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ABSTRACT 

A technique has been devised for fabricating single 
crystal rotating discs, and use has been made of the 
reproducible, well-defined hydrodynamics to separate the 
transport controlled reactions from those which are chemically 
controlled, in the dissolution of calcium carbonate. The 
dissolution has been studied over a range of pH2~nd pC0 2 values and in gene~al the flux of dissolving Ca is 
given by; J = k, H + k3 H2CO) + k2' where kl and k) 9 
are tr~~s2~rt controlled rate Constants and k/ = 2.1 ~ 10-
mo*.cm s . In the case of a weak acid which dissociates 

H is replaced by weak acid', and kl is changed 
accordingly. 

However, the above value of k only holds for pre
reacted surfaces. It has been sh6wn that, for a flawless 
surface, either freshly cleaved or polished, k~ is reduced 
by a factor of 10. This, it has been shown, Is due to 
the lack of active sites, at which dissolution can occur. 
Further work on powders, both dissolution and precipitation, 
have confirmed this value of k2 for flawless surfaces. 

To overcome the intrinsic disadvantages of using the 
rotating disc, i.e., poor transient times and the difficulty 
in studying the action of inhibitors, the use of a channel 
electrode has been proposed. The theory for this system 
has been derived, and has been shown to be in good agreement 
with experiment. 

• 
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CHAPTER 1 
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INTRODUCTION 

Calcium carbonate is an important naturally occurring 

compound which, chiefly in its most stable form, calcite, 

makes up nearly 7% of the earth's crust, as limestone, 

marble, chalk and as the crystalline mineral calcite. 

Environmentally, it plays an important role in maintaining 

the balance of pH in rivers, lakes and oceans, through 

the carbon dioxide bicarbonate equilibria. Calcium carbonate 

enters the system by dissolution and leaves it via 

precipitation and both of these processes have been 

extensively studied giving rise to a number of kinetic 

models. 

1.1 DISSOLUTION OF CALCIUM CARBONATE 

The dissolution of calcium carbonate, in its various 

natural forms is of considerable interest geologically and 

extensive research has been carried out to investigate 

the mechanism and kinetics of the reaction. Researchers 

have used various techniques to measure the rate and it 

has been shown that the rate of dissolution in aqueous 

media is controlled by a mixture of transport and surface 

controlled steps. The particular rate determining step 

depends upon the experimental conditions, especially pH 

and pC02 flowing through the reaction mixture. It has 

further been shown that the different forms of calcium 

carbonate, i.e., marble, limestone, Iceland Spar, dolomite 

and olivine show different rates of reaction ,1 and this 

has been explained in terms of differing surface reactivity. 
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Miller
2 

measured the solubility of various forms of 

calcium carbonate, (Iceland Spar, from Chihuahua, Mexico, 

Limestone from Solenhofen, Germany, and Venus Mercenaria 

shells), as a function of temperature and pC02 . He 

ground all three forms into pellets approximately 1 mm x 

30 mm x 12 mm, washed the surface with dilute HCl and 

carefully weighed each sample! The samples were then 

placed in a glass container and sufficient water, either 

distilled, 0.5M NaCl, or sea water was added to cover 

the pellet. This container was then placed in a "bomb", 

the required temperature and pC0 2 set, and the system was 

allowed to come to thermal equilibrium, (typically 6 - 8 

hours) . The solubility was found by reweighing the pellets, 

to find the weight loss (g), and dividing this by the 

volume of water (1). He found that the solubility of the 

Iceland Spar was less than that of the limestone, which 

was less than that of the Venus Mercenaria shells. He 

further found that the solubility of all three samples 

decreased with temperature, but increased with pC02 . 

He compared his results with those of earlier workers,3-7 

who had studied the solubility under similar conditions, 

and found that although his values were somewhat lower 

than the values reported, the shape of the plots of 

solubility versus pC0 2 was similar. This he attributed 

to the difference in the calcium carbonate samples used 

and the difference in particle size, as smaller particles 

dissolve more rapidly and have a greater SOlubility.8,9 
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Miller then proceeded to calculate the equilibrium constant 

for the reaction: 

at various pC02 , and found good agreement between his 

results and those in the literature. At pC02=0.1 bar 

he calculated the solubility to be 0.37g 1-1 (c.f. 

1.1 

-1 7 0.39 g as found by Frear and Johnston ), and at pC02 = 
-4 -1 3.5 x 10 bar his valueof 0.044g 1 compared well with that 

of 0.046g 1-1 as found by Kendall. lO 

The actual kinetics of the reaction was studied in 

1933 by King and Liull who used a rotating marble cylinder 

to study the dissolution of hydrochloric acid (from pH 

2.0 - pH 2.72) at various rotation speeds, between 15 -

As this work was carried out before the Levich 

th f . d· 12 . t . eory 0 the rotatlng lSC the experlmen conslsted of 

weighing the marble cylinder, rotating it in the acid 

solution for four minutes and the reweighing the cylinder 

to find the dissolution rate! 

They found that the rate of dissolution increased 

with fH+), temperature, and rotation speed. They also 

investigated the effects of viscosity on the reaction 

rate. To do this they dissolved inert salts and cane 

sugar into the acid, and found that the rate was inversely 

proportional to the viscosity of the solution. These 

results led them to propose that the rate of reaction was 

transport controlled, and that the chemical step was the 

+ attack of H on the marble surface: 
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+ 
2H + caC0

3 
+ 1.2 

This experiment suffered from the drawback that the 

area of marble exposed changed as the reaction proceeded, 

and to overcome this Tominaga et al.,13 used a marble 

rotating disc, in which the walls of the marble cylinder 

were coated in a non-reacting glue. Thus, the area 

could be considered to be constant. They rotated this 

disc at 485 rpm in various concentrations of HCl (pH = 

0.41 0.88) and followed the reaction by measuring the 

volume of CO 2 released. They believed that the 

reaction was transport controlled. 

The transport controlled nature of the reaction was 

1 K 14 15 . a so shown by aye and by Weyl . Kaye studled the 

dissolution of limestone and calcite crystals in dilute 

(10%) HC1. He allowed the acid to flow down the 

limestone blocks, and measured the depth dissolved. He 

varied the flow by increasing the angle of the block and 

found that by increasing the velocity of the acid, he 

increased the dissolution rate. 

Weyl used a high powered jet of H20, saturated with 

CO2 (pH~ 3.9), to study the dissolution of Iceland 

Spar. The velocity was varied from 1.8 - 3.7 m.s- l by 

adjusting the hydrostatic head of the reservoir. He 

directed the jet onto the crystals and measured the rate 

by the depth of solid dissolved. He showed that the 

rate was proportional to the jet velocity, for the values 

used, and he claimed that the rate of reaction was controlled 

by the diffusion of products away from the surface. 
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Erga and Terjesen16 studied the dissolution of 

crushed limestone divided into particle sizes from 295 -

422 ~m, which corresponds to a surface area of 

2 -1 
~125 cm g ,assuming that all the particles are perfect 

rhombs. The experiments were carried out in a stainless 

steel vessel of 10 1 capacity, thermostated at 25 ~ 

o 0.2 C. The vessel was filled with distilled water and 

carbon dioxide at 0.95 atm., was passed through the water, 

which was constantly stirred using baffles, until the 

system had reached equilibrium, as indicated by a steady 

conductivity value. 100g Of the limestone was weighed 

out and this was placed in the reaction vessel, and the 

reaction was allowed to proceed towards equilibrium. 

-5 -3 2+ They found that the presence of 10 mol dm Cu 

(present as an impurity in the distilled water) caused the 

system to approach a new equilibrium, approximately 20 -

30% below the true one. They claimed that the presence 

of small amounts of copper in the reaction solution 

accounted for the difficulties Frear and Johnston7 and 

Shetermina and Frolova17 had experienced in allowing their 

systems to reach equilibrium. 

Erga and Terjesen then investigated whether the 

copper was adsorbed onto the calcite surface, or whether 

it remained in solution by:- (1) stopping the reaction, 

decanting the reaction solution, and then adding new 

crushed limestone and rerunning the reaction; and (2) 

decanting the solution and adding the particles to a copper 

free solution and re-running. In the first case the 
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reaction proceeded towards the new equilibrium, while 

in the second the expected equilibrium was approached. 

Thus, the Copper (II) ions remain in the solution. 

To overcome these inhibitory effects, and to make 

sure that all their results could be directely compared 

with one another, the solution was pretreated with 

E.D.T.A. (ethyl-diamine-tetroacetic acid). This 

solution was then used to investigate the reaction with 

various values of pC02 flowing through the system. 

They found a linear relationship between the reaction rate 

and the concentration of Ca(HC0
3

)2 and. used the intercepts 

of their plots to find the equilibrium concentration of 

CaCHC03 )2 at various pC0 2 values, finding that the values 

of Miller2 (who used a coarser material) was 4% lower, 

while those of Frear and Johnston7 (who used a finer powder) 

were 6.2 - 9.8% higher. 

The gradients of the graphs of rate versus [caCHC0
3

)21 
were plotted as function of equilibrium concentration of 

Ca(HC0
3

)2 and a linear relationship was shown. From 

this they derived the following relationship: 

C = 

C* = 

dc 
dt = k C* (C* - C) 

concentration of caCHC0
3

)2 

equilibrium concentration of Ca(HC0
3

)2 

1.3 

Thus, the rate of reaction is proportional to the degree 

of undersaturation in the system. 
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Further experiments showed that the dissolution rate 

was proportional to area, but independant of the velocity 

of the CO 2 , From this they concluded: 

1. The rate was independant of CO 2 transfer between 

the gas phase into the liquid, and 

2. The diss6lution was independant of any chemical 

reaction occurring in the bulk of the solution. 

Therefore, the reaction at the pH studied was assumed 

to occur at the calcite surface, or in the layer adjacent 

to it. This was verified by varying the stirring rate 

and finding the change in dissolution rate. It has 

been shown by Bircumshaw and Riddiford18 that heterogeneous 

processes controlled by diffusion should show a stirring 

coefficient of 0.5 - 1.0, while Erga and Terjesen measured 

a value of 0.22, indicative of a surface controlled 

reaction. 

Terjesen et al.,19 investigated the inhibitory effects 

2+ 2+ Z 2+ . 1 h' . of Pb , Cd and n respectlve y, on t e dlssolutlon 

rate of calcite, and Nestaas and Terjesen20 ,2l studied 

the effects of Sc 3+ on the dissolution of CaF2 . From 

this they derived the following empirical rate equation, 

describing the dissolution of calcite in the presence of 

inhibitors: 

rate = CC*real ) 
C* app 

1.4 
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C* real = real equilibrium concentration of Ca(HC0
3

)2 

C* app = apparent equilibrium concentration of 

They explained the inhibition by the impurity absorbing 

2-onto the calcite surface with equivalent amounts of C0
3 

• 

So the role of the inhibitor in reducing the dissolution, 

is to promote the reverse reaction, i.e., the formation 

of solid carbonate on the lattice surface. 

N t d T · 22 d d es aas an erJesen then procee e to study the 

inhibitory effects of Sc 3+ on the dissolution rate of 

calcite, measuring the surface concentration of Sc 3+ by 

. 46 S d . t . . t Th f d uSlng c, a ra loac lve 150 ope. ey oun 

agreement with Gorlich et al.,23,24 that the adsorption 

was pH dependant and that only a small area of the 

1 . t f d (. 1 4 x 10-10 1 ca Cl e sur ace was covere l.e. , . mo es 

3+ 2 ) Sc per cm, 1% of the available area in good 

agreement with the work of Ives 25 who studied the 

dissolution of LiF crystals in the presence of Fe 3+. 

They found that the inhibition observed was proportional 

to the number of Sc3+ ions per cm2 . These results 

give rise to the following empirical rate equation: 

* rate = k(Creal - C) - k' Cinh 

C. h = surface concentration of Sc 3+ ln 

1.5 
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These results, based on the measurement of absorbed 

inhibitors led them to reject their earlier theory of 

the inhibitor being absorbed onto the lattice surface. 

They postulated that the reaction was governed by the 

simultaneous hydration of Ca 2 + and c0
3

2
- ions by water 

molecules present in the absorption layer. This layer 

also contains Ca 2+ and inhibitor ions present in their 

hydrated forms. When the concentration of these ions 

increases then the quantity of free water available 

for the hydration of lattice ions falls, as does the 

rate of dissolution. This theory was also rejected 

as it could not explain how compounds could inhibit both 

dissolution and precipitation, as well as being unable 

to explain the promotion of rate noted by Nestaas and 

T
. 20 

erJesen. 

They therefore proposed a theory based on active 

sites or "kinks" to explain the observed inhibition 

(in agreement with Ives 25 ). This suggested that dissolution 

occurs from active sites or "kinks" on the lattice surface, 

and that inhibitors block these sites by absorption. 

The rate of dissolution is, therefore, equal to the 

product of the number of kinks and the rate of movement 

of individual kinks. Thus, equation 1.5 can be 

rewritten: 

rate = k( C - C 2+ - Cinh ) 
o Ca 

1.6 
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11 

surface concentration of kinks 

surface concentration of kinks blocked by 

2+ 
hydrated Ca ions. 

surface concentration of kinks covered by 

inhibitor 

Morse 26 (in 1974) developed a new technique for the 

study of dissolution (and precipitation) under conditions 

of steady state disequilibrium - the "pH-stat". He 

developed it for the study of CaC0
3 

dissolution. 

Previous work had used the 'free drift' method in which 

CaC0 3 was added to the system, which was allowed to 

react towards equilibrium, the rate slowing down as the 

equilibrium state v~as approached. In the 'pH-stat' 

method the pH of the solution is kept constant by the 

automatic addition of acid or base, as soon as a pH 

electrode detects any change in the solution. (Figure 1.1 

shows a schematic representation of the "pH-stat". The 

chart recorder shown has subsequently been replaced by a 

micro computer.) 

In the 'free drift' method when the reacti9n was 

followed by measuring the change in pH,27- 29 the measured 

rate was dependant on calculating the H+ consumption 

from the change in the slope of the pH vs. time plot. 

However, the pH change was not simply due to H+ consumption, 



pH electrode 

Calomel 
electrode 1 

FIGURE 1.1 The pH stat 

12 
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2+ the C03 released effected the pH, and allowances had to 

be made for this via a consideration of the chemical 

equilibria set up in the system. With the 'pH-stat' 

the total alkalinity remains constant and the rate of 

addition of H+ is a direct measure of the dissolution 

rate. Morse claimed that by keeping the system under 

constant conditions, it would be possible to obtain very 

accurate reaction rates and to study the effects of 

absorption, and of inhibitors under conditions of 

constant saturation. 

Morse et al., used the apparatus shown in Figure 1.2, 

in conjunction with the 'pH-stat' to study the dissolution 

of calcite, comparing the determined rates with those 

found in the oceans, and published a series of papers. 30- 34 

Their first experiments 32 consisted of trying to 

create oceanic conditions in the laboratory. They used 

constant stirring speed and constant pC02, thermostated 

the reaction vessel at 25 0 C and added 255 mg of calcite, 

consisting of rhombs ranging in size from 1 to 20 ~m, to 

300 ml of sea water. The measured dissolution rates were 

found to be higher than those found in the ocean, even 

when allowances were made for the difference in particle 

size and temperature (the ocean being typically 2oC). 

