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CHAPTER 1

INTRODUCTION

1.1 Introduction

The aim of the work reported in this thesis is to elucidate the reaction kinetics
of calcite dissolution. The kinetics will be investigated at both low pH ( < 4.5)and high
pH ( >7.0). At low pH the dissolution reaction is dominated by the reaction between
CaCO; and H*, whereas at high pH the dominant reaction is that involving H,O, and the
precipitation back reaction also becomes relevant.

Having studied the general dissolution processes, it is of value to then investigate
the effect of inhibitors on calcite dissolution. Both monomeric inhibitors and the effect
of a polymeric inhibitor (polyacrylic acid) at both low and high pH will be considered.
Polyacrylic acid is of particular importance as it is one of the two major industrial scale
inhibitors sold to inhibit the precipitation of calcite, the other being polymaleic acid.[1]
Study at high pH is particular importance as it is closer to the actual conditions in which
the inhibitor is used commercially. Whilst study at low pH is of particular use in
allowing some comparison with previous work on polymaleic acid [2].

In order to investigate the kinetics of dissolution thoroughly, this study will use a
hydrodynamically well defined experimental method, namely one based on the channel
flow-cell, as is further discussed in section 1.6 and theoretically in Chapter 2.

This chapter outlines the wide variety reasons for studying the dissolution kinetics
of calcite. It then continues to discuss some basic principles of reactions at the solid

liquid interface, together with the principles of crystal growth and the Burton Cabrera
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Frank model. Subsequently the chapter reviews previous studies on calcite dissolution,
which use a variety of experimental techniques and investigate the kinetics at both low
and high pH. Finally, the conclusion will explain why previous investigations have been
inadequate and why the channel flow cell provides a suitable methodology to probe the

interfacial kinetics.

1.2 Reason for Study

Calcite is one of the most widespread and common rock-forming minerals. It is
the most thermodynamically stable form of calcium carbonate under normal conditions
[3], the other major form being aragonite. As one would expect there has been
considerable interest in the kinetics of such a widespread mineral, and the kinetics of its
dissolution and precipitation have been studied for over a century [ 4,5,6,7,8].

The dissolution/precipitation of calcium carbonate is of interest in a variety of
fields. Details of the relevance of the kinetics of calcite in various specific areas is given

below.

1.2.1 Environmental and Geological Reasons

Environmentally and geologically, calcite and calcium carbonate dissolution and
precipitation reactions and their associated reaction kinetics are of significance in a
number of areas including limnology, oceanography, and sedimentology [9-14]. Pure
geological applications of the importance of calcite dissolution/precipitation range from
cave formation in carbonate platforms[15], to Karst scenery formation[16,17], and
stalagmite and stalactite growth. In the case of stalagmites, they are formed by the

precipitation of calcium carbonate when pressure or temperature changes cause the
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water flowing in caves to become supersaturated, or alternatively by the evaporation of
cave water saturated by calcium carbonate. Therefore kinetics of calcite precipitation
are of great relevance to an understanding of their formation. Some of the specific
relevance of calcite dissolution kinetics in such systems is outlined in the section on Karst
scenery later.

In limnology examples of the relevance of the dissolution kinetics include the
buffering of freshwater systems, both under ’natural’ conditions and when perturbed such
as in the case of ’acid rain’ [9,18-21]. In both situations the dissolution of calcium
carbonate minerals as water is percolating through soil and rock to reach the freshwater
system, and from sediments in lakes, regulate the pH and ion-speciation in the water
system. This has great consequences on the whole freshwater ecosystem as discussed
later in the section on ’acid rain’.

In oceanography and sedimentology the kinetics are important to understand
carbonate mineral formation, and the incorporation of carbonate minerals into
sediments. This has particular relevance to the possibility of the oceans as long term CO,
sinks and therefore importance in the study of global warming [9,21-27],as discussed in

the relevant section below.

1.2.1.1Karst Scenery

Karst scenery gets its name from the Karst region of former Yugoslavia; such
landscape shows a characteristic pattern of denudation of limestone and dolomite rocks.
The latter have calcite as an important primary component mineral. The topography is
not produced by normal surface run-off, but by the percolating of ground waters and

underground streams. This can occur either through down-cutting of a stream through
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other sediments into limestone, or by the uplift of a limestone surface upon which
normal drainage has commenced.

In order to understand the processes which form such features there needs to be
a detailed knowledge of the calcite dissolution kinetics [16,17],and in particular, their
understanding under a variety of conditions, including variations in temperature and
pressure. Both systems equilibrated with atmospheric carbon dioxide and closed systems

need to be considered.

1.2.1.2 Freshwater Acidification

Another area where understanding calcite dissolution is of importance is in
freshwater acidification, particularly the effects of ’acid rain’. This is where rain that is
highly acidic, due to dissolved sulphur dioxide and other industrial emissions falls on
poor soils overwhelming the ’buffering” capacity of the soil, so acidifying ground water
and streams. A further consequence is that under such acidic conditions aluminium is
soluble and leached from thé soil further harming fish and other lifeforms in rivers and
lakes. Also at times of heavy precipitation the rainfall can be so high that most of the
water reaches the aquifers by surface run-off thereby not allowing any buffering by the
soil. This is a huge problem affecting thousands of lakes in Scandinavia and North
America which have critical pH’s for at least part of the year [28,29].

Interest in calcite dissolution in these circumstances is two-fold. First calcium
species in soil provide natural buffering raising the pH of the water, that percolates
through the soil profile, from that of rain which can be as low as pH 3.5[19,30]. Also
calcium carbonate is often used to counteract the effects of freshwater acidification.

Usually this is carried out by adding lime to acid lakes. Although in the case of the Loch
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Fleet project powdered lime was instead added to the catchment [19,31]. The aim is to
raise the pH of the water, and to precipitate out aluminium, so that the water system
becomes biologically non-toxic.

Estimates of amount of lime and the relative particle sizes necessary are often
made on the basis that calcite dissolution is a transport limited reaction [33,34], and
assume that all the powder will dissolve before being incorporated in the sediment at the
base of the river or lake. Study of calcite kinetics has put doubt on this assumption [33],
as it can be shown that calcite dissolution may not be transport controlled even at low
pH as discussed later. Therefore by miscalculating the amount of lime needed to
couw-teratacidification, and indeed applying the lime using inefficient methods, resources
can be wasted.

Even the Loch Fleet project, where solid lime was added to the catchment, a
thorough understanding of calcite kinetics is important. Woodin and Skita [31] have
shown that adding lime to the catchment can have major ecological consequences. In
particular adding lime to the catchment can drastically affect the plant speciation. For
example sphagnum moss is very sensitive to calcium and will not have recovered e?en
a year after liming. Other acid loving plants species are also killed. This is of particular
importance in flushes, springs and bogs. These very wet areas have diverse vegetation
and provide crucial environmental niches for invertebrates, so providing food for the
birdlife. In liming such areas (as are targeted by such projects as the Loch Fleet project)
the vegetation natural to them can be killed, and other plant species colonise the areas.
There is also the possibility that in killing the mosses the peat underlying will begin to

erode, further affecting the upland ecosystem.
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From the above it is evident that it is desirable to minimize the amount of lime
used in counteracting the effects of acid rain, and to maximise its effectiveness in
buffering freshwater. A through understanding of dissolution of limestone, and the

effects of any natural inhibitors is essential.

1.2.1.3 The Global Carbon Cycle

Another crucial environmental role played by calcite is as part of the global
carbon cycle [35]. Calcium carbonate is an important constituent of deep-sea sediment,
its dissolution and burial rates are very important. The ultimate sink for anthropological
CO, is thought to be the deep oceans.

The dominant source for deep ocean calcium carbonate is biogenic, derived from
the shells and skeletons of small organisms near the surface. Most calcium carbonate
produced in the open ocean (between 75% to 95%) is dissolved before it is ebleto

be incorporated into the sediment. This dissolution is thought to occur mainly near the
sediment - water interface.

The balance between calcium carbonate production and dissolution is the major
buffering mechanism of the seawater over periods of thousands of years. The
atmospheric carbon dioxide reservoir is less than 2% of the seawater reservoir, and there
is exchange between these two reservoirs at the air-water interface [26). This could have
important consequences on the so called ’greenhouse effect’ and global warming. Global
warming is predicted to occur as carbon dioxide builds up in the atmosphere, trapping
infra-red radiation from the earths surface [36] and thus increasing the ambient surface
temperature. Hence it is of importance to predict accurately the carbon cycle, in order

to forecast the changes likely, the ability of the earth to self regulate and absorb excess



carbon dioxide, and the existence of any positive feed~back systems. In this aim the
dissolution/precipitation kinetics of calcite are essential. As discussed previously the sea
provides a great reservoir of carbon dioxide, and a long-term sink, so an understanding
of calcite dissolution/precipitation is necessary to understand this essential part of the
global carbon cycle.

As well as needing to measure the in situ dissolution rates [22,26] it is also
necessary to understand the mechanisms controlling dissolution [23-26] so as to be able
to predict how changes in atmospheric CO, levels and other conditions would affect this
dissolution/precipitation.

Ideally one would not only understand the present contribution of calcite
dissolution/precipitation to the global carbon cycle, but additionally be able to predict
how an increase in carbon dioxide levels will affect the whole cycle itself. Then it would
be desirable to predict the extent of any changes in atmospheric conditions due to
increased emissions of carbon dioxide. For example would the rate of weathering of
carbonate rocks increase as the ambient surface temperature increases, and how large
would any increase in rate be. So overall the calcite dissolution/precipitation kinetics
are of great relevance to global warming, and any aims to predict both quantitatively and
qualitatively any changes that result from an increase in carbon dioxide released into

the atmosphere.



1.2.2 Industrial relevance

Industrially calcite is of relevance in a number of industries such as water
softening, and problems of scaling in a number of industries, and the pharmaceutical
industry in such uses as the dissolution of antacids[37].

Calcium and Magnesium ions are the most common metals associated with
hardness in water. CaCO, and Mg(OH), are formed in water softening treatments in
order to remove these ions. However frequently the processes designed allow insufficient
time for complete crystallisation[10,38-39,]. This can lead to encrustation of sand
particles in sand filters and the formation of lime deposits in the pipes of water
reticulation systems. A greater understanding of calcite formation kinetics and the
application of the kinetics to water softening treatment design could therefore be
profitable.

The problem of scaling is of major industrial relevance. This ranges from the
scaling of boilers to the scaling of heat exchangers in desalination plants [10,24,39-46].
The scaling of pipes in the petroleum industry [47] is a particular problem. Scale is
deposited lime, which is precipitated by solutions becoming supersaturated by a
variety of means, from pressure and temperature changes in pipe, boilers and heat
exchangers, to concentration increases in desalination plants. Calcium carbonate is one
of the major dissolved species to be precipitated in scale, and calcite is the dominant
mineral form. Particular problems with scaling occur  in the petroleum industry as
petroleum deposits are found in limestone rocks [47]. Problems occur with the decrease
in pressure that occurs as oil is brought up from depth. Desalination plants also suffer

particular problems with the concentration effected in reverse osmosis [44].
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Industrially much use is made of inhibitors to prevent scaling especially in
desalination plants [45]. The study of inhibitors and their exact operation is therefore
of great relevance. Commercially an inhibitor is desired both to be effective and to be
able to be regenerated so as to have reasonable lifetime in use. Such inhibitors
frequently act by preventing the calcite particles from reaching the critical size
at which they precipitate. Understanding of the action of inhibitors on calcite
dissolution/precipitation is useful both in deciding the best means of use and in designing
new commercial inhibitors [2,45].

For these reasons the study of calcite dissolution/precipitation, and the action of

inhibitors is of widespread industrial interest.

1.3 Reactions at the Solid-Liquid Interface

Reactions which occur between a liquid and a solid surface involve a number of
elementary steps. These are summarised in Figure 2.1,in which reactants are brought
to the reaction site, (a kink, step, ledge etc.) and products are removed. Reactant
species are conveyed to the Outer Helmholtz Plane by one or more of the mass transport
processes to be detailed in Section 2.2. Once there, the reactant can be adsorbed onto
the reactive surface with a possible reduction in solvation. This adsorbed species may
then undergo surface diffusion to a reaction site where it is converted to products. The
product species can then follow the reverse process of desorption followed by mass
transport away into bulk solution. For any particular solid-liquid interface under
investigation any one of these elementary steps could be the rate determining process.

When the surface reactions are very fast, if the rate of transport of reactants to

the surface is relatively slow, the reactants are consumed faster than they can be
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transported to the surface, in which case the reaction is said to be transport controlled.
Alternatively transport control can also occur when the rate of transport of products
away from the surface is slow enough to control the overall rate of reaction. For kinetic
control the limiting step could be the rate of adsorption of reactants, the rate of
migration to reactive sites, or the rate of desorption of products, as well as the rate of
the surface reaction itself. Finally a complex mixed reaction occurs when more than one
of these steps ’controls’ the reaction, ie. more than one kinetic step or a combination of
a kinetic step and transport control. This occurs when none of the processes is so slow

with respect to the other steps as to totally dominate the overall reaction rate.

R sop Bulk Solution Peon
] t
mass transport mass transport
] ?
Ry Outer Helmholtz Plane Py
l ?
adsorption desorption
! ?
surface surface
Row “Gitrsion ~ R an L diffasion 0%

w»n»
@)
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Figure 1.1. Elementary steps that occur in reactions at the solid-liquid interface, where R
represents the reactant species and P the products. The asterisked species represent those
adsorbed at reaction sites.
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In order to fully understand the kinetics of any solid-liquid reaction it is desirable
to be able to identify which of these processes control the rate of reaction. For this it
is necessary to have well- defined mass transport of reactants to the surface and of
products from the surface. Under such circumstances it is possible to identify accurately
if and when the reaction rate is limited by the rate of transport. If the rate of transport
is fast enough, then even fast kinetics may be ’out run’, and the reaction will be
kinetically controlled.

A boundary or diffusion layer (see Chapter 2) can be defined as that area
adjacent to the surface, where the species although not adsorbed have concentrations
which reflect the surface reactions. Then a heterogeneous rate law can be written of the

general form

J /molcm2s™! = k[R]] (1.1)

where J is the flux of reactant reaching the reactive surface, the subscript o denotes a
concentration in the surface, k is a rate constant and 7 is the reaction order. When the
reaction occurs at a metal-solution interface the flux can be directly measured from the
electrode current, I, since

I = nFAJ (1.2)
where n is the number of electrons transferred, F is the Faraday constant and A is the
area of the electrode. However, when the reaction is occurring at an insulator-liquid
interface no direct analogue of the electrode current exists, so the investigation is more
complex. Instead the concentration of a reactant or product species must be monitored
as close to the reaction site as possible in order to measure the flux J. Also it is
desirable to be able to predict how the concentration of species will vary between those

at the surface and those measured at the detector. For this reason it is desirable to have
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well-defined hydrodynamics which as shown in Chapter 2 enable the prediction of the
variation in concentration.

When the hydrodynamics are well- defined it is possible to investigate the
processes with a high degree of mechanistic sensitivity. Measurement of bulk
concentrations provide less information about the surface reaction mechanism because
of the remote nature of the detection. Even in the case of well defined hydrodynamics
they will be less sensitive to small variations in surface concentrations, and so are less

precise in distinguishing between mechanisms.

1.4 Crystal Growth BCF theory.

The Burton, Cabrera and Frank (BCF) model of crystal growth has been widely
used[48,49]. This introduces the concept of steps on surfaces and kinks within steps as

shown in Figure 1.2 below.

Surface Nucleus, —

Step .
57,- Hole

Kink =™ 7

Figure 1.2 A schematic diagram of the crystal surface according to the BCF model of crystal
growth, showing kinks, steps, and terraces, together with adsorbed ions shown in black.
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Below a certain critical temperature for a crystal Ty, the surface of the crystal
is essentially flat on an atomic scale as there is an energy barrier to build a step, and
such defects are formed only rarely by statistical fluctuations [48]. Above this
temperature the edge free-energy vanishes and the crystal faces becomes rough.

