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Abstract

This study presents a significant advancement in the understanding of the uptake of Cu®* by
nanostructured calcium silicate (NCaSil) and to develop a strategy of using it in a continuous
manner using packed columns. The NCasSil structure consists of micro-sized agglomeration of
nanometre-sized platelets of calcium silicate. This arrangement grants the material a large
surface area of 400 to 600 m? g™.

The kinetics and thermodynamics of the adsorption of Cu** onto NCaSil in batch were studied
at temperatures ranging from 277 to 333 K. The reaction between Cu?* and NCasSil occurred
rapidly, being endothermic and exhibiting an increase in the entropy meaning that the
adsorption process became more spontaneous when the temperature was increased.
Furthermore, the uptake resulted in the formation of copper sulfate hydroxide minerals in the
form of Cus(OH)sSO4-nH,0, where n is equal to 2 for wroewolfeite, 1 for posnjakite and 0
for brochantite. Using powder X-ray diffraction and scanning electron microscopy it was
proven that at temperatures between 293 and 313 K wroewolfeite and posnjakite were
intermediates in the formation of brochantite. Specifically at high temperatures of 333 K and
Cu®** concentrations higher than 15.7 mmol L™ the reaction proceeded directly to the
formation of the thermodynamically stable compound brochantite. A Kinetic study of the
crystal growth was carried out using powder-XRD which showed that the rate determining
step towards the formation of brochantite is the nucleation of SO,*. Additionally, a value for
the activation energy of 42 kJ mol™ using powder-XRD data was obtained for the formation

of the crystallographic plane 420 in the brochantite crystal.

A sample of a real mining waste was collected and analysed. Based on this sample an
emulated waste was generated. The NCaSil was tested for the uptake of Cu?* ions from this
emulated mining waste, showing that the use of NCasSil is feasible at pH values greater than 3.
The production and use of NCaSil may be coupled to existing mining waste treatment
processes in order to remove dissolved copper from solution and produce a copper rich solid

as the by-product.

NCasSil was packed inside a conventional axial flow column and a radial flow column, which
was developed as part of this project. The former proved to be impractical due to a large
pressure drop through the column, while the latter was impractical due to short operational
times before breakthrough. Nonetheless, the radial flow column was operated by immersion
in a tank exhibiting similar kinetics of copper ions uptake to those observed in batch
processes. Therefore, the scale-up of this process was proposed including the necessary

equations keeping the ratio of the tested radial flow column.
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[Ca]siank, concentration of calcium in the blank in mmol L™,

[Ca]eq, concentration of calcium in the sample that has been released at the equilibrium
in mmol L™

[Ca]s, concentration of calcium in the sample that has been released at time t in mmol L™.
[Culeq, concentration of copper in the sample at the equilibrium in mmol Lt

[Cu]reeq is the concentration of Cu®* in solution being pumped into a column in mmol L™.
[Cu]s, concentration of Cu®* in the sample taken at time t in mmol L™.

[Cu*Tinitiar, initial concentration of copper in batch experiments in mmol L™.

[Si], is the concentration in the sample for Si in mmol L™.

a, length of the internal diameter in metres

A, time dependency factor of the Arrhenius equation and has the same units as k

Across.sec, 1S the cross sectional area of a RFC following a a:2a:4a ratio

Adsorbent dosage, refers to the amount of adsorbent in grams added to a certain volume of
solution in L.

Aqq, integrated peak area in counts-20 at the equilibrium

Ain, mean logarithmic area of a cylindrical wall in m?

AMD, Acid Mine Dranaige

Ar(Si), relative atomic mass of silicon

ARD, Acid Rock Dranaige

A, integrated peak area in counts-26 at any time t

ar, Temkin model constant

B, brochantite

br, Temkin model constant

C, calcium carbonate

Ce, concentration in solution at the equilibrium of a certain analyte

Cv, length of the radial flow column

COD, chemical oxygen demand in mg L™

CODELCO, Corporacion Nacional del Cobre, Chilean state owned mining company
Dint, diameter of the inner feed cylinder of the radial flow column

Dy, modified Reynolds number variable related to the particles diameter of the packing
material

Dsg, diameter of the sorbent holder cylinder

Ea, activation energy
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EDS, energy dispersive spectroscopy

G, superficial mass velocity (G = H-p)

g, gravitational constant to convert from kg-f to Newton

H, hydraulic loading

h, kae” initial rate of adsorption

K, Kinetic rate constant

KAeq, initial adsorption rate for the pseudo first order model for powder-XRD Kkinetic follow-
up study

kAeqz, initial adsorption rate for the pseudo second adsorption model for powder-XRD kinetic
follow-up study

Kr, Freundlich constant

K., Langmuir constant

ke, initial adsorption rate for the pseudo first adsorption model

kqe?, initial adsorption rate for the pseudo second adsorption model

L, axial length of the packing chamber of the RFC

LAL, lower action limit

LWL, lower warning limit

Mncasil, Mass of NCaSil added at beginning of the adsorption experiment in g

n, exponential

N, nanostructure calcium silicate, NCasSil

NCasSil, nanostructured calcium silicate

Ng.’, modified Reynolds number

P, posnjakite

Q, flow of a certain fluid

ge, amount adsorbed at the equilibrium in mmol g™.

gm, Maximum adsorption capacity or maximum loading capacity of a given material in mmol
g™. This parameter is obtained from the Langmuir model.

Ore.ca CONCentration of Ca?* released at the equilibrium in mmol L™

Qresioz IS the concentration of monomeric silica at the equilibrium expressed as SiO; in mmol
L™

Orca CONCentration of Ca®* at time t in mmol L™.

Orsio2, concentration of SiO; at time t in mmol L™.

q: is the amount adsorbed of any given adsorbate at time t in mmol g™.

R, gas constant 8.314 J mol™ K*

Re, Reynolds number

rpm, Revolution per minute
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So, surface area of particle per unit of volume

SEM, scanning electron microscopy

T, temperature

t, time

Uy, superficial velocity

UAL, upper action limit

UWL, upper warning limit

v, average axial velocity of a fluid

Vreed 1S the volume of copper sulfate solution utilized in the experiment in L.
Vrec, the volume where the NCaSil is packed in the RFC (packing chamber)
Vireated, VOluMe to be treated by the RFC column

W, wroewolfeite

XRD, X-ray diffraction

A, integrated peak area of a certain reflection in a powder-XRD pattern in counts-26
AG, Gibbs free energy

AH?®, standard enthalpy

Ap, pressure drop through a packed column

4S8°, standard entropy

&, void fraction of a packed column from O to 1

u, fluid viscosity in Pa:-s

p, density of the fluid kg m*

pncasit, bulk density of NCaSil 70 kg m™
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Chapter 1, Introduction

Heavy metals in solution and their risk to the environment are well known [1].
Therefore, great effort has been placed in searching for new technologies and the
improvement of the actual treating methods. Special emphasis has been placed into
the field of adsorbents looking for materials that gather not only exceptional
contaminant removal efficiency but are environmentally friendly [2-5]. The
motivations have been on one hand, the remediation of contaminated water and on

the other hand, the recovery of valuable metal ions.

In this thesis both visions will be addressed through the enrichment of Cu®* on the
surface of a nanostructured calcium silicate a novel adsorbent material patented by

Victoria University of Wellington.

1.1 Background information on New Zealand and Chile water

availability and condition

Water covers three quarters of earth’s surface [6], around 94% of it makes up the
oceans and the remainder 6% is fresh water. Out of the total fresh water 72% is
found in groundwaters and the remainder 27% in glaciers and ice caps [7]. Most of
this comparatively pure water has to be treated physically and chemically in order to
achieve drinking water standards. New Zealand possesses large reserves of water
accompanied with high rainfall in most places, making the water suitable for human
use without major treatment. But not all countries have such abundance, for example,
Chile shares New Zealand’s situation in the south but in the far north the landscape is
covered by desert with an annual rainfall of less than 5.7 mm [8] making water a
scarce resource. The availability of water is crucial to the northern regions of Chile

since most of the large scale mines are located in that area. Mining companies
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Chapter 1, Introduction
usually coexist with farmers withdrawing water resources, using water and
discharging it back into rivers. Special caution has to be taken since industrial and
human activity turns water into a carrier for a wide range of pollutants that vary from
organic substances and microbes to metal ions among many others. If these
wastewaters are not treated before they are discharged they can deeply affect the

environment transporting polluting agents far away from the source.

Metal ions are considered to be harmful if their concentration is higher than allowed
limits, since they undergo different chemical reactions some of which mediate the
formation of free radicals causing changes to DNA structure [9]. Metals such as iron,
copper, chromium, vanadium or cobalt mainly undergo redox-cycling reactions, for
other metals like mercury, nickel and cadmium the predominant mechanism consists
in bond formation with sulfhydryl groups of proteins and depletion of glutathione
[9]. As an example mercury can be bioaccumulated as methyl mercury by fish and
subsequently transferred to humans by its consumption [10].

Copper is a cofactor for proteins involved in bioreactions such as respiration,
connective tissue formation, iron metabolism, free radical eradication and
neurological function [9]. The recommended daily copper intake in adults is
0.9 mg d™* [11]. In human cells it is found chemically-bonded to proteins through
histidine, methionine and cysteine. Recent studies show that the amount of
free-copper is less than a single ion per cell, which suggests that it is easily
complexed [9, 12]. There are two main diseases related to copper accumulation in the
human tissue. The first one is Menkes disease, which involves the abnormal
accumulation of copper in kidneys and intestinal mucosa leading to a deficiency of
this element in other systems not allowing copper to participate as a co-factor in
proteins. The second is known as Wilson’s disease which involves an abnormal
copper accumulation in the liver and the brain which may lead to portal
hypertension, esophageal varices, chronic active hepatitis, liver cancer, frontal lobe
disorder, depression, anxiety and psychosis. In the cell, Cu?* may be reduced to Cu*
by glutathione and ascorbic acid which may generate free radicals via Fenton
chemistry [9]. Dikalov et al. [13] reported that neurotoxic forms of Amyloidf, Ap
(1-42), AB (1-40), and also AP (25-35) stimulated copper-mediated oxidation of
ascorbate, whereas nontoxic Ap (40-1) did not. Dikalov concluded that toxic Ap
peptides stimulate copper mediated oxidation of ascorbate and generation of
hydroxyl radicals via the Fenton reaction. Therefore cupric-amyloid peptide may be

involved in the pathogenesis of Alzheimer's disease.
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Chapter 1, Introduction
Governments have put special emphasis on reducing the wastes to minimize human
exposure and damage to the environment. Maximum discharge limits have been set

and are monitored and regulated by different entities and laws.

The allowed concentration in wastewaters in Chile is regulated nationwide by
Decreto Supremo n°90 [14] and in New Zealand by bylaws specific for each city
council respectively. The maximum discharge values in each country for some
inorganic contaminants are listed in Table 1.1.



Table 1.1: Discharge limits in New Zealand and Chile
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Chile* New Zealand**
Element Maximum allowed concentration
Al 1 300
As 0.5 5
Cd 0.01 0.5
Cu 1 10
Cr total 0.1
Cr (V1) 0.05 ¥
Sn 0.5 20
Fo 5 300
M 0.3 20
Hg 0.001 0.005
Mo 1 10
Ni 3 10
Pb 05 10
Se 0.1 10
Sh - 10
Zn 20 10

*Discharge limits in Chile are for discharges into rivers.

**Discharge limits correspond to the trade waste bylaw of Wellington City Council,

chosen as an example. [15]

The summarized information helps as an overview of the regulations and they are not

meant to be compared since in New Zealand waste water enters a collection system

that has the outlet in the water treatment plant of the region.

Limits set in Chile help as a guideline towards the concentrations that has to be met

in a process that intends to clean waste waters prior to discharge into a body of water.
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1.2 Adsorbents

An adsorbent could be defined as a material that possesses available sites on its
surface with which molecules/atoms can interact or react. The ideal adsorbent can be
defined as one that has the following properties: high loading capacity; fast kinetics;
in the presence of the target adsorbate the equilibrium is highly-displaced towards
the formation of products; effective regeneration and recovery of the adsorbed
species; high surface area; pore size that allows intraparticle diffusion of the targeted
atom, ion or molecule; a mean particle size that allows continuous column operations
without large backpressures; adsorbs the contaminant of interest at a wide range of
pH; and, selectivity towards the adsorbate of interest in presence of other potential
adsorbates. Furthermore, other properties could be desired such as low cost and
being environmentally benign. In the literature a wide range of adsorbents have been
proposed and studied for the uptake of metals from solutions.

Usually adsorbents are able to remove target molecules or ions in the range of
millimoles of molecules, atoms or ions per gram of adsorbent. In the case of
ion adsorption from solution these adsorptions are in the order of 0.05 to 10 mmol g™
[4, 5, 16-30], being most commonly 0.1 to 1 mmol g™*. One could consider as
commercially competitive an adsorbent which can remove from solution 1 mmol of a

certain ion or molecule per gram of adsorbent used.

Recently different low cost sorbents mainly biomass from by-products of industrial
production or simply “useless” biomass (e.g sawdust, rice husk), have been studied
as sorbents for metal ions in solution [22, 29, 31]. Biomass certainly has been seen to
be a successful sorbent but major drawbacks come from the biodegradation of the
structure which limits its use in long term applications [24]. lon exchange resins and
materials have also been studied and applied for the removal of metal ions [26, 32,
33] since they offer the opportunity of regenerating the adsorptive properties.
Typically the main difference between adsorbents is related to their surface
chemistry. For example, biomass adsorbents have organic functional groups such as
amino, alcohol and carboxylates on the surface. On the other hand, some adsorbents
may offer exchangeable ions on the surfaces such as ion exchange resin (I1X) or
zeolites. These materials adsorb the target ion by releasing H*, OH", CI', Na* or
NH,", depending whether an anion or cation is being exchanged. The above
mentioned groups offer to immobilize a molecule, atom or ion on the surface by
strong interactions that range from the electrostatic (ion exchange) to the formation
5
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of covalent bonds (organic functional groups). Other adsorbents may rely on weak
interactions such as van der waals forces, dipole to dipole interaction or even

hydrophobicity to uptake molecules.

In the literature many adsorbents are tested against solutions containing Cu?* as this
ion is a relatively safe and cheap example to study for metal ion sorption. In Table
1.2 are shown the adsorption capacity and the Langmuir constant (equilibrium
constant) found in the literature for copper sorption onto various sorbents.



Table 1.2, Summary of Cu?** sorption onto various sorbents.
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. Om KL
Material Reference
[mmol g] [L mmol™]
Biosorbent
Chitosan 0.08 -3.5 -
Crosslinked chitosan 0.79-1.26 - [22]
Saw dust 0.22 -
Rice bran 0.53 14.9 [29]
Zeolites
Cliptonolite 0.03- 0.06 -
Chabacite 0.08 - [22]
Chabazite—phillipsite 0.006 -
Clay
Fly ash-wollostonite 0.019 -
[28]
Dolomite (turkish) 0.13 4445
lon Exchange Resins (1X)
Dowex 50 0.35 0.953 [26]
Lewatit CNP 80 0.16 0.445 [27]
Other
Iron I11 waste fertilizer industry 0.25 -
[22]
Activated carbon 0.14-0.76 -
Chitosan-coated magnetic
nanoparticles modified with a- 1.51 3.13 [34]

ketoglutaric acid

From the data given in Table 1.2 it can be seen that generally biosorbents present a

larger loading capacity of copper ions than other materials. This can be explained by

the large number of functional groups on their surface that can interact with the metal

ions. Most of the adsorbents have a mean Langmuir constant' value of 0.1 -

1 L mmol™ but in the case of turkish-dolomite the value is two orders of magnitude

! The Langmuir constant is the equilibrium constant of an adsorption process which exhibits a
Langmuir behaviour. For more information please refer to section 3.3.1.
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higher. This difference may be attributed to the difference in the type of reaction with
the surface.

1.3 Nanostructured Calcium Silicate Hydrate (NCaSil)

NCasSil is a proprietary material reported by Johnston, McFarlane and Borrmann
[35]. The synthesis is achieved via precipitation of dissolved silica by calcium ions at
alkaline pH under controlled conditions of mixing, temperature and ageing time. The
properties of NCaSil materials were studied extensively by McFarlane [36]. NCaSil
consists of nanometre platelets stacked semi-randomly, forming aggregated particles
of a few micrometres in size (approx. 1-100 pum). The length of such structure is
proportional to the ageing time. The macrostructure is similar in shape to a gypsum
desert rose but additional information from X-ray powder diffraction (XRD) shows
no long range order thus indicating that the material is amorphous or polycrystalline.
Moreover, only two broad peaks arise from XRD analysis which further indicates a
two dimensional ordering within the material commonly seen in calcium silicate
hydrates. Surface analysis revealed that NCaSil has a high surface area, typically in
the order of 300-700 m* g*. A micrograph of the NCaSil surface and platelet

structure is shown in Figure 1.1.
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SEl 15.0kV  X%25,000 1um WD 9.5mm

Figure 1.1: Scanning electron micrograph of the NCasSil surface and platelet structure. [37]

The structure of the NCaSil is believed to consist of tetrahedral SiO4* connected
through chains bridged by Ca?* ions as shown in Figure 1.2. The material is mainly
composed by Q* Si with few Q' Q° and Q* as reflected from *°Si-MAS-NMR

reported by McFarlane [36], suggesting long chains of tetrahedral silicate.

K \ /OH2 H20\ /OH2
HZO—C=12+<0H2 H,0 Cat——OH,
A A AO&

AR
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- ~. 0-
0; |
= Si
----A _____ 0'/ | \0'
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Figure 1.2: Suggested formula and schematic of nanostructured calcium silicate, showing the
chain-like nature of the material [37]. Calcium is present on the surface and in between silicate
layers. Dashed lines represent bonds to other silicate chains.
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Several spectroscopic techniques such as solid state ‘H-MAS-NMR, X-ray
photoelectron spectroscopy (XPS), X-ray fluorescence (XRF) and ion-beam
spectroscopic studies of the material have demonstrated the presence of physisorbed
water and surface-bound hydroxyl groups. The results led to the empirical formula,

Ca,SiO,(OH), - zH,0 (eq. 1.1)
where: w=0.05-1,x=205-3,y=0-05,z=14-25.

Although a value of w equal to 0.05 is unlikely as this is obtained when the NCaSil is
contacted with a low pH solution to create pH-adjusted NCaSil, thus a range of
0.5 - 1 was taken into consideration. Taking in consideration these stoichiometric
values reported by McFarlane [36] we may calculate an approximate molar mass for
NCasSil in three ranges of content. These values are shown in Table 1.3.

Table 1.3: Possible molar mass for NCaSil

Low-range w X y z
0.5 2.05 0 1.4
NCaSil Molar mass [g mol™]
106.12
Mid-range w X y z
0.75 2.53 0.25 1.9
NCaSil Molar mass [g mol™]
137.07
High-range w X y z
1 3 0.5 2.5
NCaSil Molar mass [g mol™]
169.66

*Compositions are not electrically neutral but serve as an approximation for NCaSil true molar mass

The values shown in Table 1.3 are an approximation to the real molar mass since
different combinations of the stoichiometric coefficients can be taken resulting in a
molar mass within those boundaries. In this thesis the mid-range value will be used

for calculations.

It is believed that the material structure relates to wollastonite (CaSiO3) due to a

phase transformation of NCaSil into this mineral at temperatures higher than 720°C.

The fabrication of NCaSil presents challenges during the drying step, loosing water
by evaporation due to the large surface area that creates a high surface tension. As

the material is dried water begins to evaporate causing the platelet structure to
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collapse. The loss of the microstructure reduces the surface area of the material.
Three different approaches have been developed by McFarlane et al. [36] to
overcome this collapse.

1) During the filtration step replace the solvent (water) within the microstructure of
NCaSil by one with a lower surface tension, such as ethanol.

2) Reinforcement of the NCaSil structure by condensing a layer of silica between the
adjacent platelets of the material. The reinforcement is achieved by contacting a
slurry of NCaSil with a solution of silicate, where H4.,SiOa4n 10ns will preferably be
sorbed in the acute angle of the platelets reducing the surface tension and increasing
the stability of the system. Subsequent acidification will cause the silicate ions to
form a silica layer. This material can be wetted and dried several times, without

causing significant reduction of its surface area.

3) Acid treatment of the NCaSil slurry: calcium ions are exchanged by protons
generating new silanol groups. These new silanol groups can condense reducing the
surface tension. This modified NCaSil can be wetted and dried several times just like
a reinforced one. However, this method is wasteful of reagents, as most of the

calcium is leached out.

When contacted with water NCaSil releases OH™ and Ca** ions until equilibrium is
reached. In Figure 1.3 is shown the leaching of OH™ and Ca®* ions from NCaSil as a

function of time when contacted with a pH 7.2 solution (water).
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Figure 1.3: OH and Ca?* leaching from NCaSil. Graph taken from reference [37].
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Cairns [37] proposed a two step mechanism for the release of calcium and hydroxide
ions into the solution with the NCaSil attaining a negative charge.

(Ca0),,Si0, = (Ca0),;Si0,Ca* +(Ca0) ., SIOZ, (eq. 1.2)
(Ca0)ps.SIO%, +2xH,0 = (Ca0) 4, (OH ), SIO,.,) + 2XOH "~ (eq. 1.3)

Hydroxide ions react further with the silicate backbone to release monomeric silica
into the solution.

(Ca0) 5., SI0,(OH), +(4—x)JOH™ =

(Ca0) 5.4 Siu0. ™ +Si,(OH), (eq. 1.4)

For most silicates the chemical reaction given in eq. 1.4 occurs over long periods of
days to weeks and is unlikely that it contributes to the overall process giving rise to a
discrepancy with the experimental results [37]. Nevertheless the mechanism depicts
well the leaching of ions when the solution has a low pH value and/or contains a
large amount of exchangeable metal ions. However, the microstructure of the
material is lost (time < 10 min) forming a soluble form of silicate when 1 g of
NCasSil is contacted with 1 L of a pH 1 solution. Therefore, studies have been limited
to pH values > 4. The sorption of various cations and anions has been studied, taking
into consideration the possibility of ion exchange and formation of insoluble
compounds by the presence of OH™ and Ca’" in the structure. Borrmann [38] reported
the formation of a Ca-1 complex when molecular iodine was adsorbed. Intensive
research has been carried out by Southam [39] on phosphate uptake with NCaSil by

the precipitation of insoluble calcium phosphates species on the surface.

Cairns et al. [40] studied the sorption of CUNO3 and CuCl, at different concentrations
showing that crystals of rouatite and atacamite were formed readily when
concentrations higher than 8.0 mmol L™ of Cu®** were used. Furthermore, NCaSil
reported to gradually release hydroxide ions into solution when contacted with
distilled water. This effect was enhanced when the experiment was carried out using
an 80 mmol L™ Cu®* solution. Overall, the material exhibited a high loading capacity
and fast rate of adsorption with extractions efficiencies of over 95% for all the
different studied salts at concentrations up to 7.9 mmol L™. Although enough kinetic
information for STP conditions was obtained, information about Kkinetic parameters

at different temperatures was not obtained. This is important for the understanding of
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Chapter 1, Introduction
the adsorption mechanism, as well to see if increasing temperature improves or
decreases the adsorption of Cu?*. Furthermore, no study over the release of calcium

and monomeric silica into the solution at different temperatures was done.

Formation of hydroxide precipitates over clay minerals and metal oxides is not new
and it has been reported by several authors for metals such as Co®*, Cu®* and Ni**
[41-43]. In cases where the adsorbent was aluminum-free talc and amorphous silica
the adsorption of Ni resulted in the formation of a-Ni(OH).-like precipitates [43].
This could be an indication of the first step on the adsorption of copper ions onto the
NCaSil forming copper hydroxides on the surface. In fact, Spark et al. [44] showed
that copper hydroxide is an intermediate in the formation of copper hydroxide nitrate
and copper hydroxide chloride minerals.

The author believes that the mechanism by which the Cu?* is adsorbed may involve
several steps of mass transport towards surface of NCaSil, hydrolysis of the material,
ion exchange with calcium ions, precipitation of Cu®* hydroxide salts and nucleation
of Cu** onto crystalline structures. In addition, the electrostatic attraction between
Cu*" and the negative surface charge of the silicate should be considered as it was
proven by Klimsa [45] using zeta potential measurements over time during the
uptake reaction occurred. Moreover, there is also the chance that the release of Ca®*

and Si(OH)4, is independent from the adsorption of Cu?".

In addition, the ability of NCasSil to readily uptake copper from solution represents a
great potential to treat waste solutions containing a high concentration of copper
[Cu®*] from 10 to 10 mmol L™. This kind of waste streams is usually found in the
mining industry or naturally occurring as Acid Mine Drainage (AMD). Therefore,
the removal of copper from solution will be of great importance not only from an
environmental point of view but also under an economic perspective generating a

solid with commercial value where the metal ion has been enriched.

Cairns carried out all his studies using CuNO3-3H,0 and CuCl,-2H,0. In this work
Kinetic and equilibrium studies were done utilizing CuSO4-5H,0 since sulfate
concentrations in liquid mining waste are usually higher than nitrate and chloride
[46, 47].

Fast kinetics and a large maximum loading capacity offers the opportunity to build a
device for the continuous adsorption of Cu?* which can compete with existing
materials and processes. Furthermore, the surface chemistry of NCaSil allows the

possibility of treating mining waste containing high concentrations of Cu®" in
13



Chapter 1, Introduction
solution resulting in a clean effluent and a copper-rich solid. Regardless of the loss of
the microstructure, the formation of copper hydroxide species opens up the

possibility of reintroducing this by-product at some stage during the production of
copper reducing the costs.

14
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1.4 Objectives

Main objective
Study the adsorption of Cu®" ions onto NCaSil in batch and in a continuous setup in
order to design a water purification cartridge for high dissolved metal concentration

stream decontamination.

Secondary objectives

- Identify the steps in the mechanism by which Cu®" is adsorbed onto the
surface of NCaSil. Establish rates of the different processes occurring during
the uptake.

- Obtain thermodynamic values such as E,, AH®, AS® and AG for the adsorption
of Cu?* which will allow understanding of what is occurring in the system
and practical information on the dependence with temperature variations.

- Study the continuous adsorption of Cu®** using a conventional axial flow
column and a custom built axial flow column. Establish optimum sizing and

operation for pilot scale operation.
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Chapter 2, experimental procedure

Chapter 2 , Experimental
Procedure

The work presented in this PhD thesis is mainly based on the sorption of Cu®** and
the release of OH", Ca®* and SiO,* from the NCaSil in batch or continuous setups
using columns packed with NCaSil. It also includes the characterisation of a real
mining waste and the application of NCaSil as an adsorbent to recover Cu?* from
simulated waste. Below are the different procedures and techniques used in this work

to prepare, execute and retrieve experimental data.

2.1 NCasSil preparation

2.1.1 Reagents

e Sodium silicate, ORICA with 28.5% wt. content as SiO,, N grade.

e Calcium hydroxide, Ca(OH),, acquired from Merck KGaA with a 96% purity.
e Distilled water, produced in the laboratory.

e Hydrochloric acid, HCI, from Sigma Aldrich, 37% wt., analytical grade.

e Ethanol, technical grade.
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2.1.2 Procedure to manufacture NCaSil
The procedure was identical to the one utilized by Cairns and McFarlane in their
theses [36, 37] In a 500 mL plastic beaker 15.34 g of sodium silicate were weighed
and subsequently 250 mL of distilled water were added. Separately 5.32 g of calcium
hydroxide was suspended in 250 mL of water using a 1 L plastic beaker. To this
solution 4.3 mL of a 37% wt. HCI was added under stirring for homogenisation.
Subsequently the solution containing sodium silicate was added rapidly. NCaSil is
formed readily under these conditions and the suspension was left under stirring for
30 min. The slurry was left ageing overnight allowing the formation of platelet
macrostructure. After 24 h the material was filtered and washed with water to
remove the excess of calcium, sodium and chloride ions. A final wash with ethanol
using double the volume of the filter cake was performed to prevent the structure
from collapsing reducing its surface area. Finally, NCaSil was dried and stored at
383 K.
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2.2 Kinetic studies on the adsorption Cu** in batch configuration

2.2.1 Reagents
e Copper sulfate pentahydrate CuSO,4-5H,0, from Carlo Erba reagents, 98%
purity.
e Distilled water, produced in our laboratory.

e NCaSil, prepared as described in Section 2.1.2.

2.2.2 Adsorption study

For kinetic experiments solutions of 1.6, 7.9 and 15.7 mmol L™ of Cu* were
prepared dissolving CuSQO,4-5H,0 in a 1 L volumetric flask. The copper solution was
transferred into an Erlenmeyer flask over a heating plate equipped with magnetic
stirring. After the homogenisation of the solution, 1.0000 g of dried NCaSil was
added into the solution under a stirring speed of 500 rpm. Samples were taken from
the feed and at time intervals of 1, 3, 5, 10, 15, 30, 45, 60, 90, 120, 240, 1440 min
using a 10 mL polypropylene syringe. The samples were filtered through a
Whatman n°2 filter paper into a plastic vial and stored under refrigeration at 277 K.

Usually, samples were analysed immediately after finishing the experiment.

With the intention of having a larger amount of solids to study the kinetics of crystal
growth using powder-XRD techniques, the experiments were done in a similar
manner as described above using concentrations of 15.7 mmol L™ of Cu®*. The entire
content of the flask was filtered at a certain time. The filter cake was dried in open

air for 72 h and stored inside glass vials.

This methodology was repeated for all studied temperatures ranging from 277 to
343 K. For experiments below the room temperature (293 K) a mixture of water and
ice was placed inside a metallic pot to cool down the flask containing the copper
solution. A temperature of 277 K was reached with this setup. In the case of the
experiments carried out above the room temperature a hot plate equipped with a
thermostat was used. At the beginning of the project this equipment was not
available and the temperature was stabilized on a standard hot plate adjusting the

knob until the desired temperature was reached.

Stirring speeds of 50 rpm were also studied in order to get information on the

importance of this parameter on the adsorption kinetics.
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2.3 Study of the equilibrium of Cu®* adsorption in batch

configuration

Below is the procedure to study the equilibrium of the sorption and generate
experimental data that will help to understand the thermodynamics and mechanism
of the adsorption Cu** and the release of Ca?*, OH" and Si(OH)..

2.3.1 Reagents
e Copper sulfate pentahydrate CuSO,4-5H,0, from Carlo Erba reagents, 98%
purity.
e Distilled water, produced in our laboratory.

e NCaSil, prepared as described in Section 2.1.2.

2.3.2 Adsorption studies

The structure of commonly used adsorbents such as ion exchange resins or activated
carbon remain unvaried when they are subjected to operational conditions. In
contrast, NCaSil disaggregates and dissolves depending on the chemical (pH) and
physical (stirring intensity and temperature) conditions of the media. Therefore, it
was necessary to complement two different experimental approaches to obtain data
with higher quality. Procedure A was the first attempt to generate data from the
equilibrium using a shaking water bath. Although the shaking mechanism worked, it

was not strong enough to disaggregate lumps of NCasSil.

To obtain better results, procedure B was done using a magnetic stirrer to

disintegrate the lumps and expose fresh surface to the solution.
Procedure A

Copper sulfate solutions with concentrations of 2.0, 3.9, 4.7, 6.3, 7.1, 7.9, 11.8 and
15.7 mmol L™ of Cu®" were prepared with CuSO,-5H,0. The salt was dissolved in
distilled water in a beaker before transferring it into a 1 L volumetric flask and

completing the remaining volume with water.

In a 125 mL sealable plastic vessel 100 mL of stock solution were added and
subsequently 0.1000 g of NCaSil was added into the solution. The plastic vessel was
closed with its cap and placed inside a shaking water bath. Five hours elapsed before
the samples were taken out and a portion immediately filtered through a whatmann

n°2 filter paper directly into a 25 mL plastic container. The filtrate was stored in the
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fridge at 277 K. The filter cake was air dried for 72 h to be analysed and
subsequently stored in glass vials.

Procedure B

Solutions of different concentrations were prepared in 2 L portions in order to have
enough solution (1.5 L total) for all 3 temperatures. These solutions had
concentrations of 2.0, 3.9, 4.7, 6.3, 7.1, 7.9, 11.8 and 15.7 mmol L™ of Cu**, and
were prepared using CuSO4-5H,0. The salt was dissolved in a beaker and
subsequently transferred into a volumetric flask where the remaining volume was

completed with distilled water.

In a measuring cylinder 500 mL of the solution were added and subsequently
transferred into an Erlenmeyer flask. The solution was stirred over a hot plate
equipped with magnetic stirring and a thermostat. 0.5000 g of dried NCaSil was
weighed. The solid was poured into the solution under a stirring speed of 500 rpm.
After 24 h the entire contents of the flask were filtered through a Whatmann n°2 filter

paper with a Buchner funnel and flask, using vacuum filtration.

The filtrate was stored in a sealed plastic vial inside the fridge at 277 K and the filter

cake was dried open air for 72 h before placing it inside a glass vial.

This procedure was repeated when the reaction was studied at 303 and 313 K.
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2.4 Mining Waste Collection and Treatment

2.4.1 Mining Waste Collection

Two 1 L samples of Caletones smelter weak acid were collected by CODELCO staff
at El Teniente mine (34° 07> S and 70° 27° W) at 11 AM (GMT -4) on the 9" of
August 2010. Both samples were stored in a cooler carry-bag and taken to Hidrolab
ltda. in Santiago, Chile, a private laboratory holding ISO 17025 certification. The
sample containing suspended solids was shipped to Victoria University of
Wellington, New Zealand and Georg-Simon-Ohm Hochschule in Germany for

further analyses.

A daily analysis of the weak acid effluent was undertaken on site by the acid plant
operator. In this work, data collected from May 2010 until October 2010 is
presented. Control charts were plotted (presented in the appendix) for the data in
order to monitor and understand the long-term operation of the sulfuric acid plant,
the quality of the weak acid being discharged and to place the samples collected into
context. The charts present the average value for the variables analysed over time.
The lower and upper warning limits (LWL and UWL), which are chosen to be twice
the standard deviation (+2c) from the average, are also presented. The control charts
also include the lower and upper action limits (LAL and UAL) defined to be three
times the standard deviation (+3c). Approximately 99.7% of the results fall inside
these limits. If any data lies outside the LAL or UAL immediate action should be

taken to bring the operational output back close to the average.

