XRD, and results are shown in Figure 1. The diffraction pattern of the
leaching residue is very similar to that of the pre-leaching fully carbonated olivine. No additional
peaks form after leaching, which indicates that no crystalline precipitates form. Additionally, all
significant peaks present in the pre-leaching mineral (attributable to magnesite) are still present after
leaching, meaning that magnesite leaching is not extensive, as the magnesium leaching data indicated
(Figure 11a). The main difference seen between the two diffractograms is that the leached residue
has a larger “bump”, which is attributable to a quasi-amorphous phase. Since this bump is near the
theoretical location for crystalline silica (i.e., quartz), it is possible to infer that it represents the colloidal
silica content of the material (and hence is also present in the pre-leached mineral). The reason why
the bump grows after leaching, is that the crystalline content is reduced, due to partial dissolution of
magnesite. These XRD results suggest that no precipitate forms after leaching, either crystalline or
quasi-amorphous in nature.

Based on leaching and XRD results, it appears that the only explanation for the poor leaching
results of fully carbonated olivine in sulfuric acid is that the magnesite present in carbonated olivine is
a solid-solution of MgCO3 and FeCO3. Since pure MgCO3 leaches adequately in sulfuric acid, and
amorphous silica does not affect leaching, it could be that the iron content of the ferro-magnesite helps
to passivate the mineral particles after an initial limited leaching extent. Further research is needed to
characterize this mechanism.

167



Metals 2015, 5, 1620–1644

 

Figure 11. (a) leaching extent (in 1.28 N H2SO4, 2 g/100 mL, 24 h) from pure magnesium carbonate,
fresh olivine and carbonated olivine; (b) leaching extent (in 1.28 N H2SO4, 2 g/100 mL) from fresh
olivine and carbonated olivine as a function of time; (c) leaching extent (in 1.28 N H2SO4, 2 g/100 mL,
24 h) from mixtures of pure magnesium carbonate, pure silica, fresh olivine and carbonated olivine.

4. Conclusions

The increasing demand and diminishing availability of raw materials requires us to look beyond
conventional sources. In the future, the importance of low-grade ores and waste streams as a source for
raw materials will only increase. The objective of this work was to look at the extraction of nickel from
a low-grade silicate ore, namely olivine. This was achieved by combining conventional acid leaching
with a pre-treatment step in which the olivine underwent mineral carbonation. It is anticipated
that the mineral carbonation pre-treatment approach may also be applicable to other ultrabasic and
lateritic ores.

In a first processing step, olivine was fully carbonated at high CO2 partial pressures (35 bar) and
optimal temperature (200 ◦C) with the addition of pH buffering agents. Although substantial research
has looked into the carbonation of olivine, reported extents of carbonation are usually lower than those
achieved in this work (i.e., full carbonation). The carbonation increased linearly with time, indicating
that carbonation is not limited by the formation of a passivating silica layer under the processing
conditions used. This was confirmed by SEM analysis of partially carbonated olivine, showing that
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after carbonation distinct crystalline magnesium carbonate particles and clusters of nano-silica are
formed. High solids loading and mixing rate appear to enhance the carbonation reaction substantially
due to the olivine particles being eroded by increased particle collisions. Using electron probe micro
analysis it was possible to map the distribution of both major (C, Mg, Si) and minor (Al, Ca, Cr, Fe,
Ni) elemental components in this material. The main products of the carbonation reaction included
quasi-amorphous colloidal silica, chromium-rich metallic particles, and ferro-magnesite.

The second stage of this work looked at the extraction of nickel and other metals by leaching
fresh as well as carbonated olivine with an array of inorganic and organic acids to test their leaching
efficiency. Compared to leaching from untreated olivine, the percentage of nickel extracted from
carbonated olivine by acid leaching was significantly increased. For example, using 2.6 N HCl and
HNO3, 100% and 91% of nickel was respectively leached from carbonated olivine. This compares to
only 66% and 64% nickel leached from untreated olivine using the same acids. Similar trends were
observed with the organic acids used, where the leaching enhancement reached a factor of 1.25 using
0.5 N citric acid, and a factor of 1.48 using 2 N lactic acid. It was found that two acids, sulfuric and
formic, are unsuitable for leaching of carbonated olivine.

Looking at future developments, it should be pointed out that in the present work the metal
extraction was performed after carbonation. Selective metal recovery of the olivine during carbonation
might substantially enhance the leaching and reduce extractant consumption. During carbonation, the
metals dissolve due to the acidic aqueous solution as a result of carbonic acid formation. The residual
solids could then be separated at high temperatures and pressures prior to exiting the reactor, producing
a purified silica stream and a concentrated metal liquor or metal precipitate. Another option is to
separate the final products (i.e., silica-rich clusters, carbonate crystals, and metallic particles) prior
to leaching, and leach only the metal-rich fraction; this may reduce the amount of sequestered CO2

liberation. Lastly, re-use of any CO2 released during acidification can contribute to lowering processing
costs associated with CO2 concentration from industrial emission sources. These processes are presently
in development using the proprietary reactor technology of Innovation Concepts B.V. called the “CO2

Energy Reactor” [13]. This reactor makes use of a Gravity Pressure Vessel (GPV) that supports
hydrostatically built supercritical pressures, runs in autothermal regime by recycling the exothermic
carbonation heat, and operates under turbulent three-phase plug flow configuration. This reactor is
expected to allow faster carbonation conversion and more economical processing.
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Abstract: The carbonation of asbestos-containing waste slate using a direct aqueous
mineral carbonation method was evaluated. Leaching and carbonation tests were conducted on
asbestos-containing waste slate using ammonium salt (CH3COONH4, NH4NO3, and NH4HSO4)
solutions at various concentrations. The CH3COONH4 solution had the highest Ca-leaching efficiency
(17%–35%) and the NH4HSO4 solution had the highest Mg-leaching efficiency (7%–24%) at various
solid dosages and solvent concentrations. The CaCO3 content of the reacted materials based on
thermogravimetric analysis (TGA) was approximately 10%–17% higher than that of the as-received
material for the 1 M CH3COONH4 and the 1 M NH4HSO4 solutions. The carbonates were precipitated
on the surface of chrysotile, which was contained in the waste slate reacted with CO2. These results
imply that CO2 can be sequestered by a direct aqueous mineral carbonation using waste slate.

Keywords: CO2 sequestration; mineral carbonation; waste slate; ammonium salts; asbestos

1. Introduction

CO2 mineral carbonation is a method to permanently sequester CO2 as a form of carbonate
minerals with or without aqueous phase. For the CO2 mineral carbonation process with aqueous
phase, CO2 is reacted with raw materials containing alkaline earth metals (mostly Ca and Mg) in
aqueous solutions (i.e., direct aqueous mineral carbonation) or is reacted with alkaline earth metals
leached from raw materials in aqueous solutions (i.e., indirect aqueous mineral carbonation) to form
carbonate minerals [1,2].

The mineral carbonation to sequester CO2 has been extensively studied due to its following
advantages: (1) non-requirement for any underground geological storage sites; (2) permanent CO2

sequestration without long-term monitoring; (3) potential immobilization of toxic elements contained
in raw materials; and (4) beneficial use of produced carbonates. However, the major challenge of the
mineral carbonation method is to enhance the leaching capacity of alkaline earth metals from raw
materials, which is a main factor affecting rate and degree of mineral carbonation [3,4]. The leaching
processes of alkaline earth metals from raw materials are generally expensive due to the need for
increasing temperature and pressure, acid or base solutions, and grinding raw materials.

Previous researches regarding aqueous mineral carbonation have mainly focused on enhancing
the leaching efficiency of alkaline earth metals by pre-treating raw materials before carbonation
processes [4–8]. Natural alkaline materials and alkaline industrial wastes have been extensively
evaluated for the mineral carbonation, e.g., [8–19]. Natural alkaline materials are relatively abundant
compared with alkaline industrial wastes but their use requires pretreatment to enhance the leaching
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of the alkaline earth metal due to their strong chemical stability. Even if industrial wastes have more
limited availability, the alkaline earth metals can be relatively easily leached from the alkaline industrial
byproducts because of their chemical instability [20].

Asbestos-containing waste slate is one of the potential alkaline industrial wastes to sequester CO2

due to its high content of Ca and Mg. Asbestos-containing waste slate is mostly comprised of cement,
which is a Ca source, and chrysotile, which is an Mg source. Chrysotile, which is considered as a
carcinogenic material, is the fibrous magnesium silicate mineral (Mg3(Si2O5)(OH)4) in the serpentine
group. Asbestos-containing slate was used as a roofing material in South Korea during 1960 and 1970s
due to its high insulating capacity, but subsequently has not been legally allowed for use due to the
toxicity of chrysotile, which is a form of asbestos. Currently, the asbestos containing waste slate is
mostly disposed of in government certified landfills without reuse in South Korea.

Due to the health risks such as asbestosis, lung cancer, and mesothelioma, a number of studies
suggested safe disposal schemes of asbestos containing materials. Most treatment methods of
asbestos-containing materials focused on morphological alteration of asbestos using chemical and
thermal treatment. Chemical treatment methods of asbestos-containing material using oxalic acid [21],
Na-oxalate and Na-acetate [22], sulfuric acid [23], and hydrogen peroxide [24] could alter significantly
asbestos material. Thermal treatment methods of asbestos using microwave [25–27] and microwave
air plasma [28] could also alter effectively asbestos to non-hazardous form. However, thermal
treatment requires vast amount of energy. Gualtieri and Tartaglia [29] reported that temperature
higher than 1000 ◦C is required to entire transformation of asbestos to non-hazardous silicate glass
phase. Yoshikawa et al. [27] also showed that asbestos was completely transformed to non-hazardous
form at the temperature >1000 ◦C with microwave treatment.

The main objective of this study was to evaluate the feasibility of CO2 sequestration using
waste slate by a direct aqueous mineral carbonation. Ammonium salt (CH3COONH4, NH4Cl,
NH4NO3, and NH4HSO4) solutions were used as solvents for a direct aqueous mineral carbonation of
asbestos-containing waste slate. The leaching and carbonation behaviors of asbestos-containing waste
slate were investigated at room temperature and atmospheric pressure conditions. For the carbonation
tests, CO2 was injected into the mixture of waste slate and ammonium salt solution. Morphological
alteration of asbestos-containing waste slate after carbonation was also evaluated.

2. Experimental Section

2.1. Materials

Waste roofing slate panels were collected from an abandoned house in South Korea. The waste
slate was broken using a hand hammer to get particle size less than 0.425 mm. The slate particles were
used in the leaching and carbonation tests. CH3COONH4, NH4NO3, and NH4HSO4 (Sigma-Aldrich
Co., St. Louis, Mo, USA) solutions were used as solvents. Deionized (DI) water was used to prepare
the ammonium salt solutions.

2.2. Leaching Tests

The leaching test was performed with various slate solid dosages ranging between 20 and 150 g/L
in a 50 mL polypropylene copolymer centrifuge tube using an ammonium salt solution for four hours.
1–10 g of oven-dried slate was added into a 50 mL polypropylene copolymer centrifuge tube with 1, 2,
and 4 M solutions. The mixture was shaken at room temperature and atmospheric pressure using
a water bath shaker and the pH and electrical conductivity (EC) were then measured. The mixture
was centrifuged at 5000 rpm for 30 min (VS-550i, Vision Scientific CO., Daejeon, Korea) and was then
filtered using a 0.2 μm filter (ADVANTEC®, Advantec MFS, Inc. Tokyo, Japan). All of the leaching
tests were conducted a single time.
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2.3. Carbonation Tests

For the carbonation test, the waste slate and 1 M CH3COONH4 solution or 1 M NH4HSO4

solution at various solid dosages ranged from 20 to 150 g/L were mixed thoroughly for four hours
in a 500 mL Elrenmeyer flask (Dongsung Scientific, Busan, Korea). The initial pH of the mixtures
of the waste slate and 1 M CH3COONH4 solution or 1 M NH4HSO4 solution were about 9.4 and
9.2, respectively. A 15 vol. % CO2 gas mixture with 85 vol. % N2 was then injected at a flow rate
of 200 mL/min into the slurry of waste slate and 1 M CH3COONH4 solution or 1 M NH4HSO4

solution at various solid dosages in the 500 mL Erlenmeyer flask. The 15 vol. % CO2 gas mixture was
chosen because the flue gas from coal fired power plants in South Korea generally contains 15 vol. %
CO2. During the carbonation tests, the slurry was mixed using a magnetic stirrer at a stirring rate of
approximately 300 rpm. The procedure of the carbonation test used in this study is similar to that used
in Jo et al. [8]. The carbonation test was performed at a room temperature and atmospheric pressure.
The CO2 injection was stopped at a pH of around 7.5 for preventing CaCO3 dissolution [30]. All of the
carbonation tests were conducted a single time.

2.4. Chemical Analysis and Material Characterization

The cation concentrations of filtrates from the leaching and carbonation tests were analyzed by
inductivity coupled plasma-atomic emission spectroscopy (ICP-AES, OPTIMA 3000XL, Perkin Elmer,
Wellesley, MA, USA). The elemental composition of the as-received material was determined by using
microwave digestion. 0.5 g of the waste slate raw material with 10 mL of HNO3 was digested using
microwave digestion for 10 min at 175 ◦C and the leachate was then analyzed by ICP-AES (Perkin
Elmer, Wellesley, MA, USA).

An X-ray diffractometer (Xpert MPD, Phillips, Almelo, The Netherlands) and a field emission
scanning electron microscope (FE-SEM: S-4300, Hitachi, Tokyo, Japan) equipped with energy dispersive
X-ray spectroscopy (EDX: Ex-20, Horiba, Kyoto, Japan) were used to characterize the as-received and
reacted materials. The thermogravimetric analysis (TGA) (SDTG-60H, Shimadzu Corp., Kyoto, Japan)
was performed on the reactant and products to determine the calcium carbonate (CaCO3) content.

3. Results and Discussion

3.1. Raw Material

The as-received waste slate contained mainly Ca (25.2%). (Table 1). Table 1 shows selected
elemental composition determined by using microwave digestion. The as-received waste slate mainly
consists of calcite, chrysotile, and Ca-Mg-Al silicates (Figure 1). The CaCO3 content of the waste slate
determined using the results of TGA [8], as shown in Figure 2 was approximately 29.8%. The CaCO3

may have been formed by natural carbonation because the slate had been exposed to atmosphere for
a very long period of more than 20 years. It is well known that cement based materials exposed to
atmosphere can absorb CO2 during the service life [31].

Table 1. Chemical and mineralogical characteristics of as-received waste slate sample.

Materials
Composition (wt. %)

Minerals (XRD)
Ca Mg Al Fe Si

Waste slate 25.2 2.2 1.4 1.3 1.4 Calcite, Chrysotile, and
Ca-Mg-Al-Si-oxide minerals
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Figure 1. X-ray diffraction (XRD) patterns of as-received waste slate.

 

Figure 2. Thermogravimetric analysis (TGA) results of as-received waste slate. “H2O”, “C–S–H”,
and “CaCO3” indicate the mass change occurred by the decomposition of H2O, C–S–H, and
CaCO3, respectively.

3.2. Leaching Behaviors

The Ca- and Mg-leaching efficiencies after leaching tests as a function of solid dosage (20, 50, 100,
150, and 200 g/L) and solvent concentration (1, 2, and 4 M) are shown in Figures 3 and 4. The leaching
efficiency was determined by following equation:

Metal leaching efficiency(%) =
MMe-leached(g)

Mt(g)× CMeo(%)
× 100 (1)

where MMe-leached is the mass (g) of the metal in the leachate obtained after the leaching test, Mt is
the total mass (g) of the material used in the leaching test, CMeO is the metal content of the material
determined by the total elemental analysis.
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Figure 3. Ca and Mg-leaching efficiencies as a function of the solid dosage with the 1.0 M ammonium
solution for waste slate samples.
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Figure 4. Ca and Mg-leaching efficiencies as a function of solvent concentration at the solid dosage
of 20 g/L for waste slate samples.

For all solvent conditions, the metal leaching efficiencies were decreased when the solid dosage
increased from 20 to 200 g/L (Figures 3 and 4). Among the 1 M ammonium salts solutions, the
CH3COONH4 and NH4NO3 solutions had higher Ca-leaching efficiencies than did the NH4HSO4

solution, regardless of solid dosage. Jo et al. [8] reported that 1 M NH4NO3 and CH3COONH4 solutions
could effectively dissolve Ca ions from waste cement. The NH4HSO4 solution may have had a lower
Ca-leaching efficiency than the NH4NO3 and CH3COONH4 solutions due to the lower Ca selectivity
or the precipitation of gypsum (CaSO4) during the leaching step (Figure 5). In contrast, the NH4HSO4

solution had the highest Mg-leaching efficiency among all the solvents. Wang and Maroto-Valer [6]
reported that 1.4 M NH4HSO4 solution leached 100% of Mg and 98% of Fe, but only 13.6% of Si, from
serpentine at 100 ◦C. However, the lower Mg-leaching efficiency (<24%) obtained in this study was
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probably due to the lower temperature and solvent concentration. Nevertheless, Mg ions were leached
dominantly from waste slate in the NH4HSO4 solution.
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Figure 5. X-ray diffraction (XRD) patterns of as-received waste slate (Unreacted) and reacted waste
slate samples obtained from leaching tests using the (a) 1 M CH3COONH4 and (b) 1 M NH4HSO4

solutions at various solid dosages (20, 50, 100, and 150 g/L).

For the 20 g/L of the solid dosage, the CH3COONH4 and NH4NO3 solutions had relatively
high Ca-leaching efficiencies (~37%) at high solvent concentrations (>2 M) (Figure 4). However,
the CH3COONH4 and NH4NO3 solutions had a slightly lower Ca-leaching efficiency (34%) at low
solvent concentration (1 M). The NH4HSO4 solution had the lowest Ca-leaching efficiency at all
solvent concentrations. On the contrary, the NH4HSO4 solution had the highest Mg-leaching efficiency
(18%–20%) at all solvent concentrations. The Mg-leaching efficiencies of both CH3COONH4 and
NH4NO3 solutions were lower than that of the NH4HSO4 solution but increased with increasing the
solvent concentration. The Mg-leaching efficiency of NH4HSO4 was slightly affected by the solvent
concentration, suggesting that the CH3COONH4 and NH4HSO4 solutions were the most efficient
solvents for Ca and Mg leaching from waste slate, respectively.

The XRD patterns on the unreacted and reacted waste samples are shown in Figure 5. For the 1 M
CH3COONH4 solution, the chrysotile peak intensity was slightly decreased, regardless of the solid
dosage (Figure 5). Even though Ca ions were dissolved into the leachate, the calcite peak intensity
barely changed after the leaching tests, possibly indicating that Ca-silicates in the waste slate was a
main Ca source in the slurry. The quartz peak identified after the leaching tests was further possible
evidence for the dissolution of Ca-silicates.

For the 1 M NH4HSO4 solution, gypsum (CaSO4·2H2O) was identified at all solid dosages,
suggesting that gypsum was precipitated during the leaching process. The gypsum peak intensity was
higher at the solid dosage of 50 g/L and decreased with increasing the solid dosage. The calcite peak
intensity also barely changed after the leaching test using the 1 M NH4HSO4 solution. In addition,
the chrysotile peak was still observed after the leaching tests. The Mg-leaching efficiency (~20%) also
confirmed that chrysotile, which was an Mg source, was not fully decomposed after the leaching tests
using the CH3COONH4, NH4NO3, and NH4HSO4 solutions.

3.3. Carbonation Behaviors

The carbonation tests were carried out on suspensions from the leaching test using 1 M
CH3COONH4 and 1 M NH4HSO4 solutions. The 1 M CH3COONH4 and NH4HSO4 solutions were
selected due to their high metal leaching efficiency and selectivity in the leaching test. The 1 M
CH3COONH4 solution had a high Ca-leaching efficiency and Ca selectivity and the 1 M solution
NH4HSO4 showed high Mg-leaching efficiency and Mg selectivity (Figures 3 and 4).

The cation concentrations of filtrates obtained from the leaching and carbonation tests are
shown in Table 2. After the leaching tests, the pH of mixtures using 1 M CH3COONH4 and 1 M
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NH4HSO4 solutions ranged between 9.0 and 9.8, which was suitable for mineral carbonation. For the
CH3COONH4 solution, the Ca concentration decreased significantly after carbonation test due to the
precipitation of CaCO3. For the NH4HSO4 solution, however, the Ca concentration was not greatly
changed after the carbonation test. In contrast, the Mg concentration increased after the carbonation
test for both CH3COONH4 and NH4HSO4 solutions, probably because Mg ions were released from
the solid phase during the CO2 injection. Dissolution of Mg ion is favorable at pH < 8.0 [32]. The
Mg ion might dissolve further during carbonation because CO2 injection was stopped when pH
of the suspension reached about 7.5. The Si concentration decreased after the carbonation for both
CH3COONH4 and NH4HSO4 solution, probably due to the precipitation of SiO2 from dissolved
Ca-Mg-Al-Si-O complex during the CO2 injection.

Table 2. Results of chemical analysis for filtrates obtained from leaching and carbonation tests.

Solvent
Solid dosage

(g/L)

pH Cation Concentration (mg/L)

Leaching
Ca Mg Fe Si

Leaching Carbonation Leaching Carbonation Leaching Carbonation Leaching Carbonation

1 M CH3COONH4

20 9.0 1707.2 375.2 51.3 136.8 0.1 0.9 44.3 21.6
50 9.4 3533.2 652.3 77.5 345.9 0.2 0.6 41.3 32.1
100 9.7 6002.2 1955.0 91.9 784.1 0.2 0.5 39.9 24.7
150 9.8 7429.2 2597.0 87.4 1200 0.7 0.4 37.0 30.2

1 M NH4HSO4

20 9.0 778.1 709.9 100.9 154.4 1.0 0.6 40.5 16.4
50 9.2 822.9 797.5 210.3 342.7 0.1 0.4 50.3 24.0
100 9.7 755.9 751.9 263.3 824.1 0.4 1.2 52.5 16.1
150 9.8 655.1 852.7 214.3 1234 0.3 0.5 48.9 26.3

The carbonation efficiency was determined using the Ca concentration of the filtrates obtained
from the leaching and carbonation tests using the following equation:

Ca carbonation efficiency (%) =
MCa-leached(g)− MCa-carbonation(g)

Mt(g)× CCa(%)
100

× 100(%) (2)

where MCa-leached is the mass (g) of Ca in the filtrate obtained from the leaching test, Mcarbonation is
the mass (g) of Ca in the filtrate obtained from the carbonation test, Mt is the total mass (g) of the
waste slate used in the tests, and CCa is the calcium content (%) of the waste slate determined by total
elemental analysis (Table 1).

The carbonation efficiency is shown in Figure 6. The 1 M CH3COONH4 solution had a higher
Ca carbonation efficiency than the 1 M NH4HSO4 solution, regardless of the solid dosage. The Ca
carbonation efficiencies for both 1 M CH3COONH4 and 1 M NH4HSO4 solutions decreased as the
solid dosage increased, which was comparable to the Ca-leaching efficiency.

 

0

10

20

30

40

50

60

70

CH3COONH4

NH4HSO4

0 50 100 150 200

C
a 

ca
rb

on
at

io
n 

ef
fi

ci
en

cy
 (%

)

Solid dosage (g/L)

1 M

Figure 6. Ca carbonation efficiencies as a function of the solid dosage with the 1.0 M CH3COONH4

and 1.0 M NH4HSO4 solutions for waste slate samples.

178



Metals 2015, 5, 2413–2427

3.4. Characteristics of Reacted Asbestos-Containing Waste Slate

The CaCO3 content of the reacted materials determined using results of TGA is shown in Figure 7.
The CaCO3 content of the reacted material was approximately 10%–17% higher than that of the
as-received material, except for the 1 M NH4HSO4 solution, at a solid dosage of 100 g/L. These results
suggest that a maximum CO2 sequestration capacity of ~0.048 kg CO2/kg waste slate was obtained
at a solid dosage of 20 g/L using the 1 M CH3COONH4 solution. The CaCO3 content of the reacted
material was slightly decreased with increasing the solid dosage from 20 to 150 g/L, except the solid
dosage of 100 g/L, with the 1 M NH4HSO4 solution. The CaCO3 content in the 1 M CH3COONH4

solution was approximately 10% higher than that in the 1 M NH4HSO4 solution. On the other hand,
the carbonation efficiency in the 1 M CH3COONH4 solution based on Ca concentrations in the filtrate
was approximately 20% higher than that in the 1 M NH4HSO4 solution. These results suggest that Ca
ions obtained during the leaching process and Ca ions obtained by dissolving further from waste slate
might be precipitated during the CO2 injection.
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Figure 7. CaCO3 content of reacted waste slate samples determined using TGA as a function of the
solid dosage with the 1.0 M CH3COONH4 and NH4HSO4 solutions.

After the carbonation tests using 1 M CH3COONH4 and 1 M NH4HSO4 solutions, the calcite peak
intensity increased at all the solid dosages (Figure 8). For both 1 M CH3COONH4 and 1 M NH4HSO4

solutions, a chrysotile peak was still observed in the reacted materials after the carbonation tests. For
the 1 M CH3COONH4 and 1 M NH4HSO4 solutions, almost similar XRD results were obtained, except
for the formation of gypsum (CaSO4·2H2O) for the 1 M NH4HSO4 solution (Figure 8).

The images of SEM analysis on the as-received and reacted materials obtained after the
carbonation tests using 1 M CH3COONH4 and 1 M NH4HSO4 solutions are shown in Figures 9
and 10, respectively. No carbonates were observed on the surface of needle-like chrysotile in the
as-received waste slate, as shown in Figure 9a, even though carbonates were formed by natural
carbonation due to the long atmospheric exposure of the slate panels. In addition, the SEM images
confirmed that the chrysotile originally contained in the waste slate was not fully decomposed after
the carbonation tests.
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Mg ions from chrysotile can be dissolved at high pressure (>3 MPa) and temperature (>600 ◦C)
conditions or moderate temperature (>70 ◦C) with very strong acid solutions (e.g., hydrochloric acid,
oxalic acid, and sulfuric acid), e.g., [33,34]. However, cubic calcite was precipitated on the surface of
needle-like chrysotile at all solid dosages for both 1 M CH3COONH4 and 1 M NH4HSO4 solutions
after the carbonation tests (Figures 9 and 10). Health impact of asbestos is mainly caused by its
needle-like morphological characteristics. The mobility of needle-like chrysotile coated by carbonates
might be decreased, which probably mitigated the chrysotile’s toxicity by changing its morphology.
The carbonates also changed chemical composition of asbestos surface. Aust et al. [35] reported that the
asbestos toxicity is strongly related to surface chemical composition of respirable elongated mineral
particles (e.g., Fe associated with the fibers). The carbonates coated chrysotile may inhibit the Fe-related
reaction between chrysotile and biological molecules [35]. These results suggest that the aqueous
mineral carbonation of asbestos-containing waste slate may reduce toxicity of asbestos.

 

Figure 9. Scanning electron microscope (SEM) images of (a) unreacted waste slate and reacted waste
slate samples obtained from carbonation tests using the 1 M CH3COONH4 solution at solid dosages of
(b) 20 g/L, (c) 50 g/L, (d) 100 g/L, and (e) 150 g/L.
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Figure 10. Scanning electron microscope (SEM) images of reacted waste slate samples obtained from
carbonation tests using the 1 M NH4HSO4 solution at solid dosages of (a) 20 g/L, (b) 50 g/L, (c) 100 g/L,
and (d) 150 g/L.

4. Conclusions

Leaching and carbonation tests on asbestos-containing waste slate using ammonium salt
(CH3COONH4, NH4NO3, and NH4HSO4) solutions were conducted at room temperature and
atmospheric pressure conditions. The Ca and Mg-leaching efficiencies increased with decreasing
the solid dosage and increasing the solvent concentration. The CH3COONH4 solution had the highest
Ca-leaching efficiency (17%–35%) and the NH4HSO4 solution had the highest Mg-leaching efficiency
(7%–24%). The NH4HSO4 solution had the lowest Ca-leaching efficiency, probably due to precipitation
of gypsum.

The carbonation efficiency determined using the Ca concentrations of the filtrate obtained before
and after the carbonation tests was correlated to the Ca-leaching efficiency. The carbonation efficiency
in the CH3COONH4 solution ranged between 14 and 27%. The carbonation efficiency was lower in the
NH4HSO4 solution due to its lower Ca-leaching efficiency. However, the carbonation efficiency based
on the CaCO3 content of the reacted materials was approximately 10%–17% higher than the carbonation
efficiency determined using the Ca concentration of the leachate for both the 1 M CH3COONH4 and
the 1 M NH4HSO4 solutions because further Ca2+ ions were dissolved from the waste slate during
the carbonation tests. These results suggest that a maximum CO2 sequestration capacity of ~0.07 kg
CO2/kg waste slate was obtained at a solid dosage of 50 g/L using the 1 M CH3COONH4 solution.
The cost of CH3COONH4 in this direct aqueous carbonation procedure using 1 M CH3COONH4

solution and a solid dosage of 50 g/L can be estimated to be about US$4000 to sequester one ton of
CO2 assuming that the price of CH3COONH4 is US$200/ton, which is too expensive. Thus, further
study on reducing the cost of chemical is necessary.

The carbonates were precipitated on the surface of chrysotile, which was contained in the reacted
materials obtained after the carbonation tests. However, no carbonates were observed on the surface
of chrysotile in the as-received waste slate, even though natural carbonation had been occurred in
the slate. Consequently, the aqueous mineral carbonation changed the morphology and the surface
composition of the needle-like chrysotile by coating it with carbonates. The results of this study
suggest that the direct aqueous mineral carbonation of waste slate can be used to sequester CO2 and
to reduce the human body risk of asbestos-containing waste slate. However, the results should be
verified by conducting multiple tests because a single test for leaching and carbonation was conducted

181



Metals 2015, 5, 2413–2427

in this study. In addition, further studies are necessary to investigate the human body risk of the
solid particles obtained after the carbonation tests and the potential effectiveness of more appropriate
conditions to further mitigate the toxicity of asbestos-containing waste slate.
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Abstract: The dissolution of chalcopyrite in association with pyrite in mine waste results in the severe
environmental issue of acid and metalliferous drainage (AMD). To better understand chalcopyrite
dissolution, and the impact of chalcopyrite’s galvanic interaction with pyrite, chalcopyrite dissolution
has been examined at 75 ◦C, pH 1.0, in the presence of quartz (as an inert mineral) and pyrite.
The presence of pyrite increased the chalcopyrite dissolution rate by more than five times at Eh
of 650 mV (SHE) (Cu recovery 2.5 cf. 12% over 132 days) due to galvanic interaction between
chalcopyrite and pyrite. Dissolution of Cu and Fe was stoichiometric and no pyrite dissolved.
Although the chalcopyrite dissolution rate at 750 mV (SHE) was approximately four-fold greater (Cu
recovery of 45% within 132 days) as compared to at 650 mV in the presence of pyrite, the galvanic
interaction between chalcopyrite and pyrite was negligible. Approximately all of the sulfur from
the leached chalcopyrite was converted to S0 at 750 mV, regardless of the presence of pyrite. At this
Eh approximately 60% of the sulfur associated with pyrite dissolution was oxidised to S0 and the
remaining 40% was released in soluble forms, e.g., SO4

2−.

Keywords: chalcopyrite; pyrite; galvanic interaction; dissolution

1. Introduction

Chalcopyrite (CuFeS2) is the most abundant copper containing mineral on the planet, accounting
for approximately 70% of the total copper resources [1]. Although copper is predominantly extracted
using pyrometallurgical processing, much attention has recently been paid to the development of an
effective hydrometallurgical extraction methodology [2–8] due to the potential for improved economics
and reduced environmental impact, especially for ore of low copper grade.

The most common reaction (Equation (1)) used to describe [4,6,9–11] chalcopyrite dissolution is
its oxidation by Fe3+.

CuFeS2(s) + 4Fe3+→Cu2+ + 5Fe2+ + 2S0 (1)

Equation (1) can be considered to be the sum of anodic and cathodic half-cell reactions as shown in
Equations (2) and (3) [12–15].

Anodic half-cell reaction: CuFeS2(s)→Cu2+ + Fe2+ + 2S0
(s) + 4e− (2)

Metals 2015, 5, 1566–1579 184 www.mdpi.com/journal/metals
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Cathodic half-cell reaction: 4Fe3+ + 4e−→4Fe2+ (3)

Chalcopyrite is frequently associated with pyrite (FeS2), the predominant contributor to the serious
environmental issue of acid and metalliferous drainage (AMD). However, to date the role of
chalcopyrite in AMD is not well understood. In the absence of pyrite, both anodic and cathodic
reactions occur on the chalcopyrite surface. The slow dissolution rate has been proposed to be due
to a slow cathodic half-cell reaction on the chalcopyrite surface [11,16]. In the presence of pyrite, the
cathodic half-cell reaction occurs on the pyrite surface as the rest potential of pyrite is greater (660 mV
SHE) than that of chalcopyrite (560 mV SHE), forming a galvanic cell with electron transfer from the
lower rest potential material (anode) to the material with the greater rest potential (cathode) material [3].
It has been reported that when chalcopyrite is in intimate contact with pyrite, the dissolution rate of
chalcopyrite is increased significantly as compared chalcopyrite in isolation [11,14,17,18]. On the other
hand, the dissolution rate of chalcopyrite is significantly decreased in the presence of sulfide minerals
with lower rest potential such as sphalerite and galena [10].

Li et al. [19] have investigated the effect of Eh on chalcopyrite dissolution and found that the
chalcopyrite dissolution rate at 750 mV is significantly greater than that at 650 mV. Further study has
shown that the chacopyrite dissolution rate at 650 mV is increased in the presence of added soluble
iron [20]. However, the effect of pyrite at these two Eh conditions (i.e., 650 and 750 mV SHE) is not yet
well understood. Hence, better understanding of chalcopyrite dissolution behaviour, in the presence
of pyrite as a function Eh is of geochemical and industrial importance for minimising AMD and
optimising Cu extraction during hydrometallurgical processing, respectively [21–23].

2. Experimental Section

2.1. Mineral Characterisation

The chalcopyrite sample used in this study was from Sonora, Mexico. The pyrite originated from
Huanzala, Peru and was purchased from Ward’s Scientific. Quartz, added as an inert material in this
study, originated from Bolivia, NSW, Australia and was purchased from Geo Discoveries (Gosford,
NSW, Australia). A chunk of each mineral, i.e., chalcopyrite, pyrite and quartz, was crushed and
subsequently rod milled to obtain a size fraction of 38–75 μm via wet sieving. The resulting sample was
then sonicated to remove clinging fines, and dried at 70 ◦C in an oven purged with N2. These samples
were then placed into a plastic tube which was sealed after being filled with N2 gas to minimise surface
oxidation by air. All the samples were stored in a freezer prior to use. BET analysis (University of
South Australia, Adelaide, Australia) indicated a surface area of 0.24 ± 0.04 m2·g−1 for chalcopyrite
and 0.39 ± 0.04 m2·g−1 for pyrite. As quartz was not dissolved in the dissolution experiment, the BET
was not performed.

X-ray powder diffraction Rietveld analysis (University of South Australia, Adelaide, Australia)
indicated that the chalcopyrite sample contained 92 wt. % chalcopyrite, 2 wt. % quartz, 1 wt. % pyrite,
1 wt. % sphalerite and another 4 wt. % amorphous (or unidentified) component(s). This is consistent
with the ICP-AES measurement (Table 1) suggesting a stoichiometry of 95.9 wt. % Cu0.96Fe0.99S2.00 [24].
A stoichiometry for the pyrite samples of 94.3 wt. % Fe1.91S2.00 was also indicated (Table 1). This is
in agreement with Rietveld XRD analysis of the pyrite which indicated the only phase present to be
pyrite with approximately 4 wt. % amorphous. SiO2, was determined to be of more than 99 wt. %
purity by XRD analysis.

Table 1. Elemental composition of chalcopyrite and pyrite samples.

Element (wt. %) S Cu Fe Si Ca Bi Zn Pb As Al Co K Mg

Chalcopyrite 34.1 32.5 29.3 0.9 0.8 0.3 0.5 0.3 0.06 0.04 0.1 0.02 0.02
Pyrite 51.5 0.01 42.8 - 0.01 - 0.01 0.004 0.003 0.01 - 0.006 -

Note: “-” less than detection limit (Si, Mg 0.003 wt. %, Bi, Co 0.001 wt. %).
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2.2. Dissolution Conditions

Glass vessels (1.2 L) and dissolution cells (PTFE, 60 mL) were used for the flow-through dissolution
experiments. The 5-port lid of the glass vessel provided access to the dissolution liquor and was used
to house a thermometer, Teflon impeller, high temperature Eh probe, hydrogen peroxide (H2O2) inlet
and a reflux condenser. The four blade Teflon impeller was driven by a digitally controlled stirrer
with a constant agitation speed of 500 rpm. Heating was provided by a thermostatically controlled
silicone oil bath. In addition to the glass vessels, a peristaltic pump (20 rpm·min−1) was used to recycle
the dissolution solution between each vessel and the PTFE cell (60 mL) through connecting tubes.
The PTFE cells were hosted and heated in an adjacent oven to the oil bath. Both the reaction vessels
and the PTFE cells were maintained at 75 ◦C.

A total 10 g of sample (38 < x < 75 μm) was placed into the bottom of the flow-through cell. For
the reference experiment 4 g of chalcopyrite and 6 g of quartz were mixed uniformly. In another cell
4 g of chalcopyrite and 6 g of pyrite were mixed uniformly to investigate chalcopyrite dissolution
in the presence of pyrite. A solution flow rate of 8 L·d−1 was used. The leach liquor was controlled
to have Eh of either 650 or 750 mV (SHE) to within ±10 mV, using 7.5 wt. % H2O2 solution, and an
auto titrator (EUTECH pH 200 series (Thermo Scientific, Singapore) with a Master Flex pump (John
Morris Scientific, Chatswood, Australia). The leach solution pH was checked during sampling and
maintained at pH 1.0 by addition of 5 M sulfuric acid.

In order to better understand the surface S species on the leached chalcopyrite polished
chalcopyrite and pyrite samples (8 × 8 × 5 mm, using 600 then 1200 grit silicon carbide paper) were
used. The presence of pyrite in the dissolved residue containing the mixture of pyrite and chalcopyrite
would perturb the interpretation of S species upon chalcopyrite surface. The reference experiment
used one chalcopyrite slab and the chalcopyrite-pyrite galvanic couples was examined using one
chalcopyrite and one pyrite slab tied together using cable ties. In both cases these samples were leached
in 750 mV leach liquor at 75 ◦C and pH 1.0. The leach system that was used is described in [25] and in
both instances a stirring speed of 500 rpm was applied. It has been shown that approximately 30% Cu
was leached from powdered (38–75 μm) chalcopyrite at 30 h upon being subjected to this degree of
agitation. Hence, it is reasonable to suggest that surface species differences due to galvanic interaction
would be apparent after 30 h.

2.3. Bulk and Surface Analyses

During the dissolution process, 10 mL of the reaction solution was sampled periodically and
filtered using a 0.22 μm membrane. The liquor was analysed for soluble Fe, Cu and S analysis using
inductively coupled plasma—atomic emission spectroscopy (ICP-AES) by Analytical Chemistry Sector
at Rio Tinto Technology and Innovation in Bundoora, Australia. Experimental uncertainty of the
ICP-AES measurements was estimated to be around 1%. The reaction solution in the glass vessel was
replenished upon each sampling with a fresh 10 mL of lixiviant to maintain the original volume.

At the end of each experiment, a portion of the leached residue was rinsed three times using
pH 1.0 perchloric acid to remove any surface adsorbed species from the lixiviant. These solids were
immediately frozen using liquid N2 to minimise post-dissolution oxidation. These frozen samples
were subsequently used for surface-sensitive X-ray photoelectron spectroscopy (XPS) analysis. The
remaining solids were washed with distilled water and dried in the oven at 35 ◦C for XRD and
SEM analysis.