They assumed that this was due to differences between the 

surface of the calcite particles and those in the 

oceans:- probably due to absorption of naturally occurring 

organic compounds (e.g., humic acids) found in the oceans. 
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They attempted to explain the measured dissolution 

rate in terms of the diffusion controlled model of Pond 

~t al.,35 and of Berner. 36 However, like Peterson37 

andBerger38 they found that the measured rate was an 

order of magnitude less than the calculated value. 

This led them to propose (like Peterson37 ) that the rate 

of dissolution of calcite was controlled by the rate of 

detachment of ions from the lattice surface. Thus, the 

velocity and turbulance of the reaction solution did not 

affect the rate determining step. 

The next area investigated33 was the effect of pH 

-4 5 (3.9 - 7.5) and pC02 (1 - 10 . atm.) on the dissolution 

rate. For this work they used synthetic calcite, 

formed from the crystalisation of sodium free aragonite, 

using the method of Katz. 39 This calcite was not sorted 

into size, instead the random distribution of 

particle size was measured and a computer programme was 

used to find the exposed reaction area. The reaction 

solution was 'pseudo sea-water', a solution of NaCI-CaC1 2 
having the same ionic strength and calcium concentration 

as sea water. 

They found that the dissolution of the calcite could 

be split up into 3 pH regions. The rate being proportional 

to the area of calcite in all cases. The first pH region 

(below pH 3.9) they found could be described in terms of 

a diffusion controlled reaction, using the following 

equation: 36 ,39,40 



R = Q A (Cs-C) 
r 

D = diffusion coefficient 

A = surface area 

Cs = surface concentration 

C = bulk concentration 

r = spherical radius of crystals. 

16 

1.7 

It should be noted that equation 1.7 only holds for 

small spherical particles ( <10 ~m in radius) for larger 

particles r must be replaced by L, the thickness of the 

st~t boundary layer about each particle. 

-5 2-1 They found D + = 2.6 x 10 cm s compared to the 
H 

literature value for D + (in sea water) of 3.3 x lO-5 cm2s-1. 
H 

They were also able to show that the rate was independant 

of pC02 and [H 2c031, despite the difficulty in maintaining 

the steady state conditions, due to the speed of the 

reaction. They attributed the rate determining step 

to be H+ transfer across the stagnant layer. 

Above pH 4 the rate measured was found to be an order 

of magnitude lower than that for diffusion control, thus 
+ the reaction was not controlled by H transfer. 

The rate of reaction in the third region was found 

to be independant of pC02 and of stirring speed and they 

compared this region to that studied by Nestaas and 

Terjesen. 22 They assumed that the rate determining 

step in this region was the detachment of ions from 

the lattice surface, and they postulated that the detachment 



occurred at kink sites,43-46 explaining the inhibitory 

effect they had noted in the presence of Phosphate. 31 
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The boundary between the second and third region had 

no set pH transition point, but varied according to pC0 2 . 

In the second region the rate was faster than in the third 

and was found to be proportional to pH. However, above 

pC0 2 = 10- 2 atm., the rate became constant. They 

were unable to define the reaction occurring in this pH, 

but suggested that the rate determining step was the 

absorption of H+ onto the calcite surface which created 

2-new kink sites by reaction with C0
3 

. The absorbed 

+ H could also increase the rate of reaction by chemically 

reacting with inhibitors bound to the kink sites. 

In the final paper of the series,34 they studied 

the effect of inhibitors, both organic and inorganic, present 

in the ocean, on the dissolution rate, following the 

observation of Chave and Suess 47 that absorbed ions and 

organic molecules played an important role in controlling 

the surface chemistry, and thus the dissolution, of minerals 

in sea water. They investigated the reduction in the 

reaction rate caused by the presence of a mixture of 

organic compounds (see Table 1.1), finding that 1000 ~g/l 

of each compound reduced the rate by 25%. However, 

since the concentration of dissolved organic compounds 

rarely exceeded 1 mg/l they concluded that the presence 

of dissolved organic compounds was not responsible for the 

reduced rate found in the ocean. 

They then turned to inorganic compounds, chiefly, 

phosphate, nitrate, and silica. They found that silica 
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TABLE 1.1 Composition of the organic mixture used by Morse 

L-Cystine Sodium stearate 

Taurine Cetyl alcohol 

L-methionine Cadavarine 

Hydroquinone Lauric acid 

Lauric acid Palmitric acid 

Soluble starch L-ascorbic acid 

Sodium citrate Glycogen 

Sodium palmitate Sucrose 

Sodium oleate Egg albumin 

even at 400 ~mol dm- 3, twice the levels found in the 

ocean, showed no inhibition, nitrate only produced a 6% 

reduction at twice its natural highest concentration, 

while phosphate again showed the large inhibition already 

demonstrated. 

From this series of experiments they concluded: 

1. The major inhibitor of calcite in the oceans 

was phosphate which acted by absorbing onto 

kinks on the lattice surface. 

2. At high pH the rate determining step was not 

transport controlled, but consisted of the 
2+ 2-

removal of Ca and C03 ions from kink sites. 

3. At lower pH the rate of reaction increased due 

to the formation of new kink sites, from the 

reaction of absorbed H+ with C0
3

2- ions, and 

due to the increased rate of step spreading. 



4. At pH <4 the surface detachment of Ca2+ and 

C0
3

2- became so fast that the rate limiting 

step became the diffusion of H+ towards the 
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calcite surface; thus this region showed transport 

control. 

Plummer and Wigley48 used the "free drift" method 

to study the dissolution of semi-optical Iceland Spar 

over the pH range 4 - 6. The Iceland Spar was washed _ 

and sorted into particle size by wet sieving, using a 325 

mesh sieve (44 ~m). The area was found from the weight 

of calcite used, assuming the particles were pefect 

rhombs and that no area change occurred during the 

reaction. To make this last assumption valid the weight 

of calcite exceeded its solubility by at least five 

times, and often by up to twenty times. The reaction 

was carried out in a reaction vessel thermostated at 

500 ml Of distilled water was placed in the 

vessel and carbon dioxide at a partial pressure of 0.92 

atm., was bubbled through and the system was left to 

equilibrate, as indicated by a steady pH value. The 

calcite sample was weighed out and was washed in 10-3 

mol dm- 3 HC1, to dissolve any absorbed impurities, organic 

or inorganic, before being added to the reaction vessel. 

The reaction was followed by monitering the change in pH, 

and the calcium concentration was found using the pH 

and pC02 values, via an iterative programme, utilising 

the extended Debye-Huckel theory. 
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They tested the rate of reaction for any transport 

controlled step, by altering the particle .size, but while 

they found a slight ~ependance it was insufficient for 

the reaction to be controlled by H+ transport. They, 

therefore, assumed the reaction was controlled by a surface 

reaction. 

They found that the dissolution reaction could be 

divided into two pH regions; the boundary being at pH 5.9. 

At pH's lower than 5.9 they found the surface reaction to 

be second order with respect to [H+]and(ca21. This 

region they related to the second pH region of Berner 

and Morse,30 and found good agreement with the measured 

rate constants. The rate of reaction was less in 

the second region and showed a higher order of reaction. 

They attributed this to trace inhibitors absorbed on 

reactive sites on the lattice surface. 

Plummer et al.,49 in a paper widely regarded as 

definitive, then proceeded to investigate the 

dissolution of calcite over a wider range of pH (2 - 7) 

and at variable pC02 (0 - I atm.), using a mixture of 

the 'pH-stat' and 'free drift' methods. The 'pH stat' 

method was used to fnvestigate the reaction far from 

equilibrium, while the reaction was followed by the 

'free drift" method when the system was near equilibrium. 

Three regions of dissolution were found. The 

first region was found to be transport controlled and a 

plot of log rate Y!. pH gave a slope of -1. They 

assigned the reaction in this region to be the transport 
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of H+ to the calcite surface, but were unable to be more 

definite as they could not determine the H+ transfer rate 

constant ~ priori for their system. 

The reaction rate was shown to be independant of 

p CO 2 , though the transition point varied with p CO 2 . 

At pC02 = 1 atm., the transition occurred at pH 3.5, 

while at pC0 2 = 0, it occured at pH 4.5. 

Thus, in this region the rate of reaction was 

given by: 

rate = 

= H+ transport coefficient. 

1.8 

The measured rate of dissolution in the second region 

was lower than in the first. It was found to be 

transport controlled and to depend upon both pC02 and pH. 

At constant pC02 the rate was proportional to pH. The 

exact boundaries of this region was found to depend upon 

pC02 . At pC02 = 1 atm., the region extended from pH 

3.5 - 5.5, while when pC02 = ° the region started at 

pH 4.5, but the transition to the third region could not 

be found. 

They also found that in the nea~ absence of both 

H+ and CO2 the reaction rate was constant and showed 

no transport control. This was assumed due to a 

surface reaction" which they assigned to the reaction of 

H20 with the calcite surface. 
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Thus the overall reaction was described by: 

1.9 

kl + k3 are transport controlled rate constants. 

= surface controlled rate constant. 

In the third region (where the system was approaching 

equilibrium) they assumed that all three of the above 

reactions continued to occur, but the back reaction, 

precipitation, became significant, reducing the rate of 

dissolution. The overall reaction could, therefore, be 

defined by: 

The value of k4 being a function of pC02 
and temperature. 

Using this rate equation they attempted to derive a 

mechanistic model which could explain their experimental 

results. They made the assumption that a very thin 

surface layer existed between the boundary layer and 

the solid surface, and assumed that the supply of aqueous 

CO2 , H2C0
3

, and of H20 across the boundary layer was 

so fast that the concentration of these species at the 
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surface was equal to that at the bottom of the boundary 

layer. They further assumed that the surface layer was 

saturated with respect to calcite and that the surface H+ 

concentration was equal to the calcite saturated value 

for a given surface concentration of H2C0
3

. They 

achieved good agreement between theory and experiment. 

Sjoberg50 studied the dissolution of calcite powder, 

using the free drift method, as a function of pH. The 

powder used had a specific surface area of 0.37 m2g- l 

(B.E.T. nitrogen absorption), and this was dissolved in 
-3 k 0 700 ml, 0.7 mol dm ~Cl thermostated at 25 C, with a 

stream of pure pitrogen flowing through the solution. 

He investigated the stirring dependance finding a stirring 

coefficient of 0.33, indicative of a chemically controlled 

rate determining step.IS He also found that the rate 

was nroportional to the area of calcite and that above 

pH 7.5 the rate of reaction was independant of pH. 

He then studied the reaction with various concentrations 

of calcium present in the original solution and when he 

plotted a graph of log (rate/area) versus log [Ca 2+J. 't' 1 
lnl la 

he found a straight line with a gradient of -~, indicating 

that the rate was proportional to the square 'root of the 

calcium concentration. He then plotted a graph of 

(rate/area) ~. rca
2

+] x [C03
2-J, and he found a straight 

line. Using these results he proposed the following 

equation to describe the rate of dissolution: 



R = kA (K ~ - [ca2+]~[c032-J~) . sp 

A = area 

K = sp solubility product of calcite. 

Further work51 investigated the role inhibitors 
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1.11 

played on the observed rate. He redefined equation 1.11 

in terms of the relative saturation, n, where: 

giving: 

n = eCa 2+J [C0
3 

2- ] 

- Ksp 

R = kA (1 - n!) 

He found that in the presence of inhibitors an 

improved description was: 

where [ 2+] 2-k' depended upon Ca and r SO 4 ) 

n depended upon the ratio [ Mg2+ J / (Ca 2+1 . 

Thus, in KCl solution the equation reverted back to 

1.12 

1.13 

1.14 

equation 1.13, while in phosphate-free sea water the rate 

was given by: 
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1.15 

From his results he proposed that not all inhibitors 

acted similarly. His results with phosphate showed 

agreement with the work of Morse,33 Terjessen et al.,22 

49 and Plummer et al., that phosphate acted by blocking 

kink sites, but he proposed the Mg2+ acted by forming a 

layer of Mg.-calcite on the lattice surface. He also 

agreed with Christoffersen et al.,5 2 that the presence 

f C 2+ d . h'b't' o a cause ln 1 1 lone 

Equation 1.13 showed disagreement with the empirical 

equation of Morse 53 and with that of Keir. 54 Sjoberg 

(equation 1.13) found that the rate was proportional 

to the square root of the relative saturation, while 

Morse and Kier found that the rate was directly 

proportional to the relative saturation, i.e., 

R = kA (1 - n)2 1.16 

Rickard and Sjoberg55 assumed that the differences 

in these empirical equations could be explained in terms of 

the contrasting hydrodyanmics of the different systems, and 

they proposed the use of a rotating disc 56 to study the 

reaction under conditions where the hydrodynamics had been 

exactly sOlved. 57 ,58 

They fabricated a rotating disc from a single crystal 

of calcite, and studied the dissolution of calcite as a 

function of PH59 ,60 and of temperature. 6l They found that 

the dissolution reaction could be divided into 3'pH regions. 
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At low pH «4), the reaction was found to be independant 

of pC0 2, though the exact transition point was dependant 

upon pC0 2 . The rate of reaction was found to be directly 
1 

proportional to w 2
, indicative of a transport controlled 

reaction. The second region extended from pH 4.0 -

5.5 and again the rate was found to show a stirring dependance, 

as well as varying with pH and pC0 2 . The third region 

was found to show no rotational speed effect, and the 

rate was independant of [H+]. 

They varied the temperature of the reaction solution 

between 1 - 62°C and found that the boundary points between 

the three regions were temperature dependant, the boundary 

point moving to higher pH as the temperature decreased. 

This they attributed to the transport controlled reaction 

becoming less dominant as the temperature fell, in agreement 

with the work of Lund et al. 62 

The results of Sjoberg and Rickard will be discussed 

in detail later. 
62 Lund et al., used a marble rotating disc, of 

approximately 1 cm diameter, to study the rate of calcite 

dissolution as a function of; [H+] , 9 - O.l~ HC1; 

temperature, 25 - -15.6°c; and rotation speed, 100 - 500 

rpm. The disc was polished using a mixture of 400, 320, 

and 180 carborundum pads, and pure nitrogen was bubbled 

through the reaction solution at all times. 

They found that at 25 0 C the dissolution rate was 

proportional to w.! and they measured DH + to be 3.97 x 

lO-5cm2s -l. However,at -15.6°<: the reaction was found to 



TABLE 1.2 The value of kl as measured by various workers. 

RESEARCHER pH TYPE OF CALCITE 

K· d L" 11 lng an lU 2.0 - 2.7 Marble cylinder 

Tominaga et al., 13 0.41 - 0.88 Marble disc 

Weyl15 3.9 Iceland Sparl 
Limestone 

Morse and Berner33 3.9 - 5.2 Calcite powder 

Plummer et al., 49 2 - 4 Crushed Iceland 
Spar 

Sjoberg5l 2 - 4 Calcite powder 

Lund et al., 62 1.0 Marble disc 

Sverdrup and Bjerle l 
2 - 5 Calcite powder 

STIRRING 

485 rpm 

4000 rpm 

1.8 - 3.7 ms -1 

Magnetic stirrer 

1800 - 2300 rpm 

276 - 480 rpm 

100 - 500 rpm 

? 

-1 RATE/cm s 

0.032 

0.0073 

0.15 

0.038 

0.051 

0.012 

0.016 

0.136 

N 
0\ 
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be controlled by a mixture of transport control and a 

surface reaction, as indicated by a curving Levich plot. 

This they claimed was due to the chemical reaction 

becoming dominant at low temperatures. 

