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Abstract

Identifying a non-toxic solution to recover metals such as gold, silver and copper from
ores is of ultimate significance to the mining industry and its stakeholders. Recently, new
studies have been conducted on the leaching of gold and copper using alkaline glycine as an
environmentally friendly lixiviant. The results are promising and may sparkle considerable
interests by the mining industry. However, it is important to understand the behaviour of
glycine in aqueous solutions in the presence of various metals.

Glycine has been used in hydrometallurgy as a buffer for many decades. However, its
structure and behaviour as reagent are yet to be explored. In this study, the behaviour of
glycine in aqueous solution is investigated using the revised Helgeson-Kirkham-Flowers
(HKF) equations of state and temperature and pressure dependent thermodynamic data.
Peptides of glycine, their ionisation states and their mutual equilibrium reactions are
also investigated. Equilibrium constants are calculated for the glycine species and their
corresponding reactions. Consequently, the mole fraction and stability of glycine and its
peptides were identified as functions of pH and temperature.

It is important to identify the thermodynamic properties and stability domains of
the metal-glycinate complexes. In previous studies the thermodynamic equilibrium has
been investigated for divalent metal-glycinate formations only. Thermodynamic data
of monovalent metal-glycinate are scarce in general and inexistent for most of precious
metals including gold. To estimate the equilibrium constant of monovalent metal-glycinate
formations, a data analysis has been conducted which correlates the standard partial molal
properties of metal-glycinate complexes and the standard partial molal properties of metals
at ambient conditions.

The potential of environmentally friendly glycine in the in-situ leaching of gold was
investigated by employing a microfluidic system with controlled flow, temperature and fluid
composition. This technique can provide real time measurements with low consumption
of chemicals. Although the microfluidic fabrication is time consuming, the results can be
obtained in a shorter period of time. In particular, electrokinetic in-situ leaching (EK-ISL)
has been evaluated for gold using alkaline-glycine. By applying a voltage gradient, the
transport of ions from low-permeable ore bodies is enhanced through the reagents. We
examined the potential of alkaline glycine to leach gold through a low-permeability medium
consisting of micro-silica sand and gold powder. The experiment was conducted in the
different voltages: 0, 5, 10, 20 and 30 V. Each stage took 4 days irrespective of the level of
leaching. In addition, the effects of copper and sulphides were evaluated by adding 10%
chalcopyrite and pyrite, respectively. The results show that gold recovery increases when
voltage increases. However, the gold recovery dramatically decreases in the presence of

chalcopyrite and pyrite.
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Chapter 1

Introduction

1.1 Introduction

Cyanide is the standard and robust substance that leaches gold from low grade secondary
processing pads. However, it cannot be used for in-situ recovery because of its toxicity.
Therefore, other reagents that have less toxicity and environmental footprint have been
investigated through recent research initiative. For example, thiosulphate, acidic thio-
cyanate, halides, thiourea, organic reagents, and glycine have been examined as potential
alternatives to cyanide [1-9]. In addition, [10] examined the effects of pH and impurities
on gold solubility in amino acids; their results suggest that samples with higher copper
contents produce higher gold and copper recoveries in the presence of hydrogen peroxide
which facilitates the oxidative dissolution of metals. Since copper is known to dissolve easily
in amino acid solutions [11], the enhanced solubility of gold could be due to the increased
surface area exposed by the dissolving copper. [12] examined the effect of adding amino
acids to thiosulphate for gold leaching and found that gold recovery increases as amino
acids are added to thiosulphate solutions. At a later stage, [7] conducted experiments on
the leaching copper from gold-copper concentrates in glycine solutions. They studied the
effects of glycine concentration and pH in the presence and absence of hydrogen peroxide.
[8] investigated the leaching of gold, silver, and their alloys in alkaline glycine with exposure
to hydrogen peroxide. They found that glycine is a more effective gold/silver lixiviant
in pH ranging from 10 to 11 and temperature of about 60°C. They also examined the
effect of glycine concentration and showed that it improves gold solubility. Despite the
importance of glycine as a promising substance for the mining industry, its behaviour in
aqueous solution has not been investigated comprehensively. Therefore, this chapter is
intended to bridge this gap and evaluate the role of glycine in the leaching of base/precious
metals.

There has been a considerable effort in collecting and documenting the thermodynamic
data of various chemicals including glycine and its complexes during the last two decades
[13-16]. These contributions were based on earlier work of Helgeson and coauthors [17-19]
who predicted the behaviour of aqueous electrolytes at high temperature and pressure using
some equations known as Helgeson-Kirkham-Flowers (HKF) equations of state. The revised
HKF equations of state have been used to predict the thermodynamic properties of aqueous

species at temperatures up to 1,000°C and pressures up to 5 kb [19, 20]. Group additivity



equations of state for aqueous organic molecules have been generated by combining the
revised HKF equations of state of chemical species [21-23]. The thermodynamic data and
the revised HKF equations of state for many aqueous organic species including amino
acids have been calculated [23-26]. The revised HKF equations of state have been used
to predict the polymerisation behaviour of organic species as a function of temperature,
pressure, pH, and redox state [27, 28]. The thermodynamic data collected to establish
equations of state were not dedicated to the leaching applications and often need careful
verification to ensure that all the relevant species exist in a given database before major
simulations and/or important conclusions can be drawn. The above studies have addressed
the thermodynamic behaviour of glycine but not for leaching applications, despite the
existence of some experimental studies that document the reactions between glycine and
Au/Cu [7, 8, 10, 29]. However, these contributions are empirical in nature. In this chapter,
we apply the basic principles of thermodynamics to investigate the behaviour of glycine
at various levels of pH and temperature. Therefore, systematic thresholds of stability
will be obtained which may facilitate the leaching processes of base/precious metals. In
other words, this chapter shows why alkaline is the best condition of glycine-based aqueous
solutions to leach target metals using leaching techniques. Amino acids can react with a
large range of metals [30]. Using amino acids to leach the metals from ores could be a
new door for mining industries not only for the leaching process but also for any possible
replacement of processes that involve lixiviant-metal interactions.

This chapter is to explain the basic structure of glycine and chemical reactions between
glycine and its peptides. The governing equations and corresponding thermodynamic
data will be well explained including the behaviour of glycine and its peptides in aqueous
solution. Mole fraction and the behaviour of glycine under different pH and temperature
conditions, and the importance of alkaline environment in such mixtures will be discussed.

Objectives and outline of the thesis will be presented in the last parts.

1.2 Basic chemical reactions

Glycine (NHyCH2COOH) has three dissociation states in water, namely glycinium
cation TH3NCH,COOH (Gly™t), zwitterion TH3NCH,COO~ (Gly™), and glycinate an-
ion H2NCH2COO™ (Gly™). The equilibrium concentration of non-zwitterionic forms is

negligible at room temperature [35].

- +

NHyCHy;COOH + HO < HyNCH,COO™ + H30+; K, = W (1.1)
) . o (Gly*][0H ]

HoyNCH>COO™ + HO < TH3NCH,COO™ + OH™; Ky = W (1.2)

H30" + OH™ < H»0; K, = [H30T][OH ] (1.3)
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Figure 1.1: Reaction pathways between Gly, GlyGly, and DKP (diktopeperazine). DKP
can be made from glycine peptides (GlyGly) by loosing one mole of HyO with one extra
linkage. DKP has a ring structure compared to normal peptides with chain structures.

[Gly*]  K.K,
[Gly] Ky

NHy;CH,COOH < TH3NCHyCOO™; K = (1.4)

The above equilibrium reactions (Egs. 1.1 to 1.4) show the relations that govern the
different states of glycine.

where [.] denotes concentration. The expressions of equilibrium constants so defined mean
that the activity coeflicients are close to unity, which is valid in the case of dilute solutions.
The equilibrium constant K in Eq. 1.4 is equal to 4.91 x 10° at ambient conditions [36].
Since K is large, glycine exists predominantly as zwitterion in the neutral solution. By

titration of glycine with NaOH, two equilibrium reactions can occur:

B Gly~|[H™]
GlyT < Gl HT: K, = —1 [7 1.5
Yy y +H7 Pia1 0910 (GlyT] (1.5)
GlyT|[HT]
ly* ly* + H*: Koo = —1 [7 1.
Gly™ < Gly™ + ; DI g2 0410 [Gly™] (1.6)

It is also possible to produce Gly peptides and their ionization states in water by
increasing the concentration of Gly. Gly peptides are formed as diketopiperazine (DKP),
diglycine/glycylglycine (GlyGly), triglycine/glycylglycylglycine (GlyGlyGly), tetraglycine
(GlyGlyGlyGly), pentaglycine (GlyGlyGlyGlyGly), hexaglycine (GlyGlyGlyGlyGlyGly)
and so on. Glycine peptides can be synthesized by bonding Glycyl (N HoC HoCO™) to Gly

instead of HT as follows:

2(NH,CH,COOH) < NHyCHyCONHCH,COOH + HyO (1.7)

3(NH,CH>;COOH) < NHyCHy;CONHCH2;CONHCH>2COOH + 2H>0 (1.8)

nGly < peptides + (n — 1)HoO (1.9)

In addition, Fig. 1.1 presents reaction pathways between Gly, GlyGly, and DKP as
discussed [37].

Numerous thermodynamic studies have been conducted on Gly and its peptides at
different temperatures [13, 38-43]. [44] claimed that the polymerisation of amino acids
does not occur in the presence of liquid water at temperatures ranging from 150 to 180°C.
[45] claimed that the equilibrium reaction of n aminoacids < peptide + (n — 1)H20 is

unfavourable in the presence of liquid water at all temperatures. However, [46] indicated



that neither of these statements is accurate and both are in conflict with the experimental
data reported by [47]. Many mineral dehydration reactions are documented in metamorphic
rocks and have been widely studied by experimental petrologists. Dehydration reactions
occur during the transformation of biochemicals into organic matter found in sedimentary
rocks [46]. Many other transformations leading to biomarkers and polymerised compounds
found in sedimentary rocks and petroleum involve dehydration reactions, which occur
in the presence of aqueous solutions [48, 49]. The behaviour of Gly as a lixiviant in the
leaching process of base and precious metals requires careful investigation to optimise its

impact on recovery at various temperatures, pH levels and Gly concentrations.

1.3 Governing thermodynamic equations

The primary thermodynamic data and the parameters of revised HKF equations of state
of glycine and its peptides including the updated data provided by [34] are presented in
table 1.1. The following sections explain how to calculate the temperature dependence of
standard partial molar Gibbs free energy, standard partial molar heat capacity, and the
standard partial molar volume of Gly at various temperatures. The standard partial molar

Gibbs free energy of a reaction is calculated using the following equation.

AGY = vy AGY (1.10)

AG? [kJ mol] stands for standard partial molal Gibbs free energy of formation and v;,. the
stoichiometric coefficient of the ith species in the reaction. AG? is calculated for Gly and
its peptides at different temperatures using the thermodynamic data and the revised HKF
equations of state of Gly. As shown by [19] and [20], the relations between the revised

HKF equations of state and AG° can be written as follows:

AG® = AGY — Sy 1 (T — T,

- cl[Tln(;;)] - cz[(T 1_ 0) - (Trl_ 9)}(9 —9 T) + cz(g;ﬂn[m}
(1.11)
+a1(P—Pr)+a2ln(§:£)+(T_1|_9)[a3(P_P’")+a4ln(\I\I/j—|—i—_li)]
+ w[(é) — 1] —wp, r|Yp, 1. (T, = T) + (e ) —1]
P.T,

Therein, AG? represents the standard partial molal Gibbs energy of formation of the
species at the reference temperature (T,= 273 °K). AG° [kJ mol] and S?%Tr [J mol~! K—1]
represent the standard partial molal Gibbs energy and the standard partial molal entropy of
formation of the species at the temperature T and pressure P of interest, respectively. The
parameters a; [J mol™! bar™!], ag [J mol™!], ag [J K mol™! bar™!], ay [J K mol™! bar™!],
c1 [Jmol™" K™'], and ¢y [J K mol™! bar™!] are temperature and pressure independent
properties of the species, the parameters # = 228 °K and ¥ = 2600 bar are intrinsic
to the solvent, w [J molfl] denotes the Born coefficient of the species, and € stands for
the dielectric constant of HoO, and Y represents the partial derivatives of the reciprocal

1
dielectric constant of HoO expressed by —(65(%)) p. The subscripts P, and T, stand for

the pressure and temperature of reference, respectively. The following expression can be



used to relate the equilibrium constant of a given reaction to its standard molal Gibbs free
energy [23].
AGY = —2.303RTlogioK =Y v logioa (1.12)
i

where R is the gas constant (8.31447 J mol~! K~!), T is the temperature in Kelvin
and «; is the activity of the ith species, and K is equilibrium constant of the reaction.
Numerous studies have been carried out to calculate the standard partial molar heat
capacity C_'g [J mol~! K~!] and the standard partial molar volume V° [cm3 mol—1] of
species [23, 33, 36, 41, 50-52]. In the case of Gly and its peptides, [24] proposed the

following equations:

Cy =1+ o +wIX (1.13)
I_/O:a—l—%jLwQ (1.14)
a:a1+\1,(fp (1.15)
€= az+ \I"_‘ﬁp (1.16)

where the terms Q, Y, and X represent the partial derivatives of the reciprocal dielectric

5(1) 5(1) 5(Y) .
constant of HoO expressed by — (55 )1, —(-55")p, and (57~ ) p, respectively. o and & are

volumetric parameters defined by [24].

1.4 Behavior of Gly and its peptides

The standard molar Gibbs free energy and the subsequent equilibrium constant of the
reactions between Gly, Gly peptides and their ionization states can be predicted at various
temperatures. A(_;ﬁ has been calculated using Eq. 1.11 at various temperatures and
atmospheric pressure. At ambient temperature (25°C'), AG? of HO is about -237.17 kJ
mol~! [53]. The thermodynamic data of water at higher temperatures provided by [54] can
be used to calculate standard molar Gibbs free energy. Using Eq. 1.12, log;, K for Gly,
its peptides and their ionization states also have been calculated at any temperature up
to 100°C'. Egs. 1.7 and 1.8 are used to calculate the standard molar Gibbs free energy of
equilibrium reactions between Gly and its peptides for each dissociation state separately.

Fig. 1.2 shows the molar Gibbs free energy AG? of the equilibrium reaction of Gly
and its peptides to their ionization states. The values of AC_?? obtained for the reactions
involving Gly as represented by Eq. 1.5 (resp. A.3) are -55.86 (resp. -13.39) kJ mol~! at
25°C and -59 (resp. -16.49) kJ mol~! at 100°C. In the case of GlyGly™ to GlyGly~ (resp.
GlyGly™ to GlyGly®), the values of molar Gibss free energy for reactions are -47.2 (resp.
-17.91) kJ mol~! at 25°C and -50.14 (resp. -2.9 kJ) mol~! at 100°C. Similarly, AG? for
GlyGlyGly* to GlyGlyGly~ (resp. GlyGlyGly™ to GlyGlyGly™) reactions are -46.19 (resp.
-18.37) kJ mol~! at 25°C and -49.14 (resp. -21.92) kJ mol~! at 100°C. Fig. 1.3 shows the
variation of AG? with respect of temperature corresponding to different dissociation states

of Gly into Gly peptides.
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Figure 1.2: Standard partial molal Gibbs free energy (AG?) for equilibrium reactions
among ionization states of glycine and its peptides as a function of temperature. Continuous
line represents the data generated in this study.
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Figure 1.3: Standard partial molal Gibbs free energy (AG?) for polymerisation of Gly* to
DKP, Gly to GlyGly and Gly to GlyGlyGly as a function of temperature. Standard partial
molal Gibbs free energy (AG?) of the reactions for Gly to GlyGly and Gly to GlyGlyGly
have been calculated separately for dissociated states of Gly and GlyGly. (AG?) of the
reactions with Gly* are higher than (AG?) of the reactions with Gly™ and (AG?)of the
reactions with Gly* are higher than (AG?) of the reactions with Gly~.
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Figure 1.5: Standard equilibrium constant log;y K for polymerisation of Gly to DKP,
Gly to GlyGly and Gly to GlyGlyGly as a function of temperature. Standard equilibrium
constant log;y K of the reactions for Gly to GlyGly and Gly to GlyGlyGly have been
calculated separately for dissociated states of Gly and GlyGly. As it is clear, log;y K of
the reactions with Gly™ are higher than log;q K of the reactions with Gly* and log;q K of
the reactions with Glyt are higher than log;y K of the reactions with Gly™.

Fig. 1.4 shows the temperature variation of log;; K of the reaction between Gly and its
peptides to produce ionization states. log;y K for the equilibrium reaction represented by
Eq. 1.5 (resp. 1.6), is equal to 9.79 (resp. 2.34) at 25°C . In the case of GlyGly, the values
of log,y K corresponding to the reaction represented by Eq. 1.5 (resp. 1.6) is 8.27 (resp.
3.14 ) at 25°C'. Similarly, these values are respectively 8.1 and 3.22 for GlyGlyGly at 25°C.

Fig. 1.5 presents the variation of log;; K with respect to temperature corresponding to
various reactions of Gly and its peptides into ionization states. The value of log;, K in the
case of chemical reactions following Eq. 1.7 at 25°C is -2.66 (resp. -1.86 and -1.14) for
GlyGly* (resp. GlyGly™ and GlyGly~). The value of log; K is -4.82 at 25°C for DKP.
As it can be seen in Fig. 1.2 to 1.5, the thermodynamic data of AG? and log;, K calculated
in this study are consistent with those provided previously [13, 23, 31, 34, 46, 55-59].

1.5 Mole fraction and stability of Gly, GlyGly and GlyG-
lyGly

An amino acid consists of a basic amino group, an acidic carboxyl group, and a charac-
teristic side chain. The degree of protonation of these functional groups changes depending
on the solution pH ( —NH{ <& —NHy + H*, ~-COOH < —COO~ + H*). In addition,
the net charge of the amino acid molecule changes accordingly [37]. Amino acids generally
show the highest polymerisation reactivity under anionic state [60, 61]. Consequently, the
zwitterion of Gly is more likely to give a proton away than to take another one. Therefore,

the polymerisation of Gly intensifies as pH increases. This can be confirmed by verifying
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that the log;y K of the reaction Gly* + Gly~ — GlyGly~ is higher than its counterpart of
Gly* + Gly™ — GlyGly*. [34] graphed the equilibrium concentrations of GlyGly, DKP,
and GlyGlyGly at different temperature and pH levels with an initial Gly concentration
of ImM. The likelihood of peptides occurrence is low at high pH where high Gly™ con-
centrations can exist. The maximum concentrations of GlyGly, DKP and GlyGlyGly are
2.2x107°,2x 1078, and 1.5 x 10~ respectively, at 25°C. These concentrations change to
3.8 x 1077, 0.9 x 1075, and 1.2 x 10719, respectively when temperature increases to 100°C.

Using the following equations and the relation between the standard equilibrium constant

of the reactions, concentration of GlyGly can be estimated [37].

Gly + Gly < GlyGly + Hy0 (1.17)
Gly*™ + Gly* < GlyGly™ + Hy0 (1.18)
Gly* + Gly~ & GlyGly~ + H,0 (1.19)
Gly™ + Gly~ < GlyGly™ + OH~ (1.20)
(GlyGly] = K'[Gly]? = K1 [Gly™)? + K3[GlyT][Gly ™| + K3[Gly™|? (1.21)

where K', K1, Ko, K3 are equilibrium constants referred to Eqs. 1.17, 1.18, 1.19 and 1.20,
respectively. Eq. 1.21 presents the relation between equilibrium constant of the reactions
represented by Eqs. 1.17 to 1.20. The sum of [Gly*] and [Gly~] is equal to [Gly] [37]. If
the molar fraction of [Gly*] and [Gly~] are o and B respectively, then a[Gly~]= [Gly],
BlGlyT)= [Gly], and o 4+ 3 = 1. Hence, Eq. 1.21 becomes

E[Gly)? = (k1 — kg + k3)a® + (k3 — 2ko)a + k3[Gly)? (1.22)

E = (ki — ko + k3)a? + (k3 — 2ko)a + k3 (1.23)

The concentration of GlyGly can be calculated from Egs. 1.21 to Eq. 1.23.

Fig.1.6 shows the changes of dissociation states of Gly and GlyGly with respect to pH
at temperatures 25°C, 60°C, and 100°C. It can be seen that Gly* and Gly~ exist in
approximately equal mole fractions at pH values of about 9.79, 8.98 and 8.26 corresponding
to 25°C, 60°C, and 100°C, respectively. Similarly, the mole fractions of Gly?m and Gly™
are equal at pH values of about 2.34, 2.30 and 2.30 corresponding to 25°C, 60°C and 100°C.
The same conditions exist for the GlyGly dissociation states. GlyGly* and GlyGly~
are equal at pH values of about 8.27, 7.76 and 7.02 corresponding to 25°C, 60°C and
100°C. Finally, the fraction of GlyGly* and GlyGly* are equal when pH reaches 3.14,
3.12 and 3.02 corresponding to 25°C, 60°C and 100°C. It can be seen that the pH of the
dissociation states of Gly shifts left by increasing the temperature which means that the
reaction Gly™ + Gly~ — GlyGly~ occurs at lower pH as temperature increases. Using

Fig. 1.6, each a can be attributed to a pH. To refine the proposed analysis, we now
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Figure 1.6: Mole fraction and dissociation change of Gly and GlyGly as a function of pH
at 25°C, 60°C and 100°C. It can be seen that Gly™ and Gly~ exist in approximately equal
mole fractions at pH values of about 9.79, 8.98 and 8.26 corresponding to 25°C, 60°C, and
100°C, respectively. GlyGly™ and GlyGly~ are equal at pH values of about 8.27, 7.76 and
7.02 corresponding to 25°C, 60°C and 100°C.
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take into account the species activity coefficients. Using the thermodynamic data and
the revised HKF parameters presented in Table 1.1, we calculate the pH dependence
of GlyGly concentration at 25°C, 60°C, and 100°C as shown in Fig.1.8. The initial
concentration of Gly was set to 1 mM and the ionic strength to u = 0.1 given the presence
of NaCl. The activity coefficients of aqueous species can be calculated using the extended
Debye — Huckel equation [19]. As shown in Fig.1.8, the GlyGly concentration increases
with temperature at low pH and decreases with temperature at high pH. As mentioned
before, the reaction Gly™ + Gly~ — GlyGly~ is more likely to occur than the reaction
Gly* + Gly* — GlyGly™. The maximum concentration of GlyGly occurs at pH 9.79 (resp.
8.98 and 8.26) and 25°C (resp. 60°C and 100°C).