A SEM (Phillips XL30 field emission SEM, Adelaide Microscopy, Adelaide, Australia) equipped
with energy dispersive spectrometers (EDS) was employed to record images, using both backscattered
(BSE) and secondary electron (SE) modes, and elemental quantification. XRD measurements, on
selected residues, were measured using a Bruker D4 ENDEAVOR (University of Adelaide, Adelaide,
Australia) with Co Kα1 = 1.78897 Å at 35 kV and 40 mA. A computer program DIFFRA.EVA (Version
3.0.0.9) from Bruker in conjunction with the crystallography open database (REV 30738 2011.11.2)
was applied to identify mineral phases while quantitative phase analysis of the XRD data was
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performed using the Rietveld method with the aid of DIFFRAC.SUIT TOPAS (Version 4.2, Bruker,
Melbourne, Australia).

The XPS instrument used was a Kratos Axis Ultra instrument (University of South Australia,
Adelaide, Australia). The X-ray source was a monochromatic aluminium cathode running at 225 W
with a characteristic energy of 1486.6 eV. Pass energies of 160 and 20 eV were used for survey and
high-resolution scans, respectively. The charge neutraliser was utilised to compensate for surface static
charging resulting from electron emission. The area of analysis (Iris aperture) was a 0.3 × 0.7 mm
slot; the analysis depth was less than 15 nm. The analysis vacuum was 4 × 10−9 Torr. To minimise
the sublimation of elemental sulfur (S0), the samples were sample stage was cooled using liquid N2

(150 K). Details of the XPS data analysis methodology are described in [24].

3. Results

3.1. Dissolution

Figure 1a indicates no significant difference in the extracted Cu concentrations in the presence of
quartz or pyrite within 132 days, the duration of the experiment, when Eh was controlled at 750 mV.
Within the initial 40 days, the Cu extracted at 750 mV increased in a manner similar to that at 650 mV in
the presence of pyrite; approximately 6% of the Cu was extracted during this stage. Subsequently, the
concentration of the Cu in the 750 mV leach liquor increased significantly, considerably more than that
in the 650 mV leach liquor, regardless of the presence of quartz or pyrite. Approximately 45% of the
Cu was released within 132 days when the Eh was 750 mV. In contrast, the Cu concentration increased
slowly from 40 days (approximately 6%) within 132 days (approximately 12% Cu) for the dissolution
at 650 mV in the presence of pyrite. When chalcopyrite was dissolved at 650 mV in the presence of
quartz, less than 2.5% Cu was released within 132 days, indicating that the presence of pyrite resulted
in a significantly increase in Cu dissolution rate at 650 mV, due most likely to the galvanic interaction
between chalcopyrite and pyrite.

Figure 1. Leach data resulting from the flow-through experiments conducted at 75 ◦C, pH 1.0, 650
mV and 750 mV: (a) Cu concentration and % extraction versus time; (b) Cu concentration against
Fe concentration.

The Cu: Fe ratio was slightly greater than 1 when chalcopyrite was dissolved with quartz
at 750 mV (Figure 1b). This ratio increased gradually, but was still close to 1, in the later dissolution
stage when both Cu and Fe concentrations increased, indicating Cu to Fe stoichiometric dissolution of
chalcopyrite. In contrast, when chalcopyrite was dissolved at 750 mV in the presence of pyrite, the
Cu to Fe ratio was slightly less than 1 from the beginning of dissolution, and continued to decrease
to approximately 0.8 at the end of the experiment (i.e., 132 days), indicating the dissolution of Fe
from pyrite. However, the Cu to Fe ratio in the leach liquor was approximately 1 during the entire
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experiment duration when Eh was controlled at 650 mV, regardless of the presence of quartz or pyrite,
indicating stoichiometric Cu–Fe dissolution of chalcopyrite.

3.2. XRD and SEM Analyses

Figure 2 shows the XRD patterns collected from the leach residues subjected to 750 mV, 75 ◦C
and pH 1.0. Quantitative Rietveld analysis indicated a leach residue phase composition of 71 wt. %
quartz, 19 wt. % chalcopyrite and 10 wt. % S0 for the chalcopyrite-quartz leach system (Figure 2a) and
47 wt. % pyrite, 25 wt. % chalcopyrite and 28 wt. % S0 for the chalcopyrite-pyrite system (Figure 2b).
No other phases were identified. XRD patterns collected from the leach residues at 650 mV are not
shown as most of the residues were almost identical to the feed (less than 12% of the chalcopyrite was
dissolved, Figure 1a).

Figure 2. XRD patterns from the chalcopyrite leach residue subjected to 750 mV, 75 ◦C and pH 1.0: (a)
chalcopyrite and quartz; (b) chalcopyrite and pyrite.

If the quantity of quartz (6 g) in the residues from the chalcopyrite-quartz system is assumed to
be unchanged 1.607 g chalcopyrite and 0.845 g of S0 are calculated to be present in the leach residue
(Table 2). This weight of S0 converts into 2.423 g of leached chalcopyrite. Hence, the total weight of
chalcopyrite (remaining and dissolved) was 4.03 g which is nearly identical to that added initially
(4 g). This suggests that approximately all of the sulfur from the chalcopyrite was oxidised to S0, or
alternatiely that no SO4

2− was produced during chalcopyrite dissolution controlled at 750 mV, pH 1.0
and 75 ◦C (in the presence of inert quartz).

Table 2. Initial and final weights of mineral phases for the flow-through leach experiments. It is
assumed that no quartz dissolution occurs.

Remaining
(Dissolved) Quartz

Remaining (Dissolved)
Chalcopyrite

Remaining
(Dissolved) Pyrite

S0 Formed

4 g chalcopyrite
+ 6 g quartz 6 (0) g 1.607 (2.423) g N.A. 0.845 g

4 g chalcopyrite
+ 6 g pyrite N.A. 1.607 (2.423) g 3.021 (2.979) g 1.800 g

As shown in Figure 1a, Cu was dissolved in a similar manner in the presence of either quartz or
pyrite at 750 mV, indicating an identical (within experimental error) quantity of chalcopyrite remaining
in these two residues, i.e., 1.607 g (equating to 25 wt. % of the leach residue in the presence of pyrite).
Hence, the remaining total residue, and the amounts of pyrite and S0 formed are calculated to be
6.428 g, 3.021 g and 1.800 g, respectively. If it is assumed that the leached chalcopyrite (i.e., 2.423 g)
produces 0.845 g of S0 in the chalcopyrite-pyrite system, 0.955 g of S0 must result from pyrite oxidation.
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This suggests that approximately 60% S (corresponding to 1.791 g of pyrite) of the leached pyrite
(2.979 g) was oxidised to S0 while 40% S (corresponding to 1.188 g of pyrite) from the pyrite was
oxidised to soluble sulfur species, e.g., SO4

2−.
Figure 3 shows SEM images, using two imaging modes, SE and BSE (e.g., Figure 3a,b) of the leach

residues collected at 750 mV, 75 ◦C and pH 1.0. As indicated in Figure 3b, a portion of the chalcopyrite
particles in the chalcopyrite-quartz leach system were oxidised to S0, with the chalcopyrite particles
being surrounded/armoured by S0 (Figure 3c). In addition some chalcopyrite particles appeared
unoxidised, presenting a smooth surface (Figure 3a,b).

 

Figure 3. SEM images of leach residues collected at the end of the experiment, 132 days, (750 mV,
75 ◦C and pH 1.0 shown in Figure 1): (a) full view of chalcopyrite dissolved with quartz (SE image);
(b) full view of chalcopyrite dissolved with quartz (BSE image); (c) selected area from (a); (d) full view
of chalcopyrite dissolved with pyrite (SE image); (e) selected area from (d); (f) selected area from (e).
Cp—chalcopyrite, S0—elemental sulfur, SiO2—quartz, Py—pyrite.

In contrast, when pyrite was present, the morphology of the oxidised chalcopyrite was
significantly changed from that with in the chalcopyrite-quartz system. Figure 3d shows that both
chalcopyrite and pyrite were present in the residue and Figure 3e indicates that the chalcopyrite surface
was S0-free. In addition, Figure 3e,f suggest that chalcopyrite dissolution behaviour may be different
on different crystal faces. However, the interpretation of these images in terms of leach behaviour is
not yet clear and will form a next step in our study.

3.3. XPS Analyses

XPS has been employed in order to understand the evolution of the uppermost surface species.
As the presence of pyrite in the dissolved residue may convolute the interpretation of XPS S 2p species
on the chalcopyrite surface, chalcopyrite slab surfaces leached in the glass vessel (instead of particles
in the flow-through cell) were used.

Figure 4a shows that a significant amount of S0 and Sn
2− (polysulfide) formed on the leached

chalcopyrite surface in galvanic interaction with pyrite, as compared to that leached in isolation
(Figure 4b). Figure 4c provides the difference spectra of Figure 4a minus Figure 4b. Figure 4d provides
the fitting of the S 2p spectrum shown in Figure 4a. The presence of SO4

2− on the chalcopyrite
surface leached in isolation (Figure 4b) might be due to the slow leach rate. As water was used as the
lubricating agent during the polishing process, the chalcopryite surface may react with water to form
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SO4
2−. But when chalcopyrite was contacting with pyrite, the increased leach would be expected to

result in complete dissolution of SO4
2− (Figure 4a).

  
(a)–(c) (d) 

Figure 4. S 2p spectra collected from the chalcopyrite slabs dissolved at 750 mV, 75 ◦C and pH 1.0 for
30 h: (a) chalcopyrite from galvanic cell; (b) chalcopyrite only; (c) (a) minus (b); (d) fitting of (a).

Table 3 provides the quantification of S species on the surfaces of the chalcopyrite slabs. Both Sn
2−

and S0 are present in relatively greater quantities (as % of total S) where pyrite was in contact with
the chalcopyrite as compared to the chalcopyrite only system, indicating enhanced sulfur oxidation
occurred on the chalcopyrite slab surface involved in the galvanic cell.

However, these observations are apparently inconsistent with the dissolution data provided in
Figure 1a which shows no enhancement in the Cu extraction rate in the galvanic chalcopyrite-pyrite
system at 750 mV. In the flow-through dissolution experiment considerably greater Fe2+ is released
from the chalcoyrite powder particles, as compared to the system used to leach the slab samples.
This will be rapidly oxidised to Fe3+ which will dominate the subsequent dissolution (Equation (1))
at 750 mV. It is also worth considering that the absolute amount of surface S is not known. Hence
although the relative amounts of oxidised S species (as % S) are greater on the chalcopyrite surfaces
in contract with pyrite (Table 3), the total S on these surfaces may actually be smaller as compared to
those in contact with quartz. If this is the case so the absolute concentrations of the oxidised S species
may also be smaller.

Table 3. S species (% S) on the leached chalcopyrite slab surfaces (30 h).

S Species Binding Energy (eV) FWHM * (eV) Chalcopyrite Only
Chalcopyrite

(Galvanic Cell)

Surface S2− 160.6–160.8 0.5–0.6 3 0
Bulk S2− 161.1 0.5–0.6 51 49

S2
2− 161.8–162.2 0.6–0.7 5 7

Sn
2− 162.8–163.4 1.2–1.5 22 28

S0 163.9–164.3 1.2–1.5 2 13
SO4

2− 168.7–169.1 1.2–1.5 14 0
Energy loss 164.8–165.2 1.8–2.0 3 3

* FWHM—full width at half maximum. For the estimation of FWHM values refer to [24,26].

No significant difference was observed between the O 1s spectra collected from chalcopyrite
slab surface with and without pyrite present. Only chemisorbed H2O and electrical isolated H2O
were observed in the O 1s spectra collected at these two surfaces, with no O2− or OH−/SO observed
(Figure 5).
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Figure 5. Fitted O 1s spectrum collected from the chalcopyrite slab in contact with pyrite (galvanic cell)
leached at 750 mV, 75 ◦C and pH 1.0 for 30 h.

The strongest peak in the Fe 2p3/2 XPS spectra is observed at around 708 eV and another weak
peak was also observed at 710–712 eV. This indicates that Fe(III)–S was the major Fe containing species
with a component of Fe–O/OH also present [3,26–31] (Figure 6a). The Cu 2p spectrum (Figure 6b)
shows that the oxidation stat of Cu in/on chalcopyrite was +1 [32–35].

Figure 6. XPS spectra collected from the chalcopyrite surface in contact with pyrite (galvanic cell)
leached for 30 h at 750 mV, 75 ◦C and pH 1.0: (a) Fe 2p; (b) Cu 2p.

4. Discussion

Equation (1) indicates that chalcopyrite can be oxidised by Fe3+ to produce S0. As indicated by the
Pourbaix diagram of the CuFeS2–H2O system [36], pH less than 4 and Eh greater than 580 mV (SHE) is
required for effective Cu extraction from chalcopyrite. A greater Cu dissolution rate was observed
at greater Eh (750 cf. 650 mV, Figure 1a), in accord with our previous chalcopyrite batch dissolution
study [19].

The total Cu extracted from chalcopyrite at 650 mV increased significantly across the 132 days
experimental duration when pyrite, as compared to quartz, was present (Figure 1a, 12% cf. 2.5%). Based
on the ICP results (Figure 1a), the average Cu dissolution rate across 132 days at 650 mV is calculated to
be 3.36 × 10−6 M·d−1 in the absence of pyrite and 1.86 × 10−5 M·d−1 when pyrite is present, indicating
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a fivefold increase of the Cu dissolution rate due to galvanic interaction. The mean chalcopyrite
dissolution rate across 132 days at 750 mV is approximately four times greater than that at 650 mV
in the presence of pyrite, i.e., 7.11 × 10−5 M·d−1 and 7.35 ×10−5 M·d−1 for the chalcopyrite-quartz
and chalcopyrite-pyrite systems respectively. This suggests that Eh plays a vital role in chalcopyrite
dissolution rate-control. The similar Cu dissolution rates at 750 mV, in the presence and absence of
pyrite, indicate that the galvanic interaction between chalcopyrite and pyrite is negligible.

Our findings are consistent with those of Tshilombo [37] who, using electrochemical techniques,
reported that pyrite did not dissolve significantly at low solution potentials and under these conditions
the leach rate of chalcopyrite was enhanced due to the presence of the cathodic sites on pyrite, i.e.,
increased cathodic surface area. However, at greater solution potentials the galvanic interaction
stopped and pyrite oxidation was apparent at redox potentials above 700 mV (SHE) [37].When Fe2+

is released from chalcopyrite or pyrite particles into solution, Fe3+ is available as the Eh is controlled
and a portion of Fe2+ is oxidised rapidly by the addition of H2O2. The reduction of Fe3+ occurs on
the pyrite surface in preference to the chalcopyrite surface when pyrite is present and contacting
with chalcopyrite. However, when the solution Eh (e.g., 750 mV) is greater than the rest potential of
pyrite, the reduction of Fe3+ on both pyrite and chalcopyrite is possible, resulting in the dissolution
from both chalcopyrite and pyrite as indicated by Figure 1b. Therefore at 750 mV leaching of both
chalcopyrite and pyrite is likely to take place. The dissolution of pyrite therefore increases the Fe
concentration, resulting in a decreased Cu to Fe ratio as shown in Figure 1b. However, stoichiometric
Cu to Fe dissolution of chalcopyrite at 650 mV is expected (Figure 1b), regardless of the presence of
pyrite, as this Eh is less than the rest potential of pyrite but greater than that of chalcopyrite [38] and
little dissolution of pyrite occurs.

These findings are of significance in providing better understanding of the factors affecting
dissolution rate of mixed chalcopyrite and pyrite systems in AMD systems within the most often
observed Eh range of 500–800 mV (SHE) [39–41]. In particular the findings suggest that metalliferous
Cu-containing drainage may be of importance in this Eh range and that acidic drainage from pyrite
dissolution may be partially inhibited if the Eh remains below pyrite’s rest potential. In addition, this
study also reveals that the galvanic effect between chalcopyrite and pyrite (or other sulfides) in the
hydrometallurgical processing of chalcopyrite can be managed via controlling the solution Eh.

5. Conclusions

Chalcopyrite leaching has been conducted at 75 ◦C and pH 1.0. At Eh of 650 mV, the presence
of pyrite, as compared to the same amount of the inert mineral of quartz, increases chalcopyrite
dissolution rate by more than five times due to the effective galvanic interaction between chalcopyrite
and pyrite. In addition, chalcopyrite leaching of Cu and Fe was found to be stoichiometric suggesting
insignificant pyrite dissolution.

The dissolution rate at 650 mV is significantly less than that at 750 mV, regardless of the presence
of pyrite or quartz. At 750 mV the galvanic effect derived from pyrite is negligible as this Eh is greater
than the rest potentials of both chalcopyrite and pyrite so that both minerals dissolve.

XRD and SEM results indicate that almost 100% S of the dissolved chalcopyrite is oxidised to S0,
regardless of the presence of pyrite (at 750 mV). When pyrite contacts with chalcopyrite at 750 mV,
around 60% of the S due to pyrite leaching is oxidised to S0 and the remaining 40% is released as
soluble species, e.g., SO4

2−. Therefore, a reasonable Eh should be selected if galvanic interaction is
expected in chalcopyrite dissolution.

Acknowledgments: Financial support from Rio Tinto and Australian Research Council via the ARC-Linkage
Project “Solution and surface speciation evolution during chalcopyrite leaching” (LP110200326) is
gratefully acknowledged.

Author Contributions: Yubiao Li and Andrea Gerson wrote the paper and contributed to all the activities related
to this paper. Gujie Qian cooperated in conducting the dissolution experiment and data analysis. Jun Li designed
the dissolution experiment and contributed to all the discussion.

192



Metals 2015, 5, 1566–1579

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Córdoba, E.M.; Muñoz, J.A.; Blázquez, M.L.; González, F.; Ballester, A. Leaching of chalcopyrite with ferric
ion. Part I: General aspects. Hydrometallurgy 2008, 93, 81–87. [CrossRef]

2. Córdoba, E.M.; Muñoz, J.A.; Blázquez, M.L.; González, F.; Ballester, A. Leaching of chalcopyrite with ferric
ion. Part III: Effect of redox potential on the silver-catalyzed process. Hydrometallurgy 2008, 93, 97–105.
[CrossRef]

3. Li, Y.; Kawashima, N.; Li, J.; Chandra, A.P.; Gerson, A.R. A review of the structure, and fundamental
mechanisms and kinetics of the leaching of chalcopyrite. Adv. Colloid Interface Sci. 2013, 197–198, 1–32.
[CrossRef] [PubMed]

4. Watling, H.R. Chalcopyrite hydrometallurgy at atmospheric pressure: 1. Review of acidic sulfate,
sulfate-chloride and sulfate-nitrate process options. Hydrometallurgy 2013, 140, 163–180. [CrossRef]

5. Munoz-Castillo, B.P. Reaction Mechanisms in the Acid Ferric-Sulfate Leaching of Chalcopyrite. Ph.D. Thesis,
University of Utah, Salt Lake City, UT, USA, 1977.

6. Hirato, T.; Majima, H.; Awakura, Y. The leaching of chalcopyrite with ferric sulfate. Metall. Mater. Trans. B
1987, 18, 489–496. [CrossRef]

7. Klauber, C. A critical review of the surface chemistry of acidic ferric sulphate dissolution of chalcopyrite
with regards to hindered dissolution. Int. J. Miner. Process. 2008, 86, 1–17. [CrossRef]

8. Watling, H.R. The bioleaching of sulphide minerals with emphasis on copper sulphides—A review.
Hydrometallurgy 2006, 84, 81–108. [CrossRef]

9. Hiroyoshi, N.; Miki, H.; Hirajima, T.; Tsunekawa, M. Enhancement of chalcopyrite leaching by ferrous ions
in acidic ferric sulfate solutions. Hydrometallurgy 2001, 60, 185–197. [CrossRef]

10. Dutrizac, J.E. Elemental sulphur formation during the ferric sulphate leaching of chalcopyrite. Can. Metall.
Quart. 1989, 28, 337–344. [CrossRef]

11. Dixon, D.G.; Mayne, D.D.; Baxter, K.G. Galvanox (TM)—A novel galvanically-assisted atmospheric leaching
technology for copper concentrates. Can. Metall. Quart. 2008, 47, 327–336. [CrossRef]

12. Liu, Q.; Li, H.; Zhou, L. Galvanic interactions between metal sulfide minerals in a flowing system:
Implications for mines environmental restoration. Appl. Geochem. 2008, 23, 2316–2323. [CrossRef]

13. Koleini, S.M.J.; Jafarian, M.; Abdollahy, M.; Aghazadeh, V. Galvanic leaching of chalcopyrite in atmospheric
pressure and sulfate media: Kinetic and surface studies. Ind. Eng. Chem. Res. 2010, 49, 5997–6002. [CrossRef]

14. Koleini, S.M.J.; Aghazadeh, V.; Sandström, A. Acidic sulphate leaching of chalcopyrite concentrates in
presence of pyrite. Miner. Eng. 2011, 24, 381–386. [CrossRef]

15. Misra, M.; Fuerstenau, M.C. Chalcopyrite leaching at moderate temperature and ambient pressure in the
presence of nanosize silica. Miner. Eng. 2005, 18, 293–297. [CrossRef]

16. Tshilombo, A.F.; Petersen, J.; Dixon, D.G. The influence of applied potentials and temperature on the
electrochemical response of chalcopyrite during bacterial leaching. Miner. Eng. 2002, 15, 809–813. [CrossRef]

17. Berry, V.K.; Murr, L.E.; Hiskey, J.B. Galvanic interaction between chalcopyrite and pyrite during bacterial
leaching of low-grade waste. Hydrometallurgy 1978, 3, 309–326. [CrossRef]

18. Mehta, A.P.; Murr, L.E. Kinetic study of sulfide leaching by galvanic interaction between chalcopyrite, pyrite,
and sphalerite in the presence of T. ferrooxidans (30 ◦C) and a thermophilic microorganism (55 ◦C). Biotechnol.
Bioeng. 1982, 24, 919–940. [CrossRef] [PubMed]

19. Li, Y.; Qian, G.; Li, J.; Gerson, A. The rate controlling parameters in the hydrometallurgical leaching of
chalcopyrite. In Proceedings of ALTA 2014 Nickel-Cobalt-Copper Sessions, Perth, Australia, 24–31 May 2014;
pp. 399–410.

20. Li, Y.; Qian, G.; Li, J.; Gerson, A.R. Kinetics and roles of solution and surface species of chalcopyrite
dissolution at 650 mV. Geochim. Cosmochim. Acta 2015, 161, 188–202. [CrossRef]

21. Li, J.; Kawashima, N.; Kaplun, K.; Absolon, V.J.; Gerson, A.R. Chalcopyrite leaching: The rate controlling
factors. Geochim. Cosmochim. Acta 2010, 74, 2881–2893. [CrossRef]

22. Kaplun, K.; Li, J.; Kawashima, N.; Gerson, A.R. Cu and Fe chalcopyrite leach activation energies and the
effect of added Fe3+. Geochim. Cosmochim. Acta 2011, 75, 5865–5878. [CrossRef]

193



Metals 2015, 5, 1566–1579

23. Kimball, B.E.; Rimstidt, J.D.; Brantley, S.L. Chalcopyrite dissolution rate laws. Appl. Geochem. 2010, 25,
972–983. [CrossRef]

24. Li, Y.; Chandra, A.P.; Gerson, A.R. Scanning photoelectron microscopy studies of freshly fractured
chalcopyrite exposed to O2 and H2O. Geochim. Cosmochim. Acta 2014, 133, 372–386. [CrossRef]

25. Qian, G.; Li, J.; Li, Y.; Gerson, A.R. Probing the effect of aqueous impurities on the leaching of chalcopyrite
under controlled conditions. Hydrometallurgy 2014, 149, 195–209. [CrossRef]

26. Acres, R.G.; Harmer, S.L.; Beattie, D.A. Synchrotron XPS, NEXAFS, and ToF-SIMS studies of solution exposed
chalcopyrite and heterogeneous chalcopyrite with pyrite. Miner. Eng. 2010, 23, 928–936. [CrossRef]

27. Buckley, A.N.; Woods, R. An X-ray photoelectron spectroscopic study of the oxidation of chalcopyrite. Aust.
J. Chem. 1984, 37, 2403–2413. [CrossRef]

28. Smart, R.S.C. Surface layers in base metal sulphide flotation. Miner. Eng. 1991, 4, 891–909. [CrossRef]
29. Fairthorne, G.; Fornasiero, D.; Ralston, J. Effect of oxidation on the collectorless flotation of chalcopyrite. Int.

J. Miner. Process. 1997, 49, 31–48. [CrossRef]
30. Brion, D. Photoelectron spectroscopic study of the surface degradation of pyrite (FeS2), chalcopyrite (CuFeS2),

sphalerite (ZnS), and galena (PbS) in air and water. Appl. Surf. Sci. 1980, 5, 133–152. [CrossRef]
31. Acres, R.G.; Harmer, S.L.; Shui, H.W.; Chen, C.H.; Beattie, D.A. Synchrotron scanning photoemission

microscopy of homogeneous and heterogeneous metal sulfide minerals. J. Synchrotron Radiat. 2011, 18,
649–657. [CrossRef] [PubMed]

32. Yin, Q.; Kelsall, G.H.; Vaughan, D.J.; England, K.E.R. Atmospheric and electrochemical oxidation of the
surface of chalcopyrite (CuFeS2). Geochim. Cosmochim. Acta 1995, 59, 1091–1100. [CrossRef]

33. Harmer, S.L.; Pratt, A.R.; Nesbitt, H.W.; Fleet, M.E. Reconstruction of fracture surfaces on bornite. Can.
Mineral. 2005, 43, 1619–1630. [CrossRef]

34. Pearce, C.I.; Pattrick, R.A.D.; Vaughan, D.J.; Henderson, C.M.B.; van der Laan, G. Copper oxidation state in
chalcopyrite: Mixed Cu d9 and d10 characteristics. Geochim. Cosmochim. Acta 2006, 70, 4635–4642. [CrossRef]

35. Klauber, C.; Parker, A.; van Bronswijk, W.; Watling, H. Sulphur speciation of leached chalcopyrite surfaces as
determined by X-ray photoelectron spectroscopy. Int. J. Miner. Process. 2001, 62, 65–94. [CrossRef]

36. Garrels, R.M.; Christ, C.L. Solutions, Minerals, and Equilibria; Harper & Row: New York, NY, USA, 1965.
37. Tshilombo, A.F. Mechanism and Kinetics of Chalcopyrite Passivation and Depassivation during Ferric and

Microbial Leaching. Ph.D. Thesis, University of Brithish Columbia, Vancouver, BC, Canada, December 2004.
38. Payant, R.; Rosenblum, F.; Nesset, J.E.; Finch, J.A. The self-heating of sulfides: Galvanic effects. Miner. Eng.

2012, 26, 57–63. [CrossRef]
39. Costa, M.; Martins, M.; Jesus, C.; Duarte, J. Treatment of acid mine drainage by sulphate-reducing bacteria

using low cost matrices. Water Air Soil Pollut. 2008, 189, 149–162. [CrossRef]
40. Borkowski, A.; Parafiniuk, J.; Wolicka, D.; Kowalczyk, P. Geomicrobiology of acid mine drainage in the

weathering zone of pyrite-bearing schists in the rudawy janowickie mountains (Poland). Geol. Q. 2013, 57,
601–612. [CrossRef]

41. Azzali, E.; Marescotti, P.; Frau, F.; Dinelli, E.; Carbone, C.; Capitani, G.; Lucchetti, G. Mineralogical and
chemical variations of ochreous precipitates from acid sulphate waters (asw) at the Roşia Montană gold
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Abstract: Novel and environmentally benign adsorbents were prepared via a simple sulfuric acid
treatment process using the wastes of astringent persimmon, a type of biomass waste, along with
persimmon tannin extract which is currently employed for the tanning of leather and as natural
dyes and paints. The effectiveness of these new biosorbents was exemplified with regards to
hydrometallurgical and environmental engineering applications for the adsorptive removal of
uranium and thorium from rare earths, cesium from other alkaline metals such as sodium, hexa-valent
chromium from zinc as well as adsorptive recovery of gold from chloride media. Furthermore,
reductive coagulation of gold from chloride media for the direct recovery of metallic gold and
adsorptive recovery of palladium and platinum using chemically modified persimmon tannin extract
were studied.

Keywords: adsorption; precious metals; radioactive elements; chromium(VI); persimmon tannin;
biomass wastes

1. Introduction

Within the last decades, increasing attention has been paid towards energy saving
hydrometallurgical processes for the recovery of valuable metals and the removal of hazardous
materials. In hydrometallurgical processing, a leach liquor is subjected to metal separation and
purification, which includes solvent extraction, ion exchange, precipitation, membrane filtration, and
so forth. However, all the aforementioned methods suffer from significant disadvantages, which
include incomplete metal recovery, high capital costs, high reagent and/or energy requirements and
generation of toxic sludge or other waste products that demand additional disposal considerations,
hence increasing the overall cost. Due to their high efficiency, flexibility, applicability over a wide
range of metal concentration, and simple sludge free operation for the effective recovery of analyte,
adsorption techniques demonstrate great promise for the recovery of metal values from aquatic
environment. From the technical and economical points of view, in recent years, much attention has
been focused on low cost adsorbents prepared from various biomass wastes as they are relatively
inexpensive, environmentally benign, biodegradable and renewable. In such biomass wastes, the
chemical components which exhibit effective adsorption behaviors include several polysaccharides
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such as pectic acid, alginic acid, chitin and cellulose, polyphenol compounds such as lignin and
tannin, and proteins. Additionally, such adsorption behaviors of the original components can be
significantly enhanced using simple chemical treatments or chemical modification processes. For
example, although the adsorption of chitin for metal ions is poor, that of chitosan which can be
produced by simple hydration reaction using concentrated sodium hydroxide solution is attractive
particularly with regards to hydrometallurgical processing [1]. Furthermore, although cellulose itself
exhibits negligible adsorption for nearly all metal ions, it exhibits extraordinary high and selective
adsorption for gold as a consequence of a simple concentrated sulfuric acid treatment [2].

Concerning tannin compounds, it is well known that they possess ion exchange and complexation
characteristics towards metal ions; that is, the potential of tannin rich biomass materials for the recovery
of heavy and precious metals has been reported by some authors [3,4].

Persimmon is a popular fruit in East Asian countries such as China, Korea and Japan. There
are two kinds of persimmon fruits, sweet persimmon and astringent persimmon, which differ by
their content of water soluble persimmon tannin. Although the former can be eaten, as they are
similar to apples, the latter are rich in the water soluble persimmon tannin which generates a
very astringent taste and, are thus unsuitable for direct consumption. However, such astringent
persimmon can be edible by peeling and drying in the open air for a few weeks during the winter
wherein the water soluble persimmon tannin is transformed by a spontaneous condensation reaction
into water insoluble polymerized tannin and its astringent taste is diminished. Here, persimmon
tannin is a kind of polyphenol compound possessing a complicated chemical structure as shown in
Scheme 1 containing large amounts of catechol and pyrogallol functional groups [5]. Persimmon
extract, the juice of astringent persimmon, contains large quantities of persimmon tannin and has
been traditionally employed in various applications as natural paints, dyes, tanning agent for leather
tanning, a coagulating agent for proteins, etc. During the preparation of dried persimmon fruits
and astringent persimmon extract, large quantities of peels and juice residue, or biomass wastes,
are generated. These wastes still contain large amounts of persimmon tannin. In our recent works,
several novel types of environmentally benign adsorption gels were prepared from the powder of
the astringent persimmon juice and also from the above-mentioned persimmon wastes as potential
agents for the recovery of valuable metals and the removal of hazardous metals. In the present
paper, these works are summarized and briefly reviewed from the viewpoints of hydrometallurgy and
environmental engineering.
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Scheme 1. Schematic structure of persimmon tannin where m stands for the number of the unit.

2. Adsorptive Removal of Uranium and Thorium

After the oil crisis in the 1970s, the recovery of uranium from sea water received a considerable
amount of attention in Japan. From such interest, Sakaguchi and Nakajima found that some tannin
compounds such as Chinese gallotannin (tannic acid) immobilized on cellulosic matrices such as
cellulose powder are effective for the recovery of uranium from sea water [3]. They further discovered
that persimmon extract exhibits an extremely high affinity for uranium, and subsequently prepared an
adsorption gel for the recovery of uranium by crosslinking it using glutaraldehyde [6]. They attempted
to employ this gel not only for the recovery of uranium from sea water but also for the removal of
trace amounts of uranium from uranium milling wastewater. Environmental pollution by radioactive
elements such as uranium and thorium is not limited to uranium mines and nuclear facilities. Rare
earth ores, monazite, bastnaesite and xenotime, contain some quantities of these elements, which are
removed in the mineral dressing stage at mine sites. However, unfavorable treatment and management
of tailings of these ores may bring about serious environmental contamination. For instance, in the
early 1980s a serious environmental pollution problem took place at a rare earth plant at Ipoh, Malaysia.
As seen from this case, selective removal of uranium and thorium from rare earths has been required
in order to avoid such environmental problems.
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From such a viewpoint, studies were conducted on the selective removal of uranium(VI) and
thorium(IV) from lutetium(III) (the heaviest rare earth exhibiting similar chemical behaviors with these
actinide elements) using three kinds of adsorbents [7,8]. These are as follows: (1) A persimmon peel gel
(PP gel) prepared from persimmon peel waste generated in the production of dried persimmon fruits by
boiling in concentrated sulfuric acid for the dehydration condensation reaction for crosslinking between
polyphenols and polysaccharides such as cellulose; (2) a gallic acid resin prepared by interacting gallic
acid with a commercially available weak base anion exchange resin (DIAION WA30, Mitsubishi
Chemical Corp., Tokyo, Japan); and (3) a kakishibu resin, which was prepared by impregnating
persimmon extract (kakishibu) into a high porous resin without any functional groups (DIAION HP 20,
Mitsubishi Chemical Corp., Tokyo, Japan), kindly donated by Tomiyama Corp., Kyoto, Japan.
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Figure 1. Percentage adsorption of uranium(VI) at varying equilibrium pH on PP gel, gallic acid resin
and kakishibu resin.

Figure 1 shows the pH dependency of % adsorption of uranium(VI) on the PP gel, the gallic
acid resin and the kakishibu resin for comparison. For all adsorbents, the adsorption increases with
increasing pH, indicating that adsorption takes place according to a cation exchange mechanism
with the phenolic hydroxyl groups of the persimmon tannin releasing hydrogen ions as suggested
by Sakaguchi and Nakajima [6] (a similar adsorption mechanism will be discussed in Section 4
(chromium(VI) adsorption) by the reaction equation shown in Scheme 2b) wherein nearly quantitative
adsorption is achieved at pH values greater than 4.5. The adsorption on the PP gel appears to be nearly
equal to that on the gallic acid resin and higher than that of the kakishibu resin. On the other hand, the
adsorption behavior for thorium(IV) was found to be nearly equal for all of the three adsorbents while
the adsorption of lutetium(III) on the PP gel was found to be higher than that on other two adsorbents.

Figure 2 shows the comparison of the % adsorption of uranium(VI), thorium(IV) and lutetium(III)
on the PP gel to compare the order of selectivity among these three metal ions. As seen from this
figure, it is as follows: Th(IV) > U(VI) > Lu(III). That is, uranium(VI) and thorium(IV) are selectively
adsorbed on the gel over lutetium(III), supporting the feasibility of selective adsorptive removal of the
radioactive elements, uranium(VI) and thorium(IV), contained in rare earth ores using this gel.
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Figure 2. Percentage Adsorption of uranium(VI), thorium(IV) and lutetium(III) at varying equilibrium
pH on PP gel [8] (with permission for reuse from TMS).

From the study of the adsorption isotherms of uranium(VI), thorium(IV) and lutetium(III) on
the PP gel, it was found that the adsorption appears to exhibit the Langmuir type adsorption; i.e.,
it increases with increasing metal concentration and tends to approach constant values corresponding
to each metal ion, from which maximum adsorption capacities were evaluated for uranium(VI),
thorium(IV) and lutetium(III) as follows, respectively: 1.29, 0.49 and 0.28 mol·kg−1-dry gel.
In contrast to the selectivity order, uranium(VI) is much more greatly adsorbed than thorium(IV)
and lutetium(III). Compared with the adsorption capacities of commercially available chelating resins,
that of uranium(VI) on the PP gel is very high as in the case of the persimmon tannin gel reported by
Sakaguchi and Nakajima [6].

Based on experimental results of the above-mentioned batch wise adsorption tests, mutual
separation between uranium(VI) and lutetium(III) was tested using a small glass column packed with
PP gel and model solution containing 0.21 mmol·dm−3 uranium(VI) and 0.29 mmol·dm−3 lutetium(III)
at pH = 3.81.

Figure 3 shows the breakthrough profiles of these two metal ions; i.e., a plot of the relative
concentration of these ions in the effluent (their outlet concentrations) compared with their feed
concentrations against contact time after the initiation of the flow. As seen from this figure,
breakthrough of lutetium(III) began at the contact time before 10 h just after the initiation of the
feed while that of uranium(VI) began at 20 h, suggesting that the mutual separation of uranium(VI)
from lutetium(III) can be successfully achieved using the column packed with the PP gel.

Figure 4, on the other hand, shows the elution profiles for these two metal ions from the column
after eluting the loaded column with a 1 mol·dm−3 hydrochloric acid solution. As seen from this
figure, uranium(VI) was eluted at a concentration greater than 25 times that of the feed solution
for the breakthrough test, though a small amount of lutetium(III) coexisted as a contaminant in the
eluted solution.

Further, from the results of the cycle test, it was apparent that repeating the adsorption of
uranium(VI) followed by elution did not compromise the adsorption capacity of the PP gel for
uranium(VI) even after 10 cycles, further supporting its feasibility for practical application.
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Figure 3. Breakthrough profile of uranium(VI) and lutetium(III) from the column packed with
persimmon peel (PP) gel.
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Figure 4. Elution profiles of uranium(VI) and lutetium(III) from the PP gel packed column after
breakthrough using 1 mol·dm−3 hydrochloric acid solution.

3. Adsorptive Removal of Cesium

Cesium (137Cs) is one of the fission products of nuclear fuels contained in radioactive wastes.
Due to its long half life (30 years) and bio-toxicity, its separation and removal from aquatic
environments has always attracted special attention, and this has become much more important
in recent days after the nuclear plant accident at Fukushima, Japan.

Studies on the removal of cesium(I) ion from aqueous solution have been focused largely on
adsorption and ion-exchange methods [9–12]. Natural and synthetic zeolites, clay minerals and
synthetic organic or inorganic ion-exchangers have been employed for large scale separation of
137Cs from low and intermediate-level radioactive waste effluents or contaminated water [9,10,13,14].
However, the majority of these materials appear to be uneconomical as a consequence of their high
operational cost and poor performance. It has been reported that the phenolic resins such as Duolite
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S-30 (phenolic), and Duolite CS-100 (phenolic-carboxylic), can selectively remove cesium(I) from
alkaline solutions [15,16]. The phenolic OH groups are, however, ionizable and only effective
at high pH. Because of their comparatively lower pKa versus the monohydroxy phenols, the
polyhydroxyphenols are ionizable and can function as metal chelators at relatively lower pH than the
monohydroxyphenols. Based on such findings, we anticipated that bioadsorbents having polyphenolic
moieties would exhibit adsorption selectivity towards cesium(I) ions at approximately neutral pH.
From this perspective, our focus was towards developing highly effective adsorption materials for
cesium(I) removal using a persimmon extract rich in persimmon tannin [17,18]. That is, the adsorbent
in the present case, which is abbreviated as CPT (cross-linked persimmon tannin) gel hereafter, was
prepared from commercially available dried persimmon tannin extract powder (Persimmon-Kaki
Technology Development Co. Ltd., Jincheng, China) also by means of crosslinking in boiling
concentrated in sulfuric acid at 100 ◦C.

Figure 5 shows the effect of initial pH on the adsorption behavior of CPT gel towards cesium(I)
and sodium(I) ions. It is clear from this figure that the adsorption of these metal ions is also greatly
affected by pH similar to the adsorption of uranium(VI), thorium(IV) and lutetium(III) as described
in the preceding section. Although cesium(I) is negligibly adsorbed on this adsorbent in acidic
region, its adsorption increases with increasing pH, achieving near quantitative removal at pH higher
than 4.5 with moderate adsorption of sodium(I) ion (around 40%), which supports the applicability of
this adsorbent for the selective removal of cesium(I) at around neutral pH.
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Figure 5. Percentage adsorption of cesium(I) and sodium(I) ions on crosslinked persimmon tannin
(CPT) gel at varying initial pH [17] (with permission for reuse from Elsevier B.V.).