This section has outlined the major techniques used in 

the study of the dissolution of calcite, in its various 

forms, and has shown the various techniques ani experimental conditions 

used. All workers have agreed that at low pH «4) the 

+ reaction is governed by the transport of H to the calcite 

surface, and that at high pH the reaction is controlled 

by a surface chemical reaction. In between these two 

extremes the reaction is controlled by mixed kinetics, 

though the exact mechanism has been a subject of debate. 

In regions where the reaction is chemically controlled 

then the rate will differ for the various kinds of calcite. 

However, the transport controlled reaction should yield 

similar results. Table 1.2 lists the measured rate 

constants for this transport reaction,showing the type of 

calcite used and indicating the experimental conditions. 

The rate constants have all been defined -in terms of Plummer's 

1.2 THE PRECIPITATION OF CALCIUM CARBONATE 

The precipitation of calcium carbonate has been 

extensively studied, and it has been shown63 that the form 

of calcium carbonate preferably formed is calcite, though 

the presence of impurities has been shown to favour the 

formation of the thermodynamically less stable form, 
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aragonite. 63 Precipitation of calcium carbonate apart 

from being of interest geologically, is also of industrial 

interest, with much research being carried out to prevent 

the scaling of pipes, usually through the addition of 

small quantities of inhibitors. 

Crystalisation can be categorised into two processes; 

nucleation and growth. Nucleation, known as spontaneous, 

or homogenous, crystalisation, is the generation of crystals 

from solution, onto which growth can occur. Growth is 

the process whereby solute is transported to the crystal 

surface, and then incorporated into the lattice. This 

process involves many steps including:-

1. The diffusion of the solute from the bulk of solution 

to the diffusion layer surrounding the particle. 

2. The diffusion of the solute through the diffisuion 

layer to the crystal surface. 

3. Adsorption onto the lattice surface. 

4. Migration to a growth site and reorientation. 

5. Incorporation into the lattice. 

The order of these steps and their relative importance, 

in determining the rate of crystallisation are still 

undecided and this has given rise to a number of kinetic 

models. 

Precipitation has been studied by many workers using 
. . 64-67 spontaneous crystall~sat~on, though this method does 

not allow reliable, reproducible results to be obtained,68,69 

as nucleation is likely to occur on any impurity particles 

in solution, which will provide growth sites. 
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The work of Davies and Jones 70 ,7l was amongst the 

first to report the addition of seed crystals to stable 

supersaturated solutions in the study of precipitation. 

They prepared a stable supersaturated solution of AgCl 

by adding KCl solution, drop by drop, into a similar quantity 

of AgN0
3 

solution, while stirring the solution continuously. 

Silver chloride seed crystals were then added to the 

solution, and the precipitation was followed by monitering 

the change in conductivity of the solution. 

From their experiments they found that the rate was 

proportional to the area and to the square of supersaturation, 

and they d~ived the following equation: 

1.17 

A = area of crystal surface 
2 

Y = activity coefficient of the reacting ions. 

Nancollas and Reddy72,73 were the first workers to 

apply this seeded growth technique to the study of calcium 

carbonate precipitation. They formed their super-

saturated solutions by the dropwise addition of 100 ml 

0.2M NaHC0
3 

to 100 ml O.2M CaC1 2, in the thermostated 

reaction vessel. The solution being continually stirred 

with a Teflon coated bar magnet. The seed crystals 

were prepared by the slow addition of O.2M CaC1 2 to 0.2M 

The crystals formed were regular rhombs 

having an average edge length of 10 ~m, giving an approximate 
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2 -1 surface area of 0.3 m g X-ray crystallography showed 

only calcite present. 

When the stirred solution had reached equilibrium, 

as indicated by a steady pH value, a weighed amount of the 

seed crystal was added and the reaction was allowed to 

proceed towards equilibrium. The reaction was monitored 

by the change in pH and by the change in calcium ion 

concentration, which was found using atomic adsorption. 

It was found that in the pH range 8.4 - 8.8 the rate of 

calcium removal from the solution was first order with 

respect to both [ca21 
to the surface area of calcite seed. 

and was proportional 

[ C0
3 
2-] was found 

using an iterative method. They then proceeded to 

measure the activation energy for the reaction, finding 

a value of 46.2 kJ mol-I, indicative of a surface 

controlled reaction. Further evidence of this was 

obtained when they found no change in the rate upon 

varying the rate of stirring. These results led them to 

suggest that the precipitation was controlled by a surface 

controlled reaction, and they gave the following rate 

equation: 

s = 

k / 2) sp y 

surface area of calcite. 

i.e., the rate is proportional to the distance from 

equilibrium, in terms of the ionic product. 

1.18 
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This equation was found to be valid in the calcium 

-4 -4-3 range 1.4 x 10 to 4.44 x 10 mol.dm ,and in the 

carbonate range 1.83 x 10- 4 to 3.79 x 10-4 mol.dm- 3 . 

The above theory assumes that the absorbed lattice ions 

collide directly with the growth sites and are 

inoorporated separately into the lattice. 

Wiechers et al.,69 in their study of the precipitation 

of Cac0
3

, found agreement with the above rate equation. 

They only measured the change in pH to moniter the 

reaction which involved lengthy computer calculations to 

find both [ca21 and(c0
3

21. They also found no stirring 

effect and measured the activation energy and found a 

value of 43.3 kJ mol- l . They found that the rate constant 

changed with the composition of the initial reaction solution, 

those with a higher pH giving rise to a larger rate 

constant. 

Further work by Reddy and Nancollas,74,75 using the 

same technique, led them to rewrite their earlier equation. 

They found that the rate could be more accurately described 

by an equation which was second order with respect to 

calcium i.e.,: 

1.19 

:; equilibrium concentration of calcium 

:; calcium concentration at time t 
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1.20 

N = 

Reddy76 investigated the role of inhibitors on the 

precipitation of cac0
3

. He added the inhibitors to the 

supersaturated solution before the addition of the seed 

crystal and found that very small quantities of inhibitor 

could show a dramatic effect on the rate. Thus, 1.6 x 10-5 

mol.dm- 3 glycero phosphate reduced the precipitation by 

half, while the same reduction was achieved by the addition 

of only 2 x 10-6 mol.dm- 3 ortho-phosphate. These results, 

together with the consideration of equation 1.20, suggested 

that the inhibitors worked by blocking the growth sites 

available. 

In order to understand his semi-empirical equation 

Reddy and Gaillard77 investigated calcite growth over a 

wide range of seed solution concentrations, using super-

saturated solutions made up as previously, but using 

commercial calcite, having a specific area of 0.228 m2g- l , 

(measured using nitrogen B.E.T. adsorption), as seed 

material. The experiments were carried out at 25 0 C, 

with a magnetic stirrer rotating at 200 rpm. The change 

" the change l."n Ica2+] in pH was measured contl.nually, but 

was only measured at set time intervals. At these times, 

aliquots of reaction solution were removed via a millipore 

filter, to ensure that the amount of seed present was 

unchanged, and rca2+) was found from titrating with the 

sodium salt of E.D.T.A. 
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To analyse their results, they used the integrated 

form of equation 1.20, giving: 

N- l _ N -1 
o = Kst 

N o = amount of calcite to be precipitated from 

the initial supersaturated solution. 

They found that (N- l - No-I) was proportional to the 

time, which supported their theory that calcite growth 

involved chemical steps at growth sites. They then 

proceeded to examine the seed calcite under a scanning 

electron microscope, before and after reaction. They 

found that before precipitation the crystals were perfrect 

rhombs with no evidence of steps or terraces. After 

reaction the crystals showed well-developed macro growth 

steps. They therefore concluded that growth proceeded 

by the formation and movement of macro growth steps 

across the crystal faces, from elementary kink sites. 

Nancollas 78 described a constant composition 

technique for the study of precipitation. Under this 

technique, instead of the reactants changing concentration 

rapidly with time, especially during the initial stages of 

crystallisation, as had been the case previously, the 

composition of the reactant solution was kept constant 

by the automatic addition of calcium chloride and a 

mixture of sodium carbonate - sodium bicarbonate. He 

claimed that this method gave rise to more reproducible 
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results, would enable a wider range of supersaturations to 

be studied, and would allow more material to grow than 

was present as original seed material. 

He found that the rate of reaction could be described 

by the following equation: 

1. 21 

which was similar in form to his earlier equation 1~19. 

Nancollas 79 then proceeded to compare the results 

obtained from powdered calcite, to those obtained using a 

rotating calcite disc. He formed his disc by casting a 

single crystal of Iceland Spar (from Chihuahua, Mexico), 

of approximately I cm2, in a self-setting resin. This 

was then machined into the bell shape, as recommended by 

Riddiford,80 to avoid edge effects (see Chapter 3). 

This was then polished using 6 and 1 ~m diamond sprays, and 

immediately before use the disc was polished using 0.05 ~m 

alumina, and the disc was finally cleaned by washing it 

with distilled water in an ultrasonic bath for five minutes. 

Nancollas studied the precipitation reaction in the 

pH range 8 - 9, for both powdered calcite (having a 

surface area of 5.00 crn2 ) and the calcite disc. He 

found that the rate of reaction was proportional to the 

area of seed, and was constant during the experiment, 

despite the increasing surface area of the crystals. From 

this he concluded that the reaction was surface controlled 

with crystallisation confined to the initial growth sites of 
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the seed crystals, and that no secondary nucleation occurred 

on the seed crystals during the course of crystallisation. 

He found good agreement with the rates measured using 

powders to those measured on the rotating disc. He then 

examined the surface of the rotating disc after reaction, 

using an S.E.M., and found nucleated rhombohedral crystal 

growth on the surface, orientated along the original crystal 

lattice plane. 

He then proceeded to study the effects of inhibitors 

on the crystallisation rate. He tried phosphate and 

I-hydroxy-ethylidene-l,l-diphosphoric acid (HEDP), and found 

that both reduced the rate. The presence of 4 x 10-7 

mol.dm- 3 phosphate reduced the rate by 13%, while in the 

case ~ H.E.D.P., he found that the addition of 1 x 10-5 

mol.dm- 3 was sufficient to completely inhibit the rate for 

up to 100 hours, after which time the reaction proceeded 

at approximately the uninhibited rate. This, he 

claimed, was due to the H.E.D.P., being absorbed onto the 

kink sites, and that during the 100 hours the H.E.D.P., 

was covered by slow growth onto the crystal. 

The various models for precipitation, described in 

this section, have been investigated by various workers. 

Plummer et al.,81 compared the model of Nancollas and 

Reddy,73 (equation 1.18) to his own mechanistic mOdel.
49 

This model was drawn up for dissolution, giving equation 

1.10, i.e., 



at high pH (>7) and low pC0 2 , this equation becomes: 

1. 22 

which can be rewritten81 in terms of the relative 

saturation (n) as: 

n) 1. 23 

= proton concentration at the calcite surface. 

Calculation of the ratio [H+]/(H+]s at low pC02 

crystal growth experiments gives values of 0.93 at the 

start of the reaction which increases to 0.97 at the 

termination. Thus, equations 1.18 and 1.23 can be 

considered to be similar. 81 Plummer ~t al., then proceeded 

to fit their mechanistic model to the experimental data. 

They found that if they assumed that pC0 2 at the surface was 

equal to pC02 in the bulk of solution, and that the calcite 

equilibrium determined the surface pH, then the calculated 

rate was, rv·10 - 20 times too high. They therefore used 

the experimental data and used the model to predict pC02 

at the calcite surface and found that the initial pC02 

was 1/5 that of the bulk, and that this rose to ~ at the 

end of the reaction. They also found that the surface pH 

was 0.6 pH units less than the bulk pH. They then tried 



to predict the rate at higher pco2 and found closer 

agreement. 
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House 82 investigated the model of Plummer et al.,49 

Nancollas and Reddy,73 Reddy,7 4 Davies and Jones,70 and 

Nielsen. 83 Nielsen's theory is based upon the kinetics 

of the movement of a growth spiral, details of which can 

be found in reference 83. This gives rise to the 

following equation: 

1.24 

The equations used by House are listed in Table 1.3, 

the terms being as previously defined. 

In order to compare the experiments performed on 

different substances, and to compare the rate 

equations obtained on the same substance, House made use 

of reduced growth curves, to present the crystal growth 

data. He followed the method of Leeuwen and Blomen84 and 

used the growth affinity, B, and the reduced growth, s: 

6 = In 

= 2.3026 s 

K sp 1.25 
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TABLE 1. 3 The kinetic models tested by House. 

WORKER RATE EQUATION 

Nancol1as and Reddy73 R = ks([ ca21[c032-] - ksp/y2 ) 

Reddy74 

Plummer et al.,49 

Davies and Jones 70 

Nielsen 83 

He then rewrote the rate equations in terms of these 

parameters. 

For his experiments, House introduced calcite seed, 
2 -1 having a specific surface area of 0.5 m g ,into a super-

saturated CaCHC0
3

)2 solution at 25 + 0.002oC. He prepared 

his solution by dissolving a known weight of calcite in 

distilled water, under conditions of constant stirring, 

and with a constant stream of CO 2 flowing through the 

solution. This solution was made supersaturated by 

bubbling through N2 and thus degassing the CO 2 . He 

monitored the reaction by pH and conductivity, the 

concentrations being found using an iterative programme. 

He found that the models of Nancollas and Reddy, 

Reddy ,and Nielsen, were unsatisfactory, while that of Davies 
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and Jones could be fitted to his data when the extent of 

precipitation was between 0.1 and 0.45. The mechanistic 

model of Plummer et al., was shown to give good agreement. 

In a later paper,8 5 House et a1., investigated the 

temperature dependance of calcite precipitation, between 

5 and 20oC, for two different calcite samples, and interpreted 

the results using the models of Plummer et al., and Davies 

and Jones. The two calcite samples were found to have 

2 -1 2 -1 specific surface areas of 0.22 m g , and 5.65 m g , 

respectively. The two samples were found to react at 

different rates and this was attributed to the reaction 

site density of the two samples differing. 

They found that at low growth rate ( <5 x 10- 6 mol.dm- 3 

min-I) the Davies-Jones equation produced agreement. 

With the mechanistic model, they found that the best 

agreement with their results was obtained by assuming 

that the growth step involved the reaction between, the 

(Ca - HC0
3

)- ion pair and C0
3

2- anion sites on the 

lattice surface. 

1.3 AIMS OF THIS RESEARCH 

The aims of this research were to fabricate a 

rotating calcite disc and to use it in the study of the 

kinetics of dissolution of calcium carbonate as a function 

of pH and pC0 2, utilising the well defined hydrodynamics 

to differentiate between the acknowledged chemical and 

transport controlled steps. From measurement of these 

rate constants it was hoped that it would be possible to 
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define the exact mechanism at dissolution, and from this 

to understand the effects of inhibitors on the rate, and 

also the effects of differing surface morphology. 
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CHAPTER 2 

ION SELECTIVE ELECTRODES 



2.1 INTRODUCTION 

The reason for the use of a calcium ion selective 

electrode (Ca. I.S.E.) in measuring the dissolution of 

CaC0 3· 

For any analytical system to be suitable for use in 

a laboratory, the system must incorporate certain features 

including:-

1. The system must be accurate. 

2. It must only require a small volume for testing, 

especially when many readings are to be taken. 

3. It must give a quick response, a pre-requisite 

for any rapidly changing situation. 