Fig. 1.7-a shows the changes of dissociation states of GlyGlyGly as a function of pH at
temperatures 25°C, 60°C, and 100°C. Fig. 1.7-b also depicts the change of dissociation
states of Gly, GlyGly, and GlyGlyGly as a function of pH at temperature 0°C, 25°C, and
every 10°C increment from 40°C to 100°C.

1.6 The importance of alkaline environment in the reaction

between Gly and metals

Many studies have been conducted on the stability of metals and glycine complexes.
Although metals can react with three dissociation states of Gly, existing studies have
revealed that the reaction with the anion state of Gly (glycinate) is the most effective
[62-64]. Some of these reactions may be slow and further kinetic studies need to be done
to evaluate their likelihood in practice. [65] summarised the stability of metal-glycinate
complexes such as complexes of Cu?t,Cd?*, Zn?t and Co?t with one, two and three moles

of glycinate. Following equations show the metal reactions with glycinate.

M% 4+ Gly~ — MGly?~! (1.24)
MZ 4+ 2Gly~ — MGlyd > (1.25)
MZ% +3Gly~ — MGly?=3 (1.26)

where M represents a metal ion and Z is the charge of the metal. When the metal of
interest in Eq. 1.25 is Au™, log;q K is 15.4 according to [66] and 18 according to [67].
Similarly, when the metal is Cu?*, log;q K is 8.57 for Eq. 1.24 and 15.64 for Eq. 1.25 as
reported by [64] at room temperature 25°C. The reaction of metals with different moles of
Gly~ based on Eq. 1.25, 1.26 and 1.27, depends on Gly concentration. For instance, [68]
showed that Eq. 1.26 is more likely to happen when Gly concentration is more than 1M.
Gly~ peptides can also react with metals [69]. The following equations are some examples

of reactions between Gly~ and metals;

M? + GlyGly~ — MGlyGly?~! (1.27)

15
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Figure 1.9: Dissociation change and stability of Gly* as a function of pH and temperature.
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the maximum concentration of Gly® exists at pH values ranging from 4.4 to 7.6. The pH
interval changes to 4.4-6 at a temperature 100°C. The minimum amount of Gly* appears
at pH 12 (resp. 10.4) and temperature 25°C (resp. 100°C) where Gly~ is more stable.
This amount appears at pH 11 and temperature 60°C.

MZ% +2GlyGly~ — MGlyGlyZ—2 (1.28)

M? + GlyGlyGly~ — MGlyGlyGly? ! (1.29)

The conditions of Gly~ and Gly® co-existence, and Glyt and Gly* co-existence are also
favourable to the formation of Gly peptides (these conditions coincide with the maxima
that can be seen in Fig. 1.8). As mentioned in the previous section, the likelihood of
peptides occurrence is low at high pH where the concentration of Gly™ can be high. Fig.
1.8 shows that the concentration of GlyGly is relatively low at pH higher than 10.

The thermodynamic data and chemical reactions reported in this paper are instrumental
to understand the role of Gly and its behaviour at different pH and temperature in leaching
precious metals. To show the favourable conditions of high concentration and stability of
Gly~ in aqueous solutions, stability of dissociation states of Gly are obtained at various
temperatures and pH (Fig. 1.9).

Fig. 1.9 shows the stability zones and dissociation changes of Gly* with respect to
pH and temperature. At room temperature (25°C), the maximum concentration of Gly*
occurs at pH values ranging from 4.4 to 7.6. The pH interval changes to 4.4-6 when
temperature increases to 100°C. The minimum amount of Gly™ appears at pH 12 (resp.
10.4) and temperature 25°C (resp. 100°C) where Gly™ is more stable. Fig. 1.9 includes
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Figure 1.10: Dissociation change and stability of GlyGly™* as function of pH and tem-
perature. At room temperature (25°C), the maximum concentration of GlyGly® occurs at
pH values ranging from 5.1 to 6.7. The minimum amount of GlyGly™ appears at pH 11.4
(resp. 9.2) and temperature 25°C (resp. 100°C) where GlyGly~ is more stable.
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Figure 1.11: Dissociation change and stability of GlyGlyGly™ as function of pH and
temperature. At room temperature (25°C), the maximum concentration of GlyGlyGly®
exists at pH values ranging from 5 to 6.7. The minimum amount of GlyGlyGly* appears
at pH 11.4 (resp. 9.1) and temperature 25°C (resp. 100°C) where GlyGlyGly~ is more
stable.
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three dots that are positioned on the graph to delimit the stability zones of Gly™ at different
temperatures and pH levels. The dots indicate pH 12 at 25°C, pH 11 at 60°C and pH 10.4
at 100°C from the left to the right, respectively. Given the range of temperatures from
25°C to 100°C with pH 10.4 to 12, a temperature-pH domain centred around 60°C and pH
11 is the optimal window where Gly can be used as a lixiviant for metals such as Au/Cu.
Using high temperatures has its own shortcomings as water reaches its boiling point, but
also because the process becomes more energy demanding and less cost-effective. However,
for the purpose of in-situ leaching, temperature may play an important role depending on
the orebody depth (as temperature increases with depth). As it can be seen in Fig. 1.9,
increasing pH and temperature improves the process. Fig. 1.10 and Fig. 1.11 show the
stability zones of GlyGly and GlyGlyGly with respect to pH and temperature. The species
GlyGly~ and GlyGlyGly~ are sable at lower pH compared to Gly~, in comparable ranges
of temperatures. The equilibrium reaction of GlyGly™ and Gly~ can be expressed by Eq.
1.20. [70] investigated the role of oxidation, dissolution and modification of Cu surface
using hydrogen peroxide as an oxidiser and glycine as inhibitor during chemical-mechanical
planarisation (CMP) of copper. They found that at the presence of 0.1 M glycine, copper
removal rate was high in the solution containing 2.5 % of HoOs at pH 4. They attributed
this increase due to copper-glycine reaction. [7, 8] showed that copper can be leached from
ores in glycine solutions in the presence of hydrogen peroxide. They also examined the
glycine-peroxide system as a lixiviant of gold and silver. They demonstrated that increasing
the pH from 10 to 11 at temperature 60°C, increases the recovery of gold. However, the role

of HyO5 in aqueous solutions goes beyond the adjustment of the equilibrium thresholds.

1.7 Thesis objectives

The main purpose of this PhD thesis is to investigate the potential of using alkaline-
glycine as an environmentally friendly lixiviant for leaching gold. Although comprehensive
empirical studies have been undertaken on leaching gold using glycine as an amino-acids,
yet there is a gap for thermodynamic properties of gold glycinate complex in literature.
The thermodynamic properties can help researchers to understand the stability of the
glycine and metal-glycinate complexes in functions of pH, temperature and even pressure.
In this thesis, this gap has been addressed and the fundamental thermodynamic properties
for monovalent metal-glycinate complexes including gold glycinate have been calculated
based on data analysis approach. To evaluate the rate of leaching gold using alkaline
glycine in the real time, microfluidic chips have been employed. This part of research helps
researchers to match the results with thermodynamic studies to understand the effect of
pH and temperature. Microfluidic devises can mimic the in situ leaching in micro scale and
simulate the leaching through crack crack. In situ leaching ISL is one of techniques that
does not require operational activities in mining industries. Electro_ Kinetic EK is one of
proposed ISL by previous researchers. In this study, applicability of EK-ISL to alkaline

glaycine to leach the gold has been evaluated. The study particularly focuses on:

¢ Thermodynamic properties and stability of glycine in aqueous solutions.

e Stability constants for metal glycinates including gold-glycinate that are scarce in
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the literature.
e Gold recovery rate during leaching using alkaline glycine.

o Akaline glycine in in-situ leaching by applying electricity current through the low-

permeable media.

1.8 Thesis outline

This thesis contains six chapters and is presented in three research papers. An introduc-
tory chapter was presented at the beginning of this thesis to provide the background of the
research topic and also to explain the chemical structure of glycine as an amino acid. The
papers form the main body of the thesis, which are categorised into three parts based on
their topics. In the conclusions and recommendations, general remarks are presented to

summarise the main outcomes of this research and open the horizons for future research .

Chapter 1: introduction to glycine and its behaviour in aqueous solutions
The behaviour of Gly in aqueous solutions was studied using the revised HKF equations
of state and thermodynamic data that have been reported in the literature. Consequently,
the variation of molar fractions of Gly, glycine dissociation states and glycine peptides
have been investigated. The results show that Gly®™ and Gly~ can exist in approximately
equal amounts at pH 9.79 (resp. 8.98 and 8.26) and temperature 25°C (resp. 60°C and
100°C). In addition, the results indicate that Gly™ and Gly™ have equal concentrations at
pH 2.34, 2.30 and 2.30 corresponding to 25°C, 60°C and 100°C, respectively. The stability
of Gly was presented as a function of pH and temperature. The minimum amount of Gly®
appears at pH 12 (resp. 10.4) and temperature 25°C (resp. 100°C) where Gly~ is more
stable. This study shows that increasing temperature and pH can improve the solubility of
various metals by Gly as Gly™ is more stable in this condition. As the polymerisation of
Gly and its peptides may reduce the recovery through metal-glycinate reactions, increasing
the pH and temperature can be advantageous. The reaction of metals with Gly can be more
effective in the presence of hydrogen peroxide which facilitates the oxidative dissolution of
metals.
Chapter 2: Data analysis and estimation of thermodynamic properties of aque-
ous monovalent metal-glycinate complexes. The purpose of this chapter is to
estimation of gold-glycinate equilibrium constant using thermodynamic equa-

tions.

Paper 1: Data analysis and estimation of thermodynamic properties of aqueous monovalent
metal-glycinate complexes. Fluid Phase Equilibria, 480, 25-40.

Chapter 3: Microfluidic study of sustainable gold leaching using glycine so-
lution. The purpose of this chapter is to evaluating the gold recovery using

alkaline glycine.

Paper 2: Microfluidic study of sustainable gold leaching using glycine solution. Hydromet-
allurgy, 185, 186-1985.

In this paper, microchannel was employed to conduct a real time monitoring of the
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leaching process by injecting the lixiviant through a micro scale channel where a layer of
gold was coated. The experiment was helpful to evaluate the potential of alkaline glycine
in in-situ leaching of precious metals.

Chapter 4: Advantage of using microchannel.

It is useful to compare microchannels to other laboratory leaching methods. In this
chapter, the advantages and disadvantages of using microchannels are discussed.
Chapter 5: Electrokinetic study on leaching gold using alkaline glycine. The
purpose of this chapter is to investigation of in-situ leaching using alakline

glycine though an electrokinetic experiment.

Chapter 6: Conclusions and recommendationss

This chapter summarises the main outcomes of this research along with the proposition

of future work in this area.
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Chapter 2

Data analysis and estimation of
thermodynamic properties of
aqueous monovalent

metal-glycinate complexes

ABSTRACT

Recently, an aqueous glycine solution has been proposed as a non-toxic environmentally
friendly lixiviant to leach precious metals such as gold. In confined spaces, gold can
be leached effectively using cyanide as a lixiviant. However, in unconfined applications,
cyanide poses detrimental environmental effects due to its high level of toxicity. In order
to investigate the effectiveness of lixiviant systems containing glycine and examine their
potential, it is essential to identify the thermodynamic properties and stability domains of
metal-glycinate complexes. Numerous studies have been conducted on the thermodynamic
equilibrium of divalent metal-glycinate formations but those of monovalent metal-glycinate
are scarce in general and inexistent for most precious metals including gold. In this study,
we use data analysis to relate the standard partial molal properties of metal-glycinate
complexes to the standard partial molal properties of various metals and estimate the
equilibrium constants of monovalent metal-glycinate formation at ambient conditions.
Finally, the standard partial molal properties of the metal-glycinate complexes and their
revised Helgeson-Kirkham-Flowers (HKF) equations of state have been estimated and used
to deduce the equilibrium constants of metal-glycine systems at different temperatures. The
proposed method has been tested using existing experimental data and showed excellent

consistency.

2.1 Introduction

Preserving the environment while extracting natural resources is a challenge that requires
multi-disciplinary knowledge. Due to the widespread awareness of these problems and the
increasingly restrictive legislative measures, scientists have been seeking alternatives to

conventional mining methods. The conventional surface and underground mining methods
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are highly dependent on the availability of low-cost energy and can leave detrimental
footprints in the landscape. In-situ (or in-place) recovery has been recently proposed as a
sustainable and economic method to extract precious metals from low-grade subsurface
deposits. While precious metals can be effectively leached by cyanide as a standard reagent
in confined spaces (i.e. heap leaching), there is no consensus on alternative lixiviants that
can be used in un-confined domains (i.e. in-situ recovery) and can fulfil the tight criteria of
acceptance based on economics, process availability and tocixity. Scientists are exploring
environmentally benign lixiviants to selectively leach precious metals from low-grade ores.
Among the available reagents with lower level of toxicity such as thiosulphate, acidic
thiocyanate, halides, thiourea, and organic reagents [1-6], glycine has a high potential to
be used in the benign hydrometallurgical processes as a non-toxic reagent [7—9]. To assess
the performance of lixiviant systems containing glycine, the thermodynamic properties
and stability of metal-glycinate formations have to be explored first. Although, numerous
studies have been conducted on the reaction of metals with amino acids, a limited number
of studies is available on monovalent metals. For instance, the thermodynamic data
characterising gold-glycinate systems are yet to be determined despite the few experimental
contributions that have been published on reacting glycine with gold. For example, [10]
examined the effects of pH on the solubility of gold and copper in the presence of glycine
and hydrogen peroxide. These authors observed higher solubility for samples containing
gold and copper compared to pure gold bearing samples. This could be due to the increased
surface area of gold exposed to glycine as copper dissolves before gold in amino acid
solutions [11].

[12] indicated that gold is intensively soluble in amino acids at pH ranging from 6
to 8 and temperature 80°C. [13] has shown that the recovery rate can be substantially
improved in gold leaching by the addition of amino acids (e.g. glycine) to thiosulphate-
based solution. Subsequently, [7, 8] studied the application of glycine as a gold lixiviant in
an alkaline environment, with the exposure to hydrogen peroxide. They found that glycine
is more effective at pH between 10 and 11 and temperature ranging from 60°C to 70°C.
Thus, the main factors that affect the chemical reaction of gold in direct contact amino
acids are temperature, pH and concentration. However, in order to theoretically optimise
the reaction conditions at different levels of pH and temperatures, the standard state
equilibrium constant of the chemical reaction of gold-glycinate and their thermodynamic
data are essential. These physical quantities are instrumental to assess the system’s stability
in aqueous solutions. They can also be used to deduce thermodynamic potentials such as
free energy and entropy and key extensive variables such as entropy and heat capacities. The
effects of pH and temperature levels on the enhancement of gold solubility and the rate of
gold dissolution can be explored and as a result, the optimum scenarios of recovery can be
obtained.

In this study, we present comprehensive results for the standard state equilibrium
constants of monovalent metal-glycinate built using the correlation techniques proposed
by [14] and [15]. The experimental data from the literature are statistically averaged and
used for calculating the revised Helgeson-Kirkham-Flowers (HKF) constants [16]. In order
to estimate the standard partial molal Gibbs free energy of the aqueous complexes at the

temperature and pressure of interest, values of heat capacities, volumes, standard partial
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entropies and conventional Born coefficient of aqueous complexes are needed at the reference
temperature and pressure. However, there are many aqueous species for which experimental
data are presently lacking. In these cases, correlations among available thermodynamic data
can be employed to estimate the properties that have not been obtained experimentally.
The thermodynamic properties of minerals and aqueous species calculated using the HKF
parameters are instrumental in multi-physics reactive transport tools that rely on forward
numerical integration [17, 18]. [14, 15, 19-21] constructed several empirical correlations
among available thermodynamic properties of aqueous species which will be used as proxies
to estimated the unknown properties of organic and non-organic species at the temperatures
and pressures of interest. The novelty of this paper is in the prediction of thermodynamic
properties of various metal-glycinate complexes at various pressures and temperatures as
well as the standard state equilibrium constants of reaction between them. This outcome
is relevant given the importance of glycine as a benign lixiviant that has the potential to
play a key role in the in-situ recovery of precious metals. Nevertheless, it is important to
note that the standard state equilibrium constant of a metal-glycinate reaction is sensitive
to the changes in ionic strength, pH, and temperature. Therefore, any small change in

these parameters could influence the dissolution or precipitation of minerals [14].

2.2 Standard state equilibrium constants at 25°C and 1 Bar

The standard state of an aqueous species (other than Hy0) is the hypothetical ideal
solution of unit activity or the state it would have in the case of infinite dilution. According
to [14], a standard partial molal thermodynamic property (Z°) of an aqueous species j can

be represented by

B9 = Ej — Z;E%h (2.1)
where E?abs is the absolute property, Z is the charge of the species, and E%‘;f is the same

property corresponding to the hydrogen ion. Conventionally, the standard partial molal
properties of hydrogen are considered zero regardless of temperature and pressure, which
permits the calculation of standard partial molal properties of individual ions [22]. The
apparent standard partial molal Gibbs free energies of formation (AG° [cal mol™!])can
be related to the standard partial molal Gibbs free energy of formation (A@;’c) of an
aqueous species at reference pressure P, and temperature T, of 1 bar and 298.15K as
follow [14, 16, 19]

AG° = AC_J?« + (é(lj’,T - C_J‘I’JMTT) (2.2)

where (G%T - G?’T,T) is the difference between the standard partial molal Gibbs free
energy of the aqueous species at the temperature and pressure of interest and the cor-
responding values at the reference conditions (P, and T,). These expressions of Gibbs
free energy are used to describe stability chemical reactions. In particular, consider the

association reaction of metals and ligands that can be represented as follows:

M? 4+ yL~ < MLZY; (2.3)
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where Z denotes the charge of metal and y represents the number of L™ in the complex.
In this paper, the ligand anion L~ is glycinate (Gly ™). The overall equilibrium constant of

the y-th association reaction corresponding to Eq. 2.3 can be expressed as follows:

ML ]

3
By = g {ei} = ML) (2.4)

where {¢;} is the activity of species i at the standard conditions and v; the stoichiometric
coefficient of the species which is positive for the products and negative for the reactants.
In the particular case of dilute solution, the quantity {¢;} reduces to the concentration
[ci] ([molm™3]) of the same species. It is important to note that in this study, the
concentrations are small enough to assume that the activity coefficient (ratio between
activity and concentration) remains close to unity. At given temperature and pressure
conditions, the standard state equilibrium constant of a chemical reaction can be related

to the partial molal Gibbs Free energy of reaction through the an expression of the form:

By = exp (~AGY/(RT)) (2.5)

where R = 1.98793 [cal mol~! K~!] is the universal gas constant, T [K] is the reaction

temperature, and

AGE =" (viAGY) (2.6)
i

where AG? [cal mol~!] is the standard partial molal Gibbs free energy of the reaction
and AC_?Z-O is the standard molal Gibbs free energy of the species.

The available standard state dissociation constants of metal-glycinate (i.e. logf, in
Eq. 2.4 when y = 1,2, 3) have been compiled from the literature and presented in Tables
2.1 to 2.4. We can observe that the metal-glycinate complex formation equilibria have
been discussed in numerous papers where different methods have been recommended
to determine the relevant equilibrium constants [23]. Electrochemical methods (such as
pH-metry, potentiometry, polarography, conductance and electrophoresis), spectroscopic
methods (such as spectrophotometry and NMR), ion exchange and liquid-liquid distribution
methods have been utilised successfully to this purpose [23-35]. Each of these methods has
both strengths and weaknesses depending on the particular application it is designed for.
It is important to note that pH-metry with glass or hydrogen electrodes has been applied
most extensively [23].