Figure 6 shows the isotherm plots for the adsorption of cesium(I) (plot of amount of adsorption
(q) vs. equilibrium concentration (Ce)) as well as sodium(I) on CPT gel. The plots indicate the typical
Langmuir’s monolayer type of adsorption. From the Langmuir plot using these data, the maximum
adsorption capacities for cesium(I) and sodium(I) on this adsorbent were evaluated as 1.33 and
0.45 mol·kg−1, respectively.
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Figure 6. Adsorption isotherms of cesium(I) and sodium(I) ions on CPT gel [17] (with permission for
reuse from Elsevier B.V.).

A comparative evaluation of the maximum adsorption capacity of this adsorbent towards
cesium(I) ion was carried out with those of different adsorbents reported in literatures as listed
in Table 1. From this table, it is deduced that the present adsorbent containing polyphenolic groups
as ionizable and coordinating functional group have significant adsorption potential for cesium(I)
removal from aqueous solutions compared with other adsorbents.

Table 1. Cesium(I) ion adsorption capacity comparison of the CPT gel and other adsorbents.

Adsorbent
Adsorption Capacity

(mol·kg−1)
pH of the Solution Reference

Zeolite A 1.57 6.0 [10]
Phosphate-modified

montmorillonite 0.70 5.0 [9]

Ammonium
molybdophosphate-polyacrylonitrile 0.61 6.5 [19]

Copper ferrocyanide
functionalized mesoporous silica 0.12 7.8 [9]

Prussian blue 0.09 7.8 [9]
Natural clinoptilolite 0.37 6.5 [13]

Brewery waste biomass 0.07 4.0 [12]
Arca shell biomass 0.03 5.5 [11]

Sulfuric acid crosslinked
Pseudochoricystis ellipsoidea 1.36 6.5 [20]

CPT gel 1.34 6.5 [17]

Taking into account the remarkable selectivity and adsorption capacity of CPT gel towards
cesium(I) over sodium(I), practical applicability of this adsorbent for selective adsorption,
preconcentration and removal/recovery of cesium(I) from the mixture of both the ions was studied by
continuous column experiment.

Figure 7 shows the breakthrough profiles of cesium(I) and sodium(I) ions using a small glass
column packed with CPT gel. In this figure, relative concentrations at outlet to the feed concentration
(Ct/Ci) are plotted against the bed volume (B.V.) which is defined as the ratio of the total volume of
the feed solution passed though the column to the volume of the adsorbent packed in the column.
As expected from the results of batch wise experiment, breakthrough of sodium(I) took place after a
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few hours while that of cesium(I) began to take place after 100 h (996 B.V.), suggesting satisfactory
separation between these two metal ions.
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Figure 7. Breakthrough profiles of cesium(I) and sodium(I) ions from the column packed with CPT
gel [17] (with permission for reuse from Elsevier B.V.).

After the adsorption bed was saturated, elution test was carried out by using 1 mol·dm−3

hydrochloric acid solution in order to recover the adsorbed cesium(I) in concentrated form. It was
found that the elution was quite fast and the concentration of cesium(I) in the elute was much
higher than that of the feed solution, i.e., the preconcentration factor (=outlet concentration of the
column/feed concentration) for cesium(I) was evaluated as 140. Adsorptive separation of cesium(I)
with high preconcentration factor and quantitative elution in a short period of time suggest that the
CPT gel can be used repeatedly and effectively for the separation and removal of cesium(I) from the
mixture of sodium(I) ions.

4. Adsorptive Removal of Chromium(VI)

Chromium exists as chromium(III) and chromium(VI) in aqueous medium. Chromium(VI)
is 500 times more toxic than chromium(III). Its toxicity includes lung cancer as well as kidney, liver and
gastric damage [21]. The maximum level of chromium(VI) permitted in waste water is 0.5 mg·dm−3.
Industrial effluents from plating industries, leather tanning and so on sometimes contain higher levels
of chromium(VI) than the permitted level [22]. It is essential for such industries to treat their effluents to
reduce the chromium(VI) content to the acceptable level. In conventional chromium plating, chromium
is plated as a thin layer on zinc-coated steel plate. This generates post treatment wastewater containing
a high concentration of zinc(II) and a small amount of chromium(VI). In the present work, persimmon
waste generated in the production of persimmon extract as the residue has been tested for the removal
of chromium(VI), taking account of chromium(VI)-containing effluents from the plating industry [23].
That is, the adsorbent was prepared from the persimmon extract residue also by boiling in concentrated
sulfuric acid at high temperature for cross-linking in this case. This adsorbent is abbreviated as CPW
(crosslinked persimmon waste) gel, hereafter.

Chromium(VI) exist in aqueous solution as HCrO4
−, H2CrO4, HCr2O7

− and CrO4
2− depending

on the pH of the solution and the total chromium concentration.
Figure 8 shows the % adsorption of several metal ions as a function of equilibrium pH on CPW

gel. This figure shows a high selectivity of this adsorbent for chromium(VI) at pH < 3. It also shows
that the % adsorption of all metal ions investigated in this experiment, except for chromium(VI),
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was found to increase with increasing pH in the pH range of 1–5 whereas opposite behavior was
observed for chromium(VI). That is, the % adsorption of chromium(VI) increased with increasing pH
in the pH range of 1–3 and then decreased with further increases in pH. This contrasting behavior for
chromium(VI) adsorption compared to the other metal ions can be attributed to a different adsorption
mechanism shown in Scheme 2 [4]. As stated earlier, Cr(VI) exists in aqueous medium as HCrO4

−,
H2CrO4, HCr2O7

− and CrO4
2−, among which the HCrO4

− is the dominant species up to pH 5 [24].
Scheme 2a shows the adsorption mechanism of the oxo anionic form of chromium(VI) on CPW gel

from an acidic solution in terms of an esterification reaction, which suggests that a high concentration
of H+ ion enhances chromium(VI) adsorption whereas a high concentration of OH− ion suppresses
chromium(VI) adsorption, thus accounting for the decrease in the % adsorption of chromium(VI)
with increasing the pH of the solution at pH higher than 3. The reason for decreasing % adsorption
with decreasing pH of the solution at pH less than 3 is due to the reduction of chromium(VI) to
chromium(III) in acidic solution as will be discussed later.

On the other hand, the adsorption of other metal ions, except for chromium(VI), which exist
as cationic species in aqueous solution, are adsorbed on CPW gel according to a cation exchange
mechanism as shown in Scheme 2b, which accounts for the increase in the % adsorption with increasing
pH of the solution.

 
Figure 8. Effect of equilibrium pH on the adsorption of different metal ions on CPW gel [23] (with
permission for reuse from Elsevier B.V.).

OH

OH
Cr

O

O
-O

HO O

O
Cr

O
H2O OH-+ +

H+
+

O  
(a) Esterification reaction 

OH

OH

O

O
M(n-2)+Mn+ 2H+++

 
(b) Cation exchange reaction 

Scheme 2. The binding mechanism of (a) chromium(VI) and (b) other metals to the hydroxyl groups of
catechol units on the cross-linked persimmon gel.
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Batch wise kinetic experiments were carried out in order to elucidate the equilibrium time and
mechanism of the adsorption reaction of Cr(VI).

The time variation of % adsorption of total chromium at varying pH is shown in Figure 9, which
reveals that the chromium adsorption monotonously increases with increasing contact time until
reaching constant values corresponding to pH values, except for the case at pH = 1. On the other hand,
at pH = 1, after the adsorption rapidly increases at the initial stage similar to the cases at other pH
values, it slightly decreases and tends to approach a constant value. This phenomenon was observed
also in the adsorption on the crosslinked grape waste gel and it was concluded to be attributed to the
adsorption coupled reduction mechanism of chromium(VI) to chromium(III) which is not adsorbed at
low pH as seen from Figure 8 [25].

 
Figure 9. Effect of contact time on the adsorption of total chromium on cross-linked persimmon waste
(CPW) gel from chromium(VI) solution at different pH values [23] (with permission for reuse from
Elsevier B.V.).

In order to elucidate the actual mechanism of chromium(VI) adsorption by CPW gel, the rate
of change of both chromium(VI) and chromium(III) concentrations in solution were measured at
pH = 1 as shown in Figure 10. The result shows that chromium(VI) ions were completely removed
from the aqueous solution at this pH and chromium(III) ions were generated which were not present
in the original solution. This result demonstrates that there is not only an adsorption mechanism
of chromium(VI) but also a reduction mechanism taking place in this pH range. That is, the oxo
anionic species of chromium(VI) that is adsorbed on the adsorbent by the esterification reaction as
described earlier is reduced to chromium(III) by the electron rich polyphenolic aromatic ring that
supplies electrons for the reduction reaction as described by the following reactions:

CrO4
2− + 8H+ + 3e− → Cr3+ + 4H2O (1)

After reduction, the adsorbed chromium is released into the aqueous solution in the form of
chromium(III) ions, thus increasing the concentration of chromium(III) in the solution with contact time.

Isotherm studies were carried out to investigate the effect of metal concentration on the adsorption
of chromium(VI) on the CPW gel. Figure 11 shows the experimental isotherm plots for chromium(VI)
adsorption by the CPW gel at different pH values ranging from 1 up to 4. From the result in this
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figure, the adsorption of chromium(VI) at all the pH values tested appears to take place according
to the Langmuir model, that is, the amount of adsorption increases with increasing chromium(VI)
concentration at low concentration while it tends to approach constant values corresponding to each
pH at high concentration in the aqueous solution.

 
Figure 10. Time variation of the concentrations of chromium(VI) and chromium(III) as well as total
chromium in the aqueous solution at pH = 1 during adsorption [23] (with permission for reuse from
Elsevier B.V.).

 

Figure 11. Adsorption isotherms of chromium(VI) on CPW gel [23] (with permission for reuse from
Elsevier B.V.). � pH 1, Δ pH 2, � pH 3, ♦ pH 4.

From the Langmuir plots of these experimental results, the maximum adsorption capacities of
chromium(VI) on the CPW gel were evaluated as 7.18, 6.11, 2.38 and 1.96 mol·kg−1 at pH = 1, 2, 3 and 4,
respectively. This result demonstrates the increasing maximum adsorption capacity with decreasing
pH, indicating that chromium(VI) removal by the CPW gel is greatly influenced by hydrogen ion.

Table 2 shows the maximum adsorption capacities reported for various adsorbents for comparison,
which shows that the polyphenol-containing adsorbents such as mimosa tannin (condensed tannin) [4]
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and persimmon tannin [26] have higher adsorption capacities than other biomasses adsorbents such
as grape gel [25], chitosan [27,28] and sugarcane bagasse [29]. It is noteworthy that the CPW gel
containing polyphenol groups investigated in this study has the highest adsorption capacity among
these, and it is also much higher than those of other tannin-containing gels.

Table 2. The maximum adsorption capacity for chromium ion(VI) for different adsorbents.

Adsorbent pH Temperature [K]
Maximum Adsorption
Capacity (mol kg−1)

Reference

Mimoza tannin 2.0 303 5.52 [4]
Persimmon tannin 3.0 303 5.27 [26]

Quaternary chitosan 4.5 298 0.58 [27]
Sugarcane bagasse 3.0 298 1.97 [29]
Ocimun americanum 1.5 300 1.60 [30]

Crosslinked grape gel 4 303 1.91 [25]
Carbonized wheat straw 2 303 1.67 [31]
Carbonized barley straw 3 303 1.68 [31]

CPW gel 1 303 7.18 [23]

Similar to the cases of other metals, mutual separation of chromium(VI) from other metals
such as zinc(II), for example, was tested on the basis of the results of the batch wise experiments
mentioned earlier.

 

Figure 12. Breakthrough profiles of various chromium and zinc species from the column packed with
CPW gel at pH = 1.0 [23] (with permission for reuse from Elsevier B.V.). �: Total Cr Δ: Cr(III) �: Cr(VI)
♦: Zn(II).

Figures 12 and 13 show the breakthrough profiles of zinc(II), total chromium and chromium(VI)
at pH = 1 and 4, respectively, for a column packed with the CPW gel using an initial feed solution
containing 0.5 mmol·dm−3 chromium(VI) and 5 mmol·dm−3 zinc(II). From these figures, it is seen that
breakthrough of zinc(II) took place just after the initiation of the feed whereas that of chromium(VI)
occurred later, suggesting that mutual separation between zinc(II) and chromium(VI) is feasible using
the CPW gel. The breakthrough of zinc(II) ion just after the start of feeding is due to the non-adsorbing
nature of this ion at this pH on the CPW gel. Although some amount of total chromium was found to
have leaked from the column from the start of the feeding at pH = 1, no chromium(VI) was detected
in the outlet solution; i.e., the total chromium detected in the outlet solution is concluded to be
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chromium(III) reduced from chromium(VI) in the feed solution by the aid of the CPW gel as described
earlier. Consequently, it is apparent that small or trace amounts of chromium(VI) can be completely
removed from an excess concentration of zinc(II) by using the column packed with the CPW gel,
indicating that it can be applicable for the treatment of effluent generating from chromium plating
industries which contain high concentration of zinc(II) but low concentration of chromium(VI).

Figure 13. Breakthrough profiles of various chromium and zinc species from the column packed with
CPW gel at pH = 4.0 [23] (with permission for reuse from Elsevier B.V.). �: Total Cr Δ: Cr(III) �: Cr(VI)
♦: Zn(II).

5. Recovery of Gold from Acidic Chloride Media by Means of Coagulation Using Persimmon
Tannin Extract Liquor

Nowadays, precious metals such as gold, silver and platinum group metals (PGM) are in extensive
use not only as traditional jewelry materials but also as useful components in a variety of well-known
advanced applications such as electric and electronic devices, catalysts, and medical instruments.
Since these metals are limited resources existing only in small amounts on the earth, they should
be effectively recovered from various wastes for recycling and reuse purposes. From an economical
point of view, the recovery process should be such that the precious metals are highly selectively
separated from base metals such as iron, copper, and zinc which often coexist with the precious metals
in disproportionate amounts.

Due to the high price of precious metals, they have been recovered from various wastes for
many years. According to the classical refining method of precious metals, feed materials including
various wastes are leached using aqua regia, where gold, platinum and palladium are dissolved
leaving other precious metals like silver as well as base metals in leach residue. From the leach liquor,
gold is recovered at first as gold sponge by means of the reduction using various reducing agents
like ferrous sulfate, followed by the recovery of platinum and palladium using ammonium chloride.
However, because such conventional methods are tedious and require a significant amount of energy
as well as long processing times, it is currently being replaced by new methods which involve the
complete dissolution of feed materials using chlorine containing hydrochloric acid except for silver,
followed by solvent extraction and ion exchange or distillation for selective separation into high purity
of each precious metal. In this dissolution process, chlorine is dissociated into hydrochloric acid
and hypochlorous acid which functions as oxidation agent and is converted into hydrochloric acid.
Consequently, the mutual separation among precious metals by means of solvent extraction and ion
exchange is carried out from hydrochloric acid. Solvent extraction reagents as well as diluents and ion
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exchange resins, synthetic organic materials, are not environmentally benign taking account of their
dissolution in water and the treatments after their use. On such viewpoints, we attempted to employ
persimmon tannin extract (kakishibu), a natural material, as a coagulating agent for the refining of
gold while, as mentioned earlier, persimmon tannin extract has been employed as a coagulating agent
for proteins for a long time [32]. In the present work, persimmon tannin extract liquid was kindly
donated by Tomiyama Corp., Kyoto, Japan, and employed by diluting with water into 10 (V/V) %
aqueous solution.

As shown in Figure 14, the minor addition of the persimmon tannin extract into hydrochloric acid
solution containing gold(III) ions caused an observable color change of the solution, which gradually
became turbid. In the course of time, such dark turbid materials were coagulated and sank down on
the bottom of vessel. After the filtration of the coagulated materials, the filter cake was observed by
using an optical microscope and by means of X-ray diffraction (XRD) analysis.

 

Gold(III) solution 
Addition of small volume of 

persimmon extract solution 
Generation of turbid materials Formation of precipitate 

Figure 14. Change in the hydrochloric acid solution containing small amount of gold(III) after the
addition of trace volume of persimmon extract liquid [32] (with permission for reuse from The Society
of Chemical Engineers of Japan).

 

Figure 15. Image of the filter cake of the precipitate generated by the addition of persimmon extract
liquor into the gold(III) solution observed by optical microscope (×800).

Figure 15 shows the image of the filter cake observed by an optical microscope. Aggregates of
brilliant yellow fine particles are observed in the filter cake.

From the observation by the X-ray diffraction pattern of the filter cake, 4 sharp peaks were
confirmed at 2θ = 38.2, 44.4, 64.6 and 77.5 degree, surely suggesting the existence of metallic gold.

From these observations, it can be concluded that gold(III) ion was reduced into elemental gold
(gold(0)) and coagulated into the aggregates by the aid of persimmon tannin extract.

Similar coagulation tests were carried out for hydrochloric acid solutions containing other metal
ions. Figure 16 shows the plots of % recovery as coagulated precipitates against hydrochloric acid
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concentration for the individual solutions of platinum(IV), palladium(II), copper(II), zinc(II), and
iron(III) as well as gold(III).

 

Figure 16. Percentage recovery of various metal ions by means of coagulation using persimmon extract
liquor from varying concentration (mol·dm−3) of hydrochloric acid solution [32] (with permission for
reuse from The Society of Chemical Engineers of Japan).

As seen from this figure, the recovery of other metal ions is negligible, suggesting that only gold
is much selectively recovered by this method using persimmon tannin extract. The high selectivity
to gold is attributable to the higher oxidation reduction potential (ORP) of gold(III) ion than other
metal ions.

The reduction of gold(III) ions to metallic gold (gold(0)) is inferred to take place according to the
following reactions where P stands for the polymer matrices of persimmon tannin.

P Ph
H2O

AuCl4  +  4 H+  +  3 e Au0 + 4 HCl

OH P Ph O + H+ + e

Figure 17 shows the time variation of the % recovery of gold from 0.1 mol·dm−3 hydrochloric
acid solution at varying temperatures. As seen from this figure, although it takes very long time to
reach the quantitative recovery at 293 and 303 K, such kinetic behavior of the gold recovery can be
much improved by elevating temperature.
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Figure 17. Percentage recovery of gold(III) by means of coagulation using persimmon extract liquor
from 0.1 mol·dm−3 hydrochloric acid solution at varying temperatures [32] (with permission for reuse
from The Society of Chemical Engineers of Japan).

6. Adsorptive Recovery of Gold from Acidic Chloride Media Using Gels of Dried Persimmon
Tannin Extract and Waste of Persimmon Peel

As mentioned in the preceding section, the liquid of persimmon tannin extract exhibits a strong
reduction behavior for gold. On the basis of such observation, we carried out the adsorptive recovery
of gold using a CPT gel [33] which was employed for the adsorptive removal of cesium(I) as described
in the former section and also using the gel prepared from persimmon peel waste generated in the
production of dried persimmon fruit still containing large quantities of persimmon tannin [34].

Figures 18 and 19 show the % adsorption of gold(III), platinum(IV) and palladium(II) as well as
some base metals such as copper(II) from varying concentration of hydrochloric acid solution on CPT
gel and crude persimmon tannin extract (PT) powder for comparison, respectively.
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Figure 18. Percentage adsorption of various metal ions on CPT gel as a function of concentration of
hydrochloric acid [33] (with permission for reuse from Elsevier B.V.).
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Quantitative adsorption of gold(III) was achieved on CPT gel over the whole concentration range
of hydrochloric acid while the adsorption of gold(III) on crude PT powder decreased significantly in
higher acid concentration regions (greater than 3.0 mol·dm−3). Although both adsorbents exhibited
about 10%–20% adsorption for platinum(IV) and palladium(II), the adsorption of base metals was
practically negligible under the present experimental conditions. The remarkably high selectivity of
CPT gel for gold(III) over base metals as well as platinum(IV) and palladium(II) in a wide concentration
range of hydrochloric acid is immensely useful for selective and quantitative recovery of gold(III) from
acidic chloride media.
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Figure 19. Percentage adsorption of various metal ions on crude PT powder as a function of
concentration of hydrochloric acid [33] (with permission for reuse from Elsevier B.V.).

Figure 20 shows the adsorption isotherms of gold(III) on CPT gel and crude PT powder. As seen
from this figure, it is clear that the amount of gold(III) adsorption on both adsorbents increased
with increasing metal concentration of the test solution and tended to approach the constant value.
That is, the gold(III) adsorption capacity of both adsorbents tended to approach a constant value at
around 4.5 mol·kg−1. Interestingly, as can be seen in this figure, gold(III) adsorption capacity of both
adsorbents again increased, after tending to approach the constant value, with further increase in
gold(III) concentration in the test solution, resulting a typical BET type adsorption isotherm based on
multilayer adsorption model. Consequently, the gold uptake capacity of CPT gel reached as high as
7.7 mol·kg−1 (=1.52 kg-gold·kg−1-dry adsorbent) and that of crude PT powder reached 5.8 mol·kg−1

(=1.14 kg-gold·kg−1-dry adsorbent), respectively, suggesting that greater quantities of gold(III) relative
to the dry weight of these adsorbents were adsorbed. From this result, it is clear that CPT gel is more
effective than the crude PT powder for uptake of gold(III) from hydrochloric acid solutions. The higher
uptake of CPT gel than crude PT powder towards gold(III) may be attributable to the improvement
of structure or surface morphology of the polymer matrices of the gel through crosslinking related
to the adsorption coupled reduction mechanism. That is, it was found in our previous work that
polysaccharides such as cellulose which have no functional groups for binding metal ions exhibit very
high affinity only for gold to give rise to metallic gold particles by special reduction reaction after the
crosslinking using concentrated sulfuric acid [2]. In the case of CPT gel, in addition to the reductive
adsorption of persimmon tannin itself, the crosslinked polysaccharides coexisting in CPT gel may
exhibit the additional reductive adsorption for gold(III).
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Figure 20. Adsorption isotherms of gold(III) on CPT gel and crude persimmon extract tannin
(PT) powder from 0.1 mol·dm−3 hydrochloric acid solution [33] (with permission for reuse from
Elsevier B.V.).

 

Figure 21. FT-IR spectra of CPT gel before and after the adsorption of gold(III) [33] (with permission
for reuse from Elsevier B.V.).

The above-mentioned mechanism of adsorption of gold(III) followed by reduction to elemental
gold was supported by the observation of FT-IR spectra before and after the adsorption of Au(III) on
CPT gel and crude PT powder as presented in Figures 21 and 22, respectively. In the FT-IR spectrum
after gold adsorption, the intensity of the band at 1709 cm−1 assigned for quinine type C=O stretching
was increased. It is interesting to note that the band at 1185 cm−1 attributable to C=C–O asymmetrical
stretching was also increased in intensity. These results support the fact that oxidation of phenolic
hydroxyl groups has actually taken place as mentioned earlier during the adsorption of gold(III) on
phenol-rich tannin matrix.
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Figure 22. FT-IR spectra of crude PT powder before and after the adsorption of gold(III) [33] (with
permission for reuse from Elsevier B.V.).

Once the adsorption occurs, reduction of gold(III) to elemental gold also takes place. The elemental
gold is aggregated and released from the surface of the adsorbents creating active vacant sites for
further adsorption, leading to an apparent uptake of higher amounts of gold(III). Consequently, it is
not unreasonable to consider that the unique BET type of adsorption behaviors of CPT gel and crude
PT powder towards gold(III) may be attributable to the adsorption-reduction cycles as such.

The details of the adsorption kinetics of gold(III) on both the adsorbents were studied by varying
the solution temperature from 293 to 323 K and the results are presented in Figure 23 for CPT gel as
an example. Although similar kinetic behavior was observed for crude PT powder, it was relatively
faster than that observed for the CPT gel at the initial stage of adsorption. However, it also required
longer times to reach equilibrium. This result is attributable to the high aqueous solubility of crude PT
powder since tannin molecules of low molecular weight existing in crude PT powder are dissolved
in the solution at the initial stage of the contact. Because the interaction of these dissolved molecules
with gold(III) ion in solution is the homogeneous reaction, it takes place more rapidly than does
the heterogeneous reaction taking place in the case of gold(III) adsorption on solid surface of CPT
gel particles.

The adsorption rates for both adsorbents at different temperatures were analyzed in terms of the
pseudo-first-order kinetic model according to the following equation:

ln
(

1 − qt

qe

)
= −k1t (2)

where, qe and qt are the amount of adsorbed metal (mol·kg−1) at equilibrium and any time, respectively,
and k1 (h−1) is the pseudo-first-order rate constant. The fitting of this rate expression was checked by
linear plot of ln{1−(qt/qe)} vs. t at four different temperatures. It was confirmed that the plots were
lying on proportional straight lines with the correlation coefficient greater than 0.96.
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Figure 23. Time variation of the adsorption of gold(III) on CPT gel at different temperatures [33] (with
permission for reuse from Elsevier B.V.).

The relationships between the evaluated pseudo-first-order rate constant and temperature were
rearranged according to the Arrehnius equation as shown below:

k1 = A e−Ea/RT (3)

where k1 is rate constant, Ea is activation energy, T is absolute temperature, A is Arrehenius constant
and R is gas constant.

The results are shown in Figure 24 for CPT gel as an example. From the slopes of the straight line
in this figure, the apparent activation energy, Ea, was evaluated as 73 kJ/mol for CPT gel. Similarly,
that for crude PT powder was evaluated as 54 kJ/mol.

Similar experimental work was carried out using the adsorption gel prepared by the same method
from persimmon peel waste generated in the production of dried persimmon fruit [34]. Such waste
still contains large quantities of persimmon tannin. This gel is abbreviated as PP (persimmon peel)
gel, hereafter. Figure 25 shows % adsorption of various metal ions including precious metals such as
gold(III), platinum(IV) and palladium(II) as well as base metals such as copper(II) and iron(III) on PP
gel from varying concentration of hydrochloric acid containing individual metal ions. Similar to the
adsorption on CPT gel, selective adsorption nearly only to gold(III) was observed also in this case.
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Figure 24. Arrhenius plots for the pseudo-first-order rate constants for CPT gel where the straight line
is expressed by the linear equation, Y = −8.57x + 26.7, with the correlation factor (R2) = 0.9671 [33]
(with permission for reuse from Elsevier B.V.).
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Figure 25. Percentage adsorption of some metal ions on PP gel from varying concentration (mol·dm−3)
of hydrochloric acid [34] (with permission for reuse from Elsevier B.V.).

Figure 26 shows the adsorption isotherm of gold(III) on PP gel from 1 mol·dm−3 hydrochloric
acid solution as well as those on the adsorption gels prepared from peels of lemon and grape by the
same method for comparison.

Similar to the case of CPT gel, typical BET type adsorption isotherms based on multilayer
adsorption model were also observed for these adsorption gels. Extraordinary high amounts of gold(III)
adsorption are noteworthy on the adsorbents of PP gel and lemon gel in particular; i.e., the maximum
adsorption amount observed for PP gel is as high as around 9 mol·kg−1 (=1.77 kg-gold·kg−1-dry
adsorbent), suggesting that considerably greater quantity of gold(III) was adsorbed also on this gel
relative to the dry weight of the adsorbent.

Also in this case, it was confirmed by XRD analysis that the adsorbed gold(III) existed as metallic
gold on the adsorbent similar to the case of CPT gel. Figure 27 shows the image of the filter cake
observed by optical microscope, after the adsorption of gold(III) on PP gel followed by filtration. It is
evident from this figure that the brilliant gold particles surely exist in the filter cake separated from the
gel particles.
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Figure 26. Adsorption isotherms of gold(III) from 1 mol·dm−3 hydrochloric acid solution on the
adsorption gels prepared from peels of persimmon, lemon and grape treated in boiling concentrated
sulfuric acid [34] (with permission for reuse from Elsevier B.V.).
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Figure 27. Image of filter cake after the adsorption of gold(III) on PP gel observed by an optical
microscope. Brilliant yellow is the particle of metallic gold while black materials are particles of PP gel.

It may be inferred that the surfaces of CPT and PP gels as well as PT powder function as catalysts
for the reductive adsorption reaction of gold(III) as follows: (1) adsorption of gold(III) ion on the surface;
(2) reduction of gold(III) ion into metallic gold (gold(0)); (3) release of nanoparticles of metallic gold
from the surface and (4) formation of aggregates of nanoparticles of metallic gold. The extraordinary
high selectivity and high adsorption capacity for gold(III) may be attributable to this mechanism.
In the step (1), the adsorption takes place by the interaction of anionic tetrachloro-complex of gold(III),
AuCl4−, with phenolic hydroxyl groups of persimmon tannin molecules, which is followed by the
reduction of the step (2). Here, the phenolic hydroxyl groups are oxidized into quinone groups, which
are again converted into phenolic hydroxyl groups by the aid of hydrogen ions and again take place
the adsorption followed by the reduction reaction. Consequently, such reductive adsorption takes
place only under acidic conditions.

7. Chemical Modification of Persimmon Tannin Extract and Persimmon Waste and the
Adsorption Behaviors of the Modified Gels

Although, as mentioned earlier, CPT and PP gels were found to exhibit extraordinary high
selectivity for gold(III), we further attempted to enhance the affinity also for platinum(IV) and
palladium [35–40]. It is easy to chemically modify persimmon tannin extract and persimmon waste
including persimmon peel by immobilizing a variety of functional groups which exhibit special
affinities for some metal ions onto their surface similar to other biomass wastes [41,42]. In our research
works, persimmon waste was chemically modified by immobilizing functional group of dimethylamine
(DMA) to prepare the adsorption gel functioning as a typical weak base type of anion exchange material
and investigated its adsorption behavior for some precious and base metals from hydrochloric acid
solutions [35,36]. Further, a variety of adsorption gels were prepared from persimmon tannin extract
powder by the chemical modifications immobilizing other functional groups such as tertiary amine
where the immobilized tertiary amine groups function as quaternary ammonium compounds (QA) [37],
a typical strong base, as well as tetraethylenepentamine (TEPA) [38], glycidyltrimethyl ammonium
(GTA), aminoguanidine (AG) [40], and bisthiourea (BTU) [41]. These are abbreviated as DMA-PW gel
and QAPT, BTU-PT, AG-PT, TEPA-PT and GTA-PT gels, respectively, hereafter.

DMA-PW gel was prepared according to Scheme 3. Powder of PW, the same feed material
employed for the adsorptive removal of chromium(VI) mentioned earlier, was interacted with
para- formaldehyde, 1,4-dioxane, acetic acid, phosphoric acid and hydrochloric acid to prepare
the chloromethylated intermediate product. Here, the polymer matrices of PT are not only
chloromethylated but also crosslinked by the aid of paraformaldehyde under acidic condition. It was
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then interacted with dimethylamine to prepare the final product. The abundance of dimethylamine
groups in the DMA-PW gel thus prepared was evaluated as 2.09 mol·kg−1 dry gel.

 

Scheme 3. Synthetic route of dimethylamine modified persimmon waste (DMA-PW) gel.

Figure 28 shows % adsorption of various metal ions on DMA-PW gel from varying concentration
of hydrochloric acid solution. Although only gold(III) is selectively adsorbed on CPT and PP gels to
any considerable extent as mentioned earlier, adsorption is observed not only for gold(III) but also
for platinum(IV) and palladium(II) while no affinity was observed for base metals such as copper(II),
iron(III), nickel(II), and zinc(II) in the case of DMA-PW. This result indicates that the precious metals can
be selectively recovered from any other coexisting base metal ions in hydrochloric acid medium using
the DMA-PW gel. Additionally, the % adsorption of the precious metals decreased with increasing
hydrochloric acid concentration though nearly quantitative adsorption was observed for gold(III) over
the whole concentration region of hydrochloric acid similar to the cases of CPT and PP gels.
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Figure 28. Percentage adsorption of various metal ions on DMA-PW gel from varying concentration
(mol·dm−3) of hydrochloric acid solution [36] (with permission for reuse from Elsevier B.V.).

In acidic chloride media, tertiary amine group of DMA-PW gel is protonated as follows:

RN(CH3)2 + HCl ↔ RNH+(CH3)2Cl− (4)
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The protonated DMA-PW gel is interacted with anionic chloride complexes of gold(III),
palladium(II) and platinum(IV), AuCl4−, PtCl62− and PdCl42−, to form ion pair complexes on the gel
surface as follows.

RNH+(CH3)2Cl− + AuCl4− ↔ [RNH+(CH3)2]AuCl4− + Cl− (5)

2RNH+(CH3)2Cl− + PtCl62− ↔ [RNH+(CH3)2]2 PtCl62− + 2Cl− (6)

2RNH+(CH3)2Cl− + PdCl42− ↔ [RNH+(CH3)2]2 PdCl42− + 2Cl− (7)

The decrease in the amount of adsorption of these metal ions with increasing hydrochloric acid
concentration as shown in Figure 28 can be reasonably interpreted by the above-described adsorption
reaction equations. However, the adsorbed gold(III) ion is further reduced by the aid of the functional
groups of polyphenols of persimmon tannin into metallic gold similar to the cases of CPT and PP gels.

Figure 29 shows the time variations of amount of the adsorption of gold(III) on CPW and DMA-PW
gels for comparison, which clearly indicates that equilibrium is attained within 5 h in the case of
DMA-PW whereas it takes much longer in the case of the CPW gel; that is, as a consequence of the
chemical modification immobilizing the dimethylamine functional groups, the adsorption kinetics of
gold(III) was significantly enhanced by the interactions between the protonated amine groups and
anionic chloro-complex of gold(III).
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Figure 29. Time variation of the amount of gold(III) on CPW ( )gel and DMA-PW (�)gel from
0.1 mol· dm−3 hydrochloric acid solution [36] (with permission for reuse from Elsevier B.V.).

From the studies of adsorption isotherms of gold(III), platinum(IV) and palladium(II) on DMA-PW
gel, it was found that all of these are satisfactorily fitted with the Langmuir’s adsorption isotherm
and the maximum adsorption capacities were evaluated as 5.63, 0.26 and 0.42 mol·kg−1, respectively,
while that of gold(III) on CPW gel was evaluated as 4.94 mol·kg−1. Compared with the adsorption
of platinum(IV) and palladium(II), the extraordinary higher adsorption capacities of gold(III) are
noteworthy, which is attributable to the reduction of the adsorbed gold(III) ion into metallic gold
(gold(0)) by the polyphenolic functional groups of persimmon tannin as mentioned earlier. In addition,
the adsorption capacity of gold(III) itself is also enhanced by this chemical modification.
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On the basis of the above-mentioned results of the batch wise experimental works, an adsorption
tests was conducted for the recovery of precious metals from actual industrial effluent sample, which
is an acidic chloride solution dissolving various metal scraps generated in a precious metals industry.
Since the CPW gel has exhibited high selectivity and capacity only for gold, while the DMA-PW has
exhibited a high selectivity for palladium and platinum, the flow experiment was conducted using a
column packed with PW gel at first for the separation of gold(III) from platinum(IV) and palladium(II),
connected in series with the second column packed with DMA-PW gel for recovering platinum(IV)
and palladium(II). Here, the acid concentration was around 1 mol·dm−3 and the concentrations of
precious metals and some base metals in the actual test solution were as follows (in mg·dm−3): Cu 3360,
Zn 1040, Fe 760, Au 100, Pd 6.3, and Pt 4.1.

Figures 30a and 31a show the breakthrough profiles from the first column packed with the
CPW gel and from the second column packed with DMA-PW gel, respectively. As seen from these
figures, gold(III) is selectively separated from platinum(IV), palladium(II) and base metals at the first
column while platinum(IV) and palladium(II) are separated from all base metals at the second column.
All precious metals adsorbed in these columns were effectively eluted using a mixture of 0.1 mol·dm−3

thiourea in 1 mol·dm−3 hydrochloric acid solution as shown in Figures 30b and 31b. The % recovery of
gold(III), platinum(IV) and palladium(II) were 94.2%, 92.9% and 96.1%, respectively. Almost complete
recovery of the loaded precious metal ions including the metallic gold from the loaded gel using acidic
thiourea solution verifies the easy regeneration of the gel for repeated use. These findings are highly
encouraging in terms of consistent recovery of precious metals from actual complex mixtures.
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Figure 30. (a) Breakthrough profiles of various metal ions contained in the sample solution of the
actual effluent of the precious metals industry from the first column column packed with CPW gel;
(b) Elution profiles of various metal ions from the first column using aqueous mixture of 0.1 mol·dm−3

thiourea in 1 mol·dm−3 hydrochloric acid solution [36] (with permission for reuse from Elsevier B.V.).

The chemical structures of QAPT, BTU-PT, AG-PT, TEPA-PT and GTA-PT gels are shown in
Scheme 4.
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Figure 31. (a) Breakthrough profiles of various metal ions from the second column packed with
DMA-PW gel; (b) Elution profiles of various metal ions from the second column using aqueous mixture
of 0.1 mol·dm−3 thiourea in 1 mol·dm−3 hydrochloric acid solution [36] (with permission for reuse
from Elsevier B.V.).

  

  

 

Scheme 4. Chemical structures of the gels prepared from persimmon tannin extract powder via
chemical modification immobilizing functional groups of quaternary ammonium (QA), bisthiourea
(BTU), aminoguanidine (AG), tetraethylenepentamine (TEPA) and glycidyltrimethyl ammonium (GTA)
where P stands for persimmon tannin moiety.

Figure 32 shows the % adsorption of various metal ions at varying concentrations of hydrochloric
acid on these chemically modified gels for comparison. As seen from this figure, although platinum(IV),
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palladium(II) and gold(III) in particular are adsorbed on all of these modified gels, only negligible
adsorption takes place for the base metals. Among these gels, it is noticeable that QAPT gel exhibits
preferable adsorption behavior compared with other modified gels not only for gold(III) but also for
platinum(IV) and palladium(II) over the relatively wide concentration range of hydrochloric acid. That
is, the adsorption of gold(III) on QAPT gel is nearly quantitative over the whole concentration region of
hydrochloric acid. Additionally, nearly quantitative adsorption of palladium(II) and platinum(IV) was
achieved in the low concentration range (0.1–1.5 mol·dm−3) of hydrochloric acid. From the comparison
of this figure with Figure 28, it is evident that the adsorption of palladium(II) and platinum(IV) on
QAPT gel is much higher than that on DMA-PW gel. Both of tertiary amine functional groups of
DMA-PW gel protonated in acidic solutions and quaternary ammonium functional groups of QAPT
containing positive charges regardless of pH interact with negatively charged chloro-complexes of
precious metals by electrostatic interactions. However, because the basicity of QAPT gel is stronger
than that of MDA-PW gel, the interaction by the former is stronger than that by the latter. Furthermore,
because precious metals such as gold(III), platinum(IV) and palladium(II) give rise to much more
stable chloro-complexes with chloride ion, much more negatively charged complexes, than base metals
such as iron(III), zinc(II) and copper(II), these precious metals are much more preferentially adsorbed
on these modified gels, which may be inferred to be the origin of the high selectivity to precious metals
over base metals.

 

  

 

Figure 32. Percentage adsorption of various metal ions on some chemically modified PT gel from varying
concentration of hydrochloric acid. � Au(III), � Pd(II), � Pt(IV), | Cu(II), × Zn(II), Δ Ni(II), * Fe(III).
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The results acquired from the adsorption isotherm studies of gold(III), palladium(II), and
platinum(IV) on these modified gels suggested that they were adequately fitted with the Langmuir
type adsorption isotherms. The maximum adsorption capacities of these precious metals on these
modified gels as well as the DMA-PW gel evaluated according to the Langmuir’s equation are listed in
Table 3 together with those on other adsorbents for comparison.

Table 3. The maximum adsorption capacities of gold(III), platinum(IV) and palladium(II) on
various adsorbents.