The important point for this study is how these surface defects affect the rate of
reaction. Adsorbed surface species at these defect sites interact with a larger number
of atoms than otherwise. The species interacts with more atoms so it experiences greater
forces, which will trap it for longer than non.defect sites allowing more time for reaction
to occur. Also it is possible that greater cclesmbic interactions overcome the loss of
favourable solvation energy. Both these factors can favour the surface reaction since
such sites are more exposed and reactive than general sites at the crystal surface. Thus
they are thought to be where the majority of dissolution, precipitation, and inhibition
occurs. In the case of crystal growth, once the species of growth has been transported
near the surface, adsorption may occur, possibly involving a dehydration step. Then
there may be diffusion across the surface to a step, followed by incorporation into a kink
on the step, possibly involving further dehydration. Thus kinks are the crucial sites for
crystal growth. The number of such ’reactive sites’ can be rate determining as has been
shown experimentally by a number of methods including comparing the rates of reaction

of different crystal form of the same mineral and showing that rate varies with defect

density [S50].
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1.5 Previous Studies

This section will attempt to review the most relevant and important of the vast
body of work previously performed on calcite dissolution and precipitation kinetics. The
wide variety of experimental techniques adopted will be considered. The details will be
given of the conclusions drawn for calcite dissolution in general and then separately for
both high pH and low pH dissolution. Finally some recent work will be reviewed which

uses modern techniques to probe the surface itself, directly.

1.5.1 Experimental strategies
An ideal experimental design would give:

i) Well defined transport of reactants to the calcite surface.

i1) Well defined transport of products to the detector.

iif) Control of the surface topography of the crystal and so to have
reproducible surface defect densities (see section 1.4 ).
Also if the interfacial reaction rate is fast it is desirable to be able to use high rates of
mass transport so as to ’outrun’ the kinetics, so enabling measurement of the latter.

Previous work on calcium carbonate dissolution can be divided into two basic

categories; free drift or pH/chem-stat methods. For free drift methods, the pH of the
solution is allowed to vary as dissolution proceeds. In fact this variation in pH is used
to monitor the progress of the reaction[10,14,43,51-57]. On the other hand in the pH-stat
method the pH is kept constant by the addition of titrant [18,52,55-60].The chem-stat
method is a variation on pH-stat and involves keeping the levels of all reactants constant,
not just the H* ions. The advantage of chem or pH-stat methods are that the reaction

can be kept in a state of disequilibrium which helps in the probing of the kinetics. For
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example the back precipitation reaction could be eliminated simplifying the reaction
scheme under investigation, as only the forward reaction rate is measured[57].

The reaction can be followed in a number of ways. For free drift methods
following the change in solution pH is usually the chosen method. For the pH-stat the
reaction can be followed from a knowledge of the addition of titrant with time. Other
methods used include the removal of samples to be analyzed for calcium, usually by
atomic absorption spectrometry[10,17,24,43,58],or titration with EDTA in the presence
of an indicator [21,61].

As well as investigations of dissolution there have been studies on crystal growth
and precipitation rates. These studies involve the forced precipitation from a
supersaturated  solution with the growth ©€Cu&ring  on seed crystals
[21,24,25,38,43,55,57,60,62,63]The experiments are performed either under free drift
or pH-stat conditions. Seed crystals of known origin and surface preparation are added
to a reaction vessel containing a mixture of super-saturated solution. Precipitation can
be forced by the outgassing of CO, by bubbling N, gas through the solutions [62]. The
solids formed can be examined, for example by SEM, to verify that it is indeed calcite
which is formed [10,43].

In most of the methods above convection is forced by stirring. In some cases the
effects of stirring on dissolution rate have been measured with varying conclusions.
However as Sjoberg [54] has stated if 'there is no measured stirring rate dependence it
does not necessarily mean that there is no effect of hydrodynamics on the system; it
could mean that the hydrodynamics just do not change significantly with the variation in
stirring’. This is a problem of systems where hydrodynamics (see Chapter 2) are ill-

defined. In order to counteract this the rotating disc has been employed in the
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dissolution of calcite [14,54,63-65]. This either involves the use of a cylinder of calcite,
or a disc of calcite embedded in an unreactive cylinder. The rotating disc has well
defined hydrodynamics so reliable studies of the effects of stirring rate on dissolution can
be performed [14,53,54,63,64]). The detector itself is remote from the rotating disc
apparatus and measures changes in bulk concentration. So although the rotating disc
gives good hydrodynamics of reactants to the crystal the transport of products to detector
are again ill-defined.

There is a need to consider the materials used in the various experimental
strategies, and the preparation treatments used, as these factors could affect surface
defect densities and thence the measured reaction rate (see section 1.4). These vary
between calcium carbonate powder [56,66],seed crystals [28,38],and samples of carrara
marble [63,64] or iceland spar crystals [15,17,18,53,55,63]). Carrara marble is a
polycrystaline form of pure calcite, which has a number of crystal planes exposed and
ready for reaction at its surface. This contrasts with Iceland Spar where the surface
studied can either be the cIeavage plane or a plane at an angle to the cleavage plane,
but can be defined precisely.

A variety of preparation techniques are also employed. Washing the seed crystals
or surface of the crystal with dilute HCl is common in order to remove surface impurities
and to remove the outermost, ’strained’ surface of calcite discs [57,63,64]. In the case
of rotating disc experiments this can be followed by polishing and washes. These surface
preparation techniques can also affect the nature of the surface and hence the rate of
reaction.

Other studies have either tried to measure in situ kinetics in various geological

environments or to more closely model actual geological situations [27,54]. One study
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measured the calcite dissolution kinetics of in situ sediment cores in the ocean [57],
measuring the pH with microelctrodes. In another study suspended calcite samples were
positioned in the deep ocean then subsequently recovered for analysis [26].

Overall it can be seen that a variety of techniques have been used in the studies
further discussed here.  Short comings of these techniques include ill-defined
hydrodynamics. Also the detection is remote from the actual surface and surface kinetics
have to be modelled from data produced by measuring bulk changes. The latter is
insensitive to small variations in surface concentrations. In these circumstances it is hard
to probe very fast kinetics when the changes in surface concentrations may only differ
in a small way between those for true mass transport control, and those for kinetic
control. These problems will be later shown to be overcome by the channel flow cell

technique adopted in this work.

1.5.2 The conclusions of previous studies: an overview

Calcite dissolution can be considered to occur via the reactions [55]

CaCO, + Hy,) = Caj, + HCO, (1.2)
CaCO, + H,CO,, — Cag + 2HCO5 (1.4)
CaCoO, + H,0, = Cag + HCO; + OHg, (1.5
with associated back reactions
[Ca? + HCOS| |+ CO5gy & CaCO, + H, + CO5 (1.5)
[Ca? +HCO;| | + HCO5, == CaCO; + H,CO;, (1.6)
[Ca™ + HCO;| | + OH, & CaCO, + H0 (1.7)
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where the subscripts (0) and (s) represent the surface layer and the adsorbed layer,
respectively. The | Ca’* + HCO; | * terms in the above equations occur as there is no
distinction made here between free Ca’* and HCO, ions and the ion pair CaHCO,".
Three distinct pH regions of the reactions have often been identified empirically
[14,55,66]:
i) Low pH ( <4) where there is little dependence of the dissolution rate on the
partial pressure of CO, (P.o,) ,and the rate depends on the concentration of H*
in the bulk solution. Equation (1.2) predominates in the mechanistic scheme
above.
i) An intermediate region in which the dissolution rate depends on both pH and
Pcoy.
iii) High pH ( > 7)) where the rate becomes independent of bulk pH, and at CO,
partial pressures below 1 to 3 percent the rate is independent of P,.
The boundaries between the regions are dependent on pH and P, occurring at higher

pH as P.q, decreases [55,57,66].

1.5.3 Calcite dissolution / precipitation at low and intermediate pH

Based on the considerations outlined in the previous section Plummer er al [68]

have deduced the following empirical rate equation for dissolution :
rate [mmol cm s ™! = kyay. +kyay oo + Ky g - kyy3- Byyco; (1.9)
where g; is the activity for species i, and the activity of species H,CO,* is equivalent to

the total of the activities for both H,CO, and CO,. All the terms relate to activities in

bulk solution. In this equation the dissolution rate is dependent on each of the forward
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reactions ((1.2), (1.4), and (1.5)), and the overall backward precipitation rate from the
combined reactions ((1.5), (1.6), and (1.7)).

Plummer er al. [55] used this equation to explain the kinetics of dissolution in
experiments using stirred Iceland Spar powders utilizing both free drift and pH-stat
methods at 25°C. The value of k; was found to be proportional to stirring rate, whilst
k, and k; were not. They obtained the following values k,=0.051 cm s (for stirring rates
of 1800 to 2300 rpm), k,=3.5X10cm s™ and k;=1.2x107 cm s?. In order to explain &,
mechanistically Plummer [55,57]proposed the back reaction equations ((1.5), (1.6) and
(1.7)). Reaction (1.2) was assumed to be mass transport controlled. Given these

assumptions, the mechanism agreed with the empirical rate law (1.9) and defined %, as

"] A WY (1.10)
4 K, 1 aH.( 1,005, a"io(-))
®

where K, is the second dissociation constant of carbonic acid, and K, is the solubility
product for calcite. In this case the solubilities are written in terms of surface activities.
The values for the surface speciation were derived via the use of thermodynamic models
of the aqueous phase. However it was very difficult to assess the surface activity of H*.
In the high partial pressures of CO, used in Plummer’s experiments it was assumed that
Pco, and the activity of water were close to the bulk values. Surface pH was then
determined from the calcite equilibrium owing to the rapid reaction with H*.

The version of the Plummer equation above applies to all pH ranges. However
at low pH the reactions between CaCO; and CO, and between CaCO; and H,O can be

ignored as being insignificant as compared to the H* reaction. The latter is much faster
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and totally dominates [54,55]. The Plummer equation at low pH can be simplified to:

(1.11)
ratefmmol cm? s = k a,.

The work of Plummer [57] and various other workers [27,52,56-58,65,69,70have
agreed that the low pH calcite dissolution reaction is mass transport controlled and that
the order of the reaction with respect to H* concentration, n is unity. Alternatively
Sj6berg [14,54,56,63,64]has suggested that n=0.9. This was explained in terms of
formation of aqueous CO, and the consequent disturbance of purely Fickian H* gradient
throughout the boundary layer [63].

One indication that the reaction at low pH is transport rather than kinetically
controlled is that several experiments [63,64]have failed to observe any difference in the
rate of dissolution between Carrara Marble and Iceland Spar crystals. As Carrara
Marble is polycrystalline it has a much larger number of crystal surfaces on any given
exposed surface, and hence a larger number of reactive sites, than Iceland Spar which
is monocrystalline. A faster rate of dissolution with Carrara Marble than with the

Iceland Spar cleavage plane would therefore be expected [50,53].

An equation very similar to the Plummer equation (1.9) was derived by Chou et
al [66] using the fluidized-bed method, when they carried out experiments over a wide
pH range (pH 4 to pH 10). This method involves pumping solution through bed of
carbonate material. In this method a steady state is reached and the composition of the
fluid phase is dependent only on the composition of the input material and the input rate
so it is in fact a pH-stat method. However unlike some pH-stat methods it cannot fix

the partial pressure of carbon dioxide ( Py, ) of the system. This is not considered to
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be a disadvantage by Chou et al because of the slow response of pH-stat devices as
compared to the relatively fast dissolution of carbonates. This method did have high
turbulence, so the hydrodynamics of the system were ill-defined and a problem. Their
dissolution rate law was very similar to the Plummer equation but the precipitation rate
decreased with a.,auco; in contradiction with the Plummer results which predicted an
increase with this activity product. Instead the precipitation rate was found to increase

with the product ac,aco;. This corresponds to the precipitation reaction being

(1.12)
Ca?" +CO;” — CaCO,
giving a net dissolution rate equation:
Jpee = Ky +Ryay o0 + kyay o - K802 0003 (1.13)

k., k,, k; were deduced as 0.089 cm s?, 5.0x 10° cm s?, 6.5 x 10® cm s respectively
which are comparable with those obtained by Plummer et al above (section 1.5.2)and

k, as 1.9cm s™.

In order to obtain better defined hydrodynamics Compton and Daly[65,71,72]
used the rotating disc method and again obtained a Plummer type equation (1.9). They
performed their experiments in the pH region 3.0-6.2and the reaction was monitored
by the use of a Ca’* ion selective electrode. The dissolution of Iceland spar crystals was

found to obey the following equation

Jor = k[H*] + K,[H,CO,] +k, (1.14)
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The value of k; was shown to be dependent on the surface morphology of the calcite
surface. When the surface was well polished and rinsed in 10° M HCI; k; was found to
be 2.1 x 10 mol cm? s which is comparable to the value obtained by Plummer et al
(1.2 X 10" mol cm™s™ ). However increasing the surface roughness increased k;; as the
number of surface defects increased so did k; thereby increasing the rate of the reaction.
Also if the crystal was polished at an angle to the {100} cleavage plane the dissolution

rate was enhanced, which was explained in terms of an increased number of kinks [55].

Previously Dorange and Guetchidjan [71] had derived another empirical reaction
equation, when they investigated the dissolution of marble in the presence of a known
CO,-N, atmosphere for bulk pH’s of pH 4.5-6.7. They determined the Pco, in the
reaction vessel spectroscopically, and measured the extent of the reaction by monitoring
the pH variation. They obtained the following rate equation.

d[Ca*]
dt

= k([ca2+]°q _ [c32+]0) (1. 15)

where [Ca”]eq represents the concentration of Ca’* at equilibrium for the pH concerned,
and [Ca?*], is the concentration of Ca’* at the surface. Therefore the rate as defined
by the variation in Ca’* concentration is related to the difference between this

concentration of Ca?* and that predicted when the system has reached equilibrium.

Most of the studies at low pH discussed here have simply reflected the mass
transport rates in whichever reaction vessels the calcite dissolution was studied. A few

involved rotating disc experiments [14,54,63,65,71,72]but even in these cases the rate
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was measured in terms of bulk changes. So all these experiments suffered from some
lack of hydrodynamic control; even fotating disc experiments the transport of products
to the detector is uncertain. Nor have previous experiments accessed the very fast rates
of transport necessary to investigate fast interfacial kinetics, and so differentiate between
true transport controlled processes and those which are controlled by very fast interfacial
kinetics. This was in part because they measured bulk properties which are relatively
insensitive to surface differences. In practice describing a reaction as transport
controlled may only mean that the experimental design is unable to provide fast enough
rates of transport in supplying reactants, or removing products, to probe the interfacial
kinetics. As will be shown later the channel flow cell overcomes these problems and, at

low pH the dissolution of calcite can be shown not to be transport controlled.

1.5.4 Dissolution of calcite at High pH

At high pH the reaction between calcite and H,0O dominates the dissolution
kinetics. A number of kinetic schemes for the reaction at high pH have been proposed,

as are discussed in this section.

The work of Plummer et al [55] as above has been used in the high pH range.
If their results are compared with previous rate equation studies [55] then it is found that
most dissolution rates agreed within a factor of 10 and many within a factor of 2 or less.
Worse agreement was found with precipitation data, with growth rates being between 4
and 68 times those observed. The problem was identified as the need to quantify the

mass transport, and reaction site density (see section 1.4).
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Another rate law was proposed by Sjéberg and Rickard, who extensively studied
both calcite powders and crystals. Early work by Sjoberg [73] involved the study of the
dissolution of calcite powders by a free drift method. These experiments were performed
at ionic strength 0.7 M KClI, with initial pH 8, and under an O, free N, atmosphere.
CaCl, was added to the solutions in order to measure the effect of calcium on dissolution

rate. The dissolution rate of the CaCO; obeyed the following law:

d[(‘:iatp] = kA(JI(_sp‘ﬁca2+][co32-]) (116)

where k is a constant, A is the surface area and K, is the calcite solubility product. The
dissolution rate was however found to be dependent on stirring rate.