In this study, the average standard state equilibrium constants of metal-glycinate associ-
ation are calculated based on experimental data that are available in the literature (see
Table 2.1 to 2.4). The obtained standard state equilibrium constants are summarised in
Table 2.5. The corresponding standard deviation (SD) and number of reference values (N)
are also presented to indicate the level of certainty and confidence in the data. To achieve
a high level of accuracy, the quantities that are available in multiple references and that

exhibit minimum SD have been selected for analysis.
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Metal Cu?t NiZF Co*T
References | logB1  logBa2 logBs | logB1 logB2 logBs | logB1 logB2 logBs
[36] 5.69 13.44

37] 819 14.96

(38] 8.13 14.97

[39] 8.13  14.97

[40] 8.16  14.98

[41] 8.07 14.88

42] 15.28

[43] 8.07  14.92

[44] 8.20

[45] 820 15.10

[46] 822 15.14

[47] 8.23  15.04

[48] 830 15.20

[49] 15.20

[50] 574 10.7

[51] 569 10.52

[52] 574 10.55

53] 8.14  14.96

[54] 579 10.57

[55] 828 15.38

[56] 8.05 14.84 56  10.34

[57] 586  10.84

(58] 879 16.13

[59] 8.58 15.67

[60] 6.18 11.25

[61] 811 14.43 565 1051 13.95

[62] 8.46 15.29 5.94 10.78

[63] 6.28 11.12 4.95 8.43
[64] 5.65 10.40

[65] 5.65 10.40

[66] 5.83 10.74 4.63 8.50
[67] 8.23 15.19 5.73 10.56

[68] 5.77 10.65 4.66 8.64
[69] 8.22 15.11 5.80 10.65 4.70 8.58
[70] 8.07 14.84

[71] 6.19 11.14 4.62 8.60
[72] 8.25 15.38 19.55 | 5.74 1041 5.03 8.97
73] 8.27 14.96

[74] 8.18

[75] 14.60

[76] 8.38 15.17 586  10.64

[77] 8.04 15.09

78] 15.10

[79] 8.62 15.59 6.18 11.14 502 9.02
[80] 8.62 15.59 6.18 11.15 5.23 9.25
[81] 15.10

[82] 15.10 597  10.92

[83] 814  14.9

[84] 15.03 5.73 10.49 4.95 8.94
[85] 15.42

[86] 15.10

[87] 8.10 15.10 16.88

[88] 580  10.59

[89] 8.59  15.54

[90] 815 15.1

[91] 8.51 15.42 6.12 11.15 4.95 8.94
[92] 8.17 5.50 4.60

93] 8.14

[94] 4.57

[95] 8.21 15.09 5.75 10.65 4.71 8.76
[96] 5.66 10.51 14.00

[97] 8.12 14.87 15.3 5.63 10.48 14.00

(98] 583  10.53

[99] 8.57 15.83 6.13 11.05 14.23 | 5.07 9.09 11.63
[23] 8.09 14.85 5.65 10.41 4.66 8.51
[100] 451 8.16
[101] 5.02

Table 2.1: The standard state equilibrium constants of reactions containing glycinate
and Cu?*,Ni** and Co?* at 25°C and 1 bar. Logf, logf and f3 represent the equilibrium
constants of reactions that form 1:1, 1:2 and 1:3 metal-glycinates, respectively.
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Metal Mn?T Zn?t cd*t
References | logB1 logB2  logBs | logB1 logB2 logBs | logB1 logB2 logPBs
[102] 395 717
[36] 12.02

[103] 5.00 4.40

[104] 454 8.04
[105] 4.01  7.49
[106] 4.25  7.80
[107] 398 742
[108] 3.78  6.00
[109] 4.50  8.00
[110] 568  8.45
[111] 509 9.78

[112] 5.05

[113] 485 9.14

[114] 4.96  9.19

[56] 4.81  9.00

[57] 5.24  9.65

[61] 488 9.01 11.02

62] 519 941

63] 521 9.52

[65] 4.84  9.02

(66] 4.96  9.19

[68] 5.06  9.44

[71] 3.17

[77] 5.00 9.30 4.40 7.85
[79] 3.44 552  9.96 4.80 8.83
[80] 3.45 552 9.96

[115] 542  9.94

(82] 9.94
(84] 5.16  9.9.50

[116] 8.1
[91] 3.66 6.63 533  9.72 4.74  8.60
[92] 3.00 5.50

[95] 4.93  9.26 4.26  8.08
[96] 2.60 4.58 5.70 | 4.88 9.01 11.00

98] 2.83  4.83 508  9.14

[99] 3.21 538 9.81 1233 | 4.69 840 10.68
(97] 2.65 4.70 4.88 9.11 11.56

[117] 2.85

(23] 5.03  9.23 4.28  7.72
(93] 2.65 4.88

[100] 2.56 4.27 4.18  7.50

Table 2.2: The standard state equilibrium constant of reactions containing glycinate and
Mn?*, Zn?* and Cd?T at 25°C and 1 bar. Logfi, log3s and B3 represent the equilibrium
constants of reactions to form 1:1, 1:2 and 1:3 metal-glycinates, respectively.
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Metal AgT Cr2+ Cr3t Hg?>t AuST
References | logB1 logBs | logB1 logBs | logB1 logBa | logB1 logBs | logB1 logBa
[118] 3.28 6.96

[119] 3.15 6.53

[120] 343 6.86

(80] 3.51  6.89

[121] 4.28  6.96

[122] 3.35

[95] 3.01 6.22

[123] 8.62 16.27

[124] 8.40 14.80

(23] 345  6.80

[125] 772 15.26

93] 421 7.27

[126] 10.50 19.20

[127] 18.20

[128] 18.40

[129] 19.20

[130] 7.05 10.57
Metal Pyt Pd*t Mgt Fe?t CuT
References | logB1 logBa | logB1 logBs | logBi logBa | logBy logBs | logB1 logBs
[131] 6.75

[49] 10.00
[132] 5.28  8.32

[77] 7.60

[79] 527 859

(80] 5.28  8.60 2.08

[121] 5.17

(88] 4.78  7.66

[133] 5.04

[134] 4.91  9.00

[135] 5.75

[136] 491  8.01

[137] 5.63 8.10

[91] 5.53 9.98 9.12 17.55 3.66 6.63

[94] 3.73  6.65

[99] 4.31

[138] 546  9.32

[100] 4.36  7.62 1.34

Table 2.3: The standard state equilibrium constant of reactions containing glycinate
and Ag™, Cr?*, Cr3t, Hg?t, Au?t, Pb?t | Pd?*, Mg?T, Fe?t and Cut at 25°C and 1
bar. Logf; and logfBs represent the equilibrium constants of reactions to form 1:1 and 1:2
metal-glycinate, respectively.

Metal AuT NaT TiT ]MeHg+ Sr2T [ Ga?T [ Ca?T | Ba?T [ Fe3T [ La®T [ Pr3T [ Ce3F [ Na®T | sm5T
References | logBa | logB1 | logB logBi logBy | logBy | logBi | logBi | logBi | logBi | logBi | logB1 | logB1 | logBi
139 18.00

140 15.40

141 -0.40

142 -0.60

143 1.51

144 7.85

145 7.88

146 7.52

147 8.00

(80] 1.28 | 0.77

148 9.6

149 0.6

150 0.91

151 5.38 5.55 5.38 5.68 5.84

Table 2.4: The standard state equilibrium constant of reactions containing glycinate and
Aut, Nat, Tit, MeHg" (Methylmercury), Sr?t, Ga?t, Ca’t, Ba?t, Fe?*, La’t, Prit,
Ce3t, Nd3* and Sm?t at 25°C and 1 bar. Logf; and logBs represent the equilibrium
constants of reactions to form 1:1 and 1:2 metal-glycinates, respectively.
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Metal | log8i SD N |logB2 SD N |logBs SD N
Cu?™ | 826 0.19 39|15.15 0.31 441724 215 3
Cu’ | 6.75 1 | 10.00 1

Ni2t | 5.83 0.21 33|10.70 0.27 311392 029 5
Co?t | 482 0.22 17| 874 0.30 14| 11.63 1
Mn?t | 3.01 0.38 12| 5.00 0.93 5 | 5.70 1
Zn®t | 5.10 022 27| 940 0.33 23|11.59 059 5
Cd%t | 440 045 16| 7.84 0.67 16| 10.31 052 2
Pb%*t | 5.18 0.38 13| 844 0.76 11

Pd%t | 9.12 1 |17.55 1

Mg?t | 236 1.18 3 | 6.63 1

Fe?t | 4.02 041 2 | 6.65 1

Fe3t | 8.00 1

Ca%t | 1.36 0.06 4

Agt | 343 038 8 | 671 0.28 6

Audt | 7.05 1 |10.57 1

Au™ 16.70 1.84 2

Na®™ | -0.50 0.14 2

Tit | 1.51 1

Hg?" | 10.50 1 ]18.73 050 4

La3t | 5.38 1

Pr3t | 5.55 1

Ce3t | 5.38 1

Nd3* | 5.68 1

Sm3* | 5.84 1

Sr2t | 076 022 2

Ga*t | 9.60 1

Cr®t | 597 248 2 |11.27 565 2

Cr3*t | 851 0.16 2 |1554 1.04 2

Ba2t | 0.77 1

Table 2.5: Average standard state equilibrium constant of reactions containing glycinate
and metals at 25°C and 1 bar. LogfB; and logfBs represent the equilibrium constants
of reactions to form 1:1 and 1:2 metal-glycinates, respectively. SD and N represent the
standard deviation and number of references reporting standard state equilibrium constants.
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Figure 2.1: The standard state equilibrium constant of association reactions to form
1:2 metal-glycinate (82) against the standard state equilibrium constant of association
reactions to form 1:1 metal-glycinate (1) at temperature 25°C and 1 bar. The regression
line can be expressed as logfs = 1.83 logB; -0.1487

2.3 Isothermal correlations among the standard state equi-

librium constants

Table 2.5 shows the standard state equilibrium constants of formation of metal-glycinate
complexes, which will be used as inputs to construct correlations among the standard
state constants of association (i.e. 31, B2 and 3 as described in Eq. 2.4). This technique
has been proposed by [14] who studied many metal-ligand complexes and showed that
isothermal correlations among (81 and Py exhibit linear trends with a universal slope of
1.83 with different intercepts.

Given the availability of 81, B2 and f3 for metal-glycinate at 25°C and 1 bar (Table 2.5),
the average value of logfs for metals with N > 5 have been considered and a correlation
among logB; and logfs (formation of 1:1 and 1:2 metal-glycinate, respectively) have been

regressed as shown in Fig. 2.1. The linear correlation that we obtained can be expressed as

logBs = 1.83logf1 — 0.15 (2.7)

where the coefficient of determination (also known as R-squared) is equal to 0.98.

We conducted a similar regression analysis to correlate the standard state equilibrium
constants of the first and third association reaction constants (logf; to logfs) of aqueous
metal-glycinate at temperature 25°C (Fig. 2.2). Using the same process, the average value
of logBs for metals with N > 2 has been considered from Table 2.5. We obtained the

following expression of linear correlation with an R-squared coefficient of 0.97:
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Figure 2.2: The standard state equilibrium constant of association reactions to form
1:3 metal-glycinate (f3) against the standard state equilibrium constant of association
reactions to form aqueous 1:1 metal-glycinate (1) at temperature 25°C and 1 bar. The
linear correlation can expressed as logfs = 1.83logf; +2.4566.

logBs = 1.83logB + 2.46 (2.8)

Egs. 2.7 and 2.8 can be used to predict logf3s3 and logfs from log; and vice versa. There-
fore, the reactions described by Eq. 2.4 are fully characterised at ambient conditions if log(;
is known. Since the standard partial molal Gibbs free energy and the equilibrium constant
of reaction are related as shown by Eq. 2.5, it can be seen that AG? = —2.303RTlogf3; for
a reaction forming 1:1 metal-glycinate. To obtain logf3; it is important to first estimate
AG? through a correlation that involves the standard partial molal Gibbs free energy of
formation Aé;’c. We proceed in accordance with [14] who constructed correlations of AG?
to form 1:1 metal-ligands against AG% of metal ions at 25°C and 1 bar for many ligands.
They reported their expressions for different divalent metal-ligands complex formations
containing glycolate, alanate and glycinate. The correlation of values of AC:‘;Z to form 1:1
metal-glycinate against AG"} of divalent metal cations at 25°C and 1 bar can be expressed

as:

AGY = —0.043AG% — 78 (2.9)

In Eq. 2.9, an uncertainty of +500 [cal mol~!] has been considered for specific divalent
metal cation complexes [14]. However, no expression has been suggested for the association
of monovalent metals with glycinate, mainly because of the lack of experimental data. In
this paper, we address this gap and obtain a new correlation of AG? to form 1:1 monovalent
metal-glycinate against AC_?‘} of monovalent metal ions at 25°C and 1 bar. Using Eq.

2.7, we estimate the lacking values of log(; from logfs. For example, the value of log(;
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Figure 2.3: The standard partial molal Gibbs free energies of association to form
1:1 monovalent metal-glycinate against the standard partial molal Gibbs free energies
of formation of aqueous monovalent metal ions at temperature 25°C and 1 bar. The
corresponding equation of regression line for gold-glycinate reaction to estimate AG’? can
expressed as AGY = -0.1246AGG -5701.1,

corresponding to gold-glycinate can be estimated as 9.21 using the average input data
reported by [140] as well as [139]. Similarly, the value of logf; corresponding to Cu™ can
be estimated as 6.15 using the average input data of [131] and [49]. Fig. 2.3 shows the
correlation between the standard partial molal Gibbs free energies of reaction to form
1:1 aqueous monovalent metal-glycinate and the standard molal Gibbs free energies of
monovalent metals at temperature 25°C and pressure 1 bar. The equation of regression

line corresponding to monovalent metal-glycinate formations can expressed as:

AGY = —0.118AG% — 54 (2.10)

Fig. 2.3 shows that none of the values coincides with the regression line, which motivates
the introduction of an interval of tolerance (or uncertainty). The interval of uncertainty
has been identified as £1616.62 [cal mol~!] which can be used in Eq. 2.10. To obtain this
interval, the estimated value of AG? was calculated for Nat, Tit, Agt, Cu™ and Au™ from
Eq. 2.10. Consequently, the deviations of the actual values from the estimated ones have
been calculated. By taking into account the proposed uncertainty intervals, the constants
log31, logfs and logBs corresponding to the formation of gold-glycinate can be estimated
as 8.5240.59, 15.4540.48 and 18.05+0.89 (the average values of SD from Table 2.5) have
been used, respectively.

In addition, to check the estimated values, we plot the correlation between logSs of
gold chelate and logB3; of Methylmercury (MeHg™) chelate with the available data for
various ligands including C1~, Br~, I~ and Gly~ [3, 146]. No coherent data are available
for other cations to be used in this paper. This method was originally proposed by [152] to
estimate the stability constants of UO%Jr and NpOj as well as Zn?* and NpOj, which are
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Figure 2.4: Correlation between form 1:2 chelate equilibrium constant of Au™ (log3;)and
1:1 chelate equilibrium constant of MeHg™ (logf3;) at temperature 25°C.

1:1 metal/metal oxide to chelate reactions. Fig. 2.4 shows that the constants of reaction

are all consistent with the regression line.

2.4 Estimating the revised HKF equation of state for mono-

valent metal-glycinate complex formations

At the reference pressure P, of 1 bar and temperature T, of 25°C, Egs. 2.7, 2.8 and
2.10 can be used to estimate the standard partial molal Gibbs free energies of reactions to
form 1:1, 1:2 and 1:3 monovalent metal-glycinate. These properties are sufficient to deduce
the corresponding equilibrium constants that can be deduced using Eq. 2.5. However, the
purpose of this section is to estimate 3, for y = 1 and 2 in Eq. 2.4 at different values of
pressure P and temperature 1. To this end, the thermodynamic properties and the revised
HKF equations of state are calculated to work out AG? for monovalent metal-glycinate
complexes at the temperature and pressure of interest. Referring to Eq. 2.2, the quantity

7%7T — @%NT?" can be obtained as [14, 19]

_ _ _ T _ T _ P _
b1 = Gha = =S80 (T=T)+ [ Cpar—1 [ Cpamr+ [ Vgap 1)
where S%T,Tr [cal mole ™' K~!], C%, [cal mole ™ K™!], and V2 [m® mole™'] are the standard
partial molal entropy, heat capacities, and volumes of the species, respectively.
In order to calculate (7°P7T — GOPT’TT) from Eq. 2.11, the properties S'fghTr, C’I%T, and
Vﬂ need to be estimated first for which objective we utilise the well-known revised HKF

model. In the literature, it has been demonstrated that the revised HKF equations of state
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can be used to estimate the standard partial molal thermodynamic properties of aqueous
electrolytes at high pressure and temperature with a fair level of accuracy [19]. Therefore,

Eq. 2.2 can be substituted into Eq. 2.11 so that AC_}%T can be expressed as

NGO = NGY — 5%, 1 (T —T,) — cl[Tln(;;)] — oof( 1_ 5~ (TTl_ 9)](9 ; T>
+ CQ(;)ZH[;H] + al(P - Pr) + Clﬂ”(;:;;) + (T + 9)[&3(P - PT) (212)
+adn(g T +6l(0) — 1) = o Vi (1 = 1) + () = 1

where the parameters a; [cal mol™! bar™!], ay [cal mol™!], a3 [cal K mol™! bar™!], ay
[cal K mol™! bar™!], ¢; [cal mol™! K], and ¢ [cal K mol™! bar™!] are temperature and
pressure independent properties of the species, the parameters 8 = 228 °K and ¥ = 2600 bar
are intrinsic to the solvent, w [cal molfl] denotes the temperature and pressure dependent
Born coefficient of the species, and e stands for the dielectric constant of HyO. The term

1
Y = —(6(5;) )p represents the partial derivatives of the reciprocal dielectric constant of HoO

at constant pressure.

In order to use Eq. 2.12, the parameters S?%»,Tw ai, as, as, a4, 1, c2 and w need to be
obtained first. The constants aq, as, ag and a4 are directly related to the standard partial
molal volume V° of the species, ¢; and ¢y are related to the standard partial molal heat
capacity 61% of species and w is related to S’%T,Tr'

This method is commonly used to predict the thermodynamic properties of chemical
species at different temperatures and pressures. For instance, the thermodynamic data of
many aqueous organic species including amino acids have been calculated by [153-156].
The revised HKF parameters have been utilised to predict the polymerization behavior
of organic species as a function of temperature, pressure, pH, and redox state [157, 158].
Some studies have been conducted to calculate and predict the thermodynamic properties
of aqueous metal complexes using the revised HKF equations of state of aqueous species
[22, 159]. Some correlations have been obtained among HKF equations and the standard
partial molal properties at 25°C and 1 bar [15, 19-22, 160]. Therefore, it is possible to
retrieve the standard partial molal entropies (S°), volumes (V°), and heat capacities (C_’z‘;) of
aqueous metal complexes at 25°C and 1 bar [15]. Several empirical correlations constructed
by [14, 15, 19-21] among available thermodynamic properties to estimate the behavior of
organic and non-organic species at different temperatures and pressures.

The relationship between the standard partial molal entropy of reaction and the absolute
standard partial molal of the species corresponding to the reaction can be presented as

follows:

-5

ASYp. 1, =8 X4LZ71y+1 - 57 (2.13)
7

° Z
MLZ™Y

where y, Z and 52 represent the number of ligands (glycinate), charge of the metals and
the standard partial molal entropy of the ligand, respectively. Eq. 2.13 can be used to
calculate the entropy of the chemical reaction between glycinate and the metal M when

y = 1 and between glycinate and the metal-glycinate complex M L% Y*! when y > 2. For
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y = 1in S¢ and SX/[Z (Z = 1,2) are presented in Table 2.6. The thermodynamic data
of several aqueous formations between metals and ligands including alanate, bicarbonate,
acetylacetone and glycinate were estimated by [14]. The regression results of the standard
partial molal entropy of the reaction versus the absolute standard molal entropy of divalent
metals (59,,2%) at 25°C and 1 bar is given as [14]

ASp g = 0.37552% + 26 (2.14)

By having the absolute standard partial molal entropy of divalent metals (_]Owgfbs ), the
standard partial molal entropy of reactions to form 1:1 metal-glycinate (AS’;” p.T,) can
be obtained. As a result, Eqs. 2.13 and 2.14 can be employed to obtain gX/ILZ—l' The
correlations corresponding to 1:1 monovalent metal-glycinate can be expressed as

AS2p 7, =0.3185,,%° +9.9 (2.15)

The correlations between the standard partial molal entropy of reaction and the absolute

standard partial molal entropies of 1:1 complexes (_]OW +) have been regressed by [14] as

ASSp 1 =0.318,, 4% +5 (2.16)

This regression is valid for metal-alanate and metal-glycinate with divalent metals (e.g.
Cu?t). Eq. 2.16 expresses the correlation of the standard partial molal entropy of the
reaction to form aqueous 1:2 metal-ligand complexes against the absolute standard partial

abs

molal entropy S’g/[ 1 £°% of the corresponding 1:1 metal-ligand complexes. A similar equation

can be obtained for the reactions to form 1:2 metal-glycinate containing monovalent metals
(e.g. Aut)
AS2p g, = 0.3183,,%° +4.9 (2.17)

where SX/[ Labs represents the absolute standard partial molal entropy of the corresponding

1:1 monovalent metal-glycinate. Similar to Eq. 2.13, the standard partial molal heat

113 ~o ~o . (70
capacities ( PATLE and CP, u ijlyﬂ) and standard partial molal volumes (VM Lz and
V]\‘} Lf:lyﬂ) of all species in the reactions can be related as

AVry = V&Lf—y - V&Lj:lyﬂ -V (2.18)
ACY, = C;,MLf‘y — C;,Mijlyﬂ -Cpy, (2.19)

where AVT?y represents the standard partial molal volume of reaction, AC’,‘{ , represents
the standard partial molal heat capacity of reaction, T_/Lo [cm® mole™!] and é?’, 1 [cal mole ™!
K~1!] represent the standard partial molal volumes and heat capacities of the ligand,
respectively. Similar to Eq. 2.13, Egs. 2.18 and 2.19 can be applied to obtain the standard
partial molal volume and heat capacity of reaction between glycinate and metals when
y = 1, and between glycine and metal-glycinate complexes when y > 2. Note that ‘_/LO,
V&Lf:fﬁl (for y = 1), Cp and C'IOD,Mijf’Jrl
correlations have been developed for different groups of complexes containing monovalent

(for y = 1) are available in Table 2.6. Various
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ligands such as chloride and acetate complexes containing monovalent and divalent cations
by [15] to estimate heat capacities and volumes of complexes. The regression analysis for
the volume of reaction is generally expressed as follows:

AV2, = 0.11419V7, Lyt 8.9432 (2.20)

By using the data available in Table A.6 in terms of V¢ and V]OWLZ_y+1 (for y = 1),

applying Eq. 2.20 to estimate Af/ﬁy and substituting the outputs into Eq. 2.18, we obtain
710WLyZ*’!I (for y Z 1)

For the reaction to form a 1:1 metal-ligands, the following expression has been proposed
by [15] to relate the standard partial molal heat capacity of reaction to the standard molal

heat capacity of a metal M when the ligands are C1=, Br—,F~ or I™:

ACY, = 1.25C% 7 +45.3(2) — 27.3 (2.21)

where C_’;’D7 1z represents the metal’s standard molal heat capacity. Eq. 2.21 can be

rewritten for acetate complexes of divalent metals as

ACY, =1.25C% ypor +93.8 (2.22)

The regression between the metal’s standard molal heat capacity and the standard partial
molal heat capacity of reaction to form 1:y metal-ligands—when y > 2 and the ligands are

Cl7, Br—,F~ or I”—is also expressed as

ACY, = (0.89Cp 5z —4.9)y +1.25C} 17 +45.3(Z) — 27.3 (2.23)

Similarly, in the case of acetate complexes of divalent metals the standard partial molal

heat capacity of reaction can be written as

ACY, = (0.89CY, 17 +20.6)y +1.25CF, ;7 + 93.8 (2.24)

According to [14, 15], the slope and intercept of the correlation that relate the standard
molal heat capacity of reaction to the standard molal heat capacity of metal-ligand
complexes depend on the ligands’ properties. Using these dependences, we deduce the slope
and intercept of the correlation that would have been valid when the ligand is glycinate
knowing C'}o% .—- Therefore, based on these dependencies and Eqgs. 2.21 and 2.22 we can

suggest the following equation that can be used reaction to form 1:1 metal-glycinate:

ACY, = 1.25C% 7 +45.3(Z) —12.1 (2.25)

Following a similar methodology, the standard partial molal heat capacity of reaction to

form 1:y metal-glycinate (y > 2) can be written as

ACY, = (0.89C% iz + 7.8)y + 1.25CY, )12 + 45.3(Z) — 12.1 (2.26)
Using the thermodynamic data reported in Table 2.6 in terms of C']% 1, and C’; AL
77 A y—1
(for y = 1), Egs. 2.19 and 2.25 can be used to calculate the value of O yypz—v- As can
) Y
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be seen in Table 2.7, the values obtained in this study are consistent with those reported
[14] for CuGly™, CuGlys, NiGly™, NiGlys, CoGly™, CoGlys, MnGlyt, MnGlys, ZnGly™,
ZnGly,, CdGly™, and CdGlys. These values are 63.4, 139.0, 49.9, 112.7, 58.7, 129.8, 67.0,
146.1, 62.1, 136.4, 68.4, and 148.7, respectively.