Adsorbent

Maximum Adsorption
Capacity (mol·kg−1)

HCl Concentration
(mol·dm−3) or pH Reference

Au(III) Pt(IV) Pd(II)

Persimmon extract tannin (PT) powder 5.89 - - 0.1 [33]
Crosslinked persimmon tannin (CPT) 7.7 - - 0.1 [33]
Crosslinked persimmon waste (CPW) 4.95 - - 0.1 [35,36]
Dimethylamine modified persimmon

waste (DMA-PW) 5.63 0.28 0.42 0.1 [35,36]

Quaternary ammonium modified
persimmon tannin (QAPT) 4.16 0.52 0.84 0.1 [37]

Tetraethylenepentamine- modified
persimmon tannin (TEPA-PT) 5.93 1.48 1.76 0.1 [38]

Glycidyltrimethyl ammonium chloride
modified persimmon tannin (GTA-PT) 3.30 1.00 1.67 0.1 [39]

Aminoguanidine modified persimmon
tannin (AG-PT) 8.90 1.00 2.00 0.1 [40]

Bisthiourea modified persimmon
tannin (BTU-PT) 5.22 0.70 1.72 0.1 [41]

Quaternary ammonium modified
microalgal residue 1.33 2.95 0.1 [43]

Crosslinked microalgal residue 3.25 0.15 0.25 0.1 [44]
Crosslinked chitosan 1.6 2.1 0.01 [1]

Collagen fiber immobilized
bayberry tannin 0.495 0.80 pH = 5.6 [45]

Lysine modified cross-linked chitosan 0.35 0.66 1.03
pH = 1 for Pt;
pH = 2 for Pd,

and Au
[46]

Glycine modified cross-linked chitosan 0.86 0.62 1.13 pH = 2 [47]
PEI-modified

corynebacterium glutamicum 1.66 0.1 [48]

Ethylenediamine modified
chitosan nanoparticle 0.87 1.30 pH = 2 [49]

Thiourea-modified
chitosan microsphere 0.66 1.06 pH = 2 [50]

Duolite GT-73 0.58 0.26 pH = 2 [51]
Polyallylamine modified
Escherichia coli biomass 2.50 pH = 3 [52]

Dimethylamine modified waste paper 4.60 0.90 2.10 1 [42]

Among these modified persimmon tannin gels, the high adsorption capacities of TEPA-PT,
GTA-PT, AG-PT and BTU-PT not only for gold(III) but also for platinum(IV) and palladium(II) are
noteworthy though the concentration range of hydrochloric acid effective for the high adsorption is
limited. Also for these modified persimmon tannin gels, the exceptionally high adsorption capacities
for gold(III) are attributable to the combination of adsorption and reduction into metallic gold particles
by the aid of polyphenolic groups of persimmon tannin, which was confirmed by the observations
using optical microscope and XRD.

The adsorption kinetics of gold(III), palladium(II) and platinum(IV) on the QAPT gel were studied
in detail and compared with that of gold(III) on crude PT powder. It was observed that equilibrium
was attained within 2 h for palladium(II) and platinum(IV) for the adsorption on QAPT gel, whereas it
was attained within 6 h for gold(III) adsorption. On the other hand, the crude PT powder requires 24 h
to reach equilibrium of gold(III) adsorption under the same condition. The rapid kinetics of gold (III)
adsorption with the QAPT gel is attributable to the effect of abundant quaternary ammonium groups,
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which concentrate the reactant species, AuCl4−, on the gel surface by anion exchange adsorption,
enhancing the reduction rate of gold(III).

8. Conclusions

Persimmon tannin extract rich in polyphenol compounds has been traditionally employed for
various purposes such as tanning of leather, natural dyes and paints as well as coagulating agents
for proteins in East Asian countries. By effectively using special characteristics of persimmon tannin
extract and persimmon wastes which have not been utilized to date, new separation technologies were
developed using adsorption gel prepared from these feed materials by a simple treatment in boiling
sulfuric acid in the authors’ previous research works. These are as follows.

(1) Adsorptive separation of trace concentration of uranium(VI) and thorium(III) from rare earths(III),
which can be expected to be used for resolving the environmental problems of rare earth mines.

(2) Adsorptive removal of cesium(I) from other alkaline metals such as sodium, which can be
expected to be useful for the remediation of water resources or wetlands that have been polluted
by the accidents of atomic energy facilities or atomic energy wastes.

(3) Adsorptive removal of chromium(VI) from other metal ions such as zinc(II), which can be
expected to be useful for the treatment of spent chromium plating solutions.

(4) Highly selective adsorptive recovery of gold(III) from acidic chloride media in the form of fine
particles of metallic gold in which gold(III) ions are reduced to metallic gold by the catalytic
reduction mechanism functioned by hydroxyl groups contained in these gels.

Additionally, such reduction reaction for gold(III) was also observed in the precipitation using
persimmon extract liquid itself as a coagulating agent. These interesting behaviors exhibited by
persimmon extract and persimmon wastes can be expected to be effectively used for the recovery of
gold from various waste including e-wastes.

Furthermore, it was also found that these persimmon tannin extracts and persimmon wastes
can be easily chemically modified by immobilizing a variety of functional groups such as quaternary
ammonium compounds to improve the adsorption behaviors for platinum(IV) and palladium(II).
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Abstract: Excavation followed by landfilling is the most common method for treating soils
contaminated by metals. However, as this solution is not sustainable, alternative techniques are
required. Chemical soil washing is one such alternative. The aim of this experimental lab-scale study
is to develop a remediation and metal recovery method for Cu contaminated sites. The method is
based on the washing of soil or ash (combusted soil/bark) with acidic waste liquids followed by
electrolytic Cu recovery by means of bioelectrochemical systems (BES). The results demonstrate that
a one- or two-step acidic leaching process followed by water washing removes >80 wt. % of the
Cu. Copper with 99.7–99.9 wt. % purity was recovered from the acidic leachates using BES. In all
experiments, electrical power was generated during the reduction of Cu. This clearly indicates that
Cu can also be recovered from dilute solutions. Additionally, the method has the potential to wash
co-pollutants such as polycyclic aromatic hydrocarbons (PAHs) and oxy-PAHs.

Keywords: soil washing; Cu; PAH; soil remediation; metal recovery; microbial fuel cell

1. Introduction

Excavation followed by landfilling is the most common method for treating soils contaminated
by metals. However, landfilling is not a sustainable management option, as many landfills will close
in the coming decades, while new ones are not opened at the same rate. Consequently, alternative
treatment methods are necessary. One interesting method is soil washing, which can be divided into
physical and chemical washing, although a combination of both is often used. Physical soil washing
usually aims at enriching most of the pollutants into a specific soil fraction, see e.g., [1], while chemical
soil washing aims to wash out the pollutants. There is thorough lab-scale research on chemical soil
washing using a variety of leaching agents, including inorganic acids, bio surfactants and complexing
agents such as EDTA or its derivates [2–8]. Apart from cases where water was used as the leaching
agent, not many pilot scale experiments have been conducted [9]. A reason might be that when virgin
chemicals are used, recirculation or reuse of the leaching agents is essential in order to ensure an
efficient and economically viable process. There are examples of recycling and reuse of the commonly
used leaching agent EDTA [10,11]. However, as EDTA is non-biodegradable, it is important to ensure
that any remaining EDTA does not lead to problems with the solid residues. From that perspective, an
acid might be a better option. Probably the best alternative would be a waste liquid for leaching as
the need for recycling is lower making the proposed method simpler and potentially less expensive.
Acidic wastewater from a flue gas cleaning process has been shown to effectively (>70%) leach copper
(Cu) from contaminated soils [12].
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In many cases, metal-contaminated sites also contain organic pollutants; especially those at which
wood preservation took place using both metal-containing and creosote-based preservers. Creosote
contains high concentrations of polycyclic aromatic hydrocarbons (PAHs) that are known to be toxic,
mutagenic and carcinogenic. In contaminated sites, the PAHs are degraded to oxygenated PAHs
(oxy-PAHs) through chemical oxidation [13], photo oxidation [14] or biological transformation [15].
The oxy-PAHs are of great interest because they are persistent, highly toxic to both humans and
the environment and more water-soluble than their corresponding PAHs [16]. When investigating
treatment methods for metal-contaminated soils, it is therefore necessary to study the fate of
organic pollutants.

An aspect that has not received much attention is the potential to recover the valuable metals
released through soil washing processes. Conventionally, Cu is recovered from concentrated liquids
(>35 g Cu/L) using large-scale energy-demanding electrolysis [17]. An interesting alternative, which
would reduce the amount of electrical energy required during electrolysis, is the use of microbial
bioelectrochemical systems (BES) [18]. In BES, microorganisms oxidize the organic compounds present
in e.g., wastewater and use the anode as an electron acceptor, thereby transforming the chemical
energy in the organic compounds into electrical energy. Recent studies on diluted Cu solutions
(~1 g/L) demonstrate that the energy consumption is significantly lower with BES compared to
traditional electrolysis [19–21]. At certain cathode potentials, electrical energy could even be extracted
from the system together with the Cu. As in conventional electrolysis, it is possible to selectively
reduce individual metals from a mixture by varying the cathode potential in the system. Modin
and co-workers found that high purity Cu (99.9%) could be recovered from a simulated ash leachate
containing a mixture of Cu, Cd, Pb and Zn ions (1 g/L) without energy input. In addition, high purity
Zn (>99.9%) was recovered from the mixture, although Cd and Pb needed further purification [22].

The aim of this experimental lab-scale study is to develop a remediation and metal recovery
method for Cu contaminated sites. The method is based on soil washing using acidic waste liquids
and BES to recover Cu. In addition, as contaminated areas often contain both metals and organic
pollutants, the behavior of PAHs and oxy-PAHs during the recovery process is studied and evaluated.

2. Experimental Section

In this work, the term “soil” is defined as “the entire mantle of unconsolidated material, whatever
its nature or origin”, first formulated by G.P. Merrill in his book “Rocks, rock-weathering and soils”
published in 1897 and used by other research groups.

2.1. Soil Samples

Soil samples with different characteristics from two sites, Köpmannebro (A) in western Sweden
and Björkhult (B) in eastern Sweden, were used in this study. Both sites are highly contaminated with
Cu and were previously used for wood preservation by means of CuSO4 according to the Boucherie
method. Based on results from chemical analyses in earlier studies on the two sites, representative
samples were collected from hotspots with a high metal content. Sample A1 is a bark sample from a
depth of 5–80 cm and A2 is a soil sample from the same spot but from a depth of 120–150 cm. Sample
B1 is bark from a depth of 5–20 cm and B2 is a soil sample from the same spot at a depth of 40–60 cm.
All samples are mixtures of several sub-samples taken from the bark and the soil, respectively.

Pre-Treatment of the Soil Samples

All samples were gently dried at 80 ◦C until constant weight (i.e., 100% dry solids (DS)). The A1
and B1 samples (i.e., bark) were cut into smaller pieces using an automatic mixer and thereafter most
parts of each sample were separately incinerated to ash, while the remaining bark samples were stored
for analysis. The incineration processes were performed in two ways. The bark was either incinerated
in batches in a laboratory oven at 850 ◦C for 5 h or in a real full-scale plant (Type-D 200 using the BS
Incinerator System) normally employed for the incineration and destruction of e.g., animal cadavers
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and hospital waste. The bark was continuously incinerated at 830 ◦C. This temperature was chosen
to theoretically prevent vaporization of Cu compounds, thus enriching them in the collected bottom
ash. Bark sample A1 was incinerated by both methods and the resulting ash (A1a) was a mixture
(50/50%) of the two ashes i.e., A1alab incinerated in the lab and A1aincin incinerated in the real boiler.
This mixture was used in the present study. The B1 bark was only incinerated in the laboratory oven,
resulting in ash sample B1a. All samples were stored in airtight containers until use.

2.2. Leaching Experiments

Highly acidic wastewater (pH around 0) produced in the wet flue gas cleaning process
during full-scale incineration of municipal solid and industrial waste was used as a leaching agent.
Consequently, the wastewater contained metal ions and chlorides from the flue gases. The composition
of ions in the process water varies in accordance with incineration conditions and the kind of waste
used, but is dominated by Cl−. Representative concentrations of the most common ions are presented
in Table S1. Today, acidic water is purified of toxic metal ions and small particles by means of
precipitation. Thereafter, the sludge is landfilled, while the clean water is released to the recipient.

2.2.1. Optimizing Leaching Experiments

The influence of the parameters leaching time, liquid-to-solid (L/S) ratio and number of acidic
leaching steps was studied to optimize the Cu leaching process. The optimization experiments were
carried out on samples A1a and A2. The latter was also tested using significantly longer leaching times
of 18 and 24 h. The original bark samples were not leached directly, as previous research revealed a
greater leaching efficiency from the corresponding ashes as well as a higher Cu concentration in the
final leachates [12]. In each experiment, 0.5–5 g of ash or soil (100% DS) was leached in airtight plastic
containers using the acidic process wastewater at L/S ratios of 2, 5 or 10. The leaching times varied
between 15 and 90 min, and a reciprocal shaker (SM 25, Edmund Bühler GmbH, Hechingen, Germany)
was used at 140 rpm to ensure continuous agitation. After leaching, the solid-liquid-mixture was
centrifuged for 15 min at 3000 G (gravity). The supernatant was transferred to a new airtight container
before being stored at 4 ◦C until analysis. The solid residues were either leached in an additional step
followed by 15 min of centrifugation at 3000 G, or washed immediately for 5 min with continuous
shaking using ultrapure water (18.2 MΩ/cm2) in L/S ratios of 2 calculated on the basis of the original
sample amount. In the initial ash leaching experiments, i.e., one acidic leaching step, an L/S of 5 was
used for washing. Finally, the sample-water mixture was centrifuged for 15 min at 3000 G and the
solid residues were dried and stored in airtight containers. The leachates were also filtrated before
analysis using acid resistant filters with pore size 1.6 μm. All soil samples were studied in triplicate,
while the ash samples were generally investigated in duplicate due to shortage of ash.

Larger scale batch leaching experiments were performed based on the parameters identified in
the optimization experiments. In the batch leaching experiments, 20–30 g (100% DS) of each sample,
i.e., ash (A1a, B1a) and soil (A2, B2), was used.

2.2.2. SS-EN-12457-3 Leaching Tests

The potential natural leaching from the original samples as well as from selected soil and ash
residues was studied using a downscaled and somewhat modified SS-EN-12457-3 leaching test
procedure, i.e., L/S = 2 for 6 h and L/S = 8 for 18 h [23]. Depending on the amounts available,
between 1 and 30 g was used in each experiment. The samples were continuously shaken during
leaching in a reciprocal shaker (SM 25, Edmund Bühler GmbH) and then centrifuged to separate the
leachates from the solids. The leachates were filtered using acid resistant filters with pore sizes varying
from 1–6 μm and stored at 4 ◦C for further analyses.
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2.3. Bioelectrochemical Experiments

The bioelectrochemical reactor consisted of cylindrical anode (2 cm diameter, 6 cm length) and
cathode (2 cm diameter, 3 cm length) compartments separated by a 3.1 cm2 anion exchange membrane
(AMI-7001, Membranes International Inc., Ringwood, NJ, USA). The anode was a 5 × 2 × 0.2 cm3

carbon felt (TMIL, Tsukuba, Japan) and the cathode a 5 cm long, 0.81 mm diameter titanium wire
(Sigma Aldrich). A nutrient medium containing 500 mg/L glucose, 114 mg/L NH4Cl, 20 mg/L
K2HPO4 and 5.6 g/L NaHCO3 was circulated through the anode compartment from a 1 L glass bottle.
At the start of the experiment, the anode was inoculated with sludge from an anaerobic digester. The
cathode compartment was fed with either leachate A1a or a salt solution containing 2925 mg/L NaCl,
1179 mg/L CuSO4·5H2O and 1 mL/L 2 M HCl.

The bioelectrochemical reactor was operated for five weeks. During the first four weeks, the
reactor was acclimatized with a Cu-containing salt solution in the cathode compartment. In Week 5,
Cu recovery from real leachates (A1a) was investigated.

2.4. Leaching and Degradation of PAHs

The A2 soil sample was used for the leaching and degradation test of PAHs and oxy-PAHs. An
undried soil sample (~2 kg) was mixed in a mortar, and bigger pieces of bark were retained, but
inorganic parts such as stones were excluded. The soil sample was thereafter mixed with ~500 mL
ultrapure water for 24 h to form a homogeneous soil/water slurry sample. To ensure a sufficiently
high PAH content, the soil sample was spiked with additional PAHs. A sub-sample of 800 g was mixed
with 1 mL of PAH-mix 3 (Supelco in 50:50 CH2Cl2:CH3OH, Sigma-Aldrich) containing 18 specific
PAHs, each with a concentration ranging from 100 to 1000 μg/mL, together with 2 mL MeOH to
enable good mixing and prevent the PAHs from adsorbing to the glass surfaces of the containers. The
sample was then stirred for 2 h. Thereafter, the PAH spiked sample was stored in a dark glass bottle
in a refrigerator (+4 ◦C) for eight months. A portion of this sample was sent for external analysis of
metals, minerals, PAHs, oxy-PAHs, organic (loss of ignition) and water content. Two other ~200 g
portions were leached for 30 min with continuous stirring and L/S = 10 using the acidic process water
as described above. The filtrates from the two samples were mixed and sent for US EPA PAH-16
and oxy-PAH-9 analysis after filtration through 0.6 μm glass-fiber filters, while the samples for metal
analysis were filtered through a 0.45 μm cellulose acetate filter. It should be noted that these soil
samples were not centrifuged and not washed with ultrapure water before chemical analysis.

2.5. Analytical Methods

The total metal content of the original and selected leached bark, soil and ash samples was
analyzed using either ASTM D3683, i.e., leaching in closed Teflon bottles heated in a microwave oven
using 7 M HCl (A1a and B1a; As, Cd, Cu, Co, Hg, Ni, Pb, Sb, S, Se, Sn and Zn), HNO3/H2O2 (A1,
A2, B1, B2; As, Cd, Cu, Co, Hg, Ni, Pb, B, S, Sb, Se and Zn) (not Sb in A1 and B1) or ASTM D3682
i.e., melting in lithium tetra borate followed by dissolution in diluted HCl (Al, Ca, Fe, K, Mg, Na, P,
Si, Ti, Ba, Be, Cr, Mn, Mo Nb, Sc, Sr, V, W, Y and Zr). The solutions from the total digestion were
analyzed using ICP-MS (inductively coupled plasma mass spectrometry) or ICP-AES (inductively
coupled plasma atomic emission spectrometry).

The Cu concentration in the leachates obtained from the optimized Cu leaching experiments
was analyzed semi-quantitatively using an ATI UNICAM spectrophotometer with a D2/tungsten
lamp. The leachates obtained from the batch leaching experiments (based on the optimized leaching
parameters and larger sample volumes) and the acidic process water were analyzed for metals (Al, As,
Ba, Be, Pb, Cd, Co, Cu, Cr, Li, Mn, Mo, Ni, Se, Ag, Sr, V and Zn) by means of ICP-MS. The same
analytical method was also employed for the BES experiment liquids (As, Pb, Cd, Co, Cu, Cr, Ni, V
and Zn). Ion chromatography (Dionex ICS-900, Thermo Scientific) was applied to analyze the K+,
Mg2+, Na+, NH4

+, Ca2+, Cl−, NO2
−, NO3

−, PO4
3− and SO4

2− concentrations in the acidic process
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water. The pH was measured in some of the original samples (pH(H2O)) using a Metrohm SM 702
pH meter. At the end of each leaching experiment, the pH was controlled to be <2 using litmus
paper. To measure the influence of the various parameters on metal leaching to guarantee an accurate
evaluation, analysis of variance (ANOVA) was conducted [24]. The organic content in the anode
compartment of the BES was analyzed by means of a total organic carbon analyzer (TOC-V, Shimadzu,
Japan). Cell potentials were logged using a data logger (USB-6008, National Instruments, USA). The
amount of Cu recovered on the cathode was quantified by dissolving it in 10 mL HNO3 (50%) and
measuring the Cu2+ concentration using ICP-AES. The PAHs and oxy-PAHs were solvent extracted
and analyzed with GC-MS by a commercial laboratory (ALS, Luleå, Sweden).

3. Results and Discussion

3.1. Characterization of Original Samples

Total Amounts

The total amounts of selected major and minor elements in the original samples (A1, A1aoven,
A1aincin, A2, B1, B1a and B2) are presented in Table 1. For comparison purposes, the Swedish generic
guideline values for sensitive and less sensitive land use are also provided [25]. Copper greatly exceeds
the guidelines in all samples, while the other elements, with the exception of Ba and Zn, are below the
recommended values.

The incineration temperature was chosen so as to avoid vaporization of Cu compounds as
discussed above. If no Cu vaporization took place, the amount of Cu/mass unit in the collected bottom
ash would have been about 10 and 3 times higher in A1aoven and in B1a, respectively, compared to the
original bark samples. The reason for the higher ash fraction in sample B1, i.e., lower Cu content/mass
unit, is most likely due to the non-volatile soil particles present in the bark fraction, which was not
the case in the bark from site A (Figure 1). Sample A1aincin, i.e., the bark sample incinerated in a
real incineration plant, resulted in less bottom ash compared to the other samples because of the
continuous gas flow during the incineration procedure. In this study no fly ash was collected, in which
the volatilized metal compounds are captured. However, in a real incineration situation the fly ash is
collected in the flue gas cleaning system and thus interesting metals can also be recovered from that
ash fraction, although this was not studied here.

 
(a) (b) 

Figure 1. Bark samples from (a) site A (Köpmannebro); and (b) site B (Österbybruk).

The concentrations of carcinogenic PAHs have previously been analyzed in selected spots in sites
A and B [26,27]. The PAH pollution was heterogeneous at both sites. The highest presence of PAH
at site A, 2.3 and 2.1 mg/kg, could be referred to two specific places; where a fire had taken place
and where a small turpentine factory was previously located. At site B the highest contamination,
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12 mg/kg, could not be related to any specific activity but in several places where soil samples were
taken, an ash like material was present, indicating that a fire could have occurred.

Table 1. Average total amounts of selected major (oxide minerals) and minor elements in the original
soil samples (A1, A1aoven, A1aincin, A2, B1, B1a and B2). The Swedish generic guidelines values for
sensitive (KM) and less sensitive (MKM) land use are also shown. All amounts are shown in mg/kg
DS. Measurement uncertainties vary between 20% and 25%.

Element A1 (bark)
A1aoven

(Bark Ash)
A1aincin

(Bark Ash)
A2

(Soil)
B1

(Bark)
B1a (Bark

Ash)
B2

(Soil)

Sensitive
Land Use a

(KM)

Less
Sensitive

Land Use a

(MKM)

pH(H2O) 4.9 b 12.1 b – c 5.5 – – 5.2

wt. % DS

SiO2 1.9 54 8.4 68 26 57 76 * d *
Al2O3 0.7 10 4.6 12 5.3 11 13 * *
CaO 0.8 4.5 26 1.8 0.5 1.3 0.8 * *

Fe2O3 0.5 4.0 1.8 2.5 2.0 4.4 1.1 * *
K2O 0.1 2.7 6.9 2.4 1.6 3.5 4.2 * *
MgO 0.06 0.7 1.7 0.6 0.1 0.2 0.1 * *
MnO 0.01 0.07 0.01 0.04 0.01 0.03 0.02 * *
Na2O 0.08 2.0 7.3 2.6 1.0 2.5 2.7 * *
P2O5 0.1 0.6 29 0.04 0.2 0.4 0.01 * *
TiO2 0.02 0.4 0.9 0.5 0.2 0.2 0.2 * *

mg/kg DS

As 2.0 11 <3 0.6 7.8 22 0.3 10 25
Ba 110 930 e 430 500 620 230 860 200 300
Be 0.1 1.5 <0.5 1.4 0.7 1.5 1.9 * *
Cd 0.3 1.3 0.1 0.01 0.1 0.3 0.03 0.5 15
Co 1.2 7.5 2.3 2.2 0.9 2.2 0.3 15 35
Cr 3.9 50 71 42 9.0 24 25 80 150
Cu 11,000 130,000 19,000 1100 15,000 110,000 720 80 200
Hg 0.1 <0.01 <0.01 <0.04 0.4 <0.01 0.1 0.25 2.5
Mo 0.2 2.4 3.1 0.3 0.3 1.4 0.2 40 100
Nb 0.4 8.8 5.4 9.0 7.0 6.4 5.9 * *
Ni 3.5 27 21 3.1 2.6 7.9 0.3 40 120
Pb 31 360 61 7.9 39 150 3.2 50 400
S 570 4900 2700 76 510 2400 <50 * *

Sb – 6.7 8.9 0.2 – 16 0.1 12 30
Sc 0.6 5.9 <1 7.7 1.2 2.9 1.9 * *
Sn – 19 33 – – 19 – * *
Sr 30 230 130 190 95 260 200 * *
V 6.7 38 12 44 7.0 15 9.7 100 200
W 0.6 <50 <50 1.2 0.6 <50 0.7 * *
Y 2.3 19 2.9 17 6.9 8.0 5.4 * *

Zn 44 260 1500 14 36 160 3.5 250 500
Zr 5.7 150 13 230 42 95 113 * *
a [25]; b [12]; c not analyzed; d * no guideline values exist; e Italic font; above the Swedish guidelines for less sensitive
land use.

3.2. Optimization of Leaching Parameters

3.2.1. Ash

In theory, a low L/S-ratio is required in order to obtain the most concentrated leachates possible.
Initially, L/S = 2 was used for leaching the ash samples but the ratio turned out to be too low as more or
less all the leaching agent was absorbed by the solids, making further leaching impossible. Therefore
L/S ratios of 5 or 10 were used for further experiments. The L/S-ratio is more important than the
leaching time (Figure 2). The Cu leaching was about twice as high when using L/S = 10 compared to
L/S = 5, irrespective of leaching time. This is also confirmed by the ANOVA analysis, where the L/S
ratio parameter was p < 0.05 (Table S2).
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Figure 2. Cu leached from the bark-ash sample A1 with a variation in leaching time (30–90 min) and
L/S-ratios (5 and 10). The columns show the average of three replicate tests. The error bars show the
maximum and minimum values.

Although Cu release is very efficient when using an L/S ratio of 10, between 1 and 3 wt. % of the
Cu initially present in the ash was released in the water washing step following the acidic leaching.
This indicates that Cu leaching from the ash residue would exceed the legal limit for depositing it into
landfills for hazardous materials (100 mg Cu/kg dry ash), despite the fact that leaching procedures are
not totally comparable [28]. Consequently, several leaching steps are required to achieve an acceptable
level of Cu leaching and thus a two-step leaching procedure was tested. As expected, most Cu leaching
occurred in the first step; on average about 70 wt. % of the Cu, irrespective of leaching time (Figure 3).
There was no statistically significant effect of time on Cu leaching (Table S3).
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Figure 3. Cu leached from the bark-ash sample A1a using two-step leaching with different leaching
times at an L/S ratio of 10. The columns show the average of duplicate tests. The error bars show the
maximum and minimum values.

After two 30 min leaching steps and L/S = 10, the Cu release from the ash residue during
the water washing step was <100 mg Cu/kg dry ash and thus meets the limit for depositing it
into a hazardous waste landfill [28]. Therefore, these leaching parameters were chosen for further
investigation, including batch leaching using a larger sample volume.
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3.2.2. Soil

For the soil the L/S ratio was also found to be the most important leaching parameter and an
L/S = 10 yielded the most efficient Cu leaching irrespective of time (Figure 4 and Table S4). Previous
studies have indicated that longer leaching times, i.e., several hours, can increase metal leaching from
soils [29,30]. In the present study, the concentration of most metals detected in the leachates (>1 mg/L)
after 18 and 24 h was similar to those after shorter periods (Ba, Cu, Mn, Pb and Zn). However, the
Al concentration in the leachates was almost twice as high after several hours compared to 30 min
leaching. This indicates that the soil matrix to some extent dissolves after several hours leaching, as
anorthite was found to be one of the major minerals in soil from site A [12]. In addition, a tendency
towards the opposite trend, i.e., lower concentrations in leachates with longer leaching times, was
found for Zn and Pb, indicating precipitation of solid compounds or that the metal ions are adsorbed to
active sites in the soil matrix. The latter is most likely in the present case, an effect also demonstrated by
others [31,32]. Consequently, the soil can act as a cleaning agent for Zn and Pb ions in the process water.

0

2

4

6

8

10

12

14

L/S 2
30min

L/S 2
60min

L/S 2
90min

L/S 5
30min

L/S 5
60min

L/S 5
90min

L/S 10
30min

L/S 10
60min

L/S 10
90min

g
Cu

/k
g
so
il

Figure 4. Cu leached from the A2 soil sample at varying leaching times (30–90 min) and L/S-ratios (2,
5 and 10). The columns show the average of three replicate tests. The error bars show the maximum
and minimum values.

After one leaching step, <100 mg Cu/kg of dry soil was released in the following washing step,
indicating that the soil residues can be deposited in a landfill for hazardous waste after Cu recovery.
Consequently, a one-step leaching process with a leaching time of 30 min and an L/S-ratio of 10 was
used for the subsequent experiments.

It should be noted that both bark and soil samples were highly heterogeneous. The concentration
of Cu differed between locations at the sites and could also differ between subsamples of the collected
samples. Therefore, the leached amounts are not directly comparable to the original concentrations
shown in Table 1.

3.3. Batch Leaching

Batch leaching experiments were carried out on samples A1a, A2, B1a and B2, in two 30 min steps
with an L/S = 10. The concentrations of selected elements in the respective leachates are presented in
Table 2. It should be noted that the concentrations include the total Cu present in the leachates, i.e.,
Cu originally present in the process water, is included (Table S1). Al, Pb and Zn were the only other
measured elements present in significant amounts.
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Table 2. Concentrations of selected major and minor elements in the final leachates from the ash
samples A1a and B1a and from the soil samples A2 and B2. All amounts are in mg/L. Uncertainties
in the analyses vary between 25% and 35%. Beryllium, Tl, U and Ag were detected in concentrations
of <0.1 mg/L in all leachates.

Element
A1a (Bark Ash) a B1a (Bark Ash) a A2 (Soil) a B2 (Soil) a

Step 1 b Step 2 c Step 1 b Step 2 c Step 1 b Step 1 b

mg/L

Al 820 340 96 52 150 560
As 0.7 0.3 2.5 0.4 0.2 0.2
Ba 5.2 2.1 1.3 1.5 2.0 1.7
Pb 21 12 11 11 11 9.3
Cd 0.3 0.3 0.3 0.3 0.3 0.3
Co 0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Cu 3400 2400 8400 1500 120 140
Cr 0.8 0.2 0.1 0.1 0.1 0.1
Li 0.6 0.08 0.06 0.04 0.06 0.0

Mn 20 5.0 6.9 4.5 4.9 5.4
Mo 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
Ni 6.6 2.5 9.4 0.7 0.1 0.1
Se 0.1 <0.1 <0.1 <0.1 0.1 <0.1
Sr 13 2.2 4.3 1.1 0.7 0.6
V 0.7 0.1 0.5 <0.1 0.2 0.1

Zn 430 90 70 60 60 50
a L/S = 10; b 30 min; c 30 min.

Cu leaching from B1a ash was significantly higher in the first compared to the second leaching
step, while Cu leaching from A1a ash was more evenly distributed between the two steps; 85/15% and
60/40%, respectively (Table 2 and Figure 5a). This is probably due to the higher initial Cu content at
site B but the properties of the original bark and the corresponding ash effect, for instance how strongly
Cu is bound into the ash matrix, also play a role. It is noticeable that the A1a leaching fraction for
the two steps is more evenly distributed in the batch leaching compared to the previous experiments
on smaller amounts (Figures 3 and 5). This is probably due to less efficient contact between liquid
and solid in larger sample volumes. Although only about 1% of the total Cu for both ashes was
leached during the washing steps, it corresponds to >100 mg Cu/kg dry ash (940 mg Cu/kg and
820 mg Cu/kg dry ash for ash A1a and B1a, respectively). Consequently, leaching and washing are
less effective when larger amounts of ash and process water are used. The reasons for this could be
inefficient mixing or that Cu ions are temporarily adsorbed into the pore water of the particles during
centrifugation and released in the following washing step instead of during leaching. In the soils,
about 5% of the leached Cu was released in the washing step for both samples (Figure 5b), which
corresponds to <100 mg Cu/kg dry soil, i.e., below the legal limit.

As the batch leachates from A1a were more complex than those from B1a due to higher
concentrations of most elements, the former were chosen for the electrolysis experiments.
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Figure 5. Amounts of Cu leached in steps 1 and 2, each 30 min, L/S = 10, followed by a washing step
for (a) the A1a and B1a ashes; and (b) the A2 and B2 soils. The amounts are shown in (a) g Cu/kg dry
ash; and (b) mg Cu/kg dry soil. Uncertainties in the analyses vary between 25% and 35%.

3.4. Cu Recovery Using BES

The BES was operated as a microbial fuel cell with either a 100 Ω (Ohm) or 1000 Ω resistor
connected between the anode and cathode. This means that current flowed spontaneously in the reactor
and no electrical energy input was needed to drive Cu reduction. After four weeks of acclimatization
with a copper-containing salt solution as a catholyte, four experimental runs were carried out on
real leachates. The anode of the microbial fuel cell contained 132–158 mg C/L of glucose during the
experimental runs, thus the anode performance was not limited by substrate availability. Instead, the
aim was to investigate the purity of the recovered Cu in the microbial fuel cell and the efficiency of Cu
extraction from the A1a leachates.

A summary of the results obtained with the microbial fuel cell is presented in Table 3. In addition
to Cu, As, Pb, Cd, Co, Cr, Ni, V and Zn were analyzed in the leachate. Cu made up approximately
90% of the total metal content, Zn accounted for 9.4% and Pb for 0.4%. The other metals were
present in much lower concentrations. In the metal deposits recovered from the cathode, Cu made up
99.7%–99.9% of the total metal content, Zn 0.1%–0.3% and Pb 0.01%–0.03% except in Run 4 when it
constituted 0.2%. This demonstrates that Cu can be selectively extracted from the leachate with only
minor contamination from other metals. It is unlikely that Zn will be spontaneously reduced on the
cathode in a microbial fuel cell and its presence is likely due to salt deposits or small drops of catholyte
remaining on the cathode when it was removed for sampling.

Operation of the microbial fuel cells at lower resistance led to a higher current and more rapid
reduction of Cu. At 100 Ω, the maximum current was 141.3 A/m3 (catholyte volume) and at 1000 Ω
37.5 A/m3. The currents correspond to Cu recovery rates of 167.5 and 14.0 g Cu/m3/h, respectively, at
100% cathode efficiency. Based on the charge transfer in the microbial fuel cell, the theoretical amount
of Cu reduction can be calculated for each run and compared to the actual removal of Cu from the
catholyte as well as the amount recovered on the cathode surface (Table 3). Of the Cu removed from
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the catholyte solution, 58%–85% was recovered from the cathode surface. The remaining fraction could
have been lost during sampling as not all Cu bound strongly to the cathode surface. Of the theoretical
Cu reduction based on charge transfer, 73%–116% could be accounted for by the removal of Cu2+ ions
in the catholyte. A value above 100% could mean that Cu2O was formed, which only requires one
electron per Cu, or precipitation of non-reduced Cu as brochantite (CuSO4·3Cu(OH)2) [20]. A value
below 100% could indicate that oxygen on the cathode was also reduced. Of the original amount of
Cu present in the catholyte, 20%–23% (at 1000 Ω resistor) and 64%–79% (at 100 Ω) were recovered
on the cathode surface. Higher recovery efficiencies could probably be achieved with longer reaction
times. Based on the measured current densities, the highest rate of Cu reduction that could have been
obtained in this reactor was 167.5 g/m3/h (normalized to catholyte volume). A higher reduction
rate could potentially be achieved by increasing the cathode surface area per unit volume as this
reactor only had 14 m2/m3. As the reactor was operated as a microbial fuel cell, electrical power was
generated during Cu reduction. The power output ranged from 0.09–0.11 kWh/kgCu in Runs 2 and
4 (100 Ω) to 0.32–0.50 kWh/kgCu in Runs 1 and 3 (1000 Ω).

The A1a leachate was a mixture of two leaching steps. From a Cu recovery perspective, it might
be more efficient to only recover Cu from the leachate with the highest Cu concentration in order
to speed up the process. On the other hand, from a remediation perspective, two leaching steps are
needed to release most of the Cu, which means that the less concentrated leachate still has to be taken
care of, while failure to recover Cu from both steps implies that valuable Cu is lost. However, this
has to be decided on a site-to-site basis, depending on the amount of Cu available and its distribution
between leaching steps.

Table 3. Cu recovery from leachate in the microbial fuel cell.

Run
Duration

(h)
Resistor

(Ω)

Final Cu
Conc. a

(mg/L)

Theoretical
Cu Recovery

b (mg)

Cu removal
from

Catholyte
(mg)

Measured
Cu Recovery

(mg)

Measured
Cu Recovery

c (%)

1 19 1000 1500 6.4 7.4 4.9 23
2 29 100 420 21 17 13 64
3 22 1000 1500 8.1 7.2 4.2 20
4 72 100 160 27 20 17 79

a Final Cu concentration in catholyte. The initial concentration in all runs was 2300 mg/L. This is slightly lower
than the Cu concentrations measured in A1a leachate immediately after leaching (Table 2), possibly because of
precipitation during storage; b Calculated based on charge transfer in BES; c Fraction of Cu recovered from the
original amount in the leachate.

3.5. Characterization of Leached Soil Samples

3.5.1. Metal Content

The content of major and minor elements in the leaching residues from site A (A1a leached for
30 × 2 min and water washed for 5 min; A2 leached for 30 min) (L/S = 10), was analyzed (Table 4).
Please note that the A2 residue was not washed in water after the acidic leaching and prior to metal
content analyses. Apart from Cu, most elements in the solids were comparable before and after
leaching. Despite the fact that the Cu leaching was efficient (>80%) in both samples, the Cu content
in the ash greatly exceeded the MKM limit, which is why it has to be landfilled. However, as the Cu
leaching in the EN 12457-3 test exceeded the limit for deposition in hazardous landfill, it cannot be
landfilled directly (Figure 6b). The A2 soil residue was in the range of the MKM limits even without
water washing and can plausibly be put back into the remediated site (Table 4). However, the Ba and
Hg content in the residue exceeded the MKM limits. Barium was high in the original soil and the
leaching potential low (Table 1 and Figure 6b). It is probably present as low soluble BaSO4. Mercury
was only identified in low concentrations in the original soil samples (Table 1). However, it is probably
present in the process water and adsorbed onto the soil particles during leaching, despite the fact
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that the pH is acidic. Less than 0.5 mg·Hg/L in the process water can account for this phenomenon
and as process water is a waste product from flue gas cleaning after waste incineration, it possibly
contains such concentrations. If using this kind of leaching agent for soil remediation, it will probably
require purification from Hg before utilization. Nevertheless, no water washing steps were used here;
by using washing, the Hg content in the residues might fall below the MKM limit.
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Figure 6. Metal release in the EN-12457-3 leaching test compared to the limit values for acceptance in
non-hazardous and hazardous waste landfills: (a) treated ash samples A1a and B1a; and (b) original
and treated soil samples A2 and B2.

The soil matrixes were stable against leaching; <5 wt. % was dissolved during leaching, while
the ashes were dissolved to a greater extent. About 10 wt. % of the B1a sample was dissolved after
leaching in two steps compared to 50 wt. % of the A1a sample. This difference is probably due to the
presence of soil particles in the B1 sample as discussed above (Section 3.1).

3.5.2. Metal Leaching

With the exception of Cu, the leaching of all elements in the original and leached soil samples
A2 and B2 was below the limits for acceptance on landfills for non-hazardous waste (Figure 6). Most
elements (As, Ba, Cd, Cr, Mo and Se) also met the requirements for acceptance in an inert landfill.
However, the leaching of Ba, Cd, Cr, Cu, Ni and Zn was higher from the leached soil compared to the
original sample, which is most probably due to the fact that previously encapsulated metal compounds
are released when the soil matrix is affected by the acid. Consequently, in this particular case, soil
washing to minimize the risk of leaching is not beneficial and the total amount of a specific element
is not correlated with the risk of leaching. This was also seen for the ash samples where all elements
except Cu and Zn were below the non-hazardous waste limit (As, Ba, Cr and Mo were also below
the inert waste limits), irrespective of the higher initial total amounts. There is no general trend as to
whether a two-step acid leaching process reduces metal leaching to a greater extent in a subsequent
EN-test than a one-step leaching procedure. However, water washing after leaching seems to decrease
metal release during the EN-test, even if the washing period is as short as 5 min. This is probably
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caused by metal ions that were easily adsorbed to the ash particles being released to the first water in
contact with these solids. The results also indicate that a higher L/S-ratio during the water washing
step might further decrease leaching in the EN-test.