Later work by Sjoberg and Rickard [51,54] had a greatly improved design which
incorporated a calcite crystal in rotating disc apparatus (see also Compton and Daly
1.5.3).This gives well defined hydrodynamics so mass transport to the surface could be
calculated. However the rate was still monitored by measuring bulk pH and thus was
insensitive to surface processes. In the high pH regiqn (pH > 5.5) using a pH-stat
method they found [56] that the dissolution rate was independent of pH, but that it did
depend on the nature of the calcite crystal, Carrara marble dissolving faster than Iceland
spar. This is as would be expected as explained previously.

In order to model their results they derived the following mechanism, in which it
was argued that dissolution in neutral and alkaline solutions was controlled by mixed
kinetics, i.e. a combination of chemical and transport processes. They considered

concentration in terms of ¢ the concentration of CaCO,. Transport across the diffusion
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layer thickness was given by

dc _ kpA(c, - cp) (1.17)
dt Z

where k; was a transport rate constant, V the volume of solution, the concentration at
the surface c,, and in the bulk c,,. Implicit in equation (1.17) are the assumptions that
the species concerned is not involved in homogeneous reactions [68). The rate of the
chemical reaction was said to be a function of the chemical potential difference between
the concentration of the dissolving CaCO, at the surface ¢, and the concentration at

equilibrium, ¢,

de| _ kcACy-co) (1.18)
dt|. 14
where kc was a chemical reaction rate constant. Equating equations (1.17) and (1.18),
which assumes that the species is not involved in homogeneous reactions within the

diffusion layer [68], gave the following rate law for n = 1

dc _ krke A(ceq—chxlk) (1.19)

dt  (kevky) ¥

The empirical rate equation (1.16) was shown to be equivalent to this rate law [48].
Using this model the initial dissolution rate was written in terms of the diffusion layer

thickness for a rotating disc and this gave

1/6
1 161y L1

rate Dmccqco‘/‘ cchc

(1.20)

where » was the kinematic viscosity of the solution, D the diffusion coefficient and w the
rotational velocity of the rotating disc. Experiments [48] gave linear plots of 1/rate
against 1/w” from which it was concluded that equation (1.19) gave an accurate

description of the kinetics.
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In this model as outlined above it was proposed that only Ca’**, CO;> and H,0O

were present in the diffusion layer and rapid protonation of the carbonate ion occurred
at the diffusion layer boundary. The onset of H-dependent kinetics was argued to occur
when H™ penetrated the diffusion layer and reached the calcite surface. This was said
to only occur when the rate of transport of H* across the diffusion layer is at least equal
to the rate of calcite dissolution, otherwise all the H* in this region will react with
carbonate formed in the dissolution, and the effective surface concentration will be zero.
This means that there is a pH above which the surface concentration of H* will be zero,
this pH being in the range of pH 4.5-4.9depending on experimental conditions. Their
chemical step rate constant, k., was shown [14] to be independent of added bulk calcium
ion concentrations up to 0.2 mM. It was concluded that the reduction in dissolution rate
on adding Ca’* ions was purely due to a reduction in diffusion rate and not due to
inhibition of the chemical step, as concluded earlier by the same authors [56]). The
rotating disc method was also used to investigate the temperature dependence of the
dissolution rate with an Arrhenius activation energy for k. being 46 + 4 kJ mol’ for

Iceland Spar [64].

An equation similar to that of Rickard and Sjéberg (1.16) was derived by
Buhmann and Dreybrodt [16-17,74],who tried to closely model the precise circumstances
of dissolution of calcite in Karst systems. They modelled both laminar and turbulent
flow, in both open (in contact with the atmosphere) and closed systems. The open
systems model those circumstances when pore water is in contact with the atmosphere
and maintains equilibrium concentrations of CO,, this was obtained by allowing the

reaction solution to maintain and equilibrate with an atmosphere of known CO, content.
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Closed systems are more common, such as deep within pores when the solution has no
chance to equilibrate with the atmosphere. This was modelled by two calcite surfaces
being held apart by teflon dividers, modelling a pore. With CO, being excluded from the
experiment. Both turbulent and laminar flow conditions were used, as both conditions
can occur naturally in geological situations. They found three rate determining steps,
which were treated simultaneously; the surface-controlled dissolution or precipitation at
the CaCO, surface, the slow conversion of CO, to H,CO;, and the mass transport of
dissolved species to and from the surface. The precipitation or dissolution rates in all

cases were described by an equation similar to that of Rickard and Sjéberg (1.16)

1.5.5 Precipitation of calcite at high pH

Nancollas and Reddy [24,58] proposed a rate law for calcite precipitation from
experiments utilizing a free drift method of calcite growth, using seed crystal.
Precipitation rate was measured by monitoring pH and [Ca’*] then taking samples and
analysing by means of *Ca isotope exchange or atomic adsorption spectroscopy. After
an initial surge the rate was found to be independent of stirring and to follow a second

order rate law:

2

d[caz‘*] _ _kA([Ca2+][C032‘] - ﬁ] (1.21)
dt Y:

where v, is the divalent ion activity coefficient. The activation energy was calculated as
46 + 4 kJ mol’ in good agreement with later values of Weichers et al [28] of 43.1 +

3.8 kJ mol"! and Inskeep and Bloom [75] of 48.1 kJ mol™.
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Another rate law for calcite growth was proposed by Reddy [50,51]and Reddy

and Nancollas [52] and this time was of the form

rate = kA([Ca®] - [Ca®"] )’ (1.22)

The maximum variation in the equilibrium calcium ion concentration, [Ca“]eq, for the
growth experiments utilizing this equation was 10%, whereas the variation in [Ca’*],, for

equation (1.21) was much greater [52].

The Plummer equation (1.9) under' conditions of high pH and low Pgp, can be

reduced to:

rate = kganjo(l - -a—“-Q] (1.23)
%y,

where Q is the saturation ratio defined as ac,acos/Ksp- Which Plummer et al. [55] noted
was very similar to the Nancollas and Reddy equation (1.21). The H™ activity was
calculated to be just less than one for low P.o,. Reddy, Plummer and Busenburg [20],
investigated the applicability of the Plummer model to calcite precipitation. However
analysis of [Ca’*] with time for seeded growth experiments at P, between 0.03and 0.3
atm gave non-linear plots for log rate versus log (1, log (1-(), and log ([Ca**] - [Ca“]eq).
Also though there was agreement within a factor of three between observed and
calculated rates using the Plummer model for Py, between 0.029 and 0.096 atm, at
higher Pco, and near equilibﬁum the precipitation rate was less than expected with a
much larger discrepancy. Therefore this model was concluded not to be a satisfactory

explanation of calcite precipitation.
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Kazmierczak, Tomson and Nancollas [10] used a chem-stat method to keep the
concentrations of all reactants constant during crystallisation. They used seed calcite
crystals in a supersaturated calcium carbonate solution. From these experiments they

concluded precipitation was governed by the rate law

d[C;z‘] - _kA(W _@2 (1.24)

where g; are activities and Kj, is the thermodynamic solubility product of calcite. The
rate constant k was found to be independent of the ionic strength of the supersaturated
solution over a wide range 90.0 to 0.20wmokdm3 when the rate equation was in terms

of activities rather than concentrations.

Zhong and Mucci [25] seeded calcite growth in seawater solutions of various
salinities using a chem-stat method. They fitted the data to a empirical rate law of the

form

rate = k(Q - 1) (1.25)

where the reaction order n was between 2.5 and 3.3. Their method used seed crystals
of both calcite and aragonite, the surface areas having been previously characterised.
These seed crystals were used in artificially aged seawater solutions of various salinities,
with the degree of supersaturation altered by adding varying amounts of carbonate rich
solutions. These experiments were carried out in an open system. They found the
reaction rate to be ’fairly’independent of salinity. This equation has also been widely

used by other people [76-79].
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Davies and Jones [80,81]developed another model, initially for the precipitation
of silver chloride. The model assumes there is a monolayer of hydrated ions covering
the surface, and that hydration or dehydration of ions at the surface precedes dissolution
or precipitation respectively. Following these assumptions, based on the double layer

model with Boltzman distributions of surface concentrations

. . 2F
[Ca*], = [Ca? ]mcxp( - }b) (1.26)
[CO; ], = [COJ ]mexp(Z: }b) (1.27)

where & is the electrical potential.

Assuming the surface concentrations of Ca’* and CO,* are equal

K
[ca2+]°q(s) = _% (128)

and also from equations (1.26) and (1.27)
2F9) _ (Ica*1)"
ex ——) === (1.29)
RT ] \1cos7
The rate of growth was assumed to be proportional to the amount of Ca’* and CO.*

available for growth, i.e.

rate = kYi{[Ca2+](s) - [Ca* ]y o) {[C032 1 - [CO3 o (s)} (1.30)
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which on substitution gave

2

K
rate = ky2{/[Ca**][CO;] - = (1.31)
\

Which is very similar to the Kazmierczak, Tomson and Nancollas equation (1.24) above.
The assumption that the surface concentrations of the cation and anion are equal,
however, has been shown to be invalid for calcite [61,82]. So the justification for this

equation is built on false assumptions.

Both House [60] and Inskeep and Bloom [75] have investigated a number of these
rate laws for seeded crystal growth experiments. In the case of House supersaturated
calcium bicarbonate solutions were used, and the course of the reactions monitored via
pH and conductivity measurements. He concluded that the equations proposed by
Nancollas and Reddy (1.21),and Reddy and Nancollas (1.22), gave poor agreement over
the supersaturation range. The Davies Jones (1.31) gave good agreement over a limited

range. The Plummer equation (1.9) was however consistent with the data, but a unique

growth curve was not obtained.

Inskeep and Bloom [75] used a pH-stat method of seeded crystal growth, for pi'}
8.25 - 8.70, Py, < 0.01 atm and ionic strengths 0.015 - 0.10 mol dm®. A form of the
Davies Jones equation and the Reddy and Nancollas eqﬁation (1.22) did not fit the data.
The Davies Jones written in terms of surface potential (1.31) was consistent with the data

but was discounted because of the errors associated with its derivation (see above). The
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Plummer equation ( 1.9) was consistent with the data, but broke down if the initial
[ Ca®* ]/ [ CO;* ] ratio was altered. Best agreement was found with the Nancollas

Reddy equation (1.21) when modified to account of ionic strength differences.

Christoffersen and Christoffersen [68] used a pH-stat seeded crystal growth
experiment. They explained the kinetics in terms of a spiral growth mechanism proposed
by Nielsen [83,84]in which growth occurs via self propagating spirals. They obtained an

overall rate equation of

0 la( ]cheq

rate /mol s™! = Y S - 1)S*InS (1.32)
Y cxp( ]
[l

where a is the mean lattice ionic diameter, », the frequency of a species entering a kink
from a neighbouring site, » the number of ions in a formula unit, K,; an adsorption
constant, ¢, the equilibrium concentration, v the edge work and S the supersaturation

expressed as ([Ca’*][CO;VK,)"” = Q.
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1.5.6 Recent work

Recent advances particularly in spectroscopy have allowed the surface of calcite
to be studied directly. Ex situ techniques such as LEED (Low Energy Electron
Diffraction), XPS (X-ray Photo Spectroscopy), and in situ ones such as AFM (Atomic
Force Microscopy) have been used. These allow molecular, and atomic information
about the surface to be obtained.

i) LEED. In this technique low energy electrons are fired at the crystal; as they
are of low energy they only penetrate the surface. The resulting diffraction pattern is the
result of surface features rather than the bulk lattice. The pattern is sharp if the surface
is well ordered. Diffuse spots indicate either a lack of order or the presence of
impurities. Stipp and Hochella [85] applied LEED to a calcite surface, which had been
prepared carefully. The calcite crystal was washed several times, soaked in nitric acid,
then washed again and dried by in N,. After this prepreparation the crystal was cleaved
with a razor blade. Then either this freshly exposed surface was used in the LEED
experiment, or the surface was exposed to aqueous solutions the latter was followed by
drying by blowing off the water with steam, and then used in the experiment. The
resulting patterns from the LEED showed that the surface was well ordered. This order
persisted even after precipitation, thus supporting the assumption often made that the
number of hydrated surface sites reflects the density of crystal lattice sites along the
crystallographic planes.

ii) XPS. This method uses electrons of a known wavelength to eject electrons
from the core and valence atoms near the surface of a solid. Only electrons from within
some tens of angstroms of the surface can escape so again the technique providing

information on the surface only. By measuring the energy of the electron details of the
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oxidation and reduction state of the region it was emitted from is given, so giving
information of the bonding characteristic and details of the valence shells of materials.
From XPS experiments on ﬁalcite Stipp and Hochella [85] have shown that there is
evidence of hydration species > CaOH° and > CO;H° on the surface of calcite, where
> represents the mineral lattice. This evidence is seen even after the vacuum
pretreatment of the surface necessary for XPS.

iit) AFM. This is an in situ technique which uses a very sharp probe (a pyramidal
Si;N, tip), to limit the interaction area on the surface being studied. The AFM measures
a contact force, typically of van der Waals type in origin between the tip and the sample.
The contact forces fall off rapidly with distance from the surface. This keeps the
interaction primarily confined to the end of the AFM tip, allowing high resolution images
to be obtained. The tip stays in contact with the surface, while a xyz translator moves
the sample in a raster pattern. The tip moves up and down in response to surface
features; these movements deflect the cantilever and are detected by a laser. These
movements are then recordéd, and an image of the surface obtained, deflection being
related to the height of surface features. Hillner et al. [86] used AFM to look at calcite
dissolution and growth processes in real time. They worked at high pH in order to
follow the H,O reaction (1.5) for simplification. Dissolution occurred layer by layer but
with the addition of etch pin holes and etch cores (which nucleated rhombic surface
voids). These pin holes and cores affected latter growth patterns on the same surface.
For growth they used a supersaturated solution prepared by adding NaHCO; solution
slowly to a CaCl, solution, then titrated to the correct pH with NaOH. A 15 X 15um

region of cleaved calcite was imaged while CaCO; was grown on it in a series of
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dissolution growth episodes. The conclusions were that growth occurred layer by layer,
with no evidence of growth islands.

Van Cappellan et al [87] has made use of LEED and XPS, which give direct
molecular level information on bonding environments at the carbonate water interface.
They have combined such data with a surface complexation model, which sees the
surface exposed cations and anions being hydrated. Thus cation and anions may be
adsorbed at the surface by exchanging for H* or OH" groups respectively. XPS and
LEED have indeed given evidence for such hydrated surfaces. The surface kinetics are

deemed very rapid.

1.6 The Channel Flow Cell

In order to investigate calcite kinetics, or any other solid-liquid interface reaction,
it is desirable to fulfil a number of criteria. First it is necessary to have well defined and
calculable transport of reactants to the surface and products away from it. Second it is
useful to have control of the surface topography and third to have chemistatic control of
the reactants. In most of the studies present earlier the transport processes are ill-
defined. Even in the rotating disc experiments, although there is well defined transport
of reactants to the surface, the transport of products to the detector is ill defined. In
addition for fast reaction rate, high rates of transport to the interface are needed
otherwise the experiment will merely measure the rate of transport in the liquid phase.

In order to fulfil these criteria the channel flow cell was developed as shown in
figure 1.3. It has well defined mass transport (as discussed in Chapter 2), and with a
detector close downstream to the interface, measures predictable, close to the surface

concentrations. Both mass transport of reactants to the surface and products from the
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Figure 1.3 The channel flow cell.

surface to the detector are well defined. The surface of the calcite crystal can be etched,
freshly cleaved, or polished in some predetermined manner. Thus the surface
topography can be defined by the experimental pretreatment.  There is precise
chemostatic control of the reaction environment, with continual replacement of reactants
flowing to the surface, and the products flowing away tb waste. In addition the detector
measures close to surface concentrations, enabling more accurate probing of small
variations resulting from the precise kinetics. So all of the above criteria are fulfilled.
This has enabled greater understanding of the calcite dissolution processes.

As stated above most earlier studies assumed that at low pH the reaction was
transport limited. However Compton and Unwin [53,88] showed by use of the channel

flow cell, that the variation the concentration of H* with flow rate is not that which is
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expected for a transport controlled reaction. Compton and Unwin derived the following

rate equation for the dissolution of calcite (Iceland Spar) at low pH.