4. It must give an immediate value, to enable the 

reaction to be monitored and controlled as it 

proceeds, 

and 

5. It must be easy to use. 

In the particular case of calcium detection, five 

main systems are in use; (1) Atomic Adsorption; (2) 

fluorimetry, after complexation of the calcium ions by 

a suitable ligand; (3) Titration, generally using the 

sodium salt of E.D.T.A.; (4) An Iterative method, which 

involves the measurement of the solution pH and conductivity 

values, at known time intervals, together with a knowledge 

of the chemical equilibria established in the calcium 

bicarbonate water system; and (5) Potentiometry, using a 

Ca.I.S.E. Table 2.1 shows how each of these detection 

systems compare ~t the desirable characteristics. 



TABLE 2.1 The features of the common systems for the detection of calcium 

ACCURACY VOLUME SPEED OF DETERMINATION EASE OF USE 
REQUIRED RESPONSE TIME 

Atomic Adsorption .; .; .; x .; 

Fluormetry x x .; x .; 

Titration .; x .; x ? 

Iterative method .; .; .; x x 

Ca. 1. S.E. .; .; .; .; .; 
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As shown only the Ca.I.S.E. fulfils all of the 

requirements. Atomic Adsorption suffers from not giving 

an on-line value, since the exact concentration is not 

known until after taking the sample. This makes it 

difficult to continuously moniter the progress of the 

experiment. The fluorimetric method also suffers from 

this problem, and has the additional drawbacks that 

before the calcium concentration can be determined the 

approximate concentration of the sample must be known, 

and the sample must be pretreated with the ligand, which 

is time consuming and cumbersome. This method also 

suffers from a lack of sensitivity (see Section 4.1.3.1). 

Using an iterative method has two drawbacks, namely; 

the calcium concentration is not immediately known, and 

while this method is easy to use once set up, complex 

computer programmes have to be written, and the analysis 

is time consuming. The titration method is time 

consuming and fails to give an immediate value. Because 

the Ca.I.S.E. fulfils all of the required characteristics, 

this was the method used for the detection of calcium in 

the work described in this thesis. This Chapter will 

describe the theory of Ion Selective Electrodes (I.S.E.). 

2.2 THEORETICAL ASPECTS 

I.S.E. 's consist of a membrane composed of either a 

solid or a liquid phase, to which only one ionic species is 

permeable. The membrane must, therefore, exhibit ionic 

conductance, as opposed to purely electronic conductance, 
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as electronic conductors are sensitive to redox systems 

and not to individual ions. The membrane in an I.S.E. 

separates the solution to be tested from an internal 

reference solution, of constant composition, and an 

internal reference electrode. 

When such an electrode is placed in a solution 

containing ions to which it is sensitive, a small number 

of these ions pass through the membrane, from the solution 

of higher concentration to that of lower. As this 

diffusion process occurs, a concentration gradient is 

built up in the membrane which generates a transmembrane 

potential, which hinders further passage of ions, and 

finally stops it entirely. 

Thus, electrical potentials are established on both 

sides of the membrane (1ref and~test) and at equilibrium 

~ref = Jttest' Assuming that the electrode responds 

solely to the ion of interest, then these electrical 

potentials can be expressed in terms of the standard 

electrical potentials, the activity of the ions, and the 

inner potential differences between the membrane and the 

solutions, i.e., 

~ref = Uref + RT lnqref + ZF~ref 

~test = Utest + RT In q test + ZF~test 

where Z 

U 

= 

= 

charge on ion 

Standard electrical potential 

2.1 

2.2 
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F = Faraday's constant 

T = Absolute temperature 

q = activity of ion 

'i' = inner potential difference between 

membrane and solution. 

Now at equilibrium, 

-'1ref = l.test 2.3 

therefore, the potential difference across the membrane, 

('i' - 'i' ) is given by:-ref test' 

~'i' = C + 2.303 RT 
ZF 

RT 
+ ZF In Ea. t es t ) 

Qref 

a. 
log ( Q. test 

ref 

2.4 

2.5 

Since the reference solution is of constant composition, 

equation 2.5 can be rewritten:-

~'i' = C + 2.303 RT log Q test 
ZF 

2.6 

Equation 2.6 shows that the potential difference 

established across the membrane is governed purely by the 

activity of the ion being measured in the test solution. 
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This potential difference (~~) is measured relative 

to the internal reference electrode of the l.S.E. 

(Eref . int) and this potential difference is compared 

to that of an external 

The observed potential 

given by:-

reference electrode (E f t)' re .ex 

difference (E b ) is therefore o s. 

E obs. = (Eref.ext + Eref.int) + ~~ 

substituting for ~~, equation 2.6 gives: 

E = k + (C + 2.303 RT log a test) 
obs. ZF 

therefore, 

RT 
Eobs . = K + 2.303 ZF log a test 

2.7 

2.8 

2.9 

Thus, from equation 2.9, it can be seen that, in theory, 

the observed potential difference depends only upon the 

activity of the ion in the test solution, and that a 

Nernstein response of 59 mY/decade is expected for a 

monovalent ion, while a divalent ion should show a 

calibration slope of 29.5 mY/decade. 
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2.2.1 SELECTIVITY COEFFICIENTS AS OF I. S.E. 's 

The above derivation has assumed that the electrode 

is totally selective, i.e., it responds solely to the ion 

being determined, and that its response is totally 

independant of other ions present in the test solution. 

In practical I.S.E. 's however, some response is shown 

towards impurity ions, and the extent to which the 

electrode responds to these ions is measured in terms 

of the selectivity coefficient. 

In the case of an I.S.E., designed to measure ion i Z
, 

but also showing some response to an impurity ion jY, being 

immersed in a solution containing both i Z and jY ions, 

then at the membrane an exchange recurs between i zions 

in the membrane and jY ions, as impurity ions compete 

for vacant sites i.e., 

.~ 

l (m) + 

k .. 
.y 
J (s) < 

lJ , . Z 
l (s) + 

.y 
J (m) 

where (m) and (2) refer to the membrane and 

solution respectively. 

In the above case E b is defined by the following o s. 
equation: 

EobS . = K + 2.303 ~; log (~ + kij (Qj) z/~ 2.10 

k .. = selectivity coefficient. 
lJ 



The selectivity coefficient is a measure of the 

extent to which an I.S.E. determining the primary ion 

Ciz) also responds to an impurity ion (jY), the higher 

the value of k .. the less selectivity the electrode 
lJ 

exhibits. 

In cases where many impurities (to which the 

electrode responds) are present in the test solution, 

equation 2.10 can be rewritten as:-

E obs. 
RT m 

= K + 2.303 ZF log (Qi + L 
i=l 

k. 
lm 

(Q ) Zlm) 
m 
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2.11 

Selectivity coefficients are determined experimentally 

for each electrode and the literature contains reports 

1-12 from numerous workers. The reported values of k 

depend upon both the electrode used and upon the experimental 

conditions, especially the relative concentrations of the 

primary and impurity ions. Thus, the selectivity 

coefficient (k .. ) found for ion i with various 
lJ 

concentrations of ion j may well be different from the 

k .. value found at a different concentration of i and 
lJ 

vice versa. Table 2.2 lists the selectivity coefficients 

for the two Ca.l.S.E. 's used in this work, though it 

should be noted that the experimental conditions are not 

reported. 

Broadly speaking there are two ways to determine k .. ; 
lJ 

firstly, by making measurements in two different solutions, 
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TABLE 2.2 Selectivity coefficients for Ca.I.S.E.'s 

IMPURITY RADIOMETER F2112 Ca BECKMAN 

Na+ 3.98 x 10-6 
1. 46 x 10-4 

+ 
1. 58 10-6 x 10-6 K x > 1 

Li+ 6.31 x 10-5 

Mg2+ 4.32 x 10-6 2.51 x 10-4 

Ba 2+ 2.21 x 10-5 3.02 x 10-3 

Pb 2+ 0.101 

Zn 2+ 2.32 x 10-3 1.04 

one consisting of impurity ion and the other of the 

primary ion of interest; and secondly, by taking 

measurements in a single solution. 

Eisemann et al.,1,2 and Hepp3 used the first 

method. They chose an impurity ion with the same ionic 

charge as the primary ion and produced two solutions of 

equal activities. They then measured the response of 

the electrode in both solutions. 

From equation 2.9 the potential of the primary ion 

solution (E ) is given by:
p 

RT 
Ep = K + 2.303 ZF log a i 

whilst from equation 2.10 that of the impurity ion 

solution (E.) is given by:-
1 

2.12 



RT E. = K + 2.303 ZF log (0 + k .. Q.) 
l lJ J 

subtracting equation 2.12 from 2.13~ and considering 

that the activities of both samples are equal~ gives:-

(E - E.) 
p l 

RT = 2.303 ZF log kij 

and thus k .. can be found. 
lJ 
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2.13 

2.14 

Rechnitz et al.~4~5 pouget 6 and Verloo and Cottenie7 

used a slightly different method. Instead of keeping 

both solutions at the same activity~ they varied the 

activity of the impurity ion until E = E.~ defining 
p l 

the selectivity coefficient as the ratio at which 

equipotentiality was achieved. Again~ ions with the 

same charges were used. From equation 2.9: 

and from equation 2.13: 

E. 
1 

RT = K = 2.303 ZF log (k . . g.) 
lJ J 



therefore, if E = E. 
p 1 

k .. 
lJ 

This method of using two separate solutions has 

been criticised8- ll because during the potential 
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2.15 

measurement of the impurity ion solution, an equilibrium 

is set up between the primary ions in the membrane and 

impurity ions in solution, so an unknown concentration of 

primary ions appears at the membrane surface, leading to 

errors in the determination of the coefficient. It has 

further been criticised on the grounds that the situation 

does not occur when the electrode is being used practically. 

However, despite these criticisms this method yields 

similar results to the one solution method. 

Two variations of the single solution method exist 

for determining the selectivity coefficient; keeping the 

primary ion constant and adding the impurity ion, and 

vice versa. Tus1 8 kept the primary ion constant and 

added impurity ions to the test solution. He found the 

critical value of~. from the intersection of the 
3 

extrapolated linear branches (Figure 2.1). He then 

used this value, together with the known activity of the 

primary ion, and found kij using equation 2.15. 

The alternative method of adding primary ion to a 

solution of impurity ions is again analysed graphically9-l3 



E/mV 

FIGURE 2.1 

E/mV 

FIGURE 2.2 

~ ,crit. a· J 
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Determination of k .. by addition of secondary 
1.J 

ion. 

Q. crl.t. 
1., 

Determination of kij by 

J 

t 
18/2 mV 

addition of primary ion 
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(Figure 2.2). However, the initial part of the curve, 

that with a low concentration of the primary ion, is 

very susceptible to electrode drift and liable to give 

unreproducible results. To overcome this inherent 

unreproducibility, the "critical" activity is defined as 

the point at which the extrapolated Nernstian region of 

the slope and the experimental slope differ by (18/Z)mV, 

where Z is the charge on the primary ion. k .. is found 
lJ 

using equation 2.15. 

2.3 THE RESPONSE TIME OF AN I.S.E. 

An important quantity in I.S.E. 's is the response 

time (T) which describes how fast the electrode 

responds to a change in concentration. It has been 

demonstrated experimentally14 that the response time is 

exponential in form. Toth derived the following 

equation to describe the trans.ience 

Et = E + kl (1 - exp(-k2 t ) ) 
() 

2.16 

Et = potential at time t 

Eo = potential at time 0 

t = time 

kl and k2 are constants 

This equation has subsequently been rewritten by Koryta15 

as: 

E o 
2.17 



Ef = final potential 

T = time constant. 
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The exact definition of response time varies 

according to the worker. Rechnitz and co-workers I6 ,17 

defined it as the time interval taken for half of the 

total electrode change to have occurred. 

Fleet et al.,18 claimed that a more reproducible 

value, and one more relevant to analytical situations, was 

the time taken for 95% of the response to have occurred. 

Moody and Thomas l9 defined as the time taken for 

the potential to be within ImV of the final equilibrium 

potential. Of these three definitions, that of Fleet 

is the most widely used. 

Two ways of determining the response time are 

used; firstly, rapidly transfering the I.S.E. and 

reference electrode between solutions of differing 

strengths, taking care to clean the electrodes before 

insertion; and secondly, injecting a concentrated 

solution of primary ion into the sample solution. In 

both cases the electrode response is measured and later 

analysed. Most workers have employed chart recorders to 
20 record the transient, though Pungor used an 

oscilloscope, in order to avoid the relatively high time 

constant associated with chart recorders. 

The response time is very dependant upon experimental 

conditions, especially the stirring rate. Scrinvasan 

and Rechnitz 21 studied the difference between stirred and 

unstirred solutions, finding that stirred solutions showed 
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a shorter response time, and Rechnitz,22 showed that the 

actual stirring rate was also important, the faster 

the stirring rate the faster the response. This has been 

attributed 23 ,24 to the diffusion of primary ions across 

the stagnant layer around the membrane. They claimed that 

since the response time of an l.S.E. is governed by the 

diffusion of primary ions from the bulk of the solution 

to the membrane, the rate determining step is transport 

across the stagnant layer. Thus, since a faster stirring 

rate reduces the size of the stagnant layer, it also 

reduces the response time. 

T is also strongly influenced by the order in which 

the transition is made, a change from high to low 

concentrations takes a far longer time to reach equilibrium 

than vice versa. This has been pointed out by many 

workers, and Simon et al.,24 were the first to explain 

this phenomena. They considered the case of a neutral 

membrane I.S.E., in which diffusion occurred both inside 

the membrane and in the test solution. 

At t = 0 a steady state has been established between 

the membrane and the external solution, the flux of the 

solution in the boundary layer being equal to that inside 

the membrane, as no electrolyte is lost at the interface, 

Le.,: 

2.18 



= flux within boundary layer solution 

= flux inside membrane. 

When the activity of the external solution is suddenly 

changed fromQo to Qf (Figure 2.3) the activity of the 

solution next to the membrane is qt' 

The flux of test solution towards the membrane is 

given by:-

= 
Q - q 
(f t) 

o 
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2.19 

= diffusion coefficient of the test solution. 

From equation 2.18 and 2.19 the concentration gradient 

set up can be related to the diffusion occurring within 

the membrane. To solve this situation, and derive an 

analytical description of the dynamic response, they 

used Carslaw and Jaeger's extensive heat conduction 

theory,35 and obtained: 

where 

= (Q _ Q ) (1- 1 
f 0 (I (tiT) +1) 

T = response time 

= 
'11' D 2 

t 

) 2.20 

2.21 
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FIGURE 2.3 Response of an I.S.E. to a change in concentration 
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\ 

"'-
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FIGURE 2.4 I.S.E. with a solid ion-exchange membrane. 



K 

D 
m 

= 

= 

constant 

diffusion coefficient in the membrane. 

Rearranging equation 2.20 gives: 

Qt 

af 
(Et-Ef/s) = 10 

1 
= 1 - (lil

o
) (.; + 1) af tiT 

= 

= 
s = 

final potential 

potential at time T 

calibration slope of electrode. 

64 

2.22 

Thus, equation 2.22 shows that the response time will be 

shorter for a change from low to high concentrations, 

than vice versa. 

The response time has also been shown to be effected 

b th f "t' 26-30 Y e presence 0 lmpurl y lons. 
. 11 

It has also been pOlnted out that the response time 

actually measures the response for an electrochemical 

cell, I.S.E. and reference, and that the response time 

measured is actually the response of the whole cell, 

and thus only in cases where the response of the I.S.E. 

is slow can that of the reference electrode be ignored. 