2.4.2 Preparation of a simulated mining waste

After characterising the liquid portion of the waste (refer to Section 2.7.3.1) the
acquired data were used to emulate the waste with the main components that were
present in concentrations >1 mg L™ Aluminium was excluded as it formed a
precipitate when it was added to the multicomponent solution. Trying to match the
counter ion concentration with those reported on the analysis was a challenge,
therefore if an excess was to happen usually nitrate salts were used in order to

prevent the formation of a precipitate.
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A total volume of 1 L of mining waste was prepared using the salts and amounts
detailed in Table 2.1.

Table 2.1: Reagents for the preparation of the weak acid

Analyte Source Mass added Concentr_alltion
[ma] [mg L]
Cu CuSQ,-5H,0 2044 510
Ca Ca(NO3); 6327 1530
Fe FeS0,-7H,0 597.4 120
Pb Pb(NO3), 49.6 31
Mo (NH,)sM07044-4H,0 95.7 52
As [AsO4¥] NazAsO, 22586 8140
H,SO, 64369
S0.% CuS0,-5H,0 0.1 —— 65453
FeSO,4-7H,0 002 — |
NO5" Ca(NO3); 4782
Pb(NO3), 18.6 4800
H,0. H,0,30% wt 1 1

The reagents were dissolved in a beaker before being transferred into a 1 L
volumetric flask. Taking into consideration the E vs pH diagrams (Pourbaix
diagrams) of all elements a certain amount of H,O, was added into the solution to
raise the potential and stabilise the elements in their soluble ionic forms preventing
the formation of precipitates. The addition of calcium nitrate as a source of calcium
also provides nitrate to the solution helping to keep certain cations soluble that
instead would form sulfate precipitates. This action, although unwanted, was
necessary due to the complexity of a multi elemental sample. After adding all
dissolved salts into the flask the remaining volume was completed with distilled

water. The resulting pH value of the solution was -0.1.

2.4.3 Emulated Mining waste Treatment.

The treatment of the emulated mining waste consists in 4 steps: first, raising the pH
to prevent NCaSil from hydrolysing; second, solid liquid separation by vacuum
filtration; third, addition of NCaSil to remove Cu®* from solution; and fourth, a final
solid-liquid separation by vacuum filtration to retrieve the Cu®" enriched solid and

discharge of depleted liquid.
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An aliquot of 500 mL of the emulated mining waste solution was transferred into a
2 L Erlenmeyer flask using a measuring cylinder. Subsequently the flask was placed

over a magnetic stirrer.

Taking into consideration that NCaSil is completely hydrolysed at pH values < 2, the
first step involved raising the pH from its initial value of -0.1 to 3 by adding 600 mL
of a 30% wt. milk of lime (Ca(OH), suspension). The reaction was allowed to stand
for 15 minutes and a white precipitate developed over this time. The suspension was
filtered using a typical vacuum filtration setup. The filter cake was dried and stored
at 383 K inside a porcelain dish and the filtrate transferred into a new 2 L flask.

The next step of the treatment consisted in adding 1.0019 g of NCaSil into the flask
containing pH adjusted emulated mining waste filtrate. The solution was stirred for
24 h and then filtered. The filtrate was stored in a plastic container at 277 K and the
filter cake was dried in open air for 72 h inside the hood and stored inside a glass

vial.

The filtrate and the filter cake were analysed using the same techniques as those

mentioned in Section 2.7.
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2.5 Continuous adsorption studies

Two different columns were tested. The first one was a conventional axial flow
column which was operated in a downward flow. The second was a custom build
radial flow column (RFC), which was operated in outward flow and by immersion in

a tank containing copper ions in solution.

2.5.1 Reagents
e Copper sulfate pentahydrate, from Carlo Erba reagents, 98% purity.
e Distilled water, produced in our laboratory.

e NCaSil, prepared as described in Section 2.1.2.

2.5.2 Conventional axial flow column

The column was made out of glass having a total length of 25 cm, of which 14 cm
can be packed. The internal column diameter was 2 cm. Both ends of the column
were sealed by a septum. The bottom septum, located at the outlet, had a filter paper
placed between two polyurethane meshes as a packing support. Into each septum a
hole was drilled on the centre and a 4 cm piece of nylon tubing with an internal
diameter of 2 mm was inserted. The tubing coming from the pump was attached to
the nylon tubing of the column by plastic moorings. The system proved to be leak
proof under the experimental conditions studied. An example of this packed column

is displayed in Figure 2.1.

2.5.2.1 Operational procedure for the conventional axial flow column

The column was tested using three different concentrations and flows, and two
different heights. The last one given by the amount of NCaSil added to the column.
Different packing densities could not be studied due to the high back pressures

generated when the material was compressed.

In order to pack the column either 0.5 or 1.0 g of NCaSil were added using a funnel
to the column on top of the packing support. Subsequently a round filter paper cut to
fit inside the column was placed on top of the NCaSil. Afterwards, 1 cm of glass
beads was placed on top to prevent the NCaSil moving and equalize flow distribution

inside the column. Figure 2.1 shows the typical packed column.
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Figure 2.1: Packed column with NCasSil

The solution containing Cu** was placed inside a 2 L plastic beaker. The feed tubing
of the pump was submerged inside the solution and liquid was pumped to the inlet of
the column. The inlet was opened rapidly and a portion of the solution was used to
fill the empty space left from glass beads to the inlet. Subsequently, a quick
manoeuvre was done to close the inlet again. The inlet and the outlet septum were
fastened with nylon cable ties to prevent them from moving when pressure was

accumulated.

Flows of 5.00 ml min™ were pumped using an HPLC Merck-Hitachi L-6000A pump.
Column heights of 2.5 and 5 cm (0.5 and 1.0 g of NCaSil) were tested.
Concentrations of 1.6, 7.9 and 15.7 mmol L™ of Cu®* were employed in the study.

The typical setup for this study is shown Figure 2.2.
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Figure 2.2: Common arrangement for the studies done with a conventional axial flow column
packed with NCasSil. The black arrow on the picture represents the direction of flow.

2.5.3 Radial flow column (RFC)

Nano structured calcium silicate has a small particle size. Due to this using such
material inside a standard column will result in a large pressure drop through the
column. Thus, for a larger scale application another design has to be used. Based
upon existing microfiltration systems [48], activated carbon block filters [49], and
industrial chromatography [50-52] a custom made radial flow column (RFC) was
built. The device components are shown in Figure 2.3.

S e vl

OUTER LID

Figure 2.3, Components of the RFC. The column may be used only with the sorbent holder, feed
cylinder and inner lid, without the housing and outer components.

This custom built RFC is made out of three concentric cylinders. The adsorbent is

placed between the first (feed cylinder) and the second (sorbent holder) cylinder
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while the third cylinder (transparent housing in Figure 2.3) acts as an outer casket
creating a closed system. Water enters through the centre of the first cylinder and
flows radially through the mantle, crossing the packed material towards the outer
casket. The measures of the different elements are as follows: inner feed cylinder,
Dint 2 cm; sorbent holder diameter Dsg 4 cm; internal length, C. 8 cm. Therefore the
ratio of Di,:Dsg:CL = a:2a:4a, where a is the length of the inner feed cylinder as
shown in Figure 2.4.

AN\ 23
g

4a

Figure 2.4: Ratio of the inner feed cylinder diameter to the sorbent holder diameter to the
cylinder to the length. The ratio is a:2a:4a.

This design offers increased cross sectional area decreasing the hydraulic loading
over the column. Furthermore, operating a column radially grants the possibility of
having the same amount of material as a column without having the large pressure
drops associated with columns. Although the shorter bed depth implies shorter
residence times, this can be overcome if the material has a high rate of uptake of the

pollutant.

2.5.3.1 Procedure to pack the RFC with NCasSil

A 14x8 cm rectangle of filter paper was cut as packing support which lay over the
stainless steel mesh of the sorbent holder. The paper was sprayed with water in order
to fix it to the surface of the sorbent holder. The feed cylinder was then inserted into
the sorbent holder and subsequently 3 g of NCaSil were added with a spatula in small
portions. Every 4 portions added the sorbent holder was bumped slightly against the
surface of the bench in order to guarantee a tighter packing and minimize free

channel formation during the operation.
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2.5.3.2 RFC operating as column
The solution containing Cu?* was placed inside a 2 L plastic beaker. The feed tubing
of the pump was submerged inside the solution and liquid was pumped to the inlet of
the column. An example of such procedure is shown in Figure 2.5.

\|/Feed Cu’* solution

Funnel

NCasSil

collection of treated solution

Figure 2.5, Cross-sectional scheme of the continuous sorption device during operation. The
setup was the same as the shown in Figure 2.2 for the conventional axial flow column.

A flow of 10 ml min™ was used utilizing a HPLC Merck-Hitachi L-6000A pump.
Concentrations of 1.6, 7.9 and 15.7 mmol L™ of Cu** were employed in the study.
The bed width was 2 cm which is set by the gap between the sorbent holder and the
inner feed cylinder. This gives the RFC a logarithmic mean area of 0.0073 m? (refer
to eq. 5.7 in section 5.1.1.4). Therefore, in this study a hydraulic loading of
1.37 x 10° m* m? min™ was used (refer to section 5.1.1 for further explanation). In
this study the housing was replaced by an open air funnel which helped to collect the
treated effluent. Using the housing would decrease the resolution of the collected
data due to the accumulation of the solution between the sorbent holder and the
housing wall. Hence, using it would make very difficult to see concentration
differences in the collected samples, reflecting the average concentration during a

long time frame.
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2.5.3.3 RFC operation by Immersion.
The RFC packed with 3.0 g of NCaSil was immersed in a stirred tank containing 3 L
of a Cu®* solution. Once inside the solution was recirculated through the device using
a flow of 200 ml min™ utilizing a masterflex peristaltic pump, model # 7521-25,
equipped with a head model number 7016-20. Concentrations of 1.6, 7.9 mmol L™ of
Cu®* were employed in the study. The bed width was 2 cm which is set by the gap
between the sorbent holder and the inner feed cylinder. The RFC has logarithmic
mean area of 0.0073 m? (refer to eq. 5.7 in section 5.1.1.4). Therefore, in this study a
hydraulic loading of 1.6 m* m? h™ was used. An example of this setup is presented
in Figure 2.6.

2+ -
Cu” solution

NCasSil
—> Fluid flow

Stirring rod

Peristaltic pump

Figure 2.6: RFC operation by immersion. The figure shows the RFC submerged in a stirred
tank containing a Cu®* solution. The solution is being recirculated by a peristaltic pump.

29



Chapter 2, experimental procedure

2.7 Sample Characterisation

2.7.1 Liquid sample characterisation, Cu®* sorption kinetic experiments

2.7.1.1 Measurement of Cu®*

The concentration of copper ions in the filtrate was measured at 324.7 nm using a
Flame Atomic Absorption Spectrophotometre (FAAS) GBC 906 using an
air-acetylene flame. All measurements were carried out by diluting an aliquot inside
a glass vial with water delivered by a micropipette. This allows the analysis of a
large number of samples without the need to have a large number of volumetric
flasks. To improve the statistics all samples were measured in triplicate. Normally, a
dilution factor ranging from 21 to 51 was needed for those samples taken during the
first 15 to 30 minutes in the experiments using feed solutions containing an initial
concentration of Cu®* of 100 and 500 mg L™. In the case of the studies with a 1000
mg L™ of Cu®* solution, a dilution factor of 201 was necessary. Therefore, an aliquot
of 25 pL was placed inside a glass vial and 5 mL of distilled water were added on

top.

A calibration curve was constructed ranging from 1 to 5 mg L™ of dissolved copper,
as recommended by the instrument manual. The standards were made using a stock
solution containing Cu®* stabilized in 3% wt of HNO; from Fluka, TraceCERT®
quality which were permanently stored at 277 K inside a fridge. The blank was

distilled water, the same quality as the one used for the study.

The concentration of the feed was measured as well all other samples. Equation 2.1

was used to calculate the concentration of copper on the surface.

_ ([CU2+]feed - [Cu“]‘)_v

mNCaSiI

G (eq. 2.1)
Where, q; is the amount adsorbed at time t in mmol g, [Culwe is the starting
concentration of Cu?* in solution in mmol L™, [Cul]; is the concentration of sample in
mmol L™ taken at time t, mycasi is the mass of NCaSil added for the experiment in

grams and V is the volume of copper sulfate solution utilized in the experiment in L.

2.7.1.2 Measurement of Ca**
To avoid chemical interferences a solution of 2000 mg L™ of Sr** was prepared by

dissolving 6.07 g of strontium chloride, 99% purity, from Sigma Aldrich in 200 mL
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of distilled water in a 250 mL beaker. The solution was then transferred into a 1 L

volumetric flask and the remaining volume completed with distilled water.

A 1000 mg L™ CaCO; solution was prepared using 3.5 g of analytical grade calcium
carbonate, from BDH Chemicals Ltd with 99% purity. The salt was dried for 24 h at
383 K and placed in a desiccator to cool. Once cooled, 2.5225 g were weighed and
transferred into a 200 mL beaker. Subsequently a 3% wt. HNO3 solution was poured
gently on top and stirred. Once calcium carbonate was dissolved the solution was
transferred into a 1 L volumetric flask and the volume made up with the 3% wt. of
HNOs. Standards ranging from 1 to 4 mg L™ of Ca** were prepared from this stock
solution by dilution with a 2000 mg L™ of Sr** solution.

Usually a dilution factor of 51 was needed to be within the calibration curve.
Therefore, an aliquot of 100 pL was transferred into a glass vial using a micropipette
and 5 mL of distilled water were subsequently added with a micropipette.

The concentration of calcium ions in the filtrate of the collected samples was
measured at 422.7 nm using a FAAS GBC 906 using air acetylene in triplicate. The

concentration of calcium was calculated using Equation 2.2.
Ortca = ([Ca]t _[Ca]Blank) (eq 22)

Where qca is the concentration in mmol of Ca?* per L released at time t, [Ca]; is
the concentration of calcium that has been released at time t in mmol L™, [Ca]gian iS

the concentration of calcium in the blank in mmol L?,

2.7.1.3 Measurement of Monomeric Silica

The concentration of monomeric silica in solution was determined using
silicomolybdate method recommend by ller [53]. This method was successfully used
for the analysis of NCaSil by McFarlane [36], although the method had to be

modified in order to be able to analyse a large number of samples.

This method involves the formation coloured silicomolybdic acid due to the reaction
of ammonium molybdate and monomeric silica in an acid media. The colouration
allows quantifying the analyte spectrophotometrically. The reaction described above

is represented in Equation 2.3.

7Si(OH), +12H,Mo,0,,4H,0 +126H,0 = 7H,Si(Mo,0, ),28H,0 (eq. 2.3)
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In strong acid media molybdate becomes protonated forming molybdic acid in
solution. This reagent is only stable for one week so it has to be prepared when

required from other two stock solutions as detailed below.

Reagent A: Add 4.0 mL 95.5% (w/w) sulfuric acid to 800 mL double distilled water
and dilute 1 L.

Reagent B: Dissolve 100 g of ammonium molybdate (VI) tetrahydrate in 900 mL
double distilled water, add 47 mL 28% (w/w) ammonium hydroxide, and dilute to 1
L.

Reagents C: Place 500 mL of double distilled water in a plastic container and add
200 mL of reagent A and 100 mL of reagent B.

With the intention of analysing >10 samples at the same time and minimizing the use

of reagent C the analytes were prepared directly into the cuvette using micropipettes.

Sufficient UV-Vis perspex cells to analyse the samples were placed inside a cuvette
holder and 0.4 mL of water were added to each using a 100-1000 pL micropipette.
On top 0.4 mL of sample were added into each cuvette. Finally 3.2 mL of reagent C
were added using a 1000-5000 pL micropipette. Standards of Si were prepared
utilizing a stock standard solution of 1000 mg L™ Si from Fluka, TraceCERT®. A
100 mg L™ of Si solution was prepared from the stock solution. In a similar manner

the standards were prepared as detailed in as shown in Table 2.2.

Table 2.2: preparation of standards for monomeric silica measurements.

conc. of aliquot of volume of volume of
standard 100 mg L Si standard. distilled water reagent ¢
[mg L] [mi] [mi] [mi]
2.5 0.1 0.7 3.2
5.0 0.2 0.6 3.2
7.5 0.3 0.5 3.2
10 0.4 0.4 3.2

The blank was prepared adding 3.2 mL of reagent C onto 0.8 mL of distilled water,

having the same quality as the one used in the adsorption experiments.

It is important that reagent C is added to all samples after the addition of the blank
and standards to assure that the formation of silicomolybdic acid starts almost at the

same time in each cuvette. Since the beta form of silicomolybdic acid that forms at
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the beginning is more coloured than the alpha form [36], the absorbance was
measured 10 minutes after reagent C was added into solution. This time is enough to
allow the colour to fully develop and short enough so it doesn’t fade. The absorbance
of the solution was measured at 410 nm using either Shimadzu UV-160 or Varian
Cary 100SCAN UV-Visible spectrophotometer. This wavelength offered a good

range of linearity that obeyed Beer’s Law.

The concentrations of monomeric silica were obtained as mg L™ of Si in solution;
therefore a conversion was done using Equation 2.4 to express it as mg of SiO;
per L.

i
e 1si0, = [ A{ (IS]i)jxm (eq. 2.4)

Where Qrtsio2 IS the amount of monomeric silica released per gram of adsorbent at
time t expressed as SiO, in mmol g, [Si] is the concentration reported by the
spectrophotometer for Si in mg L™, A/(Si) is the relative atomic mass of silicon. The
equation is multiplied by 10 which is the dilution factor arising from the dilution of

0.4 ml of sample in a total volume of 4 ml.

2.7.1.4 Measurement of the pH

A pH electrode and a temperature probe were connected to a cyberscan pH 11 pH
metre from Eurotech Instruments. The instrument was calibrated at room temperature
using standard solutions with pH values of 4, 7 and 10, acquired from Sigma Aldrich.
The pH electrode was placed inside the flask with the copper sulfate solution and the
initial pH of the reaction was recorded. Subsequently as described in Section 2.3.2 a
known amount of NCaSil was added into the reaction vessel and the pH value was
recorded manually every 15 seconds for the first 2 minutes; every 30 seconds during
the 2" to 5™ minute; every one minute between the 5" and the 15" minute and every
5 minutes between the 15" minute and the equilibrium time. Practically speaking the
equilibrium is considered to be where the pH value remained unvaried for twice the
time to uptake Cu®*, a condition which depended on the several variables such as

Cu?* concentration in solution and temperature.

2.7.2 Liquid sample characterisation, equilibrium of the sorption of Cu®**
The characterisation of the filtrate was done in a similar manner as the method
described in Section 2.3.3. Although in this case the samples were taken out once the

adsorption process had reached the equilibrium.

33



Chapter 2, experimental procedure

2.7.2.1 Measurement of Cu®" at the equilibrium
The measurement was carried out as described in Section 2.7.1.1. The amount
absorbed at the equilibrium was calculated using Equation 2.5.

q, = ([CU i ]initial — [CU 2+:|e)_v
Mycasil (eq. 2.5)

Where, q. is the amount adsorbed at the equilibrium in mmol g™, [Culinita is the
initial concentration of Cu®* in solution in mmol L™, [Cu]e, is the concentration of
copper at the equilibrium in mmol L™ and V is the volume of copper sulfate solution

utilized in the experiment in L.

2.7.2.2 Measurement of Ca’* at the equilibrium
The measurement was carried out as described in Section 2.7.1.2. The amount
absorbed at the equilibrium was calculated using Equation 2.6.

qr,e,Ca = qca]eq - [Ca]Blank) (eq 26)

Where q,eca is the concentration of Ca®* released at the equilibrium in mmol L,
[Ca]eq Is the concentration of calcium that has been released at the equilibrium in

mmol L™, [Ca]giank is the concentration of calcium in the blank in mmol L™.

2.7.2.3 Measurement of monomeric silica at the equilibrium
The measurement was carried out as described in Section 2.7.1.3. The concentrations
of monomeric silica were obtained as mg L™ of Si in solution, therefore a conversion

was done using Equation 2.7 to express it as mmol of SiO, per L.

_(_Isi] ).
qr,e,sio2 _LA(SI)J 10 (eq 27)

Where qresio2 IS the concentration of monomeric silica at the equilibrium expressed
as SiO, in mg L™, [Si] is the concentration reported by the spectrophotometer for Si
in mg L™, A«(Si) is the relative atomic mass of silicon. The equation is multiplied by
10 which is the dilution factor arising from the dilution of 0.4 ml of sample in a total

volume of 4 ml.

34



Chapter 2, experimental procedure
2.7.2.4 Measurement of the pH at the equilibrium
From the pH point of view the reaction was considered to be in equilibrium when the
value of it remained constant for a time longer than 4 h. Refer to Section 2.7.1.4 for a
description of the experimental setup.

2.7.3 Mining waste characterisation

2.7.3.1 Characterisation of Suspended Solids

A 50 mL aliquot of the liquid weak acid sample containing suspended solids was
allowed to settle under ambient conditions over night. The supernatant liquid was
removed with a syringe. A small amount of liquid was left behind covering the
surface of the solids. These wetted solids at the bottom of the sample container were
scraped out with a spatula and placed on a watch glass and dried at 383 K for 24 h.

The solid was homogenized and used for different analytical techniques. A portion
was analysed using a JEOL 6500-F Scanning Electron Microscope (SEM), equipped
with Energy Dispersive Spectroscopy (EDS) and backscattered electron detector.

Another portion was studied using a X’PERT PRO PANALYTICAL X-Ray
Diffractometer equipped with anode material Cu, A = 1.54060 A as a radiation
source. The X-Ray Diffraction (XRD) pattern was obtained and compared against
reference patterns from the powder diffraction file, version 4+, from International
Centre for Diffraction Data, ICDD, Pennsylvania, USA.

A small portion of 0.1822 g of the suspended solids was digested in aqua regia and
analysed using spiked samples method with Inductive Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) and Flame Atomic Absorption Spectroscopy
(FAAS) in Nuremberg, Germany at the Georg-Simon-Ohm Hochschule and Victoria
University of Wellington, New Zealand, respectively. The instruments used were
Thermofisher ICAP-6200 and GBC 906, respectively. The analysed elements were:
Al, As, Ba, Bi, Ca, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Mo, Na, Nb, Pb, Re, Sb, Si, Sn,
Ti, V, Y, Zn and Zr. These analytes were chosen in view of their economic
importance, environmental hazard and probability of being present in the sample

considering it was produced during copper processing.

2.7.3.2 Liquid sample characterisation
The following analytes were chosen taking in consideration the probability of species
being present in the sample based on an analysis of the original ore, environmental

concerns and potential recovery applications: Al, As, Ca, Co, Cr, Cu, Fe, K, Mg, Mo,
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Na, Ni, Pb, V, CI, NOs, SO4*, acidity, chemical oxygen demand (COD),
conductivity and pH. A copy of the result analysis can be viewed on A-18. The
content of dissolved As, SO,* and %wt suspended solids were provided directly via
e-mail from the process engineer in charge of the operation of the sulfuric acid
production plant at EIl Teniente.

2.7.4 Characterisation of solid samples collected from kinetic and equilibrium
studies of the adsorption of Cu®* onto NCasSil

Following are the procedure and techniques used in this thesis to characterize the
solid sample obtained as described in sections 2.1 to 2.6.

2.7.4.1 Characterisation with Scanning Electron Microscopy.

Filter cakes were dried in air for 72 h and then ground in a mortar. A small portion
was placed on a round SEM sample holder over carbon tape. Samples were coated
with platinum and carbon to assure low charging while using the instrument. After
being coated, samples were stored under high vacuum for 24 h before introducing
them into the SEM. Micrographs and EDS mapping were obtain using a JEOL JSM
6500F field emission scanning electron microscope equipped with a backscatter

detector. The energy of the electron beam was, in most cases, 15 kV.

SEM images correspond to an uptake experiment performed at 313 K as the author
considered this a representative temperature to study. Different zones of each sample
were scanned and the most representative ones were chosen in order to show the
overall development of the reaction. Images were taken using the same magnification
5000x, with the scale bar in the legend being 1 pum to make comparison of images
easier. The reaction consisted of 1 g of NCaSil contacted with 1 L of 15.7 mmol L™

of Cu?*.

2.7.4.2 Characterisation with powder X-Ray Diffraction

Powder-XRD diffraction patterns were obtained using either a Phillips PW 3710
MPD controlled diffractometer, or a X’PERT PRO PANALYTICAL X-Ray
Diffractometer Scans were recorded through an angular range of 4-70° 24. Different
scan speeds were used with the most common being 1.1° 26 s* for the Phillips
instrument and 9.5° 20 s for the PANALYTICAL instrument. Even though the latter
instrument was used at a faster scan speed the more modern detector gave a
considerably better signal to noise ratio. Both instruments used the Cu K, spectral
line, & = 1.54060 A. Powder-XRD patterns were assigned to specific crystalline

phases, taking reference patterns from the ICDD Powder Diffraction File Version 4
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and were of either Star or Indexed quality. The background was corrected in the
Highexpert score software using a bending factor of 4 and granularity of 23 as
presented on default setup. The intensity of peaks in the experimental XRD pattern
was standardized using the highest peak as reference. Where 1 is the intensity of any
given data point on the pattern in counts, |y is the highest peak intensity in counts.

2.7.4.2.1 Kinetic study using powder-X-Ray Diffraction.

The filter cakes collected during kinetic experiments were dried in air for 72 hours.
The powder was then placed in a custom built sample holder. A total number of
fourteen sample holders were manufactured in order to maximize productivity and

measure in the shortest time frame possible.

XRD patterns were collected and treated in a similar manner to section 2.7.5.2.
Taking into consideration that the integrated peak area is proportional to the
concentration of a given reflection in the crystal, it is possible to treat the
experimental data in a similar way to adsorption data. In this case counts were used
instead of normalized data. The integrated peak area given by the higher score
software, in units of counts-26, was used without further changes. The variation of
the integrated peak area with time was plotted in order to study the crystal growth.
Pseudo first and pseudo second order models were used in order to retrieve Kinetic
data.
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2.8 Statistical analysis and calculation of errors of the experimental
data.

The total uncertainties for the different methods were calculated using an up to date
reference for quality control in chemical laboratories [54, 55]. Is important to notice
that glass expansion and contraction due to temperature were not considered as
source of error since the laboratory had few episodes of large temperature variation.

Determining the uncertainty of a measurement allows comparison between
laboratories and helps the user to evaluate the quality of his results. Experimental

results are commonly expressed as:
utrk-o (eq. 2.8)

Where U is the average, k is the coverage factor given by the confidence interval of
the distribution of the results and o is the standard deviation of the dataset, also
known as error or uncertainty. Knowing this, there are three common ways of
expressing the uncertainty: first, it may be expressed as uncertainty (U), which
corresponds to the standard deviation for a set of data (). second, the relative
uncertainty U, which represents a portion of a certain standard value X (c/X); and
third, as an expanded uncertainty, Ue, Which considers a coverage factor due to a
confidence interval of the distribution of the data (k-o). U, is useful as it allows

adding different sources of errors that possess different units.

Usually manufacturers of instruments, equipment and standards provide the error as
an expanded uncertainty. Therefore it is important to know whether k has already
been included to the reported error. It is common to find standards where errors are
reported with a coverage factor of 1.96 ~ 2, which is related to 95% confidence

interval of the distribution.

To calculate the total uncertainty it is necessary to convert all the uncertainties (U) to

relative uncertainties (Uy).

Prior to calculations of a total uncertainty it is necessary to perform the following

conversions:

1) Divide the expanded uncertainty (Uex) by the coverage factor (k) reported by
the manufacturer to obtain U. In case that the coverage factor is not known

one can divide by V3 and V6 assuming a rectangular distribution or a
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triangular distribution respectively. In a triangular distribution the mean value
has a higher probability of occurrence, while in the rectangular distribution
all values have the same probability.

2) Divide the U by the standard value reported in the manufacturer to obtain U,.

Followed is an example of the calculation of the relative uncertainty of a Cu standard
for FAAS and ICP measurement.

Example: Calculation of the U, of the Cu standard.

The manufacturer, Flukka, reports a concentration of 1000 + 2, with a 95%

confidence interval (k = 2).

Therefore
Uex = Zm
L

In order to obtain the uncertainty, one must divide Uex by the corresponding coverage

factor,
u-2_4M9
2 L

Subsequently by diving U by the standard value reported by the manufacturer the

relative uncertainty is obtained,

U -——1 —14a0°
1000
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In order to calculate the total uncertainty for a calibration curve built using copper
standards, the different sources of error were identified. Figure 2.7 shows a diagram

depicting the sources of error during the preparation of the calibration curve.

Copper std. solution
1000 +2 mg L™

l

Micropipette 100-
1000uL; 100uL +
0.33% (95% conf.)

!

Volumetric flask 100
+ 0.1 mL, assumed a
triangular
distribution

Figure 2.7: Error contributions for the preparation of a Cu®* calibration curve.

Calculation of total uncertainty in the preparation of a copper calibration curve

according to the contributions shown in Figure 2.7:
Uncertainties:

e Copper standard solution: U :2:1m U, __ L =1-10"°
2 L 1000

0.33-100
o . 100 _ _
e 100-1000 pL micropipette: U = —, 0.17 L ;

0.17
u =21 3340
100 H-

r

e 100 mL volumetric flask: U = 91— 0.41mL U, :0'—41:4.1-10’3
J6 100

The total relative uncertainty is calculated by the following expression:

Ur, = U P+ U f +t U, )

Where Ur, is the total relative uncertainty and U, to Uy, correspond to the
contribution of all sources of error.
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Consequently, the value of the total uncertainty for the preparation of the calibration
curve is given by:

Uy, =+/0-20°) +(4.1-10°) +(33-10°)
U,, =53-10°

The value Uy, may now be multiplied by a coverage factor giving the total expanded
uncertainty (Utex). Ut ex may be multiplied by 100 to express it as a percentage.

Next is an example of how the U+ ¢, was obtained for the uptake of Cu?* by NCaSil
as described in Section 2.3.2
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Volumetric flask Copper sulfate Analytical balance
Amlxaml pentahydrate + 2% +0.05%

4

< Stock solution >

Measuring cylinder

Bml+bml
NCasil N2
portion, -
analytical H< Uptake and filtration >
balance +
0.0001 g
Micropipette 5.00 ml + Micropipette C ml + d
0.03 ml (dilution with ml
distilled water)

Sample inside
a glass vial

FAAS analysis (standard

deviation of measurement)

Figure 2.8: Error contribution for Kinetic experiments done as described in Section 2.3.2 and
2.34.1

Figure 2.8 shows the entire process from the preparation of the stock solution until
the measurement on the FAAS. Error contribution steps are shown in square shaped
boxes, while diamond shaped boxes represent steps or actions during the experiment

that are not considered to have error contribution.

Considering the common dilutions, volumetric flasks, micropipettes and
concentrations used for the experiments the following magnitudes for the relative

uncertainties were calculated:
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Uncertainty source:

e Copper sulfate pentahydrate:U, =2-107

: . 0.1 _ 0.41 "
e 1L volumetric flask: U =—==0.41mL;U, =——=4.1-10
76 m 1000
e Analytical balance:U, =5-10"*
. . . 0.5 . 0.371 4
e Measuring cylinder 1 L: y ====0.371mL; U, =——=3.71-10
e 76 m 1000

e Micropipette 500 ml: U, =5-10°°
e Micropipette 50-250 yL: U, =5-10"°
e FAAS calibration curve: U, =5.3-10°

e FAAS measurement (typical relative uncertainty when a sample is measured

by triplicate): U, =1-107?

The total relative uncertainty is calculated by the following expression:

Up, = U, F + U, f +t Uy

Where Us, is the total relative uncertainty and U, to Uy, corresponds to the
contribution of all sources of error.

Consequently, the value of the total uncertainty for the preparation of the calibration
curve is given by:

U,, =+(2-102) +(4.1-10°f +2-(5-10*¥ +(3.71-10* ] +2-(5-10°) +(5.3-10°] + (1-10-2f

U,, =2.4-107

The total uncertainty for a kinetic experiment is 2.4%. The expanded total
uncertainty (Utex) with a 95% reliability is the reported value multiplied by k = 1.96
~ 2, giving Ut 4.8%. The largest contribution to the methods uncertainty comes

from the copper sulfate and the FAAS instrument with 2.0 and 1.0% respectively.

43



Chapter 2, experimental procedure
The total expanded uncertainty was calculated for each method using the same
method as above. Table 2.3 summarizes the total expanded uncertainty for all carried

experiments.

Table 2.3: Summary of total expanded uncertainty

Total Expanded

Experiment Section Uncertainty
(Utex; 95% conf. int.)

Cu®* sorption 6

(Kinetic) 2.2and 2.7.1 4.8%
2+ .

Cu sorption 2.3and 2.7.2 4.8%

(Equilibrium Procedure A)

Cu® sorption .
(Equilibrium Procedure B) 2.3and 2.7.2 4.8%
Cu®* continuous sorption

(conventional axial flow column 2.5and 2.7.1 4.7%
and radial flow column)

2+
Ca“”" release 2.2,2.3,2.7.1and

(Kinetic, equilibrium and 279 6.5%
continuous sorption studies) o

SiO," release

(Kinetic, equilibrium, continuous 2:2, 2‘372271 and 3.2%
sorption studies) o

pH 2.7.1and 2.7.2 0.7%
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Chapter 3, A study of the
adsorption of Cu®* ions onto
NCaSil

Kinetic and equilibrium studies regarding the adsorption of Cu®* onto NCaSil were
carried out at different temperatures ranging from 277 to 343 K. Rate constants and
equilibrium parameters were evaluated and utilized to calculate thermodynamic
parameters such as the activation energy (Ei), Gibbs free energy (AG), standard
enthalpy (AH°®), and standard entropy (AS°) of the sorption process. A follow-up study
of the uptake of copper and crystal development of copper sulfate hydroxide compounds
on the surface on NCaSil was done using SEM, EDS and powder-XRD seeking to
understand its dependence, to the initial concentration of Cu" in solution, time and

temperature.

3.1 Introduction to adsorption

Adsorption is a process where ions and/or molecules interact physically with or bind
chemically to the surface of an adsorbent. Physisorption mainly involves van der Waals
interactions which are weak, while in chemisorption they attach to the surface through a

process which involves formation of bonds.