Jogr /molem ?s™! = 0.043[H"], (1.33)

where [H*], is the concentration of H* at the surface.

Another study by Compton er al [33] investigated the consquences of this kinetic
control of low pH calcite dissolution on the liming of lakes. They used this kinetic rate
equation together with the methods of estimating mass transport to a dissolving particle
as developed by Harriott [79] and Sherwood er al [90]. This demonstated that the rate
of dissolution of calcite particles under lake liming conditions was much slower than
previously thought. This was the case even though the possible inhibition by natural
inhibitors, such as humic acids or aluminium, present in lake waters were not taken into
consideration in the calculations. So it was concluded that the dissolution of lime added
to lakes would take place at significantly slower rates than hitherto considered, and
future strategies for liming lakes would need to reflect this particularily in the particle
size distributions used for neutralization.

The channel flow cell has also been used to investigate the action of inhibitors on
the dissolution of calcite. At low pH small monomeric inhibitors such as, maleic and
fumaric acids [91] and various tartaric acids [92]; were studied. From these experiments
comparison was made between the inter carboxylic distance and the structure of the
calcite etch pit, which lead to a conclusion that these factors were of importance in
efficiency of a given inhibitor. Further discussion of these studies will be given in

Chapter 4. Also at low pH investigation was made of the effect of polymaleic acid [93].
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The inhibition slowly increased with time, and again this study will be further discussed
in Chapter 4.

Investigation has also been carried out on the effects of inhibitors at high pH, by
Brown [95] utilizing the channel flow cell methodology. Inhibitors which have been
studied include succinic acid, phthalic acid, 2-sulphobutanedioic acid trianion, maleic
acid, aspartic acid, and Mg®*. Further detail of and comparision of the results of some
these studies will be discussed in Chapter 6.

Compton et al [94] used the channel flow cell to investigate the dissolution of
Carrera Marble, Portland Stone, and various other limestones. In these experiments the
calcite crystal in the flow cell was replaced by a sample of the relevant calcium carbonate
containing rock. The results showed that Carrera Marble had a faster rate of dissolution
than Iceland Spar, as would be expected due to surface defect density. In other
limestone cases the rates measured were so fast that they were mass transport controlled.
For Portland Stone the dissolution rate was slower than Iceland Spar, but in this case the
sample had significant quantities of A’*. Abbeytown limestone and Connemara marble
both contained significant amounts of acid insoluble material, in the first case leading

to a relatively slow rate constant, and in the second to highly irreproducible results.

1.7 Aims

The work presented in this thesis will lead to an enhanced understanding of the
dissolution kinetics of calcite at high pH. It will utilize the channel flow cell, so that the
hydrodynamics are well defined and the species concentrations measured are close those
to the dissolution surface, and all of the other criteria mentioned in the previous section

as desirable for accurate probing of surface kinetics are achieved. The surface
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topography can also be controlled; in this work the surface choosen is a calcite cleavage
plane which has undergone some initial etching by HCI (see Chapter 3 for full detail).
A wide range of flow rates, initial bulk pHs and Ca®* ion concentrations are used in the
channel flow cell experiments. Using the numerical methods introduced in Chapter 2 it
is possible to compare the experimental results with those predicted by a number of
existing rate laws for high pH dissolution. As none of these rate laws will be shown to
adequately fit over the whole range of conditions used a new mechanistically rational
rate equation is derived. This mechanism is based on surface reaction/molecular
integration model of Chang and Donohue [95] for crystal growth in which growth is
considered to occur via adsorption of ions on the surface followed by formation of
CaCO; and subsequent incorporation into the crystal lattice. Dissolution proceeds via
the reverse of this process, and the overall net dissolution rate is the balance between
the dissolution rate and the growth rate. The rate equation derived from this model is
shown by the work described in this thesis to fit the experimental data over the whole
range of flow rates, pHs, and Ca’* concentrations studied. Further evidence from
literature which supports this model is also presented. |

Additionally the work considers the effect of inhibitors on the dissolution of
calcite at high pH. In particular attention is paid to the action of the polymeric inhibitor,
polyacrylic acid. The inhibitor is shown to act by adsorption on the surface, so
preventing the dissolution (or growth). It is deduced that a complex is formed between
the polymer and Ca’* and that this adsorbs in a langmuirian manner, so causing
inhibition by blocking the crystal growth sites.

The inhibiting effects of polyacrylic acid at low pH are reported under conditions

of low pH. Polymers of a variety of molecular weights ( 2,000, 5,000 and 15,000) are
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studied (Chapter 4). It is shown that full inhibition by this polyacrylic acid is rapidly
established. So any conformational change necessary for adsorption is rapid, due to the
flexible nature of the polymer. This contrasts with polymaleic acid [93], a fairly rigid
polymer, in which case the strength of the inhibition varied over time needing half an
hour or more to reach full inhibition. Flow cell measurements again show that it is a
complex of polyacrylic acid and a divalent cation which is the surface active adsorption.

In addition two small dissolution inhibitors namely phthalic and homophthalic
acids are studied at low pH (Chapter 4). The study of these molecules enables
comparison of the efficiency of the polymer with these molecular inhibitors on a weight

for weight basis.
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CHAPTER 2

MASS TRANSPORT AND THE SOLID LIQUID INTERFACE

2.1 Introduction

This chapter introduces some basic concepts about mass transport. Then the
hydrodynamics of the channel flow cell are explained and shown to be well defined. The
hydrodynamics are then used to generate an approximate analytical solution for the
limiting current within a channel electrode. Then the limitations of such analytical
approaches are made evident. Following this the backwards implicit finite difference
method is introduced. This is a powerful numerical method for the general solution of
mass transport equations in the channel flow cell geometry. This latter approach

provides the basis for modelling all of the experimental work presented in this thesis.

2.2 Mass Transport

Initially it is necessary to understand the basic concepts of mass transport at a
surface. If the amount of a species transported to a surface of unit area, in a unit time
is the flux, J, with units of mol cm? s, then to quantify this flux it is necessary to
understand the mechanisms by which reactants are brought from bulk solution to the
surface. Three mechanisms operate by which reactants can be brought from bulk

solution to the solid-liquid interface or conversely, by which products may be removed
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from it into bulk solution. These are migration, diffusion and convection.

a) Migration is the movement of charged particles in an electric field. The force
on the particle is proportional to the electrical potential gradient, and the charge of the
particle.

b) Diffusion is the process by which particles move from a region of high
concentration to one of lower concentration so as to maximise entropy.

c¢) Convection is a process in which solution as a whole is mechanically moved so
that both solvent and solute are moved, unlike the case with migration and diffusion

where the solute alone moves.

2.2.1 Migration

Migration of charged species occurs when a potential gradient exists. If the local
potential ¢ varies along the x-axis then there is an electrostatic force acting on the ions
in the x-direction which is opposed by viscous forces. This results [96] in the ions having
a velocity v:

_ _2u Q.1
|z| ox

where u is the mobility of the ions with charge number z. This can be transformed into

the migratory flux.

_ _zuc(x,t)a¢ (2.2
J(x,1) i G )

Transport due to migration can be made negligible by the addition of an excess

of an inert supporting electrolyte, as described in section 2.3.
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2.2.2 Diffusion

Diffusion is the movement of species “down” a concentration gradient and was
shown experimentally by Fick [97,98] to be proportional to this gradient:

Jx1) = -Daca_("") 2.3)
X

where D is the diffusion coefficient. This equation is known as Fick’s first law. The
concentration gradient is altered with time by diffusion. Conserving mass with planar

diffusion gives Fick’s second law [97,98]:

dexnt) _ 3% (x,¢ 2.4)
ot dx?

2.2.3 Convection

Convection is movement which arises as a result of a pressure gradient which
exists in the fluid. The flux,J, can be related to the average velocity, v, of the species
in the direction normal to this surface, and also the concentration, c, of the species. This con

be related to velocity and the concentration (at the same time and distance) as shown

below

J(x,0) = vc(x,?) 2.5)

It is important in this study to understand how convection influences the
movement of reaction species to and product species from, the surface of interest. The
surface is in this study usually a calcite crystal, but might also be an electrode. For
example electrodes are utilized in some rotating disc measurements, and for
amperometric detection in the channel flow cell. Convection takes two forms: forced

and natural. Forced convection is when motion is deliberately introduced into the system
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by stirring or pumping, for example. This is can be irreproducible unless care is taken
to set up the forced convection in a controlled and quantifiable way. Examples of forced
convection range from simple stirring of solution, to the rotating disc electrode and the
channel flow cell. In the case of simple stirring the convection patterns produced are ill
defined and complex. In contrast for both the rotating disc electrode and channel flow
cell the convection patterns are well defined and understood. The patterns are as shown

in figure 2.1 for the rotating disc electrode and in figure 2.6 for the channel flow cell.

(a)

' (b)
) Rotation Rate
(D \
r

Figure 2.1 The flow patterns created by the rotating disc electrode, a) solution flow close to
the electrode surface as viewed from above, b) view from the side showing how the solution
is pumped towards the disc then thrown outwards.

=0

When a rotating disc electrode is rotated, the electrode acts as a pump, pulling thé
solution vertically upwards towards the disc then throwing it outwards. If the volume
of solution 4is large enough, so that the vessel walls do not interfere, then as can be seen
in the above diagram the flow follows certain patterns, or ’streamlines’. By investigating
these streamlines it can be seen first that the rotational movement of the solution is
strongest at the surface, but drops off rapidly with the distance from the surface. The

centrifugal motion is zero at the surface and also in the bulk, but goes through a broad
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maximum a short distance away from the surface. Provided the radius of the electrode
is small with respect to the sheath, then there will be a uniform supply of material to the
disc. Because of this the rotating disc electrode is said to be uniformly accessible.

In the case of the channel flow cell the electrode under laminar flow, when it can
be considered that the solution advances down the channel in non-mixing layers or
elements in a highly organised manner, with only diffusion moving species between these
'layers’. Therefore not all the solution has equal access to the electrode, with only the
solution at the walls accessing the electrode. So the channel flow cell is non-uniformly
accessible. In the case of an electrode this leads to the current density varying over the
surface.

Natural convection can result from reactions at the surface. If the reaction
changes the amount of solute, the density of the solution may alter slightly in the locality
of the reaction site. As a consequence regions of solution near the interface will tend
to rise or fall under gravity, setting up natural convection. As this natural convection is
difficult to eliminate, normally it is better to make its effect negligible by employing

forcing convection of a much greater magnitude.

2.2.4 Conclusions
The flux of a species i due to all three modes of transport can be summarised by

a general mass transport equation [99] where

oc;(x,t) ziu;¢;(x,t) 9¢
J. = V(x,t - D. i _ i%ivi
' V(%) S lz;]  ox
convection diffusion migration

(2.6)
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In order to investigate the kinetics at the solid-liquid interface it is thus necessary to have
well defined and quantifiable mass transport for each of these processes, if the

experimental results are to be capable of theoretical interpretation and modelling.

2.3 Supporting Electrolyte
Supporting, or background, electrolyte is often used to eliminate the effect of
migration on transport. How supporting electrolyte effects transport can be illustrated

by the example of the electrolysis between two parallel plates with the cathode above the

anode (see figure 2.2).

/ ///////y
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7
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Figure 2.2 Electrolysis berween two parallel plates, with the cathode (O) above the anode (L),
and x is the distance from the cathode.
At the anode the electrode is dissolving

M(s) - ne (M) — M"*(sol) Q2.7

and at the cathode ions are being replated:

M**(sol) + ne (M) — M(s) (2.8)
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When the only ions in solution are the electroactive cation and its associated anion the
steady state concentration profile for the two ions is as shown in Figure 2.3 [100]. As
there is electroneutrality:

(2.8)
24Cq (xt) + 2565 (x2) =0

where z; is the charge on ion i and c, is the concentration of ion i.
At steady-state the flux of any ion is constant across cell so for ion 2, the electroinactive
ion

(2.9

-D, ‘—‘jxc2 (x)+uyc, ‘—‘;xcb(x) =J,(x)=0

where u, is the potential of ion 2. So that the diffusive and migratory fluxes are equal
and opposite, throughout the cell.
Hence

(2.11)
dc,(x)
co(x)

= u2d¢(x)

which integrates to

(2.12)
D,lInc,(X) = u,d(x) + constant

If this integration is done with reference to conditions at the cathode, ie. x = 0, then

(2.13)
cp(X)

c,(0)

D,in = u[9(x) -9(0)]

which can be converted to

2.14)
cz = cz(O)exp{g%wx)-«b(on}
2
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This describes the equilibrium distribution of the electroinactive ion in an electric field.

Equating the exponent in equation (2.14) with that in the Boltzman distribution:

(2.15)

ca(x) = cz(O)exp{-N“eg*x)}

where R is the gas constant, T is temperature and e ( 0 —» x ) is the energy required to
carry an ion from x=0to x=x.Leading to the following on combining the two exponents

. (2.16)
up  Ne(0-x)  Nzg°  F  [F

D, RIT[¢(x)-6(0)] RT RT RT

where ¢° is the unit charge which is equal to F/N,, and where F is the Faraday constant.
This is a general relationship, the Nernst-Einstein relationship, this is applied to the

exponential then

2.17
J; @17

2 g+ I g Lot - -2
J

RT

where Ji(x) has been replaced by J; because of the constancy of this term. This can be

written first for the electroinactive ion

F J (2.18)
d 24 d 4 i
Sl Rra @5 o6 - -3l - s

for the electroinactive ion

(2.19)
i (x)+££c (x)_¢(x) = —12_
ax 27 RT %7 ox D,

0



49

These two equations can be summed at steady state; since the flux of any ion is constant
across the cell (equation (2.9)), giving

(2.20)

Sl el - —n

This relationship gives rise to the concentration profile of the ions shown in figure (2.3)

below.

If we consider the potential drop inside the cell (not across the electrode) we obtain
(2.21)

RT , ca(L)
L)-¢(0) = |
¢(L) -$(0) IF ncz(O)

where c,(L), and c,(O)are the concentrations of ion 2 at the anode and cathode
respectively. If the electrode reactions are rapid so that Nernst’s equation is obeyed, the
interelectrode potential difference with respect to distance is

(2.22)

_ RT|n cy(L)

a C—Z1F 01(0) +¢(L)_¢(O)

ignoring double layer effects. If z,= z, then half of E, -E. arises from the
thermodynamic Nernstian effect, and the other half from the potential difference created
in the solution from the passage of current. The later is colloquially known as the ’ohmic
drop’.

This situation is altered on the addition of an inert ’supporting’ electrolyte. The
total cation and anion concentration profile is still the same linear function of distance
as in Figure 2.3,but this is not any longer the case for the concentration profiles of the

individual ionic species, as shown in Figure 2.4.[101,102].
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Figure 2.3 Concentration of ions as a function of distance between two electrodes, a distance
L apart. Only the electroactive cation and its anion are present.
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Figure 2.4 Concentration of ions as a function of distance between two electrodes, a distance

L apart. In the case where there is a supporting electrolyte.

The migration of the electroactive species is reduced by the addition of supporting

electrolyte. When the supporting electrolyte is in an infinite excess the limiting current

is exactly twice that in the unsupported case [102]. This is because in the unsupported
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case, the flux due to migration is equal to the diffusion flux, but in the former case mass
transport due to migration is eliminated and only the mass transport due to diffusion
remains. In order to reduce the migratory component to 1% of the diffusive component
in the homovalent case, a 33-fold excess of the supporting electrolyte is required [103].

The suppression of migration to negligible levels with supporting electrolyte is
often said to occur since ’the current is largely carried by the supporting ions’ [101]. This
however is not the case. The electroactive ions carry all the current and the other ions
are effectively immobile at steady state. A more accurate explanation is that the
electroinactive ions redistribute themselves in the solution, so that any potential gradient
within the solution is eliminated. As there is no potential gradient to drive migration,
diffusion becomes dominant.