In order to obtain the solvation parameter of the species at the reference pressure and
temperature (wp, 7. [cal mole™!]), the following regression has been proposed by [15] based

on the experimental data reported by [162]

wp, 1, = —1514.45% 1 + Bz (2.27)

where Z’ represents the charge of the species and 3z x 1072 [cal mol_l] is equal to
0.5512, 1.0586, 1.5795, -1.6295, 3.2120 and 0 for Z’ equal to 1, 2, 3, -1, -2 and 0, respectively.
The following equations are also used to calculate temperature and pressure independent

properties of the species [15, 19].

ay = 0.013684(V° + 41.84wp, 1,Qp, 1) + 0.1765 (2.28)
ag = 33.423(V° + 41.84wp, 1,Qp, 1) — 347.23 (2.29)
az = —0.1435(V° + 41.84wp, 1.Qp, 1) + 7.0274 (2.30)
ays = —138.17(V° + 41.84wp, 1.Qp, 1,) — 26355 (2.31)
1 = 0.6087C5 + wp, 1, T, Xp, 1, + 5.85 (2.32)
¢y = 2037C5 — 30460 (2.33)
L) () . .
The terms Qp, 1, = —(~p )r and Xp, 1. = (=57 )p represent the partial derivatives

of the reciprocal dielectric constant of HyO which are equal to 5.903x10~7 bar~! and
-3.09x10~7 K2, respectively.

Using the above equations and the input data available in Table 2.6, the thermodynamic
properties and the revised HKF equations of state can be calculated for metal-glycinate
complexes (Table 2.7) and can be used in Eq. 2.12 to estimate the the apparent standard
partial molal Gibbs free energy of formation of various aqueous species at any temperature
(T') and pressure (P).

2.5 Predicted equilibrium constants of monovalent metal-

glycinates at elevated temperatures

In this section, we use Eqgs. 2.12 to calculate the standard state equilibrium constants of
monovalent metal-glycinates at temperatures up to 150°C. We also calculate the thermo-
dynamic data of divalent metal-glycinate complexes containing Cu?*t, Ni2t, Co?t, Mn?T,
Zn?*, and Cd?* to verify the proposed method and assess its accuracy and reliability.
Additional experimental data at specific temperatures are used to validate the equilibrium
constants obtained in this study. Fig. 2.5, 2.6 and 2.7 show the standard state equilibrium
constants of reactions involving 1 : 1 and 1 : 2 metal-glycinates. The results show that

the values obtained in this study are consistent with those reported as experimental data.
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Species ~ AGY  AH  S¢...  COF vee  adx 10 a§ x 1072 al ad x 1074 b ¢ x 107w x107°
CuGly™  -70.86 -77.65 2279 64.87 27.23 55614 58003  3.0462  -3.0188  43.4404  10.1690  0.20613
CuGly, -155.36 -174.27 63.42 140.90  84.99  13.0700  24.1424  -4.8279  -3.7770  100.4665  25.6561  -0.96043
NiGlyt — -94.12  -97.81 1237  51.38 2233 49438  4.2942  3.6939  -2.9565  33.7703  7.4191 0.36381
NiGlys  -176.03 -190.87 49.78 109.22  79.53  12.3924  22.4873  -4.1172  -3.7086  79.2799  19.2029  -0.75387
CoCGlyt  -94.83 -100.08 17.58 60.15 27.4570 56185 59422 29863  -3.0246  39.8379  9.2065 0.28497
CoCGly,  -175.45 -192.33 56.60 129.82 85.2354 13.1389  24.3107  -4.9001  -3.7839  92.7658  23.3975  -0.85715
MnGly™ -133.87 -142.95 30.46  68.47 355905 6.6656  8.4997  1.8883  -3.1303  46.7021  10.9023  0.08994
MnGly, -211.86 -233.76 73.47 149.35  94.30  14.2927  27.1287  -6.1100  -3.9004  107.0010  27.3770  -1.11263
ZnGlyt  -117.42 -122.99 18.68  63.52  27.57 56282 59657 29762  -3.0256  42.0452  9.8940  0.26837
ZnGly,  -198.56 -215.86 58.04 137.74 8536  13.1486  24.3342  -4.9102  -3.7849  97.7870  25.0108  -0.87889
CdGlyt  -99.83 -108.99 30.73  69.82  37.26  6.8929  9.0548  1.6499  -3.1533  47.5621  11.1773  0.08580
CdGly, -179.78 -201.80 73.83 152.52  96.16  14.5457  27.7466  -6.3753  -3.9260  108.9895  28.0223  -1.11807
AuGly — -47.88 -68.92 70.56 33.75  67.01 10.5736  18.0425  -2.2099  -3.5242  36.2388  3.8289  -1.06864
AuGly;  -132.59 -170.13 125.91 83.57  129.31 18.2641  36.8264  -10.2747  -4.3006  89.2970  13.9768  -3.56227
AgGly  -61.52 -79.84 6145 50.17  53.75  8.8059  13.7273  -0.3562  -3.3464  44.9646  7.1746  -0.93056
AgGly; -141.26 -175.24 113.97 12211 114.53 16.3037  32.0405  -8.2189  -4.1035  111.09  21.8282  -3.3554
NaGly  -137.18 -154.10 56.76  52.78 5341 87826  13.6705  -0.3318  -3.3441  45.8990  7.7063  -1.06864
NaGly; -212.09 -244.23 107.82 12824 114.15 16.2824  31.9887  -8.1966  -4.1014  113.96  23.0758  -3.2624
TiGly -85.88  -109.07 7777 22.95 7492 11.6192  20.5988  -3.3064  -3.6305  30.6701  1.6289  -1.17775
TiGly;  -163.34 -203.69 135.35 5822 13812 19.4219  39.6567 -11.4888  -4.4183  75.1870  8.8142  -3.67922
CuGly  -71.75  -87.00 51.18  63.22 4573  7.7607  11.1745  0.7399  -3.2409  51.4752  9.8329  -0.77502
CuGly, -153.81 -183.78 100.51 152.74 10559 15.1494  29.2213  -7.0084  -3.9869  127.8561  28.0663  -3.15165

Table 2.7: The standard molal thermodynamic data and the revised HKF equations of 1:1 and 1:2 metal-glycinates at 25°C and 1 bar. ® Kcal mol~!
cal mol™! K=, ¢ cm3 mol™!, ¢ cal mol~! bar™!, ¢ cal mol~!, / cal K mol~! bar~!, 9 cal K mol~!.

Y
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For example, the first row of Fig. 2.5 shows the values of log; for CuGly™t have been
reported as 8.61 at 0.35°C, 8.54 at 15°C, 8.22 at 20°C, 8.17 at 30°C, and 8.07 at 37°C by
(62, 67, 127, 163, 164], respectively. These values are in a good agreement with the results
obtained in this study. The value of log; for CuGly™ has been reported as 8.85 and 8.59
at 10°C and 20°C by [59, 165], respectively, which are close to those obtained in this study.
[166] reported logf; as 7.72 at 30°C which is slightly lower than but close to the value
obtained in present study. The figure also shows the values of logfs for CuGly, reported
by [67, 82, 167] are equal to 15.4, 15 and 14.6 at 20°C, 30°C and 35°C, respectively, which
agree well with this study. The values reported by [62, 84, 163] are also close to the values
obtained in this study. However, [99] reported slightly higher values but still comparable
to the results of the current study.

The second row of Fig. 2.5 shows that the experimental values of log(; and logfs for
NiGly™ and NiGlys are close to the data generated in this study. The value of log3; for
NiGly™ is equal to 5.73, 5.9 and 5.72 at 10°C, 35°C, and 40°C as reported by [82, 96, 168],
respectively. The value of logfs for NiGlys is equal to 10.7 and 10.4 at 20°C and 35°C as
reported by [67, 169], respectively. The experimental data of log3; for CoGly™ is consistent
with the data generated using our proposed model as can be seen in the third row of Fig.
2.5. In particular, [36, 166, 169, 170] reported the logB3; of CoGly™ as 4.99, 5.1, 4.77 and
4.6 at 15°C, 20°C, 30°C and 35°C, respectively. [84, 171] reported the logSs of CoGly, as
8.9 at 20°C. However, [99, 166] reported slightly higher values of 9.23 and 8.99 at 10°C and
30°C than the data generated in this study. In addition, [36] reported a slightly lower value
of 8.57 at 15°C. In the case of MnGly™ and MnGlys, despite the small discrepancy between
the current model and the experimental data obtained from literature [96, 99, 172, 173],
the average values are still close to the presented results as can be seen in the fourth row
of Fig. 2.5.

Fig. 2.6 shows that the experimental values of log/3; and log/3; for ZnGly™ and ZnGly,
reported by [134, 164, 167, 170, 171] agree well with data obtained in this study. Similarly,
the values of logf; and logBs for CdGly™ and CdGly, measured by [150, 174-177] are
consistent with those calculated in this rsearch. However, [102] reported slightly lower
values for CdGly* and CdGlys which are equal to 3.86 and 6.78 at 45°C, respectively. The
values reported by [127, 166, 175, 176, 178] are consistent with the values obtained in this
study.

No equilibrium constants have been found for monovalent metals reacting with glycinate
except for Ag™ (Fig. 2.7). Although the equilibrium constants reported by [120] deviate
slightly from the trend predicted in this study, the experimental values of log; and logfs
are still close to the results of the current model.

It is obvious that the experimental values of stability constants may change depending
on the testing method, ionic strength, and testing conditions. Most experiments are
conducted under constant ionic strength conditions. The ionic strength is controlled by
using different inert salts such as KNOj3. The most common ionic strengths are 0, 0.1,
0.2, 0.5, 1.0, and 3.0 mol dm™3. As a result, experimental values may differ slightly from
the theoretical values obtained using the basic principles of thermodynamics. Overall,
the average thermodynamic properties obtained experimentally are close to the results

generated in the present study.
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Figure 2.5: The standard state equilibrium constants of association of metal-glycinates
at different temperatures up to 150°C and pressure of 1 bar. The graphs on the left side
present the standard state equilibrium constants of reactions to form 1:1 metal-glycinate
and the graphs on the right side present the standard state equilibrium constants of reaction
to form 1:2 metal-glycinate involving the metals Cu?*, Ni?*, Co?* and Mn?*. The markers
represent experimental data reported in the literature.
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Figure 2.6: The standard state equilibrium constants of association of metal-glycinates
at different temperatures up to 150°C and pressure of 1 bar. The graphs on the left side
present the standard state equilibrium constants of reaction to form 1:1 metal-glycinate and
the graphs on the right side present the standard state equilibrium constants of reaction to
form 1:2 metal-glycinate involving the metals Zn?*, Cd?*, Na* and Tit. The markers
represent experimental data reported in the literature.
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Figure 2.7: The standard state equilibrium constants of association of metal-glycinates
at different temperatures up to 150°C and pressure of 1 bar. The graphs on the left side
present the standard state equilibrium constants of reaction to form 1:1 metal-glycinate and
the graphs on the right side present the standard state equilibrium constants of reaction to
form 1:2 metal-glycinate involving the metals Ag™, Cu™ and Aut. The markers represent
experimental data reported in the literature.
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2.6 Conclusion

Understanding the behaviour of metal-glycine systems is important because aqueous
glycine solutions have been proposed as non-toxic environmentally friendly lixiviants to
leach precious metals. However, the thermodynamic data that are necessary to predict
the behavior of chemical species in these systems are scarce. This study bridges this
gap by using data analysis techniques to relate the standard partial molal properties of
metal-glycinate complexes to the standard partial molal properties of metals and estimate
the equilibrium constants of association of monovalent metal-glycinates. Finally, the
standard partial molal properties of the metal-glycinate complexes and their revised HKF
equations of state have been deduced. In particular, this work calculates for the first
time the thermodynamic data HKF parameters of monovalent metal-glycinate complexes.
Therefore this work has the potential to influence the use of glycine in future metal leaching
applications. The proposed method has been tested using existing experimental data and
showed excellent consistency. The proposed work takes into account the uncertainty that
is inherent to various experimental techniques and reports tolerance intervals that offer

best likelihood of accuracy.
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Chapter 3

Microfluidic study of sustainable
gold leaching using a glycine

solution

ABSTRACT

The purpose of this paper is to investigate the in-situ leaching of gold using a microfluidic
system with controlled flow, temperature and fluid composition. The microfluidic system is
a microchannel embedding a nano-scale layer of gold over which the fluid can flow and etch
(erode) gold at various temperatures and concentrations of lixiviant. The lixiviant in this
case is an alkaline glycine system that has been identified as an environmentally friendly
substance to dissolve precious metals, it is used to extract gold within the engineered
micro-cavity. As the fluid flows in the microchannel, the thickness of the gold layer is
monitored to control its reduction with respect to time and space. The experimental
conditions were varied to evaluate their effects on the recovery rate. The results show
that compared to traditional methods being used in laboratory testing, this technique can
provide real time measurements with low consumption of chemicals and the results can be

obtained in shorter periods of time.

3.1 Introduction

Microelectronics technology has been developing over more than 60 years and has pro-
duced valuable devices for a broad range of applications [1-5]. In particular, microfluidic
systems have been instrumental in biochemistry and microbiology and have helped charac-
terising the chemical and physical mechanisms that occur at the micro-scale [6-9]. As they
can be used to manipulate small amounts of fluids in micro-scale channels [10], microfluidic
systems have been used to extract some metals such as Ag [11], Cu/Cr [12-14], Co [15], Pt
[16], Pd [17], and rare earth elements [18, 19].

In hydrometallurgy, leaching is the main stage of mineral processing and often has
significant effects on subsequent steps [20, 21]. Many studies have been conducted on metal
dissolution in order to understand the behaviour of leachates and lixiviants, identify the

kinetic parameters, and optimize the overall efficiency of hydrometallurgical operations [21].
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Recently, [22] conducted a pioneering experimental study on gold leaching by amonium
thiosulfate using microchannels and monitored the etching rate of gold in real time under
controlled conditions. In comparison with traditional leaching experiments, this new
technique offers a visual and quantitative monitoring in a confined space with under
controlled laminar flow rates. [22] conducted their experiment using a high aspect ratio
microchannel to mimic a crack in a mineralised sample. In the current paper, we upgrade
the design by including a temperature controlled system and we use alkaline glycine
solutions instead of amonium thiosulfate. The flow rate can vary based on the joint
aperture and the flow is assumed to be analogous and laminar between two highly smooth
parallel plates. However, as real surfaces are not necessarily smooth or parallel enough and
they converge abruptly at their ends, turbulent flow may also occur [23, 24]. In this work,
the flow is laminar within the range of fluid velocities imposed in the micro-channel, size
of the aperture and physical properties of the water-glycine system. We present a visual
and quantitative analysis of gold leaching by alkaline glycine in confined and high aspect

ratio channels under controlled fluid flow rates, pH and temperature.

3.2 Materials and methods

3.2.1 Microchannel preparation

The microchannel preparation has been conducted at the Western Australian Centre
for Semiconductor Optoelectronics and Microsystems (WACSOM) at The University of
Western Australia. The WACSOM fabrication facility is a cleanroom environment that has
a low level of environmental pollutants such as dust, airborne microbes, aerosol particles
and chemical vapors. In this study, we used a transparent and colourless poly(methyl-
methacrylate)(PMMA) material to make the substrate/chip. A groove was included in
the chip to represent the microchannel and PMMA cover sheets were used to confine the
flow. The PMMA sheets—purchased from Goodfellow (UK)—were cut to fit the chip
size (150x150x2mm). PMMA has good abrasion and UV resistance and excellent optical
clarity. It is inert to the chemicals used in this study and to the heat applied in the
preparation process. PMMA characteristics have been examined and discussed in numerous
studies [25-28]. Inlet and outlet holes (1.6mm) were drilled in the chip to circulate the
fluid. The distance between two holes has been adjusted with respect to the channel size
(4mmx40mm). To avoid scratching the surface after removing the plastic cover, a small
tong was used to carry the substrate all the time. The substrate was washed with running
water, dried by air and checked under microscope for any dirts.

Fig. 3.1 shows a schematic representation of the microchannel preparation process. For
the first step of fabrication, the substrate needed to be covered by photoresist to avoid
etching outside the channel area. For this purpose, the photoresist AZ 4562 was selected.
The substrate was placed in a spinning machine, covered with photoresist and allowed
to spin for about 40 seconds at an angular speed of 2000 rpm. The substrate was then
placed on a hot plate (90°C) for 120 mins to bake the layer of photoresist (8.8um). Using
a mask, only the channel area was exposed to UV light for 1 min and washed up with the
developer photoresist AZ 340. The substrate was then scanned under the microscope to

make sure no photoresist was left in the channel area. To built a channel on the substrate,
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Figure 3.1: Schematic process of microchannel parapration steps. Oxygen plasma machine
was used to etch the PMMA substarte to make the channel. Photoresist was used to
protect the surface of PMMA rather than the channel area. Au (60nm) was caoted on
the channel using thermal evaporation techniques. The UV glue was applied to bond two
substrates.
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we used an oxygen plasma machine (Plasmal00) and a practical recipe (60% Oz and 5%
CF4) to etch the surface of the PMMA substrate (12um). Thermal evaporation was used
to deposit a layer of 5nm Cr (for adherence between substrate and gold) and a layer of
60nm of gold on the channel. Thermal evaporation is a the physical vapor deposition
(PVD) technique in which the metal is heated in a vacuum chamber until its surface atoms
have sufficient energy to leave the surface. At this point they will traverse the vacuum
chamber, at thermal energy (less than 1 eV), and coat on the substrate positioned above
the chamber.

The rest of the photoresist was then cleaned up from the substrate with the developer AZ
340. The final step was bonding two PMMA substrates together. There are many different
methods to bond two PMMA substrates including thermal bonding, chemical bonding using
acetone/ethanol, oxygen plasma activation, pressure bonding and UV assisted bonding
[29-36]. Among the above methods, we used UV assisted glue because it was easy to apply
manually. In this method, a small amount of glue was applied on the surface and carefully
spread on the substrate while care was taken to keep the channel clean of glue. In the next
step, two substrates were bonded by applying a load of 1kg while curing by UV exposure.
The thickness of the gold layer and the depth of microchannel were checked by profilometer
Dektak 150 and high resolution microscope ZYGO 6300.

3.2.2 Choice of lixiviant

In recent years, there have been an increasing interest in studying in-situ leaching (ISL)
of gold using non-cyanideation system such as iodine [37-39]. Finding an environmentally
friendly chemicals as a replacement for cyanide can make ISL more viable. A considerable
number of studies have been conducted on the amino acids (including glycine) and metals
reactions [40-46]. The effect of pH and temperature on the solubility of gold in amino
acids has been examined by [47]. It has been shown that the presence of hydrogen peroxide
can enhance the solubility of gold in amino acids [48]. The effect of adding amino acids
to thiosulphate for leaching gold has been evaluated by [49]. These authors found that
gold recovery increases as amino acids are added to thiosulphate solutions. The following
equations have been suggested by [50] as an example of gold dissolution reactions where

the amino acid glycine is a ligand:

4Au + 8 NH2CH2COOH + 4NaOH + 02 = 4Na[Au(NH2CH2C00)2] + 6H20  (3.1)

2Au + 4 NHoCH2COOH + 2NaOH + H209 = 2Na[Au(NH2CH2COO0)2] + 4H20 (3.2)

Recently, experimental studies have been carried out to investigate the application of
glycine as an eco-friendly lixiviant for gold leaching in alkaline environment with the
exposure to hydrogen peroxide [51, 52]. The experimental data suggest that glycine is
more effective at pH between 10 and 11 and temperature of 60°C.

In this study, we evaluate the gold leaching using alkaline-glycine. For this purpose,
deionized (DI) water and glycine (ReagentPlus, >99% HPLC) were used to prepare the
solutions. Sodium hydroxide has been used to adjust the pH and hydrogen peroxide has

been added to the solution right before exposure with gold. All chemicals have been
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Lixiviant no Glycine H202 pH Temperature Flow rate
’ (mole) (%) (£2°0) (ml/h)
Sample 1 1.0 0.56 11 60 7.0
Sample 2 1.5 0.56 11 60 7.0
Sample 3 1.0 0.56 12 60 7.0
Sample 4 0.5 0.56 10 60 7.0
Sample 5 1.0 0.56 9 60 7.0
Sample 6 1.0 0.40 12 75 7.0
Sample 7 1.2 0.40 12 75 7.0
Sample 8 0.1 0.40 12 75 7.0
Sample 9 0.5 0.40 12 75 7.0

Table 3.1: The list of lixiviant samples used in the experiment at different temperature,
pH, glycine and H2O2 concentrations.

Camera

Luxiviant
*

—

i 1
e

Pregnant solution

Back light

Figure 3.2: Experimental set-up: alkaline glycine solution injected through a microchannel
to leach gold. The thickness of the gold layer is monitored by a camera from the top and
illuminated with LED backlight under the micochannel.

purchased from Sigma-Aldrich. In this experiment, nine different specimens of aqueous
glycine (see Table 3.1) have been examined to evaluate the effect of pH, temperature, and
glycine concentration on the leaching process. All sample were prepared using a beaker
with a magnetic stirrer on a hot plate. The stirring process lasted for at least 1 hour until
a clear solution was obtained. Temperature and pH were regularly checked until stable

conditions were reached.

3.2.3 Experiment set-up

Fig. 3.1 is a schematic representation of the experiment in which the aqueous glycine is
injected at a rate of 7ml/h through the microchannel (4mmx50mmx12um) to leach gold
from the 60nm gold layer coated in the channel. To keep the temperature constant over
the experiment duration, a heating pad was used and temperature was controlled by an
infrared thermometer during the experiment process. A white LED backlight was used to
illuminate the device and the thickness of the gold layer was monitored using a microscope
camera (Digitech) that captures the etching process in real time. Video files were recorded

using the MicroCapture software through a 4mmx30mm window.
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Figure 3.3: Calibration curve of gold thickness versus luminosity.