The adsorption of an adsorbate A in solution onto a adsorbent M can be described by the

following equation:
Aag) + Ms) = AMs) (eq. 3.1)

Even though eq. 3.1 seems simple, the adsorption process may involve several steps

before adsorbate A settles on the surface. Commonly the mechanism by which adsorbate
45



Chapter 3, adsorption of Cu?* onto NCasSil in batch

A approaches and further reacts/interacts with the surface of the adsorbent can be

summarized in the following steps and is shown in Figure 3.1.

1. The adsorbate A diffuses from the bulk of the solution to a static film, also called
boundary layer, surrounding the adsorbent particle.

2. The adsorbate A diffuses through the static film until it reaches the surface.

3. If the adsorbent is porous the adsorbate A will enter through the pores via
intraparticle diffusion.

4. The adsorbate A settles on an available site by a physical or a chemical

interaction.

A D static liquid film
|:| adsorbent surface

Figure 3.1: General sorption mechanism onto a spherical porous solid.

If the process is under mechanical stirring the diffusion from the bulk of the solution of
A (step 1) can be neglected. Also the thickness of the static liquid film surrounding the
adsorbent particle can be diminished by increasing the stirring speed making it possible

to neglect the diffusion through the static liquid film (step 2) in some cases.

3.1.1 Sorption Kinetics

As early as 1898 kinetics of the adsorption of adsorbates in solution onto a solid were
studied for the sorption of oxalic-manolic acid onto charcoal by Lagergren [56]. Several
kinetic models have been developed since then, including the Elovich equation derived
from the work of Zeldowitsch in 1934 on the sorption of carbon monoxide onto
manganese dioxide [57]. In order to distinguish these models from standard chemical
Kinetics the literature refers to them as pseudo-order models [57], despite the fact that

this term is widely used in physical chemistry for orders different from an integer > 0.
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Adsorbate concentration on the surface of the solid is expected to increase with
decreasing rate over time as sites on the adsorbent become occupied. Hence the rate of
the reaction will follow the form:

% = k(xeq —x) (eq. 3.2)
Where k is the rate constant, xeq is the concentration of the adsorbate on the surface of
the adsorbent as t = oo and n is the exponent that in the case of fitting to kinetic curves
will be the order of the reaction, normally related to the reaction mechanism (e.g.
unimolecular, bimolecular, etc...). As in standard chemical Kkinetics the order of the
model reflects the way that the concentration changes over time. For example, in a first-
order Kinetic expression the exponential in the rate expression is 1 in respect to the
concentrations of the reagents. In pseudo-first-order models the exponential is also 1 but
in respect to the available sites remaining. Often the kinetic relation is plotted as the
amount of adsorbate per mass of adsorbent (e.g. mmol g™) as a function of time. If the
experimental data is modelled using these equations the rate constant may be obtained.

Ho [57] states that pseudo-first order Kinetic models are more likely to fit adsorption
processes describing the uptake of adsorbate from solution onto a solid adsorbent in
which the rate-limiting step is diffusion (eg. intraparticle, film diffusion), while pseudo-
second order Kinetics models are more likely to fit processes in which the rate-limiting

step is the chemisorption of the involved species.

3.1.1.1 Pseudo-first order
Pseudo-first order equations have been widely used for obtaining kinetic parameters in
the literature [57, 58]. The Lagergren equation is the first known mathematical

description of sorption Kkinetics. The rate equation is given by,

dq
— =k —q0) (eq. 3.3)

where t is the time in min, ge and g; are in mmol g™* and represent the sorption capacities
at the equilibrium and time t, k is the rate constant in min™. The rate of sorption is

proportional to a constant and the amount of available sites left.

Integrating eq. 3.3 between the boundary conditionst=0tot=tand g: = 0to q; =
yields,

qr = qe(1 — D) (eq. 3.4)
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or in the linear form,

k
log(qe — q¢) = log(qe) — 306! (eg. 3.5)

By plotting log (ge — ;) as a function of t, the kinetic rate constant and the sorption
capacity at the equilibrium for the given experimental conditions may be obtained from
the slope and intercept, respectively.

3.1.1.2 Pseudo-second order

A pseudo-second order model was first introduced by Blanchard in 1984 [30] which
described the sorption of divalent metal ions onto a zeolite by an ion exchange
mechanism. Where the zeolite exchanged 2 moles of ammonium ions for 1 mole of

divalent metals as shown in eq. 3.6.

Z(ZNHI) + M2+ - Z(M2+) + ZNHI (eq 36)

Blanchard represented this process as a differential equation that depicts the rate of
sorption as being proportional to a rate constant and to the square of the remaining

unoccupied sites:

da,

— _ — a2 eq. 3.7
dt k(ge — q¢) (eq )

where, t is the time in min, g; is the amount adsorbed at the time t in mmol g*, k is the
kinetic constant in g mmol™ min™® and g is a constant that represents the amount
adsorbed at the equilibrium in mmol g™*. In 1999 McKay and Ho [59] presented a
pseudo-second order model based on Blanchard’s differential equation and gave further
meaning to the constants. By integrating between the boundariest=0tot=tand ;=0

and g; = g; and re-arranging, eg. 3.8 is obtained.

_ kqlt
qc = (1 + kq,t) (eq. 3.8)

Rearranging eq. 3.8 to a linear form, eq. 3.9 is obtained,

t—1+1t (eg. 3.9)
q: kqZ q. o

Plotting t/g; against t, allows g, and k to be obtained from the slope and intercept
respectively. In this model kge? is often written as h and is the initial sorption speed in

mmol g* min™. This model has been successfully used to model the sorption of
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compounds in aqueous solutions onto solid adsorbents in various publications [3, 57,
59].

3.1.1.4 Activation energy

The kinetic rate constants obtained by the pseudo order models shown in this section
can be used to obtain the activation energy (E,) of the process through an Arrehnius plot
represented by eq. 3.10 [60].

E
Ink = InA — ﬁ (eq. 3.10)

where k is the kinetic rate constant obtained by any of the kinetic models, discussed in
Section 4, E, is the activation energy in J mol™, A is a correlation factor, R is the gas
constant 8.314 J mol™ K™ and T is the temperature in K. By plotting In k as a function
of T™ the value of E, can be obtained from the slope. E, is important since it suggests if
the nature of the sorption is either physical or chemical. The activation energy for
physical adsorption mechanisms are reported to be in the range of 5 to 30 kJ mol™,
while chemical adsorption mechanisms are commonly between 40 — 800 kJ mol™ [61].
The value obtained by this mathematical analysis gives a suggestion for what the nature
of the process could be, since in the adsorption process many steps are involved and the

value may change with the adsorbent and adsorbate being used.
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3.2 Results and discussion for the adsorption kinetic of Cu®* onto
NCaSil

The uptake kinetics of Cu®* ions onto NCaSil was studied at different temperatures. The
solid material generated from these studies was characterised by means of powder-
XRD, SEM and EDS. These studies were performed in order to understand the
mechanism by which crystals are formed and clarify whether NCaSil works as a
substrate for crystal growth or crystals were formed in solution as a result of OH" being
released from NCaSil into the solution over time.

3.2.1 The effect of stirring on the kinetics of the adsorption

Mass transfer refers to the movement of material in a certain space. In the case of the
adsorption of species from solution this is related to the movement of the adsorbate
from the bulk of the solution onto the surface of the adsorbent. In solution the

movement of species is considered to occur by three mechanisms [62]:

1- Migration: charged species move due to a potential gradient.
2- Convection: species in solution move due to mechanical forces (e.g. stirring,
pressure).

3- Diffusion: species in solution move due to a concentration gradient.

As discussed in Sections 3.1 and 3.2 stirring the solution inside a batch reactor improves
mass transfer from the bulk of the solution onto the boundary layer of a solid particle.
The magnitude of the concentration gradient between the bulk and the static film
surrounding the particle becomes closer to zero. Hence, diffusion from the bulk to the
particle’s outskirt should become a less predominant mechanism in the adsorption.
Furthermore, increasing the stirring speed makes the static film surrounding a particle

thinner which aids mass transfer onto and into the solid.

Doing experiments keeping all variables constant but changing the stirring speed will
show to what extent film diffusion is the controlling step of the adsorption. A
15.7 mmol L™ solution was contacted with 1 g NCaSil using stirring speeds of 50 and
500 rpm. This large difference in stirring speed is necessary since it has been reported in
the literature that mild changes in Kinetics are observed in the range of 50-200 rpm [63].

Figure 3.2 shows the results for experiments carried out at different stirring speeds.
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Figure 3.2: Kinetic study with different stirring speeds at 293 K. Experimental conditions
adsorbent dosage 1 g L™; [CU*]initia 15.7 mmol L™,

In Figure 3.2 the improvement on the uptake capacity of the adsorbent is clearly
observed as the stirring speed is increased tenfold. This could be attributed to film
diffusion being the limiting step of the mass transport to the surface or due to partial
disaggregation of the NCaSil aggregates in solution. Aggregation would prevent fresh
surface coming into contact with the solution, thus reducing the adsorption. This is an
important parameter to consider for the design of a continuous system since no agitation

will be present; hence disaggregation of NCaSil lumps is unlikely to occur, decreasing

adsorption capacity.

The experimental data was fitted to pseudo-first and pseudo-second order models using

a linear regression as described in Section 3.1.1.1 and 3.1.1.2. The values of the Kinetic

parameters are summarized in Table 3.1.
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Table 3.1: Pseudo-second order model kinetic parameters for the uptake of Cu®* with different
stirring speed at 293 K for the plot presented in Figure 3.2.

Stirring 2
speed < G KO r?
[min] [g mmol™ min™] [mmol g™] [mmol g~ min™]
50 0.011 6.6 0.5 0.9983
500 0.012 10.3 1.3 0.9999

Pseudo-first order models had a low correlation to the experimental data with values of
r* < 0.6571. It is most likely that the kinetics obey a pseudo-second order model as
values of r? larger than 0.9983 were obtained for both experiments. The value of ge was
43% higher when the stirring speed was increased. The initial adsorption speed h (kge?)
is two times faster when the faster stirring speed is used, due to dependence of h to the
square of g.. Experimental results show that a high stirring speed has to be used to
guarantee maximum surface coverage. For this reason, all further batch experiments

were undertaken at a stirring speed of 500 rpm.

3.2.2 The effect of temperature on the kinetic of the adsorption of Cu®*" onto
NCasSil

Variation of the temperature will have a direct impact according to the Arrhenius
equation. Figure 3.3 shows the experimental data obtained for the uptake of Cu®* ions
onto NCasSil for all studied temperatures. The uptake occurred rapidly with a clear
increase in the rate of the sorption as the temperature rose. The equilibrium was reached
between 60 and 240 min, with an amount adsorbed at equilibrium ranging from 7.9 to
10.4 mmol g™, depending on the temperature. After a few hours a change in colour
could be observed, changing from blue to turquoise. This drift in colour occurred faster
as the temperature increased, reducing from 20 h to 30 min when the temperature was
raised from 293 to 343 K. This phenomenon will be discussed later in the next section

where XRD patterns of the loaded adsorbent are analysed.
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Figure 3.3: Experimental and modelled kinetic data for Cu®* uptake onto NCaSil for temperatures
ranging between 277 and 347 K. Experimental conditions: adsorbent dosage 1 g L™; [CU*Tinitia
15.7 mmol L™

To obtain kinetic parameters, pseudo-order models were fitted to the experimental data.
Plots based on the pseudo-first order model presented a low correlation between the
model and the experimental data (r* < 0.8). The pseudo-second order model had a high

correlation (r*> 0.99) for all data sets, suggesting a chemical adsorption processes.

Using eq. 3.9 and evaluating both intercept and slope the values for the constants were

obtained and listed in Table 3.2 for all the studied temperatures.

Table 3.2: Kinetic parameters for the pseudo-second order equation calculated from the data
shown in Figure 3.3.

T Qe k ke’ )
K] [mmol g*] [gmmol*min®]  [mmol g’ min™] r
277 7.90 0.00210 0.130 0.9983
293 9.20 0.0103 0.870 0.9969
303 7.88 0.0296 1.84 0.9973
317 7.89 0.0285 1.77 0.9974
323 10.1 0.146 15.0 1.0000
335 10.4 0.127 13.8 0.9999
347 10.1 0.246 24.8 0.9999

The pseudo-second order model has an outstanding fit with values of r?> 0.9969 for all
the studied temperatures. It has been mentioned in the literature that processes, for

which experimental data fit this model, are likely to involve a chemical reaction with
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the surface [57]. The plot of the modelled data is displayed in Figure 3.3 where a good
correlation between the model and the experimental data is also observed.

The values of the kinetic rate constant k and the initial adsorption rate kge” increase as
the temperature rises reaching a value of 0.246 g mmol™ min™ and 24.8 mmol g™ min™
at 347 K, respectively. This means the second order kinetic rate constant k increases by
2 orders of magnitude when the temperature rises 70 K. On the other hand, the value of
Qe tends to increase with temperature, reaching a maximum of approximately 10 mmol
gt at temperatures higher than 323 K. Comparing these results to other silicate
containing materials in the literature, NCaSil exhibits similar rate of adsorption but ten
times larger loading capacities. For example, Apiratikul et al. [64] reported maximum
loading capacities for copper of only 1.43 umol g™* onto a modified zeolite derived from
coal fly ash. The adsorption followed a pseudo-second order kinetic model with
outstanding correlation between the model and the experimental data reaching
equilibrium in 60 minutes for a concentration of 5 mmol L™ Cu®*. In a different work,
Erdem et al. [21] obtained a maximum loading capacity by the Langmuir isotherm of
114 pmol g™ for the adsorption of copper onto a natural zeolite from the Enli Mining
Company open pit mine in Manisa-Gordes in Western Anatolia. It is clear that
compared to these studies that NCaSil has a loading capacity of at least 2 orders

magnitude higher than those reported for zeolites.

In order to obtain the activation energy of the sorption process in solution an Arrhenius
[65] plot was generated using the Kinetic rate constants shown in Table 3.2. Figure 3.4

displays such plot in the temperature range from 293 K to 343 K.
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Figure 3.4: Arrhenius plot using the kinetic rate constant for Cu?* uptake onto NCaSil shown in
Table 3.2.

Figure 3.4 shows that the Arrhenius plot gives a reasonable correlation for the plotted
data (r* = 0.9362). In the literature, physical adsorption activation energies are in the
range of 5 - 40 kJ mol™, while chemical adsorption varies between 40 and 800 kJ mol™
[66]. In this study a value for the activation energy of 54 kJ mol™ was obtained,
suggesting that the adsorption occurred via a chemical reaction with the surface.
Furthermore, the possibility that the rate limiting step of the adsorption is diffusion can

be discarded since energies for such processes are usually below 25-30 kJ mol™ [3].

3.2.3 Kinetic study at different temperatures on the release of calcium ions
Figure 3.5 shows the release of Ca®* ions when 1 g of NCaSil is contacted with a

solution containing 15.7 mmol L™ of Cu?*.

It is possible to use eq. 3.2 to model the kinetics of calcium and monomeric silica
release in order to get the Kinetic rate constant. To do so the rate expression should be

rewritten as follows,

dqr,t,Ca

dt = k(qr,e,Ca - qr,t,Ca)n (eq 311)

Where k is the kinetic rate constant of an n™ order model, gy.ca the concentration in

solution when t = oo and qrca is the concentration in solution at any time t.

Both reactions are considered to be irreversible since it is not possible to displace the

equilibrium towards the formation of NCaSil by increasing the concentration of calcium
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or sodium silicate of solution [36]. Furthermore, contacting NCaSil with water will
cause total loss of its initial features.
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Figure 3.5: kinetic plot and pseudo-second order model fit for calcium release at 293, 313 and
333 K. Experimental conditions: adsorbent dosage 1 g L™; [Cu?*Jinitiar 15.7 mmol L™

The total amount of Ca®*" ions released and the rate at which this species were
transported into solution increased with temperature. Taking into consideration that the
molar mass of NCaSil is approximately 138 g mol™ (refer to Table 1.3), 1 g of NCaSil is
equivalent to 7.3 mmol of NCaSil. This value is close to that reported by McFarlane

[36] where calcium is found in the range of 0.05 — 1 mol of Ca per mol of NCasSil.

The release of calcium ranged between 6.8 and 7.85 mmol L™ suggesting all calcium
was leached out when it is compared to the empirical formula. There is at most positive
difference of 0.55 mmol g™ (= 7%) of the total amount. Considering that the error of the

method is 6.8% with a 95% confidence interval this difference lies within the error.

Kinetic parameters and the coefficient of determination for the second order equation

fits are presented in Table 3.3.

Table 3.3: Pseudo-second order Kinetic parameters for the release of calcium to the solution at 293,
313 and 333 K calculate from the data presented in Figure 3.5.

T Kk Qreca k(qr,e,Ca)2 2
[K] [Lmmol*min®] [mmol LY [mmol L™ min™] '
293 0.03591 6.67884 1.60183 0.64274
313 0.15161 6.40666 6.22288 0.88636
333 0.28015 7.50005 15.7586 0.89071
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Calcium leaching exhibits a low correlation to a pseudo-first order model with r?
values < 0.5441 (not shown), while the pseudo-second order equation offers the best fit
at all studied temperatures. Nevertheless, the r? value increases as the temperature
increases for both orders. This may be an indication that the mechanism is changing
with temperature. But to simplify the system in all studied temperatures the reaction will
be considered as pseudo-second order. However, it is difficult to represent this
pseudo-second order in a simple equation since in all reaction stated so far the release of
calcium should proceed as a first order kinetic process when contacted with water. The
inclusion of Cu?* in the reaction may offer the chance to express calcium leach out as an
irreversible reaction second order reaction as A+ B = C + D. In order to do this
NCaSil should be considered as a reagent in the same phase rather than a solid
(homogeneous rather than heterogeneous reaction). This could be true if the reaction is
mediated by short oligomer chains in solution. Consequently the reaction could be

rewritten as follows.
Ca8i02.53(OH )0.25 +xCu® ——yCa™ +Cu, (OH )2xca17y8i02.53(OH )0.25—2x (eq. 3.12)

But there is not enough empirical evidence to support that oligomers are involved in the

uptake.

Comparing these results to those obtained for copper at similar temperatures, it is
observed that at low temperatures (T < 317 K) calcium is leached faster than the rate at
which copper ions are adsorbed. Nevertheless, at higher temperatures around 333K the
Kinetic rate constants and initial rates for the release of calcium and copper uptake are
approximately of the same order of magnitude. Thus, the uptake of Cu®" is affected to a
greater extent by the temperature. In addition, the Kinetic rate constant and the initial
rate of Ca?* leaching increases one order of magnitude with a 40 K increase in
temperature. From the kinetic rate constants the activation energy for calcium leaching
was calculated to be 41.9 ki mol™. Cu** uptake had an activation energy of 54 kJ mol™,
therefore it is affected in a greater extent by changes in the temperature compared to
calcium. In fact, this explains the reason why at higher temperatures copper uptake and

calcium leaching have rate constants of similar magnitude.

If calcium ions are released faster than the amount of copper ions being removed from
solution a negative charge on the surface should be observed. Klimsa [45] studied the
variation of zeta potential over time for this reaction at 293 K using a copper sulfate

solution showing consistent results to what it was expected for calcium leaching. The
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initial value of zeta potential was -30 mV and then moved towards more positive values
near -15 mV remaining constant for the rest of the experiment. Zeta potential increased
over time mainly due to the precipitation of copper on the surface, hence exhibiting
another proof that crystal formation occurs on the surface rather than in solution.
Additionally, the release of calcium might aid the adsorption of copper by increasing the
negative charge on the surface, increasing the migration of copper ions onto the surface
as shown in Klimsa’s study [45]. In fact, this electrical potential gradient should aid
mass transfer though the boundary layer.

3.2.4 Kinetic study on monomeric silica release during the uptake of Cu®".
Figure 3.6 shows the release of Si(OH)4 (expressed as mmol of SiO, per L of solution)
when 1 g of NCaSil is contacted with a 15.7 mmol of Cu?* per L solution, the standard

arrangement in this thesis.

X Si02293 K X Si02313K
Si02333K e second order 293 K
second order 313 K second order 333 K
.~ 6
®
(0]
@
8 L
2 4
D 1.6
-_— ! )K -
e % X [mmol L™
s 9
2 E ™ ——— X -
; —2 X W
o X ¥
E & /”"’x
o
c
o
E 0 T T T T T

100 150 200 250
t [min]

o
al
o

Figure 3.6: Kinetic plot and pseudo second order model fit for the release of monomeric silica from
NCaSil at 293, 313 and 333 K. Experimental conditions: adsorbent dosage 1 g L™
[Cu2+]initial 15.7 mmol L-l.

The release of monomeric silica reached equilibrium after 240 min when the experiment
was carried out at 293 K, whereas at 313 and 333 K the equilibrium was reached
approximately after 120 and 60 min respectively. In other words, every 20 K increment
in the temperature the time necessary to reach equilibrium was reduced by half. The
amount of monomeric silica released at the equilibrium increased approximately
1.6 mmol L™ after a temperature increase of 40 K compared to the 0.9 mmol L™ for

Ca’" release in the same range of temperature. Hence, twice as much monomeric silica
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than calcium is released with a 60 K increment on the temperature indicating that
monomeric silica release is more temperature dependant than Ca®* leaching. Release of
Ca?* ions may be dependent on other variables such as pH.

Table 3.4: Pseudo-second order Kinetic parameters for the release of monomeric silica into solution
at 293, 313 and 333 K, calculated from experimental data shown in Figure 3.6.

T K Qr.e,5i02 K(Gresioz)” P2
K] [L mmol* min?]  [mmolL?] [mmol L"min™]
293 0.00324 3.453 0.039 0.99351
313 0.01846 3.789 0.265 0.97866
333 0.05185 4.297 0.957 0.89962

The experimental data fitted to a first order equation exhibited a low correlation with
r’ < 0.8 (not shown) while the second order model had a better fit with r* > 0.8996 for
all studied temperatures. Nevertheless, the coefficient of determination decreases as the
temperature increases; this may suggest a change in the release mechanism, such as a

release of different oligomeric silica species.

It is difficult to express a second order reaction mechanism for the release of monomeric
silica while Cu®* is adsorbed due to the large amount of parallel and chain reactions

occurring with similar rate constant magnitudes.

Certainly a significant portion of the initial amount of NCasSil is released into solution
and may be explained as a hydrolysis of the material which becomes promoted when
heat is applied. Furthermore, contacting NCaSil with a solution with a low pH value

breaks Si-O-Si and Si-O-Ca bonds releasing its constituents into solution.

Taking in consideration that in the empirical formula of NCaSil there is 1 mol of Si in
every mole of NCasSil, it is possible to state that, 47 - 59% of the initial amount of Si in
NCaSil was released into solution and is present as monomeric silica in solution at

equilibrium.

Iler [67] measured the solubility for amorphous silica at different temperatures and pH
values in solution which are shown in Figure 3.7. It is possible to extrapolate and
approximate solubility values of 3.3, 4.0 and 5.0 mmol L™ for 293, 313 and 333 K, at a
pH value of 5, respectively. This is consistent with the concentration found at the

equilibrium in Figure 3.6 and Table 3.4.
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Figure 3.7: Solubility of amorphous silica at different temperatures over a pH range taken from
reference [67].

Therefore the hydrolysis proceeds to a full extent until it reaches the maximum
solubility of monomeric silica at a given temperature. Hence, the extent of the release of
monomeric silica from NCasSil into solution is governed mainly by its solubility which

is pH and temperature dependant.
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3.2.5 Kinetic study of OH" release from NCasSil

Cairns [37] reported that hydroxyl ions were released into solution over time as NCaSil
was submerged in water. Nevertheless, the relation between hydroxyl ions released and
the initial Cu®* concentration has not yet been evaluated. Doing so may be an important
parameter to understand the adsorption of copper since up to this point empirical
evidence from previous studies [37, 43] and this one suggests the formation of
amorphous copper hydroxide as a first step in the reaction.

The variation in the pH of the solution was followed over time using different initial
concentrations of Cu®* in solution at three different temperatures (293, 303, 313 K).
Results for the lowest studied temperature (293 K) are shown in Figure 3.8.
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Figure 3.8: pH variation over time at 293 K for different initial concentration of Cu®'.
Experimental conditions: adsorbent dosage 1 g L™.

Without the presence of copper, NCaSil leaches OH" into solution increasing the pH to a
value near 9.5. Hydroxyl leaching reaches equilibrium in the first minutes of the
reaction and remains unvaried over time under these conditions. This result at 293 K is
homologous to the one reported by Cairns [37] at the same temperature for pH

variation. Hence, experiments are equivalent and reproducible.

If NCaSil is contacted with a 2.0 mmol L™ solution of Cu®* the variation of pH exhibits
a fast rise in the first minute of the reaction and then slows down with a steady growth
until it reaches equilibrium at t = 60 min. This behaviour might be due to the presence
of HSO, and [Cu(H20)s]**, [Cu(OH)]* and Cu(OH), could be buffering the pH. Also

the possibility of the chain scission of NCaSil structure could generate a buffer-like
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effect in the solution. Hence the process is complex due to the different pK, values of
each compound.

At medium range initial concentrations between 2.0 and 7.1 mmol L™ the pH increases
rapidly to a value near 5.8 and stays constant during the first four hours. At a
concentration of 15.7 mmol L™ the pH increases up to a value of 5.6 at 10 min and
drops towards a value of 5. This result is consistent to that Spark et al. [44] observed
during the formation of copper nitrate hydroxide and copper chloride hydroxide
minerals in solution. The authors stated this pH variation could be explained by the
formation of Cu(OH), as an intermediate towards the formation of these minerals in
solution. Hence, this could be an indication that Cu®* forms amorphous copper
hydroxide on the surface.
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Figure 3.9: pH variation over time at 303 K with different initial concentration of Cu®".
Experimental conditions: adsorbent dosage 1 g L™.

If the temperature is raised by 10 K, hydrolysis of the NCaSil is faster and the pH
reaches equilibrium values at shorter times as shown in Figure 3.9. It is clear that
temperature plays a role on how quickly Si(OH), is released into solution and copper

ions are adsorbed.

If NCaSil is contacted with a 2.0 mmol L™ solution of Cu®* the variation of pH exhibits
a fast increase in the first minute of the reaction and then the rate slows down with a
steady growth until it reaches equilibrium at t = 40 min, 20 minutes faster than at 293 K.
At medium range initial concentrations between 2.0 and 7.1 mmol L™ the pH increases

rapidly to a value near 5.5 (0.3 pH unit less than 293 K) and exhibits a sigmoidal growth
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for the rest of the experiment. This was not observed at 293 K as curves remained
constant during 4 hours. At a concentration of 15.7 mmol L™ the pH increases up to a
value of 5.6 at 10 min and drops towards a value of 5 similar to the behaviour observed
at 293 K.
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Figure 3.10: pH variation over time at 313 K with different initial concentration of Cu®'.
Experimental condition: adsorbent dosage 1 g L™

At 313 K the effect of temperature on the variation of the pH in solution becomes even
more pronounced, as shown in Figure 3.10. Curves are spread and trends may easily be

spotted.

If NCaSil is contacted with a 2.0 mmol L™ solution of Cu®* the variation of pH exhibits
a fast increase in the first minute of the reaction and then the rate slows down with a
steady growth until equilibrium is reached at t = 20 min, being 40 minutes sooner than
at 293 K. At medium range initial concentrations between 2.0 and 7.1 mmol L™ the pH
increases rapidly to a value near 5 — 5.5 and exhibits a sigmoidal growth for the rest of
the experiment. This was not observed at 293 K as curves remained constant. At a
concentration of 15.7 mmol L™ the pH increases up to a value of 5.6 at 3 min and drops
rapidly to a value of 4.6. This is consistent to what is mentioned in the literature as the
stable pH at which brochantite (Cus(OH)sSO,) forms readily [44].
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Table 3.5: pH values at the equilibrium.

T Cu* initial conc. pH pHt=24h,
K] [mmol L] att=0 at equilibrium
0 5.22 9.62
2.0 4.89 8.79
3.9 4.82 8.46
293 4.7 4.65 8.17
6.3 4.60 7.25
7.1 4.49 6.43
11.8 4.25 5.31
15.7 4.48 4.83
0 5.23 9.80
2.0 4.93 9.03
3.9 4.82 8.60
4.7 471 8.40
303 6.3 4,75 7.40
7.1 4.65 6.32
11.8 4.58 5.24
15.7 4.43 4.58
0 5.20 9.84
2.0 4.74 8.92
3.9 4.69 8.72
4.7 4.63 8.32
313 6.3 4.66 8.14
7.1 4.62 8.00
11.8 4.60 5.05
15.7 4.36 4.40

In Table 3.5 it may be observed that at initial concentrations of Cu®* higher than
11.8 mmol L™ the pH value tends to reach equilibrium close to its initial value,
following the trend observed in the plots. These pH values at the equilibrium are
important since they will directly influence on the amount of monomeric silica at the

equilibrium as shown in Figure 3.7 and appendix A-3.

The pH tends to return to its initial values due to an excess of protons, which in this case

is related to an excess of Cu?* which is hydrolysed in solution as shown eq. 3.14 [68].
M (H20)n = M(H20)n4(OH)" + H' (eq. 3.14)
For copper, M = Cu and n = 6. The equilibrium shown in eq. 3.14 has a pK value of 8.

At lower initial concentrations of Cu®* the concentration of protons is low and becomes

neutralized by OH" present and/or released from NCasSil.

64



Chapter 3, adsorption of Cu?* onto NCasSil in batch

3.2.6 Powder-XRD study on the kinetic of crystal growth of copper minerals on the
surface of NCaSil at different temperatures

The intensity of a reflection of a crystallographic plane in an XRD pattern is related to

the atoms in the crystal structure. Those atoms located nearer to the plane will have a

greater contribution compared to those located far from the plane inside a unit cell. This
n .

relation is given by the structure factor, F, =Z fjez”'<hxj+ky,-+lzj), where fj is the
j=1

atomic scattering factor which is related to the electronic property of the atom and the

remaining exponential term is related to the position of that atom. The square of the

structure factor is proportional to the reflection intensity, ‘F(hk,)‘z oc |y, Which is

obtained experimentally.

Once the intensity is obtained it is possible to calculate the peak area by computational
fitting. Furthermore, the area underneath the peak is proportional to the concentration.
Therefore, similar models to those used throughout sections 3.2.1 to 3.2.4 were
employed to obtain Kinetic rate constants which allowed a quantitative comparison
between the growth rates of different crystallographic planes. This allowed studying the
kinetics of nucleation of Cu®*, OH and SO,* forming brochantite (Cus(OH)sSOs),
which in turn help to elucidate which of these ions are transferred to the surface faster.
Additionally, experiments were carried out at different temperatures to see dependence
on the crystal growth on this variable and to obtain the activation energy for the
development of an individual plane. This information will be contrasted with that

gathered regarding the concentration of Cu®* on the surface in section 3.2.2.

Figure 3.11 shows the results obtained at 293 K using powder-XRD to analyse the solid

portion of the filtrate collected at different time intervals.
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Figure 3.11: Kinetic study at 293 K of crystal growth on NCaSil using powder XRD. G = calcium
sulfate dihydrate, N = NCaSil, W = wroewolfeite, P = posnjakite and B = brochantite. Experimental
conditions: [Cu®'initial 15.7 mmol L™; adsorbent dosage 1 g L™*; stirring speed 500 rpm.

The XRD patterns shown in Figure 3.11 presents the development of different crystal
phases on the NCasSil. Five different compounds were identified in the samples for this
temperature: calcium sulfate dehydrate (G), NCaSil (N), wroewolfeite (W), posnjakite
(P) and brochantite (B). Wroewolfeite, posnjakite and brochantite are copper sulfate
hydroxide minerals which are monoclinic and share the same chemical composition but

differ in the amount of waters of crystallization. Their generic formula is:
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Cu,(OH),SO, -nH,0 (eq. 3.15)
Where n is equal to 2 in wroewolfeite, 1 in posnjakite and O in brochantite.

In the previous section a shift from blue to a turquoise colour during the uptake was
mentioned. At 293 K the change occurred 20 h after starting the experiment, whereas at
333 K this occurred after 30 minutes. Analysing the powder-XRD pattern obtained for
293 K in Figure 3.11 one can relate this to the fact that brochantite becomes the
predominant mineral phase at large values of t. This turquoise colour is consistent to the
mixture of blue coloured crystals of wroewolfeite and posnjakite combined with those
of brochantite, which are green, as shown in Figure 3.12. The formation of brochantite
is consistent with the study done by Cairns [37] where salts of the form Cu,X(OH);
were obtained, where X = NO3 or CI".

Therefore a more general formula may be employed to describe the minerals formed
over NCasil;

CuznX(OH)zn (eq. 3.16)

where X is an anion and n is the charge of anion X. All minerals that have been

obtained so far may be described by this expression.
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Figure 3.12: Examples taken from the literature for the three copper sulfate hydroxide minerals
observed in this study.

In Figure 3.11, peaks corresponding to the development of gypsum are observed in the
first minutes of the uptake (1-5 min). On the other hand, the intensity of the broad
NCaSil peak described by McFarlane [36] near 30° 26 (Cu K,) decreases, which in turn
diminishes the signal to noise ratio. Between 15 and 30 minutes into the reaction
NCasSil peaks have faded even more making the gypsum peaks look larger than they
were at the beginning of the experiment. Between 30 and 40 minutes after commencing
the reaction the simultaneous formation of wroewolfeite, posnjakite and brochantite is

observed. Zamana and Usmanov [72] performed a theoretical thermodynamic study on
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the formation of this copper sulfate hydroxide hydrate species calculating AH; and AG¢
for different copper sulfate hydroxide minerals. They found that the energy
requirements to form the different minerals starting from their ions in solution were as
follows W < P < B. This is in concordance with the results obtained at 293 K where the
formation of W and P is favoured at short times.

Between 50 and 120 min into the reaction, the posnjakite reflection corresponding to the
plane 001 at 12.7° 26 is considerably larger than the rest of the peaks. The development
of this peak coincides with the uptake of copper reaching ~ 80 - 100% of the loading
capacity under these experimental conditions (refer to Figure 3.3). It is important to note
that the wroewolfeite peak at 12.3° 20 is overlapped by the peak at 12.7° 20 but
becomes more defined after 120 min into the reaction, suggesting wroewolfeite and/or
posnjakite crystals become larger as the peaks become narrower. The calcium sulfate
dihydrate peak at 11.6° 20 fades after 120 min. This could be an indication that sulfate
diffuses from the gypsum lattice into a nearby the copper sulfate hydroxide lattice but
there is not enough evidence from the results to support this idea, other than the fact that
calcium sulfate dihydrate disappears from the solid phase even when it has a Kg, value
of 2.5 x 10™.