Migration may be of great importance when dealing with ionic species and with
charged surfaces or electrodes. However by the addition of an excess of supporting
electrolyte it can be experimentally rendered a negligible transport process, thus

simplifying the theoretical interpretation of experimental data.

2.4 The Convective-Diffusion Equation

The use of diffusion alone to transport reactants to the surface, is not very
reproducible due to the possibility of natural convection occurring. As it is very difficult
to eliminate natural convection and the smallest alteration in conditions can have a large
effect on this convection, forced convection is required. The contribution to mass
transport from forced convection will be much greater than that by natural convection,

allowing the later to be ignored.
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The introduction of convective processes into the mass transport of species to and
from a reactive surface requires knowledge of the velocity profile of the system, if the
mass transport is to be quantifiable. Hence it is necessary to have a system in which the
flow patterns are well defined and quantifiable, such as the rotating disc or channel flow
cell.

Migration can be neglected for solutions containing an excess of supporting

electrolyte, so that the general mass transport equation (2.6) becomes

3c,(x,1)
ax

(2.23)
J; = vey(x,t) -D;

In terms of vectors this equation can be rewritten and generalised to three dimensions:
J. = ¢¥ - D,¥c, (2.24)

The variation of ¢ with time is given by

% = -V.J. = -divd, (2.25)
t i i

Combining equations (2.24) and (2.25) yields the general convective-diffusion equation

ac;
a—t' = D,V3¢, - v.¥c, (2.26)

where it has been assumed that D is not a function of spacial position. In three-

dimensional Cartesian coordinates, substituting for the Laplacian operator, V>, and for

the scalar product of the velocity and grad c, leads to:

2 2 2
%=D.(ac,.+ac,-+ac,-]_(v%w%ﬂ,%] (2.27)
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Expressions are thus required for the velocity profile, v(x,y,z),before the convective-
diffusion equation can be solved for the concentration profile, c(x,y,z).

The velocity profile for an incompressible fluid is obtained from the solution of
two equations:

(i) the continuity equation:

% _ _y - 2.28)
P Y(py) =0 (

and

(ii) the Navier-Stokes equation [102]:

p% = -YP + any +f (2.29)
t

which is Newton’s second law applied to fluids. The left-hand side of equation (2.29)
represents the rate of change of momentum of a volume element, P is the pressure, p
is the density, n is the viscosity and fis the gravitational force acting on a unit volume
of fluid. The Navier-Stokes equation is normally rewritten in terms of kinematic viscosity

v =1/p

N _ Agp.yvey+ L (2.30)

ot p P
The first term represents the change in velocity due to the pressure acting on the fluid,
the second represents the frictional forces, and the final term represents the effect of
natural convection due to density gradients. For most cases the forced convection is
constant and dy/dr is zero.
If the Navier-Stokes equation can be solved, the mass transport of species in a

hydrodynamic system can be calculated from the convective-diffusion equation (2.26).
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2.5 The Diffusion Layer

A useful concept in hydrodynamic flow systems is that of the diffusion layer. The
diffusion layer is the zone in which the concentration is reduced or enhanced due to the
surface reaction. Its boundary marks the border between where the species has its bulk
concentration and this altered region (see Figure 2.5). Therefore as there is depletion
of reactants and generation of products at the surface, a concentration gradient is formed
in this region. This gives rise to diffusion. Outside the diffusion layer convection is
strong enough for all species to be held at their bulk concentrations. However, inside
the diffusion layer diffusion is the dominant transport process, although convection can

still be significant.

equivalent

profile
Cug f==— A~/ ===

real profile

Figure 2.5 The variation of reactant concentration on distance from the reactive surface,
which gives rise to the concept of a diffusion layer.

Assuming the concentration gradient is linear then the flux J, at the electrode is given

by:
(2.31)
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where § is the thickness of the diffusion layer and c, and c,, are the concentrations at
the surface and in bulk solution respectively. The diffusion limited flux occurs when all

the reactant reaching the interface reacts, so that c, = 0, in which case:

D
g = C;""‘ (2.32)

The diffusion layer in part reflects the efficiency of convection in maintaining bulk
concentration at its boundary. It follows that & depends on the nature
and extent of the convection processes. At low rates of convection the diffusion layer
will be thicker, so the concentration gradient within the diffusion layer will be smaller
and thus the diffusion of species will be slow. Conversely at fast convection rates the
diffusion layer is thin giving rise to faster diffusion. In the case of the rotating disc

convection rate is controlled by the rotation speed, and for the channel flow cell flow

rate.

2.6 Hydrodynamics of the Channel Cell (CFC)

The channel flow cell will now be examined in detail. The channel flow cell has
the reactive surface (such as a calcite crystal) embedded in one wall of a rectangular
duct, through which solution flows. A detector electrode is located flush to the channel
wall immediately downstream of the reactive interface. This is shown in Figure 2.6,
along with the co-ordinate system used and some of the cell parameters.

The nature of the fluid flow is described by the Reynolds number [104]

Voh (2.33)

v

where V, is the solution velocity at the centre of the channel, A is the half-height of the

channel and » the kinematic viscosity of the solution. Below a critical value of
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Re = 2000 [104-106] the flow is laminar; above this, flow is turbulent. Under the
practical conditions used in the work described in this thesis, flow was always laminar

and therefore this will be assumed henceforth.

Crystal Detector Electrode

Flow

Figure 2.6. Schematic diagram of the channel flow cell.

Ll L s s LS e
AN

Figure 2.7 Hydrodynamic flow in the channel cell under laminar conditions. Parabolic
Poiseuille flow is established after a lead-in length.
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As solution flows through the channel, friction at the walls retards the flow at the
edges of the channel. The boundary at which the flow rate is retarded as compared to
the initial value moves towards the centre of the channel as the flow proceeds, due to
viscous forces, as shown in Figure 2.7.

After an entry length, I, given approximately by [107]:
I, = 0.1hRe (2.34)

fully developed Poiseuille flow is established. In this regime the laminar flow is
parabolic in shape and the velocities along the Cartesian axes are:

v, - v°(1 _k- 2)')2] (2.35)
h

and

v, =0; v, =0 (2.36)

Mass transport of species in a hydrodynamic system, as discussed earlier (section
2.4),is described by the following general differential equation containing diffusion and
convection terms.

% = D.V2c, - V%+v%+v% (2.37)
ot S *ox Yoy ‘oz

assuming no homogeneous chemical reactions. Assuming that axial diffusion is small
compared to axial convection and neglecting lateral diffusion.[67,109-111],the convective-

diffusion equation (2.37) can be rewritten given equation (2.36),

2
9 . pdc _y 9 (2.38)
ot dy? ox

The following boundary conditions can be derived from these assumptions, for the case
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where the species undergoes amperometric detection at the electrode

(2.39)
x=0 (all y), [Cl=[C]”

0 & <x, (9=0), D.ACYoy=k[CT"
0 & <., (-26),  ACYy=0
xxsx,,, 9=0),  [C]=0

where [C] replaces c¢;. At the very edge of the crystal (x = 0) the concentration of the
species is equal to that introduced in the bulk solution, at all positions through the
channel flow cell (all distances y out from the surface). Over the crystal (where the
distance x along the flow cell is between that at the upstream edge of the crystal, x=0,
and the downstream edge, x.), at the crystal surface (y=0) the concentration of the
species is governed by the relevant reaction equation. For all distances from the edge
of the crystal (x=0) to the edge of the detector (x.,.) at the far wall (y=2h) the flux of
species equals zero. Then finally over the electrode (from the end of the crystal, x,, to
the end of the electrode, x...) the concentration of the species is zero, as all of the
species at the electrode undergoes the electrode reaction at the limiting current.

Note that in the case of calcite dissolution there are also additional homogeneous
reactions, for simplicity here the case without homogeneous reactions will be discussed.

Later chapters will modify the convection diffusion equation as required to account for

homogeneous kinetics.
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2.7 Analytical Solution of the Channel Cell Convective-Diffusion Equation

Full understanding of the hydrodynamics of the channel cell is desirable, as only
then can the kinetics of the reactions at the reactive surface be modelled adequately.
In order to fully characterise the hydrodynamics of a system it is necessary to solve
equation (2.38). An approximate solution was developed by Levich [111] who applied

the Lévéque approximation [112] which linearises the parabolic velocity profile.

v, = 2v°(1 _h_’;y) (2.40)

This approximation is valid close to the channel walls[113], where y=0 or y=2h. The
assumptions underlining this will be discussed later in this section. Under steady-state
conditions, together with the Lévéque approximation, the convective-diffusion equation

(2.38) becomes

po% _ 2V ac (2.41)
ay2 h o0x
The substitution
(2.42)

leads to the following second-order differential equation

(2.43)
d’c , 29%dc
in?  8d dn

=0
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Applying the boundary conditions for a simple transport-limited heterogeneous reaction:
O<x<l, y=0; [c]=0

(2.44)
x<0 or y-ew; [c] = [clpux
and the substitution
(2.45)
p = ic;
on
in equation (2.43), leads to
2.46
-1 ap + 2 = 0 ( )
POon  9dy?
thus
(2.47)
N -9,3
¢ J, ®®(-2n°/9D)dn
“wt [ “exp(-20°/9D)dn
The diffusional flux to the channel electrode is given by
(2.48)

_ 1 n0cC
i= bt Lod(xll)

This can be evaluated by expanding the indefinite integral in equation (2.47) as a power

series in n and integrating term by term. This results in

(2.49)
_ (! Vo - 298, 17
1~ oo ronl -5 o
which can after rearrangement and substitution, yield the final expression for J [114]

. (2.50)
v
J = fo’o.067c,,,,,,,z>2/3(i] d(x/1)
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Comparison with equation (2.32), gives the diffusion layer thickness, 8, as [111,115]:

8 = _1_(0“]% 2.51)

0.67\ v,

The total mass transport limited flux to the interface is:

e AW
Jim = O.QZSCM(—hz;:;] (2.52)

where ¢,y is the bulk concentration of the electroactive species (mol cm?), I the length
of the reactive surface (cm) and V; the volume flow rate (cm® s?).

In the specific case where the reactive surface is an electrode, equation (2.52) can
be rewritten using equation (2.2) to give the transport limited current for a simple n

electron reduction or oxidation reaction. This is the Levich equation for the channel

electrode [111]

2 i
x4 D2V,

h3d

(2.53)

L, = 0.925nFw cw(

where I, is the transport-limited current (Ampere), n is the number of electrons
transferred in the reaction, F is Faraday’s constant (C mol'), w the electrode width (cm),
x, the electrode length (cm) and d the channel width (cm).

The validity of the Levich equation with its associated assumptions will next be
discussed. The Lévéque approximation, as stated above, only applies close to the
electrode. When the diffusion layer thickness becomes comparable to the channel height
this approximation breaks down. In this case (the “thin layer” limit) the limiting current

is given by [116]:
Iim = nFViCpui (2.54)
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According to the expression for the diffusion layer thickness, equation (2.51), the thin
layer limit only occurs with very low flow rates or long electrodes. Specifically it is
possible that the Levich equation may breakdown over the relatively long distances such
as between the calcite crystal and electrode, which are encountered in the work
presented in this thesis.

The second assumption is that axial diffusion is negligible compared to convection.
Flanagan and Marcoux [109] solved equation (2.38) numerically using a simple explicit
method and demonstrated that this assumption was valid essentially under the same
conditions as the Lévéque approximation, for electrodes sizes and channel flow
dimensions as used in the work reported in this thesis. This assumption breaks down for
microelectrodes although the Lévéque approximation is usually valid, when diffusion
parallel to the electrode surface is not negligible and gives rise to ’edge effects’ [117],
causing larger limiting currents than would otherwise be expected. Such phenomena only
occur for short electrodes (<. 10 um), ’microelectrodes’, or very low
flow rates and have been examined analytically by Oldham ([117] and

numerically by Amatore [119].

For the cell geometries, electrode sizes and flow rates used in this work these
assumptions are justified. However for greater generality and in order to retain detail
of the full parabolic velocity profile, it is necessary to use a numerical method, which
allows a wide range of kinetic equations to be considered. = For this reason and the
possible break down of the ’thin layer’ limit due to the gap between the crystal and
electrode as discussed above, ‘the section 2.9 will deal with a numerical solution which

is capable of handling the kinetics needed in this study.
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2.8 The Rotating Disc Electrode

The majority of experiments described in this thesis deal with the channel flow
cell; however the rotating disc electrode is used in a number of preliminary investigations
of the electrochemical behaviour of new chemicals before they are used in the channel
flow cell. Therefore it is important to have a solution of the convection diffusion
equation for the rotating disc electrode.

The mass transport equation for the RDE was solved by Levich [108], who re-
wrote the convective-diffusion equation (2.37) in cylindrical polar co-ordinates (Figure

2.8) because of the geometry of the problem. Thus

V—+——S+V —

dc _n[0% 3% 1dc 1 )| [, oc, Ve Oc dc (2.55)
"or r 00 ‘0z

This can be simplified considerably. Due to the symmetry of the system, c is

independent of § so

gL Yt -0 (2.56)
00 962
& ) rotation

surface

b2
*~

z

Figure 2.8 Cylindrical coordinates used for solving the convective-diffusion equation at the
rotating disc electrode.



Provided the radius of the sheath is much greater than that of the electrode, v, will be
independent of r,and at z = 0 (dc/dr) = 0, hence across the electrode face

2
O¢ _ 9¢ (2.57)
or or?

Applying these simplifications at steady state, equation (2.55) becomes

2
v,2¢ - p2¢ (2.58)
0z 9z

0.8 1.6 2.4 3.2 4.0
(0/v)%

Figure 2.9 Velocity components as a function of distance along the three cylindrical
coordinates for the rotating disc electrode. The functions as plotted are dimensionless.

The velocity profile for the RDE as a function of z is shown in Figure 2.9. Using
an expression for v, [105] and applying the appropriate boundary conditions, equation

(2.58)
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can be solved [99, 105] to give the Levich equation;

2 11
Lim IA = 0.62048nFAcy, D°v *w? (2.59)
or
2 11 (2.60
]Ilm [A = 1.5553nFAcbu|kD3v e f2 .60)

where A is the electrode area (cm?), ¢, the bulk concentration (mol cm?) of the
electroactive species, w is the angular velocity (rad s™) and fis the frequency of rotation
(rev s or Hz) of the RDE. This compares with the Levich equation for the channel

(equation 2.53).

2.9 Numerical Solution of the Channel Cell Convective-Diffusion Equation

In Section (2.7) the mass transport equation for the channel cell was solved
analytically using the Lévéque approximation, for the specific problem of the limiting
current at an electrode. Alternatively numerical methods are particularly useful under
conditions where the assumptions made in the analytical solution are no longer valid or
complex kinetic processes make analytical solution difficult or impossible. In addition
they make full use of the parabolic velocity profile which enables differentiation between
small differences in flux caused by surface mechanisms. In the case of this work it is the
complexity of the kinetic processes, with necessity to consider several different kinetic
rate equations and possible rate controlling steps that necessitates the use of a numerical
method.

There are several different numerical approaches which have been used to solve
mass transport equations [122]. All the methods involve solution of a two dimensional

problem with a finite difference grid. Anderson and Moldoveanu [116] explored three
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such methods. These were the simple explicit (SE) method, the Crank-Nicolson implicit

(CNI) method [123] and the backward implicit (BI) finite difference method. They

found the BI finite difference method superior, with excellent agreement with

theoretical [124] and semi-empirical [125] results. The BI method was first developed

by Laasonen [126] and has been extensively used to study mechanistic electrochemistry

at the channel electrode [i.e.113,116,128-130].

The advantages of the BI approach are:

(a)

(b)

(c)

The surface concentration suddenly changes at the upstream edge of the electrode
making it a point of discontinuity.  This causes uncertainty over what
concentration value to use at this point in the boundary conditions (whether bulk
concentration or that correspond to the active surface). With the SE method in
the case of limiting current simulation, the result depends on the value chosen for
this point and on the size of the grid used. The CNI approach also requires
knowledge of this although it seems to have no influence on the computed results.
Only the BI calculation does not need knowledge of the concentrations at this
discontinuity point [113].