2.4 TYPES OF ION SELECTIVE ELECTRODES 

This chapter has dealt with the theoretical aspects 

of I. S . E. ' s . The different types of practical electrodes 

will now be discussed, I.S.E.'s can be divided up into 

five main classes; (1) glass membrane electrodes; (2) Solid 



65 

ion exchange membranes; (3) solid state I.S.E.'s using a 

non-porous slightly soluble salt as a membrane (either a 

compact poly-crystalline material, or a single crystal); 

(4) liquid ion-exchange membranes - using an ion exchanger 

dissolved in a water llmUsciblesolvent; and (5) neutral 

membrane, formed using for example, a polycyclic poly-

ether dispersed in a P.V.C. membrane. 

2.4.1 GLASS ELECTRODES 

The first I.S.E. developed, and still the most widely 

used, was the glass pH electrode. At first it was 

thought that the potential was set up by protons passing 

through the thin glass membrane, but it has been shown,32,33 

that the potential is set up by an ion exchange reaction 

occurring between the glass and the solution, i.e., 

+ + 
J (m) + K (s) , 

Keq , + + J (s) + K (m) 

When the electrode is placed in a solution containing 

ions to which it is sensitive, then this exchange takes 

place until equilibrium is achieved. 

Ions also diffuse from the solution of higher 

concentration to that of lower, setting up a concentration 

gradient which generates a transmembrane potential, which 

stops further diffusion. Thus the total potential 

measured is given by the sum of these two potentials, 

the concentration potential, set up by diffusion, and 

the potential set up by ion exchange. Glass electrodes combine 
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high sensitivity and a fast response. They show 

Nernstian response up to pH 11 or 12, after which they 

show deviation as they respond to the cations present. 

especially sodium and other monovalent ions. This 

deviation has been used as the basis for the development 

of glass electrodes sensitive to alkali metals and silver 
. 36 . lons. Slnce then work has involved alteration of the 

composition of the glass to produce increased sensitivity 

and further the range of metals which can be detected. 

This has been reviewed by Simon et al. 35 The only 

restriction on the use of glass electrodes is the limited 

range of ions for which they can be designed. 

2.4.2 SOLID ION-EXCHANGE MEMBRANES 

These electrodes use a membrane incorporating an 

ion exchanger and utilise an ion exchange between the 

ions in solution and those in the membrane to set up the 

potential. This class incorporates glass electrode and 

the full potential is established as described 

previously. 

These electrodes are easy to construct and Figure 2.4 

shows a typical electrode. They can be designed to 

cover a range of ions, e.g., fluoride,4 3 chloride 44 and 

chromate 45 but they lack sensitivity and selectivity and 

generally show inferior performance to solid state 

electrodes. Also, the active ion exchanger becomes 

depleted in the membrane with time, and the electrode has 

to be regenerated by soaking it in a solution containing 

the ion exchanger. 
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2.4.3 SOLID STATE ION-SELECTIVE ELECTRODES 

These consist of a non-porous membrane of a 

sparingly soluble salt, cemented into a chemically 

inert body (such as P.V.C.) ensuring that no leakage 

occurs into the inner space from the test solution (see 

Figure 2.5). The membrane consists of a single crystal 

or polycrystalline material. The potential is set up by 

an ion exchange reaction occurring on the surface and 

the charge is carried through the crystal according to 

the Frenkel mechanism, via holes. Since the ion of 

interest is left at the surface no diffusion potential 

arises, and the potential set up is solely due to the ion 

exchange mechanism. 

The most widely used electrode of this class is the 

fluoride electrode, which uses as a membrane a single 

crystal of LaF
3

, activated by the small addition of 

EuF2 . The change is carried across the membrane by a 

combination of LRF3 holes and L~F3 units, i.e., 

+ The particles formed,LaF 2 and ~ occupy the same 

lattice space as LaF
3

. The charge is carried by movement 

of F from LaF
3 

to neighbouring LaF2+. 

The first electrode of this class was that of 

Frant and Ross36 and since then the electrode has been 

further developed and is widely used in the determination 

of F- ions, showing extremely high sensitivity.37,38 
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Other solid state electrodes include the silver 

halide I.S.E. which shows high selectivity and can be used 

over a wide range of pH, and the silver sulphide I.S.E., 

which employs a membrane of silver sulphide and silver 

iodide. These show high selectivity towards sulphide 

ions, but also show Nernstian response to both cyanide 

" 40 "1 " 41 42 lons, and Sl ver lons, , and have been used to detect 

these ions, to within 0.2% accuracy. 

Solid state electrodes tend to be robust, very 

selective and to show Nernstian response over a large 

timescale, showing almost no drift. The only drawback 

in their use is the lack of suitable material from which 

to fabricate them. 

2.4.4 LIQUID ION EXCHANGE MEMBRANES 

The membranes used in these electrodes consist of a 

water immiscible organic solvent containing the ion 

exchanger of interest. The liquid membrane, which is 

held in pores, separates the test solution from an internal 

reference solution (see Figure 2.6). As in the case of 

the solid state ion exchange membrane, a potential is 

set up due to the ion exchange, and the diffusion of 

ions also creates a potential. However, in this 

case due to the higher mobility of the exchanger the 

diffusion term is far larger, and dominates the potential 

set up. 

The electrode suffers from the gradual loss of the 

ion exchanger in the pores and this is replaced by the ion-

exchange material held in a reservoir. 
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The first liquid I.S.E. was described by Ross 46 who 

developed a calcium ion selective electrode. This 

showed a fast response time (30 sec.) in pure 

solutions, but was severely effected by the presence of 

impurities, the response time being up to 10 min., in 

t h 0 f Mg 2 + • C 1 . 1 t . e presence a Clum se ec lve electrodes have 

subsequently been improved,4 7 and electrodes have been 

developed sensitive 

. 49 50 ceaslum, gold, 

to other ions, e.g., antimony,48 

lithium51 and sOdium. 52 All these 

electrodes, however, suffer from low sensitivity and slow 

response times in the presence of impurities. 

2.4.5 NEUTRAL MEMBRANES 

These membranes consist of polycyclic poly ethers 

dispersed in a matrix, usually P.V.C. The internal 

arrangement of the oxygens in the poly ether , whilst having 

no formal charge, is able to chelate to the cations and 

replace their hydrated shells. This ionic charge 

complex is then transported in the direction of decreasing 

electrochemical potential. The DOly ether itself does 

not move, but the cation is moved by rapid exchange. 

In the membrane the poly ether carriers are bound 

in a complex with the cation from the internal reference 

solution. This means that the positive charge of the 

matrix stops transport of like charge ions through the 

membrane by all processes, apart from ionic exchange, and 

with the cyclic poly ether chelating to one ion preferentially, 

this explains the selectivity of the membrane. 



The first electrode of this kind was described by 

Ross 46 who formed a calcium selective electrode. He 
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dissolved di-(n-decyl)-phosphoric acid in di-(n-octyl)-phenyl 

phosphate, and dispersed this solution in a porous membrane. 

This electrode suffered from poor selectivity and from a 

short lifetime. The electrode was subsequently improved 

by Moody et al.,5 2 ,53 who dissolved a matrix of P.V.C. 

and the ester of alkyl phosphoric acid in tetrahydrofuran, 

and formed a thin membrane as the solvent evaporated. 

This gave longer lifetimes and improved the sensitivity. 

Further work involved the incorporation of polycyclic 

Dolyether in the P.V.C. matrix,54,55 which improved the 

sensitivity and gave shorter response times. 56 Other 

electrodes of this kind have since been fabricated for 

+ 57 - - 58 detecting other ions including Ag, and F and Cl . 

These electrodes show high sensitivity and long lifetimes, 

and have frequently been used for analytical and control 

work. 
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CHAPTER 3 

THE ROTATING DISC 
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3.1 INTRODUCTION 

A major problem in understanding dissolution processes 

is that most of the studies undertaken have used suspensions 

of powders. Such experiments suffer from the intrinsic 

disadvantage that it is impossible to define the hydro-

dynamics of such a system, which means that transport 

controlled reactions cannot be satisfactorily modelled. 

To study transport reactions properly, well-defined 

hydrodynamics are essential. A system in which the 

hydrodynamic and convective diffusion equations have 

been solved exactly is the rotating disc system. This 

chapter will describe the theory of the rotating disc 

showing the exact solution of transport processes to the 

rotating disc surface. 

3.2 THEORY OF THE ROTATING DISC ELECTRODE (R.D.E.) 

The first mathematical description of the rotating 

disc hydrodynamics was that of von Karmanl who solved the 

flow pattern to a spinning disc. Because of cylindrical 
5 , ... rn c.z,,'1 

ee 9~jnat~ it is easier to use polar co-ordinates to 

describe the system (Figure 3.1). 

von Karman used the Navier-Stokes equation (which 

describes the functional dependance of the fluid 

velocity upon the co-ordinates of the system) and 

defined the three component equations as:-



v ...} V-/. 
r 'a r VJ 

= 

-
r 

-1 ~ 
p fY p 

= + 

= -r 

+ 

Where V , V , V-/. are as shown in Figure 3.1 
r y VJ 

P = density 

v = kinematic viscosity. 

with the equation of continuity: 

~Vr V ~V 
+ r + ~ = 0 

~ r aY 

He then set the boundary conditions: 

V = 0 Vr/) = Wr V = 0 y = 0 
r y 

W = rotation speed in 

Vr = 0 vr/) = 0 y = CD 

v 
(-E) 

r 

radians 
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FIGURE 3.2 

/ 
I 
I 
\ 

,-

" .... 

., ..-" 

.,(oty·O) 

-------.,."..--- --.,. -.. ...... "' ..... 

---------

l, 

.... 
" , 

~ 
/ 

~/ 

Polar co-ordinates 

, , 
I 

79 

Plot of Cochran's non-dimensional functions 

vs. y 



So 

since close to the disc fluid acquired radical and tangential 

motion and is thrown radically outwards by centrifugal 

force. Fresh solution is then drawn up to replace it at 

a constant velocity when a steady state is achieved. 

To solve these equations von Karman cast them into 

the following non-dimensional forms:-

= rWF(y) 3.7 

= rWG(y) 3.S 

= 
1 

(WV)2 H(y) 3.9 

p = -pvWP(y) 3.10 

Where (y) = ( ~ ) ~ 
v 

y 

p = pressure. 

These equations were then solved using von Karman's 

approximate integral method. 

These approximations were removed by Cochran2 who 

used a numerical integration method, expressing the 

above non-dimensional function (F, G, H, p) as 

power series. 
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These functions are plotted in Figure 3.2. Note 

from the figure that at y = 2.8, G ~ O.lG(o)' H':::::::-O.72 R(o)' , 
thus this value (y = 2.8 (~) 2 ) is the approximate 

W 

thickness of the solution caused to rotate by the spinning 

disc. Also, from equation (3.9) we see that the velocityof 

fluid flow to the disc is independant of r, this means 

that all parts of the disc are uniformly accessible. 

The problem of transport to the spinning disc was 

solved by Levich. 3,4,5 Transport to the disc is by 

convection and diffusion and the rate of change of 

concentration with time is given by: 

= + + 1 
r 

(diffusion term) 

+ v"- (~ ) 
ro () (l) 

+ 

(convective term) 

D = diffusion coefficient. 

When a steady state is set up then: 

= o 

3.11 
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From symmetry c is not a function of 0 and from 

equation 3.9 Vy is independent of r. 

Applying the boundary conditions that: 

at y = O~ c = 0 

equation 3.11 

V (~ c 
y () y 

becomes: 

= 
D~2 c 

~ y2 

Vy can be found from equation 3.9: 

substituting and rearranging gives: 

= x 

Applying boundary conditions that: y ~ ~ c ~ 0 
co 

i.e., at distances far from the electrode then the 

concentration is equal to the bulk concentration:) and 

definining: 

x = 

3.12 

3.13 

3.14 

3.15 

3.16 



y = 0 = 

y = 0 

which gives equation 3.15 as: 

= 

( dX ) 
X 

= -1 
13 

= exp 

= ( li ) 
'(,y 

integrating gives: 

c 

J 
co 

de = 
o 

(~ ) 
~y 

and substituting: 

y=o 

y=o 

2 
y dy 

( _y3 ) 
3B 

_y3 
( exp ( 3B ) ) 

rco _y 3 

J exp ( ~ ) dy 
o 
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3.17 

3.18 

3.19 

3.20 

3.21 



C 

r
oo 

exp Z = 
J 0 

( 3B) 1 I 3 x 0.8934 

= 1.288 B1/3 

= 00 
( ~ ) 

() y y=o 
1.288 B1/3 

= (~ ) 
~ y y=o 

From Fick's first law: 

DC = CD 

D1/3 _1 116 1.613 w 2 V 

J = 1. 554 D2/3 ! -1/6 
C W \I 

00 
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3.22 

3.23 

3.24 

3.25 

3.26 

3.27 



J = flux/mole -2 -1 cm s 

c = bulk concentration/mol cm- 3 
00 

w = rotation speed/Hz 

k 0 tOO 0 t / 2-1 v = lnema lC VlSCOSl Y cm S 

D d Off 0 ffo 0 t/ 2-1 = l USlon coe lClen cm S 

Equation 3.28 is known as the Levich equation. 

The concentration profile with distance from the 
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electrode surface can be calculated from equation 3.21, 

integrating between 0 and c . 
y The profile is as shown 

in Figure 3.3. As can be seen, beyond the distance known 

as YD' (YD = 0.64 3w- ~1/6Dl/3) the solution is well 

stirred and the concentration is equal to the bulk 

concentration (c ). 
co 

However, for y < YD then transport 

is by diffusion across the stagnant layer of solution 

swept around by the electrode. This distance (y D) is 

called the thickness of the diffusion layer. 

3.3 THE ROTATING DISC : EXPERIMENT 

The first workers to verify the Levich theory were 

Siver and Kabanov. 6 They used a silver electrode to 

study the cathodic reduction of oxygen in 

acid solution, using the relationship:-

J1 . A n F lm 

i lim = limiting current 

J lim = limiting flux 

dilute sulphuric 

3.29 
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Concentration profile as a function of distance 

from the electrode surface. 

Differing shapes for the rotating disc (a) with 

only the central area active, and (b) with 

curving edges. 
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A = area of electrode/cm2 

n = number of electrons passed 

F = Faraday's constant 

and they found agreement between theory and experiment, 

.. 8 -5 2-1 assumlng a Ilterature value of 1.9 x 10 cm s for 

the diffusion coefficient of oxygen. 

Extensive studies have subsequently been reported 

using rotating discs, and the later development of rotating

ring discs, and these have been reviewed. 7 ,8,9 

General agreement has been shown with the Levich theory, 

though somelO,ll claimed that a plot of i vs. I w 

while varying linearly, did not pass through the origin 

but give a positive intercept. This variation has been 

put down by Riddiford12 to the electrode shape not fulfilling 

the theoretical requirements. 

Many electrode shapes have been used and the individual 

shapes have b~en discussed by Azim and Riddiford. 13 To 

fulfil the theoretical conditions then the disc must 

firstly be horizontal, of minimum eccentricity and be 

smooth to the extent that the maximum height of undulation 

is far less than the boundary layer. Secondly, the 

active part of the rotating disc must be free from edge 

effects which may introduce turbulance into the 

hydrodynamics. 