From 240 to 1440 min the peak due to NCasSil is no longer observed. This is consistent
with the collected samples which did not have NCaSil in the sample. Moreover, the
main process occurring in this time frame is the transformation of wroewolfeite and
posnjakite to brochantite. If enough time is allowed (t > 1440) min the product is
brochantite.  Hence, this suggests that if the experiments are done at higher
temperatures only small quantities of wroewolfeite and posnjakite should be formed
while brochantite becomes the predominant phase. Taking into consideration that the
chemical formulae of the substances differ in the number of crystallization water
molecules the energy to transform wroewolfeite and posnjakite into brochantite will be
strongly related to the amount of H,O molecules needed to be removed from the lattice.
It is possible to relate the magnitude the activation energy of dehydration of copper
sulfate trihydrate to those of wroewolfeite and posnajkite considering that all of them
are monoclinic and disregarding the position of the water molecules inside the crystal
structure. Cooper etal. [73] reported a value of 65.2 ki mol™ for the dehydration

reaction expressed in eq. 3.17.

CusO, -3H,0__A ,CusO, H,0 (eq. 3.17)

—2H,0
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The activation energy for one mole of water (half a mole of reaction) being displaced
from the crystal lattice will be 32.6 kJ mol™. This value will serve as comparison to
those obtained later in this thesis.

With the information gathered in this study it is possible to write an expression for a
stepwise reaction at 293 K. Eq. 3.18 vaguely represents the undergoing chemical
reactions, but gives a simple and clear idea of how the reaction proceeds towards the
formation of brochantite on the surface. It is noteworthy that NCaSil particle
disaggregation due to stirring is not included in this equation but must be considered in
the overall process.

Culyy +SO: ) + NCaSil , — Cu(OH )Z—NCaSiPCaSOA(S) N

(eq. 3.18)
Cu,(OH), SO, - 2H,0 —5—Cu,(OH), SO, - H,0 —5—Cu,(OH), SO,

Consequently, the first step of the reaction involves the disaggregation of the particles
of NCaSil into asymmetric aggregates with an average of 20 micrometres in length
exposing a large reactive surface. Cu** binds rapidly with the surface OH™ groups and
S0,* forms gypsum with Ca** available on the NCaSil structure. At 293 K this the first
peak of brochantite develops after 30 minutes (refer to Figure 3.11). Nevertheless after
40 minutes of starting the experiment wroewolfeite and posnjakite become the
predominant phase until t = 480 min. Finally, if the amount of time is sufficient,
brochantite forms as it is the thermodynamically stable compound. NCaSil is necessary
in the reaction to form brochantite as it provides the OH" on the surface for the crystal to

develop.

In the literature, this stepwise formation of minerals is referred to it as an Ostwald
cascade, and has been described in the same order in the literature [74]. Nonetheless, so
far it has not been able to obtain wroewolfeite at temperatures higher than 277 K

starting from its constituents in solution [74].

Moreover, the synthesis of these crystals in solution is non-commutative meaning that
the order in which we add the reagents will impact the resulting product. For example,
the addition of CuSO,4 to base initially gives a metastable precipitate of crystalline
Cu(OH), (spertiniite), and adding base to a CuSO, solution gives a metastable
precipitate of posnjakite [74]. The latter is consistent to what is shown in this study

where NCaSil was added into a CuSO, solution.

In addition, the synthesis of these crystals could represent an industrial opportunity

since they are the main compounds of the Bordeaux mixture use as fungicide in large
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scale agriculture [75]. The standard synthesis for Bordeaux mixture consists adding
1.8 kg of copper sulfate to 1.8 kg of hydrated lime in 188 L of water [76]. This
translates into 3.8 x 102 mol L™ of Cu?* against 1.57 x 10? mol Cu®* L™ used in this
study, hence twice as much Cu®" is needed in the standard synthesis to obtain the
product. X-ray analysis of a standard Bordeaux mixture in the literature [77] revealed
that it consisted of devillite Ca[Cu4(SO4)2(OH)s]-2H,0, posnjakite Cus(OH)sSO4-H-0,
brochantite Cus(OH)sSOs, antlerite Cuz(SO4)(OH)4, gypsum CaSO4-2H,0 and bassanite
CaS04-0.5H,0. In some cases synthesis of these compounds require a Cu®
concentration of at least 1 order of magnitude larger compared to the amounts used in
this study [74, 77].

Commercial Bordeaux mixtures usually form sticky deposits which plug the nozzle of
spraying devices [77]. This is due to the presence of bassanite formed during the
preparation of these minerals as a result of using lime as a reagent. Furthermore, patents
on the synthesis and application of these crystals have been issued recently [76-79],
hence there is still great interest in finding new ways of preparation of these copper
sulfate hydroxide minerals.

From this study a bassanite free brochantite may be produced at room temperature from
relatively low concentrations of Cu®* using NCasSil as a substrate for crystal growth. If a
mixture of different mineral phases is wanted it is possible to stop the reaction between
60 and 120 min obtaining a high yield of wroewolfeite, posnjakite and brochantite at
room temperature as shown in Figure 3.11. From a scientific point of view this
represents also an achievement as these minerals have not yet been isolated from
experiments done in solution at room temperature [74]. Furthermore, the author believes
that the results shown in this study might serve as an indication of how these minerals

form in nature.
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Figure 3.13: Kinetic study at 313 K of crystal growth on NCaSil using powder XRD. G = calcium
sulfate dihydrate, N = NCasSil, P = posnjakite and B = brochantite. Experimental conditions:
[Cu?'initial 15.7 mmol L*; adsorbent dosage 1 g L™; stirring speed 500 rpm.

In order to determine to what extent the temperature increases the rate of formation of
brochantite in the reaction, the experiment was carried out at 313 K (+20 K difference
from Figure 3.11). In Figure 3.13 the experimental results are depicted. During the first
five minutes the rapid formation of posnjakite and brochantite may be observed without

presence of wroewolfeite. This result is in agreement with the ease of formation due to
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energy requirements as discussed earlier in this section. Brochantite rapidly becomes the
predominant crystal structure after 30 min. NCaSil and calcium sulfate dihydrate peaks
fade rapidly in time compared to those shown in Figure 3.11. In fact after 50 minutes
only a small peak of calcium sulfate dihydrate may be observed, but in order to simplify
the system it may be considered to have completely disappeared. The author believes
that the fading of gypsum peak may be related to the surface diffusion of sulfate from
gypsum to wroewolfeite, posnjakite or brochantite lattices since as the rate of crystal
formation increases, the rate of disappearance of calcium sulfate dihydrate peaks also
increases. Still this is statement is not properly supported and should be considered only
as a hint of what is occurring on the surface. Between 50 and 70 minutes after started
the reaction posnjakite develops faster than brochantite, but starts to fade after 90
minutes being undetectable at 120 min. Brochantite peaks remain largely unchanged
from 120 until 1440 minutes.

In general one could modify eq. 3.18 to the following expression:

Cufy +S0O; ,,, + NCasil ,, — Cu(OH ), -NCasil-CaSO, —

eq. 3.19
Cu,(OH),SO, - H,0—5—>Cu,(OH), SO, (¢q. 3.19)

Where wroewolfeite is not formed and the reaction proceeds directly to form posnjakite,

which then dehydrates to form brochantite.
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Figure 3.14: Kinetic study at 333 K of crystal growth on NCasSil using powder XRD. G = calcium
sulfate dihydrate, N = NCasSil, P = posnjakite and B = brochantite. Experimental conditions:
[Cu?'initial 15.7 mmol L*; adsorbent dosage 1 g L™; stirring speed 500 rpm.

The experiment was repeated at 333 K and the same four phases, NCaSil, calcium

sulfate dihydrate, posnjakite and brochantite may be identified in Figure 3.14. Raising
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the temperature by 20 K increases the rate of crystal growth of brochantite, resulting in
posnjakite being rapidly dehydrated during the first 15 minutes to form brochantite.
After 30 minutes the powder-XRD patterns remain almost constant. Regarding these
results it is possible to make the assumption there is enough energy in the system to
form brochantite without the need forming posnjakite first. So the formation of
brochantite at temperatures higher than 333 K may be described by the following
expression.

2+ 2—
Culy, +SO

4 (aq)

Cu(OH ),-NCasil-Caso, ,, — Cu,(OH ), SO,

+ NCasSil ;) — (eq. 3.20)

Taking into consideration that most of the powder-XRD patterns shown in Figure 3.14
only report the presence of brochantite, it is possible to neglect contributions to peak
areas from other substances. Thus, the area underneath the peaks will be directly
proportional to the concentration of B in the solid sample. Peaks will grow up to a
certain extent until their rate of growth approaches zero. It is possible to obtain the
Kinetic rate constant for some of the planes by plotting the area of the most intense

peaks against time as shown in Figure 3.15.
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Figure 3.15: Kinetics of plane growth for the most representative peaks in brochantite at 333 K.

The area beneath the peak is directly proportional to the concentration of the crystal
being analysed in the sample, hence it is possible to relate these results to pseudo-order
adsorption models as they also represent the variation of the concentration on the

surface of a certain analyte over time. In Figure 3.15 the experimental data behaves
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identically to an adsorbate in solution being adsorbed onto a solid particle. The
concentration on the surface, now represented by the area beneath the peak, grows
asymptotically to a certain value at long times, in the same way q; approaches g over
time in Eq. 3.4 and Eq. 3.8. Therefore experimental data was modelled using adaptation
of the pseudo-first and pseudo-second order equations for adsorption. The new form is
as follows:

A=A, (1-e™) (eq. 3.21)

Variables in eq. 3.21 follow the same logic as the pseudo-first order model for
adsorption where A represents the area at any time t, Aeq is the area when the rate of
growth is equal to zero (equilibrium), k is the Kkinetic rate constant, t is the time, and
kAeq represents the initial rate of growth. In a similar manner the second order equation
for adsorption was adapted and the following second order expression, shown in eq.
3.22, was obtained:

A = % (eq. 3.22)
Quantitative data regarding the amount of mass being transferred onto the solid phase
cannot be obtained since no standard was placed in the samples. Nevertheless, obtaining
the rate constants will help to elucidate which plane is developing faster on the crystal,
thus knowing which ions transfer faster to the surface. In the literature most of the time
crystal growth is analysed through the variation of the concentration of the reagents in
solution which in this case is not valid at most temperatures since multiple crystal
structures are formed making the data analysis extremely difficult. Additionally such

analysis will not extract kinetic data for individual planes in the crystal.
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Results were fitted to first and second order models, the results are shown in Table 3.6.

Table 3.6: kinetic parameters for plane growth in brochantite crystals at 333 K

Pseudo-first order

miller
index 20 Aeq K KAceq 2
[hKI] [degrees]  [cts*20]  [min™] [cts-20 min™]
200 13.88 1478 4.1-10° 60.23 0.8792
420 33.45 1914 2.7-107 52.00 0.9421
=222 35.61 2181 7.3-107 158.88 0.8673
Pseudo-second order

miller
index 20 Acq % K(Aeq)? 2

1 r
[hKI] [degrees]  [cts-20] [(;rtfi"nz_?] [cts-20 min]
210 16.55 1391 2.3-107 44.56 0.9061
310 22.79 1737 7.8-10° 235.34 0.8944
400 27.96 2556 5.8-10° 38.07 0.9853

Planes 200, 420 and -222 best fit the first order equation; while the remaining planes fit
better to a second order (only best fits are collated in Table 3.6). In order to understand
why these differences occur, it is important to know which atoms are located on each of
the studied planes. Additionally, the fact that certain planes fit to a pseudo-first order
equation may be an indication that some are diffusion controlled, while the ones
presenting a good correlation to a pseudo-second order equation might limited by the by
a chemical reaction. Nonetheless, crystals tend to grow most rapidly at those faces that
are more densely packed in the structure [80]. Hence, that should be the case for plane
310.
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a

Figure 3.16: Brochantite crystal unit cell drawn using mercury 3.0 software using data obtained in
reference [81].
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Figure 3.17: Atomic contribution to each of the different analysed planes of brochantite using data obtained in reference [81].

(200)
(210)

s o

200 210 310
(400)
H5 1
2
H&
3
1 (-222)
(420) )
2 %
400 420 -222

78



Chapter 3, adsorption of Cu?* onto NCasSil in batch

In Figure 3.17 all studied planes are shown in relation to the nearby atoms. Plane 210
and 200 are two of the slowest planes to develop. Coincidentally these planes pass
near the sulfate moiety in the unit cell of brochantite. This finding suggests that
either the nucleation rate of sulfate to the crystal and/or the relocation of this anion in
the crystal lattice may be the rate determining step of the transformation from

wroewolfeite and posnjakite into brochantite.

Samples having multiple crystalline phases present a challenge due to overlapping of
peaks between substances, thus making quantification of the area very difficult. In
order to retrieve useful information about the kinetics of crystal growth a peak with a
medium to high intensity needs to be chosen. The peak at 33.46° 26 was found to
uniquely correspond to plane 420 of brochantite. Results for the growth of this plane

over time are plotted in Figure 3.18.
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Figure 3.18: Kinetic study on the growth of plane 420 at 293, 313 and 333 K. The experimental
data presented on the ordinate represents the peak area of the reflection at 33.46° 20 Cu K, in
Figure 3.11, Figure 3.13 and Figure 3.14.

The experimental data fits pseudo-first order kinetics for all studied temperatures.
The equilibrium time te; was arbitrarily set at 0.99-Aeq. The remaining 1% is
considerably slower and may be neglected. Kinetic parameters for the first order fit

are shown in Table 3.7.
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Table 3.7: Pseudo-first order Kkinetic parameters for the development of plane 420 in
Brochantite.

T Aeq teq k420 k420'Aeq r2
K] [cts-20] [min] [min™] [cts-20 min™]
293 1568 1621 0.00287 4.50 0.9188
313 2055 507 0.00916 18.8 0.9132
333 1914 187 0.02717 52.00 0.9684

*Parameters were obtained using Origin 8.0 fitting tool.

Results show that the area underneath the 420 peak tends to a value of approximately
2000 cts-20 at temperatures higher than 293 K. The kinetic rate constant and the
initial growth rate is one order of magnitude larger after an increase in temperature of
40 K indicating a mild to strong dependence on the temperature. A mass ~ 1.1 g of
solids were obtained from the experiments when 1 g of NCaSil was contacted with a
15.7 mmol Cu?* per L solution. Therefore a rough estimation tells us that for every 1
mmol of brochantite, under utilized measurement conditions, 1000 cts 20 are
observed for the peak 420 at the equilibrium. Therefore the initial rate (kAeg) IS in the
range of 10° to 102 mmol g™ min® for any studied temperature. This value is very
important as it makes possible the comparison with previously obtained kinetic data.
The value is approximately 3 orders of magnitude smaller than the initial rate of
calcium leaching (1.60 mmol L™ min™) and copper ions uptake (0.870 mmol g™ min"
1 1. Hence, this indicates that crystal formation is the rate determining step towards

the formation of the thermodynamical stable compound, brochantite.

In Figure 3.19 an Arrehnius plot was constructed to calculate the activation energy

for the formation of plane 420.

! Since 1 g of NCaSil was used in 1 L of Cu®* solution both constants are comparable.
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Figure 3.19: Arrhenius plot for the growth of plane 420 of Brochantite using Kinetic rate
constant reported in Table 3.7.

The slope of the linear regression in Figure 3.19 gives a value for the activation
energy of 43.8 + 0.3 kJ mol™. Considering that plane 420 forms within the first 15
minutes, even at 293 K, this value is an indication of what magnitude of E, can we
expect for other planes. Comparing this result to those previously mentioned in this
section for the dehydration of copper sulfate trihydrate (32.6 kJ mol™) both are

similar.

It is possible to estimate the temperature needed to form brochantite without forming
intermediates by plotting temperature against the time required to reach equilibrium

for the development of plane 420.

81



Chapter 3, adsorption of Cu?* onto NCasSil in batch

350
I T =-0.0253 t,, + 332.53
| T =-18.48 In(t,,) + 429.12
_ R2 = 0.9981
X, 310 -
|_
290 -
270 . . . . .
0 1000 2000 3000

toq [Min]

Figure 3.20: Temperature dependence of the time to reach equilibrium for plane 420.

The intercept of the linear regression shown in Figure 3.20 gives a value of
333+ 8 K which is consistent to the XRD patterns obtained for this same
temperature where brochantite forms rapidly. This is an approximation as this trend
should be asymptotic to the vertical and horizontal axis since crystals cannot form
instantaneously (teq = 0). Furthermore extremely high temperatures would result in
thermal decomposition of the crystal lattice. Nonetheless, at temperatures
significantly higher than 333 K and below the temperature where thermal
decomposition of brochantite occurs, it is possible to expect and assume that the
mechanism will lead to the direct formation of brochantite without progressing

through the intermediates wroewolfeite and posnjakite.
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Different minerals form during the uptake of Cu?* onto NCaSil. The type depends on
concentration, contact time and concentration of the copper sulfate solution. It is
possible to propose a general empirical equilibrium equation taking into
consideration that posnjakite, wroewolfeite and brochantite possess the same
chemical equation Cus(OH)gSO4-nH,O with varying amount of waters of
crystallization with values of n being 2, 1 and O respectively. The empirical equation
that describes the reaction would have to take into consideration that NCaSil partially
reacts with Cu?* and SO, resulting in:

e Pure brochantite crystals (t > 1440 min; 293 K).
e Monomeric silica and Ca?* in solution.
e Unreacted sulfate and Cu®* in solution.

e Amorphous silica.

The reaction mass balance may be written as:

a-Ca,Si,(OH), -w-H,0+b-Cu* +¢-SO,” —

d-Cu,(OH),SO,, +e-SiO, + f - S0, +g-SO,” +h-Cu* +i-Ca* (eq. 3.23)
Table 3.8 shows a common reaction in this study where 1 g of NCaSil was contacted
with a concentrated solution (>7.9 mmol L™) of copper sulfate at temperatures higher
than 293 K for 24 h. Both mass transfer from the bulk of the solution and surface
transport of compounds has been reached and formed brochantite as proven by
powder-XRD data.
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Table 3.8: Mass balance for the uptake of Cu** onto NCaSil

Experimental conditions: [Cu®*Jinitar 15.7 mmol L™; 1 L solution; 1.0000 g NCaSil; Temperature > 293 K: reaction time > 24 h
Cu4(OH)SO4 corresponds to brochantite

a-CaSiy(OH),-z(H,0) b-Cu®* ¢-SO,”

d-Cus(OH)sSO, e-SiO(s)  f-SiO, (in solution)  g-SO,* h-Cu** i-Ca*
ca?* a-x = i
_ Si ay = e f
2 cu” b = 4d h
£ 50”7 c = d g
O aw+z = 6d 2e 2f
H a-w+2z = 6d
Table 3.9: Stoichiometric coefficients for Table 3.8
Values obtained from: Table 1.3 Initial amount (b-h)/4 a-x-f Table3.4 c-d Table 3.2 Table 3.3
1.00 g / Mncasil (15.7 - ge), 293 K
a b c d e f g h i
mmol 7.2 15.7 15.7 2.3 14.4 3.7 13.4 6.5 6.8
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The equation depicted in Table 3.8 is based on experimental observation that has
been discussed throughout Chapter 3, which assumes that 1 L of a 15.7 mmol L™
Cu®* solution was contacted with 1 g of NCaSil at 293 K in a stirred reactor. The
stoichiometric coefficients for such reaction are shown in Table 3.8 and in Table 3.9.
The stoichiometric coefficients correspond to the same amounts used in the
experiments throughout chapter 3. Values for a were obtained from Table 1.3 using a
medium range molar mass. The values of b and c correspond to the initial mmol
added into the reaction. The values of d, e and g were obtained by the mathematical
operations shown in Table 3.9. The value of f corresponds to that obtained in section
3.2.4 in the study of the release of monomeric silica at 293 K. The value of h is the
remaining Cu®* concentration in solution at 293 K. The value of i is obtained from
Table 3.3 and corresponds to amount of Ca** present in solution at equilibrium.

It is possible to verify the empirical results by subtracting the final amount of mmol
of each compound from the initial amount (Ammol), The result of such mathematical
operation is shown in Table 3.10.

Table 3.10: Overall mass balance result

Low-range Mid-range High-range
Mncasil Mncasil Mncasil
Analyte w=05;x=205 w=0.75;x=253 w=1;x=3
y=0;z=14 y=025;z=19 y=05;z=25
Ammol Ammol Ammol
Ca™ 1.9 1.4 1.2
Si 0.0 0.0 0.0
cu® 0.0 0.0 0.0
SO/~ 0.0 0.0 0.0
@) 52.3 -5.4 42.2
H 11.0 -15.2 6.0

From the results shown Table 3.10, Ca** could have been quantified in excess or
under estimated in molecular formula of NCaSil. On the other hand, the mass

balance for Cu®*, Si and sulfate fits closely.

After analysing the mass balance a simplified empirical equation for the uptake of
Cu?* may be stated using the empirical formula of NCaSil with arbitrarily set values

to a mid-range content of constituents. The formula is shown in Eq. 3.24.
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72 Ca,,;Si0,,(OH),,s -1.9H,0 +157-Cu?*" +157 SO, —
23Cu,(OH); SO, ) +35Si0,,) +-37 SiO,,, +134 SO,” +65Cu*" +68Ca*"

(eq. 3.24)

Considering that the molar mass was calculated arbitrarily from values reported in
McFarlane’s work [36] and that NCaSil offers a range of content of the different
species, discrepancies in the amounts reported in Table 3.10 for calcium, oxygen and
hydrogen content in the reagents and products may be solved by the modifying the
original formula within the reported range. The reaction may be finally balanced by
the addition of 3.2 moles of water and adjusting calcium and oxygen content in
NCaSil from 0.75 to 0.94 and from 2.53 to 2.25, respectively. EQq. 3.25 shows the
balanced equation for the reaction stated in Eqg. 3.23 using stoichiometric values
shown in Table 3.8 and Table 3.9.

7.2 Ca,,,SiO,,(OH),; -1.9H,0 +15.7 - Cu®*" +15.7 SO,” +3.2H,0 —
2.3Cu,(0OH), SO, +3.5 SiO,, +3.7 SiO,,,, + 6.8Ca* +6.5Cu* +13.450,”

(eq. 3.25)

The resulting NCaSil formula (Cao.94Si02.25(0OH)os-1.9H20) is still inside the range
reported in Table 1.3. This should be taken as an approximation to the NCasSil

prepared during this work.

Apparently the reaction shown in Eq. 3.25 depicts a 1:1 ion exchange process

between Cu®* and Ca**, but further experiments are required to confirm this.
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3.2.7 SEM and EDS study on the kinetics of Cu*" adsorption and crystal growth
In the quest to find proof of a stepwise mechanism for the sorption of copper a
Kinetic study using SEM and EDS for the uptake of copper by NCaSil from solution
was undertaken. In a previous study using similar conditions, Cairns [37] analysed
SEM images of Cu-free NCaSil and at times corresponding the equilibrium. In this
study, the reaction was stopped at different times in order to observe how the
formation of the crystals occurs. Additionally this will help to see if there was any
site specificity for the adsorption of Cu®*. Figure 3.21 to Figure 3.28 show the crystal
growth from t =1 min to t = 120 min.

Taking into consideration the XRD patterns obtained in Figure 3.13 the observation
of the development of posnjakite (P) and brochantite (B) was pursued. As revealed
from XRD data posnjakite is expected to be the first crystal to develop and should
appear in the early stages of the reaction.

/

NCaSil, amorphous structure

Crystalline:

structure

A

COMPO 150KV X5000  1am ~ WD9.7mm

Figure 3.21: SEM micrograph on backscatter mode for t = 1 min. Experimental conditions:
[CU?*Tinitiar 15.7 mmol L*; adsorbent dosage 1 g L™*; temperature of the reaction 313 K.

Figure 3.21 shows a representative image of the product after the first minute of the
reaction. Crystalline structures are marked inside red boxes while amorphous
structures are pointed with white arrows. After one minute of reaction a few crystals
have rapidly developed on the surface of the NCaSil, with sizes ranging 0.5 to 1

micrometre with a preferential growth in one dimension. It is most likely that this
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crystal corresponds to posnjakite considering the XRD patterns in Figure 3.13 for

this same temperature.

Crystalline

structure.. growing
on top of NCaSil

SEI  150kV X5000 1um  WD9.6mm

Figure 3.22, SEM micrograph for t = 5 min. Experimental conditions: [Cu*initia 15.7 mmol L™*;
adsorbent dosage 1 g L™*; temperature of the reaction 313 K.

Figure 3.22 shows that 5 minutes into the reaction more crystals have developed on
the surface of NCaSil. Crystalline structures appear to be leaning on the surface of
the NCaSil rather than growing from the surface. Further analyses are needed to
understand whether crystals are growing from solution and subsequently being
deposited on the surface or copper in solution is using NCaSil as a substrate for

crystal growth.

In order to prove the latter, a SEM image and EDS mapping were undertaken on a
sample after t = 15 min corresponding to the point where approximately half of the
loading capacity (~ 5 mmol g™) of NCasSil has been reached and posnjakite is the
predominant crystal structure. The SEM and EDS images for this stage are shown in
Figure 3.23 and Figure 3.24. In Figure 3.23 white boxes show the area where NCasSil
fresh surface is still exposed to the solution. EDS mapping to the same area is shown
in Figure 3.24, where Si presence is represented in red in both overlapped and
standalone image. Moreover, the amorphous region is pointed out with yellow arrow

and will be studied using EDS in order to observe whether it forms amorphous
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copper hydroxide on the surface of NCaSil as an intermediate in the reaction to form
brochantite.

Amorphous

Fresh NCaSil

surface

\\

Crystalling

structure

COMPO 150KV X5,000 1um WD 96mm

Figure 3.23: SEM micrograph on backscatter mode for t = 10 min. Experimental conditions:
[CU*Tinisiar 15.7 mmol L™*; adsorbent dosage 1 g L™; temperature of the reaction 313 K.

10 pm IMG1 ————— 10 ym

5
i

10 pm SiK ——————— 10 pm CuK

Figure 3.24: SEM image and EDS mapping of Figure 3.23. Si and Cu are shown in red and blue
respectively. Experimental conditions: [Cu®*Jiniia 15.7 mmol L™; adsorbent dosage 1 g L
temperature of the reaction 313 K.

89



Chapter 3, adsorption of Cu?* onto NCasSil in batch
The area inside the yellow box has both Cu and Si as depicted in the standard (gray
coloured) SEM image and the overlapped (pink/red/blue coloured) EDS mapping.
This zone appears as pink in the overlapped image. This zone has an amorphous
nature since no ordered morphology can be seen in contrast to the well-defined prism

structures shown on previous figures.

Two different crystalline structures may be observed enclosed in red and green boxes
in Figure 3.23 (please refer to Figure 3.12 to see the differences between posnjakite
and brochantite). The structure located within the red box is similar to those seen in
previous SEM images, with prisms in the range of 1 micrometre in length. It is most
likely that this crystal corresponds to brochantite considering the morphology
exhibited in Figure 3.12. The crystalline structure enclosed in green is approximately
5 times longer. This structure resembles either wroewolfeite or posnjakite compared
to crystals shown in Figure 3.12. Considering the temperature and the time when the
sample was collected during the experiment it is most likely to be posnjakite.

In Figure 3.24 it can be observed that the places where the crystalline structures are
located in the image are almost Si-free zones on the EDS maps while Cu is covering
a larger surface. This could imply that the crystals may have detached from the
surface of the silicate. Other reasons for this region with low presence of Si could be
shielding of the underlying structure by the crystal. Nevertheless, large portions of
the material still resemble the initial structure NCaSil, shown in Figure 1.1,

suggesting that the reaction has not yet reached equilibrium.
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Crystalline

Structure

COMPO 150kV  X5000  1um WD 9.4mm

Figure 3.25: SEM micrograph on backscatter mode for t = 15 min. Experimental conditions:
[CU* Tiniiiar 15.7 mmol L™; adsorbent dosage 1 g L™; temperature of the reaction 313 K.

Figure 3.25 shows a representative image of the solid phase of the reaction after 15
minutes of starting the experiment. Several features from previous figures may still
be observed here, although crystals have grown considerably larger compared to the
features found in the sample taken at t = 10 min. This is consistent with fact that the
mass transport of Cu?* onto the solid surface still hasn’t reach the equilibrium as
shown in Figure 3.3. Enclosed in a white box is a remaining portion of NCaSil which
still resembles its initial features with honeycomb type morphology as shown in
Figure 1.1. The two types of crystals shown in Figure 3.23 appear again but with the
difference that brochantite crystals are approximately 50% larger in all dimensions
than those shown in the previous SEM image. This is in agreement with the XRD
patterns in Figure 3.13 showing the development of brochantite crystals as time

elapses.
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COMPO 150kV X5000 1um WD 9.6mm

Figure 3.26: SEM micrograph on backscatter mode for t = 30 min. Experimental conditions:
[CU*Tinisiar 15.7 mmol L™; adsorbent dosage 1 g L™; temperature of the reaction 313 K.

Figure 3.26 shows an SEM image of a sample taken after 30 minutes into the
reaction. It is clear that most of the sample corresponds to the posnjakite (green box)
and brochantite (red box) crystals. This is consistent with the results obtained by
XRD where brochantite is becoming the predominant phase at this time of the
experiment and NCasSil and calcium sulfate patterns shrink into the background. On
the right bottom corner inside a white box a small portion resembling the initial
NCasSil structure still may be observed. Posnjakite crystal size ranges from 3 to 5 um,

while brochantite crystals are in range of 0.5 to 2 um.
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COMPO 150KV X5000 1gm WD 9.1mm

Figure 3.27: SEM micrograph on backscatter mode for t = 60 min. Experimental conditions:
[Cuz"]inma. 15.7 mmol L*; adsorbent dosage 1 g L™; temperature of the reaction 313 K.

After 60 minutes crystal structures of posnjakite and brochantite can still be observed
in Figure 3.27. Brochantite crystals (red box) have grown larger in length reaching
approximately 3 um in length while posnjakite crystals (green box) in this SEM
image appear to be smaller than in previous samples.
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COMPO 150KV X5000  1gm . WD97mm

Figure 3.28: SEM micrograph on backscatter mode for t = 120 min. Experimental conditions:
[CU*Tinisiar 15.7 mmol L™; adsorbent dosage 1 g L™; temperature of the reaction 313 K.

Finally, after 120 minutes brochantite is the predominant crystal. This is consistent
with what was obtained from the powder-XRD analysis of this sample in Figure 3.13
where brochantite is the main feature. Crystals are apparently similar in size ranging
from 1 to 3 um in length. Considering XRD results the sample composition remains
constant from this point onwards. Hence, there should be only brochantite in the
samples collected later on in the experiment. It is noteworthy that no NCasSil is

observable in Figure 3.28.

Overall it appears that crystal growth follow-up using SEM is consistent with the
results obtained using powder-XRD. Furthermore, the idea of crystals forming from
solution at mild temperatures may be disregarded as it was proved by SEM and EDS
that Cu is present over an amorphous zone rich in Si as shown in Figure 3.24

suggesting the formation of copper hydroxide.
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3.3 Study of the equilibrium of the adsorption of Cu** onto NCaSil

If both adsorbate and sorbent are left for a sufficient time the sorption process will
reach equilibrium. This happens when both forward (sorption) and backward
(desorption) reactions reach the same rate. In the literature several mathematical
equations have been reported that help to model the equilibrium of the sorption, but
many fail to give useful information as they do not possess strong thermodynamic
explanation. In this study the Langmuir, Freundlich and Temkin models will be
examined since they give a better understanding of how the adsorbate covers the
surface of a sorbent.

3.3.1 Langmuir Isotherm

Application of the Langmuir model [82] assumes that the sorption occurs in the form
of a monolayer on a homogeneous surface. Thermodynamically this could be
understood as the enthalpy of the sorption process (heat of adsorption) being constant
as the surface coverage increases. Assuming that the process is represented by eq.
3.26 the rate of change of surface coverage due to the sorption is proportional to the
equilibrium concentration of the adsorbate in solution C. and the number of vacant
sites (1-6). Where @ is the fractional coverage of the surface defined as the number of

sorption sites occupied over the number of sorption sites available.

de
= = kaCe(1-6) (eq. 3.26)
The rate of change of @ due to desorption is proportional to the number of species

adsorbed, therefore,

de
—=_ eq. 3.27
7t k,0 (eq )

At the equilibrium both rates are equal and,

KL Ce

= TKLCe (eq. 3.28)

With K = ka/kq representing the equilibrium constant of the process. Expressing 6 as

ge/qm allows the rearrangement of the Langmuir equation to its most common form,

_ qmK. Ce

= Amlite 13.29
1+K,C, (eq. 3.29)

de
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where g is the amount of adsorbate in mmol per g of sorbent at the surface and gn is
the maximum loading capacity of the sorbent for the same adsorbate in mmol per g
of sorbent. The equation can either be linearized or computed through iteration to
obtain the maximum load capacity and the equilibrium constant.

The isotherm may also be represented in a linear form to ease calculations. Where gn
is obtained from the slope and K. from the intercept in eq. 3.30.

c, C, 1

qe qm KL qm

(eq. 3.30)

3.3.2 Freundlich Isotherm

The Freundlich equation [83], in contrast to the Langmuir isotherm, is an empirically
derived equation. Here it is assumed that the available sites are heterogeneous and
that interactions of adsorbing particles with nearby occupied sites exist.
Thermodynamically this can be understood as a logarithmic decrease in the enthalpy
of sorption as the surface coverage increases. These assumptions distinguish the
Freundlich from the Langmuir isotherm where no interactions are assumed. The

Freundlich isotherm is as follows.

q. = KzC,'/n (eq. 3.31)

where (e is the amount of sorbate taken up, C. is the concentration of sorbate in the
solution at equilibrium, Kg is Freundlich constant which is related to the maximum
loading capacity and n is a parameter related to the intensity of the sorption with n >
1. Even though the equation does not converge to a value when C. = o it has been
reported that it reaches a maximum value if C. is very high. Adamson [84] states that
if the equation fit the data it is likely, but not proven, that the surface is

heterogeneous.