The BI method requires at least 100 times fewer grid points in the x-direction, as
it uses simple vector calculations to obtain convergence, than for SE, so is
computationally less expensive [113].

The CNI method offers no computational advantage over the BI approach, and

is more complex to implement [113].
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Overall the merits of the BI method is that it deals with vector calculations rather than

matrix calculations, which makes it much faster and cheaper in computational terms.

2.9.1 Backwards Implicit Finite Difference Solution of the Channel Cell Convective-
Diffusion Equation

The application of the BI approach to a simple heterogeneous reaction has been
considered [113] where a species A undergoes a mass transport limited reaction at a
reactive surface in the channel. The reaction in question could be a one electron redox
reaction at a channel electrode or equally a fast heterogeneous reaction between species

A and an insulator surface. This example is illustrated below.
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Figure 2.10. Finite difference grid.

The steady-state transport equation for species A is

pZWA . (1 i (v-:f]aél;l @2.61)
ay h
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The xy-plane is covered with a two-dimensional finite-difference grid, (Figure 2.t0)
in order to apply the BI method. Increments in the x-direction are Ax and in the y-

direction, Ay. The co-ordinates of a point (x,,y) in the channel are given by

Y, = jAy j=0,1..J where Ay - _‘]25 (2.62)
% = kAx k=0,1..K where Ax =x—£ (2.63)
The derivatives in equation (2.61) are approximated to
A A A |
ogn _ ik 8jk (2.64)

ax Ax
where g* is the normalised concentration of species A ( g'=a/a, , a, is the bulk
concentration of species A), and

A A A
Pgh Btk ~ 28k ¥ & ke (2.65)

dy? (Ay)?

Combining equations (2.61), (2.64) and (2.65) results in

D | A A A A D
( ){gfh,m = 2gj,k+1 + gjq,M} = {gj.k+1 - gj,k}( ] (2.66)

(Ay)? A;(Ay)?
where
. - ‘DAx3(2h)3d. 2.67)
6V1(8y)°(2h - jAy)
In this equation, V; is the volume flow rate, where:
V = Jv,hd (2.68)

3
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The appropriate boundary conditions for the calculation of the transport-limited regime

arc.
x=0;5 [AL = Alwx: &0 = Al (2.69)
y=0; [A,=0; go=0 (2.70)
y=2h; ﬂalyﬂ =0; &% = & 2.71)

Thus equation (2.66) simplifies to

g:k = (2)'1 + 1)g1A,k+1 - A1g2A’k+1 (2-72)

A A A A P = :
gjvk = _A'jgj-",kd"‘ + (2A'J+ 1)gj'k+1 - A'jgj*'1,k“‘1 ] 2’3"-’2 (2.73)

A A A
81k = ~Ay18r2k + (Apg + 1) 8521 ke (2.74)

These (J-1) simultaneous equations may be expressed as a (J-1) x (J-1) matrix equation

@ - [Mmw .75
i.e.
rd1 , (b1 ¢, O 17 Uy .
d, a by ¢, 0 Uy
c.ij = 0a bc O lfj (2.76)
d;_2 a2 bya € Uj2
_d-"1. _ 0 a4 b -1 _uJ-1_
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where:
d; - ka j=12.J-1 (2.77)
U, = ij)m j=12.J-1 (2.78)
a; = -, j=23.J-1 (2.79)
b, =23 +1 j=12.J-2 (2.80)
by = A, 4 + 1 (2.81)
¢ = -A; j=12.J-2 (2.82)

The matrix [7] is of tridiagonal form which allows the use of the Thomas algorithm [131]

(see Appendix 2), to calculate {u}, from {d},. The boundary condition g%, = [Alu
supplies the vector {d}, from which {u}, is calculated. In the absence of homogeneous
chemical complications, {d},,, = {u},, so {u}, is calculated from {d}, ( = {u},) and so
on until {u}, is obtained. Thus all the values g*, (j = 1,2...J-1,k = 1,2...K) are

evaluated. Using the theory outlined, concentration profiles can be calculated for the

species of interest using FORTRAN 77 programs.

In the case where the reactive surface is an electrode the redox current at the

electrode can be calculated using Fick’s first law.

! - Fw Dz(gu gOk] Ax (2.83)
1

Under mass transport limiting conditions this reduces to the numerical equivalent to the
Levich equation (2.53).

K
FDwAx A
L = Ay E 81,k (2.84)

For cases where the reactive surface is not an electrode equations (2.83) and

(2.84) are not applicable. In these cases the solution to the matrix equation (2.76) has
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already given the concentration profile of species A and the flux can be calculated from
equations similar to equation (2.83), for the region of the channel over the reactive
interface.

Then the BI calculations need to be continued ’downstream’ over the detector
electrode with modified boundary conditions as follows. If the detector itself acts
potentiometrically, so does not affect the species concentration in the solution, then this
area can be treated like the far wall leading to a no flux condition (2.71). If the detector
is an amperometric detector, for instance a platinum electrode measuring H* reduction,
then it itself can be considered as a reactive surface with the boundary conditions
((2.69),(2.70),and (2.71)), and equations ((2.83) and (2.84)) are applicable. The no flux
condition for electroinactive species and potentiomentric determination (equation (2.71))

is replaced by the following:

A
;8o = 81k (2.85)

thus equation (2.72) is replaced by:

81':1: = (Aq+ 1)81’:1:4 - 11821:4 (2.86)
Solving the appropriately modified matrix equation produces the concentrations at the
surface of the detector electrode. From which the detector response can be calculated.
The detector response calculated will vary with flow rate and the way in which this
happens depends on the precise kinetics occurring at the surface. It is this variation of
detector signal with flow rate which is used in the experiments described in the work

presented in this thesis, to differentiate between different possible surface reaction

schemes.
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Later chapters discuss the specific application of the channel cell method and BI
when the reactive surface of interest is a calcite crystal. Both the cases where the

detector electrode is either a pH electrode, and an amperometric detector, are dealt with

at low and high pH respectively.
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CHAPTER

EXPERIMENTAL DETAILS

3.1 Introduction

This chapter deals with experimental aspects of the work described in this thesis.

In particular it deals with the channel flow cell strategies for both high pH calcite

dissolution and low pH dissolution.

3.2 Flow Cell

The channel flow cell was made up of two parts - the channel and coverplate, as

shown in Figure 3.1. The channel has a rectangular groove cut into a block of Perspex.

a

S

PTFE Tubing

Jacketing Tubing

Capiliary

N L
C — \\ Counter electrode
Thermostat Box Channel Cell

Figure 3.1 The channel flow cell configuration. (see figures 3.2 and 3.3 for specific flow cells
for high and low pH).

The inlet and outlet pipes fed into a deeper duct at either end of the groove so as to
even out the flow of the solution into the channel. The fourth side of the channel is

formed by a coverplate which includes an embedded calcite crystal (the fabrication of
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which is explained in section 3.3). An O-ring between the Perspex block and the
coverplate formed an airtight seal when pressure was applied to the coverplate by means
of a pressure plate and six bolts. The coverplate was positioned in such a way that the
crystal was a distance greater than the necessary lead-in length away from the beginning
of the channel to ensure Poiseuille flow had been obtained. For the typical channel
dimensions used this was less than a few millimetres at all flow rates used (equation
(2.34)).

Downstream of the crystal is the detector electrode. At high pH this is a flat
membrane pH, and at low pH a platinum electrode linked to a potentiostat is used.
Care is taken to ensure that the detector electrode is flush with the surface. For a
platinum electrode this is achieved by smoothing the electrode after being glued to the
surface. In the case of a flat membrane pH electrode, the electrode is manipulated until
flush with the surface, and then secured in this position with wax (Wax-a-Way; Vychem
Ltd, Poole, Dorset).

The solution under investigation was held in a 500 cm® reservoir. Argon gas
(British Oxygen Company Limited, Guildford, Surrey) was bubbled through the solution
to remove dissolved CO,. From the reservoir the solution flowed through a 1.5 mm bore
PTFE tube (Altex; Anachem, Luton), then after flowing through the flow cell itself,
through a capillary to waste. The whole system up to and including the channel flow
cell, was jacketed in argon to prevent the ingress of CO,, through the channel cell, At
least 1 m of the PTFE tubing upstream of the channel was situated in the thermostatted
box to ensure that the solutioh was at constant temperature. The thermostatted box
consisted of a perspex box which contained a heater under thermostatic control and a

fan to ensure even heating. The capillaries were also held inside the box to maintain
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constant flow. The rate of flow of solution through the channel was varied by changing
the bore of the capillary and by altering the height of the reservoir relative to the outlet

tube. This resulted in flow rates ranging from 1x103 to 3.5x10" cm’s™.

3.2.1The Potentiostat

The potentiostat was used in all amperometric detection, and in initial rotating
disc investigations of inhibitors. The potentiostat isa device which actively maintains the
potential difference between the working (WE) and reference (RE) electrodes at a given
value by altering the voltage between the working and counter (CE) electrodes as
necessary. In other words it forces whatever current is necessary through the CE so that
the required potential is achieved. The potentiostat used was an Oxford Electrodes
Potentiostat (Oxford). A description of the circuit design of the potentiostat is given in

Appendix 3.

3.3 Surface Preparation

The coverplate is made by pouring freshly mixed Araldite (Resin CY219,
Hardener HY219, Accelerator DY219; Ciba-Geigy, Duxford, Cambs.) into a mould in
which a cleaved calcite crystal (Roger Tayler Minerals, Cobham, Surrey) has been
previously placed. The cover plate is then left to set. Once set it is removed from the
mould and initially polished with sandpaper to remove the Araldite covering the face of
the crystal, and then mechanically polished using diamond lapping compounds (Hyprez
Sprays; Engis, Maidstone, Kent) with the lapping compounds gradually being replaced
by finer grits down to lum spray (further details of the surface preparation will be

outlined in the next section).
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Then the coverplate is thoroughly rinsed with ultra high purity water, which is
followed by a rinse with millimolar hydrochloric acid for a minute to remove any organic
species. For the surface at high pH the crystal was then etched by flowing 0.5 M KCl
(pH > 7) over the surface in the channel for at least 100 minutes to achieve an
equilibrated surface morphology. At low pH this is not necessary as the H* in solution

etches the surface very rapidly, so quickly establishing an equilibrated surface.

3.4 Calibration
3.4.1 Capillary

A variety of capillaries were used so as to gain the full range of flow rates as
outlined in section 3.2. Each one used was calibrated by measuring the amount of water
flowing through to waste in a given time. For every one the mass of water collected over
a known time was measured for several ’solution heights’ (i.e. the height of the reservoir
above the outlet). Using the density of water (p = 0.99707gcm? at 25°C,
p =0.99823 g cm?® at 20°C [132]) a mean capillafy constant of flow rate per
unit height of solution (cm® s'cm™) was determined for each capillary. During an
experiment the flow rate was simply calculated from the product of this capillary constant

and the solution height.



77

3.4.2 Channel Dimensions

The channel width d, crystal length x,, crystal to detector electrode (pH sensor or
platinum electrode) separation and electrode dimension (for pH sensor the diameter and
for platinum electrode the length) were all measured using a travelling microscope
(Unicam Instruments, Cambridge) capable of measuring to 10 cm.

Overall some dimensions vary more than others, with channel width and height
being the most constant. However as various different crystals and detectors were used
over the whole range of the experiments the detector and crystal dimensions are far
more variable.

Typical dimensions of the cell parameters were as follows,

Channel height, 2h 0.104 £ 0.006 cm
Channel width, d 0.600 + 0.003 cm
Crystal length, x, 1.033t0 0.783 cm
for high pH,
Crystal - sensor separation 0.049 to 0.200 cm
(This is as measured from the edge of the crystal to the edge of the ’active’
part of the pH sensor, i.e. inside the outer glass wall.)
‘active’ pH electrode diameter 0.134to 0.314cm
for low pH,

detector/monitor electrode width 0.140to 0.300 cm

(This is the length of ’active’,i.e.non masked, electrode across the channel
flow cell.)

detector/monitor electrode length 0.150to 0.250 cm

(This is the length of the electrode in the direction of the flow.)
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The final cell dimension required to interpret results was the channel half-height
h. This was determined by measuring the transport limiting current for a simple one
electron reduction or oxidation of a species with a known diffusion coefficient over a
range of solution flow rates. To observe this the flow cell was used in an amperometric
mode (as figure 3.2but with a monitor electrode unused). The electroactive species used
was the ferricyanide anion which undergoes a one electron reduction to the ferrocyanide
anion and has a diffusion coefficient of 7.6Xx10% cm? s [133].

(3.1)
Fe(CN))™ +e” «Fe(CN)§

This determination of cell height was performed each time the cell was assembled.
When high pH determinations were being performed a Perspex coverplate was used (for
low pH the normal coverplate could be used) on which was attached a 2 mm (approx.)
strip of 25 um thick silver foil (Goodfellow, Cambridge) with Evo-stik (Evode Ltd,
Stafford). A coating of AgCl was formed on this by making the foil the anode in 0.1 M
aqueous HCI and passing 0.4 mA cm™ for 30 minutes [134]. This Ag/AgCl electrode
acted as the reference electrode. Downstream of the reference electrode a 1 mm
(approx.) strip of rolled 12.5 um thick platinum foil (Goodfellow, Cambridge) was
attached in a similar manner to act as the working electrode. The edges of the platinum
foil were masked off using thin PTFE tape in such a way that approximately 1 mm of the
coverplate between the channel edge wall and the working electrode was covered. This
was to minimise any edge effects. The counter electrode was a piece of platinum gauze
(whose area was much larger than that of the working electrode) which was coiled and
inserted into a glass tube. This was plumbed into the flow system immediately

downstream of the channel flow cell. The three electrodes were connected to an Oxford
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Electrode Potentiostat, which controlled the potential applied to the working electrode
relative to the reference electrode (see Appendix 3).

The solution used for channel height determinations was 1mM K;Fe(CN)g
adjusted to pH 13 with KOH and with 0.5 M KCl as background electrolyte. By using
the potentiatstat to ramp the potential from +0.5V to 0 V, with respect to Ag/AgCl,
when the half-wave potential is +0.205V on platinum [43], this was done slowly enough
to ensure that all the Fe’* was reduced at the electrode. From the voltamogram the
limiting current (I,) was measured, as I;,, is the difference between the baseline current
obtained before the reduction and that current measured when all the Fe** was reduced.
A Levich plot of I, versus V/'” (flow rate see 2.53) was then drawn. The gradient of this

yielded the channel half-height A.

4.4.3pH Electrodes

The bulk pH of solutions was measured using a glass combination pH electrode
(GelPlas pH electrode, BDH, Poole.) connected to a Jenway 3030 pH meter. This was
calibrated using BDH Colourkey buffer solutions of pH 4.00 (+0.02) and pH 7.00 or
pH 7.00and pH 10.00 depending on whether the determinations were to be performed

at low pH or high pH respectively.

4.5 Low pH Dissolution
At low pH the H* is detected amperometrically, by the reduction of H* at the

platinum electrode:

deve wlH 3.2)
2
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with the half-wave potential being at -0.4 V against calomel [ 43].

The experimental arrangement for calcite dissolution at low pH was as shown in
figure 3.2. This is very similar to the arrangement used to determine channel height with
ferricyanide as described above; there is a platinum detector electrode downstream of
the calcite crystal, a silver foil detector electrode, and a counter electrode further
downstream. In this case a monitor electrode is used, to measure current upstream of
the calcite crystal, this should give the behaviour expected for the full bulk concentratibn
bf H* unreacted with calcite. If the monitor electrode did not give the expected
behaviour then the experiments were declared invalid and repeated with a new cell

assembly. Thus the monitor electrode provided an check on the validity of the

measurements.
Metal Plate
| S > r—
/Q o
'  Cover Plate
S | Y - S
]
T 7 TF Cell Unit
Reference Electrode  / Gasket
onitor
Electrode Detector Electrode

Figure 3.2 The experimental arrangement of the channel flow cell at low pH.
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It has been noted before [136-137] that reduction of H* at the platinum electrode
becomes progressively less reversible unless the electrode is periodically ’activated’ by
taking the electrode to positive potential (+1300 mV against Ag/AgCl) for a few
seconds.[67, 139-143] At least some of this effect is due to the ’pseudo-CO,’ reduction
on platinum, which occurs at approximately the same potential as the H* reduction.
This pseudo reduction occurs via a catalysed electrochemical reaction between CO, and
H, adsorbed on the electrode [136-138]. The CO, at the surface comes from dissolved
CO, in solution, which exists in equilibrium with carbonic acid ie.