3.2.4 Method of analysis

The gold layer thickness was monitored by a camera recording video files from the top of
the microchannel. The video files were analysed using Video Tracker 5.0.5 in which the
brightness (luma) of a point can be tracked over a period of time. Samples with known gold
layers thicknesses were prepared and used to calibrate the thickness-luminosity relationship
as shown in Fig. 3.3. A thickness of 60nm was selected because it represents the opacity
threshold as suggested by [22].

Image analysis was conducted on the three different points, A, B and C shown in Fig.
3.4 to see if the distance from the injection point has an effect on the leaching process.
Additional images were processed to analyse the whole area of the micorchannel and

examine the fingering patterns that are produced according to the fluid flow pathways.

3.3 Results and discussions

The experiment was conducted with 9 samples (see Table 3.1) to check the effect
of temperature, pH and glycine concentration on gold leaching. Fig. 3.5 shows the
experimental results of obtained with different leaching conditions. Samples 4, 5 and 8
had the least effects after 12 hours (no changes were observed on the gold thickness to be
analyzed). Samples 6 and 7 had the most significant effects on the leaching process; the
gold layer thicknesses decreased to zero after 30 mins. In the cases of Samples 1, 3 and 9
the the gold layer thicknesses reduced to zero after 12 hours. As can be seen in Fig. 3.5,
the leaching process was more effective at point A that is spatially closer to the injecting
point. This could be attributed to the decrease of flow velocity towards the end of the
channel. Sample 2 also shows a low leaching rate, although glycine concentration is as
high as 1.5 M. This may be explained by the passivated layers of gold dissolution and/or
the reduction of the velocity of the flow by crystallization of glycine as the result of high

concentration of glycine. Fig. 3.6 shows the solid crystals of glycine that appeared as dark
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4 mm

Figure 3.4: Images of gold layers captured after 0, 20 and 40 mins of leaching. The points
A, B and C shows the distance from the injecting point. The fluid is injected from left to
right with a flow rate 7 ml/h. The lixiviant contains 1M glycine 0.4% H202, pH 12 and
the temperature was controlled at 754+2°C.

stains on the image.

3.3.1 Effect of pH

Glycine can react with metals in different ranges of pH [43]. In aqueous solutions
containing amino acids such as glycine, increasing the pH increases the solubility of gold
[47, 48, 51]. By comparing the results corresponding to samples 1 , 3 and 5, it can be seen
from Fig. 3.6 that increasing pH increases the leaching rate. Fig. 3.7 shows the graph of
gold thickness versus time; the gold layer thickness decreases in less time as pH increases.
It can be seen that pH beyond 11 can be more effective for recovery using alkaline glycine

lixiviant.

3.3.2 Effect of temperature

As it can be seen from Fig. 3.5, Samples 6 and 7 show dramatical increase in the rate
of gold dissolution at pH 12 and temperature 754+2°C. Some experimental studies on the
solubility of gold in amino acid solutions at different temperatures have been conducted by
[47], which have shown the maximum solubility of gold is produced at 80°C. The effect of
temperature on the gold leaching in alkaline glycine solutions have been experimentally
studied by [51] who conducted beaker-scale experiments over periods of time up to 48
h. Their results indicate that the gold dissolution increases dramatically as temperature
increases. Comparing the outputs of Samples 3 and 9 (see Fig. 3.5), it can be seen that the

recovery rates are close although the temperatures are 60°C and 75°C, respectively while
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Figure 3.5: Gold thickness versus time at different conditions of temperature and glycine
concentration corresponding to Table 3.1. The points A, B and C shows the distance from
the injecting point through the microchannel, respectively.
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Figure 3.6: Polymerisation of glycine that blocks the microchannel and reduces the
velocity of flow corresponding to sample 2 (Table 3.1). It may explained by the high
concentration of glycine.
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Figure 3.7: Effect of pH on gold dissolution corresponding to samples 1, 3 and 5 (Table
3.1). It shows that inceasing pH increases the rate of gold dissolution as the thickness of
gold layer is reduced.
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Figure 3.8: Effect of temperature on gold dissolution corresponding to Samples 3 and 6

(Table 3.1).

the glycine concentrations are 1M and 0.5M, respectively. Fig. 3.8 obtained by comparing

the outputs of Samples 3 and 6 shows a dramatical increase of gold recovery by increasing

temperature from 60+2 to 7542°C.

3.3.3 Effect of glycine concentration

Our experimental results indicate that increasing the concentration of glycine increases

the gold dissolution rate, provided that the concentration remains below the polymerisation

level that depends on temperature and pH [53]. Excessively high glycine concentrations

may result in adverse effects because if glycine polymerises, it hinders the flow. In addition,

surface passivation may reduce the rate of etching/leaching [22, 54, 55]. Note that the

solubility of glycine in water can be increased by increasing temperature [56]. Fig. 3.9

shows that increasing the glycine concentration up to 1.2 M increases the gold dissolution
corresponding to Samples 6, 7, 8 and 9 at 75°C (Table 3.1). However, Fig. 3.10 shows that

increasing the glycine concentration from 1 to 1.5 M (corresponding to Sample 1 and 2,

respectively) reduces the rate of gold dissolution. As mentioned before, high concentration

of glycine may cause passivation of the gold surface which can reduce the dissolution rate.
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Figure 3.9: Effect of glycine concentration on gold dissolution corresponding to Samples
6, 7, 8 and 9 (Table 3.1). Increasing glycine concentration at temperature 75+2°C increases
the rate of gold dissolution.
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Figure 3.10: Effect of glycine concentration on gold dissolution corresponding to Samples
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to 1.5 M decreases the rate of gold dissolution.
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Figure 3.11: Etch profile lines of Au thickness versus time and space corresponding to
sample 6 (Table 3.1). A, B and C are specific points located away from the injection point
as can be seen in Fig. 3.4.

3.4 Monitoring the leaching throughout the channel

In the previous sections, we show that the microchannel system is instrumental to
evaluate the effects of temperature, pH and glycine concentration on gold recovery within
a confined space that mimics micro-cracks. One of the main advantages of using the
michrochannel is the ability to monitor leaching rates during the experiment and the
possibility to observe the finger-like pattern that characterises the etching process in real
time. Fig. 3.11 shows the three etch profiles across the microchannel corresponding to
Sample 6. As can be seen, the leaching rate is fully monitored with respect to space and
time within the microchannel. The figure also shows that the leaching rate reduces close
to the walls because the lowest flow velocity occurs in these areas. The leaching rate also
decreases from profiles A to C (see Fig. 3.4) because of the distance from the injecting
point.

To evaluate the effects of friction on the velocity of flow and consequently on the leaching
rate, more profile lines were drawn across the channel corresponding to Sample 6. By
combining the profile lines and measuring the gold thickness at 300 points within the
microchannel surface, contour plots of gold thickness were obtained at intervals of 5 minutes
(Fig. 3.12). It can be seen in Fig. 3.12 that leaching started in the left area close to the
injecting points and moved towards the right side. In addition, the results indicte that
leaching intensified in the middle of the microchannel and decreased at the areas close
to the lateral sides. Video Tracker 5.0.5 and Surfur 10 were employed to obtain the gold
thickness across the channel and the contour graphs.

Compared to other laboratory tests, this method mimics the in-situ gold etching process
in micro-cavities. Yet, the system has certain limitations and can be improved in the future.
For example, selecting the right material to make the substrates and covering sheets can be
critical as some materials can be opaque to the light, react with the lixiviants or sensitive
to temperature. Controlling the temperature within a small range throughout the channel

can be difficult with the current technology where a single thermocouple is used to measure
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corresponding to sample 6 (Table 3.1).

77



temperature. In addition, preparing proper microchannels is challenging, expensive, and

dependent on the type of metal or elements to be leached.

3.5 Conclusion

A microfluidic device has been developed to mimic the conditions of in-situ leaching of
gold using an alkaline glycine system at various temperatures and lixiviant concentrations.
The device builds on an existing device developed by [22] where amonium thiosulfate has
been used to extract gold at room temperature. The device was instrumental to conduct
the experiment and quantitatively monitor the leaching process under controlled conditions
at full scale. It has been shown that increasing temperature around 75°C dramatically
increases the leaching rate of gold in alkaline glycine solutions. It has also been noticed that
increasing pH to 11 and beyond can increase the leaching rate. Although increasing glycine
concentration improves the rate of leaching to some extend, excessively high concentrations
of glycine can reduce the recovery. This study shows that microchannel systems have
a great potential for future mining and metallurgy studies where in-situ leaching under

controlled conditions is relevant.
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Chapter 4

Microchannel - a useful device for

experimental hydrometallurgy

4.1 Introduction

The development of microfluidic devices has been attracting increasing interest from
scientists over the past decades. Microfluidic systems enable many areas of science such
as engineering, physics, chemistry, biotechnology, and medicine [1, 2] to manipulate fluids
especially where small scale experiments (roughly 100 nanometers to 100 micrometers) are
relevant [3]. Microchannels are devices that are manufactured to accomodate microfluids;
they allow to downscale analytical systems which enhances the performance of analysis
using smaller amounts of samples with higher analysis speed [4]. Some microchannels have
the advantage of offering a high surface-volume ratio, which allows multiphase reactions to
be established on the interface area between different phases such as gas-liquid-solid [5].
Microfluidic devices are able to combine multiple processes such as separation and pre/post-
column reactions on a single device [6]. Microfluidic systems provide high quality monitoring
of processes under realistic conditions of temperature, pressure and composition, which
has proven difficult in current combinatorial approaches. Moreover, the small dimensions
imply laminar flow which allows high heat and mass transfer and help extract chemical
kinetic parameters [7].

The benefit of microfluidic devices is obvious in the field of chemistry [8] as they reduce
the consumption of expensive reagents and other components. A large number of studies
reported the use of michrochannels in chemical processing due to the various advantages
of microfluidic systems. Some of these examples include solvent extractions in gas-liquid
[9] for rare earth elements [10] and solid-liquid phases [11], liquid-liquid extraction [8, 12]
and separation of species such as Co?' and Ni** [13] as well as Ce?T and Pr®t [14],
Cu?* [15]. Liquid-liquid extraction is one of the separation processes that benefits the
most from studies based on microfluidic systems. For instance, the conventional solvent
extraction for low-concentration rare earth elements (REEs) has some limitations related
to large factories, long mixing times and high energy consumption. [10] investigated a
solvent extraction system to recover Nd3* using a microfluidic system. They showed
that the introduction of nitrogen gas greatly increased the efficiency by increasing the

mass transfer rate through a microfluidic device. Conventional solvent extraction SX is
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mainly used to extract metals from mineral leached solutions, which is carried out in a
two stage vessel called a mixer-settler [16]. Some studies have been conducted in order to
compare the conventional SX with microfludic system extraction in which the advantages
of fast mass transferring in mirochannels have been hinted [15, 17, 18]. Microfluidics offer
many advantages and only few limitations including relatively higher pressure drops when
handling a solution that contains solid particles [19].

Leaching is sometimes the main stage of mineral processing operations; it is often the
initial operation and thereby plays an important role in the success of a hydrometallurgical
business [20, 21]. Although, the usefulness of using microfluidic systems in chemical
engineering studies has been proven, the potential impact of this technology in the leaching
and hydrometallurgy needs more investigations. Recently, few studies have been carried out
on the leaching of metals using microchannels. For example, [22, 23] conducted experimental
studies on leaching of gold by ammonium thiosulfate solution using microchannels. They
monitored the etching rate of gold layers under controlled visual and quantitative monitoring.
Their studies showed the potential of michrochannel chips to improve the leaching precess
by controlling the leaching experiment in a real time.

In this paper, we explain the benefits of using microchannels in comparison with other
common laboratory leaching experiments using examples from literature. We describe
methods and techniques of fabrication of microchannel chips step-by-step and present an
experimental example of microchannel fabrication for leaching gold in order to illustrate
this method.

4.2 An overview of laboratory leaching tests

There are various testing techniques that have known success hylometallurgy including
the bottle roll, column leach, pressure leach, bioleach, albion process, electrowinning,
solvent extraction tests to mention a few. Among these techniques, bottle roll tests are
widely employed to determine the ability of chemical solutions (from acid to basic) to leach
specific metals and to evaluate conventional mill leaching processes and investigate. The
procedure of bottle roll is relatively easy to set up and it usually provides reliable and
quick data that would form the basis for further assessment of a particular ore with respect
to a prospective leaching process and scaling-up of leaching methods/procedures. Batch
laboratory bench scale tests, either rolled bottles or in stirred vessels are generally used to
estimate the recovery, leach residence time and chemical consumption. Bottle roller tests
and stirred reactor are commonly used for evaluating gold cyanidation [24-29].

Column test is used for evaluating ore samples and simulating heap leaching conditions.
Particle size, reagent consumption, final constituent mass balance and recovery can be
determined during this test by daily sampling over leach cycle which can range up to
months and years. Column tests have been used by many researchers and companies to
evaluate the leaching of precious metals, copper, uranium, and other constituents [30-33].
The leaching column test is a valid and standard method to evaluate and simulate the risk
of leaching of inorganic elements from the soil [34].

Leaching experiments using microchannel chips are a new method to evaluate chemical

reactions and their correponding rates which can optimise the leaching conditions. In this
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method, a reagent in a small scale is injected through a microchannel containing a layer
of etchable metal. The whole process can be monitored under controlled conditions of
pH, temperature and injection rate. The results can be obtained as the experiment is
running from the start to the end. However, this method has some limitations beside its
significant benefits. To explain the benefits and limitations of this method, we selected three
conventional methods to compare it with including bottle roll, column and stirrer reactor
leaching. A considerable number of experiments have been conducted using these three
methods for different metals and minerals. Some of these experiments have been selected
and summarised in Table A.1 to emphasize the outputs of the leaching test methods and
subsequently compare the methods with respect to those outputs. It needs to be mentioned
that the experiments presented in Table A.1 have been selected based on leaching method,
leached metal, and experimental purpose.

By reviewing the published literature meticulously, we noticed that most leaching
experiments have been conducted using stirrer reactors. The first part of Table A.1
presents gold leaching experiments using different experimental methods. It can be seen
that the experimental time duration using ammonia thiosulphate in microchannel is
less than the duration of stirrer reactor and bottle roll based tests. In all experiments,
chemical analysis is the way to evaluate the recovery except for microchannels where optical
observation is the way of monitoring. Despite the accuracy of chemical analysis, optical
observation is much faster and more traceable since it can be recorded in real time. As can
be seen in Table A.1, experimental outputs are commonly used to optimise the conditions
of pH, temperature, agitation rates and composition. The kinetic studies, passivation,
rate of recovery and effect of specific mineral or catalysers are also commonly studied and
have been investigated in those experiments. It is clear that different ranges of samples
whether pure elements or ores, and various reagents from base to acid have been employed
in those methods. The durations of experiments can be varied based on their reaction
rates. However, column tests are usually more complex and may be carried out over longer
periods. Conditions of pH, temperature and agitation rates are of paramount importance
for researchers focusing on leaching processes. Therefore, these conditions need to be
controlled during the experiments. In this context, stirrer reactors showed high reliability
and practicability. For example, the effect of ultrasonic waves on the leaching process and
metal recovery have been investigated using stirrer reactors. Despite careful survey, we
could not find temperature-controlled and pressure-controlled experiments that involve
bottle roll and/or column tests. In this section, the leaching methods and their outputs are
discussed. It is important to evaluate the microchannel system, its efficiency and ability to
produce relevant outputs under controlled conditions. For example, we address questions
such as; can kinetic studies be conducted using microchannel chips? and how to deal with

wide ranges of pH, temperature, pressure, and composition?

4.3 Advantages and disadvantages of microchannel systems

Laboratory research is expensive and high costs are driven by the requirement for spe-
cialised equipment, reagents, and consumables that are necessary to provide the appropriate

testing conditions. Equipment can be very expensive depending on the required level of
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Method Leached Sample Reagents Time® Method Output Comment Ref.
element type of analysis
Stirrer reactor Au Gold ores Ammonia thiosulphate 3.5 hours ICP Optimisation kinetic (35]
Stirrer reactor Au Concentrated ores Alkaline cyanide 8 hours XRD Optimisation Fully controlled conditions [36]
Bottle roller Au Gold ores Ammonia thiosulphate 24 hours AAS Optimisation Using Ni as a ctalyt [37]
Stirrer reactor Au Refractory gold Alkaline cyanide 24 hours XRD Pre-treatment (NaOH)  Effect of pyrite and sphalerite  [38]
Stirrer reactor Au Gold ores Alkaline cyanide 24 hours MP-AES Effect of iron oxide Passivation [39]
Stirrer reactor Au Concentrated ores Chloride 30 mins ICP Optimisation Pre milling (480 mins) [40]
Stirrer reactor Au ores Ammonia thiosulphate 6 hours ICP-OES Optimisation Pressure oxidized concentrate  [41]
Stirrer reactor Au Refractory gold Thiourea 4 hours ICP Physical beneficiation Applied pressure [42]
Stirrer reactor Au Gold ore Bromide 4 hours AAS Optimisation [43]
Stirrer reactor Au Gold foil Thiosulphate 60 hours AAS Effect of tetrathionate [44]
Column Au Gold ores Todine 200 days ICP-OES Optimisation Transport modelling [33]
Microchannel Au Coated gold Ammonia thiosulphate 35 mins Optical Passivation Effect of CuSOq4 [22]
monitoring
Stirrer reactor Co/Zn/Cu Copper slag Sulfuric acid 2-4 hours XRD Optimisation Applied pressure [45]
Stirrer reactor Cu Malachite Alkaline glycine 180 mins AAS Optimisation Kinetic [46]
Stirrer reactor Cu Chalcocite Alkaline glycine 48 hours  ASS/UV-Vis Optimisation Kinetic [47]
Bottle roller Cu Copper ores Alkaline glycine 48 hours ICP-OES Optimisation [48]
Stirrer reactor Ge Roasted zinc residue HC1/CaCly 120 mins  Spectrometer Recovery Effect of ultrasonic [49]
Stirrer reactor K Phosphorus potassium Sulfuric acid 7 hours AAS Recovery Effect of ultrasonic [50]
Stirrer reactor Fe Waste bauxite HC1 240 mins XRD Optimisation [51]
Stirrer reactor Zn-Pb Ores NaOH 1.5 hours AAS Optimisation Kinetic [52]
Stirrer reactor Mn Serpantine H2S04/HC1/HNO3 2 hours XRD Optimisation [53]
Column Na/K/Mg/Ca Caliche Reverse osmosis brine 23 days XRD Recovery [54]
Stirrer reactor Ni Laterite ores Sulfuric acid 1.5 hours XRD effect of Na2SO4 High temperature/pressure [55]
Stirrer reactor Li/Co Secondary batteries H2S04/Cyanecx272 2 hours AAS Recovery Effect of pH (56]
Column Mn/Fe/Ca Manganiferous ore H2S04/glucose 24 hours ICP Optimisation Particle size [57]
Table 4.1: Some common laboratory leaching tests. ® Time for one round of the experiment.

ICP: Inductively coupled plasma mass spectrometry

XRD: X-ray diffraction

AAS: Atomic absorption spectroscopy

OES: Optical emission spectrometers

MP-AES: Microwave plasma atomic emission spectroscopy
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precision. Sampling and analyses to examine the outputs are very costly and often require
collaboration with various teams with special skills. Most of these costs—including the
cost of energy—can be avoided in microchannels. In microchannel experiments, optical
observation using microscopic camera (see the section A.3) is a cost effective of measuring
recovery as opposed to advanced chemical analyses that would be required otherwise. In
microfluidic systems, the consumption of chemicals (e.g. lixivian) is reduced to millilitres
while such consumption can two order of magnitude higher in common larger scales. Hence,
the corresponding costs can be reduced considerably.

Environmental and safety issues related to the use of chemicals and complex equipment
used in conventional experiments need to be managed carefully. Using lower amounts of
chemicals can facilitate the laboratory management and the adherence to safety regulations,
protections and guidelines of using chemicals. For example, cyanide which is a highly toxic
chemical can be challenging to control in a laboratory setting because of the risks it poses
when it evaporates, gets handled, or enters in contact with human skin and/or organs.
However it can be of lower risk when manipulated at small scale.

Direct analysis significantly reduces the experiment duration because it is practical to
stop the test when enough information is available. Conventionally, sampling takes place on
a regular basis and prepare and analysis are time consuming. When samples are extracted
from the solution, they need to be replaced with equivalent amounts of solvents and solutes
to balance the concentrations which requires extra care and time.

Chemical resistivity is one of the important factors that need to be taken into consideration
when selecting equipment and devices to handle leaching solutions safely. As can be seen in
Table A.1, specific methods and handling equipment can be used depending on the types
of chemicals to be handled. Nevertheless, selecting large equipment such as column or
bottle roll tests can be costly and non justifiable especially in the case of precious metals,
in which case microchannels can represent a viable alternative. Microchannel chips can be
made of materials that are resistant to acids and bases. New fabrication technologies fit
these devices to the desired conditions and make them amenable to modern monitoring
techniques including microscopic cameras, electronic analysers, and injection pumps with
controlled flow rates. Employing a technology with high quality monitoring at larger scales
would be prohibitively expensive.

It is obvious that commercial-scale recovery and other informations can not be available
prior to the plant being built and operated at steady state. Therefore, laboratory results
have to be scaled up to estimate production rates. To establish a database of valid scale-up
factors, having benchmark of laboratory test results against production plant operating
data is indispensable and often not readily available in the literature or directly from
operators [58]. The actual scale of leaching may differ from the laboratory scale of an
experiment. One of the main reasons of using large scale experiments such as column tests
is to simulate a real process. However, the results cannot be directly applied to calculate a
rough recovery in the actual scale, and normally, empirical uncertainty factors are used to
estimate the recovery with a proposed leaching technique. Notwithstanding the benefits of
large scale experiments, it is important to realise that scaling up the experiments does not
cover all aspects of the leaching process in details. Studying the micro-scale to simulate

the leaching process through a small parameters-window in details is significant.
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Method Set up Full-time Particle Temperature pH Concentration  Pressure Flow rate Full-time  Time Scale up  Low chemical
monitoring size control control control control  agitation rate sampling period the result consumption

Bottle roller - A /Y W W
Column test. N v/ T v/
Stirrer reactor [v//y/ NNNENEE v VW VW YWY VA VA vy
Microchanmel vy A/ N VY YN VWY v

Table 4.2: A comparison between laboratory leaching test methods. The symbols of \/y/v/, v/v/ and / show the high to low reliability, respectively. The
colours is to show how convenient and easy the factor is to be applied. ., g,  and gy are used for very convenient, convenient, difficult and very difficult
to apply, respectively. This data is relatively estimated in comparison with only four common methods.
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Conventional leaching experiments are conducted for three main purposes, namely kinetic,
recovery, and optimisation of reaction conditions such as pH, temperature, concentration
and agitation rate. The kinetic mechanism and the rate of reaction are of primary
importance in hydrometallurgy as they help understand the mechanism of dissolution.
Usually, the reaction pathways need to be determined up to the slowest step in a series
of experiments to examine the kinetic mechanism of a reaction [21]. Defined surface area
of a metal and controlled flow rate are two factors that make kinetic studies possible in
microchannel systems. Passivated surface can reduce the rate of dissolution of minerals.
Passivation has been studied by many researchers to examine the proposed model and
reasons of passivation [59-61]. Microchannel systems with a full-time monitoring high
resolution microscopic camera also has the ability to examine the passivation for some
metals such as gold which has been evaluated recently by [22].