Equation 3.31 may be rearranged into the linear form shown in eq. 3.32 to ease
calculation. Where the value of n and K¢ may be calculated from the slope and

intercept, respectively.

In(q,) = In(Kg) + %m(ce) (eq. 3.32)
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3.3.3. Temkin Isotherm
The sorption behaviour of many systems do not comply with the Langmuir isotherm
[84]. Studies of the temperature dependence over the extent of the surface coverage
have revealed a nearly linear dependence in some cases (e.g. H, onto Fe or Ni). Since
the Langmuir isotherm relies on the assumption that the heat of sorption is
independent of the surface coverage this model is not applicable to such cases.

In the derivation of the Temkin isotherm it is assumed that the fall in the heat of
sorption is linear rather than logarithmic, as implied in the Freundlich equation. The
Temkin isotherm has generally been applied in the following form for the uptake of
adsorbates in solution onto solid adsorbents,

RT
de = b—ln(atce) (eg. 3.33)
t

where R is the general gas constant 8.314 J mol™ K™, T is absolute temperature in K,

bt and ar represents the Temkin isotherm constants, respectively.

3.4 Results and discussion on the equilibrium of the sorption of Cu®*

In order to study the equilibrium of the sorption one must allow enough time to reach
the equilibrium. Taking into consideration the Kinetic curves shown in Figure 3.3, the
uptake of copper reaches equilibrium after 120 minutes have elapsed. Experiments

were left 24 hours in order to ensure the arrival at equilibrium point was reached.

Figure 3.29 shows the experimental results for isotherms of Cu®* uptake at 293, 303,
313, 323 and 333 K. The experiments were carried out as described in Section 2.3.2,
procedure A, and were fitted to the Langmuir, Freundlich and Temkin model. The
isotherms reflect not only the way molecules are being adsorbed on the surface but

also the energy changes when the molecules are adsorbed (AG, AH® and AS®).
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Figure 3.29: Cu** adsorption isotherms obtained using procedure A for temperatures ranging
293 to 333 K. Experimental conditions are described in section 2.3.2.

The data exhibits an irreversible type isotherm which is characterized by having a
sharp beginning, also described in environmental and soil chemistry as an H shaped
isotherm [85]. This large rate (dge/0Ce) is typical for adsorbates with high affinity
towards the surface of the adsorbent material. The maximum sorption capacity under
these experimental conditions is around 6 mmol g™, which suggests that not all the
binding sites were used compared to previous data were a maximum of
10.4 mmol g is reached. This is directly related to poor stirring leading to an
incomplete disaggregation of the particles and high dispersion of the experimental
data. Therefore the method had to be changed to a system that offered higher stirring
speeds. Nonetheless, these results could be closer to what we can expect during the

operation of a packed column with the material in which no stirring is present.

Parameters for the Freundlich, Langmuir, and Temkin models are shown in Table
3.11.
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Table 3.11, Langmuir, Freundlich and Temkin isotherms parameters using procedure A described in Section 2.3.2. Constants were obtained using experimental data
plotted in Figure 3.29.

Kr
1/n (n-1)/n -1
[;] Model [mrr?ch g7 - mm}?! /] : [L mar;ol'l] [mmol nt:)I gt JY r
[L mmol™]
Temkin 4391 4789 0.91
293  Freundlich 3.99 6.74 0.90
Langmuir 4.76 72.13 0.80
Temkin 2603 4229 0.86
303 Freundlich 4.33 5.06 0.88
Langmuir 4.98 87.87 0.76
Temkin 168 3199 0.71
313  Freundlich 3.42 3.06 0.81
Langmuir 7.45 0.77 0.70
Temkin 8173 5228 0.75
323  Freundlich 4.24 6.71 0.74
Langmuir 5.14 136.45 0.66
Temkin 772 4161 0.90
333  Freundlich 3.94 4.73 0.96
Langmuir 5.36 13.95 0.70
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Results shown in Table 3.11 exhibit a low r to the three studied models, except at
293 and 333 K where a good correlation to Langmuir and Freundlich model may be
observed, with r? values higher than 0.9. Nevertheless, no clear trend in the value of
the different model constants with a change in the temperature of the reaction may be
observed. This could have been due to the poor stirring noted previously.

In order to obtain results with better resolution experiments were repeated using a
stirred flask in order to improve disaggregation of the surface enabling new surface
to become exposed. Experimental data gathered using procedure B, described in
section 2.3.2, are presented in Figure 3.30.
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Figure 3.30: Adsorption isotherms obtained using procedure B for 293, 303, 313 K.

Results in Figure 3.30 show less scattering of the experimental data points than those
shown in Figure 3.29. A clear trend may be observed as the temperature rises.
Furthermore, the maximum adsorption capacity, qm, increases by nearly 20% (1.5
mmol g™?) with a 20 K temperature increase in the system. This result shows the
importance of studying the thermodynamics of the adsorption to understand the

variation that an adsorbent might endure in real-life applications.

The experimental data were fitted to Langmuir, Freundlich and Temkin model and
the results of these fits are presented in Table 3.12. The plots for the previously
mentioned fits for the Langmuir and Freundlich isotherms are shown in appendix

A-1 and A-2, while the Temkin isotherm was fitted using Origin 8.0 fitting tool.
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Table 3.12: Langmuir, Freundlich and Temkin adsorption isotherms parameters using procedure B described in Section 2.3.2. Constants were obtained using
experimental data plotted in Figure 3.30.

Kr
1/n (n-1)/n -1
[TK] Model [mn?ch oY - mm}?! v n L mar;ol'l] [mmol nt:n gt Iy r
[L mmol™]
Temkin 63163 3865 0.8371
293 Freundlich 6.80 10.94 0.8789
Langmuir 7.87 42.33 0.9987
Temkin 238905 4276 0.6900
303 Freundlich 8.05 10.00 0.9119
Langmuir 8.28 61.92 0.9998
Temkin 174429 4211 0.6700
313 Freundlich 8.39 9.04 0.9058
Langmuir 8.34 62.53 0.9999

*The value of the constants for the Temkin isotherm were obtained using Origin 8.0 fitting tool.
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Results in Table 3.12 shows that experimental data displayed in Figure 3.30 offers a
good fit for the Langmuir model with r? values greater than 0.9987. There is an increase
of the value of K_ with the temperature, which means affinity of copper towards the
surface increases as the temperature raises. Additionally the maximum adsorption
capacity qn increases by 0.47 mmol g when the temperature increases from
2930 313 K.

3.4.1 Thermodynamical Analysis

With every chemical reaction, the adsorption of molecules or atoms onto the surface of
a solid will undergo energy changes due to changes in the system. During the adsorption
process there will be a release or a gain of heat, often referred to as heat of adsorption.
The adsorption will be characterized by its spontaneity and the entropy change produced
in the system.

Thermodynamic studies in adsorption experiments allow information to be obtained
about the stability of the formed product, spontaneity of the process and if there are any
changes in the adsorbents loading capacity and equilibrium with temperature change.
The thermodynamic values are important not only to compare between sorbents but also
because in industrial operations temperature and pressure may vary with the location
(altitude) or between day and night. This can lead to a lesser or a greater extent of

contaminant removal by the sorbent.

The equilibrium constant of a process can be used to obtain thermodynamical
information such as AH® (standard enthalpy), AG (Gibbs free energy), AS° (standard
entropy) giving a better understanding of the process. To do so the van’t Hoff equation

is used, the derivation of which is as follows [86].
Since,

AG
Bl eq. 3.34
InK T (eq )

where R is the gas constant 8.314 J mol™ K, T is the temperature in K, K is the

equilibrium constant of the process, AG is the standard Gibbs energy.

The variation of In K with the temperature is

dink  1d (E) (6. 3.35)

dT ~  RdT\T

In order to develop eqg. 3.35 one has to use eq. 3.36 known as the Gibbs-Helmholtz
equation
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(;7?) _ _AT_HZO (eq. 3.36)

Combining eq. 3.36 with eq. 3.37 van’t Hoff’s equation is obtained,

dinK _AH° (60, 3.37)

dT RT?
knowing that,

CTZ_Z _ g (%) (eq. 3.38)
the following form is obtained,

dInK —AH°

d(%) - TR (eq. 3.39)

Combining the following thermodynamic expressions given by eq. 3.40 and 3.41,

AG = AH — TAS (eq. 3.40)
—RTInK = AG (eq. 3.41)
eq. 3.42 is obtained,
AS°  AH°
= - eq. 3.42
In K T RT (eq )

Using the van’t Hoff differential equation, In K against the inverse of the temperature
can be plotted to obtain 4H° and 4S°. Where, K is the equilibrium constant (K, the
Langmuir constants can be used), R is gas constant 8.314 J mol™ K* and T is the

temperature in K.

This equation gives an explanation of why there is a variation in the adsorption capacity
at equilibrium as the temperature changes. For example, if the temperature increases in
a system where the adsorption process is endothermic and/or has a positive entropy

value this will inevitably displace the equilibrium towards the formation of products.

The modulus of the standard enthalpy can be taken as an indication of whether the
process corresponds to a chemical or a physical adsorption. Often small AH® values are
associated with physical adsorption since the interaction with the surface is weaker,
while higher values are expected for chemical sorption since bonds are usually formed.
Chemical adsorptions involve the formation of covalent bonds, hydrogen bonds or

complexes and similar type of bonds. In the literature physisorption of gases on solids
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are reported to have AH° values smaller than 20 kJ mol™, while for chemisorption
values of AH® range between 100 and 400 kJ mol™. If the system is formed by a liquid
phase and a solid phase, values are much lower with AH® for chemisorption expected to
be > 20 k] mol™,

Values of K. shown in Table 3.12 were used to plot eq. 3.42 in Figure 3.31.

12.0
In K_ =-2153.8 T + 18.058

11.5 - r2 = 0.8592
- ¢
= 11.0 | *
X
=

10.5 A

10.0 : : : : . . .

0.0031 0.0032 0.0033 0.0034 0.0035

1T [K1]
Figure 3.31: Van’t Hoff plot using the values of K, shown in Table 3.12 in L mol™.

The linear fit exhibits a r* value of 0.8592 which indicates that the gathered data is
slightly non linear. Nevertheless, the values of K. are derived from 27 independent
experiments shown in Figure 3.30 and A-1, hence the collected data can be considered

as reliable.

Values for AS°®, AH° and AG are presented in Table 3.13. These parameters correspond
to the overall process as they were obtained from the variation of copper concentration

on the surface, thus, they might not reflect the formation of crystals.

Table 3.13: Thermodynamical parameters for the adsorption of Cu** onto NCaSil

T AG AH° AS°

K] [kJ mol™] [kKImol™]  [Jmol® K
293 -26.1

298 -26.8 17.9 150
303 -27.6

313 -29.1
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The values show that the reaction is spontaneous and endothermic. The increase in the
entropy of the system is large, which could be related to the release of Ca** and Si(OH),4
into solution. This means that the decrease of entropy due to formation of a crystal
structure (wroewolfeite, posnjakite or brochantite) does not account for the positive
change of entropy of the dissolution of NCaSil.?

Negative entropic changes should arise from:

- Cu® being adsorbed onto the surface as Cu(OH), or forming crystal
(translational)

- Sulfate being removed from solution to form calcium sulfate dihydrate,
wroewolfeite, posnjakite and brochantite crystals (translational, rotational and
vibrational).

- OH forming amorphous hydroxides and/or crystal structures (translational,
rotational and vibrational)

Positive changes in the entropy should arise from:

- Ca* leaching (translational).
- OH release into solution (translational, rotational and vibrational).
- Hydrolysis of NCasSil structure releasing short chain oligomers and monomeric

silica (translational, rotational and vibrational).

S04* and Si(OH), are both tetrahedral and Msos ~ Msyonys therefore their rotational and
translational contributions per mole to the entropy change are similar. Hence the
entropy change is going to be to be directly related to the number of moles released and
adsorbed of each substance. In the experiment the amount of SO4* released* was equal
to 2.3 mmol, and the amount of Si(OH), released into solution was 4 mmol. Implying
that the positive entropic contribution of Si(OH), is roughly two times larger. In
addition the oligomers will also have a contribution to a positive entropy change as

stated above.

® Electronic contribution were not considered because is small compared to translational, rotational and
vibrational.
* Amount calculated from Table 3.9 considering that the solid phase is pure brochantite.
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3.4.2 Powder-XRD study on the crystal growth at different temperatures at the
equilibrium of the adsorption of copper
The equilibrium of the adsorption of Cu®* was studied using powder-XRD technique in
order to elucidate the dependency of the formation of crystalline phases on the initial
concentration and temperature. Results of these experiments are shown from Figure
3.32 to Figure 3.34.
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Figure 3.32: Isothermal study at 293 K at the equilibrium of Cu** uptake using XRD. C = calcium
carbonate, W = wroewolfeite; P = posnjakite and B = brochantite. Experimental conditions:
[CU?*initiar 15.7 mmol L*; adsorbent dosage 1 g L™; stirring speed 500 rpm.
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Figure 3.33: Isothermal study at 303 K at the equilibrium of Cu®* uptake using XRD. C = calcium
carbonate, W = wroewolfeite; P = posnjakite and B = brochantite. Experimental conditions:
[CU?*initiar 15.7 mmol L*; adsorbent dosage 1 g L™; stirring speed 500 rpm.
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Figure 3.34: Isothermal study at 313 K at the equilibrium of Cu** uptake using XRD. C = calcium
carbonate, W = wroewolfeite; P = posnjakite and B = brochantite. Experimental conditions:
[CU?*initiar 15.7 mmol L*; adsorbent dosage 1 g L™; stirring speed 500 rpm.

XRD patterns obtained from the solid portion of the isotherm reveal interesting
information. At low initial concentrations of copper the resulting compound on the solid

surface is calcium carbonate (C). These peaks do not correspond to calcium sulfate
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dihydrate or NCasSil as this sample reached equilibrium and as it was shown in kinetic
studies these compounds form and disappear rapidly. Furthermore, calcium carbonate
and gypsum have Ky, value of 3.8 x 10° and 2.4 x 10®, respectively. Hence, the
formation of calcium carbonate will be preferred at the equilibrium. The studied system
offers the perfect environment for the formation of this compound as the pH is above 8
at low initial concentration of copper. Calcium and carbon dioxide come from NCaSil
and atmospheric CO, dissolved in solution, respectively.

Moreover, at initial concentrations of copper ions between 3.9 and 7.9 mmol L™* the
formation of posnjakite is favoured at all studied temperatures as it is shown in Figure
3.32, Figure 3.33 and Figure 3.34.

At concentrations higher than 11.8 mmol L™ the thermodynamic stable crystal structure
is brochantite at all studied temperatures. This is consistent with the findings in the
Kinetic experiments where after 24 h only brochantite peaks were found.

3.4.3 Study of the release of calcium at the equilibrium

One of the important questions that had to be answered was if the sorption of Cu?* onto
NCaSil involved an ion exchange process between Ca®* and Cu®*. This concept was
supported by Cairns and Borrmann [38, 40] since they witnessed the release of Ca**
over time as copper was adsorbed. They also observed that Ca®* was released into the
water at pH 7 without the need of adding an exchangeable ion such as Cu**. Hence it
was obvious to ask to what extent the release of calcium ions corresponded to an ion

exchange process when Cu®* is added into the solution.

The experimental data gathered from copper isotherms shown in Figure 3.30 were
plotted against the concentration of calcium ions in solution at the equilibrium. Figure
3.35 depicts the relationship of the uptake of copper ions and calcium ions at three

different temperatures.
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Figure 3.35: Dependency between Cu** uptake and Ca** release at the equilibrium. Experimental
data was gathered as described in procedure B in section 2.3.2.

The data shown in Figure 3.35 may be separated into three different zones: zone 1,
corresponds to a linear dependency between Cu?* being adsorbed onto the surface and
calcium ions being released from the surface: zone 2, corresponds to the range where
the amount of calcium release is much greater than the amount of Cu?* being adsorbed;
and Zone 3, corresponds to non-dependency of Cu®* ions being adsorbed to the amount
of calcium released. It should also be noted that the amount of calcium released at
equilibrium is almost independent of the temperature as the data points for the different
temperatures are overlapping in most cases. One could assume that calcium ions are
weakly bonded to the surface since the O-Ca bond is easily hydrolysed, causing the
release of calcium into solution, even without copper being present in solution. This

could suggest an ionic bond rather than a covalent bond.

Studies of the structure of NCaSil suggest that calcium should be found on the surface
and holding layers of silicate together as shown in Figure 1.2. However, no difference
could be observed in these experiments or those carried out in section 3.2.3 that suggest
that certain calcium ions form a stronger bond to NCaSil or require longer time to leach

into solution.
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Figure 3.36: Expansion of zone 1 of Figure 3.35. Experimental data was gathered as described in
procedure B in section 2.3.2.

Figure 3.36 shows a magnification over zone 1. The slope of the plot in this region
increases slightly as the temperature increases suggesting an endothermic process
between copper ion uptake and calcium ion release. The slope for the different data sets
varies from 1.2 to 1.5 suggesting the existence of an ion exchange process with a
reaction order of 1 to 1.5. Meaning that for every ion of copper being adsorbed there is
one ion of calcium being released. The excess could be attributed to O-Ca being

hydrolysed by the aqueous media.
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Figure 3.37: Expansion of zone 2 of Figure 3.35. Experimental data was gathered as described in
procedure B in section 2.3.2.

Figure 3.37 shows a closer look at zone 2 and linear regressions for the different data
sets with slope values varying from 0.321 to 0.44. Although more copper is adsorbed as
the concentration and temperature increases the amount of calcium released in zone 2 is
much greater than in zone 1 causing a significant decrease in the value of the slope. For
every 10 moles of calcium ions released at the equilibrium 3 to 4 moles of copper ions
are adsorbed. This boost on the release of Ca?* may be explained as the result of a

decrease on the initial pH of the solution due to a higher concentration of copper.
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Figure 3.38: Expansion of zone 3 of Figure 3.35. Experimental data was gathered as described in
procedure B in section 2.3.2.

In Figure 3.38 it can be observed that copper uptake is independent of calcium release
for all studied temperatures. Copper keeps being adsorbed disregarding the fact that no
more calcium is released. This result is important since it proves that Cu®* uptake is not
purely dependant on calcium availability. Furthermore, this region also shows the
depletion of calcium ions in NCaSil, with a value near 7 mmol of Ca®* per gram of

NCasSil (refer to Eq. 3.25 in section 3.2.6).

3.4.4 Study of the release of monomeric silica at the equilibrium

After discovering the complex relation between Ca** and Cu?*" during the uptake
mechanism, a second question had to be answered. To what extent is the release of
monomeric silica related to the uptake of copper ions? The amount of Cu®** adsorbed at
the equilibrium obtained from the experimental data gathered from the isotherms in
Figure 3.30 against the amount of silicate released at the equilibrium was plotted in

Figure 3.39. The plot helps to understand the relation between these two analytes.
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Figure 3.39: Dependency between Cu®* uptake and monomeric silica release.

Two different zones may be distinguished in Figure 3.39. Zone A represents the range
where the amount of silicate released decreases as the amount of Cu®** absorbed
increases and zone B, is the region where the uptake of copper at equilibrium is

proportional to the release of silicate at the equilibrium.

The peculiar relation in zone A between both species may be attributed to the
passivation of the NCaSil surface due to amorphous copper hydroxide depositing, which
does not allow further chemical reactions underneath this layer. Although this cannot be
proved to a full extent experimentally, EDS mapping in Figure 3.24 shows that even
when no crystals of posnjakite or brochantite are observed in certain portions of the

NCasSil copper is detected covering the surface.

Another reason is that the pH might be in a region where Si-O-Si bonds are
comparatively stable. Taking into consideration pH values at the equilibrium in Table
3.5 and the solubility of amorphous silica at different pH values shown in Figure 3.7
and in appendix A-3 it is possible to state the trend in Zone A is most likely due to the

pH value of the solution at the equilibrium.

Solubility of amorphous silica is temperature dependant contrasting the trends observed
for calcium. This could indicate that the amount of energy required to break O-Ca bond
is negligible compared to the amount required to hydrolyse the O-Si bond. The O-Ca

bond should be weak in the range of ionic bond and O-Si is stronger in the range of
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covalent bonds. Furthermore, the temperature dependence of the release of monomeric
silica is in good agreement with its solubility as previously shown in Figure 3.7.
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Figure 3.40: Linear regression to Zone B shown in Figure 3.39.

In Figure 3.40 a closer look to zone B is shown including the linear regression for the
three data sets. The value of the slopes for the three data sets ranges from 1.6 to 2.0.
This means that for every 2 moles of copper being adsorbed 1 mole of silicate is
released. The release of silicate will reach a limit which will be related to the solubility

at a given temperature of amorphous silica, pH and adsorbent dosage.

3.4.5 The effect of the initial pH of the solution on the amount of copper adsorbed
and the release of Ca** and monomeric silica at the equilibrium.

The adsorption of copper is largely driven by the availability of OH™ on the surface of
NCasSil. Therefore, it is important to study the adsorption of copper varying the pH of
the initial copper solution below its original value around 4.8. This will show the lowest
pH at which Cu?* may be absorbed from solution using an adsorbent dosage of 1 g L™.
Also information regarding the release of Si(OH), and Ca?* may show interesting

results which may or may not add further to the discussion of how Cu®* is adsorbed.

The uptake of Cu?* at the equilibrium was studied at pH values of 2, 3 and 4. Results of

this experiment are shown in Figure 3.41.
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Figure 3.41: Cu®" adsorption and its relation to the initial pH of the solution. Experimental
conditions: [Cuz"]inma. 15.7 mmol L*; adsorbent dosage 1 g L™; pH adjusted with H,SO,.

It is clear that at least a pH value of 3 is needed in order to be able to remove copper
from solution. This result is of extreme importance since in the following chapter an
emulated mining waste which contains a [H'] = 1 M will be treated with NCaSil in
order to recover copper ions from it. Therefore a stage where the pH value is modified
to 3 is going to be required.

Moreover, the study of the release of calcium and silicate to solution was carried out
using different initial pH values ranging from 2 to 5 without the presence of copper.

Results are shown in Figure 3.42.
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Figure 3.42: Ca** and monomeric silica release as a function of pH. Experimental conditions:
[CU*Tinisia O mmol L™; adsorbent dosage 1 g L™; pH adjusted with H,SO,.

Results show that most of calcium is released at pH 2. Calcium leaching decreases
significantly from a value near 6.1 to 1.5 mmol g™ L™ when the pH of the solution has a
value of 3. Silicate release shows a maximum leaching at pH 3 which is consistent with
the literature where it exhibits a slight increase in solubility at that pH, as shown in

appendix to A-3.

The same experiment was carried out in the presence of a 15.7 mmol L™ copper solution

and the results are plotted in Figure 3.43.
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Figure 3.43: Ca* and monomeric silica release in the presence of copper at different pH values.
Experimental conditions: [Cu*Jiniia 15.7 mmol L*; adsorbent dosage 1 g L™; pH adjusted with
H,SO,.

Calcium is leached out readily on the studied pH values. The difference between Ca**
concentrations at the equilibrium lie within the error of the method, so it is not possible
to say there is a difference between them. In contrast the release of monomeric silica
increases as the pH value increases. Comparing these results to those obtained in Figure
3.42 it is possible to observe that the presence of Cu®* ions increases the amount of
monomeric silica in solution by 2 mmol L™ when the initial pH has a value close to 5.
This could be an indication that Cu®* is reacting with the silanol groups of the NCaSil

and in doing so, promotes the release of silica to solution.
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3.5 Chapter Conclusions

Cu®* adsorption onto NCaSil occurs in a stepwise mechanism that involves physical and
chemical processes. The first step involves the disaggregation of NCaSil agglomerates
into smaller aggregates exposing a larger surface to the interphase. This step proved to
be crucial to allow the maximum adsorption capacity since the capacity doubled when
the reaction was vigorously stirred, therefore stirring must be employed.

Cu* is then adsorbed onto the surface rapidly fitting exceptionally well to a
pseudo-second order equation. The rate increases two orders of magnitude when the
temperature increases from 293 to 347 K. The activation energy of the copper
adsorption onto NCaSil is 54 kJ mol™, thus copper binds chemically to the surface
forming amorphous copper hydroxide that evolves to a crystal structure via a

thermodynamical promoted rearrangement of ions on the surface.

The Kinetic study with powder-XRD using 15.7 mmol L™ Cu®" solution and 1 g L™ of
adsorbent dosage showed that the reaction mechanism had intermediates. At 293 K
wroewolfeite and posnjakite were formed for a short period of time, which then
transformed into brochantite as shown by eq. 3.18. At 313 K wroewolfeite could no
longer be observed and posnjakite developed rapidly at an early stage of the reaction.
After 120 min brochantite was the only phase present in the solid portion of the
reaction. At 333 K, small peaks of posnjakite appear for a very short period of time
which then transformed via dehydration to brochantite becoming the main crystal
structure after only 30 minutes. Furthermore, the activation energy for the formation of

plane 420 of brochantite was calculated to be 44 kJ mol™.

The reaction is complex as it involves other species besides copper sulfate and NCasSil.
A simplified reaction schematic is depicted in Figure 3.44. At the same time that copper
was being adsorbed, calcium, silicate and hydroxyl ions were released into solution.
This leaching of NCasSil constituents caused the irreversible loss of structure, hence

once contacted with an agueous solution the material cannot be regenerated and reused.
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Figure 3.44: Simplified reaction mechanism for copper adsorption towards the formation of brochantite. Values of initial adsorption rates are shown for temperature
ranging from 293 to 333 K. This scheme represents the summary of the findings in Chapter 3. The stepwise simplified reaction of the studied system over time is presented
from left to right. Copper ions form Cu(OH), on the surface of NCaSil due to the presence of hydroxide groups. Meanwhile, NCaSil in water leaches calcium ions, OH™ and
monomeric silica into solution. Sulfate ions react with calcium ions forming gypsum as observed in XRD patterns in Figure 3.11, Figure 3.13 and Figure 3.14. At the same
time as this happens, sulfate nucleates onto Cu(OH), rapidly forming wroewolfeite and posnjakite at temperatures below 313 K. For temperatures higher than 333 K it
forms brochantite. Nonetheless at low temperatures the transformation of wroewolfeite and posnjakite into brochantite proved to be slow under the studied conditions.
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In addition the formation of wroewolfeite and posnjakite is fast at low (293 K) and
mild (313 K) temperatures, while brochantite formation is fast at high temperatures
(> 333 K). The hydrolysis of NCaSil to form monomeric silica in solution is slower
than all other reactions. Additionally, the dehydration of wroewolfeite and posnjakite
to form brochantite was slow and took several hours to reach equilibrium at 293 K.
All kinetic rate constants were promoted to a similar extent by the input of heat into

the system.

Analysing the kinetics of peak growth of brochantite at 333 K, it is possible to
observe that crystallographic plane 210 is the slowest to evolve from the studied
planes within the brochantite crystal. Sulfate ions are located in this plane suggesting
that the nucleation or relocation of this ion is the rate determining step towards the

formation of brochantite.

The standard enthalpy, standard entropy and Gibbs free energy were calculated.
Results show that the reaction is spontaneous at the studied temperatures, with a
value for AG at 293 K of -26.1 kJ mol™. The reaction is endothermic (18 kJ mol™)
and undergo a large entropy increase of 150 J mol™ K™. Consequently, the reaction
becomes more spontaneous as the temperature increases. The increase of entropy
was mainly due the large amount of monomers and oligomers of SiO, released into
solution when NCaSil was contacted with a 15.7 mmol L™ Cu?* solution. The
calculated values are most likely to reflect the variation in energies from the initial
reagents in solution and the final step the brochantite formation including the release

of species to solution.

Moreover, the amount of calcium release is almost independent of the temperature in
contrast of monomeric silica which is enhanced by an increase in the temperature of
the system. The amount of monomeric silica released was found to be limited to its

solubility in solution.

It was found that at least a pH value of 3 is required in order to take up copper when

a NCaSil dosage of 1 g L™ is used.

From the experimental results obtained in this chapter we may assume that all Cu®*
ions in the solid phase will be constituents of brochantite crystals if enough time and
energy is granted to the system under initial concentration of copper higher than
11.8 mmol L™
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Finally, from an industrial point of view of copper sulfate hydroxide minerals are of
interest for the agrochemical industry as a fungicidal agent. Therefore, the best
conditions to obtain such product would be to do a batch reaction containing
15.7 mmol L™ copper sulfate solution at 293 K using a 1 g L™ of NCaSil for
24 hours. Likewise, a concentration of 11.8 mmol L™ and adsorbent dosage of 1 g L™
at 303 K may be used as an alternative. Choosing either of these conditions will

depend on the price of heating the solution against the market price of copper sulfate.
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Chapter 4 , Mining Waste
Characterisation, Simulation and
Treatment with NCaSil

4.1  Mining waste

During mining operations large amounts of solid, liquid and even gaseous waste
effluents are produced. It is estimated that every 1 tons of metallic copper produced,
generates 350 tons of sterile rocks, 140 tons of low copper content rock, 66 tons of solid
residues and 57 tons of lixiviation residues [87]. The process by which copper is
produced varies depending on the type of mineral that is being extracted. Appendix A-4

to A-7 show flow sheets for the production of copper from different types of minerals.

Generally, copper production involves several steps aimed at releasing the copper
containing mineral (usually copper sulfides) from the mined ore. Often grinding is the
first step and subsequent steps involve the use of chemicals to release the element of
choice. The flow sheets presented in appendix A-4 to A-7 show that multiple stages
during the production of copper release liquid wastes (enclosed in red boxes), each of
these have in common a low pH due to the presence of sulfuric acid in some of the
stages of production. Arsenic is also very common in mining tailings since most copper

sulfides are associated with arsenic bearing rocks [88].

New Zealand and Chile both have mining histories. While New Zealand moved from
mining into agricultural production, Chile has given great importance of the exploitation
of minerals providing the country with large revenues. Chile is the world’s largest
producer of copper which is mainly extracted in large scale mines but also in several

other small and medium scale mines [89]. Large scale mines usually try to comply to
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international environmental management systems. Most companies have an 1SO 14001
accreditation, to demonstrate that they take their responsibilities seriously [90]. In
contrast small and medium scale mines do not follow international accreditation as it
represents a huge investment of resources and is not compulsory, which could lead to a
loose management of waste disposal.

Moreover, mining activity in New Zealand in the last century resulted in high metal ion
content in river basins [91]. Often in the past after a mine was closed, no rehabilitation
was carried out, leaving minerals exposed to oxidation and further leaching of metal
ions into bodies of water. Wilson et al. [92] have reported that a historic antimony mine
in Marlborough, New Zealand, contributed to an arsenic concentration three times
larger in the leachate than in the groundwater entering the mine. Weber et al. [93]
described that nickel was associated with acid rock drainage in coal mining activities in
the West Coast of New Zealand. Gold mining in Reefton, New Zealand, has led to the
leaching of arsenic out of rocks from the mining waste, although natural attenuation of
the concentration downstream has been reported [94].

Traditional mining in the northern regions of Chile has led to the contamination of
marine environments due to mining tailing discharges. Ramirez et al. [95] have reported
the presence of metal ions in marine sediments on the coast near El Salvador, Chile, in
the range of 7.2-985 mg kg™ of Cu and 746-22739 mg kg™ of Mn, respectively, which
have been attributed to mining tailings. Some bays, such as la Herradura and Tongoy,
have been reported to contain high concentrations of copper and iron ions [96]. The
presence of the latter ion at Tongoy Bay was due to iron dust from the iron mineral
loading wharf located in the bay, while the presence of copper ions could be associated

to the fact that Tongoy was a copper port in the past.

4.1.1 Acid mine drainage

Acid Mine Drainage (AMD), also called Acid Rock Drainage (ARD), is a naturally-
occurring effluent produced when sulfide-bearing minerals are exposed to oxygen and
water [46]. The generation of AMD is associated with iron sulfide containing rocks.
This process can be enhanced by mining exposing more rock to air or by the presence of
naturally occurring bacteria (e.g. thiobacillus ferrooxidans) [97] which accelerate the
breakdown of sulfide ores. This is a common process in old abandoned mines where no
terrain rehabilitation programme has been undertaken. It is difficult to estimate the
potential for a mine to generate AMD effluents, but in most of the cases AMD is related

to the following key factors present in sulfide ores: water or high humidity and oxidant
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availability (e.g oxygen). Presented below is the general mechanism by which AMD is
generated from pyrite ore [46, 98].

Oxidation of the sulfide mineral in the presence of water,
FeS, + 3.50, + H,0 — Fe®* + 250,%" + 2H* (eq. 4.1)

Further oxidation from ferrous to ferric ion occurs if the surrounding environment is

sufficiently oxidizing,
2Fe?* 4+ 0.50, + 2H' - 2Fe3* + H,0 (eq. 4.2)

At pH values between 2.3 and 3.5, ferric ions precipitate as Fe(OH)s; and jarosite
KFe3(SO4)2(OH)s, leaving little Fe** in solution while simultaneously lowering the pH,

Fe3* + 3H,0 - Fe(OH)3 gp1iq + 3H™ (eq. 4.3)

The remaining Fe** may oxidize additional pyrite,

FeS, + 14Fe3* + 8H,0 - 15Fe?* + 250, + 16H* (eq. 4.4)

The presence of sulfur degrading bacteria will catalyse the reaction by lowering the pH
through the production of H,SO4 and preventing ferric hydroxide precipitation. Since
the reaction involves the release of iron ions and other metal ions most AMD affected
sites are often yellow to red in colour. In many cases the severity of AMD is related to
the pH and is considered moderate in the range of pH 2-4. Generally the characteristics
of AMD change from site-to-site, but low pH, high concentrations of iron ion as well as
aluminium and manganese ions are often found. However, the concentration of heavy
metal ions may vary depending on the minerals present at each site since solubility of

metal ions is enhanced by low pH and oxidizing environments.

4.1.2 Technologies to address mining waste waters

There are several treatments for mining waste waters, but since all residual effluents are
characterized by low pH values and a high metal ion content, most treatments include a
basification stage raising the pH to a value near 9.5 [99]. The most common basification
process involves the addition of lime and the use of settling ponds. An example of such
a method is shown in appendix A-8. This method is low cost if enough space is
available, but it has drawbacks since bad aeration leads to an incomplete removal of
ferrous ions. This system also lacks flow control and is susceptible to wind which could

possibly lead to a non-compliant discharge. Moreover, it is vulnerable to floods due to
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rainfall. A pumping station or gate system may be added but this increases the overall
cost. Hence this is not the most desirable system.