Many ways have been suggested to ensure that these 

edge effects do not become important:-
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1. Use a disc with only the central area being active 

(Figure 3.4a). 

2 U d . 14 . se a guar rlng 

3. Use a rotating disc with curving sides (Figure 

3. 4b). 

Of these Riddiford7,13 suggested the latter as the 

second method was difficult to construct and the first 

kind he considered to act as a rotating cylinder, which 

are prone to fluid mixing above and below the disc 

plane, which introduces turbulance. However, many 

workers have since used electrodes of similar shape to 

that shown in Figure 3.4a, and have shown15- 18 that 

satisfactory hydrodynamic behaviour is established. 

Further recomendations involved the positioning of 

the rotating disc in relation to the reaction vessel's 

walls and base, and to the liquid surface. The 

theory demands an infinite volume of solution. Gregory 

and Riddifordl9 reported that the results were independant 

of the vessel dimensions providing that the electrode 

was at least 0.5 cm away from the walls and base of the 

reaction vessel. Prater and A~20then showed that there was 

practically no effect on the limiting current measured 

in changing from a 100 ml beaker to a 9 litre laboratory 

bucket! 

Thus, the rotating disc electrode has been shown to 

be a useful tool in the measurements of fluxes and currents, 

where the well defined hydrodynamics allow these to be 

measured and quoted with great confidence. 
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3.4 MEASUREMENT OF CHEMICAL RATE CONSTANTS USING R.D.E. 

The theory outlined so far in this chapter has 

dealt with reactions involving electron transfer with no 

preceding chemical steps. If, however, a chemical step 

does proceed electron transfer (such as the dissociation 

of a weak acid), then modifications have to be introduced 

into the theory. 21 22 Levich and Koutecky' derived and 

solved the mathematical model, and this was given a more 

. 23 rlgerous treatment by Dogonadze . 

Consider the case of an acid (HA) dissociating into 

its component acid and base (H+ + A): 

HA 

before reaction occurs at the electrode surface 

+ e electrode) 

M k · th t' that H+ and A a lng e assump lon are in 

equilibrium throughout the bulk of solution, then the 

equilibrium is maintained as HA diffusses across the 

boundary layer. 
+ However, near the electrode H is 

removed which leads to an unbalance between A + and H , and 

more HA dissociates than is reformed. 
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The distance at which the equilibrium is no longer 

maintained is known as the reaction layer (y ). 
r 

Since electron transfer is considered to be fast 

then the maximum flux of protons is given by diffusion of 

HA across the diffusion layer. From equation 3.28: 

1.554 D2/3 -1/6 1 
J HA = \I w2 

(CHA,oo - CHA,r) HA 

= 
DHA 

(CHA 00 CHA r ) -YD -, , 3.30 

where = bulk concentration of HA 

C HA,r = concentration of HA at reaction 

layer. 

At the reaction layer the rate of change of concentration 

of HA with time can be described by a combination of Fick's 

second law and homogeneous kinetics: 

- k C + k c c 
1 HA -1 H A 3.31 

where c c are concentrations of H+ + A 
H' A 

when a steady state is set up at the electrode then 

equation 3.31 becomes: 



,2c 
o HA 

DHA 2 
~y 

A similar equation can be drawn up for H+, i.e., 

k c c 
-1 H A 

Applying the boundary conditions y = 0, cH = 0 
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3.32 

3.33 

y = 0, = ° since HA does not react at the surface 

also just outside the reaction layer (y > y ), 
r 

c = c 
HA HA,co 

and 
kl " 

c 
c
H = HA 

k -I" c..H A 

c'is defined as the loss of equilibrium between HA and H+ 

c' ( 
kl • ~A 

) c
H 3.34 = k -1" cA 

at y = co, c' = 0 (solution is in equilibrium) 

, kl . c 
HA 

Y = 0, c' = c = ( k ) 
0 -1 " c A 



This has been solved giving: 

c' = c' exp -o 

where y = 
r 

Using Fick's first law: 

sUbstituting for Yr 

= 

1 _ 1 1 1 

J -- D2+ C ~ c k~ K2 
H • A HA' 1 • A 

From equation 3.30 

'CUA c
HA D ( u,GO ,r ) 

HA Y D 
= 

eliminating cHA,r gives: 
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3.35 

3.37 

3.39 

3.40 

3.41 



1 
J 

= ( 

1 = C---
HA,oo 

) 

substituting gives: 

1 
J = 1 

[ 

0.64 \)1/6 
213 

DHA • I w 
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3.42 

3.43 

3.44 

The above equation is known as the Koutecky-Levich equation. 

Its form has been verified by many workers, including 

Albery and Bell,24 and Vielstich et al. 25- 27 Albery28 

however, pointed out that this equation only held for 

reaction solutions with sufficient background electrolyte 

present to be able to ignore the effects of the 

electric field in the diffuse part of the double layer. 

Otherwise corrections have to be allowed for. 

3.5 ESTIMATION OF DIFFUSION COEFFICIENT 

Both theLevich equation 3.28 and the Koutecky-Levich 

equation 3.44 contain the diffusion coefficient (D) and 

the concentration (e). This has enabled many workers to 

use the rotating disc as an analytical tool, using the slope 

of the Levich plots to find the bulk concentration, 

knowing the diffusion coefficient. Levich plots have 
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also been used to measure the diffusion coefficients of 

species in solution, and this has often been used as a 

check on the hydrodynamics of the experimental system. 

In cases where the diffusion coefficient is unknown it 

can be approximated to within 10% using the Wilke-Chang 

equation. 29 ,30 

They empirically plotted experimental data against 

various functions and derived the following equation: 

D = a 

2 -1 D = diffusion coefficient/cm .s 

~ = constant (7.4 x 10-8) 
-1 M = molecular weight of solvent/g.mol 

T = absolute temperature/K 

Jl = solvent viscosity/cP 

3.45 

x = association parameter characteristic 

of the solvent, describing how associated 

the solvent is, i.e., for non-associated 

solvents X = 1, for water X = 2.6. 

V = molecular volume of diffusing species. 

V can be found using the method of Le Bas3l . 

Bidstrup and Geankoplis 32 measured the diffusion 

coefficients of carboxylic acids, using diaphragm cellsJ 

and found that the Wilke-Chang equation give constantly 

higher values (""" 11%) than they found by experiment. 
-8 They redefined the equation changing a from 7.4 x 10 

to 6.6 x 10-8 . 
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3.6 APPLICATION OF R.D.E. 

Since their development rotating discs have been 

extensively used as analytical tools, and have replaced 

to a certain extent the dropping mercury electrode 

(D.M.E.), as developed earlier by HeyrovSky33 and 

described mathematically by Ilkovic. 34 ,35 This is because 

the D.M.E. is far more complex to describe mathematically, 

and because that instead of a true steady state being set 

up, as in the R.D.E., in the D.M.E. a cyclic pattern is 

set up in which the concentration varies with both time 

and distance. D.M.E.'s do, however, have the advantage 

that the electrode surface is continuously being replaced 

and, therefore, the electrode surface does not suffer from 

the effects of fouling,as species become absorbed onto 

the surface. 

R.D.E. 's have been used with high accuracy to find 

the bulk concentration of solutions knowing the 

diffusion coefficients, and vice versa. They have also 

been used to determine homogeneous rate constants (such 

as systems showing Koutecky Levich behaviour). Normally 

ilim a I w (equations 3.28 and 3.29) for a simple n 

electron transfer process without homogeneous chemical 

coupling, but, if a chemical step proceeds the electron 

transfer step, then the Levich plot appears as in 

Figure 3.5. As can be seen at high rotation speeds 

the limiting current falls off as the rate of electron 

transfer (and thus i lim ) is limited by the rate of the 

proceeding chemical process. This type of reaction is 
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Flux 

FIGURE 3.5 Levich plot for It. C.f reaction 

Flux 

FIGURE 3.6 Levich plot for E.C.E. reaction. 
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known as a "C.E." process (a chemical reaction followed 

by electron transfer). As well as measuring dissociation 

constants, other C .E. reactions include: 

+ 

non-electro active electro active 

and 

+ OH 

electro active non-electro active 

• In both these cases the rate constants can be found 

using the Koutecky-Levich equation. 

Another reaction which can be followed, and the rate 

constants measured, is the E.C.E. reaction (an electron 

transfer followed by a chemical step and then by a second 

electron transfer) i.e., 

(E) 

R ~ 1 k (C) 

(E) 
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In such a case if llim is measured as a function of 

wand a Levich plot drawn up, then the following is 

seen (Figure 3.6). At low rotation speeds the experimental 

plot lies close to the line expected for a (n l + n2 ) 

electron transfer process. However, at high rotation 

speeds the experimentally determined time lies close to 

that expected for a n l electron transfer process. This 

is because while at low w the species 02 remains close 

enough to the electrode surface to be further reduced to 

R2 , at high w 02 is swept away from the electrode surface 

too quickly for the second electrode process to occur. 

Further developments of the R.D.E. include the use 

of pulse and A.C. voltametries to improve the sensitivity. 

In normal voltametry the potential of the electrode is 

linearly swept from Eb (Figure 3.7). In pulse voltametry, 

however, the electrode is held at Eb , at which no electro

chemical reaction is seen, the potential is then suddenly 

changed and is held at (Eb + E) for approximately 50 m.s. 

before being returned to Eb (see Figure 3.7). This 

sequence is repeated at set time intervals, E increasing 

each time. Sampling is taken near the end of each pulse 

aftercapacidance charging processes have occurred. 

This increases the sensitivity because of the large 

concentration gradients induced by jumping from Eb to 

the sampling potential. 

approximately 10-7 mol 

Sensitivity is improved down to 

dm- 3 . 

In A.C. voltametry a sine wave is superimposed upon 

the linear sweep (Figure 3.7). The current response is 



a V 

b V 

c 

FIGURE 3.7 
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t 

t 

Voltage time curves for (a) normal voltammetry, 
(b) potential step voltammetry (c) AC voltammetry. 
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measured via a lock-in amplif'ier which separates the 

A.C. response f'rom the D.C. 
,.. 

voltamagram. Figure 3.8 

shows typical D.C. 
,.. 

Figure 3. 8b a voltamagram and shows the 

corresponding A.C. ". can be in the voltamagram. As seen 

regions a and c the D.C. current is practically constant 

and thus no change in the Faradaic A.C. current is seen 

as the potential is modulated. In region b 

however, the D.C. current is rapidly changing and a large 

A.C. current is seen. The concentration « i max .. A.C. 

volta~etry improves the sensitivity because the lock-in 

amplif'ier will only detect signals which have the same 

modulation as the potential, thus it will not pick up 

any background noise. Sensitivity is again improved 

down to 10- 7 mol dm- 3 . 

3.7 ROTATING RING-DISC ELECTRODES R.R.D.E. 

A development that enhanced the use of' R.D.E.'s 

for use in investigating the kinetics of multistep 

electrode processes was the introduction of' R.R.D.E.'s. 

The theory f'or such electrodes was developed by Levich 

and Inanov,36 ,37 and the first system described was that 

of' Frumkin. 38,39 

As shown in Figure 3.9 a R.R.D.E. consists of a 

central disc electrode separated from an outer surrounding 

ring electrode by an insulating gap. The supporting 

electronics are designed so that the voltage of' both 

electrodes can be swept separately and each current 

response measured separately. Species formed at the 
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FIGURE 3.8 Vo1tammagrams (a) D.C., (b) A.C. 
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FIGURE 3.9 A rotating ring-disc electrode 
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inner disc electrode are swept outwards, and only a 

fraction reaches the ring (Figure 3.10). The ring is set 

at such a potential as to destroy any species arriving. 

Levich showed that the fraction of species arriving at 

the ring is independant of rotation speed (for stable species) 

and is a constant (N) governed only by the geometry of the 

system. 

This, however, only holds for stable species, if the 

electrochemically generated species is short lived then 

the fraction arriving at the ring is less than would be 

calculated, and the measured current at the ring (i ) 
r 

will fall. The reduction will be greatest for low 

rotation speeds as species will have longer to react. 

If a plot is drawn up of ir vs. id (current measured at 

the disc), then the following (Figure 3.1D would be seen. 

All of the plots fall below the theoretical ratio N, 

but as w increases then the ratio approaches this 

theoretical value. 

Ivanov and Levich solved this situation, enabling 

the chemical rate constant to be found by measuring the 

variation of N with w. Their solution has subsequently 

been used by many workers 40- 42 in the determination of 

rate constants. 
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FIGURE 3.10 The flow pattern in a rotating disc solid lines 
represent points of equal concentration 

ide lSC. / 

/ 
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FIGURE 3.11 Collection efficiency for reactive species. 

N increases with w but never reaches No. 
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CHAPTER FOUR 



EXPERIMENTAL 

In this Chapter the experimental detail for all 

the work carried out will be described. 

4.1 ROTATING DISC EXPERIMENTS 

109 

To define the hydrodynamics of the system which is 

essential if transport controlled reactions are involved, 

a rotating disc was used, because as described in Chapter 3, 

the pattern of flow to a rotating disc surface has been 

solved exactly. 

4.1.1 FABRICATION OF THE ROTATING DISC 

Five different types of rotating discs were used in 

the experimentation, and their fabrication will be described 

below. 

4.1.1.1 POWDERED PELLETS 

To form powdered pellets powdered Analar calcium 

carbonate (B.D.H.) was used. The powder was first dried 

in an oven overnight and then approximately 2g of powder 

was placed in a 15 mm Beckman Press (K3 pellet press). 

At first this was simply compressed to a pressure of two 

tons, using an Aprex Hydraulic press, for five minutes, 

but it was subsequently found that a harder pellet was 

formed if the Beckman Pellet Press was evacuated before 

the compressing, and this was the procedure subsequently 

adopted. Pellets thus formed were approximately 15 mm 

in diameter and 0.3 cm thick, and were stored in a vacuum 
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desiccator until use. 

Smaller powdered pellets were formed using a smaller 

pellet press and to this end a Beckman K5 adaptor (Fife, 

Scotland) was purchased. This was a conversion kit 

and changed the pellet size from 7.5 to 2.5 mm radius, 

the adaptor fitting inside the old pellet press. The 

pellet press was evacuated and compressed to a pressure 

of two tons for five minutes, before the pellets were 

removed and stored In a vacuum desiccator. To form rotating 

discs, the pellets were placed in the base of a mould 

(Figure 4.1), the top was screwed on and a cast was made 

of a cylinder of araldite epoxy resin (Resin MY 753 with 

hardener HY 951, from Ciba-Geigy, Cambridge, England). 

One part of the hardener was mixed with ten parts 

of the resin and after mixing well, the araldite was 

poured into the mould and was left to set overnight. 

The mould was made of stainless steel and was built in 

the departmental mechanical workshop, the dimensions being 

18 mm internal diameter, 38 mm external diameter, and 

40 mm in height. To prevent the liquid araldite from 

sticking (when hardened) to the inside of the mould, this 

was coated with a thick layer of Teflon spray (Fluolion 

spray-dry lubricant from Walker Brothers Limited, Liverpool, 

England). When set the araldite plug was removed from 

the mould. The all araldite end was then carefully 

ground down to flatness, ensuring that the pellets were 

not placed at an angle to the horizontal, and this was 

then glued onto a home-built stainless steel rotating 
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38mm 
8mm 

40 mm 

SCALE 1:2 

FIGURE 4.1 The Casting Mould. 