Table 4. Total amounts of selected major (calculated as oxides) and minor elements in the A1a (bark
ash) and A2 (soil) residues after leaching experiments. Please note that the A2 residue was not washed
in water after the acidic leaching. Uncertainties in the analyses vary between 20% and 25%.

Element A1a Bark Ash Residue A2 Soil Residue

wt. % DS

SiO2 54 71
Al2O3 12 11
CaO 1.0 1.9

Fe2O3 5.6 2.2
K2O 4.6 2.4
MgO 0.8 0.5
MnO <0.1 <0.1
Na2O 1.8 2.6
P2O5 1.1 <0.1
TiO2 8.1 0.6

mg/kg DS

As <6 0.8
Ba 2200 450
Be 1.9 1.3
Cd 0.7 0.1
Co 7.2 1.7
Cr 220 20
Cu 10,000 210
Hg 68 3.6
Mo 4.2 0.4
Nb 34 8.5
Ni 66 3.9
Pb 370 8.4
S 900 220

Sb 64 2.7
Sc 7.2 7.5
Sn 180 2.5
Sr 82 180
V 37 41
W <50 1.1
Y 10 14

Zn 1000 28
Zr 140 220

3.5.3. PAHs and Oxy-PAHs Content

The concentration of each specific PAH in the spiked soil varied from 0.25 mg/kg (DS) to
4.4 mg/kg (DS) in the unleached sample. In this sample the low-molecular weight PAH-L, i.e.,
the sum of naphthalene, acenapthylene and acenapthene, was 10 mg/kg (DS), the mean-molecular
weight PAH-M, i.e., the sum of fluorene, phenanthrene, anthracene, fluoranthene and pyrene,
was 2.0 mg/kg (DS) and the high-molecular weight PAH-H, i.e., the sum of benz[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenz[ah]anthracene,
benzo[ghi]perylene and indeno[123cd]pyrene, was 2.8 mg/kg (DS), see Figure 7. These concentrations
are in the ranges of the generic Swedish guideline values for sensitive and less sensitive land use [33].
Two of the nine oxy-PAHs analyzed were also identified in this unleached sample: 9-fluorenone
0.14 mg/kg (DS), a degradation product of fluorene, and 9,10-anthraquinone 0.15 mg/kg (DS), a
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degradation product of anthracene, indicating that PAH oxidation may occur during storage of the
spiked soil sample. This could occur, e.g., because of aerobic bacterial degradation [15] or biocatalytic
activity of fungi in the soil [16]. However, it cannot be ruled out that oxy-PAHs were already
present in the original samples. The calculated ratios of the sum of oxy-PAH-9/PAH-16 are 0.04,
for 9-fluorenone/fluorene 0.2 and for 9,10-anthraquinone/anthracene 0.6. These ratios are much lower
than reported from other sites contaminated by PAHs [16,34].

After acidic washing, the concentration of each specific PAH in the treated soil was lower and
varied from 0.19 to 2.5 mg/kg (DS). These concentrations are below the guideline value for less sensitive
land use, but not low enough to qualify for sensitive land use [33]. For PAH-L, the concentrations were
1.6 times lower, for PAH-M 1.3 and PAH-L 1.2 times lower, compared to the concentrations before soil
washing. In the resulting leachate, the concentration of each specific PAH varied from 0.17 to 16 μg/L.
From calculations of the relative compositions of the PAHs in the soil before and after acidic washing,
and in the acidic leachates, no signs of PAH degradation or volatilization could be found. If degradation
had occurred, the most volatile and water-soluble PAH-L would disappear first causing a decrease
in HMW/LMW PAH ratios [35,36]. None of the oxy-PAHs were found after leaching, neither in the
residual soil nor in the leachate, indicating that acidic leaching may accelerate the degradation of
oxy-PAHs. This may be caused by enhanced leaching of the oxy-PAHs into the water phase, i.e., more
exposed for degradation, caused by weathering and degradation of the soil matrix under the strong
acidic washing.

0

5

10

15

20

25

30

0

2

4

6

8

10

12

PAHs L PAHs M PAHs H oxy PAH 9

g/
L

m
g/
kg

dr
y
so
il

Before soil washing

After soil washing

Acidic leachate

Figure 7. Concentrations of PAHs and oxy-PAHs analyzed in the A1 spiked soil sample before and
after acidic washing (mg/kg), and the concentrations in the corresponding acidic leachate (μg/L).

In the leachate water, relatively more water soluble PAH-L occurred, indicating that the transport
of the most water soluble PAHs into the acidic water was high. However, this transport to the water
phase is expected to be very low and should not be pH dependent, but may follow the humic and
fulvic acids released from the soil during mixing with acidic water. In a recent study of the distribution
of organic pollutants in dissolved, colloidal and particulate form, relatively high PAH-L concentrations
were detected in both the dissolved and the colloidal phases [37]. The results also suggested that
dissolved organic carbon (DOC) colloids were carriers of pollutants in the colloidal phase [37,38]. PAHs
are also assumed to be sorbed to Fe minerals such as goethite [39]. Iron was released during the acidic
leaching (Tables 1 and 4) and in a previous study on site A, Fe minerals were identified in original soil
samples but not in the acid leached residues [12]. Organic matter is known to be sorbed to iron oxides
in soils [40], and therefore it is expected that the dissolution of iron oxide enhance the solubilization of
DOC, and therefore could explain why PAHs are solubilized. The release of Fe minerals followed by
an enhanced release of DOC can thus be important factors in the PAH leaching under strong acidic
conditions. The leaching and degradation of PAHs in soils from contaminated sites may be improved
by addition of a strong oxidant to achieve a Fenton-like oxidation [41], electrochemical degradation [42]
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or by a combination of the two techniques [43]. The addition of a strong oxidant could also affect
the Cu leachability, which is something that should be studied further if this technique is used to
remove PAHs.

4. Conclusions

In this study, a lab-scale method to release and recover Cu from contaminated soils has been
developed and discussed. Acidic wastewater was used as a leaching agent. In a one- or two-step
(depending on soil material) acidic leaching process followed by a water washing step, >80 wt. % of
the Cu was leached. Although the Cu leaching efficiency was high, none of the samples are below the
guidelines for less sensitive land use (MKM) or the limit values for acceptance in non-hazardous and
hazardous waste landfills. Consequently, improvement of the final washing step is needed. Copper
(99.7–99.9 wt. % purity) was recovered from the acidic leachates of one of the samples (A1a) using
a BES operated as a microbial fuel cell. Electric power was generated, while Cu was reduced and
recovered on the cathode surface. Although microbial fuel cells have been previously operated with
Cu-containing catholytes, this was the first study to demonstrate recovery of high purity Cu from
real soil leachate. According to predictions, there are about 30 tons of Cu in site A. Based on the
results of this lab scale study, about 20 tons could potentially be recovered, corresponding to a value
of approximately one million SEK (~100,000 euro). A limitation of the proposed method in full scale
is the supply of acidic wastewater. Some pre-treatment is necessary in order to reduce the quantity
of soil for washing. For example, physical soil washing, e.g., sieving, can concentrate the polluted
material into smaller particle sizes, which efficiently reduces the amounts that require acidic washing.
This study also revealed that acidic water is a good leaching agent for all PAHs; especially those with
low-molecular weight. There are also indications that oxy-PAHs are fully degraded by acidic soil
washing. PAH leaching mechanisms are not fully understood and the soil washing method needs to
be further developed to increase efficiency.
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Abstract: The lichen, Stereocaulon exutum Nylander, occurring in a contaminated abandoned mine
site was investigated to clarify (1) the behavior of heavy metals and As during the slag weathering
processes mediated by the lichen; and (2) the distribution of these elements in the lichen thallus on slag.
The heavy metals and As in the slag are dissolved from their original phases during the weathering
process by lichen substances (organic acids) and hypha penetration, in addition to non-biological
weathering. The dissolved elements are absorbed into the lichen thallus. Some of these dissolved
elements are distributed in the cells of the hyphae. The others are distributed on the surface of the
hyphae as formless particles and show lateral distribution inside the cortex of the thallus. The Cu and
Zn concentrations in the thalli are positively correlated with the concentrations in the corresponding
substrata and a positive intercept in the regression curve obtained using a linear function. These
chemical characteristics make this lichen a good biomarker for Cu and Zn contamination of the
substrata of the lichen. Therefore, the present study supposes that Stereocaulon exutum has a possible
practical application in biomonitoring or risk assessment of heavy metal pollution at abandoned
mine sites.

Keywords: Stereocaulon exutum; biomarker; smelting slag; weathering

1. Introduction

Lichen covers more than 6% of the land surface of the earth [1]. Lichen is found in various
areas, including extreme environments such as tropical forests, deserts, alpine regions, polar regions,
and urban areas, and even in highly polluted areas [2,3]. Therefore, as organisms that indicate the
environmental conditions of their habitats, lichens could have broad utility as bioindicators and
biomarkers throughout the world.

The interactions of lichens with their substrata have been investigated. In addition to abiotic
weathering, the weathering of rocks is accelerated by lichens [4–6]. Biological weathering by lichens
occurs through two main processes [7,8]. One is a chemical process involving lichen substances
called lichen acids. Lichen acids are organic acids that affect the chemical decomposition of minerals.
The other is a physical process of penetration and expansion of lichen hyphae. The mechanical
fragmentation by hyphae increases the surface area of the rocks and minerals and accelerates the
chemical decomposition.

Lichens have been well studied as a biomonitoring tool for air pollution [9–13]. The lichens absorb
mineral nutrients and trace elements, including metals from dry and wet atmospheric deposition,
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due to the lack of a protective cuticle and a vascular root system [14,15]. Therefore, some lichens are
sensitive to airborne pollutants [16]. Some characteristics of lichens that could be used as bioindicators
and biomarkers for heavy metal pollution of their substrata have been revealed in recent studies.
Several lichens absorb and/or accumulate heavy metals from the substrata [17,18]. Osyczka and Rola
(2013) found that the relationships between the Zn and Cd contents in Cladonia rei Schaer. thalli and
in the host substrate through specific non-linear regression models could be described by a power
function [19].

However, the interactions between lichens and the corresponding substrata have not been
discussed comprehensively in relation to the behavior of heavy metals during the weathering process
and the heavy metal concentrations. Thus, there is insufficient information on the availability of lichens
as bioindicators or biomarkers for heavy metal pollution of their substrata. Therefore, this study has
clarified (1) the behavior of Cu, Zn, As, and Pb during the slag weathering processes mediated by
Stereocaulon exutum Nyl., and (2) the distribution of these elements in S. exutum thalli growing on slag.
Finally, the present study evaluated the possible practical application of the lichen for environmental
monitoring in terms of heavy metal and As pollution.

2. Materials and Methods

2.1. Study Area

This study was conducted at an abandoned mine site in Eastern Okayama, Southwest Japan, at
an altitude of approximately 250 m above sea level (Figure 1). The site is located in the temperate zone
with an average annual temperature of 14.1 ◦C (the seasonal averages are 2.8 ◦C in January and 25.8 ◦C
in July) and a total annual precipitation of 1200 mm (the seasonal totals were 22.0 mm in January and
299 mm in August) in 2014 [20].

 

Figure 1. A location map of study area (indicated by a black dot).

Mainly Cu had been smelted at the abandoned mine site more than 50 years ago. The host
rocks for the ore deposits are mainly rhyolite, andesite, sandstone, mudstone, and phreatomagmatic
breccia [21]. These host rocks contain pyrite and chalcopyrite with quartz and calcite veins.

The surface of the waste dump consists primarily of tailings composed of phreatomagmatic
breccia and rhyolite, and fractured slag overlies solidified, coherent slag [21]. The tailing and fractured
slag have been kept on-site, in part, by wooden boards. However, these boards are now decaying and
are no longer effective [21].

The soil and the stream water that flows through the waste dump are contaminated by Zn and/or
As because the slag and tailings leach from the waste dump and accumulate on erosion control dams
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and sandbanks. The pH of the stream is nearly neutral (7.2–7.8), but the water contains Zn and As in
excess of the environmental water quality standards determined by the Ministry of Health, Labor and
Welfare, Japan [22,23]. The soil in the waste dump also contains As in excess of Japan’s environmental
quality standards set by the Ministry of the Environment [22,23].

The slag is one of the potential pollutants in this area and contains high levels of heavy metals [21].
S. exutum can grow even on the slag, and it could affect the slag weathering. Therefore, this fruticose
lichen was chosen as the object of this study.

2.2. Sampling Methods

The 18 lichens, 12 slags, seven tailings, and four rocks were randomly sampled from the slag and
tailing dump, outcrops, and sandbanks at the abandoned mine site from 21 April 2011 to 28 September
2013. The lichen samples were taken with the corresponding substrata and packed into plastic bags
that have a zipper. The slag, tailing, and rock samples were packed into plastic bags or put into cartons.
The lichen samples for SEM-EDS analysis were stored in cool and dark place. The lichen samples for
PIXE analysis were stored in a desiccator after cleaning by hyper-pure water.

2.3. Analytical Methods

The lichens were identified by morphological and biochemical classification using color reactions
with the following three solutions: 10% aqueous potassium hydroxide [KOH], saturated aqueous
calcium hypochlorite [Ca(OCl)2], and 5% alcoholic p-phenylenediamine solutions.

Rocks and slag were sampled at random, and their structures were observed using a scanning
electron microscope (SEM). Then, the substrata were investigated by X-ray powder diffraction (XRD)
analysis, and a scanning electron microscope equipped with an energy-dispersive X-ray spectrometer
(SEM-EDS) was used to identify the primary and subsidiary phases and to clarify the behavior of
heavy metals and As during the slag weathering process.

Eight pulverized slags and four pulverized rocks were analyzed by XRD to identify their mineral
components. XRD analyses were performed on an Ultima IV (Rigaku, Tokyo, Japan) spectrometer
housed at Ehime University (Ehime, Japan) using Cu Kα (λ = 1.54056 Å) radiation. The diffraction
patterns for non-constant azimuth analysis were collected using an accelerating voltage of 40 kV,
a specimen current of 40 mA, an analytical speed of 2◦/min, and an analytical range of 5◦–70◦.

To investigate the distribution of potentially toxic elements in the slag, the slag and lichen samples
were imaged and analyzed by SEM-EDS on a JSM-6510LV (JEOL, Tokyo, Japan) and X-Max 50 (Oxford
Instruments, Tokyo, Japan) detector with INCA software (Oxford Instruments, Tokyo, Japan) at Ehime
University. The slag samples were embedded in resin and prepared as polished thin sections that were
then carbon-coated. The glass-phase content in the slag was estimated by counting the intersection
points of a 200 μm mesh overlaid on back-scattered electron images. The SEM was operated with
an accelerating voltage of 15 kV and a beam current of 0.8 nA. A counting time of 50 s was used for
quantitative analysis, and count times of >1 h were required for element mapping. Enstatite (MgSiO3),
K-feldspar (KAlSi3O8), and anorthite (CaAl2Si2O8) (Japan Electron Optics Laboratory Mineral Standard
Samples for Electron Probe Micro Analyzer, Tokyo, Japan) were analyzed to confirm the analytical
precision and accuracy. The following standards were used: NaAlSi2O6 for Na, Mg2SiO4 for Mg, Al2O3

for Al, CaSiO3 for Si, FeS2 for S, KBr for K, Ti for Ti, Cr for Cr, Mn for Mn, FeS2 for Fe in matte drops,
Fe2O3 for Fe in magnetite, Fe2SiO4 for Fe in fayalite and glass, Co for Co, Cu for Cu, ZnO-glass for Zn,
InAs for As, Ag for Ag, and Sn for Sn. The Co standard was also used to optimize the quantification of
the analyses. The L characteristic X-ray lines were used for the Cu, Zn, As, Ag, and Sn quantification,
and the K lines were used for other elements.

The heavy metal concentrations of the substrata, including seven slags, eight tailings, and seven
host rocks, were determined by energy dispersive X-ray fluorescence (ED-XRF) spectrometry using an
Epsilon5 instrument (PANalytical, Almelo, The Netherlands) at Ehime University. Pressed powder
pellet samples were used for the XRF analysis. The samples were powdered to a grain size of <1 μm in a
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tungsten carbide vibrating sample mill (Sample Mill model TI-100, HEIKO, Tokyo, Japan) and an agate
mortar at Ehime University. C13H14O6 was used as a binder (20 wt. % in the pressed powder pellets)
and homogenized with the powdered samples by shaking for 1 h. The XRF analyses were conducted at
an excitation voltage of 100 kV. The following standards were used as secondary targets for irradiation
with the relevant excited X-rays for the individual elements: Al for Na and Mg; Ti for Al–Sc; Ge for
Ti–Ga; Mo for Ge–Y, Tl–Ra, and Ac–U; and Al2O3 for other elements, including lanthanides. The
X-ray source was a Gd anode. A counting time of 300 s was repeated three times on a Ge detector for
each secondary target, and elemental concentrations were determined by the fundamental parameter
method. Geological standards, including JSd-1, JSd-2, JSd-3, JSl-1, Jlk-1, and JMn-1 (Geological Survey
of Japan Referenced Materials) [24,25], were analyzed to confirm the analytical precision (relative
standard deviations are 1.86% Fe2O3, 11.3% Cu, 3.09% Zn, 10.9% As, 45.5% Sn, and 53.2% Pb).

The heavy metal concentrations of the lichens were determined by particle-induced X-ray emission
(PIXE) performed at the Nishina Memorial Cyclotron Center established by the Japan Radioisotope
Association. The analytical conditions followed Sera et al. (1992) [26]. A small cyclotron provides
a 2.9 MeV-proton beam on the target after passing through a beam collimator of graphite. The
maximum beam intensity on the target is approximately 40 nA for a beam spot diameter of 2 mm and
80 nA for a diameter of 6 mm. Elements from Na to U are detected by two ORTEC Si (Li) detectors.
The elements heavier than Ca are detected by the first detector, which has a 0.025 mm-thick Be window
and a 6 mm active diameter, with X-rays with an energy resolution of 154 eV at 5.9 keV and a 300-
to 500-μm-thick Mylar absorber inserted between the target and the detector. The other low atomic
number elements are detected by the second detector, which has a 0.008 mm Be window and a 4 mm
active diameter, a resolution of 157 eV, and a small graphite aperture without an absorber. The upper
1–5 mm portion of the lichen thallus was cut out from the substrata to remove the effects of the trapped
substratum fragments by the hypha structure and rinsed with ultrapure water. The rinsed samples
were dried at 80 ◦C for 24 h in an oven. The dried samples (30 mg) were digested with 1 mL of HNO3

and heated in a microwave (150 W). The analytical accuracy and precision of the analyses were verified
using the NIES CRM No. 1 environmental sample.

2.4. Statistical Methods

The distributional normality of the Cu, Zn, As, and Pb concentrations in S. exutum and the
corresponding substrata was verified by the Shapiro-Wilk normality test. The correlation of the scatter
plots was verified by Spearman’s rank-correlation coefficient. All statistical analyses were performed
with EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), a graphical user interface
for R (The R Foundation for Statistical Computing, Vienna, Austria). More precisely, it is a modified
version of R Commander designed to add statistical functions frequently used in biostatistics [27].

3. Results

3.1. Microstructure of the Hyphae of Stereocaulon exutum Thallus and the Effects of the Lichen on
Slag Weathering

The hyphae of the thallus form loosely-complicated structures and adhere to each other near the
interface with the slag. The hyphae that compose the medulla of the thallus form lines in the direction
of growth. Hyphae that compose the cortex of the upper thallus form complicated structures, and
these different hyphae partially adhere to each other.

Stereocaulon exutum has both physical and chemical effects on the slag during the weathering
process. The surface of the weathered slag under the lichen is penetrated and fractured by the lichen
hyphae during the physical process (Figure 2a–c). The hyphae penetrate and expand into the crack of
the slag and along the mineral interfaces. Etch-pits occur on the weathered willemite and matte drops
under the lichen during the chemical process (Figure 2e).
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Figure 2. Back-scattered electron images of (a) lichen-slag interface; (b) slag fragments caught by
hyphae structure; (c) hyphae penetrating crack of slag; (e) etch-pits of pseudomorph of willemite;
and (d) a secondary electron image of slag fragments caught by hyphae structure. W-Wi: weathered
willemite; Wi: willemite; Fa: fayalite.

 

Figure 3. Back-scattered electron images of thallus containing fragments. Distances from substrata
increase from (a) to (d) every 2 mm. (a) is the section where 100 μm high from slag; (b) and (c) are the
section of thallus; (d) is the section of apothecium. The broken lines indicate thallus-resin interfaces.
Wi: willemite; Fa: fayalite; Qtz: quartz; Fld: feldspar.

The slag fragments in the thallus show differences in the distance from the substrata. The lower
portion of the thallus contains fragments of the fractured slag (Figure 2b,d). The amounts of the slag
fragments in the upper portion (more than 1 mm from the substratum) are less comparable with the
portion near the interface between the lichen and the slag. The fragments trapped in the upper portion
consist of mainly quartz and plagioclase (Figure 3).

3.2. Heavy Metal Distribution in the Weathered Slag

The slag is composed mainly of willemite, fayalite, and/or magnetite with a silicate glassy matrix
and contains matte drops, which are Cu-, Zn-, Pb-metals, -alloys, and -sulfides. Willemite is the
main host of Zn, and fayalite is the main host of Fe. Matte drops are the main hosts of heavy metals,
S, and As.
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The heavy metals and As are dissolved from the original phases during the weathering process.
The outermost portion in the weathered zone comprises mainly clay minerals. The willemite and
matte drops are converted to Fe-hydroxides during the weathering process. The heavy metal (except
for Fe and As) concentrations in the weathered phases are lower than in the original phases.

Figure 4. Back-scattered electron images and the elemental maps of weathered slag obtained by
SEM-EDS. MF: Metal film-like structure; CM: Clay minerals.

Figure 5. A back-scattered electron image and the elemental maps of a lichen-slag interface obtained
by SEM-EDS. The broken lines indicate thallus. Fa: fayalite; P-Wi: pseudomorph of willemite.

Heavy metals and As in the willemite-rich slag are partially concentrated inside the clay minerals
and form a film-like structure (Figure 4). However, during the lichen-mediated weathering process,
the heavy metals and As do not form the structure under the lichen thallus but rather tend to be
concentrated in the lichen thalli (Figure 5).

3.3. Elemental Distribution in the S. exutum Thallus

The thallus contains heavy metals and As. Fe and As are especially contained on the surface of the
hyphae in the thallus (Figure 6). Formless particles occur on this portion. The hyphae contain Fe, Cu,
Zn, and As in the cells of their rhizome (Figure 7). Several elements, including Fe, Cu, Zn, and As, are
contained inside the cortex of the thallus and show lateral distribution (Figure 8). Formless particles
occur in this portion. The concentrations of these elements in the phyllocladium were not found.
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Figure 6. Back-scattered electron images and the elemental maps of hyphae inside the cortex of the
thallus. The white box in BSE2 indicates the area of BSE3 and the mapping analysis area.

Figure 7. A back-scattered electron image and the elemental maps of the lichen hyphae.

Figure 8. A back-scattered electron image and the elemental maps of the lichen thallus.
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3.4. Heavy Metals and As Concentrations of Lichens and the Corresponding Substrata

The heavy metal and As concentrations of Stereocaulon exutum on slag and rocks, including tailings,
gravel, and the host rock, are 33.6–1250 mg/kg-DW Zn, 6.51–923 mg/kg-DW Cu, 12.0–147 mg/kg-DW
Pb, and ND-438 mg/kg-DW As. The heavy metal and As concentrations of the substrata are as
follows: slag contains 20.6%–3.27%-DW Zn, 1.62%–0.66%-DW Cu, ND–758 mg/kg-DW Pb, and
31.3–561 mg/kg-DW As; the tailings contain 640–101 mg/kg-DW Zn, 154–34.2 mg/kg-DW Cu,
12.7–1280 mg/kg-DW Pb, and ND–23.0 mg/kg-DW As; the outcrop rocks contain 79.1–1940 mg/kg-DW
Zn, 96.6–461 mg/kg-DW Cu, 8.08–97.1 mg/kg-DW Pb, and 1.12–490 mg/kg-DW As.

On determination of the correlations between heavy metal concentrations in lichens and the
corresponding substrata, the distributional normality was verified by the Shapiro-Wilk normality test
(Table 1). As no significant normal distribution of the scattered plots was shown in corresponding
concentrations of Cu, Zn, As, and Pb in the lichen and the corresponding substrata (Table 1, Figure 9),
the correlation was verified by Spearman’s rank-correlation coefficient. The results of the test show
that the Cu and Zn concentrations in S. exutum thalli exhibit positive correlations with those in the
corresponding substrata under the 5% significance level but not As and Pb concentrations (Table 2,
Figure 10). The formulas of the regression curves have positive X-intercepts (Figure 10).

Table 1. p-values of heavy metal concentrations in lichens and the corresponding substrata obtained by
Shapiro-Wilk normality test.

Elements
p-Values

S. exutum Substrata

Cu 1.23 × 10−3 8.26 × 10−5

Zn 3.48 × 10−5 4.39 × 10−6

As 1.16 × 10−2 0.109
Pb 0.207 2.07 × 10−5

log.Cu 0.888 4.31 × 10−3

log.Zn 5.52 × 10−3 8.17 × 10−4

log.As 1.92 × 10−3 0.437
log.Pb 2.24 × 10−4 0.802

Table 2. Spearman’s correlation rho and p-values of the scattered plots of Cu, Zn, As, and Pb
concentrations in the lichens and the corresponding substrata. n = 18.

Elements rs p-Values

Cu 0.618 7.43 × 10−3

Zn 0.829 1.28 × 10−5

As 0.421 0.119
Pb 0.336 0.188
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Figure 9. QQ plots of heavy metal concentrations of lichens and the corresponding substrata and the
logarithmic data. The p-values were obtained by Shapiro-Wilk normality test. n = 18.

 
Figure 10. Scatter diagrams show Cu and Zn concentration of S. exutum and the corresponding
substrata with linear functions after logarithmic transformation. Note: significance level = 5%.
n = sample number.
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4. Discussion

4.1. Effects of S. exutum on Heavy Metals and As Behavior in the Slag Weathering Process

In addition to abiological weathering, Stereocaulon exutum affects and accelerates the weathering
of the original phases, and the effect can be attributed to both physical and chemical processes.
The physical effects are caused by hyphal penetration and expansion, and the chemical effects are
caused by lichen substances.

Fragmentation and disaggregation of the lithic surface below the lichens have been well known
and investigated in previous studies [4,5]. Various types of rocks, including calcareous rock, siliceous
rock, and sedimentary rock, can be weathered physically by the hyphal penetration [7,8,28–31].
The slag that is composed of mainly silicate phases is also fractured by the hyphae even in the
coherent portion.

The fragments of the substrata of lichens are incorporated into the thallus and coated by
extracellular polymers and secondary minerals [4,5]. The fragments of the weathered slag are observed
mainly in the lower 1–5 mm portion of the thallus, closer to the substratum. However, the trapped
fragments in the upper than 5 mm portion of the thallus consist of mainly quartz and feldspar. These
results indicate that the fragments are not transported to the upper portion of the thallus. Thus,
the origin of the fragments trapped in the upper thallus could not be the substrata but atmospheric
deposition. The trapped slag fragments consist of the Fe hydroxides containing Zn as weathered
secondary minerals. However, no extracellular polymers were found in this study.

In addition to penetration of hyphae, substrata are mechanically disrupted by expansion,
contraction, freezing, and thawing of the lichen thallus [5]. The hyphae penetrate into cracks of
the willemite and matte drops in the slag and along the interface of these phases. The lichen thallus
has an abundant water storage capacity [32]. Therefore, the slag is physically disaggregated through
wetting and drying of the hyphae, and chemical weathering could be accelerated by the water supply.

Lichens affect not only physical weathering but also chemical weathering mostly by lichen
compounds [6]. The main chemical dissolution processes of minerals by lichens are generated by
respiratory CO2, the excretion of oxalic acid, and the chemical action of lichen compounds [33].
Mineral etching is a frequent feature of weathering at the rock-lichen interface [6]. The etch-pits in
the weathered willemite and matte drops are evidence of the chemical weathering of these phases in
this study. The excretion of various organic compounds can effectively dissolve the original phases
and chelate metallic cations [4–6]. Several lichen compounds such as depsides and depsidones are
slightly soluble and have the ability to chelate in conjunction with the presence of polar groups
such as OH, CHO, and COOH [34]. Although the dissolution and decomposition of rock-forming
minerals by lichen acids has been demonstrated in laboratory experiments [35,36], the dissolution and
decomposition processes have not been conclusively proven in previous field studies [37,38].

S. exutum contains the depsidone (lobaric acid) in the thallus and could affect the dissolution
and decomposition of slag phases. Although the present study also provides no scientific evidence to
clarify the processes, the results show the evidence of heavy metal and As dissolution from the original
phases by acids. Willemite and matte drops, which are the main hosts of heavy metals and As, are
transformed to Fe hydroxide during the weathering process. The heavy metal and As concentrations
of weathered phases in the weathered portion of the slag are lower than the heavy metal and As
concentrations in the unweathered portion [21]. The lower heavy metal and As concentrations in the
weathered phases and the occurrence of etch-pits in the pseudomorphs of willemite and matte drops
in only the lichen-mediated weathered portion are evidence of the effect of lichens on decomposing of
slag phases and dissolving of heavy metals from the original phases. Although this study could not
clarify whether the S. exutum or other microbes are mostly effective in dissolving and decomposing
slag phases by excretion of acids, the results indicate the lichen affects biochemical weathering of
smelting slag in terms of heavy metal and As dissolution from the original phases for the first time.
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4.2. The Accumulation and the Behavior of Heavy Metals in the Lichen Thallus

The heavy metal uptake ability and the accumulation capacity of lichens has been well
demonstrated in various previous studies [19,39]. Several lichens, such as Cladonia spp. and Stereocaulon
spp. that grow near Cu smelters and Cu-polluted sites contain high levels of heavy metals [40–42]. S.
exutum growing on the tailing and slag dump at this study site also contains high concentrations of Cu,
Zn, As, and Pb.

The heavy metals accumulated by S. exutum through the slag weathering process are contained
in the lichen thallus. The kinetics and thermodynamics of ion exchange, such as binding constants
and charge balances, have been well demonstrated in previous studies [43]. Cation uptake occurs
extracellularly in lichens [44]. Nieboer and Richardson (1980) supposed that the affinity of ions for the
exchange sites varies in an order corresponding to monovalent Class A < divalent Class A < borderline
divalent < divalent Class B [45]. They categorized ions as follows: Class A ions are composed of
alkaline metals, alkaline-earth metals, Al, Y, lanthanoid, and actinoid; borderline ions are composed of
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu2+, Zn, Ga, As, Cd, In, Sn, Sb, and Pb2+; and Class B ions are composed
of Cu1+, Rh, Pd, Ag, Ir, Pt, Au, Hg, Tl, Pb4+, and Bi [45]. The distribution of the cations has been
estimated as follows four fractions into an intercellular and surface fraction, ion exchange site fraction,
intracellular fraction, and residual fraction [46].

The SEM observations and elemental mapping analysis of the lichen thalli clarified at least two
distributions of the absorbed elements in this study. Some of the elements are distributed throughout
cells or the exchange sites of the cell wall of the hyphae in the thallus and show no trend. The others
are distributed on the surface of the hyphae as unformed materials and show lateral distribution
inside the cortex. As the elements do not concentrate in the phyllocladium, the fungal component
positively absorbs the elements rather than the algal partner. Although this study could not clarify
the form of the ions that are absorbed in the lichen thallus, the elements in the cell may indicate the
results of absorption of the ions into the cytoplasm from external solutions or through positively and
negatively charged anionic binding sites. The distribution of Fe and As on the surface of the hyphae as
unformed materials could show the results of elemental precipitation or making compounds during
the evaporation of external solutions. The elements in the external solutions may be affected by lichen
substances during the processes of precipitation and chemical combination. As the carboxyl group
can easily form complexes with Cu and Zn [47], these ions could make some compounds with lichen
substances or some enzymes that are excreted by S. exutum. While the Cu and Zn could be affected by
the lichen substances, Fe and As could be affected by inorganic precipitation and adsorption. The Fe
and As in the thallus tend to be more concentrated on the surface of the hyphae of the thallus as
formless particles in the study samples. As arsenic is easily adsorbed by Fe hydroxides [48], it is
possible that the As and Fe absorbed by lichens may deposit on the surface of the hypha structure
as Fe hydroxides.

The SEM observations and PIXE analysis indicate that the upper thallus contains heavy metals
and As not as slag fragments but rather as ions and/or compounds. The hyphae of S. exutum are
composed of filamentous fungi with a diameter of generally 1–10 μm. The filamentous fungi of
ascomycete commonly have a septum with a stoma in the hyphae, and protoplasmic streaming occurs
between the cells of the fungi [49,50]. Therefore, the dissolved elements from the weathered slag
phases are taken into the cells of the lichen thallus and are transported to the upper portion.

While biominerals such as moolooite found by Purvis (1984) have not been found in this study [51],
formless particles rich in Fe and As have been found on the surface of the hyphae in the thallus.
In addition, Fe, Cu, Zn, and As are distributed throughout the cells of the hyphae. These results
support the possibility of different mechanisms of Fe and As absorption and accumulation by lichens,
compared with previous studies.
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4.3. The Correlation of Cu and Zn Concentrations in the Lichen and Substrata

The relationship of heavy metal concentrations between lichens and the corresponding substrata
has been demonstrated in previous studies [19,41]. Copper concentrations of Cladonia subconistea and
C. humilis growing on Cu-hyperaccumulator moss Scopelophila cataractae at a Cu-polluted site are much
higher than the copper concentrations of control samples growing on soil [41]. Osyczka and Rola
(2013) [19] demonstrated the relationship of Zn and Cd concentrations between C. rei thalli and the
host substrata using specific non-linear regression models described by a power function. In this study,
the concentrations of Cu and Zn in lichens after logarithmic transformation show a positive correlation
with their concentrations in the corresponding substrata that are obtained by linear regression models
described by a linear function as well as the result of Osyczka and Rola (2013) [19], while the lichen
species and the type of their substrata are different. The regression model clarified an impressive ability
of S. exutum to accumulate Cu and Zn because the model showed the positive intercept. Furthermore,
the relationship between the concentrations in the lichen thalli and the corresponding substrata shows
no peak in the scatter diagram, which also supports the characterization of S. exutum as a Cu and
Zn accumulator.

The dominant source of heavy metals should be estimated on the discussion of the relationships
of the heavy metal content between lichens and the corresponding substrata. The fragments of the
weathered slag have not been transported to the upper portion, and the analyzed portion is the portion
higher than 1–5 mm from the substratum. Although the fragments that are contained in the analyzed
portion are composed of mainly quartz and feldspar as material from atmospheric depositions, the
Cu and Zn concentrations of the lichen show a positive correlation with the concentrations of their
corresponding substrata. Therefore, the Cu and Zn concentrations in the lichen reflect the Cu and
Zn contents absorbed by the lichen from the corresponding substratum and not the fragments of the
substratum. Accordingly, the S. exutum appears to absorb mainly the heavy metals from the substrata
below the lichen thallus at the study site.

5. Conclusions

Stereocaulon exutum affects slag weathering in biological processes by lichen substances (organic
acids) and hyphae penetration and could accelerate non-biological weathering. Heavy metal and As
in the slag are dissolved from the silicate, sulfide, and metal phases during the weathering process.
The heavy metals form metal film-like structures in the non-lichen-mediated weathering portion of
the slag but not in the lichen-mediated weathered portion. The elements are absorbed into the lichen
and contained within the thallus. Some of the elements are distributed in the cells of the hyphae. The
others are distributed on the surface of the hyphae as formless particles and show lateral distribution
inside the cortex of the thallus.

S. exutum shows other interesting results related to the chemical properties. The Cu and Zn
concentrations in the thalli are positively correlated with the concentrations in the corresponding
substrata and the positive intercept of the regression curve obtained by a linear function.
These chemical characteristics make this lichen a good biomarker for Cu and Zn contamination
of the substrata of the lichen, making lichen-solid interactions very important and interesting to the
field of environmental studies. Therefore, the present study supposes that S. exutum has a possible
practical application to biomonitoring or risk assessment of heavy metal pollution at abandoned
mine sites.
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Abstract: An environmentally friendly decontamination process for uranium-contaminated soil sand
is proposed. The process uses supercritical CO2 as the cleaning solvent and a TBP–HNO3 complex as
the reagent. Four types of samples (sea sand and coarse, medium, and fine soil sand) were artificially
contaminated with uranium. The effects of the amount of the reagent, sand type, and elapsed time
after the preparation of the samples on decontamination were examined. The extraction ratios of
uranium in all of the four types of sand samples were very high when the time that elapsed after
preparation was less than a few days. The extraction ratio of uranium decreased in the soil sand with
a higher surface area as the elapsed time increased, indicating the possible formation of chemisorbed
uranium on the surface of the samples. The solvent of supercritical CO2 seemed to be very effective
in the decontamination of soil sand. However, the extraction of chemisorbed uranium in soil sand
may need additional processes, such as the application of mechanical vibration and the addition of
bond-breaking reagents.

Keywords: supercritical CO2; decontamination; uranium; soil sand; TBP–HNO3 complex

1. Introduction

Nuclear energy is environmentally friendly because of its high energy density, with no release of
greenhouse gases. However, nuclear energy by fission generates radioactive fission products, such as
Cs-137, Xe-133, I-131, and Sr-90. Worldwide, there have been two major nuclear accidents: Chernobyl
in 1986 and Fukushima in 2011. These major nuclear accidents showed that radioactive products that
leak from a plant could contaminate the soil in a large area near the nuclear power plant [1,2]. Soil can
also be contaminated by natural radioactive isotopes, such as uranium. Uranium-contaminated soil
is common around uranium production, ore, and nuclear fuel production facilities. The pollution of
these sites by radioactive isotopes is directly harmful to human health and disrupts soil functions that
support terrestrial ecosystems [3]. Cleaning the soil contaminated by radioactive materials requires
huge efforts, as the amount of soil needed for decontamination is generally immense due to the large
contaminated area that has to be cleaned. Moreover, a large amount of secondary aqueous waste
is generated during decontamination, and this waste has to be decontaminated again later. Hence,
conventional soil-cleaning methods do not seem to be effective for cleaning soil because they generate
secondary wastes [4,5].
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Plutonium uranium redox extraction (PUREX), a solvent-extraction process, can be used for the
extraction of uranium and plutonium from spent nuclear fuels [6]. Tributylphosphate (TBP) is a key
extractant for uranium and plutonium in the PUREX process, and it dissolves well in organic solvents,
such as kerosene. According to a recent report, TBP dissolved easily in supercritical carbon dioxide
(CO2) [7]. Supercritical CO2 has good qualities as a solvent, combining the high solubility of a liquid
with the fast reaction speed of a gas. CO2 has great potential as a supercritical solvent because it
becomes supercritical relatively easily at 31 ◦C and 73.8 bar. It is easy to recycle CO2 because the phase,
in addition to the temperature, can be easily controlled by a depressurization/compression process [8].
CO2 is a nonpolar organic solvent, which shows low solubility in polar substances, such as inorganic
matter, and in ionic substances, such as metal ions. To develop an effective uranium decontamination
process using supercritical CO2, an extraction reagent (e.g., TBP) that combines with uranium metal
must be used [9]. TBP and nitric acid form a complex that dissolves well in supercritical CO2 [10]. A
technology to directly reprocess spent fuels using a TBP-nitric acid compound has been proposed [11],
and a reprocessing method based on CO2, referred to as Super-Direx, has been developed. The
potential of supercritical CO2 technology in the extraction of actinide-based metal ions has also been
studied [12,13].

In this study, an environmentally friendly decontamination method to clean uranium-
contaminated soil is proposed. The method uses a complex of TBP and nitric acid as the extracting
agent in supercritical CO2. CO2, the solvent in the cleaning process, can be easily recycled by changing
its pressure. In addition, the TBP and nitric acid are reusable after the removal of the uranium from
the TBP-nitric acid complex using conventional technology applied in the PUREX process. Hence, no
secondary waste is generated. The experimental decontamination method is explained, and the results
are discussed to the conclusion to see the feasibility of the supercritical CO2 decontamination method.