When the ore is roasted in the furnace a gas stream is generated containing mainly SO,
and suspended solid particles rich in copper, arsenic and other metal ions. This gas
stream is used to make concentrated sulfuric acid but it has to be cleaned in a prior step
with water scrubbers and passed through an electrostatic precipitator in order to prevent
the contamination of the catalyst used further in the process. A liquid effluent is
generated at this stage which is commonly known as acid plant ‘blow-down’ or also
referred to as weak acid in the literature [100-102]. This effluent usually has pH
values < 1 and high contents of arsenic, sulfate (1 - 10 g L™) and transition metal-ions
[101]. The term might have arises due to the generation of commercial sulfuric acid
downstream of the process. The method to treat this “blow-down” effluent is shown in
A-9 and is based on a precipitation step accompanied by the addition of a flocculant,
facilitating the separation. This design helps to readily precipitate arsenic as Cas(AsOs),
and Fe(AsOs). This offers an improvement over the pond method as it allows more
control over the final characteristic of the resultant discharge effluent.

BAMAG GmbH has designed a variant of the former process making it possible to
produce clean gypsum by utilizing the weak acid [101]. This helps to decrease the costs
by generating a by-product and reducing the volume of the solid waste. A schematic of
such a process is given in appendix A-10. Here the pH value is set to 1 with lime
allowing the formation of CaSO, and at the same time avoiding the precipitation of
arsenic and transition metals. Once the product is formed, it is recovered by filtration
and dewatered, being ready to be sold. The remaining effluent is treated under the
standard scheme previously mentioned. This new method reports good results for weak
acids containing a large amount of sulfates and low content of arsenic ions <1 g L™
The process has been implemented at Atlantic Copper, Huelva, Spain reducing the cost

of waste disposal as expected.

Another chemical method available to remove metal ions is based on the precipitation
of metal ions as sulfides by adding NaS,, NaHS or H,S. In the literature the latest
process regarding this method involves the biogeneration of H,S [103]. Here, the
production of hydrogen sulfide is achieved from sulfate or sulfur through a bacterium
catalyzed redox reaction. Usually acetic acid is used as the electron donor in the
presence of desulfuromonas acetoxidans bacteria which grow using the energy released

by linking the oxidation of acetate to the reduction of elemental sulfur. Eq. 4.5 and 4.6
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show the simplified equation for underlying reactions of sulfates and sulfur with acetic
acid.

SO2™ + CH,COOH + 2H* > HS™ + 2HCO; + 3H* (eq. 4.5)
4S9 + CH,COOH + 2H,0 — 4H,S + 2C0, (eq. 4.6)

In appendix A-11 is shown a schematic of the process. The precipitation of metal ions
as sulfides is often claimed to be superior compared to the ones involving the addition

of lime in terms of sludge volume, reusability of the sludge and effluent quality. The
advantages can be summarized as:

e High reactivity of sulfides with heavy metal ions and very low solubility of the
metal sulfides over a broad pH range resulting in lower effluent concentrations.

e Sulfide precipitation, unlike hydroxide precipitation, is relatively insensitive to
the presence of complexes and most chelating agents.

e The method can remove chromates and dichromates without preliminary
reduction of the chromium to the trivalent state.

e A high degree of selective metal precipitation is achievable with sulfide, by
controlling the pH.

Soluble Metal Concentration, mg/l

pH

Figure 4.1: Comparison between metal hydroxides and metal sulfides equilibrium concentration
taken from reference [103].

In Figure 4.1 is shown a speciation diagram comparing the equilibrium concentrations

of metal hydroxides and metal sulfides. The solubility of metal sulfides is not only
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much lower but also it is effective over a wider range of pH, thus having better control
over the precipitation and generating a cleaner discharge effluent.

Metal sulfide sludges generally are easier to dewater and facilitate further processing
due to a formation of a thicker sludge than metal hydroxides. This design, as discussed
above, can selectively precipitate CuS and NiS separately by controlling the pH
generating a reusable or sellable sludge. Drawbacks from this process come from the
use of toxic reagents such as H,S which involves the use of more complex equipment to
avoid leakages.

It is possible to say that recent technologies aim to not only remove metal ions from the
solution but also to generate a by-product that can be sold and help to reduce the cost
involved in waste treatment and disposal. Hence, this chapter focuses on the recovery of
Cu®* ions from mining waste waters. Taking into consideration results obtained in
Chapter 3, where high concentration of Cu®* (higher than 3.9 mmol L™) generated
copper sulfate hydroxide species, the above mentioned weak acid presents an interesting
waste to be studied and treated due to high concentrations of Cu?*.

4.1.3 Weak acid production at EI Teniente mine, Chile

El Teniente is a copper mine operated by the state owned company Corporacion
Nacional del Cobre (CODELCO) located in the Andes mountains range near Rancagua
in Chile. The mine extracts copper and molybdenum sulfides, which are separated by
ore selective flotation. El Teniente is considered to be the world’s largest underground
copper mine in size and 5" in terms of production of copper [100]. It operates two
‘Teniente-type’ furnaces, which are 22 meters long and 5 meters wide, located at
Caletones 34° 07” S and 70° 27> W near the mining site, granting the mine a production

capacity of 400,000 tons of copper per year [100].

Roasting of sulfide containing minerals generates gases with a high content of SO, and
suspended particulate material. The chemical composition and physical characteristics
of this gaseous effluent are in direct relation to the mineral being roasted and the
furnace employed. In the past, no post-treatment of the gases released from the furnaces
was carried out, which led to the release of gases containing SOx and particulate
material containing arsenic and heavy metals to the surrounding environments. The
contribution to pollution derived from copper roasting in this particular region of Chile
was investigated by Romo-Krdger et al. [104], who reached the conclusion that aerosols
containing Cu, Zn, As and S were produced by the smelter, contributing significantly to

the atmospheric contamination in the area. Another study showed that these aerosols
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were transported away from the site by wind currents and contributed to abnormal
concentrations of heavy metal and metalloids in surrounding rivers and

waterways [105].

In order to meet current environmental standards in Chile [90, 106] for the discharge of
gases the exhaust from the smelter is thoroughly cleaned and sulfur is transformed into a
valuable commodity before the remainder of the gases is released into the environment.
Most sulfide smelters have a sulfuric acid plant attached to make use of the generated
SO, to produce sulfuric acid as a by-product. Commonly, sulfuric acid plants also help
to recover heat from the exhaust current. In the case of El Teniente the gas is only
cooled down and cleaned using a water mist without any attempt at recovering thermal
energy being undertaken. During the gas-cleaning step, the exhaust gas is channelled
through water scrubbing towers operating in counter current. As the gases cool down,
particulate material and some of the SO, including other gases are trapped in the
condensate of the water vapour generating the weak acid. The next step of the exhaust
purification involves an electrostatic precipitator, which further removes any fine
particles suspended in the gas stream. This is important as the SO, current must be free
of any particulates before contacting it with a V,0s catalyst which oxidizes SO, to SOs,
as particles could damage the catalyst or impede gas flow. Finally, the freshly generated

SOs is contacted with water to form concentrated sulfuric acid.

The copper sulfides targeted for copper mining at El Teniente are associated with
arsenic containing ore. Hence, the weak acid from EIl Teniente is expected to contain
high concentrations of arsenic and sulfate. The weak acid stream is regularly analysed
for these species and for its acidity. The weak acid is treated in order to meet
environmental discharge requirements described by Decreto Supremo 90 in Chile [14].
The chemical treatment of the weak acid consists of two stages. The first one involves
the addition of milk of lime Ca(OH), to precipitate heavy metals as hydroxides
M™(OH"),, sulfate as gypsum CaSO,4 and arsenic as calcium arsenite CaAsOs. The
second stage involves the addition of ferric chloride and hydrochloric acid to precipitate
any remaining arsenic from solution. The resulting precipitates form a sludge, which
will be referred to in this work as ‘dirty gypsum’ and contains a mixture of calcium
sulfate, calcium arsenite and ferric arsenite [102]. These inorganic salts have low
solubility products. Therefore, they can be ‘safely’ disposed of on landfills with only

minor leaching issues occurring.

Although weak acid is periodically surveyed at EIl Teniente to determine the content of

S0,%, As and suspended solids, little attention has been given to the presence of metals
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in both liquids (ions) and suspended solids (microparticles, nanoparticles) in the waste.
This particulate material containing heavy metals could pose a threat to the
environment. Even after being occluded by the dirty gypsum during the addition of milk
of lime to the weak acid, these particles could be transported away by several
mechanisms similar to those proposed by Romo-Krdger in his study [105].

In the literature most studies of the gaseous effluent have placed emphasis on the
recovery of valuable metal ions from the flue dusts collected downstream at the
electrostatic precipitator [107-109] and have neglected the weak acid waste. This work
focuses on the acid plant ‘blow-down’, also known as weak acid, generated by water
scrubbing towers. The characterisation of this waste will help to establish if it poses a

hazard for the environment, and potential for metal recovery or treatment.

4.1.4 Operation of cooling towers

Weak acid samples were collected from the two cooling towers at El Teniente’s sulfuric
acid plant. Both towers produce an overall of 500 m® day™ of weak acid with an average
temperature at the outlet of 328 K. Similar flows have been reported for other plants, for

example, Toyo’s smelter in Japan generates 300 m® of weak acid per day [110].

The liquid was light blue in colour containing particulate material in suspension, which
settled within minutes after sample collection. Although the liquid portion of the sample
was light blue colour (characteristic of copper sulfate in solution), little attention has
been paid to the metal content of this effluent in the past. A potential reason for this
neglect is that the light blue colour becomes easily masked by the suspended solid
particles, which lend fresh samples a grayish to light orange coloration. The other
reason might be that the dissolved copper concentration of the effluent was estimated to
be quite low, which makes this waste unattractive for hydrometallurgical processes and

COpper recovery.

CODELCO staff members provided operational data for the two water scrubber towers
at the acid generation plant in EI Teniente mine, collecting data daily over a period of 6
months. Appendix A-12 to A-17 show Stewart charts, also known as control charts for
Plant 1 recording the total concentrations of arsenic, sulfate and weight percentages of
suspended solids from May 2010 until October 2010.
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Table 4.1 presents the statistical parameters of the operation and summarizes the values
presented in appendix A-12 to A-17. Values of +2c, lower and upper warning limits
(LWL and UWL), and +3c, lower and upper action limits (LAL and UAL), for some of
the parameters are not shown since they gave negative values and there cannot be

negative concentrations.
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Table 4.1: Summary of the presented control chart parameters for the weak acid generated at
Plants 1 and 2 at El Teniente.

Plant 1 Plant 2
suspended suspended
total As SO, solid total As S0, solid
[g L™ [gL™Y] content [gL™Y] [gL™] content
[Yowt] [Yowt]
Average 6.1 43.2 0.23 6.5 68.7 0.97
Std. dev. 2.9 10.0 0.63 1.2 11.6 0.95
min 1.8 11.1 0.03 3.1 39.8 0.06
max 65.0 73.8 13.00 115 108.5 9.82
UwL 11.9 63.1 1.49 9.0 91.9 2.88
LWL 0.3 23.2 - 4.0 45.5 -
UAL 14.7 73.1 2.12 10.3 103.5 3.83
LAL - 13.2 - 2.8 33.9 -

From Appendix A-12 to A-17 it can be seen that on the date when the samples studied
throughout this article were collected, the plant was operating within 1o of the average,

indicating that the samples collected present an insight into a normal operational day.

Plant 1 shows less data dispersion than Plant 2 for the total As and SO4> concentrations.
On the 16™ of July, 2010, Plant 1 reported the maximum value for As during the

monitored time with a concentration 65 g L™ for this species in solution, as shown in
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Table 4.1. This value contributed to the large standard deviation of 2.9 g L™ of arsenic
for this plant. The average amount of suspended solids in Plant 2 is four times larger
than in Plant 1. Furthermore, the concentration of SO,* reached a peak value of
108.5g L™ on the 11th of August 2010 (not shown in the graph). Despite these
differences, overall, both plants operated steadily. There were 10 events where the
parameters exceeded LAL or UAL values (located at +3c from the average) during the

monitored period.

A study by Inami et al. [111] on the weak acid generated at the Toyo smelter, Japan,
reported the following values for the major constituents: 80 — 150 g L™ H,SO,,
05-1gL"Cu,2-5gL"As,05-2gL"Znand 1 -5 g L™Cl. The concentration of
arsenic and sulfate present in the supernatant of El Teniente’s weak acid is higher
compared to those reported for the one generated at Huelva, Spain and Toyo, Japan
[101]. In the case of arsenic concentrations, the Chilean weak acid contains on average
seven times the amount of arsenic compared to the concentrations used by BAMAG
GmbH to emulate the Spanish weak acid [101]. El Teniente’s average total As
concentrations are 20 to 325% larger than those present in the weak acid from the
Toyo’s smelter. Furthermore, the SO4> concentration observed in the weak acid waste
from EI Teniente is approximately half of that present in the Toyo’s smelter weak acid.
These differences could be attributed to the quality of the ore being processed at the
smelters, implying that Chilean ore has potentially a lower grade than the ore being

roasted at the above mentioned Spanish and Japanese smelters.
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4.1.5 Chemical characterisation of the liquid phase, the supernatant
A representative sample of weak acid waste was collected by CODELCO at the sulfuric
acid plant at El Teniente. The sample was filtered and the liquid phase was analyzed in
a private laboratory in Chile. The results from the chemical analysis of the liquid phase
of the sample are displayed in Table 4.2.

Table 4.2: Chemical analysis of the liquid portion of the sample.

Analyte unit value
AP* = 113
As, total* 6.0
Ca* 1449
Co, total 0.103
Cr, total 0.076
cu? 562
Fe, total 185
K* 467
Mg L mg L™ 39.7
Mo, total 50.3
Na* 152
Ni%* 0.402
Pb, total 22
V, total <0.008
cr 475
NO3 <0.20
S0,* _ 32800
Acidity mg L™ CaCO; 2970
COD mg L™ 3023
Conductivity us cm™ 334000
pH 0.45

*value taken from Codelco report due to low concentration in

Table 4.2 shows that the major components, with concentrations >100 mg L™, in the
weak acid are H*, Cu?*, SO4%, Ca®*, total Fe, total As, K*, and AI**. Consequently, this
liquid waste can be categorized as extremely acidic and high in metal content according
to the Flicklin diagram [112]. The low pH value of 0.45 may be explained from the
formation of sulfurous acid and sulfuric acid due to the presence of SO in solution. The
reactions of SO, in presence of water in anoxic and oxidizing conditions are represented

in eg. 4.7 and eq. 4.8 respectively,
SO, @t H,O = H,S0O; (eq 47)

SOz +%2 03 (g + H0 - H,SO, (eq. 4.8)
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Taking into consideration that both of these acids are polyprotic in nature, the degree of
protonation of the acid in solution will depend on their pK,. Sulfurous acid has a pK,
value for the first deprotonation of 1.90 and for the second deprotonation of 7.29.
Therefore it is most likely that the species found in solution will be H,SO3. On the other
hand, sulfuric acid has a pK; value for the first and second deprotonation of -3.0 and
1.99 respectively, so it is most likely that the predominant species present in solution
will be HSO,". For this study it was assumed that a mixture of H,SO3; and HSO, was
present in the sample.

The high value for the Chemical Oxygen Demand (COD) of 3023 mg L™ may be
attributed to the presence of As® that can be oxidized to As’*. Also, SOz may
contribute to the COD considering that it can be oxidized to SO,*.

Taking into consideration the volume of weak acid produced per day and the
concentration reported in Table 4.2, it can be calculated that approximately 100 tons of
copper are expelled through the fumes of this copper smelter into the weak acid waste
per year. Considering the actual copper price (6.5 USD kg™) this presents a significant
loss of the metals and economical value. At Toyo’s smelter, copper ions present in the

weak acid are recovered as copper sulfide by the addition of NaHS [110].
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4.1.6 Characterisation of the solid phase: suspended particles.
Results from the chemical analysis of the digested sample using FAAS and ICP-OES
are shown in Table 4.3.

Table 4.3: Concentration of different metals and metalloids found in the suspended solids of the
weak acid waste collected at El Teniente.

Analyte Concentration

[mg g™
Al 0.2480 + 0.0006
AS 4,765+ 0.019
Ba <LOD
Bi 3.493 + 0.010
Ca 2.492 + 0.052
Co 0.08 +0.078
Cr <LOD
Cu 10.04 +0.34
Fe 6.48 + 0.29
Hg 0.2170 + 0.0007
K 32.20 +0.15

Mg 0.04900 + 0.0003
Mn 0.048 + 0.0387

Mo <LOD

Na 0.722 +0.008
Nb 0.736 £0.712
Pb 635+ 17

Re <LOD

Sb 0.868 + 0.004
Sn 0.1100 + 0.0006
Ti 0.179 £0.014
\Y/ 0.416 = 0.004
Y <LOD

Zn 0.643 £ 0.104
Zr 0.608 + 0.003

Cu, Fe, and Pb were measured using FAAS, all other analytes were measured in ICP-OES.

The highest concentration is that of lead with a concentration of 635 + 17 mg g™
Followed by a fair amount of potassium, copper and iron in the sample with
concentrations of 32.20 + 0.15, 10.04 + 0.34 and 6.48 + 0.29 mg g™ for each metal
respectively. Arsenic and bismuth were present in concentrations of 4.765 + 0.019 and
3.493 + 0.010 mg g, respectively. On the other hand, barium, chromium, molybdenum,
rhenium, silicon and yttrium were below the limit of detection (LOD) of the analysis

methods employed. The proportions of all other analytes were between the LOD and 1

mg g™
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High concentrations of lead might be explained considering that the ore molybdenite
(MoSy,) often occurs in combination with small amounts of wulfenite (PbMo0OQ,). This is
consistent with molybdenum being present in the liquid phase of the sample as shown in
Table 4.2. Also galena, a lead sulfide (PbS), should be considered as a possible source.
It is likely that when molybdenum sulfide is separated from copper sulfides by selective
ore flotation, wulfenite stays with the copper sulfides as wulfenite and/or galena are less
hydrophobic (different wettability) than the molybdenite. As a result, lead will be
released when copper ore is roasted in the smelter. This is supported by the
concentration of molybdenum in solution (50 mg L™).
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Figure 4.2: XRD pattern for the suspended solids from the weak acid sample. Refer to section 2.4.1
for sample collection.

A small dried sample of the suspended solids of the weak acid was analysed using
powder-XRD. Figure 4.2 shows the retrieved pattern. The reflections fitted those of
anglesite (PbSO,) (PDF FILE 00-036-1461) scoring 85% in the search and match
option of the PANALYTICAL data processing software. This is in accordance with
other findings where the anglesite is reported to form in the exhaust during the smelting
of ore containing lead [113]. Some of the remaining reflections fitted compounds such
as arsenic trioxide and iron sulfite. However, the score for the fit of these structures was
very low even after subtraction of the anglesite pattern. Some of the standard patterns
on record were of too low quality to unambiguously identity specific structures.
Specifically, reflections associated with arsenic trioxide were discarded, as the structure

of this compound is polymorphous.
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A

SEl 15.0kY XS_.DDD 1um WD 9.7mm

Figure 4.3: Three different types of structures observed in the suspended solids: a) rectangular
rhomboids; b) star shapes; and unlabeled sub-micron particles (bright, white dots and clusters of
dots). Refer to section 2.4.1 for sample colletion

Scanning electron microscopy (SEM) analysis revealed three types of solid structures.
The largest structure observed was a rhomboid as shown in four spots (marked as a) in
Figure 4.3) in the backscattered image of the dried suspended solids sample. This
structure was composed mainly of sodium, sulfur and oxygen as shown by energy
dispersive spectroscopy (EDS) and associated X-ray maps (Figure 4.4). The high
correlation of the three elements represented as white in the convoluted representation
indicated that this structure probably is crystalline sodium sulfate. There was no
evidence for crystals of sodium sulfate in the XRD pattern of the suspended solids.
Considering the solubility of sodium sulfate, it was thought that these crystals formed
during the drying step of sample preparation from the liquid films covering the

suspended solids, as said solids were not washed.
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Figure 4.4: SEM-EDS imaging of the rhomboid type of structures found in the suspended solids.
Presence of sulfur is shown in blue, oxygen in red and sodium in green. The overlay of oxygen and
sulfur is represented as purple and the overlay of oxygen, sulfur and sodium as white. A
backscattered electron image is presented in grayscale in the top left corner for orientation.

The second type of structure corresponded to a star shaped particle as shown in the
spots marked as b) in Figure 4.3. It had a high content of arsenic, calcium and oxygen as
evidenced by EDS. An X-ray overlay map produced using the EDS data showing the
structure in white colour in the convoluted representation in Figure 4.5, suggesting it to
be a calcium arsenate crystal. This could not be corroborated by XRD as the pattern did
not match calcium arsenate peaks. The star-shaped particles were unstable and suffered
irreversible damage during electron microscopy, which suggests that the particle might
have lost the water molecules bound in their lattice. It is likely that calcium arsenate was
present in the suspended solids in amorphous form and only crystallized and

decomposed during sample preparation and analysis.
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Figure 4.5: SEM-EDS imaging of the star shaped type of structures observed in the suspended
solids. Presence of calcium is represented in blue, oxygen in red and arsenic in green. The overlay
of these three elements is shown in white. A backscattered electron image is presented in grayscale
in the top left corner for orientation.

The third type of particles represents the predominant species found in the suspended
solids. These particles are sized in the range from 50-500 nm. These sub-micron
particles are noticeable in Figure 4.3 as bright, white dots and clusters of dots.
Considering that commonly used microfiltration membranes in chemical analysis have a
cut-off point of 0.45 um, it is most likely that these particles bypassed any filtration and
gas purification steps carried out in the sulfuric acid plant. It is also likely that some of
these sub-micron particles will have remained in the filtrate and, hence, contributed to
the quantification of sulfate in solution during the analysis presented earlier. The images
of the sub-micron particles present them in a strong contrast to the background,
especially when the backscattered electron detector of the SEM is employed (Figure
4.3). This suggests that the constituents are elements of high atomic mass. Figure 4.3
shows the difference in the contrast between the background and the flower type
crystals, the rhomboid crystals and the sub-micron particles. Furthermore, EDS analysis
in Figure 4.6 suggests that the sub-micron particles are mainly composed of lead, sulfur
and oxygen. XRD results shown in Figure 4.2 confirm this, indicating that the main

component of the suspended solids of the weak acid is anglesite (PbSO,). Moreover, the
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third type of particles did not suffer structural changes during any of the analysis
methods suggesting they were formed under high temperature conditions.

1.0 pm

Figure 4.6: SEM-EDS imaging of the sub-micron particles. Lead is represented as blue, oxygen as
red and sulfur as green. The overlay of oxygen, sulfur and lead mapping is represented in light
blue. A backscattered electron image is presented in grayscale in the top left corner for orientation.

The findings of this study differ from those obtained by Roca et al. [107] reporting on
the flue dust coming from flash smelting furnace. The collected particles were of a
complex structure containing multiple mainly copper based minerals such as
cuprospinel ((Cu,Mg)Fe,0,), chalcocyanite (CuSQ,), delafossite (CuFeO;), zincosite
(ZnS0y), claudetite (As,O3), arsenolite (As,03) and tenorite (CuO). Furthermore, some
particles found in the flue dust were up to two orders of magnitude larger than the ones
present in El Teniente’s weak acid presented here. Roca et al found that the particles
contained a high concentration of copper that could be easily leached out with water. In
contrast to their findings, the chemical analysis revealed that the solid phase of the
sample collected at EI Teniente contained, as was shown in Table 4.3, a considerably
smaller quantity of copper. Taking into consideration the concentration of copper in the
solid phase (10.04 + 0.34 mg L™) and comparing it to the liquid phase (562 mg L) of
El Teniente’s weak acid, one might assume that copper ions present in solution leached

out from particles, when they were surrounded by water inside the cooling tower.
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From an environmental and toxicological point of view, the solid phase represents a
serious hazard, not only due to its high concentration in lead but also due to the fact that
it is composed of sub-micron particles. It is most likely that upon treatment of the weak
acid these sub-micron particles are occluded in the ‘dirty gypsum’. The immobilization
of the sub-micron particles inside the gypsum has to be established. In the case that it is
easy to dislodge them from the gypsum, sub-micron particles could easily be
transported away from the dirty gypsum landfill to pose a health or environmental threat
due to their particle size.

In a different aspect, CODELCO reported difficulty in the first stage of the weak acid
treatment, presenting slow Kkinetics in the precipitation of SO4* as calcium sulfate.
Usually, an excess of milk of lime had to be used in order to precipitate this anion. This
could be due to sulfate being present to a large extent as colloidal sub-micron particles.
This means that instead of precipitating SO,* ions from solution (homogeneous
reaction), represented in eq. 4.9, calcium would also have to react with the surface of
the sub-micron particles (heterogeneous reaction) as represented in eq. 4.10. The
consequence is that the formation and precipitation of gypsum is considerably slower
than expected and results in a poorer product containing sub-micron particles of lead

sulfate and lead impurities.
Ca** + SO,% = CaSOy (eq. 4.9)
Ca”** + PbSOy(s) = CaSOy + Pb** (eq. 4.10)

Even if the reaction displayed in eg. 4.10 occurs, an excess of calcium would have to be
added in order to displace the equilibrium towards the formation of calcium sulfate, as
the Ks, of lead (1) sulfate (1.7 x 10®) is three orders of magnitude smaller than the Kg,
of calcium sulfate (2.4 x 10”®). Considering this, the possibility that colloidal sub-micron
particles are removed from solution by occlusion within the dirty gypsum sludge is very

likely to occur.

4.1.7 Treatment of an emulated mining waste

Weak acid was chosen due to the high concentration of copper present. Other mining
related effluents such as AMD do not contain copper above 100 mg L™. An emulated
version of the waste was prepared using the major dissolved constituents of this waste

as described in Section 2.4.
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Figure 4.7: Emulated mining waste treatment flow sheet.
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The emulated weak acid was treated to raise the pH to a value of 3. This step is
important since all hydroxide groups on NCasSil are neutralized under this pH, thus not
forming copper hydroxide on the surface. Additionally raising the pH above 3 may
cause the precipitation of copper as a hydroxide salt.

This steps proves the possibility of attaching a NCaSil production plant and adsorption
batch reactors to the previously mentioned BAMAG process. First it would include the
precipitation of clean gypsum at pH 1 with a subsequent stage of raising the pH to 3 to
produce the copper rich calcium silicate product. Hence two products, with commercial
potential, would be produced on one hand clean gypsum and on the other a copper-rich
calcium silicate. A scheme of such process is presented in appendix A-19

The addition of lime was expected to form insoluble compounds such as calcium
hydrogen sulfate Ca(HSO,), and calcium hydrogen arsenate Ca(HAsO,) considering the
Ksp and pK, value for each of these salts. Nevertheless, other variation of the above salts
could be formed such as calcium sulfate and calcium arsenate. The sample is called
dirty gypsum mainly due to its content of arsenic making it useless for industrial
application. In this case it was 52% wt of sulfate, 19% wt water, 14% wt of calcium and
7% arsenic as arsenate. In fact, 99.8% of the sulfate was removed from solution in this
stage. Nonetheless, only 81% of the initial amount of arsenate was removed.
Additionally, 50% of the initial mass of iron and lead was removed from solution. In the

case of copper only 20% of the initial mass was removed from solution.
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Figure 4.8 shows a SEM image at 2000x magnification of a solid sample of the filter

cake recovered in stage B of Figure 4.7.

SEI 15.0kY  X2,000 10um WD 9.6mm
Figure 4.8: SEM image of the dirty gypsum produced at stage B in Figure 4.7.

The sample was covered by the flake-type morphology shown in the scanned region in
Figure 4.8. Probably these crystals correspond to distorted prisms ranging in the size of

a fraction of micrometre to 10 micrometre in length.

A backscatter image of the same region in Figure 4.9 shows that the atomic mass of the
constituents is even throughout the surface of the sample. Nevertheless, there are some

slightly brighter spots which are enclosed in white boxes in the picture.

145



Chapter 4, mining waste characterisation and treatment

COMPQO 150KV X2,000 10um WD 9.6mm

Figure 4.9: Backscattered electron image of the dirty gypsum produced at stage B in Figure 4.7.

As it was stated before it is logical to expect that the addition of calcium hydroxide will
produce a combination of insoluble calcium sulfate and calcium arsenate salts. An EDS
mapping was done to the same region shown in Figure 4.8 and Figure 4.9. Results are

shown in Figure 4.10.

Figure 4.10: EDS map of Figure 4.9 with Cu (red), S (blue) and O (green).

The overlay picture of the three colours shows pink zones which indicate the presence
of Ca and S. White colouration on the other hand shows the presence of Ca, S and O
which is related to calcium sulfate or calcium hydrogen sulfate. As the lightest element

the amount of oxygen might have been underestimated due to shielding effects by
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calcium and sulfur. Green zones show no relation between oxygen and the other
mapped elements. These may be related to other oxygen containing species such as
arsenate or hydrogen arsenate.

1 20 pm AsL 20 pm OK

Figure 4.11: EDS map of Figure 4.9 for As (green) and O (red).

The same region was mapped for arsenic and oxygen to see there relation on the
surface. The overlay image in Figure 4.11 shows that there is a correlation between the
occurrences of these two elements on the surface of the sample being, up to a certain
extent, evenly distributed throughout the sample surface. Nonetheless, there are few but

intense green spots indicating arsenic rich species being present.
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Figure 4.12: XRD pattern corresponding to solid fraction B in Figure 4.7.

Further information was gathered by grinding the sample and analysing it using XRD.
The peaks scored 74 for Ca(SOy),-1/2H,O (PDF number 01-076-6905). The
hemihydrate form may be due to the dehydration of calcium sulfate dihydrate during the
preparation of the sample. This finding is consistent to the EDS mapping for this
sample, although no diffraction peak associated to arsenic containing crystal could be

found.

Following the diagram shown in Figure 4.7, after filtering the solid portion B, NCaSil
was added to liquid A. This solution contained a concentration of copper of 181 mg L™
since it was diluted by the addition of lime. Half of the initial amount of Pb and Fe
remained in solution. 18.7% of the initial amount of arsenate was still in solution A. The
addition of NCasSil resulted in the formation of a solid phase and a new liquid phase. A
kinetic study of the uptake of copper, lead and iron using solution A was carried out and
the results are presented in Figure 4.13. The three metals were effectively removed from
solution (>99%). The reaction between NCaSil and copper ions was extremely fast,

taking only 3 minutes to reduce the concentration of copper from 181 to 1.36 mg L.

148



Chapter 4, mining waste characterisation and treatment

Q- CU --8--Fe --&-Pb
200

180 ¢

1
g L7]
L=
N B O
o O O
1 1 1

100
80 |
60 - :
40 4 i
20 1
0 Bffrmat &~ & . - &

0 5 10 15 20 25 30
t [min]

Concentration [m

Figure 4.13: Kinetics of copper uptake by NCaSil from solution A in Figure 4.7.

The concentration of copper, lead and iron in solution D was below the detection limit.
The pH of the solution was raised from 3 to 4 by the addition of NCasSil. In the case of
arsenate and molybdenum, 97% and 64% of the initial amount in solution remained in
solution, respectively. The amount of calcium in solution D is 13% higher than solution
A due to Ca®* leaching from NCaSil. The resulting solid C is rich in copper with low
content of arsenate and sulfate as can be seen in Figure 4.7. This is an excellent result
since even under extremely high concentrations of arsenate in solution and an adsorbent
rich in calcium ions, only a small amount of arsenate precipitates. This would help in
the real life operation to produce a copper rich solid with minor amount of impurities.
NCasSil also exhibits a slight affinity towards removing molybdenum from solution,
removing 36% of the amount present in solution A. The XRD pattern for solid portion

C is shown in Figure 4.14.
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Figure 4.14: XRD pattern corresponding to letter C in Figure 4.7.

Although peaks did not match to any of the crystal structures in the database, peaks at
9.0°, 18.3° 22.0°, 29.9°, 32.8° and 51.9° 20 Cu K, could be associated to poorly
crystalline gypsum, NCaSil or posnjakite (Cus(OH)sSO,). Calcium carbonate can be
discarded due to a pH value of 4 in solution D. Copper might be forming posnjakite as it
was shown in Figure 3.32 at initial concentrations of copper near 2 mmol L™ this
mineral may develop. Although the final pH differs between these two samples, the
results shown in Table 3.5 has a final pH value in the solution near 8 and the emulated
mining waste had a value of 4. Therefore, the amount of OH™ groups available to form

the crystal is larger in the former.
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4.2 Chapter Conclusions

Weak acid is generated in two different plants during the cleaning and cooling of
furnace gases using water scrubbers at the sulfuric acid plant of the El Teniente mine in
Chile. The weak acid is composed of a liquid (supernatant) and solid phase (suspended
solids). The supernatant contains a high concentration of total arsenic of 6.0 + 0.8 g L™
for Plant 1 and 6.5 + 1.3 g L™ for Plant 2. Sulfate concentrations over the studied period
of time were 43 + 10 g L™ for Plant 1 and 69 + 12 g L™ for Plant 2. The higher
concentration of arsenic and lower concentration of sulfate compared to those found in
other smelters could be related to the lower metal sulfide and higher arsenic content in
the ore being processed at El Teniente. Suspended solid concentrations showed large
spikes on a few dates, which contributed to a large value for the standard deviation for
the solids concentrations. Solid concentrations of 0.23 + 0.63% wt for Plant 1 and
0.97 £ 0.95% wt for Plant 2 were reported for the period from April to October 2010.
Overall, both plants operated almost all of the time within the control limits and
exhibited very few concentration spikes over the studied period of time.

Chemical analysis of the supernatant showed that it had a low pH-value of 0.45 and
contained a high concentration of heavy metals. Copper had the highest concentration
with a value 562 mg L™. Taking in consideration the concentration of the different
analytes the weak acid can be classified as an extremely acidic and high metal content

waste.

Even though As and sulfate concentrations differ from those reported for other furnaces
around the world, the measured parameters, such as arsenic, copper and sulfate, are still
of the same order of magnitude as those described in the literature, for example those

reported for the Toyo smelter in Japan.