112 

shaft of dimensions 8 cm x 2.54 cm 2 . This consitituted 

the calcite rotating disc, but before it could be used 

experimentally, it was necessary to grind down the calcite 

surface to flatness. This was achieved using a succession 

of 180, 320 and 600 (corresponding to a roughness of 60, 

45 and 30 micron respectively) Brammet Pads (Engis, Maidstone, 

Kent) . Final polishing required the use of diamond 

sprays (Hyprez Diamond Lapping Compounds, Engis) to produce 

a smooth flowless finish. The crystal was polished using 

a series of finer diamond sprays, 25, 8, 6, 3, 1, 1/4 

micron for 20 min. each, lubricating the polishing surface 

with Hyprez lubricating spray (Engis) when required. 

Before changing from one spray to another the calcite 

surface was carefully washed to remove any remaining 

diamond grit of the previous size. 

4.1.1.2 SINGLE CRYSTAL ICELAND SPAR ROTATING DISCS 

Rotating discs were also formed using single crystals 

of calcite. Iceland spar was the form of calcite chosen 

because of its easy availability, its unflawed crystals, 

and its ease of cleaving. The crystals (supplied by 

Richard Taylor Minerals, Cobham, Surrey) were from 

Chihuahua, Mexico. They were cleaved to the appropriate 
• . 3 Slze, approxlmately 1 cm cast in araldite 

and ground down to 1/4 micron smoothness, as for the 

pellets. Since each face exposed is the (100) plane l 

it was of no importance how the faces were orientated. 
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The finished surface was then finally washed with 

distilled water to remove any remaining lapping compound, 

and the surface was allowed to dry. Once dry the surface 

of the rotating disc was painted using a solution of 

polystyrene in carbon-tetrachloride (0.5g in 20 cm3), so that 

only a small circular area of the crystal typically (0.657 cm2) 

was left exposed, the rest being covered with a thin 

layer of polymer. In the dissolution solutions used 

this layer proved to be chemically inactive, and 

providing care was taken not to physically tear the layer 

and thus expose a new calcite surface underneath, the 

layer lasted as long as the crystal was used before 

repolishing. 

4.1.1.3 ANGLED SINGLE CRYSTAL ROTATING DISCS 

Iceland spar rotating discs were also fabricated 

with the crystal faces set at an angle to the horizontal 

before casting. The apparatus shown in Figure 4.2 was 

used for this purpose. Angled mounts were built in the 
o 

workshop from Teflon, and were cast to 5, 10,20 ~ 10%; 

the mounts having the same cross-sectional area as the 

stainless steel mould. These moulds were placed in the 

holder and the brass cross-piece adjusted so that when 

the iceland spar crystal was snug against the 'V', then 

the C
3 

axis of the crystal was held at a constant angle 

with respect to the horizontal. The crystal was cleaved 

to size (approximately 1 cm3) and was glued to the mount 

in its predetermined position. When set the mount was 

removed from the gig and was placed in the casting mould, 

where it was cast into a disc. This, when set, was taken 
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FIGURE 4.2 
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Apparatus used for casting angled crystals. 
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out and polished as before, the only difference being that 

preliminary grinding (to level off the angle to approximate 

flatness) was achieved using 150 Brammet Pads (100 micron). 

4.1.1.4 CLEAVED BUT UNPOLISHED ROTATING DISCS 

Rotating discs were also fabricated from unpolished 

cleaved Iceland Spar. To produce these the apparatus 

shown in Figure 4.3 was used. A mould of heat shrink, 

of diameter equal to that of the stainless steel mould, 

was formed using a cylinder of Teflon of similar diameter. 

This was covered with vacuum grease and the heat shrink 

moulded to it. The Teflon cylinder was then removed. 

A single crystal of Iceland Spar was glued onto the base 

and liquid araldite carefully added until the top surface 

of the crystal was just lapped by the araldite. This 

was then allowed to set. Once set the outer casing of 

heat shrink was cut away, leaving the araldite plug which 

was glued onto the stainless steel shaft and all the surface 

apart from a circular central area, was painted out. 

4.1.1.5 CHALK ROTATING DISCS 

The chalk samples used were collected fron an outcrop 

at Lulworth Cove, Dorset. Two kinds of chalk discs 

were made and used. The first kind, as with the 

unpolished, cleaved Iceland Spar, was fabricated using a 

heat shrink mould. The second kind was made as for the 

polished Iceland Spar, in that the chalk was cut into 

the approximate size, placed in the stainless steel mould, 
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and a rotating disc made by pouring in liquid araldite. 

This was polished as previously, but this time the finest 

polishing pad used was the 600 Brammet Pad. 

4.1.2 THE ROTATING DISC ASSEMBLY AND APPARATUS 

The rotation of the calcium rotating disc was 

controlled using an Oxford Electrode (Oxford, England) 

Rotating Disc Assembly and Proportional feedback Rotation Speed 

Controller, with digital display, with a range of 0 - 50 Hz. 

All experimental work was carried out in a glass 

reaction vessel of approximately 150 cc capacity, blown 

by the departmental glass blower. This vessel (Figure 4.4) 

had a water jacket built into it for thermostatic control, 

the water being kept at a temperature of 25 + 0.2oC 

by a Grant su6 thermostat control (Grant Instruments 

Limited, Cambridge, England). A gas inlet was built 

into the vessel to allow a stream of gas to be bubbled 

into the reaction vessel, the gas being a mix of white 

spot nitrogen and carbon dioxide (both from British 

Oxygen) of selected composition. The gases were taken 

from their gas cylinders, and the flow rates were roughly 

controlled using needle valves. The gases flowed into 

'Flostats' (G.A.Platton, Basingstoke, Hantshire) where 

the flow rates were accurately adjusted and controlled. 

The flowstats consisted of a gap meter and a flow meter 

joined together using a double banto connector. The 
3 -1 

CO2 gap meter (MIN BSF) was connected to a 100 - 250 em min 

flow meter, and the nitrogen gap meter (MIN Be) was 
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connected to a 500 - 5000 cm3min-l flow meter. Using these 

flow meters it was possible to cover a large range of 

partial pressures of carbon dioxide. The two flow lines 

were then joined and the mixture bubbled into the reaction 

vessel. With mixed gas streams it was necessary to 

construct a bleed into the flow line to reduce the pressure 

of gas glowing into the reaction mixture, and thus reduce 

the turbulence. 

4.1. 3 THE DETECTION OF CALCIUM 

In this section the various methods used to detect 

calcium and their mode of operation will be given. 

4.1.3.1 FLUORIMETRIC 

This method involved the removal of reaction 

solution at known time intervals and the addition of 

these samples to calcein (disodiumfluorescein iminodi-

acetate) to which the calcium chelates, and the fluorescence 

spectrum of the complex could then be measured and the 

concentration of calcium found. Before measurements 

could be taken the fluorimetric spectrometer (Perkin Elmer 

Fluorimetric Spectrometer 204, Perkin Elmer) had first 

to be calibrated. The procedure followed was as 

2 described by Vogel. 

The calibration was achieved by firstly making up 

calcium standards in the range 0 - 4 ~g of calcium ions 

per 25 cm3 , by adding sufficient stock calcium solution 

to a 25 cm3 volumetric flask, to which 5 cm3 of O.4M 
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potassium hydroxide had already been added, and making 

up to the mark with doubly distilled water. (Details 

for the preparation of these solutions are given in 

Section 4.1.5.2.) 

The fluorescence of the calcium standards was then 

determined at 540 nm with excitation at 330 nm, and a 

calibration curve was produced. The samples withdrawn 

from the reaction solution were diluted down to the same 

concentration range as the calibration curve, and they 

were then prepared as above, before having their 

fluorescence measured. 
2+ It was found that because of background Ca present 

either in the KOH (BDH analar 0.001% impurity), the 

distilled water, or in the calcein, it was impossible 

to achieve full scale reading on the spectrometer, and 

the scale which could be used was of insufficient accuracy 

to be of quantitative use. Other workers who have used 

this method to detect calcium, have experienced similar 

problems. 3 

Considering these problems, associated with determining 

calcium concentrating using fluorimetry, the low sensitivity, 

the need for pre-titration, the fact that reaction solution 

was consumed, and because of the extra time needed to find 

the concentration of calcium, it was decided not to use 

this method for the determination of calcium. 



4.1.3.2 CALCIUM ION-SELECTIVE ELECTRODE 

Calcium ion-selective electrodes, as discussed in 

Chapter 2, were chosen for their quick response time, 
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ease of operation, the fact that the calcium concentration 

could be found instantaneously, and because they consumed 

no reaction solution. Two different types of calcium 

ion-selective electrodes (Ca.I.S.E.) were used, the 

Radiometer (F2112) calcium ion-selective electrode (V.A. 

Howe England) and the Action (310) calcium ion selective 

electrode (Spectronic Services, Garforth, Leeds). The 

reason for the change being primarily price - the Action 

being approximately half the price of the Radiometer. It, 

however, suffered from being far bulkier and thus less easy 

to use, and it also had a far lower tolerance to impurities 

such as copper ions present in solution. 

To activate both electrodes the membrane was filled 

with the supplied internal filling solution and the 

membrane was screwed onto the main portion of the 

electrode. For the Action there was then the simple 

matter of soaking the electrode in approximately 10- 2 

mol.dm-~alcium chloride solution, in order to achieve 

the Nernstian calibration slope of approximately 28 mV/ 

decade. However, the radiometer had first to be 

soaked in concentrated ammonia solution, in order to have 

the correct slope. To calibrate the electrodes the 

response in mV was measured when the electrodes were 

inserted into varying calcium solutions of differing 

strengths, with respect ot a standard saturated calomel 
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8 
electrode (E = + O. 2415V). In all quoted potential values 

the values are quoted with respect to this standard 

calomel electrode. The preparation of the stock 

calcium solutions and all other solutions used is given 

in Section 4.1.5. The figures given in Table 4.1 are 

for a typical calibration experiment (at 25 ~ 0.2oC), and 

the graph Figure 4.5 is typical calibration curve giving 

rise to a calibration slope of -27.9 mV/decade. 

TABLE 4.1 Typical calibration slope at 25 + 0.2oC 

[Ca21 fmol dm- 3 log [Ca 2+] PotentialfmV 

9.1274 x 10- 3 -2.040 -23.7 

4.781 x 10- 3 -2.320 -19.2 

1.9672 x 10- 3 -2.706 - 8.4 

9.9401 x 10- 4 - 3.003 - 1.7 

1. 003 x 10- 4 -3.999 28.4 

5.017 x 10-5 -4.300 34.3 

1.004 x 10-5 -4.999 58.7 

The response time of a Ca.I.S.E., is the time taken 

for 95% of the total change to have occurred. To measure 

this the electrodes, calomel and Ca.I.S.E., were rapidly 

transferred from solutions of differing calcium 

concentrations, making sure that the electrodes were 

carefully cleaned and dried, using distilled water, 

and cotton wool, before insertion,to prevent any contamination 

of solution, and recording the response on a Y, T recorder. 
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FIGURE 4.5 Typical calibration curve for Ca.I.S.E. 
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To eliminate systematic error these 'dunking' experiments 

were performed in a random order. 

The resulting transcients (Figure 4.6) show a typical 

result (recorded on a Servoscribe Is YT recorder) and were 

analysed using the equation: 4 ,5 

Ef = final mV reading 

E. = initial mV reading 
l 

Et = mV reading at time t 

t = time/seconds 

T = response time/seconds. 

E
t 

E 
By plotting graphs of log (E. 

- f) versus t then the 
- E 

l f 
response time could be found. It was found that the 

response time was far quicker when going from low 

concentrations to high concentrations by a factor of 

approximately two for the same concentrations (see 

Section 2.3). For the change from 10-5 mol dm- 3 

Ca2+ to 10-4 mol dm- 3 ca2+, the range of typical 

experiments, then the response time was found to be 

3.3 seconds (Figure 4.7). 

4.1.4 EXPERIMENTAL PROCEDURE 

In this section the experimental procedure for the 

measurement of the dissolution of calcite, and the 

computer control of the experiment will be given. 
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To begin experimentation the Ga.I.S.E. was 

calibrated, and after the slope was found it was entered 

into the 'PADDYSGAN2' programme. 100 cm 3 Of the 

reaction solution, made up to be 1 x 10-5 mol dm- 3 in 

calcium, was added into the thermostated reaction 

vessel. This background calcium was necessary to have 

a starting point for the Ga.I.S.E., and was also used as 

a reference concentration. The perspex lid was then 

placed on top of the vessel, and the desired gas mixture 

was chosen and the gas allowed to bubble through the 

solution for approximately 10 min., to equilibrate. 

The two electrodes, calomel and Ga.I.S.E. were then 

inserted into the lid and they were connected up to the 

Radiometer pH meter. An inert titanium rotating disc 

electrode was then placed in solution and rotated at the 

chosen rotation speed, to establish the stirring 

conditions for the experiment. This was important as the 

Ga.I.S.E. reading is highly dependent on the stirring 

patterns. This was then left to come to thermal 

equilibrium, as indicated by a steady mV reading (.! 0.1 mV). 

Once this had been achieved the titanium disc was 

replaced by the single crystal calcite rotating disc, 

which had previously been carefully washed and dried. 

The intercept (as indicated by the m.V. reading was 

entered into the Apple as were the time delay and the 

number of points. The programme then ran to completion, 

the potential was measured at set time intervals, the graph 

was displayed and the data was stored, from which the 

dis~lution rate was later found. 
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4.1.4.1 PRELIMINARY WORK 

Initially the dissolution was followed by recording 

the output from the Ca. I. S. E. on the Servoscribe, YT recorder, 

via a Radiometer PHM 64 Research pH meter (V.A.Howe). 

This trace was then converted manually into millivolts 

and this data typed into the computer programme 'PADDY 

CORRECT' . This turned the mV readings into concentrations 

of calcium using a calibration subroutine of which the 

parameter had already been entered. This method proved 

extremely laborious and prone to error and uncertainty, 

both in the conversion into mV and in the entering of 

data via the keyboard. 

4.1.4.2 THE COMPUTER LINK-UP 

To improve the speed, ease of use, and accuracy 

of operation it was decided to interface the experiment 

to an Apple II micro-computer. This being done via 

an A:alab interface card (Hayden Data Systems, London, 

England) which possessed a twelve bit AID converter 

capable of taking up to twenty readings per second. 

The AID was calibrated by se~ding a known voltage, 

(supplied by a D.C. potentiometer,Time Electronics 

Limited, Tonbridge, Kent), through the AID into the 

Apple, and noting the binary number which this corresponded 

to (the binary number appearing on the V.D.U.). The 

supplied voltage was altered and the binary number 

changed, the change was noted and the calibration curve 

(Table 4.2, Figure 4.8) was drawn up, the slope being 
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TABLE 4.2 Calibration of AID convertor 

mV APPLE READING 

90 -376 

80 -336 

70 -295 

60 -255 

50 -214 

40 -174 

30 -133 

20 -92 

10 -52 

0 -11 

-10 30 

-20 71 

-30 III 

-40 152 

-50 192 

-60 233 

-70 273 

-80 314 

-90 354 

found using a least square fit programme. This calibration 

curve was written into the computer programme 

'PADDYSCAN2' which when running displayed any voltage 

passing through the AID on the screen of the V.D.U. as 

m.V.'s. All computer software programmes were written in 

Apple soft Basic. 
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Heyden Data Systems also supplied the 'Quick 1/0' 

software programme, which was used to control the 

collection of data in 'PADDYSCAN2'. When running,this 

programme first asked for the calibration slope of the 

Ca.I.S.E., (Sl) the millivolt reading that appeared on 

the V.D.U. (It), the number of points to be collected 

(No), and the time interval between the points (DY). 