As mentioned above, it is beneficial for a number of reasons to combine leaching ex-
periments with michrofluidic systems. The main motivation is to have a real time and
monitoring of the leaching process where traceability is ensured by recording. By record-
ing the leaching process whether using a microscopic camera or other detection devices,
reviewing the whole process can be possible to reduce errors. The results of the leaching
tests depend on the sampling for the purpose of chemical analysis. However, the number
of samples is limited by time and the amount of samples especially for fast reactions. In
this case, the benefit of direct and recordable monitoring is clear which is well adopted to
microfluidic systems. One of the normal methods to continuously monitor the flow regimes
is to use a high speed camera on the top of the microchannel chips while the experiment is
running. All videos can be recorded and then videos and images can be used for image
analysis. In this case, a back light (e.g. LED), may assist and improve the quality of
monitoring. This method has been used in liquid-liquid extraction [12, 17, 62] and in gold
leaching [22, 23] using microchannel chips.

As this method has been used only recently by hydrometallurgists, its full judiciousness
needs to be examined experimentally. Applying pressure in the leaching process has been
examined using stirrer reactor (see Table A.1), microchannel chips showed the ability of
being under pressure (see Table A.8). However, the effect of ultrasonic [49], microwave
[63] and shaking assistance [64] in leaching experiments has not been evaluated using
microchannel chips.

Apart from the various advantages of microfluidic systems, there are some limitations to
using micro-size scale devices. One of the obvious issues is the particle size of the materials
which is limited to microns (less than the size of a typical channel). In other words, particle
size is difficult to investigate using leaching experiments that require microchannel devices.
In most leaching experiments using conventional methods, ore samples need to be ground
to less than 75-100pm. Leaching metals from ore samples using microfluidic system have
not been reported yet. In the field of agriculture, [65] conducted an experiment to leach
potassium K from soil samples using a microchannel. Therefore, it is not illusory to imagine
the use ore samples in microchannel devices to examine a leaching process in the future.

Another important limitation is the sampling for the purpose of chemical analysis.
Although direct analysis such as optical monitoring is applied in microfluidic system,

evaluating the recovery of leached materials is very important. As the amount of injected
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reagents through the microchannel is very low (millilitres), the output amount of chemicals
in each desired time increment is not enough for chemical analysis. However, it is possible
to take one or two samples at the end of experiments when the pregnant solution is enough
to be taken for chemical analysis.

By reviewing leaching experiments from the literature and referring to Table A.1, a
comparison between four different methods of leaching experiments including bottle roll,
column, stirrer reactor, and microchannel chips has been summarised in Table A.2 in terms
of ease and reliability of testing. It can be seen in Table A.2 that stirrer reactor is an easy
and reliable method to be used for leaching tests. Column test is the most reliable test
for scaling up the results. Similarly, microchannel systems are reliable and easy to use for
leaching in controlled conditions of pH, temperature, concentration, pressure and injection
rate. However, this device needs considerable research work and future studies to showcase

its full relevance to leaching tests.

4.4 Manufacturing microchannel chips

In Appendix A, we describe the techniques of making microchannel chips step-by-step to

facilitate the process of laboratory fabrication.

4.5 Summary

The fabrication processes of microchannel chips have been reviewed in details to make
them accessible for hydrometallurgical applications. The main advantages of this device
have been identified as the real time monitoring, low consumption of reagents, safe use of
the environment, easy control of experimental conditions (i.e. pH, temperature, injection
rate, and composition), controllable heat and mass transfer, potential to use advanced
imaging technologies (e.g. high resolution microscopes) in real time, and the direct and fast
acquisition of analytical results. This review has also identified a number of limitations that
are mainly the inadequacy for ore samples of large particle size, the difficulty of real time
sampling for chemical analysis, and the challenging scale-up to engineering apparatus sizes.
Overall the advantages are sufficient to overcome the possible limitations of microfluidic
system. Therefore, this technology can become a powerful tool for the laboratory testing
of leaching processes. Through this survey, a number of gaps in the literature have been
identified; addressing them may enhance of status of microchannels as common tools in
hydrometallugy. The scientific community would benefit from research activities that

examine

1. the up-scaling of results obtained through microchannels to engineering scale applica-

tions;

2. the applicability of micro-fluidic systems to alloys because of the difficulty of evapo-

rating such materials;
3. competing leachable metals in a single microchannel;

4. the phenomenon of passivation in microchannels;

90



5. the process of in-situ leaching by controlling pressure, temperature and composition
at the same time.
6. different regimes of flow and their impact on the leaching process within a microchan-
nel.
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Chapter 5

Electrokinetic study on leaching

gold using alkaline glycine

ABSTRACT

In-situ leaching is gaining potential as an alternative mining method for metal ores. In
particular, electrokinetic in-situ leaching (EK-ISL) is a technique that has been introduced
fairly recently in the mining and minerals realm with promising outcomes so far. This
method consists of using a voltage gradient to enhance the transport of ions from low-
permeable ore bodies by applying electric current through the reagents (lixiviant and
porous ore). In this study, we examine the potential of Gly™ as a lixiviant to leach gold
through materials of low-permeability consisting of micro-silica sand and gold powder. An
experimental campaign was designed based on five different stages by varying the difference
of voltage: 0, 5, 10, 20 and 30 V. Each stage took 4 days irrespective of the level of leaching.
The effects of copper and sulfide minerals were evaluated by adding 10% chalcopyrite and
pyrite to the system. The results show that gold recovery increases when the difference of
voltage increases. In addition, the obtained data suggest that gold recovery decreases in

the presence of chalcopyrite and pyrite.

5.1 Introduction

It has become increasingly challenging to excavate ore bodies using open pit or under-
ground mining due to the environmental footprint that these conventional methods entail.
Moreover, the deletion of close to surface resources has driven operators to target deeper
ore bodies, which requires the management of larger amounts of waste at greater depth.
Depending on the commodity and the conditions of mining, the extraction process can
be prohibitively costly compared to ore bodies at accustomed depth. Increasing costs of
processing, accumulation of tailing, monitoring and management along with the variable
commodity prices concern the mining industry as they can potentially lead to reduced
profitability [1]. In situ leaching (ISL) is gaining momentum as an alternative mining
method that reduces the cost and environmental footprint of mining operations. ISL is
the “removal of valuable components of a mineral deposit without physical extraction of

the rock” [2]. In ISL, reagents are injected into the ore body through a network of bores;
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pregnant solution are then extracted through production bores and treated at plants to
produce a high concentrate solution of the target metal [1]. However, the ore body is
required to have high permeability and to be hydrogeologically confined to allow a uniform
distribution of fluids that interact with valuable metals and prevent the loss of lixiviant [3].

Sandstone uranium deposits are favourable conditions for ISL mining in several countries
including Kazakhstan, Uzbekistan, Australia, China, Russia, and USA [1]. Copper recovery
with ISL has also been successfully undertaken in North America [4]. However, it has
been revealed that sufficient permeability is required for reagents to reach the minerals of
interest in the ore body [2, 5, 6]. In the late 1980s, seepage of very weak cyanide solutions
into a mine workings from tailings caused the leaching of gold in the Northwest Territories
(Canada). The pregnant cyanide-gold solution was discovered when water was pumped
from the mine underground workings. It was the first known gold ISL using processing
water and resulting in gold recovery [4]. Gold ISL was also proposed at Eastville (central
Victoria, Australia) in 1980 [7]. After initial pump and dye tracer tests all approvals were
denied because of raising concerns of possible groundwater contamination with cyanide [8].

Unlike uranium deposits that are permeable enough for lixiviants to reach the mineral,
the majority of gold deposits have low hydraulic conductivities [3]. It should be mentioned
that there is a distinction between porosity and permeability enhancement in ore bodies
prone to ISL. For example, fracturing improves lixiviant distribution rather than porosity.
However, the reaction of lixiviant with gangue can either increase porosity by dissolution
or decrease it by precipitation. For ores with low porosity, fracturing can play a key role
in permeating the rock mass in order to reach target metals such as gold, copper, and
nickel [4]. Many challenging methods have been proposed to enhance permeability at depth
including hydraulic fracturing [9, 10], horizontally oriented fracture pattern [11] and even
nuclear underground blasting [12], often causing controversies. Recently, Orica Australia
discussed the possibility to create confined ISL compartments in the ore bodies by drilling
and blasting [13].

[3] proposed to employ electrokinetic in-situ leaching (EK-ISL) to accelerate the transport
of ions where ISL has limited impact on low-permeability ore bodies. The concept consists
of using an electric field to induce a uniform migration of ions through from target metals
to collection reservoirs. These authors conducted an experimental campaign using iodide
and tri-iodide mixture to leach gold in a low-permeability conditions. Their experimental
work shows a full gold recovery within 4 days. Identifying an eco-friendly solution to leach
metals such as gold, silver and copper from ores is of ultimate significance to the research
community. Cyanide is the standard and robust substance that leaches gold from low
grade secondary processing pads. However, it has toxicity limitation to be used for in-situ
recovery. Therefore, other reagents that have less toxicity and environmental footprint
have been investigated through recent research initiatives. For example, thiosulphate,
acidic thiocyanate, halides, thiourea, organic reagents, and glycine have been examined as
potential alternatives to cyanide [14-18]. In recent years, there is an increasing interest
in studying the ISL of gold using non-cyanide systems such as iodide [3, 19]. Given the
progress on understanding the interaction of amino acids with precious metals [20], we
evaluate EK-ISL approach using glycine as an environmentally friendly lixviant. The effect

of pH and temperature on the leach of gold in amino acids has been examined by [21]. It
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Figure 5.1: Mole fraction and dissociation change of Gly as a function of pH at 25°C. It
can be seen that Gly* and Gly~ exist in approximately equal mole fraction at pH values
of about 9.79. GlyGly™ and GlyGly~ are equal at pH values of about 8.27 at 25°C.

has been shown that the presence of hydrogen peroxide can enhance the recovery of gold
using amino acids [22]. Recently, new studies have been conducted on the leaching of gold
using alkaline glycine as an environmentally friendly lixiviant [18, 23-25]. The results are
promising and seems to attract the interest of major mining operators. In this study, we
designed and constructed an experimental apparatus inspired by [3] and modified to apply

temperature up to 60°C.

5.2 Choice of lixiviant

Behaviour of glycine in aqueous solutions under various conditions of pH and temperature
has been explained in chapter 1 of this thesis. Despite the importance of glycine as a
promising substance of mineral processing, its behaviour in aqueous solution has not been
investigated comprehensively yet. Therefore, we intend to bridge this gap by evaluating
the role of alkaline glycine in the leaching of gold in chapter 1 of this thesis.

Glycine (NHoCHoCOOH) has three dissociation states in water, namely glycinium
cation TH3NCH,COOH (Gly*), zwitterion TH3NCH,COO~ (Gly™), and glycinate anion
H2NCH2COO™ (Gly~). The equilibrium concentration of Non-Zwitterionic forms is
negligible at room temperature [41].

Fig.5.1 shows the dissociation states of Gly and how they change with respect to pH at
temperatures 25°C [42]. It can be seen that Gly* and Gly~ exist in approximately equal
mole fractions at pH values of about 9.79. Similarly, the mole fraction of GlyPm and Gly™
are equal at pH values of about 2.34 at 25°C.

Many studies have been done on the stability of metal and glycine complexes. Although
metals can react with three dissociation states of Gly, existing studies have revealed that

the reaction with the glycinate anion (Gly~) is the most effective [44-46]. The following
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equation shows the gold dissolution reaction where the amino acid glycine is a ligand [47]:
2Au + 4NH2CH2COOH + 2NaOH + H202 = 2Na[Au(NH2CH2COO)2]| + 4H20 (5.1)

or in simple notation

Au+2Gly” & Au(Gly), (5.2)

where log;o K for the Eq. 5.1 is equal to 15.45+0.48 at temperature 25°C [20].

As explained in chapter 1 of this thesis, and given the range of temperature from 25°C to
100°C and the corresponding pH from 10.4 to 12, a temperature-pH domain centred around
60°C and pH 11 is the optimal window where Gly can be used as an alkaline lixiviant for
metals such as Au (Fig. 1.9). Using high temperatures has its own shortcomings as water
reaches its boiling point, but also because the process becomes more energy demanding
and less cost-effective. However, for in-situ leaching, temperature may play an important
role depending on the ore body depth as temperature increases with depth. Factors such
temperature and pH have a direct influence on metal-glycinate reactions and need to be

studied extensively both in terms of kinetics and thermodynamics.

5.3 Experimental design

The apparatus is an upgraded version of the design of [3, 49] to take the temperature
into account. The apparatus made of Ployvinyl chloride (PVC) pipes (¢ = 70mm) consists
of five reservoirs as shown in Fig. 5.2. Cathode and anode electrodes were placed in the
outer reservoirs (mixed metal-oxide titanium from McCoy Engineering - Osborne Park,
Australia). Deionized (DI) water and 100mM NaCl were used to make the electrolyte
solutions as recommended by [3]. The source reservoir contained an alkaline glycine solution
(IM glycine, 0.5% H204, 0.1M NaCl, pH= 10 to 11). The target reservoir was filled with
the electrolyte solution. The middle reservoir was used to resemble very low permeability
ore which contained a slurry mixed of a non-reactive quartz powder (<10um), gold powder
(<10pm and purity >99.9) and 0.1M NaCl solution. It should be mentioned that NaCl was
used to enhance the conductivity of the liquid throughout the apparatus. All chemicals
were purchased from Sigma-Aldrich. All solution samples were prepared using a beaker
with a magnetic stirrer on a hot plate. The stirring process lasted for at least 1 hour
until a clear solution was obtained. Temperature and pH were regularly checked until
stable conditions were reached. The apparatus was placed in a water bath to keep the
temperature at about 57+2°C. The water bath was covered by a transparent sheet and
all reservoir were capped to avoid evaporation. However, a small amount of evaporation
was unavoidable due to regular monitoring and sampling. The effect of copper and sulfide
minerals were evaluated by using 10% fine chalcopyrite and by adding 10% fine pyrite to
the source reservoir in two separate experiments.

The experiment is to apply Direct Current (DC) power with a constant voltage through
the electrodes. Consequently, Gly™ ions from the source reservoir is transported in the
Cathode-Anode direction through the low permeability media in the middle reservoir
(hosting the gold powder). Gly~ ions leaches the gold, AuGly; is formed and migrated in

the same direction toward the target reservoir. A cation exchange membrane (CEM) was
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Figure 5.2: Laboratory-sacled of an experimental EK-ISL to leach the gold using alkaline
glycine. AEM and CEM are anion exchange and cation exchange membranes, respectively.

used to avoid gold-glycine complexes reaching to the anode electrode. An anion exchange
membrane (AEM) was used to separate the cathode and the source reservoir. These
membranes were purchased from Membrane International Inc. (Ringwood, USA).

As [3] recommended, hydrochloric acid (4M HCI) and sodium hydroxide (4M NaOH)
were regularly added to the cathode and anode reservoirs, respectively, to control the
pH. This compensates for the electrolysis of water which produces hydroxyl (OH™) and
hydrogen (H") ions in the cathode and anode reservoirs, respectively [50]. A small hole
was made in the anode and cathode caps to allow produced gases (Ha, O2) to escape. All
reservoirs were filled the same level, and refilled using DI-water in the case of evaporation.

To fill and place the gold powder in the middle reservoir, care was taken to prevent
loosing gold mass during the placement. Quartz slurry was made by mixing silica powder
with a 0.1 mol/l NaCl solution and placed in the reservoir. About halfway up, 20mg of
gold powder mixed with the quartz slurry was embedded in the middle of the reservoir
in the form of a planar layer. Over time, silica powder settled down and about 10mm
liquid formed at the top, which was kept in place. 3um-meshed filter sheets (Sefar Pty
Ltd, Australia) and geotextile fabrics were fixed by plastic rings to separate the middle
reservoir from the source and target reservoirs.

Seven sets of experiments were designed to examine the potential of gold EK-ISL using
alkaline glycine. Table 5.1 shows the different stages of 0 to 30 Volts that were applied.
In the first five experiments, only voltage was changed as the control parameter. In the
last two experiments, 10% chalcopyrite and 10% pyrite were added separately to the
source reservoir to evaluate their effects on gold leaching in the presence of glycine. Each
experiment was undertaken for 4 days and samples were taken after every 24 hours. It
needs to be mentioned that 4-days period was selected to have safe conditions of leaching;

longer periods may loosen the connections between the different PVC compartments while

101



Experiment No. Time Periode Voltage
EK-0 4 day (1Y
EK-5 4 day 5V
EK-10 4 day 10V
EK-20 4 day 20V
EK-30 4 day 30V
EK-20 (10% Chalcopyrite) 4 day 20V
EK-20 (10% Pyrite) 4 day 20V

Table 5.1: Experimental design in 5 different stages of voltage.
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Figure 5.3: Na™ concentration in the target reservoir at each stage of applied voltage.

the apparatus was placed in a water bath with 574+2°C. Each time, a 10ml sample was
taken, diluted in a 100ml pycnometer and sent for chemical analysis using ICP-MS at
School of Agriculture and Environment, the University of Western Australia. Samples were
taken from source and target at each stage. When the experiment was completed, quartz
slurry, AEM, CEM and electrodes are washed, and samples were taken from the liquids for

chemical analysis.

5.4 Results and discussions

EK-ISL produces a voltage gradient that transports ions through low permeability media
[3]. In our experiment, Gly~ was used as the lixiviant in the electrokinetic process. It
should be mentioned that we used the term “low permeability" instead of “impermeability”
as the middle reservoir (gold and sands) contains essentially small size particles. To verify
the apparatus, a first test named EK-0 with 0 voltage was remained for 4 days. The results
show no Au recovery, which means there is no ion transport through the middle reservoir.
Fig.5.3 and Fig.5.4 show the Na™ and Cl~ concentrations in target reservoir. It can be
seen that Na™ decreases and Cl~ increases in target reservoir due to the applied current.

Fig.5.5 shows an overview of Au recovery, which is increasing with voltage over 16 days.

As can be seen in Fig.5.6, EK-10 (10 V) exhibits higher recovery rate during 4 days in
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Figure 5.4: Cl™ concentration in the target reservoir at each stage of applied voltage.

comparison with EK-5 and EK-20. This behaviour can be explained by the pH changes in
the target reservoir that may have affected the voltage gradient.

After applying a voltage gradient through the apparatus (tests EK-5, EK-10, EK20 and
EK-30), Au concentration in target reservoir increased over time, which suggests that the
voltage gradient causes ions to migrate through the middle reservoir in the cathode-anode
direction. Samples were collected from the source and target reservoirs and analysed, but
no Au was detected in source reservoir. As shown in Fig.5.6, ramping up the voltage
increases the concentration of Au in the target reservoir. The maximum accumulated
recovery of Au for each stage (5 V, 10 V, 20 V and 30 V) after 16 days of leaching is shown
in Fig.5.5. Although the maximum recovery of gold is enhanced by voltage increment, the
concentration of gold slowly grows in each experiment day-by-day.

Fig. 5.7 depicts the variation of Au recovery with respect to time based on different
applied voltages. This figure confirms that the maximum rate of recovery has been obtained
at EK-10, but does not necessarily suggest that this voltage is the optimum because the
concentration of gold reduces with time. It certainly indicates that enhancing the voltage
gradient during the process can boost the recovery after the transition from 5 V to 10
V. Fig. 5.8 shows the variation of pH in target reservoir, which was initially adjusted to
around 11. The pH in the source reservoir was controlled to be around 11 and the pH in
the target reservoir was monitored continuously. As can be seen in Fig. 5.8, pH dropped
when voltage increased, demonstrating the transportation of anions to the target reservoir.
Anions could not reach to the anode because of CEM barrier. Therefore, it is possible that
increasing anion in target reservoir influences the rate of ion transportation as shown in
Fig.5.7, in which EK-10 (10 V) shows higher growth compared to EK-20 and EK-30.

The total recovery of Au after 16 days is not stellar; the reason could be attributed to the
use of HoO5 as an oxidant. Although the size of HyO2 molecules is small enough to reach
to the gold particles in the middle reservoir, it cannot be transport by voltage gradient. An
alternative oxidant that is amenable to electrokinetic transport may increase the efficiency

of EK-ISL. However, the benefit of using Gly~ is that it can leach metals such as gold
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Figure 5.6: Au recovery in 4 days for different voltages.
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Figure 5.8: pH changes in the target reservoir during each experimental phase.

105




even without oxygen, but the process is relatively slow in the absence of oxygen [20]. It
is important to note that most of reagents introduced for ISL applications need oxygen,

which may be challenging at the depth.

5.5 Effect of pyrite and chalcopyrite on leaching gold

The existence of gangue minerals in the ore body may affect the leaching of gold [51].
Pyrite (FeSy) is a common mineral that is known to decrease the gold leaching possibly
due to the consumption of oxygen by pyrite. Although amino acids can dissolve gold even
in the absence of oxygen, the rate of leaching decreases dramatically in such circumstances.
Pyrite can consume large quantities of oxygen, which jeopardises the gold leaching using

glycine. Eq. 5.3 depicts the oxidation of pyrite in hydrogen peroxide [52].

FeS2 + 15/2H202 = Fe*™ + 2507 + HT + TH20 (5.3)

[53] studied the electrochemical dissolution of gold using cyanide in the presence of
sulfide minerals including pyrite. The data indicated that these sulfide minerals are more
noble than gold (they are not oxidized at more negative potentials than gold). This study
explained the effects of sulfide minerals on gold leaching by two mechanisms, namely the
galvanic interaction and the dissolution of sulphide minerals. The first mechanism of
galvanic interaction is relevant when gold is contact with a sulfide mineral; higher cathodic
currents shift the mixed potential more positively, which increases the leaching rate of gold.
The second mechanism is related to the dissolution of sulfide minerals in cyanide, which
generates new species and thereby impacts the leaching of gold.