(3.3)
CO, +H,0 = H,CO,

Therefore in order to minimise these effects, CO, was rigorously excluded as well as
degassed, by lagging the channel itself by a jacket of argon so stopping atmospheric CO,
leaking into the solution whilst in the flowing towards the flow cell. The normal
degassing expels dissolved CO,, and also pushes the equilibrium from towards CO, and
H,0, so gets rid of all this source of CO,. Also the electrode was periodically
’electrochemically cleaned’ of adsorbed H* by the method stated above. In this way
reproducible curves were obtained. The validity of the H* reduction waves could be
checked by comparison with the reduction of potassium ferricyanide in the same cell.
If the H* waves measured are uncontaminated then the Levich equation will be valid.

Hence plotting:

(3.4)

el

h*d

as obtained from the Levich equation (2.53) where c is the concentration of the species

(H* or Fe(CN)," ), w is the electrode width, x, is the electrode length,, V; is the flow
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Fe(CN),* and H*, should superimpose for the two species, so providing another check

on the accuracy of the experimental measurements.

6 Hi H

pH micro electrode

/ \ Ag/AgCl Reference
+ Electrode
. Metal Plate
/ |
-

Crystal

Figure 3.3 The experimental arrangement of the channel flow cell at high pH.

The configuration of the channel flow cell for high pH dissolution of calcite is
as show in figure 3.3. The detector for high pH dissolution is a flat membrane glass pH
electrode (GS-Glass series, Reagecon Electrodes,Shannon, Eire). This sensor was
inserted into a hole 2.5 to 3.0 mm in diameter, which is drilled in the coverplate
immediately downstream of the crystal. The hole is positioned in the centre of the
channel (width-wise), in order to minimise any 'edge effects’ (see Chapter 2). Care was
taken to ensure that the glass electrode lay absolutely flush with the coverplate surface.
The Ag/AgCl reference electrode (Microelectrodes Inc, Londonderry, New Hampshire,
USA MI-401) as necessary for pH detection was inserted into another hole in the

coverplate further downstream. Electrodes were held in place by PTFE tape, and low
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temperature melting and inert wax (Wax-a-Way; Vychem Ltd, Poole, Dorset) which
ensured an airtight seal of the cell. The flow cell was mounted in a thermostatted air
bath held at 25 + 0.5°C (see section 3.2).

The channel cell is constructed as described above. The solutions under
investigation are degassed with Argon. The micro pH and reference electrodes were
connected to a Jenway pH meter as described above, and the mV scale on the pH meter
was used to monitor the pH variation. This scale is used both to calibrate the electrodes
at both the beginning and end of each set of experiments, and to measure the pH
variation with flow rate. Calibration with buffers as described in section (3.43) were
performed at the beginning and end of each set of experiments using standard buffers
as described previously for the combination electrode, noting the mV reading for each

buffer.

3.7 Computing

Computer programs for the Backwards Implicit calculations were written in
FORTRAN 77 and executed on the Oxford University VAX/VMS (DEC 6000/620).

Examples of the programs used are in Appendix 4.

3.8 Chemicals

The source and purity of the chemicals used are summarised in Table 3.1. The
calcite single crystals were semi-optical grade Iceland Spar crystals which originated from
Chihuahua, Mexico. Chemical analysis of this was carried out by Ciba-Geigy and the

results are shown in Table 3.2. Water was purified using an Elgastat UHQ II (Elga Ltd.,



Table 3.1. Source and Purity of Chemicals used.

Chemical

Purity

Supplier

84

Iceland spar (single
crystals)

Calcium Chloride

Colourkey Buffer
Solutions: pH 4.00,
pH 7.00 & pH 10.00

Hydrochloric Acid
Potassium Chloride

Potassium Ferricyanide
Potassium Hydroxide
Phthalic Acid

Homophthalic acid

Polyacrylic acid (PAA)
(MW 2000)

Narlex
(PAA MW 14000)

Antiprex
(PAA MW 5000)

Magnesium Chloride

Barium Chloride

Semi-Optical Grade (see
Table 3.2)

AnalaR
Laboratory Reagent

AnalaR
AnalaR, Aristar
AnalaR

AnalaR
puriss
Laboratory Reagent

Laboratory Reagent
(details in Chapter 4)

Industrial sample
(see Chapter 4)

Industrial sample
(see Chapter 4)

AnalaR

AnalaR

Roger Tayler minerals,
Cobham, Surrey

BDH Ltd., Poole, Dorset
BDH Ltd., Poole, Dorset

BDH Ltd., Poole, Dorset
BDH Ltd., Poole, Dorset
BDH Ltd., Poole, Dorset

East Anglia Chemicals,
Ipswich

Fluka, Switzerland

Aldrich, Gillingham,
Dorset

Aldrich, Gillingham,
Dorset

FMC, Trafford Park,
Manchester

FMC, Trafford Park,
Manchester

BDH Ltd., Poole, Dorset

BDH Ltd., Poole, Dorset

Where the molecular weight of polymers is quoted it is the weight average molecular

weight (MW),



Table 3.2. Chemical analysis of Iceland Spar

l Element Concentration /ppm |

<5

<5
< 10

<5
<10
<50
<20
<35

85
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CHAPTER 4

THE FFFECT OF INHIBITORS ON CALCITE DISSOLUTION AT LOW pH (<4)

4.1 Introduction

This chapter describes the effect of polyacrylic acid and two molecular inhibitors
on the dissolution of calcite at low pH. These latter are phthalic - C;H,(COOH), and
homo-phthalic acids - CH,(COOH)CH,COOH, and their structures are shown in figure
4.8. The potency of these inhibitors is then compared, and contrasted, with that of other
known small molecular inhibitors (maleic, fumaric, and tartaric acids) and that of
polymaleic acid.

Initially the general experimental strategy for studying the dissolution of calcite
at low pH is described. A basic theoretical description of dissolution at low pH is then
presented. Next discussion continues to the specific case of dissolution in the presence
of phthalic or homo-phthalic acids. The inhibition caused by these monomers is then
demonstrated to proceed via Langmuirian adsorption of the dianions of the acids. The
strength of the inhibition is compared with previously studied species [144 and 145]. This
is followed by a rationalisation of the relative inhibitory strengths.

Next the inhibition of calcite dissolution by polyacrylic acid inhibition is examined.
It is seen that simple Langmuirian adsorption cannot be used to explain the results in
this case. The nature of the inhibition is probed by adding background calcium ions,
Ca’*. It is shown that, although added Ca’* has no effect on low pH dissolution of
calcite by itself, in combination with polyacrylic acid in solution, there is an effect which
increases the inhibitory power of the polymer at low concentrations. It is proposed that

this occurs due to a calcium - polyacrylic acid complex forming, and that this complex
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adsorbs on the calcite surface blocking the dissolution. This theory is verified by means
of channel flow cell experiments, and a stoichiometry for the complex is deduced.
Experiments using polyacrylic acid polymers of different molecular weights are
subsequently reported. These had the aim of identifying any chain length effect on
inhibition. Two other divalent cations, Ba’>* and Mg?* were investigated as alternatives
to Ca’*.

Finally conclusions are drawn about the relative power of different polyacrylic
acid polymers as inhibitors. Comparison is then made between polyacrylic acid and
other inhibitors, in order to attempt to achieve some quantitative basis as to which

inhibitors are most effective on a ’per gram’ basis.

4.2 General Experimental Approach for Low pH Dissolution

In order to investigate calcite dissolution at low pH, the channel flow cell is used
as outlined in Chapter 3. Solution is flowed through a rectangular duct under laminar
flow conditions via a gravity feed, and over the surface of a calcite crystal (Iceland Spar)
which is flush with the wall of the channel. Immediately downstream of the crystal is an
electrochemical detector. In this case the latter is an electrode formed from a platinum
foil. Upstream of the calcite crystal is a reference electrode. Adjacent to the crystal, but
upstream of it is a monitor electrode which can be used to monitor the H* concentration
reaching the crystal surface. Downstream of the detector electrode is a counter
electrode. These electrodes (detector or monitor) are connected via a potentiostat
(Appendix 3) with a potential applied across the working and reference electrodes. In

this configuration the H™ concentration can be determined by measuring the limiting
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current for the reduction of H* as described in Chapter 3. The typical values for the
dimensions of the cell for low pH dissolution are outlined in Chapter 3.

As the flow for the channel flow cell is well defined this permits modelling of the
convéction/diffusion process within the cell (Chapter 2). The backwards implicit finite
difference method can be used to compute the solution profiles of H*, Ca’* and other
solution species, and the deviation from these profiles at the dissolving surface. This

allows investigation of the surface processes governing the dissolution of H* at low pH.

4.3 Theory

In this section the general kinetics of calcite dissolution in acidic conditions will
be introduced. This is followed by an account of the computational modelling of low pH
dissolution in the absence of inhibition. Then there is a brief overview of the existing
conclusions from experiments with the channel flow cell for low pH dissolution are

presented.

4.3.1Kinetics
The overall reaction defining the dissolution of calcite in aqueous solution is

described by the following equations.

4.1
K, (4.1)
H'+CaCO, - Ca® +HCO;
4.2)
| k,
CaCO, + H,CO, ~ Ca® +2HCO;
4.3)

CaCO, + H,0 ~ Ca® +HCO; +OH"
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At low pH the reaction with H* totally dominates the reaction with water. Also in the
work presented here CO, is rigorously excluded so that equation (4.2) can be ignored.

In the solution the following homogeneous reactions also occur:

4.4)
KH2C03
H* + HCO, = H,CO,
4.5)
kHZCO:,
H,CO, - H,0 +CO,
These equations it can be rearranged to show that under homogeneous conditions:
. 4.6)
d[HCO;]  4[H'] _ kg, c0,[H " 1[HCO;]
dt dt Ky o, +[H*]1+[HCO;]

From these kinetic equations it is possible to model the dissolution of calcite in the
presence of mineral acid. In order to do this it is necessary to utilize the Backwards
Implicit finite difference method as introduced in chapter 2 if the relevant matrix
elements are derived for this case. Once the numerical modelling has been done it is
possible to differentiate between different explanations of the surface processes
governing the dissolution of calcite at low pH. For example in this work attention will
be paid to whether the dissolution is kinetically or transport controlled. In the former
case all H* which reaches the electrode reacts immediately, hence it can be modelled
in terms of a sufficiently large k, in equation (4.1), so that the concentration of H* ions

at the calcite surface is effectively zero.
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4.3.2 Derivation of the Matrix Elements

In deriving the matrix elements it is assumed that the surface kinetics are
dominated by equation (4.1) [27,52,53,56-57]. So to describe the dissolution of calcite
at low pH the following equation can be derived [53]:

@.7

o[H "] d[HCO,]
oy

where k, is the heterogeneous rate constant for the dissolution of calcite with H,

Rate = D,,. = k[H']n, = -D

HCO,

The steady state convective-diffusion equation describing the distribution of the
species R in the channel flow cell in the absence of any homogeneous kinetics is
4.8)
AR] _n_p IRl __ 9IR]
Ta PR e
where Dy is the diffusion coefficient of species R, x and y are the coordinates in the

channel flow cell (as defined in Chapter 2 2.6),and v, is the solution in the x-direction.

This last term is given by

4.9)
v, = v (1-(h-y)¥h?) |

where v, is the solution velocity in the centre of the channel and 4 is the channel half-
height.
If we take into account the homogeneous kinetics as described in section (4.2.1)

above the convective diffusion equation for H* becomes:
(4.10)
0 =Dy

PIH?]_ o[H'] oo [HIIHCO; ]
oy> S KH1003+[H+]+[HCO3—]
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and for HCO;:

4.11)
*[HCO; ] _, 8IHCO;] ky co, [H+1[HCO; ]

0 X
ay* 9% Ky co, *[H+]+[HCO;]

= Puco,

In order to derive the matrix elements from these equations the boundary
conditions first have to be defined.
4.3.2.1Boundary Conditions

The boundary conditions are as follows:
(i) Upstream of the Crystal

The concentration of all species are equal to that present in the bulk solution
entering the flow cell:

4.12)
x=0, 0<y<2h, [H']=[H'], & [HCO;]=[HCO;], =0

(11) Zone of the Crystal

At the surface of the crystal the flux is given by the rate law for dissolution of

calcite.
(4.13)
0<xsx,y=0, D 2B _grmy
A[HCO; ] .
& Dyoo;——7== = “hH ],
where x_ is x coordinate at the end of the crystal.
(iii) At the Far Wall
Additionally at the channel wall opposite the crystal, there is no flux so:
4.14)

o[H'] _, o OIHCOs]
oy . oy

=0

0<x=x<x,, y=2h,
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where x_, is the x coordinate at the end of the detector electrode.

c+e

(iv) Downstream of the Crystal

The detector is assumed to start immediately downstream of the crystal, and at
the surface of the electrode the concentration of H* is zero if the electrode is held at a
potential corresponding to the transport limited reduction of H* on platinum

(4.15)
X, <x<x.,, y=0, [H'] =0

On the far wall there is again a no flux situation so the boundary condition is as defined
in section (ii) above. Additionally for HCO; at the electrode surface a no flux condition
applies so:

(4.16)
d[HCO, ]
X, <xsX.,, y=0, ———— =
Oy

4.3.2.2Matrix Elements for the low pH Dissolution of Calcite in the Absence of Inhibitor.
From the above equations the matrix elements for the dissolution of calcite at low
pH can be derived.

Let g be the normalized concentration of H,

@.17)
H+
gH = [ +]
[H ]y
where [H*],.u is the initial bulk concentration of H*. Similarly for HCO;:
(4.18)
P - [HCO, ]
[H Jpun

where B=[HCO;].



93

(i) The Matrix Elements in Solution

Now applying the equation (4.10) above to equation (2.73), the following general

equation describing the H* concentration in the centre of the channel can be formed:

H H H H H H _H
8k = A& 1k * CA; +1)g 4 - A8 ket

) A ky. co, (A 838 j=23..J2 (4.19)

KHzcoa

[H" Ty

H B
t8ikt8ik

where the subscripts j,k refer to the position in the finite difference grid as shown
previously in figure 2.10. This can be written as an equation of the form:

H H H H _H H _H (4.20)
d;" = G; 8141 * b 8k *Cj jarka

where

! . u s j=2,3,...12 (4.21)
H A'j 151.11003 (Ay) gj,kgj,k

H
;" = 8k~ X
S B
H]
j=2,3,...1-2 (4.22)
H H
aj _A.aj
Jj=2,3,...1-2 (4.23)
H _ H
bj =21; +1
H H j=2,3,...1-2 (4.24)
c; = -A
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Similarly matrix elements can be derived for HCO;:

] H B j=2,3,...12 (4.25)
s Ko, (BY) 88k

d? =
-1 X
s gl gl
[H+] ) ok
B _ ;B j=2,3,...1:2 (4.26)
j=2,3,...1-2 (4.27)
ij = 2),11-'l +1
j=2,3,...J-2 (4.28)
¢ = -A;

where B represents HCOj'.