High concentrations of copper in solution represent an estimated loss of 100 tons of this
metal per year. A process such as the one utilized in Toyo’s smelter in Japan, where

copper ions are precipitated by the addition of NaHS should be considered.

SEM, EDS, powder-XRD and ICP-OES analysis of the suspended solids found in weak
acid waste showed that this phase was mainly composed of sub-micron particles of
anglesite (PbSO,). This portion of the studied waste should be carefully investigated in
future research to assess potential threats posed by these sub-micron particles and to

suggest measures for preventing their release into the environment.
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The treatment of the emulated weak acid with NCaSil is feasible at pH values of the
weak acid above 3 and below 5. This prevents the rapid loss of structure of NCasSil
which in consequence allows the adsorption of copper ions onto the surface.
Additionally it also prevents removal copper ions during the pH adjustment stage as
Cu(OH); which is readily formed at pH above 5 in solution.

The uptake of Cu®* onto NCaSil was extremely fast reaching equilibrium in only 5
minutes. The resulting solid had a low amount of arsenate and sulfate content
demonstrating that the adsorption of copper ions is preferential making it suitable for
industrial applications.

This process could be coupled to the one proposed by BAMAG GmbH which will
actually optimize the utilization of this waste to produce two marketable products such
as clean gypsum and a copper-rich calcium silicate. The remnant solution D may
continue to the normal treatment of this waste that consists of precipitating arsenic

containing species and disposal in a landfill.
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Chapter 5, Study of the
continuous uptake of Cu®* by
NCaSil

This chapter describes attempts to find a column-type design that would allow
operation of a water purification system based on NCaSil. A comparison between a
conventional axial flow column and a radial flow column as an improvement over

previous continuous adsorption systems with NCaSil is analysed.

5.1 Introduction to packed column sorption

The use of packed columns in water treatment is wide spread [6, 114]. lon exchange
resins are used in packed columns as softeners and for the deionization of water in
order to prevent scaling. The use of columns makes it possible to have a steady state
of production of water over a period of time. Water usually flows downward in a
column, driven either by pressure or gravity. It is common to find that adsorbents can

be regenerated, increasing the life cycle of the process.

Usually the amount of liquid flowing inside the column is expressed as hydraulic
loading (H) and it is defined as the flow rate of a fluid passing through a known cross
sectional area of empty bed. Typical operating design parameters for activated
carbon packed columns are [114]: 1) fluid residence times of 15 to 35 min (longer
residence times generally produce a greater degree of contaminant removal and are
closely related to the kinetic and thermodynamic of the adsorption), 2) H values of
0.1 - 0.2 m®* min™® m? for downward and 0.2 to 0.4 m®> min* m? for upward flow 3)

depths ranging from 3 to 12 metres, with 3.5 to 6 metres being typical, and 4)
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pressure drops across the column of less than 22.3 kPa per m of depth. Extra column
space of 10 to 50% is usually provided if backwashing is planned to enable bed

expansion.

The water is fed at a steady rate, and the contaminant is adsorbed producing
contaminant-free water. However, the adsorbent particles start to saturate with the
contaminant, from the inlet towards the outlet end, until at some point a
“breakthrough” of contaminant occurs in the outlet water stream. The plot of the
concentration of the contaminant as a function of the time or effluent volume is
called the breakthrough curve. In Figure 5.1 is shown the progress of the sorption

zone in the column and its corresponding breakthrough curve.

o
o
o
o

Loaded NCaSil
Adsorption
Zone
Fresh NCasSil
Effluent (;b
Cc

Effluent
Conec.

Effluent Volume or Time

Figure 5.1, Progression of the sorption zone through a conventional axial flow packed column
taken from reference [114].

When the outlet concentration reaches an undesirable value (Cy), the operation is

stopped. It is common that activated carbon columns are in parallel so when the
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outlet of column 1 reaches C,, the inlet of column 1 is diverged to column 2 and the
carbon from column 1 is disposed and replaced. Afterwards, the inlet is connected to
the outlet of column 2. This way it is possible to assure a continuous process.

5.1.1 Column operational parameters
As previously discussed, were the standard design of a column consists of a cylinder
with the water flowing through the cross-sectional area which is defined as:

T 2
A= ZD (eq. 5.1)

where A is the cross sectional area in m? and D is the column diameter in m. The

flow through the cross-sectional area of the column is defined as,

where Q is the flow in m® min™, A is the area through which the fluid flows in m? v
is the average axial velocity of the fluid in m min™, and ¢ is the column free space
between the particles (void fraction). The interstitial velocity is ¢-v in m min™. In the
engineering literature the amount of liquid passing through a cross-sectional area in a
column is often referred, as previously mentioned (Section 5.1), as hydraulic loading
(H) given in m® of fluid per minute per m? of cross-sectional area. Even though H
and ¢v have the same numerical values, their meaning differs since their units are
different. Engineers often use the term superficial velocity (Uo) to denote the velocity
of the fluid when the column is empty (¢ = 1). On the other hand, if the void fraction
of the column (&) is 0.4, the superficial velocity will be 40% the actual interstitial

velocity.

In chemical engineering literature there are several dimensionless numbers that help
to understand the behaviour of a process. The Reynolds number (Re) gives a measure
of the ratio of the inertial forces to the viscous forces and is defined by eq. 5.3. The
value of this number gives the turbulence of a fluid transported through an empty

cross-sectional area.

vD
Re = e (eqg. 5.3)

U
where v is the average velocity in m min™, D is the diameter of the cross sectional
area in m, p is the fluid’s density in kg m*, and p is the kinematic viscosity in kg
min? m™. When the value of the Reynolds number is between 0 < Re < 2100 the

fluid has a laminar flow, when values are 2100 < Re < 4200 the fluid has a
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transitional flow, when the Reynolds number is bigger than 4200 the fluid has a

turbulent flow.

In the case of packed columns the Reynolds number is modified to account for the
void fraction and particle shape of the adsorbent material. The modified Reynolds

number is shown in Eq. 5.4.

Nge =—> (eq. 5.4)

Where G is the superficial mass velocity based on the empty chamber cross section
in kg s m?, p is the fluid viscosity in kg s* m™ and D, is the particle diameter when
the packing material is spherical. When the particle is not spherical this parameter
depends on several factors as shown in equation 5.5.
6(1—¢)
D =
b 4.5 (eq. 5.5)

Where S is the area of particle surface per volume of bed and is equal to Sy(1 - €) Iin

m? m*; Sy = surface of the particle per unit of volume of solids in m? m?, ¢ is the
void space inside the packed column (free space between particles of adsorbent) and

@, 1s the shape factor that may be obtained from appendix A-20 for different

materials. The fluid is considered to be at turbulent regime when Ng.- > 100.

The Reynolds number is an important parameter because during a continuous
adsorption process laminar flows increase radial dispersion inside the column. While
turbulent flows help to reduce the static liquid film thickness surrounding the
particle, thus facilitating the adsorption by reducing the resistance of the mass
transfer from the liquid to the solid the phase. Nonetheless, increasing the flow will
result in early breakthrough of the contaminant, due to a decrease in the residence
time inside the column, and a significant increase in the pressure drop through the

column.
5.1.1.2 Pressure drop

The dependence on the pressure drop for an incompressible fluid passing through a
bed of granular solids with the flow, friction, bed length, particle diameter, particle
shape, void fraction and density was studied by Leva in 1949 [115]. The

mathematical expression derived from his study is presented in equation 5.6.
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C2fU S LL-e)
D,p¢,” "¢’

Where Ap is the pressure drop in Pa, fy is the friction factor and is obtained from

Ap (eq. 5.6)

appendix A-21 (dimensionless), Ug is the fluid superficial mass velocity based on an
empty chamber cross section in kg s* m?° L is the bed length, ¢ is the void fraction
inside the column (from O to 1), n is an exponential that can be calculated from

appendix, p is the fluid density and ¢, is the shape factor of the packing material.

It is noteworthy that the pressure drop inside a packed column is linearly dependant
on the bed length; inversely proportional to particle diameter; increasing the flow
will result in a square increase of the pressure drop; reducing the void fraction will
have an enormous impact due the high value of the exponential associated to this
variable; and the shape factor also strongly influences the pressure drop due to the
exponential associated with it. If all variables are kept constant the pressure drop is

constant over time.

The influence of the void fraction and the shape factor becomes less predominant at
high Reynolds number as shown in appendix A-21. This dependence is clearly
noticeable for values of Nge- near 10* are used due to the fact that n approaches a

value of 2 which results in the exponent value of (1 - ¢) and ¢, equal to 1.

Nevertheless, increasing Nge- Will also generate pressure loss and early breakthroughs
due to an increase in the flow. Undoubtedly, there is a complex relation between key
operational parameters and the pressure drop. Hence special care should be taken in
order to find the most suitable values that allow operating a column in a practical

way.

Large pressure drops have been observed during the preparation stage of NCasSil,
where long times are required to filter NCaSil from solution. Nonetheless this
variable has never been quantified nor reported. Understanding how pressure drop is
influenced is important because this variable could give an insight into the sorption
of Cu?* in a continuous regime. In fact, this was the reason Borrmann and Fonseca
[116] studied an alternative approach towards the continuous use of NCaSil for the

uptake of metal ions that would lessen the pressure drop.

5.1.1.4 Special considerations in regards to radial flow column
Radial flow columns (RFCs) are mainly used in bioseparations of proteins and

organic compounds [50-52]. These columns offer higher production rates, low

5 G= HP
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pressure drops, ease of packing, less footprint and better linear scalability than
conventional axial flow columns [117]. In the case of chromatographic applications
they offer narrower peaks due to less axial dispersion. However, manufacturers
usually do not mention the most important drawback of this type of column, which is
the reduction of the number of theoretical plates compared to conventional axial flow
columns due to the shortening of the bed length. Nonetheless, this usually is not an
issue if the chemical structure of the compounds is sufficiently different and the
correct choice of solvent and packing material is made.

It is noteworthy that the author was unable to find literature regarding the use of RFC
in the uptake of metal ions from solution. The literature available on RFCs is focused
on chromatographic separations.

From the operational point of view, it is important to note that the cross sectional
area of the radial flow column varies as the fluid flows through the adsorbent bed. In
the specific case of this thesis an outward flow was chosen, therefore the cross
sectional area increases when the fluid travels through the adsorbent bed. Based on
this an average cross sectional area by which the fluid flows through has to be
considered. In a similar manner to tubular heat exchanger calculations [115], one
may calculate the average logarithmical mean area of the mantle of the cylinder

through which the flux occur using equation 5.7.

_AZ_Al

Aln -
In(AZJ (eq. 5.7)
A

Where Ay, is the mean logarithmic area, A; is the area of the cylinder mantle of the

inner feed cylinder and A; is the area of the cylinder mantle of the sorbent holder. Ay,

has to be used instead of A in all equations related to RFC operation.
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5.1.2 Borrmann and Fonseca approach to the continuous uptake of Cu?*

Two prior studies have utilised NCaSil in a continuous uptake system. The first one
was done by Cairns in a fluidised bed reactor for the uptake of phosphate ions [37].
The second was carried out Fonseca [116] using the design shown in Figure 5.2. This
study will focus on the latter since it is related to copper adsorption. The RFC design
presented in this study is intended to improve Bormann and Fonseca’s approach.

Effluent

o NCaSil covered paper + Mesh

Perfc;ration

NCaSil covered paper

Mesh
water flo
+ External tube
Inlet

Figure 5.2: Borrmann design for the treatment of aqueous solutions containing high
concentrations of metal ions. The experiment was carried out by Fonseca. The image is a reprint
from reference [116]. The dimensions of the cartridge are: internal diameter 3 cm; external
diameter 5 cm; length of the chamber where the paper is placed 9 cm.

In Figure 5.2 a schematic of the Borrmann design is shown which consists of a
plastic housing containing a centre tube with perforations as the inlet. Paper coated
with NCaSil is wrapped around this tube. Water flows from the perforations
outwards contacting the solution with the material on the papers’ surface, allowing

the selected contaminant to reach the surface of the adsorbent.

Fonseca did an exploratory experiment where she coated paper with a mixture of
NCasSil/Latex or NCaSil/starch which resulted in only a small amount of the initial
copper ions removed from solution. Results of such experiment are presented in

Figure 5.3.
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Figure 5.3: Continuous uptake of copper carried out by Fonseca using the design shown Figure
5.2. Experimental conditions: [Cu?] 1.6 mmol L™ using copper chloride; flow 14.5 ml min™;
Hydraulic residence time 1.3 min; temperature of the feed solution 303 K. This figure was
translated to English from the original version in reference [116].

Figure 5.3 shows that only a small fraction of the copper added into solution is
removed. The initial adsorption rate of Cu?* uptake onto NCaSil in batch is in the
order of 1 mmol g min™ at this temperature as shown in Table 3.2 in Chapter 3. In
Fonseca’s study, 23 umol of Cu®* min™ were pumped through this device,® therefore
most Cu?* present should be removed from solution at least during the first minutes
at this concentration. The reason why there is no sigmoidal behaviour of the
experimental is due to certain flaws in the design. The Borrmann-Fonseca design is
not sealed at the end of each sheet of paper and the cartridge wall. Hence, once the
void space within sheet of paper is full of liquid, the fluid will travel the path that
offers the least resistance by-passing the paper-loaded NCaSil. Fonseca didn’t
comment about the design drawback. Any future design should ensure that the
solution becomes in contact with the solid before leaving the device. Nonetheless,
Fonseca tried to improve the performance by increasing the number of paper sheets
inside to a total number of three, which increased the amount of NCasSil

proportionally. Results of this second experiment are shown in Figure 5.4.

¢ [Cu*] x Q = 1.6 mmol L™ x 14.5 ml min™* = 0.0232 mmol min™ = 23.2 umol min™
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Figure 5.4: Continuous uptake of copper carried out by Fonseca using the design shown Figure
5.2. Experimental conditions: [Cu®*] 1.6 mmol L™ using copper chloride; flow 14.5 ml min™;
Hydraulic residence time 1.3 min; temperature of the feed solution 303 K. This figure was
translated to English from the original version in reference [116].

Experimental data shown in Figure 5.4 follows the same trend observed in Figure
5.3, but this time is more pronounced. Increasing the amount of NCasSil inside the
device produces better Cu®* removal from solution as expected, but still is not good
enough to proceed to a scale up of the process. The trend is far from the desired
efficiency which should follow the sigmoidal behaviour shown in Figure 5.1, where
for a long period of time the targeted contaminant is removed from solution with

only low or undetectable concentrations remaining in the effluent.

These results led to the idea of using a radial flow column (RFC) which forces the
solution to contact NCaSil before the fluid can leave the column, and offers all the

advantages previously discussed.
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5.2 Results and discussion for the continuous uptake of Cu®* using
NCasSil

At the beginning of this study there was no reported result regarding NCaSil inability
to operate inside a packed column, except for a few comments from Borrmann who
reported that NCaSil will produce high pressure drops. In fact the pressure drop was
one of the main reasons which led Borrmann to seek an alternative for conventional
axial flow columns, which in turn led to the design shown in Figure 5.2 used by
Fonseca in her thesis [116].

Therefore there was a need to record the magnitude of the pressure drop over time
and its dependence on flow and bed height. These experiments will give an insight
into the correct ratio between column heights to cross-sectional area and the best
operating conditions, such as flow and feed concentration of the contaminant before
starting to work with the RFC.

Following the studies reported earlier in Chapter 3 (sections 3.2.4, 3.2.5, 3.4.3, and
3.4.4) it was expected that the main issue with NCaSil is that once it is contacted
with an aqueous solution, its morphology changes due to leaching of Ca®**, OH and
amorphous silica in the form of monomers and oligomers. This will lead to a collapse

of the structure and generate changes in the pressure drop.

In order to prevent the structure from collapsing rapidly, experiments where the
column was packed with fresh wet NCaSil slurry instead of the dried ethanol washed
NCasSil were tried. Although the operation of filling the column proved to be easier
than with the powder, the slurry offered less void fraction for the fluid to flow
through, generating elevated backpressures above 200 kPa, for 5 cm bed heights and
a flow of 5 ml min™, when a Cu®* solution was passed through a conventional axial
flow column. It is noteworthy that most laboratory glassware is not meant to
withstand 200 kPa above atmospheric pressure. Hence, this restricts the use of
NCasSil to the form of powder to pack columns. Nonetheless, using NCasSil in the
form of a powder also experienced similar pressure limitations, which will be
addressed later on in this section as they depended on specific experimental

conditions

Overall, three different approaches were studied in order to understand the behaviour
of NCasSil in continuous uptake arrangements. The first approach was a conventional

axial flow column which attains the possibility of comparison with other results in
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the literature since this is the standard arrangement in lab scale experiments in the
field. The second approach was a radial flow column (RFC), a novel approach to
improve results obtained by Fonseca [116] in a previous attempt with a different
design. Finally, the third semi-batch approach, consisted of immersing the RFC in a
tank containing a Cu* solution and recirculating the fluid through the device.

5.2.1 Continuous uptake of Cu®" using a conventional axial flow column

A column packed with NCaSil was studied as described in section 2.5.2, using
different flows and concentrations. Bed heights above 5 cm could not be studied due
to large pressure drops when solutions with [Cu®*] > 1.6 mmol L™ were passed
through the conventional axial flow column (2 cm diameter) with flows higher than

1 ml min™.

Keeping the flow and bed height constant and varying the concentration will help to
understand how long it takes to reach breakthrough under different conditions, and
project the scale up.

5.2.1.1 Experiments using a bed height of 2.5 cm and varying the concentration
of Cu?" in the feed solution

From Figure 5.5 to Figure 5.7 different concentrations of Cu®* (1.6, 7.9 and
15.7 mmol L™) were fed into the column keeping a constant flow at 5 ml min™ and
bed height of 2.5 cm.
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Figure 5.5: Conventional axial flow column experiment for the continuous adsorption of Cu**
ions onto NCaSil. The graphs present the variation in the concentration of Cu?*, Ca** and
monomeric silica as SiO, in solution over time after it has passed through the column. The
change of the pH over time is also shown. Experimental conditions: [Cu*] 1.6 mmol L™; bed
height 2.5 cm equivalent to 500 mg of NCaSil packed to bulk density; flow 5 ml min™;
temperature 293 K. Experimental errors are detailed in Table 2.3.

Figure 5.5 shows that at concentrations near 1.6 mmol L™ the column exhibited a
high efficiency during the first 30 min, removing 97% of the Cu?" present in
solution. The breakthrough occurred approximately after 30 min of starting the
experiment. Then the concentration of Cu** in the outlet rose rapidly between 30 and
60 minutes. After 60 min it slowed down reaching a steady rate of growth until the
end of the experiment. When the experiment concluded, the concentration of Cu?* at
the outlet was approximately 80% of the initial concentration, hence the column did
not reach exhaustion. In order to reach exhaustion, times larger than 8 h may be
needed. It was decided that the amount and quality of information would not be
enhanced by reaching exhaustion (Cu*1/[Cu®*]eea = 1), and breakthrough times

were sufficient to gain information for a rough scale-up design.
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The release of calcium and monomeric silica content appeared to follow a similar
behaviour. A large amount of these two NCaSil constituents was released during the
first 30 minutes with values greater than 4.5 and 0.8 mmol L™ for Ca** and SiO,,
respectively. The release of both components slowed down with time reaching
concentrations of 3.0 and 0.3 mmol L™ for calcium and monomeric silica,

respectively. Furthermore neither Ca** nor SiO; release reached exhaustion.

The trend of the variation of the pH value over time was closely related to the
concentration of Cu®" at the outlet of the column. The pH value remained above 8
during the first 30 minutes while copper remains below 3% of the initial
concentration. Afterwards it decreased rapidly following the elution of Cu?*. The
final pH value was closer to the original pH values of a solution containing
1.6 mmol L™ of Cu®* prepared from copper sulfate salt. The slight difference in

values was mainly due to OH" still being present in solution.

During the experiment the pressure drop remained below 15 kPa (not shown) without
perceptible variations.

The time between breakthrough time and exhaustion time gives an idea of the length
of the adsorption zone in Figure 5.1 also called mass transfer zone (MTZ). In this
case the mass transfer zone appeared to be long as it does not resemble a sharp
sigmoidal curve. Nevertheless, the low concentration of Cu®* during the first 30
minutes indicates that the MTZ is less than 2.5 cm. Changes on the morphology of
NCasSil might induce length variation on the MTZ. At the beginning, where most of
the uptake occurs, it offers a fresh surface that becomes saturated and passivated.
Subsequently, the pH value of the solution became close to that of the feed solution.
The presence of protons in solution may cause the hydrolysis of NCaSil resulting in
the exposure of fresh surface to the solution. In parallel copper might also nucleate

on the surface of crystals being formed as explained in Chapter 3.

165



Chapter 5, continuous adsorption of Cu®*

1.0

8 0.8 - agt"s mEgguuEsm
o= e -

3 06 - "

+\.—‘.‘ 1 [

N: 0.4 T [

O, 1 =

0.2 1,
00 '! T T T T T T T T T T T T T
0 30 60 90[ . 120 150 180
t[min
i - 10
8.0 - Ca + Si02 12 ]
o] 100 8
E 40", F06 = 2, ]
s ] e - _
S 20 - --II-.I---..--I- ’ ‘LO?\‘ 2 -
&, ] - 0.2 e ]
© 00— 00 Oolelolléolléo
0 60t [m%rsz 180 ¢ [min]

Figure 5.6: Conventional axial flow column experiment for the continuous adsorption of Cu**
ions onto NCaSil. The graphs present the variation in the concentration of Cu?*, Ca** and
monomeric silica as SiO, in solution over time after it has passed through the column. The
change of the pH over time is also shown. Experimental conditions: [Cu*] 7.9 mmol L™; bed
height 2.5 cm equivalent to 500 mg of NCaSil packed to bulk density; flow 5 ml min™;
temperature 293 K. Experimental errors are detailed in Table 2.3.

In Figure 5.6 it may be observed that increasing the concentration of Cu?*
approximately five times, from 1.6 to 7.9 mmol L™, caused the breakthrough time to
approach zero. This happened because the MTZ was larger than the bed length for

this concentration under the studied conditions.

The release of calcium and monomeric silica from NCaSil followed the same trend
and rate as before. Both NCasSil constituents started at high initial concentrations at
the outlet of the column with values of 6 and 1 mmol L™ for calcium and monomeric
silica, respectively. The amount of calcium leached was higher than for the

experiment done with a Cu** concentration of 1.6 mmol L™.

The pH value decreased rapidly to a value near 5, close to the value for the feed
stock, further indicating a quick breakthrough. Moreover, the pressure drop remained
below 15 kPa (not shown) during the experiment.
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Larger concentrations of 15.7 mmol L™ of Cu** were studied since this concentration
was the nominal concentration used in Kinetics experiments described in Chapter 3.
Results of such experiment are shown in Figure 5.7
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Figure 5.7: Conventional axial flow column experiment for the continuous adsorption of Cu**
ions onto NCaSil. The graphs present the variation in the concentration of Cu?*, Ca** and
monomeric silica as SiO, in solution over time after it has passed through the column. The
change of the pH over time is also shown. Experimental conditions: [Cu®*] 15.7 mmol L™; bed
height 2.5 cm equivalent to 500 mg of NCaSil packed to bulk density; flow 5 ml min™;
temperature 293 K. Experimental errors are detailed in Table 2.3.

In Figure 5.7 it is clear that utilizing a high concentration of Cu®* caused an instant
breakthrough. The concentration of Cu?* at the outlet of the column grew at a higher
rate than observed in the previous experiment where a 7.9 mmol L™ Cu®* solution
was used. The column reached exhaustion after approximately 200 min. Afterwards,
there is drop in Cu** concentration coming out of the column which might be due to
copper ions nucleating over wroewolfeite, posnjakite and brochantite crystals which
led to the re-accommodation of the packing inside the column which offers exposes

fresh NCaSil surface.
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The results shown in Figure 5.5 and Figure 5.6 reveal that a packed column with a
bed height to column diameter ratio of 1.25:1 is not suitable for concentrations larger
than 1.6 mmol L™ of Cu®*.

5.2.1.2 Experiments using a bed height of 5 cm of NCaSil

The bed height was doubled in order to improve the operation time with different
concentrations. Nevertheless, doubling the bed length increased the pressure drop
inside the column as shown in Eqg. 5.6. In the experiments shown throughout this
section the pressure drop increased for reasons other than the length. This will be
discussed herein. Results for experiments performed with a 5 cm bed length are
shown in Figure 5.8 to Figure 5.10.
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Figure 5.8: Conventional axial flow column experiment for the continuous adsorption of Cu**
ions onto NCasSil. The graphs present the variation in the concentration of Cu?*, Ca?* and
monomeric silica as SiO; in solution over time after it has passed through the column. The
change of the pressure and the pH over time is also shown. Experimental conditions: [Cu®*] 1.6
mmol L; bed height 5 cm equivalent to 1.00 g of NCaSil packed to bulk density; flow 5 ml min’
! temperature 293 K. Experimental errors are detailed in Table 2.3.

The experiment carried out using a bed height of 5 cm and a concentration of Cu?* of
1.6 mmol L™ had an unusual behaviour. The experiment had to be stopped due to the
large pressure drop inside the column that reached a value near 200 kPa, becoming a

threat due to the specifications of glassware regarding their pressure tolerance.
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The concentration of Cu?* at the outlet remained equal to the blank signal for all the
studied time.

The release of calcium from NCaSil stayed approximately constant over time, in
contrast to the results obtained using a bed height of 2.5 cm in the previous
subsection 5.2.1.1, where a decrease in the concentration over time was observed.
Therefore, this is an indication that NCaSil was far from being exhausted when the
experiment was stopped.

In the case of the release of monomeric silica from NCasSil, a high concentration was
released at the beginning 1.8 mmol L™ but then dropped and remained constant at a

value of 1.2 mmol L™ for the remaining time for the experiment.

The pressure drop inside in a column should be directly proportional to bed length as
shown by the relation in Eq. 5.6. Furthermore, if all variables in Eq. 5.6 during the
experiment remain unvaried the pressure drop should be constant throughout the
entire experiment. Therefore a change in the pressure would be a clear indication that
one or more variables in Eq. 5.6 is changing. In this case the pressure drop was not
only exacerbated but increased exponentially during the experiment. This result finds
its explanation by the decrease in the void spaces (&) inside the column increasing the
pressure drop as shown in Eq. 5.6. Most likely due to the formation of amorphous
copper hydroxide as discussed in Chapter 3, where no crystalline copper structure
could be observed in Figure 3.32 at a concentration of 1.6 mmol L™. Also the particle
diameter could play a role in the increase of the pressure drop which decreases over

time when contacted with water as NCaSil disaggregates.

According to filtration theory [118] amorphous solids produce a greater decrease in
pressure than crystalline solids due to less void space being present between particles
and a tendency to compress. Therefore, raising the concentration should result in the
formation of crystalline copper sulfate hydroxide species which will lead to a

decrease in the pressure drop.
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Figure 5.9: Conventional axial flow column experiment for the continuous adsorption of Cu**
ions onto NCaSil. The graphs present the variation in the concentration of Cu®*, Ca** and
monomeric silica as SiO; in solution over time after it has passed through the column. The
change of the pressure and the pH over time is also shown. Experimental conditions: [Cu®]
7.9mmol L*; bed height 5 cm equivalent to 1.00 g of NCaSil packed to bulk density; flow
5 ml min; temperature 293 K. Experimental errors are detailed in Table 2.3.

In the experiment summarised in Figure 5.9 the breakthrough occurred 20 minutes
after starting. The concentration of Cu** increased rapidly at the outlet between 30

and 60 minutes. At 60 minutes the rate at which Cu?* concentration rose slowed
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down. For the remainder of the experiment the pressure drop grew at a steady rate.

The column didn’t reach exhaustion.

The release of calcium from NCasSil into solution remained unvaried near a value of
7 mmol L™ during the first 20 minutes, which was coincidental with the time frame
where the outlet Cu** concentration did not change, suggesting a direct relation.
Subsequently, the release of calcium was proportional to the uptake of copper.

The release of monomeric silica lessened in the first ten minutes and then increased
until it reached a momentary maximum at 30 minutes. This coincided with the time
of breakthrough of Cu® into solution. Then the concentration of silica at the outlet
dropped to a value of 1 mmol L™ and remained unvaried until the end of the

experiment.

The pressure drop grew at a steady rate until it reached 120 kPa and then dropped at

a similar rate to a value of 80 kPa remaining unvaried for the rest of the experiment.

The pH value increased to a value near 10 during the first 30 min of experiment.

Then it suddenly dropped reaching a value near 5.8.

The pressure variation throughout the experiment may be directly related to the
changes in the packing material. At the beginning the pressure rose most likely due
to amorphous hydroxide being formed blocking the interstitial volume. After
reaching a maximum value of 130 kPa the pressure dropped. This is attributable to
the formation of copper sulfate hydroxide minerals which are not blocking pores and
void spaces to the same degree as the initially formed amorphous copper hydroxide.
After this crystallization the pressure remained unvaried throughout the experiment

suggesting that ¢ and D, remained unvaried as well.

Increasing the concentration of copper ions in solution further should lessen the
pressure drop, mainly due to the faster formation of copper hydroxide sulfate crystals
(see Chapter 3). This takes into consideration the pressure drop trends shown in
Figure 5.8 and Figure 5.9. Results for a Cu?* concentration of 15.7 mmol L™ are

shown in Figure 5.10.
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Figure 5.10: Conventional axial flow column experiment for the continuous adsorption of Cu**
ions onto NCaSil. The graphs present the variation in the concentration of Cu®*, Ca** and
monomeric silica as SiO, in solution over time after it has passed through the column. The
change of the pressure and the pH over time is also shown. Experimental conditions: [Cu®*] 15.7
mmol L; bed height 5 cm equivalent to 1.00 g of NCaSil packed to bulk density; flow 5 ml min’
!- temperature 293 K. Experimental errors are detailed in Table 2.3.

In Figure 5.10 the breakthrough of copper concentration at the outlet for an
experiment using 15.7 mmol L™ of Cu®*" solution was reached after approximately
10 min from the start. This was roughly half the time needed to reach the
breakthrough when compared to the experiment summarised in Figure 5.9.

Therefore, it could be possible to say that the breakthrough time is linearly dependant
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on the concentration as long as all other variables remain constant. Furthermore,
there was a segment from about 45 to 100 minutes where the outlet concentration
remained roughly constant around 0.3 mmol L™ followed by another breakthrough
after 100 min of starting the experiment. The levelling-out, still at elevated copper
outlet concentration, was most likely due to the formation of free channels inside the
column which offered the solution the possibility to pass quickly avoiding interaction
with the packing. This behaviour was also considered to be due to changes in the
packing morphology and spatial distribution as indicated by leaching of calcium and
monomeric silica, which inevitably impacted on the changes the particles
morphology. The variation of the pressure drop in the column during the experiment
supports further this statement which is direct relation to particles morphology and
void spaces inside the column as shown in Eq. 5.6.

The rate of calcium release increased rapidly in the first twenty minutes reaching a
maximum value of 20 mmol L™. Then it decreased rapidly to a value near 8 mmol L’
! at 30 min and for the rest of the experiment showed a linear steady decrease until
the end of experiment. The calcium concentration was very low at the end of
experiment and considering the steady rate of decrease of concentration, it is possible
to extrapolate that after 160 min the concentration of calcium present at the outlet of

the column should be below 0.01 mmol L™,

The release of monomeric silica decreased dramatically during the first 10 min of the
reaction. Between 10 and 20 minutes it rose rapidly to a value of 1.3 mmol L™,

where it stayed unvaried for the rest of the experiment.

The pressure drop increased rapidly during the first 20 minutes reaching a value of
80 kPa. Then it dropped for the rest of the experiment reaching a value of 40 at the
end of the experiment. Comparing the results regarding pressure drop shown in
Figure 5.8 and Figure 5.9 with those shown in Figure 5.10, it may be observed that
the pressure drop inside the column was lower with a higher Cu** concentration in
the feed. This supports the statement regarding the formation of crystalline copper
sulfate hydroxide species made earlier, where their formation if promoted by
increasing concentration as shown in Chapter 3. In fact, the final pressure drop value
in Figure 5.10 is half of that shown in Figure 5.9. The average pressure drop under
the experimental conditions in Figure 5.10 was approximately 10 kPa per cm (10 atm
per metre) of bed height. This value is too high for a practical application of NCaSil

in such setup.
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During the first 20 minutes the value of the pH decreased rapidly from a value near
9.5 to a value of 6. During the rest of the experiment the value of the pH approached
5 very slowly. Copper sulfate hydroxide crystals form readily at this pH value as
shown in Chapter 3.

Under the studied conditions it was possible to operate the column without large
pressure drops. Nonetheless, a total of 20 minutes of operational time is not good
enough to suggest scale-up in an axial column set. In addition, the hydraulic loading
was 0.05 m®* m? min™, hence was one order of magnitude less than what is usually
used in the industry. Also, the pressure drop was an average of 16 kPa cm™ which is
10 to 100 larger than what is expected for a packed column as mentioned in
subsection 5.1.1. Thus a ratio of bed height to column internal diameter of 2.5:1 is

not practical.
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5.2.2 Continuous uptake of Cu®* onto NCaSil using a radial flow
Results shown in subsection 5.2.1 were proof that using NCaSil inside a standard
axial flow column produced large pressure drops. Therefore a radial flow column
(RFC) was chosen in order to increase the cross sectional area which in turn
decreases the pressure drop inside the column by decreasing the hydraulic loading (at
constant flow). In addition, the footprint (the amount of space a potential device
uses) is not enlarged dramatically.

Results obtained using the RFC in a continuous manner are shown from Figure 5.11
to Figure 5.13.
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Figure 5.11: RFC experiment for the continuous adsorption of Cu?* ions onto NCasSil. The
graphs present the variation in the concentration of Cu?*, Ca** and monomeric silica as SiO, in
solution over time after it has passed through the column. Experimental conditions: [CU*Jseeq
1.6 mmol L™; logarithmic mean cross sectional area of 7.3 x 10 m?; bed height 2 cm; 3.0 g of
NCaSil packed to bulk density; flow 10 ml min™; temperature 293 K. Experimental errors are
detailed in Table 2.3.
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In the experiment summarised in Figure 5.11 the concentration of Cu®* remained low
throughout the first 100 min of the experiment. The breakthrough occurred after
120 min with the outlet concentration of copper increasing steadily for the rest of the
experiment. The column did not reach exhaustion. A sudden peak was observed at
210 minutes after starting the experiment which could be attributed to a slight
packing rearrangement as copper is adsorbed and monomeric silica and calcium

leach out from NCasSil.