Gold leaching in the presence of pyrite can be complicated as dissolved species can hinder
the process. When glycine is a reagent, Fe3™ can make complexes with Gly~ [20] and
affect gold leaching by consuming the Gly~. In this study, 10% pyrite was used to evaluate
its impact on gold leaching through EK-ISL (Table 5.1). The results show that adding
pyrite to the system dramatically reduces gold leaching as indicated in Fig.5.9. The figure
shows that the concentration of gold in the target reservoir increases with time, but at a
much lower rate than in the absence of pyrite. Fe?+ can be shifted to the cathode side and
made complexes with Gly~. Fe3+ can also make neutral ions/complexes, which cannot
be transferred through electric current and may prevent gold from reacting with Gly~
in the source reservoir. Analysis of the possible anions and cations in the system can be
complicated due to existing current in the system affecting transfer towards the anodic or
cathodic sides. However, our experiment shows low gold recovery in the presence of pyrite.
Fig.5.10 indicates the total N concentration in the target reservoir, which can be represent
Gly that contains N. The figure shows a maximum concentration of 3.4 g/L which is very
low compared to gold recovery in the absence of pyrite (about 10 g/L). This difference
shows that the presence of pyrite reduces the electrokinetic transport of Gly™.

Copper can be leached from chalcopyrite in an alkaline glycine solution at various
temperatures in the presence of oxygen [54]. By using an ore sample from the cyclone
underflow of a copper-gold plant in Western Australia, these authors reported the presence
of intact pyrite and very low concentration of iron in the pregnant solution. Eq. 5.4

describes the leaching of copper in an alkaline glycine solution. Copper glycinate can form
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through Eqs. 5.5 and 5.6 depending on the concentration of copper and glycine [20].

CuFeS2+2NHoCH2COO ™ +4.2502+30H™ = Cu(NH2CH2C00)2+FeO(OH)+2504% +2H20

(5.4)
Cu?t + 2NH2CH2COO™~ < Cu(NH2CH2C0O0)2 (5.5)
Cu?" + NH2CH2COO™ < Cu(NH2CH2COO)™ (5.6)

As shown in Fig.5.11, the recovery of gold is reduced remarkably in the presence of
chalcopyrite. This can be attributed to the more favourable reactivity of alkaline glycine
with copper than gold as explained above [55]. It also may be explained by the precipitation
of copper oxides on the surface of the mineral. Copper and iron precipitates can occur in
glycine solutions in the form of CuO, Cu0O, and iron oxy-hydroxides [? ? |. Precipitates
can form on mineral surfaces adjacent to the glycine solution, which can reduce the
recovery of gold. Fig.5.13 shows the total nitrogen concentration representing the glycine
concentration in the presence of chalcopyrite; it can be seen that the concentration of
glycine (indicated by the concentration of N) increases over the time. This increasing
concentration remains lower than ones recorded in the absence of chalcopyrite. The voltage
measured during the experiment was quite different from the applied voltage, which was
fixed at 20 V all the time. This reduction may be explained by the cathodic current shift
affecting the voltage potential due to the production of cations. Fig.5.11 shows the existing
voltage changes during the experiment.

Based on the results of this experiment, EK-ISL for gold leaching may be more effective
for weathered ores rich in oxides. It should be mentioned that the only transporting force
in this experiment is electric current. Therefore, the effect of pyrite and chalcopyrite on
the gold leaching using alkaline glycine may be addressed by other factors if EK is not

applied. These factors include agitation and fluid flow.
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Figure 5.13: concentration of total N in the target reservoir representing the Gly
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to be in anion formation.
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5.6 Conclusion

This chapter investigated the feasibility of gold EK-ISL using alkaline-glycine in order
to the pave the road for environmentally-conscious mining methods that can replace the
conventional rock moving approaches and/or reduce the use of cyanide. The behaviour of
glycine in aqueous solutions in terms of pH and temperature was also examined to identify
windows of propitious leaching. An experiment was conducted by designing and constructing
a laboratory scale apparatus consisting of compartments representing the cathode, source,
middle (low-permeable medium), target and anode reservoirs. The proposed set-up is
an upgraded version of an existing apparatus that was limited to isothermal EK-ISL
experiments. The constructed set-up was used to evaluated the performance of the leaching
gold using alkaline glycine by an electric current to the anode and cathode in order to
create a voltage gradient easing the transport of ions through porous media mediums of
low permeability in the cathode-anode direction. The experiment consisted of five stages
characterised by voltage increment from 0 to 30 V. Gly~ was proposed as the reagent
that interacts with the gold while migrating through the middle reservoir. The results
shown that Au recovery increases when the voltage is increased. Although the size of HoO9
molecules is small enough to reach the gold particles in the middle reservoir, it cannot
be transported by voltage gradient. An alternative oxidant to be transported in anion
form can increase the efficiency of EK-ISL. Finally, the effect of pyrite and chalcopyrite
on the EK-ISL of gold was evaluated. Au recovery dramatically reduced by adding 10%
of chalcapyrite or pyrite. Hence, EK-ISL may be more effective in weathered ores where

oxides are more abundant.
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Chapter 6

Conclusions and recommendation

6.1 Closing remarks

This thesis contains six chapters, the first chapter is an introduction to the basic
thermodynamics of glycine and the importance of its alkaline form in leaching metals.
Chapter two presents a data analysis approach to estimate the equilibrium constant and the
thermodynamic behaviour of gold-glycinate. The third chapter presents an experimental
study using microchips to evaluate the rate of gold leaching by alkaline glycine. The fourth
chapter covers the advantages of using micro-channel as real time monitoring device in
leaching experiments. The fifth chapter presents an electro-kinetic study to evaluate the
effect of electric current on gold ion transportation using alkaline glycine. The last chapter
focuses on remarks, conclusion and future studies. In this Chapter, a summary of the main

findings is presented as closing remarks:

6.1.1 Best leaching conditions of aqueous glycine in terms of pH and

temperature

Using the revised HKF equations of state and thermodynamic dada that are reported in
the literature, the stability of Gly is presented as a function of pH and temperature. The
data shows that increasing temperature and pH can improve the leaching of metal using
alkaline glycine (Gly™). Gly~ is more stable at pH 12 (resp. 10.4) and temperature 25°C
(resp. 100°C). Hydrogen peroxide, which facilitates the oxidative dissolution of metals, can

increase the recovery of gold during leaching.

6.1.2 Thermodynamic data for monovalent metal glycinate complexes

The thermodynamic data that are necessary to predict the behavior of chemical species
in aqueous solution are scarce. This gap was bridged by using data analysis techniques to
relate the standard partial molal properties of metal-glycinate to the standard partial molal
properties of metals and estimate the equilibrium constants of monovalent metal-glycinates.
In this work, the thermodynamic data HKF parameters of monovalent metal-glycinate
complexes was calculated including gold-glycinate by taking into account the uncertainty

of input parameters.
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6.1.3 Kinetic study of leaching gold using alkaline glycine

A microfluidic device mimicked the conditions of in-situ leaching of gold using alkaline
glycine. The experiment was undertaken at various temperatures and lixiviant concen-
trations. The results showed that increasing temperature can dramatically increase the
leaching rate of gold in alkaline glycine solutions. In addition, increasing pH to 11 and
beyond can increase the leaching rate. However, increasing glycine concentration improves
the recovery rate to some extend, and excessively high concentrations of glycine can reduce

the recovery.

6.1.4 Electrokinetic study of gold leaching using alkaline glycine

The feasibility of gold EK-ISL using alkaline-glycine was evaluated by increasing voltages
from 0 to 30 V. The experiment has been achieved by designing and constructing a
laboratory scale apparatus using PVC pipes. The apparatus consisted of compartments
representing the cathode, source, middle (low-permeable medium), target and anode
reservoirs. Gly™ was proposed as the reagent that leaches gold while migrating through the
low-permeability medium by transporting the ions. The results showed that increasing the
voltage increases the Au recovery. As HoOs molecules cannot be transported by voltage
gradient, it is recommended to use other oxidants instead. Alkaline-glycine can be used
without HoOs, but the recovery rate is very slow. Yet, the size of HoOs molecules is small
enough to reach the gold particles in the middle reservoir. The results showed that pyrite
and chalcopyrite dramatically reduce the recovery of gold. Therefore, EK-ISL might be

more effective in weathered ores where oxides are more abundant.

6.2 Future research

Recent studies (Appendix B) show that glycine can be very effective in sulphide ores
where cyanide is the main reagent for leaching purposes. The role of glycine in the leaching
systems using cyanide is not clear yet. However, the experimental results show that cyanide
consumption can be reduced by adding glycine to the system with the same gold leaching

rate.
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Appendix A

Appendix A

A.1 Manufacturing microchannel chips

In the following sections, we describe the techniques of making microchannel chips
step-by-step to facilitate the process of laboratory manufacturing. The first step is to
select a proper substrate based on the experimental conditions and the employed chemicals.

Fabrication of the channels, deposition, and bonding are the next steps, respectively.

A.1.1 Materials

Materials for microfluidic devices can be selected by some factors. They must be easy
to work with using current technology. The transparency is also important if optical
observations are required for the study. Materials must have resistance to the solvents and
other experimental conditions such as pH and temperature. They must also have acceptable
amenability to geometry modifications during the fabrication process through specific steps
such as etching and bonding processes. Some of the materials which have been used in
microchip applications include glass, quartz, ceramic, organically modified ceramics (ORMO-
CERs), silicon, elastomer polymers such as poly(dimethylsiloxane) PMMS, thermoplastic
polymers including poly(methyl methacrylate) PMMA, polycarbonate PC, polyethylene
PE, polystyrene PS, polyethylene terephthalate PET, polypropylene PP, polyurethane PU,
polysulfone PSU nylon NY, polysulfone PSU, poly(acrylonitrile-butadiene-styrene) ABS,
cyclic olefin polymers COP or copolymers COC, polyetheretherketone PEEK, polytetraflu-
oroethylene PTFE, fluorinated ethylene propylene FEP, polyvinylidene chloride PVDC
and polyvinyl chloridePVC [1-3]. A summary of properties of most common materials in
microfluidic chips is presented in Table A.1. Polymers can be classified based on polymer
molecular weight, the amount of additives included in the formulation and the method of
polymer sheet manufacturing [1]. Therefore, manufacturer’s information of the materials
need to be checked for the chemicals and conditions used in the experiment.

The first material that has been used for microfluidic applications is silicon [4]. Silicon
has a high elastic modulus and it is transparent to infrared with invisible light. It makes
fluorescence detection or fluid imaging challenging. This issue can be solve by bonding
silicon to polymer or glass in a hybrid system [3]. One of the special advantages of using
silicon is its usefulness in fabricating membranes with reduced thermal mass which enables

high temperature ramp-rates [5].
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Glass has also been used for many years in microscopic studies. Glass has high tempera-
ture stability and it is resistant to most chemicals except HF. Glass has low background
fluorescence, it is compatible with biological samples, it has very low nonspecific absorption,
it is not gas permeable and it has a large elastic modulus [3]. High quality glass is costly
although it is fragile [6], yet the high transparency of glass is an advantage that makes
it particularly useful as a substrate. Glass can also be bond to other materials such as
PMMS using different techniques depends on the materials. Although glass and quartz
substrates meet most of the criteria such as transparency to be used in microfluidic chips,
the limitation of choices in fabrication techniques makes their use limited compared to
polymers [1].

Ceramic can be used as a substrate when the optical transparency is not required.
Ceramics used in microchannels are usually made of aluminium borosilicate, which is less
expensive than glass and of the same price as many plastics [7].

ORMOCERSs are inorganic-organic hybrid materials. Since silicon was always used in
the material, [8] called it organically modified silicon ORMOSIL. However, it was called
ORMOCER later because of its ceramic nature [9]. ORMOCERs cure into glass-like films
which have high optical properties, and thermal and mechanical stability [10, 11]. The
structures of these materials are well explained by [12].

Polymers such as PMMA, PDMS and PC are long-chain organic-based materials that
have been used significantly in microfluidic chips over the past two decades. Using polymer
in microfluidic device fabrications is advantageous because they are relatively inexpensive,
amenable to mass production processes, and adaptable through formulation changes and
chemical modification [3].

COC and COP have been highly attractive to be used in microfluidic materials due to
their high optical transparency, low water absorption, and good resistance to solvents such
as acetonitrile [2, 13, 14]. In addition, COC has good moldability and low background
fluorescence [3]. PS, PEEK, PEP and PTFE are amorphous materials with transparency
over a wide range of wavelengths [2]. PET can be either transparent or opaque based
on grade and processing conditions [15]. PET has a high stiffness, low water absorption
and good chemical resistance except to alkalis, which hydrolyses it. PS is an amorphous
thermoplastic, relatively hard, but brittle. It has good electrical properties, excellent
gamma radiation resistance and can be radiation sterilised. PP is semi-crystalline, white,
semiopaque with wide variety of grades and modifications. PU has the elasticity of rubber
as well as the toughness and durability of metal. It has an excellent solvents resistance and
a very high resistance to mechanical impact. NY is a white semi-crystalline material with
slightly low extensibility and impact strength. PSU is hard, but rigid with high strength
transparency and high temperature resistant. PSU is excellent acid, base and salt solution
resistant, but not inert to polar organic solvents (ketones,chlorinated hydrocarbons and
aromatic hydrocarbons). ABS is white greyish amorphous, relatively hard, easy to be
processed and bonded. However, ABS has poor solvent and fatigue resistances [1].

PMMA and PC are widely used as substrates in microchip applications. PMMA and PC,
are amorphous and clear transparent thermoplastics. PC has a good temperature resistance
compared to PMMA . Although PMMA has a good stiffness, it is notch-sensitive and can
be fragile. Some advantages of PMMA include biological compatibility, gas impermeability
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Materials ‘Working Water Acid Base Solvent Transparency Ref.
temperature (°C)  absorption® (%) resistance resistance resistance

PMMA 50-90 0.2 Good-Poor Good Good-Poor Excellent ©Goodfellow
PDMS 200-260 Good-Poor  Good-Fair  Good-Poor Excellent ©Goodfellow
COC/COP 130-170 0.01 Good Good Good Excellent ©Goodfellow
PC 115-130 0.1 Good Good-Poor  Good-Poor Excellent ©Goodfellow
PS 50-95 0.4 Good-Poor  Good-Fair  Good-Poor Excellent ©Goodfellow
PP 90-120 0.03 Good-Fair Good Good-Poor Good ©Goodfellow
PEEK 250 0.2 Good-Poor Good Good-Poor Poor ©Goodfellow
PET 115-170 0.1 Good-Poor Poor Good-Poor Good ©Goodfellow
PE 55-120 0.01 Good-Fair Good Good-Poor Fair ©Goodfellow
PVC 50-75 0.04 Good-Poor Good Good-Poor Good ©Goodfellow
PVDC 80-100 0.1 Good-Fair Good Good-Fair Good ©Goodfellow
PSU 150-180 0.85 Good-Fair Good Good-Poor Fair ©Goodfellow
Quartz 1100-1400 0 Good® Fair? Good Excellent ©Goodfellow

Table A.1: Summary of physical properties for commonly used microfluidic materials.
@ water absorption is over 24 hours. ® Quartz and glass can be dissolved in HF /NaOH.
Glass and ceramic have a wide variety of types and based on the component they may
have different physical properties.

and ease of fabrication at low temperature as 100°C [3].

Silicones contain a repeating chain of SiO with various organic groups attached to the
silicon. PDMS [(CH3)2SiO] has two methyl groups attached to the silicon. PDMS has
been extensively used for microchannel applications. It is an elastomer polymer with a
low elastic modulus [3], which makes it easy to work with, and it can be moulded to
produce complex fluidic circuits. PDMS is gas permeable, transparent, soft and deformable,
non-toxic and fully bio-compatible. PDMS can be strongly and permanently bonded to a
glass [16] or plastic by plasma or thermal curing [17]. PMMA and PC are cost-effective
polymers compared with PDMS which is a fairly high-cost material [18].

Paper is a flexible cellulose-based material that has been recently employed in microfluidic
chips and its capability has been investigated in several experiments [19-23]. Some of
the advantages of using paper have been reported by [3] include availability and low cost,
easy disposal, easy pattern definition by ink jet and solid wax printing. Paper combines
functionalities related to flow, filtering, and separation because of its porous nature. Hence,
paper is biologically compatible and its chemical modifications offer flexibility for proper
processing. For example, a white background provides a contrast for color-based detection

methods.

A.1.2 Fabrication

There are various ways of making microfluidic chips, which differ based on the fabrication
materials and the destined use. A microfluidic chip is made of two substrates that are bonded
together to avoid fluid leakage. Established techniques are used to make microchannel
patterns on the substrate before bonding. These techniques can be categorised as wet or
dry etching, thermoforming, polymer ablation and polymer casting. Table A.2 shows some

of the fabrication methods applied on different materials.

Etching

Etching is the process of using chemical solution to cut into a solid surface. Etching is

commonly used to make profiles over silicon or glass substrates and can used for polymer
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casting or microfluidic chip manufactoring. In the latter, the etching process includes
attacking some parts of the substrate to remove a desired depth of the material and make
the targeted channel. Before the etching precess, other areas of substrate rather than etched
parts are protected by masking materials such as photoresists using a photolithography
process. Generally, there are two types of etching including wet and dry etching. Masking
materials for wet etching of glass include photoresist, amorphous Si, LPCVD polysilicon,
Cr/Au, Cr/photoresist, bulk Si, amorphous SiC/PECVD, Ag, Mo, and Ti [24-31].

Wet etching consists of applying liquid chemicals that are corrosive to the substrate.
For instance, HF with different concentrations can be used for glass/quartz substrates
with different compositions. HCI or H3PO,4 can also be added to HF solutions to etch
the glass containing oxides such as CaO, MgO, and AlsO3. The wet etching of glass is
isotropic, and the etch rate is a parabolic function of HF concentration which is strongly
dependent on the glass composition. By reducing the concentration of HF, the rate of
etching can be decreased. The etching rate can also be increased by raising temperature, by
using ultrasonic agitation or by annealing the glass wafer before etching [27, 32-35]. HNA
solutions which is a mixture of HNOg, HF, and CH3COOH can be used for the isotropic
etching of silicon and aqueous potassium hydroxide (KOH) solution can be instrumental
for the orientation-dependent etching of silicon [36-38]. The etching rates of different
materials using different etchants have been investigated by [32].

Dry etching consists of applying plasmas or etchant gasses to remove material at the
surface of a targeted substrate. The ablation reaction can be physical (with high kinetic
energy), chemical or a combination of both (most widely used). The dry etching rate of
glass can be relatively slow and it is usually performed in inductively coupled plasma deep
reactive ion etching RIE reactors. The large amount of energy needed to etch the glass
material generates strong temperature gradients causing a poor control of the process and
a reduced etch selectivity of glass over the masking material [31]. Oxygen plasma etching
is used to remove layers of materials in order to create microchannels on the surface of
substrates over pattern masks such as photoresists. In a vacuum chamber, high power
radio waves are used at low pressure to ionise oxygen molecules and form plasma. Etching
using oxygen plasma is also known as ashing because it turns photoresists into ash.

Other gas precursors can be used to etch materials such as XeFs for silicon and SFg,
C4Fg, CF4, CHF3, He, Ho, or Ar for glass. They also can be used as mixed depends on the
materials to control chamber pressure or for improving the quality of the etching process.
Based on the etching rate and desired depth, different thicknesses of masking layers may
be required to protect the parts of the substrate that are intended to be intact during
etching [397 —42].

Laser ablation

Laser ablation consists of removing materials from the surface of a substrate by irra-
diating it with a laser beam. This direct (or physical) technique is faster than etching
processing when used to fabricate microchannels on polymers and plastics. Laser ablation
(or photoablation) causes the absorption of a short wavelength pulse and the breakage
of covalent bonds in long chains of polymer molecules [43]. [44] introduced a technique

using UV excimer laser photoablation which can be used for making miniaturized capillary
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electrophoresis CE [45] instrumentation for liquid-handling platform. The processes of
making micro-scale capillary electrophoresis u-CE for generating micro-scale total analytical
systems p-TAS [46] are costly and need to be done in a clean room which has extra costs
[44]. Laser ablation can be an alternative method for generating micro systems by the
fabrication of photoablated polymer capillaries and their subsequent sealing using a low-
temperature lamination process [44]. Although using laser ablation in the microfabrication
of polymers has been used and examined in some experiments [47-50], the resolution of
the channels and the thermal effects of laser irradiation on the stability of materials need
to be investigated [43, 51].

Thermoforming and casting

In general, thermoforming can be done by injection moulding or hot embossing to make
plastic materials soft and turn them into particular desired forms. Soft lithography is
also involved in elastometric polymer (PMMS) moulding technique [52]. The formation of
microchannels by moulding techniques consists of two primary steps, namely the fabrication
of a master then the use of the master to transfer patterns into the substrate. Various
techniques exist to produce the masters such as computer numerical control machining
CNC, electroplates of silicon wafer or photoresist on nickel-cobalt materials and lithography
[53-55]. Accomplishment of the moulding process can be applied by injection moulding,
embossing and casting. The injection moulding process turns thermoplastic pellets into
a heated mould. The melted polymers then injected against the master in the moulding
chamber to create the chip with low cost [56, 57]. The embossing process consists in
pressing heated embosses (made of silicon or metal ribs) against a heated thermoplastic
sheets such as PMMA or COC [14, 58-61]. Casing is easier to apply than other methods

but it requires contact with the master often over extended durations [62].

A.1.3 Masks

Microchannel fabrication requires the creation of micro-patterns on the substrates to
facilitate the flow of fluids. These patterns can be applied directly by masks or indirectly
by photoresists which are light-sensitive polymers. Some thick photoresists such as SU-8
can be used as masks. SU-8 is a high-contrast epoxy-based negative photoresist designed
to make ultra-thick structures [81]. The surface of the substrate can be covered by the
masks or photoresists to protect the zones that are meant to remain intact and subject the
channel profile to etching. Pattern generating by photoresist is known as photolithography
in which photoresist is exposed to ultraviolet UV light with wavelengths in the range
of 193-436 nm [81]. Generally, the substrate is placed on a spinning machine while a
photoresist is applied on the substrate. Increasing the spinning rate decreases the thickness
of the photoresist. The substrate is then baked on a hot plate for 90-120 seconds at a
temperature of 100-130°C (temperature can be varied based on the substrate material).
The subsequent exposure to UVcauses the photoresist to be chemically modified, so that
the exposed areas (not covered by mask) either becomes soluble in the developers (positive
photoresist) or becomes insoluble (negative photoresist). Developers are aqueous alkaline
solutions that can dissolve UV exposed photoresists. Another possible use for the patterned

photoresist layer is to lift-off the thin metal layers after exposure on the substrates. Both
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Materials Fabrication methods comment Ref.