(ii) Matrix Elements at the Crystal Surface

For the surface of the crystal the flux of H* and HCO; species, as shown in the

boundary conditions above, are governed by the interfacial kinetics. The surface

boundary condition for H* can be written as in terms of g as:

) (gH 5 (4.29)
DH.a[;] - D, 1,k+1Afo,k+1 ) kl&ilk
Which can be rearranged to give:
(4.30)
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At the crystal surface equation (4.19) becomes:

(4.31)
Ay)’clggfk,‘l

H H H_H
J * (2)*1 * 1)81,1:*1 = A1 82k
H

H H
81k = —A'lgl,k+l(1+

(AN ko 81581

K, (80)
DH’ Hj > +31},Ik+gl}?k
[H'],u

Again this can be written in the form of equation (4.20) where ¢, and d, are as for the

centre of the channel but:

j=1 (4.32)
a,H =0

Ay Ay K gog.,

),Il{+1+

H
b,
H

HCOj; again has similar matrix elements, which are derived here, but in this case the flux

equation 1is:
5 8 (4.33)
o[HCO;] _ (81,k+1 ~80,k+1) - _k.oH
HCO; ™ 5y = Phuco; Ay 180,k
which can be rearranged to give:
y (4.34)
B B Ay klg:,lk
8ok1 = 81k 1’—5_

HCO;
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At the crystal surface equation (4.19) becomes:

(4.35)
Ayk 8o,

B B B _B
D + (211 + 1)81,k+1 = A 82k
B

B B
81k = “11851“1(1 =

(AYPA; Ky oo, 815 8Lk

K
DHoo; Hfooa *81},11:*83
[H "L

Again ¢; and d; have the same form as for the centre of the channel but:

B j=1 (4.36)
a =0

A? Ay klggfk

Dyco;

b = A2 +1-

(iil) Matrix Elements for the Far Wall of the Channel.
At the far wall to the reactive surface (electrode or calcite crystal) the flux of any
species is zero. This modifies some of the matrix elements. The expressions for the

terms a, and d, are not altered from the terms for the centre of the channel given above,

but the terms b, and C, are modified to:

4.37)
bf = A? +1

R
C; =

where R represents either H or B. |
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(iv) Matrix Elements over the Detector Electrode Surface.

For the species HCO;™ a no flux condition exists at the electrode since HCO;™ is
electroinactive. The matrix elements are identical to those at the crystal surface except
for bB:

(4.38)
b = Ay +1

However H* is consumed at the electrode. This means that in this case whilst the

expressions for a;", ¢," and d," are the same as at the crystal surface, b,

H (4.39)
bl = 2Al +1

4.3.3 Conclusions on the Dissolution of Calcite at Low pH.

Utilizing the BI method it is possible to predict the detector response under
different flow and pH conditions for a value of k,. It is possible to investigate if
experimental behaviour is transport or kinetically controlled, as if k, is large _the
interfacial processes will appear to be transport controlled. Therefore it is necessary to
compare the behaviour expected with a large value of k; with that observed
experimentally. If this does not fit well there must be partial or full control of the
kinetics by the interfacial reaction of H* and CaCOs. The two possible rate determining
steps can be distinguished by measuring and modelling experimental data for the flow
cell over a wide range of flow rates, [53]. In addition if the behaviour is not transport

controlled then the line predicted by the BI method which best fits the experimental data

will give a numerical value for k;.
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Figure 4.1: Transport limited current-flow rate behaviour for the reduction of H* at the
monitor electrode [1; H* at the detector electrode +,; Fe(CN);" at the detector electrode a
9, for [H*] a) 1 X 10° mol cm?® (b)5 x 107 mol cm” and (c)2.5 X 107 mol cm”. The
dorted lines show the predicted behaviour for H* reduction at the detector electrode if the
reaction between calcite and H* was transport controlled. [53]

In this way Compton and Unwin [53] were able to show that the surface reaction is
kinetically controlled. They derived an overall interfacial equation for the dissolution

of calcite:

‘ (4.40)
Rate/molcm 2 s = 0.043/ecms™' [H*]__.

Thus the channel flow cell has revealed the surface kinetics of calcite dissolution for the
first time. The heterogeneous rate constant which appears in equation (4.40) can be
used in our further investigation of calcite dissolution, so enabling us to quantify the

effect of inhibitors.
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4.4 Molecular Inhibitors

4.4.1 Introduction

The effect of a wide variety of inhibitors on calcite dissolution and precipitation
have previously been studied, by a wide range of methods [i.e. 18, 25, 46, 56, 76-79, 91,
92]. The results of some of these investigations made prior to the channel flow cell
development are outlined in Appendix 1. The understanding of the action of inhibitors
is of great importance, both industrially in the design of new commercial scale inhibitors,
and in the understanding of calcite dissolution in natural systems.

As discussed briefly in Chapter 1 (1.6) the channel flow cell methodology was
used by Compton and Unwin [53,144,145]offers a great advantage to previous methods.
It enables accurate knowledge of the flow of both reactants to the surface and of
products any to the detector electrode. Further it allows reproducible surface
preparation, and precise chemistatic control of reactants. Most importantly, the detector
is measuring near surface concentrations and so can recognise the small concentration
effects predicted for differing possible kinetic mechanisms.

The channel flow cell method was used by Compton and Unwin [144,145]to study
a variety of small molecular dissolution at low pH. It is thought the inhibitors may
adsorb to the sites from which dissolution takes place so slowing or even stopping
dissolution.

The experiments by Compton and Unwin [144,145]also investigated whether it was the
acid itself or its mono-anion, or dianion which caused inhibition. For example maleic

acid can be considered to be in equilibrium with its mono- and di-anion, and give an
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equation such:

(4.41)
H,Mal « HMal~ +H* « Mal?" +2H"

COH ?OzH (l:OZH
CH=—=CH CH=éH H--('Z—OH HO-?-’H
CO.H éQH Co.H H—-?—OH HO—-(l'I—H
COH CO,H
maleic fumaric meso- d-
acid acid tartaric acid tartaric acid

Figure 4.2: The molecular structures of maleic acid, meso tartaric acid, d-tartaric acid, and
Sfumaric acid. (I-tartaric acid being the optical isomer of d-tartaric acid.)

They showed from experiments in which the pH was controlled thus fixing the extent to
which the reactions proceeded to the left, that it is the di-anion Mal* only which adsorbs
on the CaCO; surface [144].

By use of the Backwards Implicit finite difference method the dissolution reactions
were modelled, and an effective rate constant was obtained. This rate constant k,’ was

linked to the rate constant k, for the reaction in when there is no inhibition:

(4.42)
ki =k (1-6)
when 0 is the surface coverage of Mal*.
Assuming that adsorption is Langmuirian, then for the example of Mal*:
(4.43)

K,[Mal?]
1+K,[Mal®"]

By
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From these two relationships it is possible to relate k,’ to the concentration of Mal>:

(4.44)

Then plotting 1/k; against [Mal2-] enables the verification of the validity of the
assumption that adsorption is Langmuirian. If valid the line will be linear with an
intercept of 1/k;,. Also the slope will yield K;, thus enabling comparison of the
effectiveness of different inhibitors.

The conclusions drawn from this previous work on molecular inhibitors of calcite
[144,145] gives an inhibition order:

maleic acid > >meso-tartaric acid > >d- and [- tartaric acids > > fumaric acid.

Figure 4.3: A schematic representation of the shape of the etch pits (obtained by exposing the
calcite crystal (100) surface to a 1 x 10°° mol dm™ solution of HCl) relative to the geometry

of this crystal plane.
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(100}

\ 1)
10

H*/HMal no flow

H*/HMal  with convection

H* with convection or
no flow

Figure 4.4: Comparison of the calcite etch pit as formed in the presence of mineral acid,
with those formed with HMal under differing flow conditions.

As calcite dissolves pits are formed on the surface, these have a characteristic

shape, which varies in the presence on an inhibitor [53,145]. In attempting to understand

the above relative inhibition order attention was paid to the etch pit shape and size, in

(100]

\ {110]
(010}

7908 101°55°
% 99k

;} Ca?* or CO*

Figure 4.5: The two different kink sites which can be formed in the calcite (100) plane @
and O denote Ca** or CO;* respectively.
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particular in relation to the crystal structure as shown in figure 4.3.. If examination is
made between the etch pit when etched with maleic acid as compared to a mineral acid
(figure 4.4),then it can be inferred that maleic acid seems to inhibit preferentially at the
4.04 A Ca’* - Ca’* corner. This can be interpreted as the maleic acid di-anion
preferentially adsorbing at this corner as compared to the other Ca’*-Ca’* comner.

The inter-carboxylic distance on the Mal*, ion as determined crystallographically
from the disodium salt, when compared to this inter-Ca distance reveals an exact match
(see figure 4.5). Therefore it is possible to envisage the Mal> anion acting as a
’molecular clamp’ between the Ca’* ions in a kink site with a 4.04 A Ca?*-Ca’* distance,
and thus stopping dissolution in this direction.

The above interpretation explains the modification in the pit shape caused when
etching with maleic acid. As dissolution in one pair of opposite corners is largely
stopped whilst dissolution in the other corners may proceed freely, thus leading to the
lens shaped etch pits observed. However for fumaric acid the inter-carboxylic distance
is much greater and there is no ability for this molecule to deform so as to be ablé to
clamp across either type of kink site. Examination of the etch pits formed with fumaric
acid shows little obvious alteration in etch pit shape from that obtained by etching with
HCI [53,144].

The intermediate behaviour of the tartaric acids can also be rationalised. All the
tartaric acids are capable of rotation about the carbon-carbon bond and so can present
different CO, - CO, distances to the surface. However as can be seen in figure 4.6

below, the preferred lowest energy conformation of meso tartaric is gauche rather than
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(—C
O\C/ \C/O
[ ] \0 O/ b

13

—————

Figure 4.6 The size of the Mal* anion and the two calcium-calcium separations as represented
by @ for the 4.04 A separation and O for the 4.99 A separation.

anti which is the preferred conformation for both d- and /- tartaric acids. The gauche
conformation brings the carboxylic groups much closer, so that the low energy conformer
of the molecule is closest in structure to the requirements of clamping across the 4.04
A Ca’* - Ca’* distance. This may explain the greater inhibitory power of the meso-

tartaric acid dianion.

coz co3
H OH ~0,C OH
H OH H OH
(ofo} H
®) (b)

Figure 4.7: The most stable conformations of (a) I-tartaric acid and (b) meso tartaric acid.
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In the present study two further small molecular inhibitors, phthalic and homo-
phthalic acids are investigated. This enables further verification of this conclusion with
respect to the importance of inter-carboxylic distance and the Ca** - Ca** distance in the
etch pit. Phthalic acid is of additional interest as it has a bulky benzene ring. This ring
holds the inter-carboxylic acid distance at 3.74 A which is close to the short Ca’* - Ca?*
distance noted above. Moreover the ring could sterically hinder clamping at this site.
Homo-phthalic acid whilst still having a large benzene ring in contrast does have some
freedom to alter its inter-carboxylic distance due to the short side chain between the
second acid group and the benzene ring. Also its inter-carboxylic acid distance, as
measured crystallographically in the disodium salt, is much closer to that of the Ca’* -
Ca’* separation at the second site (at 4.99A). Hence it is possible that either or both

of these molecules could clamp across the longer inter Ca’* distance.

CoH CO,H

COH

CO,H

homo-phthalic
acid

phthalic
acid

Figure 4.8: The structures of phthalic and homo-phthalic acids.
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4.4.2 Experimental Details of the Dissolution of Calcite in the Presence of Phthalic and

Homo-phthalic acids.

In this section the precise conditions used for the channel flow cell in the study
of calcite inhibition by phthalic and homo-phthalic acids will be described. Also reported
are some preliminary experiments which were performed in order to characterise the
speciation, diffusion coefficients and electrochemical behaviour of the molecules.

The experimental design of the channel flow cell used was outlined in section 4.2.
Experiments were carried out on solutions of 0.5 mol dm® KCI, with a concentration of
phthalic acid between 2.2 X 10® mol dm® and 1.5 X 102 mol dm™, or alternatively

homo-phthalic acid between 5.7 X 10* mol dm™ and 1.1 X 102 mol dm>.

4.4.2.1Preliminary Rotating Disc Experiments

As a preliminary to using amperometric H* detection in the channel flow cell it
is necessary to confirm that all the H* does react at the electrode surface. That is that
both ’free’ protons in solution and those still bound to undissociated acid, are measured
by amperometric detection. This was investigated by measuring the limiting currents for
each acid using the rotating disc method. If the dissociation kinetics at the electrode
surface are sufficiently fast that all the H™ is reduced, then a linear Levich plot (see
Chapter 2, section 2.7) will be observed.
The limiting current is proportional to the solution concentration of the acid and the
singly dissociated anion:

(4.45)
I = D’[H'] + D ([HA ] +2[H,A])
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where it is assumed that the diffusion coefficients for both H,A and HA" are the same

and equal D.
Or in terms of the total acid concentration,

(4.46)
Ipe = D[H ] 0Dy, ( [HA),,

where n is a measure of the mean number of protons still attached to the acid.

In order to investigate if the basic hypothesis that all the H*, both that which is
'free’ and that which is still bound to the acid, react equally at the electrode it is only
necessary to see if the limiting current of that component due to the ’free’ H* subtracted
still behaves linearity in a Levich plot. The observed behaviour for typical experiments
with phthalic and homo-phthalic acids is shown in figures 4.9and 4.10 respectively. The
result is a satisfactory Levich plot although there is a larger error arising from the pH
reading used to find the ’free’ H* concentration. The calculation of the actual value of

Dy,a will be calculated later in section 4.4.2.3.

(a)

$00)
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Figure 4.9: A Levich plot of I, against ()" for phthalic acid of concentration 6.3 x 10*
mol dm* and pH 3.55, (speciation calculated from pH as described in section 4.4.2.2 is
[PhthH,]= 1.25 X 10%, [PhthH ]=5.07 X 107, and [Phth*]=7.02 X 10° mol dm”) (a) The
total 1,,,. (b) I,p, With the contribution due to free’ H" subtracted.
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The titrations used solutions with background electrolyte concentrations of 0.5mol
dm™ KCl. The solutions were stirred whilst being titrated with a solution of KOH. The
concentration of the KOH was 2.8 X 10 mol dm™ and 1.48 X 10? mol dm™ for phthalic
and homo-phthalic acid respectively (as determined by titration with HCI). All titrations
were performed with the reaction vessel held at 25°C by a water bath, and with the
solution degassed with Argon. The change in pH was followed by the use of a
combination pH electrode and a Jenway pH meter as described in Chapter 3. A typical
titration for phthalic acid is shown in figure 4.11,and a typical titration for homo-phthalic
acid is later shown in figure 4.12.

From this potentiometric titration curve for phthalic acid (4.11), only one end
point can be seen. This has two possible explanations, either both end points and K,’s
are so close as to be indistinguishable here, or one end point has either already occurred
at the pH at the start of the titration or one occurs at a higher pH than limit of this

titration. By calculating the amount of OH" used at the end of the titration it is possible

pH

11.0 =

.0 1
’ 0.0 KOH moles 3.5 x 10

Figure 4.11: A potentiometric titration of 9.6 X 10% mol dm” phthalic acid with 2.8 x 10°
mol dm” KOH.
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to calculate if all the acid groups are neutralized at the end of the titrations, and this 1s
indeed the case, so both end points have occurred by the end of the titration. In order
to decide if the K,’s are close« one has occurred before the start of the titration it is
useful to look at any literature values of the K,’s. For phthalic acid the literature values
of the K,’sat 25°C are: 1.123 x 10? and 3.906 x 10 [146], which indicates that one acid
group has already dissociated at the start of the titration.

These literature values are stated to have been ’determined at high ionic strength’
[146]. These values are in agreement with the potentiometric titrations which were
carried out (for example figure 4.11), despite the uncertainty about the precise ionic
conditions used in the literature determination. Using these two values for the K,’s
would predict that only one end point would be seen in the pH range of the titrations
at precisely the point observed. Hence these values are used in the experiments

described later .

11.0 -

-
3.0 0.0 KOH moles 4.0 x 10

Figure 4.12: A potentiometric titration of 0.55 X 10 3 mol dm” homo-phthalic acid with 1.48
X 107 mol dm” KOH.
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Again in figure 4.12, for the potentiometric titration of homo-phthalic acid, only
one end point is seen, and it has been determined that all the acid groups are
neutralized by the end of the titration. For homo-phthalic acid the literature values are
K;= 1.5 X 10® and K,=8.9 X 107 [147]. This indicates that in this case the single en<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>