2. Experiments

2.1. Preparation of the Reagent for Extraction and the Extraction Conditions

Uranium dioxide in its solid state can be dissolved directly in supercritical CO2 with a TBP–HNO3

complex [14–16]. To prepare the reagent (i.e., TBP–HNO3 complex) for extraction, anhydrous TBP
and 70% HNO3 were fully mixed in a 1:1 ratio in a beaker using a rotating magnetic stirring bar. The
mixture was then separated by centrifuging for 40 min. The ratio of HNO3:TBP:H2O in the TBP–HNO3

complex obtained after separation was 1:1.8:0.4 [13]. The solubility of the TBP–HNO3 and TBP–U–NO3

complexes in the supercritical CO2 was observed through a view cell. The solubility of TBP–HNO3

was measured at 40–60 ◦C, and the solubility of TBP–U–NO3 was determined at 50 ◦C, as illustrated in
Figure 1 [13]. As shown in the figure, these complexes can form a single phase with supercritical CO2

in a wide range of concentrations. At 50 ◦C, both complexes fully dissolved in supercritical CO2 when
the applied pressure was higher than 17 MPa. In this study, the following conditions were used for the
extraction of uranium from contaminated soil sand: a pressure of 20 MPa and temperature of 40 ◦C.
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Figure 1. Solubility curves for the transition pressures from two-phase to single-phase
TBP·(UO2)0.5·NO3 and TBP·(HNO3)1.8·(H2O)0.6 in supercritical CO2 [13].

2.2. Specimen Preparation

Soil is made up of many components, such as minerals, organic matter, gases, liquids, and
countless organisms [17]. In this study, we focused only on the effect of the soil grains (i.e., sand).
Two types of sand were prepared: sea sand and soil sand collected from a hill in the campus of Kyung
Hee University (located south of Seoul, Korea). The sea sand was pure grade and purchased from
JUNSEI Chemical Co., Tokyo, Japan. The soil sand for the experiment was collected at a depth of 50 cm
from the ground surface. The soil was immersed in a 30% peroxide solution for about 3 h to remove
organic matter. The soil was then cleaned in 6 M nitric acid for 3 h to remove metallic impurities on
the surface. After rinsing the soil in hot water (about 80 ◦C), it was dried in a vacuum glass container
for one week. The dried soil was then screened to obtain soil sand. The soil sand was grouped into
four sizes according to the diameter of the grains: larger than 1, 0.5–1.0, 0.2–0.5, and less than 0.2 mm.
Particles in the sand larger than 1 mm were not considered. In the experiments, the sand was classified
as follows: (1) sea sand (0.5–1.0 mm); (2) coarse soil sand (0.5–1.0 mm); (3) medium soil sand (0.2–0.5
mm); and (4) fine soil sand (less than 0.2 mm). The details of the soil sample preparation have been
described previously [4].

A nitric acid solution containing uranium was prepared by dissolving a small amount of uranium
oxide in the solution. The sand samples (50 μg-U per 1 g of sample) were placed in beakers containing
the solution. The beaker was then placed in an ultrasonic cleaner for 1 h to evenly mix the uranium ions
in the sand. The beakers containing the sand and solution were placed in a vacuum oven and dried at
90 ◦C for about 24 h. After full evaporation of the solution, the dried sand was mixed again with a
spatula to ensure that the uranium was uniformly distributed in the sand. The sand samples artificially
contaminated by uranium are shown in Figure 2. In each experiment, 1 g of the contaminated sand
specimen was used.
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Figure 2. Sand samples artificially contaminated with uranium. (a) Sea sand; (b) coarse soil sand; (c)
medium soil sand; and (d) fine soil sand.

2.3. Experimental Process

The experimental setup for the uranium extraction from sand using supercritical CO2 is shown
in Figure 3. The experimental apparatus was composed of a syringe pump, mixing cell, and reaction
cell. The mixing cell contained a magnetic bar, which mixed both the TBP–HNO3 complex and the
CO2 inside. The reaction cell was a stainless tube, inside which the contaminated sand sample was
located. The syringe pump supplied CO2 at a pressure of 20 MPa from the tank to the system. The
CO2 was pumped into the mixing cell and combined with the TBP–HNO3 complex inside the cell for
30 min. The mixture was then transferred to the reaction cell containing the sand sample. Uranium
was extracted from the sand sample in the reaction cell. This dynamic extraction process lasted for
more than 30 min. The flow rate of the CO2 from the syringe pump was about 3 mL (liquid CO2)
per min. The reacted TBP–HNO3 complex that dissolved in the CO2 was collected in a beaker after
depressurization outside the system. Both the mixing cell and the reaction cell were inside a water bath
(i.e., a reaction zone), the temperature of which was maintained at 40 ◦C. The effects of each of three
variables on the extraction of uranium were determined: the amount of the reagent, sand type (or size),
and duration of the postcontamination period (one hour, one day, one week, one month, three months,
and four years). Table 1 shows the experimental conditions in the uranium-extraction experiments.

 

Figure 3. Experiment setup and the reaction zone for uranium extraction from the contaminated sand:
(1) CO2 cylinder; (2) syringe pump; (3) mixing cell; (4) preheating cell; (5) specimen; (6) mixer; (7)
thermostat; and (8) collector.
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Table 1. Conditions for the extraction experiments.

Variables Specimen Description

Amount of the reagent used Sea sand 0.1–15 mL

Sand size (or type) Sea sand 1.0 mm (reagent amount: 0.5 mL)

Soil sand Coarse (0.5–1.0 mm), medium (0.2–0.5 mm),
fine (less than 0.2 mm) (reagent amount: 0.5 mL)

Elapsed time after sample
preparation Sea sand 1 h, 1 day, 1 week, 1 month, 4 years

(reagent amount: 0.5 mL)

2.4. Analysis of the Extracted Fraction of Uranium

The extracted fraction of uranium from the sand samples was obtained by comparing the amount
of uranium in the sample before and after the experiment using microwave digestion and Inductively
Coupled Plasma (ICP) measurements. After the experiment, 1 g of each sand sample was placed in
a Teflon XP-1500 container (MARS5 Digestion Microwave System, CEM Co., Matthews, NC, USA)
with 20 mL of 35% nitric acid. A reference specimen (i.e., a sample not exposed to the cleaning
process) containing the same amount of nitric acid was placed in another XP-1500 container. Both
containers were heated slowly by microwaves from room temperature to 180 ◦C for 15 min. The
maximum pressure inside the XP-1500 container was set as 2 MPa. The temperature was maintained
at 180 ◦C for another 15 min. After cooling the containers, the nitric acid was extracted from each
container, and the amount of uranium in each solution was analyzed using ICP (Leeman Labs, Lowell,
MA, USA). The fraction of uranium extracted after the experiment was obtained by comparing the
uranium concentration between the two nitric acids. The extracted fraction of uranium or the extraction
ratio, f U), was estimated as:

fU =
Cbef − Caft

Cbef
(1)

where Cbef and Caft are the concentration of uranium in the solution before and after the
experiment, respectively.

The concentration measured from the ICP analysis is known to have an uncertainty of 5%–10%.
Based on this uncertainty, the uncertainty of the extraction ratio may be 5%–20%.

3. Results and Discussion

3.1. The Effect of the Amount of Extraction Regent Used

Sea sand was used in these experiments, and the amount of the extraction reagent used was
0.1–15 mL. Figure 4 shows the results. The extraction ratio of uranium increased with the amount of
extraction reagent used. The extraction ratio of uranium exceeded 90% when the amount of reagent
was 0.4 mL or higher. As the weight of the sample was 1 g in the experiment, the total amount of
uranium in the reaction cell was about 50 μg. The extraction reaction of the uranium by the reagent,
the TBP–HNO3 complex, can be expressed as follows:

UO2 + 2TBP · (HNO3)2 = UO2 (NO3)2 · TBP2 +
2
3

NO +
4
3

H2O +
4
3

HNO3 (2)
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Figure 4. Extracted fraction of uranium as a function of the amount of extraction reagent used
(specimen: sea sand with 50 μg-U/g, uncertainty applied: 5%).

Based on the above reaction, the required amount of TBP–HNO3 complex to extract 1 mol of
uranium (238.029 g) would be 2 mol (284.66 g). Hence, the weight of the extraction reagent required
to extract 50 μg uranium would be 165 μg. Assuming that the density of the extraction reagent was
0.98, about 0.17 mL of the reagent would be needed theoretically to achieve uranium extraction. In this
experimental setup, the process turns out to need the extraction reagent about three times more than
the theoretical amount for full extraction of uranium. We selected 0.5 mL of the extraction reagent as a
reference, which was the minimum amount for full extraction of uranium from the sea sand specimen
in this experiment system.

3.2. The Effects of the Sand Type and Elapsed Time after Sample Preparation

Four types of samples (sea sand and coarse, medium, and fine soil sand) were used for the
experiment. Some of the samples were four years old. The sample preparation process of these
four-year-old samples was almost identical to that of the current samples, except that the soil was
collected in fields surrounding Daejun City, which is located in the central part of the Republic of
Korea (specifically, the Korea Atomic Energy Research Institute) [4]. The amount of the reagent used in
the experiment was 0.5 mL. The results, extraction ratios with respect to sand type, and elapsed time
after the sample preparation are shown in Figure 5. In all four types of samples, when the samples had
been prepared only a few days earlier, the extraction ratios of uranium were more than 94%. As the
elapsed time increased, the extraction ratios of the four sand types decreased, but the level of decrease
differed according to the sample type. The uranium extraction ratios of the sea sand samples were
high (higher than 90%), even those of the four-year-old samples. The extraction ratios of the coarse
and medium soil sand that were several months old were also good. After four years, the extraction
ratio dropped to 70%. However, in the case of the fine soil sand, the reduction in the extraction ratio
of uranium started as early as one week later after the sample preparation, and the extraction ratio
dropped to less than 50%. In summary, the extraction ratio of the sea sand was good, regardless of the
time that had elapsed after the sample preparation, and the extraction ratios of the coarse and medium
soil sand were reasonably good (approximately 90% after a few months and 70% after four years).
However, the extraction ratio of the fine soil sand decreased rapidly (below 60%) after one week.
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Figure 5. Extracted ratio changes according to soil type and the elapsed time after sample preparation
(uncertainty applied: 5%).

In the present study, the reduction in the extraction ratio of uranium ions in the soil sand may have
originated from two mechanisms: the trapping of uranium ions in cracks and pores and chemisorption
of uranium ions on the surface. The microstructures of the sea sand and soil sand were observed by
SEM (Figure 6) (Stereoscan 440, Leica, Cambridge, UK). The surface of the sea sand was relatively
smooth and glassy, whereas that of the soil sand was rough and contained cracks and small pores.
If uranium ions are adsorbed to the surfaces inside cracks or pores, they may not be easy to remove or
extract. In the case of chemisorption, the extraction of uranium may also be difficult. Chemically pure
sea sand is mainly silica, which rarely reacts chemically with uranium ions. An SEM-EDX analysis
of the sand indicated the existence of various impurities, including Fe, Mg, K, and Al (Figure 7).
These impurities may take different structures on the surface, and they can provide sites for chemical
reactions with uranium ions. Initially, uranium ions in soil are mainly physically adsorbed on the
surface of the soil. Over time, the uranium ions and impurities on the surface of the soil start to
chemically react with each other (chemisorption). Once the uranium ions are chemically bonded with
the impurities on the soil surface, it becomes more difficult to extract uranium from the surface, and a
stronger extraction process is required.

The results shown in Figure 5 indicate that the extraction ratios of all the four types of soil sand
were very high when the elapsed time was less than one day. Based on these results, it seems more
difficult to extract chemisorbed uranium ions on the surface than trapped uranium ions in cracks
and pores. Supercritical CO2 has a very good ability to penetrate solid gaps, such as cracks and open
pores. Although soil sand has a large surface area, with cracks and pores, supercritical CO2 can carry
the extraction reagent to cracks and pores by penetrating fine gaps in the sample. However, as time
progresses, physically adsorbed uranium ions transform to a chemically bonded state, with impurities
on the surface. Once uranium ions enter a chemisorbed state, they are not easy to extract. Some soil,
such as fine soil sand, which has a greater higher surface area, has more chemical bonding sites for
uranium ions. In such soil samples, the extraction ratio decreases with the elapsed time since the
preparation of the samples. The extraction of chemisorbed uranium may require mechanical energy,
such as ultrasonic vibrations, and additional chemical reagents that prevent chemical bonding.
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Figure 6. SEM images of the four types of soil samples before the cleaning process (four-year-old
samples). (a) Sea sand; (b) coarse soil sand; (c) medium soil sand; (d) fine soil sand.

Figure 7. EDX analyses of the sea sand and fine soil sand before the cleaning process (four-year-old
samples). (a) Sea sand and (b) fine soil sand.

4. Conclusions

Sand fractions sorted from soil contaminated with uranium were cleaned by supercritical CO2

with a TBP–HNO3 complex. Four types of sand (sea sand, and coarse, medium, and fine soil sand)
were used, and experiments were performed to examine the effects of the amount of reagent, sand
type, and elapsed time after sample preparation on the uranium extraction.
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In this experimental setup, about three times more extraction reagent was needed than the
theoretical amount for full extraction of uranium from the sea sand specimens. Only if the elapsed time
after the sample preparation was less than a day were the extraction ratios of uranium very high in all
the four types of sand. This indicates that supercritical CO2 can easily pump the extraction reagent into
cracks and pores by penetrating through the fine gaps in the sample. Over time, physically adsorbed
uranium ions transform to a chemically bonded state, with impurities on the surface. Once uranium
ions enter a chemisorbed state, they are not easy to extract. Thus, the extraction ratio of the fine soil
sand, which has the largest surface area of the samples, decreased the most in the present study as the
elapsed time since the sample preparation increased.

The process suggested in this study is environmentally friendly. CO2, the solvent in the cleaning
process, can be easily recycled, and TBP and nitric acid can be reused. Thus, no secondary waste
is generated during the uranium-decontamination process. The solvent of supercritical CO2 seems
very effective in the decontamination of soil. However, the extraction of chemisorbed uranium in soil
may require additional processes, such as the application of mechanical vibration and the addition of
bond-breaking reagents.
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Abstract: Harbor sediments contaminated with ZnS concentrate were treated by ferric chloride in
HCl solution to remove Zn. The sediments were evaluated using Tessier’s sequential extraction
method to determine the different metal phase associations of Zn. Leaching tests were performed
to investigate the effects of experimental factors, such as agitation speed, ferric ion concentration,
temperature, and pulp density, on the removal of Zn. The sequential extraction procedure revealed
that about 17.7% of Zn in the sediment was associated with soluble carbonate and oxide phases.
The results of the leaching tests indicated that higher ferric concentration and temperature increased
the leaching efficiencies significantly, while the agitation speed has a negligible effect on the removal
of Zn. The removal ratio increased to more than 99% within 120 min of treatment at 1 kmol·m−3 HCl
solution with 1 kmol·m−3 Fe3+, 10% pulp density, and 400 rpm at 90 ◦C. The dissolution kinetics
of Zn were discussed by comparing the two shrinking core models. It was determined that the
kinetic data followed the diffusion controlled model well compared to the surface chemical reaction
model. The activation energies were calculated to be 76.9 kJ/mol, 69.6 kJ/mol, and 58.5 kJ/mol
for 0.25 kmol·m−3, 0.5 kmol·m−3, and 1 kmol·m−3 Fe3+, respectively.

Keywords: harbor sediments; ferric chloride; zinc sulfide; metal contamination

1. Introduction

Operational or incidental spillage of materials during unloading activities of metal concentrates
has caused contamination problems in some harbor areas in Korea. This has led to increasing concerns
regarding metal-contaminated soils and sediments and their impacts on the environment. Various
treatment methods have been proposed for remediating contaminated sites, such as gravity separation,
phytoremediation, thermal processing, solidification/stabilization, electrokinetic remediation, and
soil washing [1,2]. Gravity separation techniques have been considered to be cost-effective and
environmentally friendly primarily because of the chemical-free process, but their effectiveness
and applicability are rather difficult in the treatment of fine concentrates with particle sizes less
than 75 μm [2]. Since fine particles have high specific surface area, chemical treatment methods such
as leaching generally are more suitable than physical treatment processes.

Zinc sulfide (sphalerite, ZnS) concentrates are normally subjected to roasting as a pre-treatment
method before leaching to enhance the dissolution of Zn. After leaching, the released Zn ions are
recovered as metallic zinc in the electrowinning process [3]. The emission of SO2 during roasting is
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a serious environmental problem and is governed by strict environmental regulations. Due to this,
the hydrometallurgical route has gained recognition as an alternative process to recover Zn from
concentrates [3]. The leaching of sphalerite has been investigated using various leaching media, such
as ferric sulphate and chloride with hydrogen peroxide or oxygen [3], ferric sulphate [4], hydrochloric
acid with ferric chloride [5], and sulfuric acid with nitric acid [6]. These studies suggested the use of
either ferric ions, H2O2, O2, or HNO3 for ZnS oxidation using mineral grade sphalerite or concentrates.
Only a few studies on the hydrometallurgical removal of Zn from ZnS-contaminated sediments with
ferric ions are available in literature.

Harbor sediments contaminated with ZnS are exposed to natural environmental conditions and
may undergo weathering over time and may change to a different chemical form. Metals accumulate
in sediments from both natural and anthropogenic sources, thus making it difficult to identify and
determine their origin. It is therefore important to evaluate the individual fractions of the metals not
only to understand their actual and potential environmental effects but also to aid in the process design.
However, metal concentrations in contaminated sediments are usually below the detection limit of
the X-ray diffractometer (XRD), making their measurements difficult. To overcome this limitation,
sequential extraction methods can be used [7,8]. One of the most widely used methods is the Tessier
sequential extraction method which consists of five extraction steps: “bound to exchangeable”, “bound
to carbonate”, “bound to oxide”, “bound to sulfide or organic matter”, and residue. A study conducted
by Park et al. on the leaching of heavy metals (Cu, Zn, Pb) from contaminated soil using citric acid
revealed that the metals in carbonate and oxide phases are easy to dissolve [2].

In the present study, the sediments contaminated with ZnS concentrate were evaluated using
Tessier’s sequential extraction method. Ferric chloride leaching tests were performed to investigate the
effects of leaching factors such as agitation speed, ferric chloride concentration, temperature, and pulp
density on Zn removal. The dissolution kinetics were discussed and interpreted by comparing the two
shrinking core models.

2. Experiments

2.1. Materials

Sediments contaminated with ZnS were collected from a harbor site that has been used for the
unloading of Zn concentrate. The samples were washed three times with distilled water and then
dried overnight at 105 ◦C. The particle size distribution of the sediment as shown in Figure 1 reveals
that 48.5% of the sample has a particle size <75 μm. This size fraction was used in the leaching
tests. The zinc content of the sample was determined to be 5287 mg/kg by aqua-regia digestion.
All chemicals used in this study were of reagent grade.

2.2. Leaching Procedures and Analytical Methods

The leaching tests were performed in a 500 dm3 three-necked Pyrex glass reactor using a heating
mantle to maintain the desired temperature to within ±2 ◦C. This reactor was fitted with a stirrer
and a reflux condenser to prevent solution loss at high temperatures. Leach solutions were prepared
with FeCl3 concentrations of between 0.25 kmol·m−3 and 1 kmol·m−3 in 1 kmol·m−3 HCl solution.
For every batch of leaching test, 200 cm3 of leach solution was introduced into the reactor. Once the
solution reached thermal equilibrium (40–90 ◦C), 20–60 g of the fine sediment powder was added and
agitated at 200−600 rpm. During these tests, a 2 cm3 aliquot solution was withdrawn periodically over
the desired time interval (5–240 min) for analysis.
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Figure 1. Particle size distribution of the contaminated sediment.

The sequential extraction method used in this study was originally developed by Tessier et al.
(1979) [7] and later modified by Li et al. (1995) [8]. The extraction method used 1 g of dried sample and
was performed under the following conditions and reagents: (1) 8 cm3 of 1 kmol·m−3 MgCl2 (adjusted
to pH 7) for 1 h at room temperature in the shaking bath; (2) 8 cm3 of 1 kmol·m−3 CH3COONa (adjusted
to pH 5) for 5 h at room temperature in the shaking bath; (3) 20 cm3 of 0.4 kmol·m−3 NH2OH·HCl
(in 25% CH3COOH) for 6 h at 96 ◦C in a heating block; (4) 3 cm3 of 0.02 kmol·m−3 HNO3 and 5 cm3

of 30% H2O2 (adjusted to pH 2) for 2 h at 85 ◦C in a heating block, followed by 3 cm3 of 30% H2O2

(adjusted to pH 2) for 3 h at 85 ◦C in a heating block, and, finally, 5 cm3 of 3.2 kmol·m−3 CH3COONH4

(in 20% HNO3) and about 4 cm3 deionized water for 30 min at room temperature in the shaking
bath; (5) 20 cm3 of aqua regia for 20 min. All solid/liquid separations were done by centrifugation
for 30 min at 10,000 rpm (1065× g), designated amounts of supernatant were taken and then diluted
with 5% HNO3 solution. The concentration of Zn was determined with AA-7000 atomic absorption
spectrophotometer (Shimadzu Scientific Instrument, Ltd., Kyoto, Japan).

3. Results and Discussion

Zinc concentrate is usually imported to Korea in the form of ZnS (sphalerite) and due to
operational or incidental spillage during unloading, this concentrate has become the source of Zn
contamination in harbor sediments. The chemical association of Zn in this sediment was examined
using Tessier’s sequential extraction method to understand its characteristics, through which it was
found that 7.9% and 9.8% of the Zn was in the “bound to carbonate” and “bound to oxide” phases,
respectively. The rest of the Zn content was found to be associated with the “bound to sulfide” phase.
This result indicates that 17.7% of Zn is bound to the weathered forms, such as carbonates and oxides,
which can be dissolved easily in HCl solution.

Leaching tests using the contaminated sediments were carried out at agitation speeds in the range
of 200–600 rpm to examine the effect of liquid film boundary diffusion surrounding the solid particles
on the leaching efficiency at the following conditions: 1 kmol·m−3 HCl with 1 kmol·m−3 Fe3+, 10%
pulp density, and 50 ◦C. Figure 2 shows that the leaching efficiencies of Zn are independent of the
agitation speeds. Therefore, in all subsequent leaching tests, a working agitation speed of 400 rpm
was selected to ensure effective particle suspension in the solution. It was also observed that the
leaching efficiency of Zn increased rapidly to more than 20% within 5 min and then gradually increased
afterwards. This can be attributed to the initial dissolution of Zn present in the “bound to carbonate”
and “bound to oxide” phases.
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Figure 2. The effects of agitation speed on the leaching efficiency of Zn at 1 kmol·m−3 HCl with
1 kmol·m−3 Fe3+, 10% pulp density, and 50 ◦C.

Figure 3 shows the effect of Fe3+ concentration on the dissolution of Zn from the contaminated
sediment at 1 kmol·m−3 HCl solution, 10% pulp density, 0.25–1 kmol·m−3 Fe3+, 50 ◦C, and 400 rpm.
The leaching efficiencies of Zn increased gradually with leaching time and improved significantly with
higher Fe3+ concentrations. A ferric ion was used as an oxidant in this study, and the oxidation of ZnS
was promoted by the ferric ion according to the following equation [9]:

ZnS + 2FeCl3 = ZnCl2 + 2FeCl2 + S0 (1)

The sediments contain 5287 mg/kg of Zn, which is equivalent to 8 mol·m−3 in a 10% pulp density
solution. However, although 250 mol·m−3 Fe3+ is already almost 15 times more than the stoichiometric
requirement of 16 mol·m−3 Fe3+ to oxidize 8 mol·m−3 of ZnS, the leaching efficiency of Zn was
only 41.4% at 240 min as shown in Figure 3.

Figure 4 shows the effect of temperature on the leaching efficiency of Zn at 1 kmol·m−3 HCl
solution, 10% pulp density, 1 kmol·m−3 Fe3+, 40–90 ◦C, and 400 rpm. Higher temperatures yield higher
Zn leaching efficiency and it increased to more than 99% within 120 min and 180 min at 90 ◦C and 80 ◦C,
respectively. These results also show that the Zn content decreased to less than 200 mg/kg, which is
the environmental standard for Zn in Korea, and indicate that Zn could be removed successfully. The
effect of pulp density on the leaching of Zn from the sediments was investigated under the following
conditions: 1 kmol·m−3 HCl, 1 kmol·m−3 Fe3+, 10%–30% pulp density, 50 ◦C temperature, and 400 rpm
agitation speed, but the results showed no apparent differences in leaching efficiency (data not shown).

 

Figure 3. The effects of Fe3+ concentration on the leaching efficiency of Zn at 1 kmol·m−3 HCl, 10%
pulp density, 50 ◦C, and 400 rpm.
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Studies on the dissolution kinetics of ZnS were reported previously and investigations were
carried out using pure sphalerite crystals [9,10], low-grade calcareous sphalerite [11], and ZnS
concentrate [4,5]. Activation energy values were calculated using the shrinking core model and
the Dickson and Heal model [4,5,9–11] and were determined to be 27.5 kJ/mol in sulfuric acid [4]
and 42–49.2 kJ/mol in hydrochloric acid [5,9–11], respectively. The shrinking core model could be
expressed by [5,12]:

1 − (1 − x)
1
3 = krt (2)

1 − (
2
3
)x − (1 − x)

2
3 = kdt (3)

Equation (2) represents the shrinking core model based on surface chemical reaction
(reaction-controlled model), while Equation 3 is based on diffusion reaction (diffusion-controlled
model). The value for x in the equations represents the fraction reacted and is obtained from the
leaching efficiencies, while kr and kd are rate constants.

 
Figure 4. The effects of temperature on the leaching efficiency of Zn at 1 kmol·m−3 HCl with
1 kmol·m−3 Fe3+, 10% pulp density, and 400 rpm.

The leaching efficiency of Zn increased to more than 90% at 80 ◦C and 90 ◦C within 120 min, so the
leaching data within 60 min were fitted to the models as shown in Figure 5 (reaction-controlled
model) and Figure 6 (diffusion-controlled model), respectively. Based on the calculations, the
correlation coefficients (R2) for the diffusion-controlled model are higher compared to that of the
reaction-controlled model. Previous studies on ZnS leaching with FeCl3 reported that the leaching
behavior of Zn followed the reaction-controlled model [5,9,10] while others proposed that the reaction
was controlled by both the reaction- and diffusion-controlled model [4,11]. In the current study, the
kinetic model parameters indicated that the diffusion-controlled model is more suitable to explain
the kinetic behavior of Zn removal. This result can be attributed to the low Zn content of the test
sample (about 0.5%) as compared to the 48%–67% Zn contents of the samples used in previous
studies [4,5,9–11].

Rate constants for different temperatures were calculated from Figure 6, and the Arrhenius plots
of lnK vs. T−1 for leaching data are shown in Figure 7. From the Arrhenius plots, the activation
energies of 76.9 kJ/mol, 69.6 kJ/mol, and 58.5 kJ/mol were calculated for the sphalerite dissolution in
0.25 kmol·m−3, 0.5 kmol·m−3, and 1 kmol·m−3 Fe3+, respectively. The results indicate that the reaction
is controlled by the diffusion of Fe3+ ions.

This study confirmed that the removal of Zn could be achieved by ferric chloride leaching in HCl
solution, and the Zn content decreased to less than 200 mg/kg, satisfying the Korean environmental
standard. During leaching, ferrous (Fe2+) ion is generated and the Fe2+ ion could be oxidized
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electrochemically or biologically into Fe3+, which can be reused as an oxidant in the process. Further
study will be required to optimize the re-oxidation.

  
(a) (b) 

 
(c) 

Figure 5. Plot of 1 − (1 − x)1/3 vs. T for different temperatures ([Fe3+]: (a) 1.0 M; (b) 0.5 M; (c) 0.25 M;
10% pulp density; 400 rpm agitation speed).

  
(a) (b) 

 
(c) 

Figure 6. Plot of 1 − 2/3x − (1 − x)2/3 vs. T for different temperatures ([Fe3+]: (a) 1.0 M; (b) 0.5 M;
(c) 0.25 M; 10% pulp density; 400 rpm agitation speed).
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Figure 7. Arrhenius plots. (1 kmol m−3 HCl; 0.25 kmol m−3–1 kmol m−3 Fe3+; 400 rpm agitation
speed; 10% pulp density; 40 ◦C–90 ◦C temperature).

4. Conclusions

The leaching behavior of Zn from sediment contaminated with ZnS concentrate using Fe3+ ions
in HCl solution was investigated. The chemical associations of Zn in the sediment were also evaluated
using Tessier’s sequential extraction method. By fitting the leaching data to two shrinking core models,
the following conclusions were made:

1. The removal of Zn was achieved by ferric chloride leaching in HCl solution. The removal
ratio increased to more than 99% within 120 min under the following leaching conditions;
1 kmol·m−3 Fe3+; 1 kmol·m−3 HCl; 400 rpm agitation speed; 90 ◦C leaching temperature;
10% pulp density. More importantly, the results obtained meet the Korean environmental
standards for Zn of 200 mg/kg.

2. About 17.7% of Zn in the sediment was associated with the soluble carbonate and oxide phases
as determined by the sequential extraction procedure. The leaching efficiency of Zn increased
quite rapidly in the first 5 min and then gradually in the succeeding treatment time. The rapid
increase can be attributed to the dissolution of Zn in carbonate and oxide fractions. These results
confirm the importance of evaluating the different metal phase associations through sequential
extraction to understand the leaching behavior.

3. The kinetic data indicated that the leaching behavior followed the diffusion-controlled model
well rather than the surface chemical reaction model. As ferric ion concentration increases, the
calculated activation energy decreases. The results also suggest that higher ferric ion concentration
and temperature could enhance the leaching efficiency of Zn.
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Abstract: The nitrate pollution of waters and groundwaters is an important environmental and
health concern. An interesting method to remove the oxidized forms of nitrogen from waters and
wastewaters is chemical denitrification by means of metallic iron (Fe0). Particularly advantageous
is the use of nanoscopic zero-valent iron particles due to the elevated surface area, which allows
reaching extremely high reaction rates. In the present paper, the efficiency of nitrate reduction
by means of nanoscopic Fe0 has been investigated under several operating conditions. The iron
nanoparticles were synthesized by the chemical reduction of ferric ions with sodium borohydride.
The effects of Fe0 dosage, initial N–NO3

− concentration and pH on chemical denitrification were
identified. In particular, the results of the tests carried out showed that it is possible to reach an
almost complete nitrate reduction in treating solutions with a nitrate nitrogen concentration higher
than 50 mg/L. Moreover, the process performance was satisfactory also under uncontrolled pH.
By means of the trends detected during the experiments, the kinetic-type reaction was identified.
Furthermore, a relation between the kinetic constant and the process parameters was defined.

Keywords: denitrification; kinetic analysis; nanoscopic iron; nitrate

1. Introduction

Nitrate pollution is a serious environmental problem, because it causes eutrophication phenomena
and may lead to diseases when drinking water sources are contaminated. The sources of nitrogen
compounds include nitrogenous fertilizers, animal manure, municipal and industrial wastewaters.
Many physicochemical and biological processes, such as ion exchange, reverse osmosis and biological
denitrification, have been used to remove nitrate from waters and wastewaters. However, ion exchange
and reverse osmosis may be expensive, because they require frequent regeneration of the media and
generate secondary waste [1]. Biological denitrification, the most widely-used method, produces
excessive biomass and soluble microbial products that require further expensive treatment for use
in drinking water supplies. Moreover, the microbial processes are generally slow and sometimes
incomplete compared to chemical processes [1]. The N–NO3

− chemical reduction to ammonia by
means of microscopic zero-valent iron has been widely studied, because this metal is abundant,
inexpensive and readily available and because its reduction process requires little maintenance [1–12].
The performance of Fe0 treatment is dependent on the pH value in the aqueous system. Generally,
rapid reduction of nitrate by Fe0 occurred at pH ≤ 4, which is probably related to the enhanced
iron corrosion in acid solution. Under environmental conditions, the iron corrosion products, such
as iron oxides, oxide hydroxides or salts, which are usually coated on the Fe0 surface, could slow
down the nitrate reduction reaction. Thus, the process requires acidic conditions to achieve the best
performances. Several compounds, such as H2SO4, HCl, acetic acid and buffered agents, were used
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to speed up the rate of nitrate removal [3]. However, these methods are not convenient in practical
applications, because the costs are significantly increased and because the release into waters of
undesired compounds, such as sulfate, chloride etc., occurs. Moreover, in the nitrate removal by
Fe0, a high transfer into the solution of soluble iron generally occurs. Therefore, in order to recovery
these ions, further treatment is generally needed. In some works, the efficiency of the treatment was
improved by the addition to the solution of a sufficient amount of Fe2+, because, in this way, it is
possible to locally transform the corrosion products into reactive compounds, so as to facilitate nitrate
reduction [4]. Furthermore, in the presence of Fe2+, dissolved oxygen does not seem to interfere
with rapid nitrate reduction by Fe0 [4]. The adaptation of nano-scale zero-valent iron (NZVI) for
the decontamination of water and wastewaters has several advantages compared to micro-scale ZVI.
Reducing the particle size of granular Fe0 materials (mm) to 10–100 nm, it increases the surface area
and, thus, the reaction rates. Moreover, the nano-Fe0 can be applied in the treatment process in slurry
form, which facilitates the contact with the contaminant. These factors allow operating with lower
dosages and obtaining a high and stable reactivity. Furthermore, the recovery of NZVI particles
after the treatment could be easy accomplished. In fact, it is a common behavior that nanoparticles
would aggregate in clusters in aqueous solution unless they are dispersed by a surfactant. Therefore,
synthesized nanoscale iron particles can be easily separated from liquid by filtration or other physical
separation processes [5]. In the present paper, the results of an experimental activity conducted to
investigate the efficiency of nanoscale zero-valent iron (NZVI) particles for chemical denitrification of
nitrate nitrogen in aqueous solutions, under different operating conditions, are reported. Nanosized
iron was synthesized by chemical reduction of ferric ions with sodium borohydride. Several batch
experiments were carried out to evaluate the influence of nitrate concentrations, iron amounts and pH
on the process performance. In particular, contrary to the common zero-valent iron applications, the
applicability of NZVI particles without pH setting was also verified. Furthermore, a detailed analysis
was conducted to identify the type of reaction kinetics.

2. Experimental Section

2.1. Preparation of Nanosized Iron

In this study nanosized iron was synthesized by chemical reduction of ferric ions with sodium
borohydride [1,5] according to the following reaction:

4Fe3+ + 3BH4
− + 9H2O → 4Fe0 + 3H2BO3

− + 12H+ + 6H2 (1)

In a typical synthesis procedure, 33.77 g of FeCl3·6H2O were dissolved in 250 mL of bi-distilled
water (0.5 M of Fe3+). The resulting solution was transferred to a glass beaker of 500-mL capacity.
Then, 9.45 g of NaBH4 powder were dissolved in 250 mL bi-distilled water (1 M of B5−), and this was
added incrementally to the FeCl3·6H2O solution by means of a peristaltic pump with a flowrate of
about 10 mL/min. The mixture was mechanically stirred at 250 rpm during the NaBH4 feeding. The
mixing was stopped 15 min after the entire sodium borohydride solution was added. No surfactant
was added to keep the iron particles dispersed. The mixture was centrifuged for 30 min at 4000 rpm,
and the recovered solid was washed twice with bi-distilled water. The prepared wet NZVI was used
immediately for batch experiments.

2.2. Nitrate Reduction by NZVI

The experiments were carried out in order to investigate the influence of NVZI, nitrate
concentrations and pH on process performance. A total of 36 tests were conducted using wet
iron amounts of 1 g/L, 2 g/L, 3 g/L and 5 g/L for the treatment of solutions with initial nitrate
concentrations (Ni) of about 50 mgN/L, 70 mgN/L and 95 mgN/L, at conditions of pH 3, 5 and
uncontrolled. Batch tests for nitrate reduction were conducted in 0.5-L glass beakers. The reactor was
filled with 300 mL of nitrate standard solutions (prepared using KNO3 salt), then wet NZVI particles
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were added to the reaction solution. The dispersion was continuously mixed with a mechanical stirrer
at 350 rpm for 60 min. During the tests conducted with the pH setting, HCl (1 N) was added to hold
the established pH value. The reactions were conducted at atmospheric conditions at a temperature of
about 20 ◦C. No attempts were made to exclude oxygen during the experiments. Samples of 5 mL were
periodically taken and immediately analyzed, after a filtration at 0.45 μm, with respect to nitrogen
compounds (N–NO3

−, N–NO2
− and N–NH4

+) and dissolved iron ions.

2.3. Analytical Methods and Presentation of Results

The BET surface area of nanoparticles was determined by Micromeritics (Thermo Sorptomatic
1990, Waltham, MA, USA). XRD (Philips PW 1710, Amsterdam, The Netherlands) was used to
characterize the iron corrosion products. During the nitrate removal tests, temperature, pH and
dissolved oxygen were measured by a multiparametric analyzer (Hanna HI 98196, Padova, Italy);
N–NO3

−, N–NO2
−, N–NH4

+ and iron ions by colorimetric methods using a UV spectrophotometer
(Thermo Genesys10uv, Waltham, MA, USA) [13]. Each measurement was carried out three times,
and the mean value was considered. The results of the efficiencies reported were representative of
the actual removal or production of the compounds. Thus, the values were not affected by dilution
because of reactant additions in the various processes.

3. Results and Discussion

3.1. Nitrate Abatement by Fe0 Nanoparticles

The iron particles synthesized in this study were determined to have a specific surface area of
39.36 m2/g, in line with the values reported in the literature [1,5]. The results of the experiments
conducted by means of the prepared nanoparticles are reported in Table 1 and Figures 1–4. For each
pH condition, growing nitrate reductions in response to the increase of Fe0 mass were detected.
In particular, in treating solutions with an initial N–NO3

− concentration of about 50 mg/L, at pH = 3
and with the lower amount of nanoparticles, an abatement close to 56% was obtained, reaching a
residual concentration of about 23 mg/L (Figure 1a). This yield rapidly increased up to an almost
complete nitrate abatement using a concentration of nanoparticles equal to 2 g/L. (Figure 1a).

Smaller performances were obtained in the tests conducted with higher nitrate concentrations
(Table 1). Indeed, the curves plotted in Figure 1b,c show slower decreasing trends in the tests carried
out with solutions characterized by initial concentrations of 70 mg/L and 95 mg/L. This is also
noticeable from the specific reaction rates (k) identified by interpolating the experimental results (see
Section 3.2). By comparing the k values for the two last sets of tests (Table 1), just a moderate reduction
was observed. Only with the greatest Fe0 quantity a notable gap between the kinetic constant values
(k) was detected (Table 1). Anyhow, using the Fe0 amount of 1 g/L, the efficiencies were around 32%
and 36% in treating 70 mg/L and 95 mg/L respectively; then they progressively increased, reaching a
complete nitrate removal with the highest nanoparticles dosage (Table 1, Figure 1b,c).

These results, taking into account the amounts of nitrate and iron used for the experiments, are
consistent with those detected by Yang [5], confirming the reduction power of nanoscopic Fe0 also
in treating highly concentrated solutions. Moreover, our tests showed only slight reductions of the
process performance with increasing the pH to five (Table 1, Figure 2).

In particular, the yields obtained during the tests conducted with the lower nitrate concentration
were analogous to that obtained at pH = 3. Indeed, although a general reduction occurred in response
to pH increase, the reactions rates were such that they ensured particularly high abatements in treating
solutions with 50 mg/L of nitrate nitrogen (Figure 2a). Furthermore, compared to those observed at
pH = 3, even higher abatements were detected with the initial nitrate amount of 70 mg/L (Table 1,
Figure 2b). Instead, during the set of experiments carried out with 95 mg/L, lower performances were
detected using Fe0 amounts of 3 g/L and 5 g/L. In fact, yields higher than 90% were obtained at pH = 3,
while a maximum yield of about 70% was observed at pH = 5, reaching a final concentration of about
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20 mg/L (Figure 2c). Thus, the above results indicate that, by increasing the process pH up to five, only
a meaningful abatement reduction occurred for the highest nitrate concentrations tested in this study.
In the experiments conducted without pH control, the initial value was about 5.9, 5.6 and 5.4 for the
solutions with 50, 70 and 95 mg/L, respectively. The above initial pH values rapidly increased during
the process up to reaching in a few minutes values higher than nine (Figure 3). However, remarkable
nitrate reductions were also observed with these process conditions (Table 1). In particular, with the
lower nitrate concentration, the yields increased from 42% to about 98% in response to iron dosage
enhancement from 1 g/L–5 g/L (Table 1, Figure 4a). Maximum abatements around 87% and 63%,
reaching residual concentration of about 9 mg/L and 35 mg/L, were obtained in treating solutions
characterized with nitrate amount of 70 mg/L and 95 mg/L, respectively (Figure 4b,c).