PDMS Casting cured at 65°C for 1 hour [16]
Channel size: > 20pum
PDMS Laser ablation 50pm [63]
PDMS Thermoforming Soft lithography [64]
[65]
[66]
[67]
(68]
Silicon Wet etching Anisotropic KOH [69]
Channel size: Channel size: 20 — 40pum
Silicon Wet etching Isotropic HNA [36]
(HNO3-HF-CH3COOH)
Silicon Dry etching Bosch/Cryogenic [70]
Fused silica Wet etching Concentration of etchant [71]
is important (HF /HF-NH4F) [72]
Glass Wet etching HF. High etch rate achieved [35]
mainly by using highly [39]
concentrated HF [26]
Glass Wet etching HF/HCL. The composition of the glass
is an important factor for the [73]

quality of generated surface

Glass Wet etching HF-HNO3 [74]
Glass Dry etching SFg/CaFg/CF4/CHF3 [39]
0.5 — 0.8m/min based on [40]
glass composition [42]
[75]
[41]
(73]
PMMA Dry etching 02-CF4 This study
0.2 — 0.3pm/min
PMMA Laser ablation Fabrication parameters/speed affect [76]
Size and shape of microchannels [77]
(78]
PMMA Termoforming Embossing
(110°C/3kN for 5 mins) [79]
(115°C/5-15kN for 5 mins) [80]
PC Laser ablation 50 Hz/250 pulses/mm (37um) [44]

Table A.2: Summary of some fabrication techniques on different materials.
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Masks Fabrication method Comments Ref.

SU-8 Wet etching of glass Max depth of 20pm/3min [26]
Cr/Cu Wet etching of glass Max depth of 100pm/15min [82]
Cr/Au Wet etching of glass Max depth of 50pum/7min [27]

Cr/Au/photoresist Wet etching of glass Max depth of 250pm/40min [83]
a :Si(PECVD)“ Wet etching of glass Max depth of 70pm/10min [84]

o :Si/photoresist Wet etching of glass Max depth of 500pm/1min [85]

Table A.3: Summary of some examples of masks for different substrate materials. * An
alternative process to create thin SiOs films at significant low temperatures and on nearly
arbitrary substrates is the plasma-enhanced chemical vapour deposition (PECVD)

Photoresist Thickness (pm ) Thickness (pum ) Developer Comments
at 2000 rpm at 6000 rpm
Thin positive
AZ 111 XFS 1.41 0.82 AZ 303
AZ 1529 4.10 2.37 AZ 340 Wet etching
AZ ECI 3012 1.70 0.90 AZ 351
AZ MiR 701 2.25 1.25 AZ 300MIF Dry etching
Thick positive
AZ 4562 8.77 5.06 AZ 340
AZ 9260 11.50 6.00 AZ 400
AZ 4903 17.00 7.00 AZ 400
AZ IPS-6050 60 (at 1000 rpm) 30 (at 2500 rpm) AZ 326 Dry etching
Negative
AZ 125nXT-10A 120 (at 600 rpm) 38 (at 2500 rpm) AZ 326
AZ 15nXT-450CPS 18 (at 1000 rpm) 8 (at 3000 rpm) AZ 326
AZ nLof 2070 11.8 (at 500 rpm) 5.5 (at 4000 rpm) AZ 726

Table A.4: Some examples of common photoresists. All information retrieved from data
sheet provided by Microchemicals GmbH for photoresist.

layers of thin metal and photoresist are removed together and the metal remains in the
uncovered areas (channels). It is recommended to use standard laser laboratory safety
equipment including protective eye wear before working with UV light. UV laser energy is

dangerous and staring at UV light is not recommended.

A.1.4 Deposition

Deposition techniques include physical vapour deposition PVD, chemical vapour deposi-
tion CVD, electroplating, spin-cast and epitaxial. PVD and CVD are the most common
techniques of deposition. PVD can take place by either evaporation or sputtering techniques.
Thermal evaporation can be used to deposit thin metal layers by heating the precursor
metal in a vacuum chamber until its atoms have sufficient energy to leave the surface. At
this point, they will traverse the vacuum chamber, at thermal energy (less than 1 eV),
and coat on the substrate positioned above the chamber. Although, thermal evaporation
is a simple and cheap technique, some disadvantages can be counted for this technique.
The deposition rate varies and the thin metal films are not quite homogeneous, limited to

materials with lower melting points compared with crucible. Common evaporable metals
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include gold, silver, aluminium, chrome, nickel, titanium, and platinum. It is difficult to
use alloys because of their stoichiometry control as they have different melting points [81].

In the case of sputtering, the target metal with negative potential is bombarded with
positive argon ions created in a plasma due to a high electric direct-current voltage. The
substrate and the wall of vacuum chamber are on positive potential to release uncharged
target atoms. The accelerated atoms are then deposited onto the substrate. Sputtering
has some obvious advantages: it applies to a wide variety of materials, has a better step
coverage, and usually offers better adhesion to the substrate compared to evaporation [81].

CVD process is a vapour-transfer process which is considered to be one of the most
powerful tools for producing advanced materials including metals, metal alloys and their
compounds [86]. This method is also used for depositing thin SiOs films on nearly arbitrary
substrates in a process called plasma-enhanced chemical vapour deposition PE CVD. Silicon
nitride SigsN4 can be deposited by using both PE CVD and a low pressure chemical vapour
deposition LP CVD which takes place in a vertical diffusion furnace [81].

A.1.5 Measurement of dimensions

In microchannel fabrication, it is necessary to check the dimensions of the channel as
well as the surface and thickness of the deposited metals. Although the equipment required
for fabrication has high accuracy, small errors can occur and it is recommended to check
the sample under high resolution microscopes at every fabrication stage. For instance,
when photoresist is used before etching, it is important to check that the channel is clean
of any photoresist materials to be etched. Optical profilometers and surface profilers are
powerful tools for characterizing and quantifying surface roughness, step heights, critical
dimensions, and other topographical features. All measurements are, non-contact, fast,
and do not require sample preparation. The system analyses a wide range of surfaces,
including smooth, rough, flat, sloped, and stepped, and provides profile heights ranging

from sub-nanometre to millimetres at high speed.

A.1.6 Bonding

There are many types of bonding approaches that have been used in the fabrication
of microfludic chips based on different materials. Depending on the material used as a
substrate, the patterns of the microchannels and the required channel resolution, specific
bonding methods can be selected. In this section, the common methods that apply to
popular substrate materials are presented. In general, there are two types of bonding

approaches including indirect [78] and direct bonding [87].

Indirect bonding

Indirect bonding consists of using an adhesive layer which is placed between two substrates
to bond them together. This approach is widely used for many types of materials. Using
different types of glues or other liquid adhesives can be categorised as a simplest adhesive
bonding technique [2, 60, 88]. In this technique, curing time depends on the bonding agent
and may need extra heat or pressure. UV curing adhesives are among the most commonly

used bonding agents. The adhesive can be performed by applying a thin layer of a highly
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viscous liquid between two completely clean surfaces; the glued area and is formed and
cured by UV light exposure. Some experiments have been conducted to control the liquid
adhesives against clogging the channels [89-92]. Thermal lamination, which is normally
used to seal grooves in microfluidic devices, can also be used for bonding well matching

materials [54].

Direct bonding

Direct bonding is applied without any additional materials at the interface [93]. Thermal
bonding and solvent bonding are the most common techniques of direct bonding. In
thermal bonding, a temperature near to or above glass transition temperature T is applied
to substrates [94-96], such as PMMA or PC [97]. Thermal boding along with pressure
is also commonly used method for plastic/polymer materials such as PMMA [48, 98—
100]. Although using thermal bonding techniques for polymers has been well investigated
[1, 93, 101-103] and some issues associated to this technique such as the deformation have
been examined [100, 104-106], selecting appropriate process parameters still need to must
be optimised to limit the collapse of micro-channels during direct bonding [2]. Annealing
the moulded plate directly to another plate can be performed at room temperature [16, 58].

Solvent bonding consists of using a strong chemical solvent to soften and dissolve materials
at the interface of two (or more) solid pieces. As they dissolve the surface molecules mix
up and form continuous chains while the solvent evaporates. Solvent bonding depends
on various parameters such as temperature, composition, and molecule size [107]. The
Hildebrandt parameter is often used to assess the interaction between materials and to
provide a quantitative indication of solubility especially for nonpolar materials [108]. This
technique is commonly used for polymers [109-111] such as PMMA; if the solubility
parameter of PMMA and the solvent are substantially different, the bonding process could
be done without significant channel deformation [2].

Surface treatment involves increasing surface energy to enhance the bonding potential
between two surfaces. In the case of polymers, high specific energy in the form of polar
functional groups causes hydrogen or covalent bonds providing bond strengths [2]. There
are many methods of surface treatment including acid treatment [112], surface grafting
[113], vacuum plasmas [114, 115], atmospheric plasmas [116], and plasma treatment [117-
120]. In these methods, bonding process has to be carried out immediately after treatment
as the surface properties of the polymer change quickly with time and humidity.

There are many other practical techniques for bonding such laser bonding [121, 122] and
microwave bonding [123] in which electromagnetic waves being absorbed by the polymer
materials. Ultrasonic welding for thermoplastic polymer has also been used successfully
in various applications for decades [15, 124, 125]. In fusion techniques, the assembly of
glass/metal is heated to a temperature near the annealing point of glass (500°C), and a
DC voltage across the glass-metal assembly so that the glass is negative with respect to
the metal [126]. A surface treatment can be applied by combining two or more techniques
such as UV light assisted [127-129], UV /ozone [130, 131], or UV assisted ethanol [132]
which has been proved as exceptionally high bond strengths for thermoplastic materials.

Table A.5 presents some bonding techniques applied on different types of materials.
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Materials Bonding technique Temperature Pressure Comments Ref.

PDMS-PDMS/glass Surface treatment 30°C - O2 plasma [16]
Glass-metal Fusion 500°C - - [126]
Glass-glass Fusion 650°C - Strong bonding [133]
Glass-glass Surface treatment 400°C - N2/O2 plasma [134]
Glass-glass Thermal/anodic bonding 530°C - Using Ti film [135]
Glass-silicon Thermal/anodic bonding 350°C 0.05 MPa Strong bonding [136]
Glass-glass Adhesive bonding 150°C 0.15MPa SU-8 adhesive layer [137]
Glass-silicon [138]

PMMA-PMMA Solvent bonding Room temperature 1 kg mass takes 15 mins to bond [139]

PMMA-PDMS Surface treatment 65-85°C - O3 plasma/3-APTES® [140]

/corona discharge
PMMA-silicon Adhesive bonding Not mentioned - Sn-Pb/Au film
PMMA-PMMA using microwave [92]
cocC Solvent bonding 25°C - 1-decanol-DPA®? [14]
/UV assisted

PMMA/PC/COC Solvent bonding Low temperature - High bond strength [141]

[118]

[142)

[143]

PMMA-PMMA Solvent bonding Room temperature - Ethanol/UV assisted [132]
PMMA-PMMA Adhesive bonding Room temperature 1 kg mass UV assisted glue this study

PMMA-PMMA Ultrasonic 25 — 70°C 0.147-0.297 MPa Thermal/Solvent assisted [125]

PMMA/PC Surface treatment 75— 110°C 300 psi O3 plasma [144]

PMMA/PC/PS/ Thermal bonding Depends on materials Fusion [129]

PSU/COC [145]

[146)

[147]

[105]

[148)

Table A.5: Some bonding techniques on different materials. ¢ 3-aminopropyl triethoxysi-
lane. ® 1-decanol (C1oHa20)Diphenylamine (C1oHpiN)
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Substrate materials Method reusable Max. pressure Comments Ref.

PDMS/glass Contact-based Yes 634.3 kPa Chemically inert [162]
PDMS Ports Yes less than 450 kPa PDMS molding [163]
Silicon-glass Adhesive No 40000 kPa Epoxy resin [164]
PDMS Couplers Yes 600 kPa Multiple in/outputs [161]
PDMS/PMMA Molding No 103 kPa Multiple in/outputs [165]
PMMA Press-fit Yes 600 kPa Needle-tubing® [166]
PDMS Casting Yes 220 kPa Silicon wafer mold [167]
PMMA Plug n play No 700 kPa Using ring [168]
PDMS/glass O-ring No 250 kPa 3D-printed [169]
Silicon Thermal No 2171 kPa Using epoxy also [154]
Silicon Thermal Yes 200 kPa Heat-shrink/silastic tubing [170]
PMMA Adhesive No not measured UV-curing glue This study
Silicon Solder-based /thermal No 12666 Using ferrule [171]

Table A.6: Some examples of common interconnection. ¢ In this method, first tubing is
placed and then a needle with larger diameter than tubing is inserted into tubing.

A.1.7 Fittings

One of the most important parts of microfluidic fabrication are the connections for
inlet and outlet liquids. Microfuidic connectors are known as interconnections or chip-to-
word interfaces CWI. A considerable research work is currently dedicated to connectors
to produce easy, cost-effective and reliable ways to produce them [149]. There is no
universally-accepted connection but a wide variety of techniques have been produced to
support this application such as Luer Lock and Luer Cone [150]. As this area of fabrication
is still developing, the standardisation of connections is important to reduce the cost
[151, 152]. The microfluidic interconnect permits liquid connections from a microchip to
observatory devises which are not necessarily in the micro-scale. Therefore, the connection
points are very important parts in microfluidic systems. Successful connections have to
meet certain criteria such as chemical resistance, high sealing performance, high fluid
flow, heat and pressure capabilities, and ease of fabrication. Fitting connections can be
permanent using adhesive joints such as dry adhesive film [153], epoxy [154], UV curable
glue [155] and moulding techniques [156, 157] or non permanent such as couplers [158, 159,
magnetic connectors [149], insertion-based [1607 , 161] and contact-based interconnects
[162]. Table 7 presents some examples of connection techniques which have been reported

in the literature. However, interconnecting methods are not limited to these examples.

A.2 Cleanroom

As microchannel fabrication is sensitive to nano/macro size impurities; a small pollution
can have a huge effect on the process. Therefore, cleanrooms have been established to

mitigate this issue. A cleanroom environment has a low level of pollutants such as dust,
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airborne microbes, aerosol particles and chemical vapours. Cleanrooms are classified
according to the number and size of particles permitted per volume of air. As safety is an
overriding concern in all laboratory activities, reasonable measures have been implemented
to ensure that the laboratory provides a clean and safe working environment. Access to
cleanrooms and the rules of using the facility are highly restrictive for all users. Cleanroom
has a dress code that requires all users to follow the designated procedure of gowning in
order to avoid generating unnecessary particles when they are in the cleanroom. Clothing
should be clean of dusts and dirts before entering the laboratory and not to shed a lot of
fibers like fur, fake fur, mohair, etc. Normal paper, pencil, leather cases, drinks and food
are prohibited in cleanrooms. As in other chemical laboratories where safety regulations
are strict in terms of using chemicals, cleanrooms have standard guidelines for using the
facilities and chemicals under professional supervision. Different protections such as gloves,
face shield, safety glasses, nitrile apron and so on are provided to be used to handle
chemicals. All acids, bases, and solvents are classified and controlled in the facility based
on the Materials Safety Data Sheet MSDS which is a convenient source for information on

the properties of any chemical provided by the manufacturer or seller of a chemical.

A.3 An experimental method to leach precious metals

Recently, we conducted an experiment to evaluate the ability of a microfluid system to
leaching a gold layer of thickness 60 nm using alkaline glycine in controlled conditions. In this
section, the microchannel fabrication part is presented to illustrate the processes described
in the previous sections. The fabrication process has been carried out in the Western
Australian Centre for Semiconductor Optoelectronics and Microsystems (WACSOM) known
as the cleanoom at The University of Western Australia. We used transparent and colourless
PMMA sheets purchased from Goodfellow (UK) to manufacture the microchannel device.
Fig. A.1 shows a schematic image of the process of preparation including photoresist, UV
treatment, etching, deposition and bonding stages. It is essential to use a small tong to
carry the substrates to avoid contamination. Small amounts of contaminants on the surface
can cause significant problems including non-uniform evaporation or etching. For cleaning
the surface of the substrates, isopropanol is used. However, the resistivity of materials to
the chemical cleaners has to be checked. For instance, PMMA is sensitive to alcohol such
as ethanol. Therefore, running water on the surface of substrate can be a safe option.

It needs to cut the PMMA sheet to the expected size of microchannel chip PMMA sheets
need to be cut to the expected size of the microchannel chip (12mmx50mm). The tubing
holes are punched right after the cutting stage (rather than the end of the process) to
avoid scratching the substrate or making edges on it. The distance between the inlet and
outlet holes can be adjusted with respect to the channel size (4mmx40mm). Following the
cutting and hole punching phases, the PMMA substrate is placed on spinning machine
and holds it by vacuum applied under substrate (see Fig. A.1). A suitable photoresist
(AZ 4562) is then applied on the spinning substrate for about 1 min to cover the whole
surface of (see Fig. A.2-a). It is important to examine the thickness of photoresist required
for etching as photoresist protects the surface rather than the channel against etching.

Different photoresists with different viscosities can apply various thicknesses when the
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Figure A.1: Microchannel fabrication processes.

Spin rate (rpm) 2000 3000 4000 5000 6000

Thickness (um) 877 7.16 6.20 555 5.06

Table A.7: Photoresist thickness as a function of spin rate.

spinning rate is changed. Table A.7 and tab:8 present guidelines on the application of
photoresist AZ 4562 used in this experiment. This information is provided by the suppliers
and can be verified in the laboratory through scanning probes. As the expected depth of
the channel is about 12 pym, a maximum thickness of 8.77 pum can considered for photoresist.
It should be mentioned that the photoresist can spread more level on the substrate with
less aspect ratio such as rounded or square shapes. The substrate needs to be baked at
115°C for 50 seconds on a hotplate before UV exposure. However, because of the heating
limitation of PMMA, it was baked at 90 ©C for 110 seconds (Fig. A.2-b). These processes
can be repeated once or twice to reach the desirable thickness of photoresist.

A mask is used to protect the photoresist against UV exposure except the channel area.
This mask can be made of any material which is UV resistant and flexible to be used (Fig.
A.2-¢). After UV exposure for 60 seconds, the substrate is washed with developer AZ326
for 60 seconds to remove the photoresist in the channel and baked for 110 seconds at 90°C.

Prebake 1009C for 50 seconds on hotplate

UV exposure 60 seconds (for this study)
Developer AZ 340 or AZ326 30 to 60 seconds
Postbake 1159C for 50 seconds on hotplate
Removal AZ 100

Table A.8: Photoresist processing guidelines.
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Figure A.2: Photos of microchannel chip fabrication; a-spinning machine, b-hot plate,
c-mask, d-substrate after applying photoresist, e-after deposition stage, and f-substrate
after removing photoresist.

Fig. A.2-d shows the substrates after the photoresist process. In any failed cases required
process can be repeated, removal liquids such as AZ 100 which is a strong developer can
be used. Another way to remove photoresist completely is to expose it to UV light directly
without using a mask.

Using a Plassmal00 machine, the channel is etched by a practical recipe (60% Og and 5%
CF4). In this recipe, oxygen is the main effective gas for etching PMMA, and CF} is useful
to obtain a smooth surface. It is important to understand that photoresist and substrate
(the channel area) are etched the same time, but with different rates because of different
structure, and PMMA is etched faster than the photoresist. In practice, considering this
recipe PMMA can be etched12mum after 30 minutes while a thin layer of photoresist
remains on substrate which can protect the rest of surface against etching. The depth
of the channel can be verified by Optical profilometers (Zygo 6300) and surface profilers
(Dektak 150).

As can be seen in Fig. ?7-c and d, the layer of photoresist is needed for etching and
deposition. It needs to be mentioned that if the photoresist is cleaned during the etching
process, the substrate has to be covered by photoresist again using a mask. After etching,
the substrate is placed in the thermal evaporation machine to deposit a layer of gold on
the channel. To use this machine, the properties of the metal coating on substrate have to
be input. Therefore, in the case of alloys, the properties of the metal mixture have to be
measured carefully. This machine requires restricted guidelines for the users and all stages
have to be performed carefully in the specific order. As the gold may not have strong
adherence to the PMMA or other similar materials, it is recommended to deposit a very

thin layer of Cr first (about 5 nm) on the substrate before depositing gold.
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The substrate covered by the layer of gold (Fig A.2-e) is then processed to remove the
rest of the photoresist. It can be seen in Fig A.2-e that the smooth area (channel) hosts the
direct deposition on substrate and the rest is deposition over photoresist. As mentioned
before, AZ 100 can be used to removed the photoresist. Caution is need at this stage as
the removal part is not a fast process. However, if the substrate is exposed to the UV light
from the back of substrate which is not covered by gold, the photoresist can be removed
faster in developers. Fig. A.2-f shows the substrate after removal of the photoresist.

The last part of the fabrication is bonding. Many methods of bonding such as plasma
treatment, thermal treatment, and adhesive solutions have been tested to glue PMMA to
PMMA. However, UV glue proved to be the best option because it can be applied easily
without leaking to the channel. However, the above mentioned bonding methods can be
more appropriate for other materials. For instance, plasma treatment is recommended to
bond PDMS and glass. Although the above process may sound long, the equipment that
are currently available to make few microchannel chips in parallel which makes the task

less tedious.

A.4 Conclusion

In this paper, the fabrication processes of microchannel chips have been reviewed in
details to make them accessible for hydrometallurgical applications. The main advantages
of this device have been identified as the real time monitoring, low consumption of reagents,
safe use of the environment, easy control of experimental conditions (i.e. pH, temperature,
injection rate, and composition), controllable heat and mass transfer, potential to use
advanced imaging technologies (e.g. high resolution microscopes) in real time, and the
direct and fast acquisition of analytical results. This review has also identified a number
of limitations. Overall the advantages are sufficient to overcome the possible limitations
of microfluidic system. Therefore, this technology can become a powerful tool for the
laboratory testing o leaching processes. Through this survey, a number of gaps in the

literature have been identified. The scientific community would benefit from addressing
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