The release of calcium into solution rose during the first hour of experiment and
reached a maximum value of 1.9 mmol L™. Then it declined at a steady rate for the
rest of the experiment reaching to a value of 1.4 mmol L™. Hence exhaustion of

calcium did not occur either.

The concentration of monomeric silica fell at a steady rate, from a value 2.2 to a
value of 1.1 mmol L™, at the end of the experiment.

The pH value of the outlet stream decreased linearly during the first hour from a
value of 9.5 to a value of 9.2. Then the pH fell rapidly, with increasing rate, reaching

a value of 6.5 after 2 hours after which it levelled out for the rest of the experiments.

The variation in the pressure drop throughout the experiment was below 10 kPa (not

shown).

The slow increase in the concentration of Cu?* was considered to be either a result of

copper nucleating over crystals or due to intraparticle diffusion.

The value of the pH followed an inverse relation to the amount of Cu** present at the

outlet of the column.

177



Chapter 5, continuous adsorption of Cu®*

el
1 N | | ]
i | |
£08 |
& 1 .
O, 0.6 -
?H 0.4 - o
3 -
3 0
O, ] g . .
0.2 - "
| - (el
0 _-_I = . T T T T T
0 60 120 180
t [min]
=Ca - SiO2 10
60 30 _ e
7150 - = 254 81 "
840 jl-ﬂ--* -‘- (] - i 20 é 6 T ............. Hgn
£130 T - - 15 —= %_ 1 )
So0 - - 10 £ "
8 - (&]
+ 1.0 - - 05 « 2
T Q -
O 0.0 T T T T T 0.0 » 0 T T T T T
0 60 _120 180 0 60 - 120 180
t [min] t [min]

Figure 5.12: RFC experiment for the continuous adsorption of Cu?* ions onto NCaSil. The
graphs present the variation in the concentration of Cu?*, Ca®* and monomeric silica as SiO, in
solution over time after it has passed through the column. Experimental conditions: [CU*Jseeq
7.9 mmol L™; logarithmic mean cross sectional area of 7.3 x 10° m?; bed height 2 cm; 3.0 g of
NCasSil packed to bulk density; flow 10 ml min™; temperature 293 K. Experimental errors are
detailed in Table 2.3.

In Figure 5.12 a breakthrough occurring after 10 min can be observed, earlier than
the results shown in Figure 5.11. The concentration of Cu®" at the beginning in the
first data point was near 5% of the inlet concentration and then lowered to near 1%.
The concentration of Cu?* rose to an early maximum of 20% near the 40 minute
mark, but then fell to a value near 10%. After 40 minutes the outlet concentration of

Cu?* increased reaching exhaustion after 150 minutes of starting the experiment.

The release of calcium varied with a certain periodicity throughout the studied time

frame, with an average value of 3.8 mmol L™,
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The release of monomeric silica into solution decreased in an exponential manner
from an initial value of 2.7 mmol L™ to a final value of 0.4 mmol L™ at the end of the

experiment.

The value of the pH had a decreased at a steady rate from a value of 9.5 to a value
near 6 at the end of the experiment.

The early maximum in the breakthrough curve was most probably due to the
formation of free channels within packing. The drop in copper concentration after the
early maximum was probably due to the rearrangement of NCaSil particles inside the
column and/or the blockage of the free channels by the formation of copper
hydroxide on the surface of NCaSil. Also, re-arrangement of the packing inside the

column could have been promoted by leaching of calcium and monomeric silica.
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Figure 5.13: RFC experiment for the continuous adsorption of Cu?* ions onto NCaSil. The
graphs present the variation in the concentration of Cu?*, Ca®* and monomeric silica as SiO, in
solution over time after it has passed through the column. Experimental conditions: [CuU*Jseeq
15.7 mmol L™; logarithmic mean cross sectional area of 7.3 x 10 m?; bed height 2 cm; 3.0 g of
NCasSil packed to bulk density; flow 10 ml min™; temperature 293 K. Experimental errors are
detailed in Table 2.3.

In the experiment summarised in Figure 5.13 the breakthrough occurred almost
instantaneously, indicating that the MTZ was larger than the bed length for these
particular experimental conditions. The concentration of Cu?* rose rapidly during the
first 30 minutes. After this it slowed down decreasing at a steady rate for the rest of
the experiment. There was a sudden drop in the concentration of copper near 240 min

after starting the experiment. The column didn’t reach exhaustion.

The release of calcium and monomeric silica followed the same trend. Both analytes

were released in large quantities at the beginning of the experiment. The

concentration of both analytes fell rapidly over time until 60 minutes after starting
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the experiment. Subsequently the leaching of monomeric silica levelled out for the
remainder of the experiment, while the concentration of calcium being leached
decreased linearly with time. Nonetheless, both analytes showed a peak in their
concentrations coinciding with the time at which a peak in the copper release was
observed.

The pH value decreased over time from a value 6.4 to a value of 5.3 during the

experiment.

The sudden drop in the concentration of Cu?* was unlikely due to exposure to a fresh
surface of NCaSil, since the concentration of calcium and monomeric silica also rose
during the same period. This indicated that NCaSil may disaggregate inside the
column. This is troublesome as this changes the column packing. These peaks were
not related to problems in the way the column was packed initially. If that was the
case, peaks for copper, calcium and monomeric silica concentration would have

appeared considerably earlier in the experiment.

Therefore, NCaSil displays an unreliable behaviour in a continuous column-type
system, probably due to the leaching of its constituents which lead to a
rearrangement of the packing, presenting sudden peaks or drops in the concentration

of Cu?* at the outlet.

Nonetheless, the RFC proved to be a significant improvement over a standard
column being able to operate without pressure drops with twice the flow and with a

similar footprint.
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5.2.3 Continuous uptake of Cu* onto NCaSil using a radial flow column
immersed in a tank containing a copper sulfate solution.

NCasSil releases calcium ions and monomeric silica into the solution as seen in
Chapter 3. Although other materials commonly used in water treatment like ion
exchange resins and aluminosilicate materials also do so, NCaSil additionally
undergoes structural changes during operation. As it was shown in section 5.2.1,
these changes led to large pressure drops which varied throughout the
experiment/operation. Using a radial flow column as described in section 5.2.2
solved some of the problems associated with the large pressure drops. Nevertheless,
due to a reduction in the bed length, operational times were too short to offer
promising scale-up projections.

In order to find a procedure that combines the strengths of NCaSil and the RFC setup
a semi-batch approach was chosen. The RFC was operated by immersion in a stirred
tank where the contaminated solution inside the tank was recirculated through the
device (refer to Figure 2.6 in section 2.5.3.3). Experiments were performed keeping
the same adsorbent dosage (1 gram of adsorbent per 1 litre of solution to be treated)
used in Chapter 3. Data collected from these experiments are shown in Figure 5.14
and Figure 5.15.
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Figure 5.14: RFC experiment for the continuous adsorption of Cu?* ions onto NCaSil. The
graphs present the variation in the concentration of Cu?*, Ca®* and monomeric silica as SiO, in
solution over time after it has passed through the column. The variation of the concentration of
Cu?*" over time for the same initial concentration of Cu®" is also presented. Experimental
conditions batch: [Cu*Jinitia 7.9 mmol L™; adsorbent dosage 1 g L™; temperature 293 K stirring
speed 500 rpm. Experimental conditions RFC: [Cu®*]seq 1.6 mmol L™; logarithmic mean cross
sectional area of 7.3x10° m?; bed height 2 cm; 3.0 g of NCaSil packed to bulk density;
flow 200 ml min™; temperature 293 K. Experimental errors are detailed in Table 2.3.

In Figure 5.14 almost all Cu®** is absorbed after 180 min. It is noteworthy that the
concentration of Cu®* decreased in a similar manner to that observed in a batch

reactor. Nonetheless, the time to reach equilibrium was 6 times longer.

The release of calcium into solution rose until it reached a value of 1.9 mmol L™
after 180 min and then decreased to a value of 1.6 mmol L™, with a similar release

rate behaviour to that exhibited in batch reactors in Chapter 3.

The release of monomeric silica into solution followed the same trend as calcium
over time reaching a value near 0.3 mmol L™,
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The variation in the value of the pH over time resembled the one observed in Figure
3.8 in section 3.25 for batch experiments. The pH rose rapidly during the first 25
minutes of the reaction from a value equal to 5.3 to a value of 6.5. Then it slowed
down and grew linearly with time until it reached a value near 8.0 after 180 min.
Thereafter, the pH value remained unvaried.

The results are very promising since at a relatively high initial concentration of Cu?*
(1.6 mmol L™) all of copper was removed readily form solution within 180 min.

In the case of real liquid waste containing heavy metals in solution, the final pH of
the solution near 8.0 allows the possibility of precipitating other metal hydroxides. It
is most likely but not proven that NCaSil could act not only as an adsorbent but also
as a filter media retaining metal hydroxide precipitates within NCaSil particles when
the solution is recirculated. The trend of the pH variation over time suggested a close
relation between this experimental setup and batch reactors.

The pressure drop throughout the experiment remained below 10 kPa, thus,

suggesting the possibility for a scaled-up setup under this studied conditions.

The column was immersed in a solution containing 7.9 mmol L™ of Cu®* in order to
observe how this variable will affect the uptake kinetics using the immersion

cartridge. Results of such experiment are shown in Figure 5.15.
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Figure 5.15: RFC experiment for the continuous adsorption of Cu?* ions onto NCaSil. The
graphs present the variation in the concentration of Cu?*, Ca®* and monomeric silica as SiO, in
solution over time after it has passed through the column. The variation of the concentration of
Cu?*" over time for the same initial concentration of Cu®" is also presented. Experimental
conditions batch: [Cu*Jinita 7.9 mmol L™; adsorbent dosage 1 g L™; temperature 293 K stirring
speed 500 rpm. Experimental conditions RFC: [Cu**Jreq 7.9 mmol L™; logarithmic mean cross
sectional area of 7.3 x 10° m%; bed width 2 cm; 3.0 g of NCasSil packed to bulk density; flow
200 ml min*; temperature 293 K. Experimental errors are detailed in Table 2.3.

In Figure 5.15 it can be seen that almost all Cu®" was absorbed after 360 min. The
concentration of Cu®* fell in a similar manner to what would be observed in a batch
reactor. The concentration of Cu®* decreased faster in a batch setup for the first
240 minutes. After this time it takes a further 1200 minutes to reach a similar

endpoint value than the one obtained for the RFC at 360 minutes.

The release of calcium and monomeric silica into solution followed a sigmoidal

behaviour before levelling off at a maximum after 120 minutes.

The pH variation over time is similar to the one observed in Figure 3.8 in section
3.2.5 for the release of OH" in an experiment done in batch at the same concentration

and temperature.
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These results are very promising since at a relatively high initial concentration
(7.9 mmol L) Cu?** was almost completely removed from solution after 360 min.

Moreover, the pressure drop throughout the experiment remained below 10 kPa, thus
again meeting the criteria for a potential scale-up under the studied conditions.

The immersion procedure looks promising as it offers a similar behaviour to that
exhibited in batch but without the need of a separate filtration stage. The advantages
and disadvantages are summarised in Table 5.1.

Table 5.1: Advantages and disadvantages of operating the radial flow column in a semi-batch
manner by immersion inside a tank.

Advantages Disadvantages
e The operation is similar to a batch e Longer operational times needed
reactor but without the need of an than in batch reactors.
extra filtration step.* e Non-continuous production of
e NCaSil is used almost to its full treated water compared to column
capacity, in contrast to column operation.

operations  where, after the
breakthrough NCaSil still has
available capacity.

e No high pressure drops compared
to columns.

e No extensive care has to be taken
when the material is packed.

e May filter other suspended solids

in solution by retaining them

within the NCasSil particles.

1.- Nowadays some of the research focuses on adsorbent magnetic particles [34, 37] that can be
removed from solution without the need of filtration. Therefore this approach to some degree
competes with the use of these highly engineered magnetic materials.

From Table 5.1 it becomes clear that operating the RFC by immersion offers an
advantage over standard batch processes and column chromatography under most
conditions due to cost savings by avoiding extra filtration and using the adsorbent
close to its capacity. Although it cannot fully compete with columns regarding the

continuous production of treated water in some cases it might be competitive if tanks
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or pools of 1 - 100 m® containing a waste solution with heavy metals have to be

cleaned.

Moreover, in the next sub section the scale-up of this process will be addressed in
order to obtain the correct sizing of the equipment considering the results obtained in
Chapter 3 and 5.

5.2.3.1 Scale-up of the radial flow column used as an immersion device.
In sub section 5.2.3 it was proven that the RFC works very well for the removal of
Cu®* from solution by immersion of the device in a tank and recirculating the

solution through the it.
The scale-up of this process should consider the following recommendations:

e The ratio of inner feed cylinder diameter to external diameter to length of the
of an RFC should be kept constant. Example: inner feed cylinder diameter
(Dint) 2 cm; sorbent holder diameter (Dsg): 4; cartridge length (C.) 8 cm;
Therefore the ratio of Dint to Dsg to Cy is a:2a:4a, where a would be Diy
length in m. An example is shown in Figure 5.16.

e Use ethanol-washed NCasSil if possible that has been passed through a 10 to
20 mesh. This will create granules/aggregates of NCaSil easy to handle in
order to fill the RFC.

e Use a hydraulic loading of 1.8 m®> m* h™ or less as it is proven that it produces
low backpressures and good uptakes of Cu®* under the studied conditions.

e Use the cartridge for concentrations below 7.9 mmol L™ of Cu*".

e The pH of the solution should be greater than 3, a value of 4 is preferred.

e Keep the outlet of the RFC far away of the inlet in order increase the

probability of recirculating contaminated solution.
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1N\ 2

Figure 5.16: Ratio of the inner feed cylinder diameter to the sorbent holder diameter to the
cylinder to the length. The ratio is a:2a:4a.

In order to estimate the size the RFC it is necessary to know the volume between the
two cylinders. This parameter will help to estimate the volume of NCasSil that needs
to be placed inside the device. Therefore it is necessary to subtract the volume of the

inner feed cylinder to the volume of the sorbent holder cylinder as shown in Eq. 5.8.

Viere = %(Za)z -4a _%(a)z -4a=3za’ (eq. 5.8)

Where Vgec is the volume between the two cylinders which is packed with NCasSil
and a is a length which arises from the ratio of Djni:Dsg-C. = a:2a:4a (refer to Figure
5.16). The mass of NCaSil necessary to fill this volume is obtained multiplying Vrec

by pncasit @s shown in Eq. 5.9.

(377 : as)' Phncasit = Mycasil (eq. 5.9)
Moreover, in order to be able to obtain the mass of NCaSil needed to treat a solution
of any given concentration it is important to know the volume of solution to be
treated (a rough estimation may be made from the size of the tank) and the

concentration of Cu®* in solution. This is represented in Eq. 5.10.

Vtreated ) [CU i ]
On

Where mpcasii 1S the minimum mass of NCaSil needed treat the solution. It is

= Mycasi (eg. 5.10)

noteworthy that is pncasii Which converts the mass of NCaSil into a volume,

establishing a relation between a and the other variables.
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Knowing that both terms in Eq. 5.9 and Eq. 5.10 are equal to the necessary mass of
NCasSil, it is possible to combine both equations to obtain equation 5.11.

Vreae ’ Cu2+
(372' aS)' Pncasil = %[] (eg. 5.11)
Rearranging Eq. 5.11 it is possible to obtain the value of a for the RFC of a ratio

a:2a:4a used in this study:

aZ(V”eated.[CUH]' : J% (eq. 5.12)

Un Pncasit* 37 o
Where a is the calculated length regarding the a:2a:4a ratio in metres (refer to
Figure 5.16), Vieaed is the volume to be treated in m®, [Cu®] is the initial
concentration of copper in solution in mol m*, qn is the maximum adsorption
capacity of NCaSil for copper 7 mol kg™ (underestimated on purpose) and pncasit iS

the bulk density of NCaSil equal to 70 kg m™ .

If a is larger than 0.5 m it will make the cost of designing the RFC too expensive,
therefore it is recommended to divide it into several smaller columns. For example, if
the volume to be treated is 10 m® with a concentration of 7.9 mol m?, therefore a
value of a = 1 m is obtained from Eq. 5.12 which in turn makes the RFC 4 metres in
height with an external diameter of 2 metres. Hence it is recommended that in such
cases 5 smaller RFC should be built with a value of a equal to 0.2 metre in this
specific case. This will also allow a distribution of devices in the tank enabling a
more even treatment of the solution. Values of a larger than 0.2 m will probably
result in significant costs due to the specifications of the materials needed to build a
RFC device. In terms of cost considerations it is recommended that the value of a

should be less than 0.2 m.

The cross sectional area may be obtained from Eq. 5.13 for an RFC following

a:2a:4a ratio;

_4~7z~a2

Across,sec - W

In addition, the hydraulic loading for this specific device is represented by the

(eqg. 5.13)

following equation:

2 (eq. 5.14)
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Then considering that in this study a hydraulic loading of 1.6 m®* m? h™* was used the
relationship between the flow to be used and parameter a is represented in Eg. 5.15:

Q- 6.4-7-a°

Q is the flow in m® h, the value 6.4 is a dimensional factor in m®* m? h™ and a the

length in m obtained from Eq 5.12.

It is recommended to keep a value of Q within £ 10% since this flow is proven to

work well.

The RFC specifications regarding the volume and concentration of Cu®* to be treated

are summarized in Table 5.2.
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Table 5.2: Radial flow column specifications regarding the volume of solution to be treated and the concentration of Cu?* in solution.

Operational parameters RFC specifications
V_olume of the CUZ* conc. Calculated Q Etllllaggls;/lvglsr:\/ed Number of O:?;Eqrgtilr ;);ﬁgz: Length
solution to be treated 3 value of a 35 1 RFC to be C.
[m?] [mol m™] [m] [m™h7] MASS, Micasil constructed Dint Dss [cm]
[ka] [cm] [cm]
1 1 0.06 0.1 0.1 1 6 12 24
1 3 0.09 0.2 0.4 1 9 18 36
1 6 0.11 0.3 1 1 11 22 44
5 1 0.10 0.3 1 1 10 20 40
5 3 0.15 0.6 2 1 15 30 59
5 6 0.19 1.0 4 1 19 38 76
10 1 0.13 0.5 1 1 13 26 52
10 3 0.19 1.0 4 1 19 38 76
10 6 0.24 1.6 9 2 12 24 48
50 1 0.22 1.4 7 2 11 22 44
50 3 0.32 3.0 21 2 16 32 64
50 6 0.40 4.7 43 2 20 40 80
100 1 0.28 2.3 14 2 14 28 56
100 3 0.40 4.7 43 2 20 40 80
100 6 0.51 7.4 86 3 17 34 68

Values of mycasii, @ and Q were calculated using equations 5.10, 5.12 and 5.15, respectively. Values of a exceeding 0.2 metres were divided into smaller columns as detailed

on Table 5.2. Please refer to Figure 5.16 regarding the ratio of Dint:Dsg:C, = a:2a:4a.
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5.3 Chapter Conclusions

The removal of Cu®* ions from solution using a conventional axial flow column
proved to be unpractical. High pressure drops, greater than 20 kPa per cm of bed,
were generated when a bed height to column diameter ratio of 2.5:1 was used.
Furthermore, the pressure drop varied with time, attributable to changes in the
particle size diameter, particle shape and void spaces. These pressure drop variations
most likely arose from void spaces blockage. Blockage occurred due to structural
changes in NCaSil as Ca** and silica were released and due to the formation of
amorphous copper hydroxide species on the surfaces of NCaSil. In fact, void space
blockage was a serious factor at fairly low Cu®* concentrations of 1.6 mmol L™
mainly due to copper hydroxide forming on the surface. At higher concentrations of
7.9 and 15.7 mmol L™ the pressure drop rose during the first portion of the
experiment but then declined consistent with crystalline copper hydroxide sulfate
species forming on the surface of NCaSil, which allowed stable channels and void
spaces to form. Additionally, high concentrations of Cu®" in the feed solution resulted

in early breakthrough in all columns.

Using a radial flow column was an improvement over a standard axial flow column
since the pressure drop was below 10 kPa. A clear breakthrough point was observed
at low concentrations of 1.6 mmol L™ of Cu?*. At higher concentrations of 7.9 and

15.7 mmol L™ the breakthrough appeared almost instantaneously.

Overall, the operation of an axial and radial flow column in a continuous
arrangement was an improvement from previous attempts since the concentration at
the outlet was kept below 3% for short period of times. Nonetheless, the use of the
axial flow column was not practical due to large pressure drops and changing particle

morphology which led to free channel formations and early breakthroughs.

To explore better operational conditions the RFC was used by immersing the device
in a tank and recirculating the solution through the device with outward flow. The
results were very good, behaving in a similar manner to batch reactors. Nonetheless,
the time to reach equilibrium were higher than in batch experiments with a value 180
and 360 min for 1.6 and 7.9 mmol L™ Cu?* solutions, respectively. Therefore it is

recommended that it is used for low concentration range in order to remain
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competitive with batch reactors. Although longer contact times are required there is
no need for a filtration step, thus saving costs in filtration time and equipment.

Scale-up equations were presented where the key factor was to keep constant the
ratio of feed cylinder diameter (Din) to the sorbent holder diameter (Dsg) to the
cartridge length (Cy) in the following form Djn:Dsg:C. = a:2a:4a during the scale-up.
The value of a should remain below 0.2 m in order to avoid expensive raw materials
in the construction of the RFC. If the value of a is higher than 0.2 then it should be

split into two or more smaller RFCs to reduce cost.
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Chapter 6 , Thesis Conclusions

The uptake of Cu®* by NCaSil, using a copper sulfate solution, is endothermic. An
increase in entropy of the system displaces the equilibrium towards the reagents, thus
the uptake is becoming more spontaneous when the temperature increases. From a
Kinetic point view the reaction is also affected in a large extent by the change in
temperature, with an activation energy of 54 kJ mol™, indicating a chemical reaction
between Cu?* and the surface of NCaSil.

The uptake mechanism of copper onto NCaSil may be summarized in the following
simplified steps. First, NCaSil in water rapidly gains a negative charge on the surface
due to the leaching of calcium. This creates an electrostatic attraction between the
surface of NCaSil and Cu?* present in solution aiding the movement of Cu®* towards
the surface. Second, Cu®* ions chemically react with the surface forming insoluble
amorphous copper hydroxide. This statement is supported by the literature and this
study, where non crystalline copper containing regions on the surface of NCasSil
could be observed by SEM-EDS. Third, depending on the temperature and
concentration amorphous copper hydroxide is transformed via nucleation of sulfate
into copper sulfate hydroxide minerals. At low temperatures (=293 K) and
concentrations of Cu?* (< 7.9 mmol L™), wroewolfeite and posnjakite are the
preferred structures, while at high concentrations (15.7 mmol L™) and temperatures
(333 K) the formation of brochantite is preferred. Furthermore, at a concentration of
15.7 mmol L™ of Cu** and at STP conditions (1 atm and 293 K) wroewolfeite and
posnjakite are intermediates in the formation of the thermodynamically stable

product brochantite.

NCaSil releases calcium and silicate into solution, promoted by increased

temperature. Hence, even though NCaSil exhibits a high loading capacity and fast
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Kinetics, it is only recommended for industrial applications where silica and calcium

carbonate scaling may not be an issue.

A kinetic follow-up of the crystal growth of these 3 copper sulfate hydroxide
minerals was done using area of the reflections of powder-XRD patterns gathered
over time. It was found that the rate determining step in the formation of brochantite
is the nucleation of sulfate in the crystal lattice. This is supported by the fact that
sulfate related reflections were the ones which exhibited the slowest initial growth
rates. Additionally the activation energy of the crystallographic plane 420 of
brochantite was calculated to be 42 kJ mol™.

The pH of the solution was found to be important for the application for the
treatment of mining waste waters. Often these have very low pH values, which
would need to be adjusted to a value greater than 3 to make use of NCasSil feasible.
The treatment of an emulated mining waste was successful after the pH was adjusted.
Copper, lead and iron ions were removed readily from solution. A continuous
process production of NCaSil could be coupled to the existing processes in the

market.

To develop a practical operation model for an industrial adsorption of Cu?* by
NCasSil several types of column filtration were investigated. A radial flow column
design was chosen considering the kinetic and equilibrium properties of the material.
In prior studies it was shown that NCaSil released calcium to the solution, which it
was not unexpected since ion exchange resins and aluminosilicate materials
exchange ions during the uptake of metals from solution. The problem arises when
the morphology of NCaSil changes as calcium and monomeric silica is leached into
solution. This changes the void space between the aggregates and in some cases even
blocks them due to the formation of amorphous copper hydroxide. These
observations contrast with other adsorbents where their structure remains apparently
unchanged during a column and batch operation. What's more, low concentrations of
copper in the feed solution generate a copper hydroxide film drastically increasing
the pressure drop through the column. Hence, the operation using conventional axial
flow columns or radial flow column proved to be unpractical. The former generates

large pressure drops, while the latter presents short operational times.

The attempt to operate the radial flow column by immersing the device in a tank
containing a copper solution and recirculating it through the device was promising.

The operation showed similar behaviour to the one observed in the batch process.
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Furthermore, it is an improvement over batch reactors since there is no need for
filtration. Equations related to the scale-up were presented, where the ratio of the
device employed in this thesis was kept constant and showing a feasible route for
employing NCaSil on an industrial scale in the remediation of copper waste waters.

Finally, if NCaSil is intended to be applied to uptake metals ions from solution on a
large scale it is recommended to use it either in batch mode or in a semi-batch mode
by immersion of a RFC packed with NCaSil in a tank containing a Cu** solution.
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Future work

The application of the RFC via immersion for the uptake of phosphate should be
studied since no filtration is needed when this device is used. In a similar manner the
RFC should be tested to treat real AMD or weak acid produced during mining

operations.

Moreover, the formation of brochantite, as a result of Cu?* uptake by NCaSil, was
found to have an application as a fungicide in the agrochemical industry. Standard
methods of preparation of these minerals use ten times more copper to produce a
mixture of copper sulfate hydroxide compounds by addition of lime into a copper
sulfate solution. Additionally, the resulting product has a high content of bassanite,
calcium sulfate hemi hydrate, which block the nozzles of the sprayers. Therefore this
study offers a competitive method for the production of bassanite-free copper based
fungicide. Therefore market research should be undertaken to analyse the necessity

of this improved product.

On a different aspect, the copper sulfate hydroxide minerals synthetized in this study
may be transformed into catalytically active compounds. It is well known that copper
() and copper (I1) oxide (tenorite) are catalytically active [119-121]. The former is
known to be photochemically active while the latter may catalyse the reduction of
isopropanol into propene. Additionally, the formation of tenorite sub-micron
particles by thermal decomposition of brochantite crystals has been recently reported
[120]. Following the advice of the author of this thesis, exploratory experiments have
been conducted by Mahroo Fallah at the McDiarmid Institute, to incorporate
brochantite crystals synthetized in this study, into a geopolymer matrix. Crystals will
decompose into tenorite when heated. First releasing water, through the condensation
of hydroxyl groups, followed by the release SO, at higher temperature (= 973 K).

Subsequently void spaces will be generated creating a porous material. The first
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attempt resulted in tenorite particles ranging from 50 to 200 nm, but the surface area
was low approximately 10 m* g™*. This value is 5 to 10 times less than the reported
surface area of commercially available silica-supported tenorite. Nonetheless,
particles didn’t agglomerate. This was an improvement over previous attempts where
the addition of copper oxide nanoparticles into the geopolymer matrix resulted in
serious agglomeration. An SEM image in normal and backscatter mode is presented

in appendix A-22.
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A-1: Linear fit for the Langmuir adsorption isotherm data shown in Figure 3.30.
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A-2:Linear fit for the Freundlich adsorption isotherm data shown in Figure 3.30.

212



0.5

=
5 =
q e

0% soluble silica.
S
o
| o]

|

0.005

0.01 -

0.001

pH.

10

A-3: solubility of amorphous silica against pH at 298 K [122].

213

12

Appendix



Appendix

Acid Mine \\\: MINING
Drainage 4// ! [::::::] Step Process
; Fresh Liquid Input
(Water/Acid)
CRUSHING ) sturry uwastes

l’ C) Wasteuwater
STRONG ACID (I:::::I>80110 Wastes

AGGLOMERATION

Beni Leathas Acid
LEacH g Residues Drainage
SOLVENT

Raffinate
EXTRACTION Soiitlons
SX Plant \ l’
claryfier i
Sludges / ELECTROWINNING

EW Sludges COPPER

\ / CATHODES

L 4

oil/Water
Emulsion
Wastewater
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A-13: Control chart showing sulfate content in the weak acid of Plant 1 over the period of time

studied.
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A-14: Control chart showing the average amount of suspended solids present in the weak acid of
Plant 1 over the period of time studied.
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A-15: Control chart showing the As content in the weak acid of Plant 2 over the period of time
studied.
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A-16: Control chart showing the sulfate content in the weak acid of Plant 2 over the period of
time studied.
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A-17: Control chart showing the amount of suspended solids present in the weak acid of Plant 2
over the period of time studied.
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N Informe $8220-01
Froyecto: Conirol Muoesira de FILes

Informe de Ensayo ﬁ H | dr0| d b

Direccis
Identificacicn Ch - Tome del " ?%‘Iﬁtﬁmmxmmmmm
Luogar de Muesires:  Mina Teniente

i x| B Hici . Cal

Cindad | Resia B Caxtn Pasii

Fuonto de Muoesires: Torre de Lavado

Matriz: FllLas

Tipo de Muestreo: Puniual

Termine de Muestres: 20082010 11:00:00

Recepcion Laboratorio: 3008/ 2010 16:54:18

Muestreado por: Cliente
Parametro Unidades Resultados Fecha ¥ Hora Ref Metodo

Amilisi

Cloruros me/L Cl 475 31/08/10 14:10 2313 32000(1)
Mitrato me/L H-NO3 =020 3000810 17:21 SMA1108(2)
pH midad 0AS[210°C) 310810 17:04 2313-1af05(1)
Sulfato disuelto me/L 504 64518 JLMEN10 1505 2313-180897(1)
Alnminin me/L Al 113 D500/10 12:05 2313-250807(1)
Arsémico me/L As 0,146 07/00/10 16:21 2313-0ofOs(1)
Calcio me Ca 1440 03/00/10 11:52 SML3I1LIB)
Cobalte mz/L Co 0,103 DEDO/10 12:09 2313-250807(1)
Cromo me/L Cr 0,076 0500/10 12:11 2313-250807(1)
Cobre mg/L Cn 56 D500/10 12:10 2313-25007(1)
Hierro mg/L Fe 185 0600/10 12:12 2313-250807(1)
Potasia mgLE 167 0300710 12:14 SM3111B()
Magmesio me/L Mz 307 03/00/10 12:47 SML31LIB()
Molibdens me/L Mo 503 0500/10 12:13 2313-250807(1)
Sodio me/L Ma 152 03/00/10 14:40 SML3I1LIB)
Higuel me/L K 0,402 DEDO/10 1213 2313-250807(1)
Plomo me/L Db 10 D500/10 12:14 2313-250807(1)
Vanadio meL 0,008 D500/10 12:15 2313-25007(1)
DO meL 3003 03/00/10 12:35 2313 Maf07(1)
Acidez me/L CaCO3 2070 DEDO/10 16:40 SMI310B(2)
Condwctividad e 334000 310810 1416 EM-I510B()

(1) Mormas Chilenss Oficializadas, serie MCh 2313 - Residuss Industriales Liquidos.
(2} Standard Methods for the Examination of Water and Wastewater, 21th Edition 2005.
pH medido en el laboratorio

HIDROLAB se enruesim bajo las Acreditacipnes INN LE 214-LE 21 5-LE 216-LE 217; de acuerds a NCR-IS0 17025 Of 2005

Avenida Ceniral K 681 - Quilicura - Telefono: 756 6350 - Fax: 756 §351
e bidrolsbocl - email: laboratorio@hidrolab.cl

GEEE0-01 1/2

A-18, Hidrolab Itda. report for the liquid portion of the weak acid collected at Caletones
smelter, El Teniente mine, Rancagua, Chile.
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A-19: Coupled process for the production of clean gypsum and the recovery of Cu?* using NCaSil.
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Appendix

Shape Factors for Non-sphericy;

Particles*
Material Nature of grain T~
Arnould’s wire spirals............cooiiinann. i ............... B % oo
Beri saddles. . vesecessasseteatat ey | ccrvececsccacan, } 3
Coal dust, natural (upto 38in.) ... coieiiill, 4
Coaldust, pulverized..........cocovevneeneanef coveveneannen,, |
Ryl A el Pty PR AL g S O o see-F 1
R NN i SR I R i B e Fused, spherical &
A NI L S PR Fused, aggregates | .55
Fusain fibers.............. SR R N VAt ecesass | Al
1 T T R PN Ly RS A J | &
MW, . T e ?
Babdp riags. o BN SRR s ) s v PR :
O s ik it 5
verage for various types.................. P TR T ‘
g ST SN SRR i e R S Jagged K]
VT RN L L e el S Jagged flakes R
ORI, ... ... i B Nearly spherical 5
.................................... Roun B
T PR e gt ST T Angular n
WM. ..o i siiies SR LI T 4 Jagged &
P e PRI R W B S ! k

A-20: Table showing values of the shape factor of different materials. Values for nearly

spherical particles are close to 1, while high asymmetry in the shape makes the shapes approach
0. Table taken from reference [115].
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r i~ Aloxits, fused MgO granules, etc.
1 = Alundum, cloy, etc.—
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- Tronsiti gloss,
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ot ool 1
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Modified Reynolds number Ng, =_-D%G-

A-21: Graphical calculation to obtained modified friction factor and n value for modified
Reynolds number values from 10-3 to 106. Graph taken from reference [115]
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Backscatter

-

#

SEI 15.0kvY  X15,000 1pm WD 9.7mm

COMPO 150kv X15000  1um WD 9.7mm

A-22:SEM image in normal and backscatter mode of the geopolymer surface sample containing

tenorite nanoparticles. Nanoparticles appear as bright spots on the image taken in backscatter
mode. The material shows a large pores ranging 0.1 to 1 pm in diameter.
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