Table 1. Nitrate abatement, nitrate removed, ammonium produced, dissolved iron and the specific
reaction rate (k) detected for each test.

pH Ni mg/L Fe0 g/L
N–NO3

−
Abatement (%)

N–NO3
−

Removed (mg/L)
N–NH4

+

Produced (mg/L)
Fe2+ mg/L k min−1

3

50

1 56.1 28.2 27.6 198 0.013
2 99.9 49.2 47.8 491 0.091
3 99.9 49.6 46.3 705 0.185
5 99.9 50.8 48.5 1408 0.282

70

1 36.2 26.9 24.4 197 0.008
2 74.3 52.9 49.3 605 0.025
3 84.4 59.2 58.5 803 0.034
5 99.9 71.7 70.2 1530 0.135

95

1 32.1 31.2 31.0 198 0.006
2 60.2 58.6 57.6 491 0.019
3 92.4 89.6 88.3 705 0.029
5 99.9 98.5 97.3 1408 0.075

5

50

1 52.0 24.6 23.0 48 0.015
2 97.1 48.3 47.6 230 0.054
3 99.9 51.0 48.1 350 0.109
5 99.9 52.2 48.3 1200 0.209

70

1 38.3 26.3 23.0 96 0.008
2 83.0 56.4 55.1 232 0.029
3 99.9 65.3 62.4 235 0.073
5 99.9 69.4 69.1 530 0.084

95

1 28.4 27.5 26.7 32 0.004
2 61.0 57.9 56.5 126 0.014
3 69.2 66.4 64.6 168 0.019
5 73.1 71.2 70.1 370 0.029

uncontrolled

50

1 42.3 20.3 16.0 4.0 0.010
2 77.1 37.3 33.1 4.2 0.021
3 80.0 39.2 34.1 4.6 0.022
5 98.0 44.6 40.5 6.0 0.060

70

1 32.4 22.0 16.4 5.0 0.007
2 59.2 42.9 30.1 6.3 0.015
3 60.5 44.1 34.6 7.0 0.016
5 87.1 59.2 41.5 6.8 0.034

95

1 29.5 28.7 20.7 4.0 0.005
2 45.2 44.0 30.8 5.4 0.010
3 47.4 46.3 40.3 5.7 0.010
5 63.0 61.7 43.0 5.7 0.015
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Figure 1. Trends of nitrate concentrations detected during the tests conducted at pH = 3:
(a) Ni = 50 mg/L; (b) 70 mg/L; (c) 95 mg/L.

0

10

20

30

40

50

60

0 10 20 30 40 50 60

N
-N

O
3- (

m
g/

L)

t (min)

Fe=1 g/L  k=0.015 min^-1 R^2=0.83

Fe=2 g/L  k=0.054 min^-1 R^2=0.98

Fe=3 g/L  k=0.109 min^-1 R^2=0.97

Fe=5 g/L  k=0.209 min^-1 R^2=0.74

  
(a) (b) 

0

20

40

60

80

100

120

0 10 20 30 40 50 60

N
-N

O
3-

(m
g/

L)

t (min)

Fe=1 g/L k=0.004 min^-1 R^2=0.88
Fe=2 g/L k=0.014 min^-1 R^2=0.96
Fe=3 g/L k=0.019 min^-1 R^2=0.95
Fe=5 g/L k=0.029 min^-1 R^2=0.89

 
(c) 

Figure 2. Trends of nitrate concentrations detected during the tests conducted at pH = 5:
(a) Ni = 50 mg/L; (b) 70 mg/L; (c) 95 mg/L.
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Figure 3. pH trend during the test conducted with Fe0 = 3 g/L, Ni = 50 mg/L and uncontrolled pH.
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Figure 4. Trends of nitrate concentrations detected during the tests conducted at uncontrolled pH:
(a) Ni = 50 mg/L; (b) 70 mg/L; (c) 95 mg/L.

These yields are significantly higher than those reported in other works in which a remarkable loss
in process efficiency at a pH value higher than four was observed [5,14]. This is generally attributed to
the formation, with the pH increase, of protective layers at the surface of nanosized ZVI that reduce
the reactive sites for chemical reduction of nitrate [5]. To increase the process performance under
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uncontrolled pH, some works have tested Fe/Cu bimetallic nanoscopic materials [1,15]. In this way,
however, a transfer in the solution of Cu ions could occur, which can form stable complexes that are
difficult to remove, with the ammonia nitrogen [16] produced during the nitrate reduction.

+ Fe0 
o Lepidocrocite 

+ o o o o o o 

 

Figure 5. XRD of iron corrosion product after the tests conducted with Fe0 = 3 g/L, Ni = 50 mg/L
and pH = 3.

Our results, instead, are in agreement with Cheng et al. [17], who stated that also iron corrosion
products may be responsible for appreciable nitrate reduction. In fact, as shown in Figure 4, in our
tests the N–NO3

− abatement proceeds beyond the time required to reach pH 9 (Figure 3) and, thus,
over the corrosion products’ formation. Moreover, from the XRD analysis of iron particles recovered
after the treatment, appreciable differences between the spectra obtained in the tests carried out at acid
conditions and those under uncontrolled pH do not appear (Figures 5 and 6). In fact, in both cases, it
seems that the main iron corrosion product could be lepidocrocite (γ-FeOOH) [4]. These statements
suggest that the prevailing amount of iron corrosion products is generated during the first minutes of
treatment. Lepidocrocite could be initially-formed by O2 because our tests have been conducted in
aerobic environment. Indeed, other works detected, in similar process conditions, mainly lepidocrocite
instead of magnetite (Fe3O4) or maghemite (γ-Fe3O4) [4]. On the contrary, Fe3O4 and γ-Fe3O4 are
commonly observed in experiments conducted in controlled anoxic conditions [4].

The high yields of our treatment could be also attributed to the strong mixing rate that allowed
disaggregation of the nanoparticle clusters, enhancing the mass transport of nitrate to the iron surface.
Moreover, our tests being conducted under atmospheric conditions, the observed results do not show
a meaningful dependence of nitrate reduction from dissolved oxygen. These statements are consistent
with the founding of other works conducted both with microscopic and nanoscopic iron particles [5,17].
The experiments of the present study confirmed that the ammonium nitrogen was the major product
of nitrate reduction (Table 1). In particular, very low differences between the removed nitrate amounts
and the produced ammonia were detected during the experiments conducted at pH values of three
and five. The nitrite amounts were always negligible; thus, it is presumable that a slight amount of
nitrogen gas has been generated in each test. Lower concentrations of ammonium were detected by
performing the process under uncontrolled pH (Table 1). This suggests that part of the produced
ammonia has been stripped due to the rapid pH increase beyond nine during the treatment [1]. Without
pH control, as expected, also restricted iron ions in the treated solutions were monitored (Table 1).
These concentrations were much less than those detected during the other tests, in which the acid
conditions promote the iron dissolution. The lower iron and ammonium ions that remain in solutions
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in the tests conducted in uncontrolled conditions, are clearly a positive aspect. Anyhow, the residual
N–NH4

+ makes it necessary to forecast further adequate treatments for its removal. A suitable and
profitable technology may be the struvite precipitation process using low expensive reagents that was
developed by the author [18,19].

+ Fe0 
o Lepidocrocite 

+ o o o o o o 

 

Figure 6. XRD of iron corrosion product after the tests conducted with Fe0 = 3 g/L, Ni = 50 mg/L and
uncontrolled pH.

3.2. Kinetic Analysis

The results discussed above show how the nitrate reduction through nanoscopic iron is affected
by many factors. In order to analyze the influence of these factors, a kinetic analysis of the N–NO3

−

decreasing trends was conducted, which were monitored during the experimental tests. For each
operating conditions tested, the N–NO3

− removal exhibits typical trends of first order kinetics
(Figures 1, 2 and 4). Thus, the reduction rate for nitrate can be expressed with the following equation:

rN =
dN
dt

= −k · N (2)

where N is the nitrate concentration and k is the specific reaction rate (first order kinetic constant). By
solving the above equation, the following behavior for nitrate concentrations as a function of time can
be easily obtained:

N = Ni · e−k·t (3)

By means of the previous equations, it is possible to accurately simulate the results of the
investigation carried out. Indeed, the remarkable agreement between the experimental results and
theoretical predictions (Figures 1, 2 and 4) is a good validation of the proposed kinetic model, which,
furthermore, is consistent with the statements of other authors [1,5,20]. The abatement curves generally
showed faster decreasing trends with the Fe0 amount enhancement and decreasing reaction rates
in response to the growth of initial nitrate concentration and the process pH. However, the kinetic
constants did not follow a linear relationship in response to the operating parameters’ change. In fact,
a concomitant effect of these parameters occurred. By carefully analyzing the detected values of the
kinetic constant, it was possible to identify, for the operating conditions tested in this study, a close
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dependence of the k constant on the ratio between the iron amount and the square of initial nitrate
concentration (IN = Fe/Ni

2) (Figure 7). In particular, the following function type was identified:

k = α · INβ (4)

where the values of α and β change in response of process pH. The overall reaction rate can be
expressed by means of the following relation of the process parameters:

rN = −α(pH)

[
Fe
Ni

2

]β(pH)

N (5)

The curves reported in Figure 7 show that, for a given pH, the kinetic constants detected in the
various tests follow the same function of the IN ratio. Thus, at constant pH, this ratio can be considered
the main parameter affecting the process rate. Other works, instead, identified the Fe/Ni ratio as the
factor governing the process [5]. Our results clearly underline a greater effect of the nitrate amount to
be removed on the reaction rate. From the trends reported in Figure 7, it can be noticed that the kinetic
parameters are just lower in the tests conducted at pH 5 with respect to those at pH 3, while higher
reductions of k values were observed by performing the experiments without pH control. Anyhow, as
discussed above, also under uncontrolled pH, the process evolved with reaction rates and was able to
ensure satisfactory yields in a reaction time of 60 min.

 

Figure 7. Trends of the k constant vs. the Fe/Ni
2 ratio.

4. Conclusions

The experiments conducted for this work allowed investigating the effects of operating conditions
on nitrate reduction in wastewaters by means of nanoscopic zero-valent iron particles. In particular,
the results of the tests carried out showed how the efficiency of the treatment is positively affected
by the pH reduction. However, lower increases in process performance were detected by reducing
the pH from five to three. Moreover, satisfactory yields were obtained also under uncontrolled pH.
In fact, abatements up to 98%, 87% and 63% were reached in 60 min during the treatment of solutions
characterized by initial nitrate nitrogen concentrations of 50 mg/L, 70 mg/L and 95 mg/L, respectively.
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The increase of Fe0 dosage clearly produces an enhancement of the nitrate abatement, while the
initial N–NO3

− amount of wastewaters negatively affected the reduction process. This statement was
verified also by the kinetic analysis of trends detected during the conducted experiments. In fact, a first
order kinetic-type reaction was identified for each operating condition tested, and the kinetic constant,
for a given process pH, resulted in a positive function of the Fe/Ni

2 ratio. The identification of the
overall expression of the reaction rate could help to plan treatments for chemical denitrification of
wastewaters. The results of the experiments proved, furthermore, that the nitrate reduction efficiently
evolved also in aerobic conditions and that the ammonia nitrogen is the main process product. The
residual N–NH4

+ amount resulted in being lower in the tests conducted without pH control. In fact
the basic conditions that were rapidly reached during the reactions cause ammonia stripping and the
precipitation of iron corrosion compounds. The good efficiencies and the low residual ammonium and
iron ions make the process under uncontrolled pH preferable. Indeed, in this way, the treatment is
easier to manage and less expensive, avoiding the addition of acid. The costs of the process could be
further reduced by exploiting unconventional sources, such as iron-rich clay minerals [21,22], for the
nanoparticles’ generation. Anyhow further experiments are necessary to verify the applicability of the
process under field conditions.
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Abstract: N,N′-dimethyl-N,N′-dibutylthiodiglycolamide (DMDBTDGA) has been synthesized,
characterized, and is investigated in this work as a potential liquid-liquid extractant for palladium(II),
platinum(IV), and rhodium(III) from hydrochloric acid solutions. Pd(II) is the only ion which is
efficiently removed by DMDBTDGA in toluene from 1.5 M to 4.5 M HCl, but it is not extracted
from 7.5 M HCl. Pd(II) stripping is quantitatively achieved by an acidic thiourea solution. Pd(II)
extraction kinetics are highly favored (2–5 min). Distribution data points to a DMDBTDGA:Pd(II)
species with a 1:1 molar ratio. Pd(II) can selectively be recovered by DMDBTDGA from 4.0 M HCl
complex mixtures containing equivalent concentrations of Pt(IV) and Rh(III). When five-fold Fe(III)
and Al(III) concentrations are present, only Pt(IV) in the presence of Fe(III), and Fe(III) itself, are
extensively co-extracted together with Pd(II). However, Fe(III) can easily be eliminated through an
intermediate scrubbing step with water.

Keywords: Palladium(II); hydrochloric acid; liquid-liquid extraction; thiodiglycolamide derivative

1. Introduction

Platinum, palladium, and rhodium, three elements included in the class of the platinum-group
metals (PGMs), are rather scarce in the earth, with their core mineral resources concentrated in South
Africa and Russia [1]. The preservation of day-to-day life in the Western world would be threatened
if the supply of PGMs was to rely on their mines only, since PGMs are currently used in several
technological applications, and with a tendency for further development. The exclusive catalytic
properties of PGMs place these elements in the forefront of the fabrication of automobile catalysts (to
drop the harmful emissions of the motor engines) and also in the chemical industry [2]. Therefore,
recycling practices are nowadays determinant for balancing the overall supply of PGMs worldwide [3].

Spent automobile catalytic converters are the main secondary source of PGMs recycled by the
metallurgical industry, through the use of pyro and/or hydrometallurgical methods [4]. The direct
hydrometallurgical leaching of PGMs from spent catalysts involves hydrochloric acid alone, or with
different oxidizing agents [5], with the liquid-liquid extraction (solvent extraction, SX) [6] and the
ion exchange [7] techniques being the most common approaches to separate, concentrate, and purify
solutions containing PGMs. The composition of the leaching media coming from the treatment of
secondary sources is rather different from the original leaching solutions of the PGMs mines [6];
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therefore, SX research for improving the performance of well-known and/or commercial extractants [8,
9] or for developing new molecules [10,11] to process the typical leaching media of secondary raw
materials is currently very active.

Within the novel molecules created to improve the selective and efficient recovery of PGMs from
chloride solutions, various sorts of amide derivatives deserve a special mention. For the recovery
of platinum(IV), several malonamides, e.g., [11,12], and thiodiglycolamides [10,13] have proven
their adequacy; sulfide-containing monoamides [14], thiodiglycolamides [15,16], thioamides [17],
and a dithiodiglycolamide [18] have also been proposed for palladium(II) extraction. Recently,
amide-containing tertiary amine compounds have been reported as suitable for rhodium(III)
recovery [19].

Following the promising results found for N,N′-dimethyl-N,N′-dicyclohexylthiodiglycolamide
(DMDCHTDGA) toward Pd(II) extraction [13,20,21], this article reports some preliminary
research regarding the synthesis and use of another member of the same family,
N,N′-dimethyl-N,N′-dibutylthiodiglycolamide (DMDBTDGA), as a SX agent for Pd(II) (Figure 1).
This work is an attempt to better understand the role played by different alkyl substituents (butyl
vs. cyclohexyl) when N,N′-thiodiglycolamide derivatives are used as Pd(II) extractants, in addition
to the methyl groups placed at the nitrogen atoms. Accordingly, a step-by-step comparison of the
performances of DMDBTDGA and DMDCHTDGA is carried out, highlighting the similarities and
main differences observed. Generally, it can be considered that the replacement of the cyclohexyl
groups of DMDCHTDGA by the butyl substituents in DMDBTDGA worsens the ability of this latter
compound to efficiently and selectively recover Pd(II) when compared with the performance shown
by DMDCHTDGA [13,20]. Accordingly, a tentative rationalization of the potential main factors
contributing to the differences found between DMDBTDGA and DMDCHTDGA in Pd(II) extraction is
presented and discussed.

CH3

N

O

S

O

N

CH3

CH3CH3

 

Figure 1. Structure of N,N′-dimethyl-N,N′-dibutylthiodiglycolamide (DMDBTDGA).

2. Experimental Section

2.1. Synthesis and Characterization

The FTIR spectrum was recorded in a Satellite Mattson spectrophotometer (Thermo Mattson,
Madison, WI, USA) sing NaCl cells. The 1H and 13C NMR spectra (400 MHz for 1H and 100 MHz
for 13C nuclei) were acquired on a Bruker Avance 400 (Bruker Corporation, Billerica, MA, USA)
using deuterated chloroform (Sigma-Aldrich, St Louis, MO, USA, 99.8%) as solvent. For the GC-MS
analysis an Agilent 6890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA), equipped
with a non-polar capillary column Hewlett-Packard HP5-MS (Hewlett-Packard, Palo Alto, CA, USA)
and coupled to a mass spectrometer Agilent 5973 (electronic impact of 70 eV, Agilent Technologies),
was used. The temperature program consisted of an initial heating at 50 ◦C for 1 min, a raise of
15 ◦C/min until 180 ◦C, and another sequential increase of 25 ◦C/min until 280 ◦C, remaining at this
latter temperature for 3 min. The temperature of the injector was fixed at 280 ◦C. The preparation
of the samples was accomplished by dilution of a small portion of the compound in 200 μL of
dichloromethane, and encapsulating the solution in a small vial prior to its analysis.

The synthesis of N,N′-dimethyl-N,N′-dibutylthiodiglycolamide (DMDBTDGA) was carried out
similarly to the one previously reported for N,N′-dimethyl-N,N′-dicyclohexylthiodiglycolamide
(DMDCHTDGA) [13]. A yellowish viscous residue was obtained, with a global yield of 41%.
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FTIR (NaCl cells, cm−1): 1643 (C=O).
1H NMR (CDCl3, δ in ppm): 3.47–3.50 (4H, multiplet, CH2–S), 3.28–3.38 (4H, multiplet, N–CH2),

3.03 (3H, singlet, N–CH3), 2.92 (3H, singlet, N–CH3), 1.47–1.61 (4H, multiplet, N–CH2–CH2), 1.26–1.36
(4H, sextuplet, CH3–CH2), 0.90–0.96 (6H, multiplet, CH3–CH2).

13C NMR (CDCl3, δ in ppm): 13.83 (CH3–CH2), 19.94, 19.97 (CH3–CH2), 29.27, 30.60
(CH3–CH2–CH2), 33.53, 33.64, 34.09, 34.25 (CH2–S), 33.65, 35.71 (N–CH3), 47.87, 50.33 (N–CH2),
168.42 (C=O).

GC-MS: retention time = 13.70 min, 91% abundance; m/z = 288 (molecular ion, [M]+), 114 (base
peak, [CH3(CH2)3NCH3CO]+), 87 [CH3(CH2)3NCH3 + H]+ and 57 ([CH3(CH2)3]+).

2.2. Solvent Extraction Experiments

Feed aqueous phases containing about 9.4 × 10−4 M Pd(II), 5.1 × 10−4 M Pt(IV), or 9.7 × 10−4

M Rh(III) (about 100 mg·L−1 each) were prepared from atomic absorption spectroscopy standards
(1003 ± 4 mg·L−1 Pd(II) in 5% HCl, 1000 ± 4 mg·L−1 Pt(IV) in 5% HCl, 1001 ± 6 mg·L−1 Rh(III)
in 5% HCl, all provided by Fluka, a subsidiary company of Sigma-Aldrich), in the required
volumes of hydrochloric acid (~37%, p.a., Fisher Chemicals, Fisher Scientific Unipessoal, Lisboa,
Portugal). Organic phases with 0.02 M DMDBTDGA were settled in toluene (Sigma-Aldrich, ≥99.3%).
For the determination of the stoichiometry of the DMDBTDGA:Pd(II) species, organic phases with
DMDBTDGA concentrations varying between 1.6 × 10−3 to 2.0 × 10−2 M were considered. A 0.1 M
thiourea solution (99%, Sigma-Aldrich) in 1.0 M HCl (~37%, p.a., Fisher Chemicals) was systematically
used as Pd(II) stripping media [13,17].

For the selectivity experiments, 4.0 M HCl solutions containing 9.4 × 10−4 M Pd(II) and 5.1 × 10−4

M Pt(IV) were prepared, as well as similar ones with the additional presence of 9.7 × 10−4 M Rh(III)
(about 100 mg·L−1 of each metal ion). Quaternary and five-metal ion solutions were further arranged,
containing the three PGMs with 9.0 × 10−3 M Fe(III) (prepared from iron(III) chloride hexahydrate,
99%, Riedel-de Haën, a subsidiary company of Sigma-Aldrich) and/or 1.9 × 10−2 M Al(III) (prepared
from aluminum(III) chloride, >98%, Merck, Merck & Co., Inc., Kenilworth, NJ, USA). The Fe(III) and
Al(III) contents in the aqueous solutions were of about 500 mg·L−1.

Extraction and stripping experiments were generally performed by stirring equal volumes of
aqueous and organic phases (A/O = 1) at room temperature (25 ± 2 ◦C) and adopting a rotation speed
between 900 and 1000 rpm. The preliminary experiments carried out to evaluate the extraction affinity
of DMDBTDGA toward Pd(II), Pt(IV) and Rh(III) in different HCl concentrations were performed
considering a contact time of 30 min. After the investigation of the kinetics associated with Pd(II)
extraction, the adopted agitation time for the subsequent experiments was 5 min. The period of
shaking time considered for the stripping assays was always 30 min.

After separation of the two phases, the aqueous and organic extracts were always filtrated to
minimize mutual entrainments. In the selectivity experiments, the assays including the presence of
Fe(III) involved an additional scrubbing step of the loaded organic phase with distilled water.

The determination of the metal contents in single ion aqueous phases, before and after extraction,
was performed by flame atomic absorption spectrophotometry (AAS, novAA 350, Analytik Jena, Jena,
Germany). For the analysis of the multi-metallic aqueous solutions, inductively coupled plasma-atomic
emission spectrometry (ICP-AES, model Ultima from Horiba Jobin-Yvon S.A.S., Longjumeau, France)
was used instead. Metal ion concentrations in organic phases were calculated by mass balance. At least
two replicates were considered for all the experiments, and the analysis of the aqueous solutions
before and after extraction was systematically made in triplicate. The uncertainties determined for the
extraction and stripping results are in the range of ±5% to ±8%.
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3. Results and Discussion

3.1. Palladium(II), Platinum(IV) and Rhodium(III) Extraction, and Palladium(II) Stripping

In order to appraise the extraction characteristics of DMDBTDGA toward Pd(II), Pt(IV), and
Rh(III), several experiments were programmed to screen the effect of hydrochloric acid concentration
on their distribution ratios (D). Accordingly, equal volumes of aqueous solutions containing about
9.4 × 10−4 M Pd(II), 5.1 × 10−4 M Pt(IV), or 9.7 × 10−4 M Rh(III) (in varying HCl concentrations
between 1.0 M and 8.0 M) and organic phases with 0.02 M DMDBTDGA in toluene were put in contact
for 30 min. The extraction results obtained are displayed in Figure 2, in which a plot showing the
dependence of the log D values of Pd(II), Pt(IV), and Rh(III) on HCl concentrations can be observed.

Figure 2 illustrates that DMDBTDGA does not exhibit any appreciable capacity to extract Pt(IV)
and Rh(III). In fact, the maximum log D values found for Pt(IV) and Rh(III) were −0.12 and −0.75,
respectively, both at 7.0 M HCl. Inversely, Pd(II) extraction is rather efficient between 1.5 M (log
D = 1.17) and 4.5 M HCl (log D = 1.01), but a decreasing tendency is clearly visible for higher HCl
concentrations. At 7.5 M HCl there is no Pd(II) extraction.

Figure 2. Variation of the log D values of Pd(II), Pt(IV), and Rh(III) with the HCl concentration
(9.4 × 10−4 M Pd(II), 5.1 × 10−4 M Pt(IV), or 9.7 × 10−4 M Rh(III) in 1.0 M to 8.0 M HCl;
0.02 M DMDBTDGA in toluene; A/O = 1, room temperature, 900–1000 rpm, 30 min). Standard
deviations: ±5%.

A direct comparison of the Pd(II) extraction behavior shown by DMDBTDGA can be established
with DMDCHTDGA [20], since the adopted experimental conditions are similar. The two extraction
profiles are depicted in Figure 3. It is rather visible that both extractants reduce their extraction ability
of Pd(II) as the HCl concentration in the aqueous phases increases, but DMDCHTDGA is much more
efficient than DMDBTDGA. It is likely that the diluent (toluene) may play a determinant role in what
concerns the dependence on the HCl concentration of both extraction systems [20], since Pd(II) was
quantitatively extracted regardless of the HCl content (until 8.0 M HCl) by 0.05 M DMDCHTDGA
in 1,2-dichloroethane [13].

Furthermore, the more HCl-concentrated equilibrium aqueous phases (from 5.5 M HCl onwards)
resulting from contact with the DMDBTDGA toluene solutions showed a very visible stronger yellow
tonality than the initial feeds, which could denote the loss of the organic compound to the aqueous
phases. This assumption was confirmed after extraction of those aqueous solutions with toluene,
the analysis of the residues showing the presence of DMDBTDGA. Hence, at least when toluene is
used as the diluent, it is likely that the decrease of Pd(II) extraction efficiency on the enhancement
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of HCl concentration may partially be explained by the dissolution of DMDBTDGA in the more
acidic HCl solutions, in addition to other phenomena of interfacial nature [20]. The DMDCHTDGA
system involves a more hydrophobic extractant, having four extra carbon atoms when compared with
DMDBTDGA; hence, a stronger yellowish tone in the equilibrium aqueous phase after contact with
DMDCHTDGA was only visible for the 8.0 M HCl aqueous solution.

Figure 3. Variation of the log D values of Pd(II) with the HCl concentration by DMDBTDGA and
DMDCHTDGA (9.4 × 10−4 M Pd(II) in 0.5 M to 7.5 M HCl; 0.02 M DMDBTDGA or DMDCHTDGA*
in toluene; A/O = 1, room temperature, 900–1000 rpm, 30 min). Standard deviations: ±5% (*: data
collected from [20]).

A few other thiodiglycolamide derivatives have been previously investigated to extract Pd(II),
for instance N,N′-dimethyl-N,N′-diphenylthiodiglycolamide (DMDPHTDGA) in chloroform [22],
and N,N,N′,N′-tetraoctylthiodiglycolamide (TODTDGA), in 80 vol. % n-dodecane-20 vol. %
2-ethylhexanol [15], with Pd(II) being totally extracted from HCl solutions until 8.0 M HCl.
A completely different behavior has been found for N,N′-dimethyl-N,N′-didecylthiodiglycolamide
(MDTDGA), dissolved in 80 vol. % n-dodecane-20 vol. % 2-ethylhexanol, as D values of about 1–2
were achieved for 1.0–2.0 M HCl, of about 5 for 4.0 M HCl, 60 for 5.0 M, and >100 for 6.0 M and
7.0 M HCl [16]. Therefore, features such as the length and/or combination of substituent groups,
and diluents as well, cause diverse Pd(II) extraction profiles when HCl concentration in the aqueous
chloride media vary.

Nonetheless, the adequacy of DMDBTDGA in toluene to extract Pd(II) from HCl solutions
until 4.5 M HCl is unquestionable, and therefore, further research on this extractive system is
rather justifiable.

In order to confirm that Pd(II) stripping from DMDBTDGA is similarly efficient as when
DMDCHTDGA is used [13,20], the Pd(II) loaded organic phases coming from the contact with the
HCl solutions until 4.5 M HCl were equilibrated with equal volumes of 0.1 M thiourea in 1.0 M HCl.
Pd(II) was always quantitatively stripped to the thiourea aqueous phases, with these results opening
good perspectives for the utilization of this solvent system for selective Pd(II) recovery from complex
metallic solutions.

3.2. Kinetics of Palladium(II) Extraction

This set of experiments was carried out using a feed aqueous solution containing 9.4 × 10−4 M
Pd(II) in 4.5 M HCl, and involving a 0.02 M DMDBTDGA in toluene as the organic phase. The time of
contact for both phases varied between 2 and 60 min, and all the other parameters were kept constant.
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It was found that the extraction kinetics for these systems is very favorable, as can be seen in
Figure 4a 2 min contact results in the highest log D value obtained, with an apparent tendency to
decrease for longer contact periods. A higher uncertainty of the results (±8%) may partially justify
this unexpected trend. However, the pattern achieved also suggests the possible occurrence of a more
complex phenomenon: if the direct kinetic constant is larger than the one corresponding to the forward
extraction reaction, this means that Pd(II) would be extensively extracted at very short times, and after
a few minutes, when the forward reaction takes place, D values would decrease until equilibrium is
reached. Further investigation is obviously needed to support such an assumption.

Figure 4. Variation of the log D values of Pd(II) with the contact time (9.4 × 10−4 M Pd(II) in 4.5 M HCl;
0.02 M DMDBTDGA in toluene; A/O = 1, room temperature, 900–1000 rpm). Standard deviations: ±8%.

Nevertheless, the period of time necessary for DMDBTDGA to efficiently extract Pd(II) is quite
short, being in general agreement with the ones previously reported for other thiodiglycolamide
derivatives, e.g., less than 5 min for DMDPHTDGA [22], 10 min for MDTDGA [16], and 15 min for
both TODTDGA [15] and DMDCHTDGA [20].

Accordingly, a contact time of 5 min was adopted for all the subsequent experiments
with DMDBTDGA.

3.3. Effect of DMDBTDGA Concentration on Palladium(II) Extraction

The evaluation of the effect of the extractant concentration on the D values of Pd(II) provides
information about the stoichiometry of the extractant:Pd(II) species, contributing to the establishment
of the Pd(II) extraction reactions. These sets of experiments were carried out under the usual extraction
conditions and involved a 9.4 × 10−4 M Pd(II) in 4.5 M HCl aqueous solution, which was contacted
with DMDBTDGA organic phases with concentrations varying between 1.6 × 10−3 to 2.0 × 10−2 M.

The log-log plot between the Pd(II) D values and the initial DMDBTDGA concentrations indicates
a slope value of about 1.2, as shown in Figure 5. However, as the DMDBTDGA concentrations are
not in a sufficiently large excess when compared with that of Pd(II), the DMDBTDGA-Pd(II) species
concentrations cannot be neglected or, in other words, the initial DMDBTDGA concentration should
not be considered as similar to the DMDBTDGA concentrations at equilibrium. Accordingly, an
iterative method previously developed in our group to overcome these situations was applied [23].

In this method, calculations for the free extractant concentrations are carried out upon
consideration of different stoichiometric molar ratios between the extractant and the metal ion. When
plotting the log-log plots involving the equilibrium ligand concentrations, the coincidence between
the slope value obtained and the estimated one is sought [23]. For the DMDBTDGA system, slopes
were coincident for a 1.10 value (Figure 5). Hence, this result suggests that species having a 1:1
DMDBTDGA:Pd(II) stoichiometry should exist in the organic solutions.
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Figure 5. Dependence of the Pd(II) log D values on the log of the initial and equilibrium DMDBTDGA
concentrations (9.4 × 10−4 M Pd(II) in 4.5 M HCl; 1.6 × 10−3 to 2.0 × 10−2 M DMDBTDGA in toluene;
A/O = 1, room temperature, 900–1000 rpm). Standard deviations: ±5%.

Knowing that the predominant Pd(II) species for 1 M and higher HCl concentrations is
[PdCl4]2− [24–26], the general data on the Pd(II) extraction reactions involving different amine and
amide derivatives indicates the occurrence of two different mechanisms: the direct extraction of
[PdCl4]2− by a positively charged extractant, resulting in an outer-sphere electrostatic attraction,
and/or the replacement of chloride anions from the complexation sphere of [PdCl4]2− by ligand
molecules, due to the liability nature of this chlorocomplex, giving rise to inner-sphere complexes in
the organic phase [24]. Previous studies with other thiodiglycolamide derivatives, e.g., MDTDGA [16]
and TODTDGA [15], point to inner-sphere complexation reactions when Pd(II) is extracted from
3.0 M HCl (in spite of their completely different profile when the influence of HCl in the feed aqueous
solution is taken into account) whereas the metal ion seems to be extracted by a mixing of outer-sphere
ion pairs and inner-sphere complexation by DMDPHTDGA [22].

Further research is needed to determine how is Pd(II) extracted by DMDBTDGA from 4.5 M HCl,
although the fast extraction rate of the metal ion in this system may eventually suggest the existence
of ion-pair extraction reactions [22,27]. Assuming this is the case, a proposal for the Pd(II) species
extracted by DMDBTDGA would be the outer-sphere electrostatic attraction between the [PdCl4]2−

species and the protonated extractant on its two amide sites, in a similar scheme as the one suggested
for the DMDCHTDGA-Pt(IV) species [13].

3.4. Selectivity for Palladium(II) Extraction

The selectivity shown for Pd(II) extraction by DMDBTDGA is a relevant key point whose
evaluation is rather pertinent. On one hand, the separation of Pd(II) from the other two PGMs can be
envisaged; subsequently, its isolation from base metals such as Al(III) and Fe(III), often appearing in
the leaching solutions of end-of-life anthropogenic sources, is again interesting. Therefore, focusing
on the use of HCl media with a more practical interest, 4.0 M HCl solutions with two—Pd(II) and
Pt(IV)—and three PGMs—Pd(II), Pt(IV) and Rh(III)—were considered, all with concentrations of
about 100 mg·L−1.

The overall data obtained for the DMDBTDGA extractive performance toward the three PGMs
are illustrated in Table 1, shown by the separation factors (SF) of Pd(II) in relation to each of the other
metal ions (calculated as SF = DPd/Dmetal). Hence, the higher the SF, the more selective for Pd(II)
recovery DMDBTDGA is. As similar tests were previously carried out with DMDCHTDGA [20], the
results obtained with this compound are also included in Table 1 for a direct comparison.
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Table 1. Selectivity of DMDBTDGA for extraction of two and three PGM solutions (solutions 1
and 2, respectively), evaluated through the correspondent separation factor values (SF). Standard
deviations: ±5%.

[HCl] = 4 M
Solution 1 Solution 2

Pt(IV) Pt(IV) Rh(III)

DMDBTDGA 261 356 ~2880
DMDCHTDGA * 354 289 ~2000

* Data collected from [20].

For the binary aqueous media—solution 1—it can be observed that the SFPd/Pt achieved for
DMDBTDGA is good, and a similar situation is extended for the three PGMs solution. Rh(III) is
practically not extracted. The selective performance shown by DMDBTDGA for Pd(II) recovery when
Pt(IV), and Pt(IV) and Rh(III), are present in the 4.0 M HCl solution is comparable to the data previously
found for DMDCHTDGA [20]. Pd(II) was efficiently stripped by 0.1 M thiourea in 1.0 M HCl from
the DMDBTDGA loaded organic phases—84 to 86 mg·L−1—with a maximum Pt(IV) contamination
of 7 mg·L−1.

Other experiments were subsequently carried out involving four metals in the feed aqueous
phases, namely the three PGMs with either 500 mg·L−1 Al(III) (solution 3) or Fe(III) (solution 4), and
finally five-metal aqueous solutions were also considered, containing the three PGMs, Al(III) and
Fe(III) (solution 5), all with similar concentrations as described above. The overall results are depicted
in Table 2.

Table 2. Selectivity of DMDBTDGA for extraction of three PGMs with Al(III) or Fe(III) (solutions
3 and 4, respectively) and three PGMs with Al(III) and Fe(III) (solution 5), evaluated through the
correspondent SF values. Standard deviations: ±5%.

[HCl] = 4 M
Solution 3 Solution 4 Solution 5

Pt(IV) Rh(III) Al(III) Pt(IV) Rh(III) Fe(III) Pt(IV) Rh(III) Al(III) Fe(III)

DMDBTDGA 271 759 673 5 66 26 5 126 169 26
DMDCHTDGA * 314 ~2180 ~7300 20 996 30 32 ~1650 ~2260 38

* Data collected from [20].

In the presence of Al(III), the SFPd/Pt by DMDBTDGA is comparable to the ones previously
achieved, whereas Rh(III) is more extracted than before. Al(III) is not extracted extensively. As expected,
due to what previously occurred with DMDCHTDGA [20], Fe(III) is widely extracted by DMDBTDGA,
and Pt(IV) withdrawal markedly increases as well. In spite of that, the Pd(II) distribution ratio is high
(D = 20). The general selective behavior toward Pd(II) found earlier for DMDCHTDGA [20] is better
than that determined for DMDBTDGA.

The results displayed in Table 2 for the extraction of the five-metal aqueous phase (solution 5)
show that Rh(III) and Al(III) are now generally more extracted by DMDBTDGA, whereas the SF values
for the pairs Pd/Pt and Pd/Fe are the same as those obtained for solution 4. The D value for Pd(II)
was about 11. These overall results are worse than the ones achieved for DMDCHTDGA [20], also
included in Table 2.

Although extensively extracted, Fe(III) can efficiently be scrubbed from the loaded organic media
with water [20]. Hence, focusing on the treatment of solution 5, 90% of Fe(III) from the loaded organic
phase transferred to water, accompanied by a maximum of 2 mg·L−1 Pd(II). Pd(II) was efficiently
stripped by 0.1 M thiourea in 1.0 M HCl from the loaded organic phase—86 mg·L−1—with residual
contaminations of Pt(IV) and Fe(III) less than 1 mg·L−1. Neither water nor the thiourea solution were
able to remove the Pt(IV) content from the loaded DMDBTDGA solution. An efficient stripping agent
to recover Pt(IV) has not still been found to date, but its discovery would be crucial to take profit of the
extensive co-extraction of Pt(IV) with Pd(II), as the two PGMs could be further separated by selective

296



Metals 2015, 5, 2303-2315

stripping [13]. The extraction of Pt(IV) together with Pd(II) was not so effective when DMDCHTDGA
was used, as can be seen in Table 2 [20].

In summary, the selectivity patterns observed for DMDBTDGA toward Pd(II) are relatively good;
among the metal ions tested, only Pt(IV) in the presence of Fe(III), and Fe(III) itself, are extensively
extracted together with Pd(II). Fe(III) is easily removed through an intermediate scrubbing step with
water. Nevertheless, the selective behavior for Pd(II) recovery shown by the other thiodiglycolamide
derivative previously investigated—DMDCHTDGA [20]—is generally much better than that of
DMDBTDGA, particularly if Al(III) and Fe(III), and not only Pt(IV) and Rh(III), are present in the
feed 4.0 M HCl aqueous phase. These selectivity differences can be rationalized by resorting to the
role the substituent groups in the thiodiglycolamide skeleton are likely to play; the butyl groups are
apparently too short to favor a more specific selectivity trend, and probably to avoid significant losses
of the extractant to the more acidic HCl phases as well. The cyclohexyl substituents, on the other hand,
proved to be more adequate to achieve better extraction efficiency and selectivity profiles for Pd(II)
recovery by DMDCHTDGA [20].

The evaluation of the performance shown by MDTDGA toward Pd(II) extraction has already been
carried out [16], but under quite different experimental conditions than those adopted in this work.
A direct comparison between the extraction systems involving DMDBTDGA and DMDCHTDGA with
MDTDGA is not possible at present, but the screening of the extraction behavior for Pd(II) depicted
by a similar thiodiglycolamide derivative with octyl or decyl groups, in addition to the two methyl
substituents, would surely be worthwhile.

4. Conclusions

N,N′-dimethyl-N,N′-dibutylthiodiglycolamide (DMDBTDGA) has been synthesized to test its
practical usefulness as a SX reagent to recover PGMs from concentrated HCl media. DMDBTDGA in
toluene is efficient for Pd(II) extraction until 4.5 M HCl, with a gradual decrease afterwards. Pd(II)
in the loaded organic phases is quantitatively stripped by a 0.1 M thiourea in 1 M HCl solution.
The extraction kinetics are very favorable (5 min maximum), and the distribution data points out to an
extractant: Pd(II) ratio of 1:1.

Pd(II) is selectively recovered from 4.0 M HCl solutions containing the three PGMs under study.
However, the selectivity patterns become worse when excess concentrations of Al(III) and Fe(III)
co-exist in the HCl solution: Pd(II) distribution ratios are not critically affected, but Pt(IV) is much
more extracted than before, together with Fe(III). The Fe(III) interference can nonetheless be eliminated
by an intermediate scrubbing step of the loaded organic phases with water. Al(III), one of the main
contaminants in real leaching solutions of the hydrometallurgical treatment of secondary raw materials,
is not extensively extracted.

The selectivity figures obtained for DMDBTDGA, although reasonable, are poorer than those
achieved for DMDCHTDGA [20], another thiodiglycolamide derivative tested under similar conditions.
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Abstract: The potential use of emulsion liquid membranes (ELMs) with LIX 7950 as the mobile carrier
to remove heavy metals from waste cyanide solutions has been proposed. Relatively stable ELMs
with reasonable leakage and swelling can be formed under suitable mixing time and speed during
emulsification. The concentration of LIX 7950 and Span 80 in the membrane phase, KOH in the
internal phase and the volume ratio of membrane to internal phases are also critical to ELM formation.
The efficiency of copper and cyanide removal from dilute cyanide solution by ELMs is related to ELM
stability to some extent. More than 90% copper and cyanide can be removed from dilute cyanide
solutions by ELMs formed under suitable experimental conditions.

Keywords: emulsion liquid membrane; LIX 7950; stability; copper cyanides

1. Introduction

Waste cyanide solutions are generated industrially on a large scale in gold and silver extraction
from ores, electroplating, coal cooking and organic chemical formulation. Heavy metals such as
copper zinc and iron may also occur in these solutions, e.g., those waste effluents arising from the
gold cyanidation process [1]. Due to the highly toxicity of cyanide and heavy metals to humans and
aquatic organisms, strict environmental regulations on the management of waste cyanide solutions
have been established. Environmental constraints controlling the discharge of cyanide from gold
plants are being tightened by local governments worldwide [2,3]. A considerable number of methods
have been developed for recovering valuable metals and cyanide from waste cyanide solutions.
Acidification, volatilization, and recovery (AVR) and some modifications have been long practiced in
some gold operations, but the high consumption and cost of reagents has significantly limited their
application [4–6]. The indirect recovery of metals and cyanide by activated carbon and ion-exchange
resin has been proposed. However, the low adsorption capability of carbon and the high cost of resin
have severely hampered their wide application in practice [7–10]. The use of solvent extraction process
to recover copper from cyanide solution has been suggested. The extraction and stripping of metal
cyanide complexes is believed to occur via an ion-exchange mechanism [11–15]. These investigations
prove that copper can be effectively extracted from alkaline cyanide solutions by proposed solvent
extraction systems.
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Extraction processes using emulsion liquid membrane (ELM) have also received significant
attention due to their potential application in treating industrial liquid wastes [16–20]. Use of ELMs
for hydrometallurgical recovery of heavy metals from waste industrial solutions has been reported
by many investigators and some processes have been successfully commercialized to remove various
metals from wastewater in industry [21–27]. The potential use of liquid membranes to extract precious
metals from alkaline cyanide solutions was also proposed [28–32]. In ELM processes, simultaneous
purification/concentration of the target solute can be realized through combining extraction and
stripping into one stage, which results in the high interfacial area for mass transfer, the ability to
remove/concentrate selectively or collectively, and the requirement of only small quantities of organic
solvent. It is believed that the large specific interfacial area associated with ELMs result in higher
permeation rates and the transport is governed by kinetic rather than equilibrium parameters which
may enable the achievement of higher metal concentrations in fewer separation stages than solvent
extraction [33–35]. Consequently, there is a substantial saving in the volume of mixers and settlers for
extraction and stripping which are generally carried out in conventional solvent extraction circuits.
However, although the technology has been successfully practiced for removing some heavy metals
from waste solutions, its operating efficiency is highly dependent on the emulsion instability which
commonly includes membrane leakage, coalescence, and emulsion swelling. In order to obtain
relatively stable emulsion liquid membranes, its formulation design including selection of carrier, strip
agent, surfactant, diluents, and preparation method is critical [36].

The process of recovering copper and cyanide from waste alkaline cyanide solutions through
ELMs using the guanidine extractant LIX 7950 as the mobile carrier has been suggested in this research.
The factors which may potentially influence the stability of ELMs and the removal of copper and
cyanide by ELMs including membrane formula, mixing speed, and phase ratio (volume ratio of
membrane to internal phases) have been examined with the purpose to determine the feasibility of
extracting copper and cyanide from waste cyanide solutions by ELMs.

2. Experimental Section

2.1. Materials

LIX 7950, a trialkylguanidine extractant, was used as supplied by the manufacturer (Cognis,
Mississauga, ON, Canada). The non-ionic surfactant commercially known as Span 80 (Sinopharm
Chemical Reagent, Shanghai, China) was used for stabilizing the emulsion. The diluent was a
commercial kerosene which was a complex mixture of aliphatic origin containing about 15%–20%
w/w aromatics. A small amount of liquid paraffin was used as the additive to facilitate formation
of ELMs. Some 1-dodecanol was added as the modifier to facilitate; dissolution of LIX 7950 in the
diluent. Synthetic copper cyanide solutions were made up from CuCN and NaCN. All chemicals were
of reagent grade and doubly distilled water was used throughout.

2.2. Procedure

To prepare ELMs, designated volume of LIX 7950, 1-dodecanol, Span 80, liquid paraffin,
and kerosene were emulsified in a 250 mL beaker through a mechanical mixer with an overhead
disk-propeller. A portion of KOH solution used as the internal stripping solution was added dropwise
to the stirred membrane solution till obtaining the desired volume ratio of internal to membrane
phases. The mixed solution was stirred continuously to obtain stable ELMs.

For stability and extraction tests, designated volume of ELMs prepared through the described
procedure was added to a 500 mL beaker filled with the feed solution (100 mL). Mixing was provided
with a mechanical stirrer with four Teflon-coated turbine-type impellers. All tests were conducted at
the indoor temperature of 20 ± 1 ◦C (except defined otherwise). After the desired extraction time, the
emulsions were separated from the mixture through a 125 mL separator and the obtained aqueous
solution was filtrated with Whatman No. 3 filter paper to remove any entrained organic before analysis.
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The emulsions were recovered and subsequently broken into its constituent organic and aqueous
phases through a high speed centrifuge. Samples of organic phase were filtered with 1 PS Phase
Separation paper and samples of aqueous phase were filtered with Whatman No. 3 filter paper to
remove any entrained organic phase before analysis.

2.3. Analysis and Calculation

The solution pH was measured with a pH meter using a combined glass electrode. Metals in
aqueous samples were analyzed by atomic absorption spectrophotometry (AAS) and Ion coupled
Plasma (ICP-MS, PerkinElmer, Shanghai, China) and their content in the organic phase was calculated
by mass balance. Total cyanide content in the aqueous solution was determined by the standard
distillation method [37]. The morphology of ELMs is determined by a metallographic microscope. To
determine the leakage of ELMs, a portion of the feed solution (without K+) was mixed with equal
volume of ELMs with K+ in the internal stripping solution; after mixing for the designated time,
ELMs were separated from the external aqueous phase (the raffinate) and was further de-emulsified
thoroughly through heating and centrifuge. The volume of the raffinate, the membrane phase and the
internal phase and the concentration of tracer K+ in each aqueous phase were measured. The apparent
leakage (breakage) of ELMs is calculated by the following equation:

δ =
CKR × VR

CKi × Vi
× 100% (1)

where

δ: the apparent leakage (breakage) of ELMs, %;
CKR: the molar concentration of K+ in the raffinate, mol/L;
CKi: the molar concentration of K+ in the initial internal phase, mol/L;
VR: the volume of the raffinate, L;
Vi: the volume of the initial internal phase, L;

The apparent swelling of ELMs is simply defined as following:

η =
V ′

E/VR − VE/Vf

VE/Vf
× 100% (2)

where

VE: the apparent volume of emulsions before contacting the feed, L;
V ′

E: the apparent volume of emulsions after extraction, L;
Vf: the initial volume of feed, L;

The removal (or extraction) of the target species from feed by ELMs is calculated through the
following equation:

E =
Cf × Vf − CR × VR

Cf × Vf
× 100% (3)

where

E: the removal (or extraction) of the target species from the feed solution by ELMs, %;
Cf: the molar concentration of the target species in the feed, mol/L;
CR: the molar concentration of the target species in the raffinate, mol/L;
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3. Results and Discussion

3.1. Influence of Mixing for ELM Formation

In order to ensure a potential transport of copper cyanides through ELMs, a relatively stable ELM
with reasonable leakage and swelling has to be constructed. Preliminary investigations indicated the
input energy for the preparation emulsions played an important role in forming such meta-stable
ELMs. When the stirring speed of the mixer is fixed at 4500 RPM, images of ELMs formed under
different emulsification time are shown in Figure 1. At the emulsification time of 5 min, the formed
ELMs have a relatively large size. They tend to decrease with increasing stirring time, resulting in more
uniform droplets of ELMs, e.g., more uniform ELMs are produced after 15 min of stirring than 5 min of
stirring. However, when the emulsification time exceeds 25 min, more ELMs start to distort to connect
with others to form a semi-continuous phase. It is believed that small droplet tends to have better
breaking resistant and rapid extraction, but will be very difficult to de-emulsify by mechanical methods.
In addition, too many of them are packed into each organic globule and, consequently, the liquid
membrane becomes too thin and ruptures easily. However, large droplets may cause poor stability
and extraction efficiency due to the low surface-to-volume ratio. Thus, emulsions with the droplet
diameter in the range 0.3–10 μm (preferably 0.8–3 μm) have been suggested considering reasonable
ELM stability [16,18].
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2μm

(c) (d)
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Figure 1. Photographic of ELM droplets formed under different stirring times. (Membrane phase: 6%
v/v LIX 7950, 2% v/v 1-dodecanol, 5% v/v Span 80, 1% v/v paraffin, balanced with kerosene; Internal
stripping solution: 0.1 mol/L KOH; Volume ratio of the membrane phase to the internal phase: 1:1;
Mixing speed: 4500 RPM; Mixing time: (a) 5 min; (b) 15 min; (c) 25 min; (d) 35 min).

The effect of emulsification time on ELM stability and removal of copper and cyanide from
the external solution by ELMs is shown in Figure 2. Under the experimental conditions, a high
leakage (>40%) was observed when the emulsification time is 5 min. This is probably because the
short stirring time for emulsification results in relatively large but unstable ELM droplets which tend
to break up easily when contacting with the external solution. Accordingly, a negative value for
ELM swelling (data not shown in Figure 2) was obtained at emulsification time of 5 min due to high
breakage of ELMs (partial internal solution has released to the external phase). The ELM leakage
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decreases to 8% when the emulsification time is 10 min and maintains at 5% when the emulsification is
further increased. Relatively small ELM swelling (η < 2%) was observed when the stirring time for
emulsification varied from 10–35 min. Copper removal from the external phase by ELMs is only about
50% at the emulsification time of 5 min. This is probably due to high leakage of the resulted ELMs.
It increases up to 90% at the emulsification time of 10 min and remains stable when the emulsification
time increases from 10–35 min, indicating effective ELMs have formed under these conditions. Under
experimental conditions, cyanide extraction with ELMs shows virtually the same values as copper
extraction. Thermodynamic calculation indicates that copper mainly occurs as Cu(CN)3

2− in the feed.
The analysis of the internal phase after extraction showed the extracted species also mainly occur as
Cu(CN)3

2−. Since LIX 7950 is a strong organic basic extractant, the extraction of Cu(CN)3
2− through

ELMs formed with LIX 7950 as the mobile carrier is thus an anion exchange process. The extraction
chemistry of copper cyanides by resulted ELMs can be expressed as following:

At the interface of external and membrane phases:

2RGorg + 2H2O + Cu(CN) 3
2− = (RGH+)2 Cu(CN)3

2−
org + 2OH− (4)

At the interface of membrane and internal phases:

(RGH+)2 Cu(CN)3
2−

org + 2OH− = 2RGorg + 2H2O + Cu(CN)3
2− (5)

where RG denotes the guanidine extractant LIX 7950 and RGH+ is its protonized form. The effect of
mixing speed for ELM formation on leakage and swelling of ELMs is shown in Figure 3. The mixing
speed exhibits an insignificant effect on the ELM swelling (η < 2%) when it varies from 2500–7500 RPM.
However, a leakage of 12% was observed when the mixer speed for ELM formation was maintained at
2500 RPM, which probably was due to high breakage of unstable ELM droplets formed under low
input energy for emulsification. Correspondingly, the removal of copper and cyanide from the external
phase by ELMs is only about 45% in this case. Copper and cyanide removal increases to 90% when the
mixing speed for ELM formation increases to 3500 RPM. Further increase of the mixing speed (up to
7500 RPM) shows insignificant effect on copper and cyanide removal by ELMs.
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Figure 2. Effect of emulsification time on ELM stability and copper and cyanide removal. (For ELMs
formation, membrane phase: 6% v/v LIX 7950, 2% v/v 1-dodecanol, 5% v/v Span 80, 1% v/v liquid
paraffin, balanced with kerosene; Internal solution: 0.05 mol/L KOH; Volume ratio of membrane to
internal phases: 1:1; Mixing speed: 4500 RPM. The external aqueous phase: dilute copper cyanide
solution, [Cu]T = 19.3 mg/L, [CN]T = 23.6 mg/L, pH 9.5. Mixing of ELMs and the external solution:
15 min at 300 RPM).
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Figure 3. Effect of emulsification speed on ELM stability and copper and cyanide removal. (For ELMs
formation, membrane phase: 6% v/v LIX 7950, 2% v/v 1-dodecanol, 5% v/v Span 80, 1% v/v liquid
paraffin, balanced with kerosene; Internal phase: 0.05 mol/L KOH; Volume ratio of membrane to
internal phases: 1:1; Mixing time: 15 min. The external aqueous phase: dilute copper cyanide solution,
[Cu]T = 19.3 mg/L, [CN]T = 23.6 mg/L, pH 9.5. Mixing of ELMs and the external phase: 15 min
at 300 RPM).

3.2. Influence of KOH in the Internal Phase

The mobile carrier LIX 7950, a tri-alkylguanidine, is a strong organic base having an intermediate
basicity between that of primary amines and quaternary ammonium salts (pKa is approximately 12).
It is capable of being protonated to form a guanidinium cation at the operating pH of cyanidation
(usually 10–11). This guanidinium cation can form an ion-pair with metal cyanides such as Cu(CN)3

2−,
resulting in metal extraction from the cyanide solution. By increasing the basicity of the aqueous phase,
the guanidinium cation is converted to the neutral guanidine functionality. The neutral guanidine
functionality no longer forms an ion-pair with metal cyanides, causing metal cyanides to be stripped
from the organic phase [13]. Therefore, in order to extract metal cyanide species from alkaline
cyanide solutions, the ideal internal phase of ELMs would be a solution with pH higher than 12.
ELM leakage and swelling with different KOH concentration in the internal solution are shown in
Figure 4. Insignificant emulsion swelling (η < 1%) was observed when KOH concentration in the
internal phase varied from 0.05–1 mol/L, indicating the increase of ionic strength in the internal phase
exhibits an insignificant effect on the change of volume ratio of ELMs to the external aqueous solution
under experimental conditions. However, the ELM leakage increases significantly when the KOH
concentration in the internal phase is higher than 0.25 mol/L. It was believed that high concentration
of KOH might significantly increase the osmotic pressure difference between internal and external
phases and thus result in emulsion leaking. It was also reported that the potential reaction between
KOH and the surfactant Span 80 might result in reduced properties of the surfactant and consequently
lead to an emulsion destabilization [36]. The removal of copper and cyanide from the external solution
by ELMs exhibits insignificant change when KOH concentration varies from 0.05–0.5 mol/L (Figure 4),
indicating 0.05 mol/L KOH in the internal phase is good enough for stripping copper cyanides from
the membrane phase under experimental conditions. High KOH concentration (>0.5 mol/L) in the
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internal phase results in a slight decrease of copper and cyanide removal probably due to increasing
breakage of ELMs.
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Figure 4. Effect of KOH on ELM stability and copper and cyanide removal. (For ELMs formation,
membrane phase: 6% v/v LIX 7950, 2% v/v 1-dodecanol, 5% v/v Span 80, 1% v/v liquid paraffin,
balanced with kerosene; Volume ratio of membrane to internal phases: 1:1; Mixing for emulsification:
15 min at 4500 RPM. The external aqueous phase: dilute copper cyanide solution, [Cu]T = 19.3 mg/L,
[CN]T = 23.6 mg/L, pH 9.5. Mixing of ELMs and the external phase: 15 min at 300 RPM).

3.3. Influence of Extractant and Surfactant

A great number of studies indicated that both extractant and surfactant played important roles in
the ELM formation [16,36]. The mobile carrier, LIX 7950, acts as a “shuttle” to carry the target species
through ELMs in this case. Effects of concentration of LIX 7950 and Span 80 in the membrane phase on
ELM stability and copper and cyanide removal are shown in Figures 5 and 6, respectively. Under the
experimental conditions, both ELM leakage and swelling slightly decrease when the concentration
of LIX 7950 in the membrane phase increases from 1% v/v–6% v/v. Both ELM leakage and swelling
are lower than 2% when LIX 7950 concentration varies from 6% v/v–10% v/v. Correspondingly, the
removal of copper and cyanide from the external phase with ELMs increases with an increase of LIX
7950 concentration when it varies from 1% v/v–6% v/v. Further increase of LIX 7950 concentration
exhibits an insignificant effect on copper and cyanide removal from the external phase by ELMs.
A number of studies has given evidence that both extractant and surfactant concentration would
potentially affect the emulsion stability. On one hand, increasing extractant concentration in the
membrane phase may potentially facilitate the transport of target species from the external phase to
the membrane phase. On the other hand, a high content of extractant in the membrane phase may
result in increased viscosity which may affect the dispersion behavior of ELMs and cause a decline in
interfacial area, and, consequently, lead to a slow extraction rate of target species. Besides, using less
extractant is always preferred in practice from an economic point view since, in most cases, extractant
is usually the most expensive agent among membrane components [36].
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Figure 5. Effect of LIX 7950 concentration on ELM stability and copper and cyanide removal. (For ELMs
formation, membrane phase: 2% v/v 1-dodecanol, 5% v/v Span 80, 1% v/v liquid paraffin, balanced
with kerosene; Internal phase: 0.05 mol/L KOH solution. Volume ratio of the membrane phase to the
internal phase: 1:1; Mixing for emulsification: 15 min at 4500 RPM. The external aqueous phase: dilute
copper cyanide solution, [Cu]T = 19.3 mg/L , [CN]T = 23.6 mg/L, pH 9.5. Mixing of ELMs and the
external phase: 15 min at 300 RPM).

For the surfactant (Span 80) aspect, under the experimental conditions, high ELM leakage was
observed when the content of Span 80 in the membrane phase was low, e.g., more than 20% of leakage
with 3% v/v Span 80. Accordingly, ELM swelling exhibits little change when the Span 80 concentration
varies from 1% v/v–9% v/v. Test results indicate that stable ELMs can be only formed when the
concentration of Span 80 is higher than 5% under the experimental conditions. The removal of copper
and cyanide from the external phase with ELMs is relatively low (only 55%) when the concentration of
Span 80 in the membrane phase is 3% v/v. Copper and cyanide removal increases to about 91% when
the content of Span 80 in the membrane phase is 4% v/v and remains stable when it varies from 4%
v/v–6% v/v. Further increase of Span 80 in the membrane phase leads to a decrease of copper and
cyanide extraction. Many studies propose that surfactant can reduce the interfacial tension between oil
and water by adsorbing at the liquid–liquid interface; thus, maintaining the emulsion stability and the
transport of target species through the membrane [16,34–36]. However, it should be noted that, at a
high concentration, surfactant may form emulsions that are stable with a higher emulsion viscosity.
Consequently, decreasing copper and cyanide extraction with ELMs was observed at a high content of
Span 80 in the membrane phase.
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Figure 6. Effect of Span 80 concentration on ELM stability and copper and cyanide removal. (For ELMs
formation, membrane phase: 2% v/v 1-dodecanol, 1% v/v liquid paraffin, balanced with kerosene;
Internal phase: 0.05 mol/L KOH solution. Volume ratio of the membrane phase to the internal phase:
1:1; Mixing for emulsification: 15 min at 4500 RPM. The external aqueous phase: dilute copper cyanide
solution, [Cu]T = 19.3 mg/L, [CN]T = 23.6 mg/L, pH 9.5. Mixing of ELMs and the external phase:
15 min at 300 RPM).

3.4. Influence of Volume Ratio of Membrane to Internal Phases

The influence of volume ratio of membrane phase to internal phase (Vm/Vint) on ELM stability
was also examined (Table 1). It was found that at low Vm/Vint, ELMs exhibited higher leakage, for
example, a leakage of 12.5% when Vm/Vint was maintained at 1:3. Relatively lower leakage was
observed when Vm/Vint varied from 2:1 to 1:2. The swelling of ELMs was also insignificant in this
range of Vm/Vint. These results are generally in accordance with the literature. It was believed that
increasing the volume of internal solution made ELMs unstable due to an increase of the size of
internal droplets, resulting in decreasing interfacial contact area between the emulsion and the external
phase. Other authors reported that the thickness of film in droplets thinned off when the volume of the
stripping phase increased [34,36]. For higher Vint/Vm, the volume of membrane phase is not enough
for enclosing all the stripping solution, thus resulting in higher leakage [36]. ELM leakage and swelling
significantly increased with increasing Vm/Vint when it was higher than 3:1. Though, usually lower
Vint/Vm leads to a thicker and more stable membrane phase, it was found that too high Vm/Vint also
resulted in unstable ELMs (high leakage and swelling). Wang and Zhang [38] reported that Vint/Vm

might affect the surfactant concentration at the interface of membrane/aqueous phases and in the
bulk membrane phase, and the entrainment and osmotic swelling might increase decreasing Vint/Vm,
which resulted in unstable ELMs. Correspondingly, when Vint/Vm varies from 1:2 to 1:1, more than
90% of copper and cyanide removal with ELMs was achieved and lower copper and cyanide removal
was observed at both higher and lower Vint/Vm.
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Table 1. Effect of volume ratio of membrane to internal phases on ELM stability and copper and
cyanide removal. (For ELMs formation, membrane phase: 2% v/v 1-dodecanol, 1% v/v liquid paraffin,
balanced with kerosene; Internal phase: 0.05 mol/L KOH solution. Mixing for emulsification: 15
min at 4500 RPM. The external aqueous phase: dilute copper cyanide solution, [Cu]T = 19.3 mg/L,
[CN]T = 23.6 mg/L, pH 9.5. Mixing of ELMs and the external phase: 15 min at 300 RPM).

Vm/V int Leakage, % Swelling, % Cuext, mg/L CNext, mg/L
Cu

Removal, %
CN

Removal, %

1:3 12.5 1 4.3 5.1 78.0 78.2
1:2 2.5 2 0.9 1.2 95.5 94.9
1:1 3 2 1.7 2.2 91.0 90.8
2:1 4 8 10.8 13.0 44.3 45.0
3:1 15 10 11.7 13.9 39.3 41.2
4:1 18 12 11.3 13.3 41.3 43.8
5:1 28 18 10.8 13.2 44.0 44.0

4. Conclusions

The use of emulsion liquid membranes with LIX 7950 as the mobile carrier to recover metals and
cyanide from waste cyanide solutions has been proposed. The concentration of LIX 7950 and Span 80
in the membrane phase, KOH in the internal phase, volume ratio of internal to membrane phases, and
mixing during emulsification are critical factors for forming stable ELMs. Relatively stable ELMs with
reasonable leakage and swelling can be formed under suitable formulas of membrane components.
The extraction of copper and cyanide can be usually obtained when ELMs with relatively low leakage
and swelling are formed. However, excessive Span 80 in the membrane phase may result in low copper
and cyanide removal from dilute cyanide solutions with ELMs.
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Abstract: A selective separation and recycling system for metal ions was developed by homogeneous
liquid-liquid extraction (HoLLE) using a fluorosurfactant. Sixty-two different elemental ions (e.g.,
Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, In, Ir,
La, Lu, Mg, Mn, Mo, Nb, Nd, Ni, Os, P, Pb, Pd, Pr, Pt, Re, Rh, Ru, Sb, Sc, Se, Si, Sm, Sn, Sr, Ta, Tb,
Te, Ti, Tl, Tm, V, W, Y, Yb, Zn, and Zr) were examined. By changing pH from a neutral or alkaline
solution (pH ≥ 6.5) to that of an acidic solution (pH < 4.0), gallium, zirconium, palladium, silver,
platinum, and rare earth elements were extracted at >90% efficiency into a sedimented Zonyl FSA®

(CF3(CF2)n(CH2)2S(CH2)2COOH, n = 6–8) liquid phase. Moreover, all rare earth elements were
obtained with superior extraction and stripping percentages. In the recycling of rare earth elements,
the sedimented phase was maintained using a filter along with a mixed solution of THF and 1 M
sodium hydroxide aqueous solution. The Zonyl FSA® was filtrated and the rare earth elements
were recovered on the filter as a hydroxide. Furthermore, the filtrated Zonyl FSA was reusable by
conditioning the subject pH.

Keywords: homogeneous liquid-liquid extraction; HoLLE; phase separation phenomenon;
fluorosurfactant; ion association; rare earth elements; separation and recycling; hydrometallurgy

1. Introduction

Many kinds of rare earth elements such as neodymium, europium, and gadolinium have been
recently used in the development of new materials. However, the production of scandium, yttrium,
and lanthanoids, collectively referred to as rare earth elements, is not yet widespread across the
world. Hence, the potential production of these materials via waste recycling processes has become
increasingly important; however, the costs and efficiencies of these recycling processes pose inherent
problems. The mutual metal separation method is generally classified into wet and dry methods.
Here, the wet method has been employed for reasons such as separation accuracy and energy savings.
This typical method utilizes a solvent extraction process which uses solvents that are immiscible with
each other. In addition to this process, various separating agents and methods for metal separation
have also been recently developed. These include solvent extraction using ionic liquids [1,2], phase
separation extraction using stimuli-responsive polymers [3–6], and solid-phase extraction using the
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adsorption effect of biological materials [7–9]. Among these, it is especially noteworthy that in 1988,
Igarashi and Yotsuyanagi discovered the pH-dependent phase separation phenomenon, resulting
from the addition of acid to a perfluorooctanoic acid (PFOA) aqueous solution containing trace
amounts of acetone [10]. An oily, small secondary phase is resultantly produced, with the target
substance ultimately being extracted from therein. Furthermore, the formation of a stable liquid phase
which consists of PFOA− and quaternary salt (Q+ such as tetrabutylammonium ion (TBA+)) was
subsequently reported in the following year (1989) [11,12]. The produced liquid phase is stable in
water and air; hence, it is known to be the same type as the early ionic liquid reported in 1992 [13]
because the liquid is produced at room temperature by ionic associations of the subject cationic and
anionic organic compounds (e.g., melting point; −2.3 ◦C in PFOA−/TBA+ [14]). This formation
reaction of an ionic liquid is applied at the same time as the homogeneous liquid-liquid extraction
method (HoLLE, type I in Figure 1). Many research papers have been published from the viewpoint
of microextraction methods for trace components [15–20]. Hence, HoLLE, a separation method that
uses these characteristics effectively, was conceived. In HoLLE, because an aqueous phase and an
organic phase are in a homogeneous state at the starting point of extraction, a mechanically vigorous
agitation for increasing the contact interface between the aqueous and organic phases in the solvent
extraction process is not necessary. This separation method is the extraction to the water-immiscible
sedimented phase for the target substance by providing stimuli such as changes in pH, temperature,
and light. Some separation and concentration methods for metal chelates using surfactants such as
PFOA and slight amounts of water-miscible organic solvents (such as acetone, tetrahydrofuran, etc.)
have been reported [15–17,19]. In addition, a concentration method for rare earth elements using
phosphoric acid and di(2-ethylhexyl)ester (D2EHPA) as an extracting agent in PFOA−/TBA+ has also
been reported [21].

Figure 1. Scheme of homogeneous liquid-liquid extraction method (HoLLE).

In this study, Zonyl FSA®, which is an alternative substance of PFOA−, was used as a
phase separation agent in HoLLE. Zonyl FSA® is a 3-[2-(perfluoroalkyl)ethylthio]propanoic acid
(CF3(CF2)n(CH2)2S(CH2)2COOH, n = 6–8), with an acid dissociation constant (pKa) of approximately 6 [22].
Therefore, this compound displays weak acidity because a spacer of some methylene groups is
introduced between the fluorocarbon chain and the hydrophilic group, as compared to the strongly
acidic PFOA. Applications of the separation and concentration of chlorophyll-a [22], silver complex [23],
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copper complex [24], indium complexes [25], and aluminum/titanium with 1,10-phenanthroline
complexes [26] have been reported by HoLLE using this phase-separating agent.

In this paper, the extraction for 62 kinds of elements were examined and a high-efficiency
separation and recycling system of rare earth elements using Zonyl FSA® as a phase-separating
agent based on HoLLE, without the use of a chelating reagent, is described.

2. Experimental Section

2.1. Reagents

Zonyl FSA® was purchased from DuPont (Wilmington, DE, USA). Sixty-two types of elemental
ions (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, In, Ir,
La, Lu, Mg, Mn, Mo, Nb, Nd, Ni, Os, P, Pb, Pd, Pr, Pt, Re, Rh, Ru, Sb, Sc, Se, Si, Sm, Sn, Sr, Ta, Tb, Te, Ti,
Tl, Tm, V, W, Y, Yb, Zn, and Zr) were selected and their predetermined concentrations were prepared
by diluting 1000-ppm standard solutions (received from Kanto Chemicals, Tokyo, Japan) with distilled
water. Concretely, Ag(I), Al(III), Ba(II), Be(II), Bi(III), Ca(II), Cd(II), Ce(III), Co(II), Cr(VI), Cu(II), Dy(III),
Er(III), Eu(III), Fe(II), Ga(III), Gd(III), Hg(II), Ho(III), In(III), La(III), Lu(III), Mg(II), Mn(II), Nd(III),
Ni(II), Pb(II), Pd(II), Pr(III), Sc(III), Se(IV), Sm(III), Sr(II), Tb(III), Tl(I), Tm(III), V(V), Y(III), Yb(III),
Zn(II), and Zr(IV) were 0.01−1 M of nitric acid aqueous solution. As(III), Au(III), Ir(IV), Mo(VI),
Os(IV), Pt(II), Rh(III), Ru(III), Sb(III), Sn(II), and Te(IV) were 0.4−6 M of hydrochloric acid aqueous
solution. Hf(IV), Nb(V), and Ta(V) were 1–3 M of hydrofluoric acid aqueous solution. Ge(IV) and Si(IV)
were 0.2–0.4 M potassium hydroxide solution. Ti(IV) was 2 M sulfuric acid aqueous solution. Each of
B(III), P(V), Re(VII), and W(VI) were aqueous solution of oxo acid salts containing some ammonium
ion. All element solutions were diluted with distilled water to 100 fold. Tetrahydrofuran (THF), acetic
acid, sodium acetate, sodium hydroxide, acetone, and all other reagents used were of commercially
available analytical grade unless otherwise specified. The utilized filter (for all cases) was a Merck
Millipore hydrophilic PTFE filter JAWP02500 (Omnipore, pore size: 1.0 μm, Billerica, MA, USA).

2.2. Apparatuses

The following apparatuses were used: pH meter = Model F-51, manufactured by Horiba Ltd.
(Kyoto, Japan); centrifugal separator = Model LC-100, manufactured by TOMY SEIKO Co., Ltd. (Tokyo,
Japan); vacuum pump = Model MDA-015, manufactured by ULVAC (Kanagawa, Japan); ICP optical
emission spectrometer = Model iCAP6300, manufactured by Thermo Fisher Scientific (Waltham,
MA, USA).

2.3. Experimental Procedure

2.3.1. Extraction Characteristics of Elements by HoLLE with Zonyl FSA®

The following were added into a glass vial: 0.5 mL of elemental mixed solution (each element
concentration: 10 ppm), 1.0 mL of THF, and 1.0 mL of Zonyl FSA®. Next, 7.5 mL of acetic acid/sodium
acetate buffer solution (pH = 4) were added to bring the total mixture volume up to 10 mL. The mixture
was then centrifuged for 10 min at 2000 rpm to separate the sedimented (Zonyl FSA®) phase and
the supernatant (aqueous) phase. Each rendered post-centrifugal phase volume was Vaq. = 9.95 mL
and VZonyl FSA(r) = 50 μL. The concentration of elemental ions in the aqueous phase was determined
by ICP-OES.

The extraction percentage (E %) of elemental ions was calculated as

E % = 100 (1 − Caq./CTotal) (1)
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where CTotal and Caq. represent the total concentration of the added element and the concentration
of the element in the aqueous phase after separation, respectively. Of note, the error range of each
element’s extraction percentage is ±5% or less.

2.3.2. The Recovery of Elements from the Zonyl FSA® Phase and the Redissolution of the Zonyl
FSA® Phase

A water-immiscible Zonyl FSA® phase has retained the state of a stable liquid phase in the
aqueous solution, and the elemental ions were recovered by filtration. In the recovery of targets, rare
earth elements (Sc, Y, and lanthanoids) were well extracted by the experiment described in Section 2.3.1,
and they were thus selected as targets. A Zonyl FSA® phase (approximately 50 μL) was produced after
rare earth elemental extraction, which held on the hydrophilic PTFE filter. Water-immiscible Zonyl
FSA® was filtered by adding 1 mL of sodium hydroxide and THF solution, which were mixed at a
volume ratio of 1:1. The elements were trapped on the filter as hydroxides, the recovery percentage of
elemental ions in the filtrate phase was determined by ICP-OES. Furthermore, the rare earth elements
were recycled again by the same procedure outlined in Section 2.3.1 using the filtrated Zonyl FSA®.

3. Results and Discussion

3.1. The Extraction of THF within the Phase Separation Phenomenon

As solubilizing agents for Zonyl FSA®, acetone and THF are examined. THF was selected from the
viewpoint of its concentration time and operability, because it was already reported that the sedimented
volume and its associated viscosity increase in the case of using acetone [22]. The relationship
of the volume percentage of THF in the sedimented volume showed linear behavior in the range
of 10–35 vol. % for the THF volumes shown in Figure 2 below. In the case of below 10 vol. % THF, the
Zonyl FSA® phase precipitated fine solid particles. Moreover, Zonyl FSA® did not form a sedimented
phase in the case of THF exceeding 50 vol. %. Therefore, THF volume in this system was ultimately
deemed appropriate for 10 vol. %.

 

Figure 2. Relationship between the volume percentage of THF and the volume of sedimented phase.
(Zonyl FSA®) = 10 vol. %; pH = 4.

3.2. Screening of Elements

The experimental procedure was performed according to Section 2.3.1. The percentage of extracted
element ions in the sedimented phase is shown in Figure 3. Here, some element ions in the sample
solution are estimated to exist as different type species such as a free metal ion, an anion complex such
as gold chloride complex or platinum chloride complex, and an oxo anion species such as boric acid
or phosphoric acid. Gallium, zirconium, palladium, silver, platinum, and rare earth elements (except
for praseodymium) were obtained with a high extraction percentage; however, gold, indium, and
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germanium were obtained with a very low extraction percentage. With respect to rare earth elements,
most rare earth elements are stable in the trivalent state, and they do not produce a hydroxide unless
the pH range is of weak basicity to neutrality, e.g., since the solubility product constant (Ksp) of
lanthanum is 1.0 × 10−19 [27], it does not precipitate as a hydroxide during the extraction procedure
(pH = 4.0). On the other hand, only cerium was obtained with a notably low extraction percentage.
This is because cerium is thought to exist in trivalent and tetravalent states in an aqueous solution with
a pH of approximately 4. Based on this reason, tetravalent cerium is precipitated as a hydroxide in
an acidic condition and, thus, is still susceptible to hydrolysis [28,29]. Therefore, the extraction into
the sedimented Zonyl FSA® phase can present inherent challenges because of the fact that tetravalent
cerium has usually already hydrolyzed at the time of extraction in a pH equal to 4.

Be B
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Figure 3. Summary of the extraction percentages for elemental ions with Zonyl FSA®.

3.3. Stripping of Rare Earth Elements

The extraction behavior of elements into the Zonyl FSA® liquid phase was examined by focusing
on rare earth elements. Filtration operation by the filter was evaluated for the sedimented phase
containing rare earth elements. The sedimented phase was held/maintained by a microsyringe on
a Teflon filter (Pore size: 1 μm). The rare earth elements were collected on the filters as hydroxides
by a 1:1 mixed solvent of 1 mL THF and 1 M sodium hydroxide aqueous solution, whereas the Zonyl
FSA® was dissolved in the procedure. That rare earth elements had been stripped was confirmed by
measuring Zonyl FSA® aqueous solution that was dissolved and filtrated using ICP-OES (Table 1).

Table 1. Stripping percentages of rare earth elements from the Zonyl FSA® phase.

Metal Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Recovery % 81 92 88 90 91 88 91 92 92 91 92 92 84 92 92 92
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3.4. Reuse of Spent Zonyl FSA®

The subject rare earth elements could be separated from the sedimented Zonyl FSA® phase by
filtration, and the sedimented liquid phase similar to what existed before extraction was formed by
adding a buffer solution (pH = 4) in the filtrate containing the Zonyl FSA®. Based on this phenomenon,
the stripping experiments for rare earth elements were performed again using the spent Zonyl FSA®.
The related findings are shown below in Table 2. Part of the heavy elements has a higher extraction
percentage in the second extraction compared to the first extraction. Because part of the Zonyl FSA
was lost during the recycling procedure, the component balance was changed in each fluorinated
carbon chain number (6–8) of Zonyl FSA®. Thereby, the extraction selectivity for heavy elements was
relatively increased. Zonyl FSA® was found to be reusable for the extraction and stripping of rare
earth elements.

Table 2. Comparison of extraction percentages in first and second extraction times.

Metal Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1st Extraction % 97 94 97 49 100 85 96 97 94 88 95 95 95 94 94 94
2nd Extraction % 80 100 93 53 100 84 100 100 100 94 100 100 94 100 100 100

3.5. Overview of Separation and Recycling System of Rare Earth Elements Using Zonyl FSA®

Extracting rare earth elements by Zonyl FSA® is a plausible recovery technique using a simple
filtration operation, and the spent Zonyl FSA® can be reused. Therefore, a separation and recycling
system for rare earth elements using Zonyl FSA® was constructed, with the subject scheme shown
below in Figure 4. In this system, the Zonyl FSA® and THF were added to metal solutions containing
rare earth elements (depicted in the figure), with the solution resultantly forming a homogeneous
state by gentle shaking. In addition, a weak acid buffer solution is introduced into the solution to
extract the rare earth elements, and the Zonyl FSA® is subsequently aggregated by centrifugation for a
period. The sedimented Zonyl FSA® phase is ultimately retained on the filter. Then, only Zonyl FSA®

is filtrated and the rare earth elements are recovered on the filter as hydroxides. In contrast, Zonyl
FSA® solution is obtained as a filtrate to around a neutral pH (pH ≥ 6.5). Accordingly, it is capable
as a second recycling product to be used again for separation and recovery, as demonstrated below
in the figure.

Figure 4. Separation and recycling system for rare earth elements using Zonyl FSA®. REE: rare earth
elements; Mx: coexistent metals.
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4. Conclusions

A homogeneous liquid-liquid extraction method (HoLLE) for metal elements using a Zonyl
FSA® fluorosurfactant instead of a chelating agent was proposed. As a result, metal elements such as
palladium, platinum, and rare earth elements were extracted at a very high percentage. This method is
highly capable of extracting and stripping (with high efficiency) rare earth elements by HoLLE via
the use of Zonyl FSA®. This method is expected to be a preprocessing technique for separating and
recycling rare earth elements in electrical appliance components. Moreover, the developed process is
capable of both the recycling of rare earth elements and the reuse of Zonyl FSA® as an extraction agent.
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