Once this data had been entered the potential of the 

system (in millivolts) was recorded at the set time 

interval until the total number of data points had been 

collected. A graph was then drawn up of calcium 

concentration versus time, the millivolt readings having 

been converted to concentrations via a sub-routine. 

The programme then presented the option of either 

abandoning the collected data or storing it in a data 

file on floppy discs. Further software programmes 

were written which allowed the editing of the collected 

data. To analyse the data the 'CURFIT' programme 

written by Paul K. Warme (Interactive Microware) was 

used. This took in the data file, either as time and 

concentration data points, or else asconcentration values at 

set time intervals, plotted out the data as concentration 

versus time, and then allowed the dis~lution rate to be 

found at any point on the curve. The graph and equation 

of any straight line drawn, could be printed out on a 

Silent Type Printer. 

given in the Appendix. 

Listings of all programmes used are 
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Using the interface it was possible to carry out 

work which would have been impossible if the chart 

recorder method had been used, it also allowed far more 

experimental work to be carried out because of the great 

saving of time involved in the analysis of each 

experiment. 

4.1.5 CHEMI~ALS USED IN THE PRRPARATION OF SOLUTIONS 

AND THE DISSOLUTTON RXPERIMENTS CARRIED OUT. 

Thi~ section i~ concerned with the prepdra~ioll of 

the Goluti0ns used for experimentatiun, and the use to 

which these 601utiuns wera put. 

4.1.~.1 PREPARATION OF THE STOCK CALCIUM SOLUTION 

In all the experimental preparations discussed, 

unless otherwise stated, all chemicals used are Analar 

grade from B.D.H. (Poole, Dorset) and the water used 

to prepare the solutions is 'Nanopure' water supplied by 

the University of Liverpool's Oceanography Department. 

This water is doubly distilled and is then deionised to 

give a resistivity of more than 107 ohm cm. 

To make up the stock calcium solution approximately 

2.5g of calcium carbonate was dissolved in as little 

concentration hydrochloric acid as possible (in a 250 cc 

volumetric flask) and this solution was made up to the 

mark with water. This stock standard solution, of 

approximately 0.1 mol- dm- 3 , was then diluted down to 

the required strengths for the calibration of the Ca.l.S.E. 
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The required range was from 1 x 10-5 to 1 x 10- 2 mol 

and when these calibrating solutions were made up 

sufficient potassium chloride was added to make up the 

ionic strength to 0.3 mol dm- 3 . This was the ionic 

strength used for all measurements with the Ca.I.S.E. 

4.1.5.2 PREPARATION OF SOLUTIONS USED IN THE 

FLUOROMETRIC DETERMINATION OF CALCIUM 

The stock calcium solution was made up as described 

in Section 4.1.5.1. The 0.4 mol dm- 3 potassium 

hydroxide solution was prepared by disolving 22.464g 

of KOH in a one litre flask, and making up to the mark 

with distilled water. The calcein solution was prepared 

by dissolving approximately O. 060g of calcein in as 

li ttle of the 0.4 mol dm - 3 KOH as possible in a 1 dm3 volumetric 

flask, and then making this up to the mark using distilled 

water. 

4.1.5.3 DISSOLUTION REACTION AT pH 3.0 

Initial experiments were carried out using 10-3 moldm- 3 

hydrochloric acid, which was made up by diluting down 

concentrated HCl. The concentration was checked against 

weighed amounts of sodium carbonate. The diluted HCl 

was made up in batches of one litre and 22.365g of potassium 

chloride was added to increase the ionic strength to 

approximately 0.3 mol dm- 3 . The pH of this solution 

was checked using the Radiometer PHM 64 pH meter and a 

Radiometer combination pH electrode, the electrode being previously 

calibrated using buffer solutions. 
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Using the 0.3 mol dm- 3 Hel as the reaction 

solution a series of experiments were carried out at 

various rotation speeds, with a steady stream of pure 

nitrogen being passed into the solution at all times. 

4 • 1 • 5 • 4 DISSOWTION, EXPERIMENTS IN THE pH RANGE 

4.05 - 5.42 

The dissolution·, rate of calcite was then measured 

in the pH range 4.05 - 5.42, using Walpole's acetic acid 

sodium acetate buffer system. 6 Preliminary work was 

done at pH 4.05, requiring 200 ml of 0.2 mol dm- 3 

sodium acetate to be added to 800 ml of 0.2rnol dm- 3 

acetic acid (making one litre of buffer solution). 

The sodium acetate was made up in batches of one litre 

(as was the acetic acid) by dissolving 27.76g sodium 

acetate in one litre of water. The acetic acid was made 

up by diluting 11.6 ml of glacial acetic acid up to the 

mark in a one litre vOlumetric flask. The two solutions 

were then mixed in the correct proportions and 19.35g 

of potassium chloride was added to keep the ionic strength 

of the solution at 0.3 mol dm- 3 . The pH of the 

solution was checked using the Radiometer pH meter and 

combination pH electrode which had previously been 

calibrated with B.D.H. standard pH solutions at pH 4 

and pH 7. As previously the dissolution rate was 

measured as a function of rotation speed, with a steady 

stream of pure nitrogen being passed into the solution. 

To study the dissolution rate at higher pH's the 
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concentration of acetic acid was changed, while that of the 

sodium acetate was kept constant, the two solutions 

then being mixed in the same proportions. Table 4.3 

lists the pH values for the various concentrations of 

acetic acid, the pH again being checked using the calibrated 

pH electrode. :9issolution rates were again measured as a 

function of rotation speed with a constant supply of 

nitrogen being bubbled through. 

4.1.5.5 DISSOLUTION USING S0RENSEN'S CITRATE BUFFER 

To study the rotation speed dependence of the 

dissolution at higher pH's it was decided to use S0rensen's 

citrate buffer. 7 This buffering system being chosen as 

it contained no phosphate, which would interfere with the 

TABLE 4.3 pH as a function of Acetic acid. 

[Acetic acid] fmol dm- 3 pH 

1.6 2.93 

0.16 4.05 

0.12 4.21 

0.08 4.52 

0.016 5.21 

0.008 5.42 
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Ca.I.S.E. membrane's performance. The buffer consisted 

of 570 cc O.lM disodium hydrogen citrate mixed with 

430 cc O.lM sodium hydroxide. These stock solutions 

were made up in batches of one litre (in volumetric 

flasks). The disodium hydrogen citrate was made up by 

reacting citric acid with sodium hydroxide. 8g Of 

sodium hydroxide was dissolved in 200 cm3 of water, in a 

one litre volumetric flask, 21.0g of citric acid was 

added, and when dissolved the solution was made up to 

the mark. The O.lM NaOH was prepared by dissolving 4g 

of sodium hydroxide in one litre of water. The two 

solutions were then mixed in the correct proportions and 

6.4142g of potassium chloride was added to make the 

ionic strength of the solution 0.3 mol dm- 3 . The pH 

of this solution was checked using the pH meter calibrated 

using standard buffer solutions, and was found to be 6.11. 

Using this solution the rotation speed dependance 

of the dissolution was measured for a constant supply 

of nitrogen being passed through and also with various 

partial pressures of carbon dioxide bubbling through the 

solution. 

4.1.5.6 DISSOLUTION USING ANGLED CRYSTALS 

For this work crystals which had been set at an 

angle (0°, 5°, 100 and 200
) were ground down to flatness. 

. h . -3 The rate of dissolut~on was t en measured ~n 0.3 mol.dm 

potassium chloride solution. For this work there is no 

rotation speed effect, and all the experiments were carried 
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out at 10 Hz, with a stream of pure nitrogen being passed 

through the solution. Before each experiment the 

crystal had to be reground, but after the initial grinding 

it was sufficient to begin the polishing using the 6 ~ 

diamond spray, because of the small depth of calcite being 

dissolved during a typical run. 

4.1.5.7 DISSOLUTION IN THE PRESENCE OF COPPER 

Experiments were carried out to study what effect 

the presence of inhibitors would have on the dissolution 

rate. The inhibitors chosen were scandium and copper. 

It was found that the scandium could not be used because 

when introduced into the reaction solution it caused the 

Ca.I.S.E. to drift continuously and thus it was impossible 

to measure the dissolution rate. The experiments on 

copper were carried out in O.3mDl .dm-3potassium chloride. 

At first the copper (as copper II chloride) was added 

during the progress of an experiment via a syringe. 

This, however, proved unsatisfactory as the injection of 

the copper caused a sudden jump in the potential of the 

Ca.I.S.E., and therefore the concentration of calcium 

as displayed on the V.D.U. became false. Experiments 

were then carried out with the copper already present in 

the reaction solution before the experiments began, the 

membrane having been calibrated in the presence of this 

quantity of copper ions. 

The copper solution was approximately 0.1 mol.dm- 3 

copper (II) chloride, and the dissolution rate was measured 



with copper in the concentration rate of 10-6 to 10- 3 

mol dm- 3 . 

4.2 ELECTRON MICROSCOPY 
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To check on the smoothness of the polished rotating 

calcite discs, and to try and characterise the surface 

after reaction, it was decided to use a Scanning 

Electron Microscope (S.E.M.) to examine the calcite 

surface. 

4.2.1 INSTRUMENTAL 

For the study of the calcite surfaces a Philips 501 

Scanning Electron Microscope was used which had a maximum 

magnification of X 40,000. The camera used to photograph 

the image was a Nikon using Ilford FP4 black and white, 

35 mm film. 

4.2.2 METHOD OF USE FOR THE S.E.M. 

In this section the preparation of samples for use 

in the S.E.M. and the use of the S.E.M. will be given. 

4.2.2.1 PREPARATION OF SAMPLES 

The required samples, either after grinding or 

after reaction, were carefully washed and dried, and the 

top 0.5 cm of the rotating discs were carefully laithed 

off using an electric laith in the workshop. The 

samples were again carefully washed and dried (to remove 

any dust from laithing) and were then glued to an aluminium 
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mount of the S.E.M. Because of the non-conducting nature 

of the disc surface all the samples had first to be 

coated with a thin layer of gold, using an Edwards gold 

splutterer (S150 Edwards Splutterer Coater), to avoid the 

build-up of charge when the electron beam struck the sample 

surface. 

The gold spluttering was achieved by inserting the 

samples into the Edwards S150 and then evacuating the 

chamber. Argon gas (British Oxygen) was briefly 

passed into the chamber to flusk out any impurities, 

and after this was turned off and the pressure was 

reduced to 10-1 lorr. With the High Tension switch at 

8.5 the samples were spluttered ten times for approximately 

fifteen seconds a time, at intervals of twenty seconds. 

The pressure was then released and the samples withdrawn. 

Finally, to ensure good electrical contact between the surface 

and the aluminium mount, a strip of silver loaded resin 

was painted down a side of the sample, connecting the 

surface to the aluminium mount. The samples were 

then ready for insertion into the S.E.M. 

4.2.2.2 USE OF THE S.E.M. 

To use the Philips 501 S.E.M. the chamber was first 

depressurised, the sample inserted, and the chamber 

pressurised; once the chamber had reached a pressure of 
-4 1 x 10 Torr, then the microscope could be used to 

obtain an image of the crystal's surface. This 

consisted of:- switching on the High Tension switch; 
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changing the S.E.D. control from 0 to 1; and saturating 

the filament so that the sharpest possible image was 

obtained at the least setting, which involved tilting 

the sample through approximately 20 - 300
, since the 

surface was so flat. The picture could then be brought 

into focus using the course, medium, and fine focus 

controls, and by means of the black and gain controls. 

Once a suitable image had been obtained on the vidiscreen, 

then this could be photographed on the oscilloscope. 

This was achieved by adjusting the black control level 

to the required contrast and adjusting the gain control 

so that the signal level on the videoscope's grey scale 

range was set to just below the centre (Figure 4.9). 

This done the 'Scan Mode" was changed from '250 

lines' to 'photo' and the 'line time' was changed from 

'S.T.V.' to '16 msec' (in order to allow the image to be 

captured). The completed, the 'IX' mode was pressed, 

the shutter on the camera opened and 'Expose' on the 

S.E.M. pressed. Once the 'expose' light had extinguished 

the photograph had been taken and the shutter on the 

camera was closed, and the film wound on. The settings 

on the camera were as follows:- exposure time at 'B' 

(or manual) and the aperture was set at F.2.4. 

This S.E.M. also incorporated an E.D.A.X. analyser, 

which analyses the sample surface by means of Energy 

Dispersion Analysis (E.D.A.), which ~nalyses the top 

few amstrons of the surface. 



FIGURE 4.9 The setting on the videoscope before 

photography, i.e., the basic part of the 

signal is just below the centre of the 

screen. 
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4.3 EXPERIMENTS ON POWDERS 

Precipitation and dissolution studies on powdered 

calcite were carried out at the Preshwater Biological 

Association (F.B.A.) at Wareham, Dorset. Instead of 

using a Ca.I.S.E. to detect calcium, calcium was 

determined using an iterative procedure from pH and 

conductivity measurements. From these measurements, 

at fixed time intervals, together with a knowledge of 
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the equilibria established in the calcium bicarbonate 

system, the concentration of calcium could be calculated. 
~ To interpret the conductivity data the O~sager and Fuoss 

equation8 was used. The computer programmes are listed 

in the Appendix. The powder used for all experiments 

was Analar Calcium carbonate (B.D.H.) in its calcite form. 

The specific surface area was calculated to be 0.22 rn2 

g-l using B.E.T. nitrogen absorption analysis, assuming 

the molecular cross-sectional area to be 0.162 nrn 2 . 

4.3.1 APPARATUS USED FOR EXPERIMENTATION 

In this section the apparatus used to measure 

the dissolution and precipitation rates of powdered calcite, 

at the F.B.A., will be described in detail. 

4.3.1.1 PRECIPITATION WORK 

All the glassware used in Dorset was soaked overnight 

in chromic acid to remove any impurities which could have 

induced precipitation. The glassware was then carefully 

washed out approximately six times with distilled water 

to remove the acid. For precipitation work the experimental 
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arrangement was as shown in Figure 4.10 and 4.11. The 

reaction vessel was a five necked cylindrical flask of 

approximately 500 cm3 capacity, each neck ending with a 

screw thread to enable Teflon caps to be fitted,to stop 

any dust entering which could have lead to precipitation. 

Because conductivity is so temperature dependant 
o the thermostat used was stable to 0.002 C. The tank was 

built in the workshops of the F.B.A. and consisted of 

two totally independant tanks, the outer water bath 

being maintained at a temperature of 0.20 C below the 

inner transformer oil bath. For all experiments the 

temperature of this inner oil bath was kept at 25 + 

o 0.002 C. The pH was measured using a radiometer PHM 

64 Research pH meter and a radiometer combination pH 

electrode. The conductivity was measured with a standard 

platinum-black conductivity cell of cell constant 1.404. 

The flow of nitrogen (British Oxygen) was controlled by 

means of needle valves and a flowstat supplyed by G.A. 

Platton. This entered the reaction solution via a 

glass frit ending in an S3 sinter. This was to ensure 

a more rapid outgassing of carbon dioxide because of the 

much smaller bubble size and thus considerably increased 

surface area. 

4.3.1.2 DISSOLUTION WORK 

A slightly different experimental arrangement was 

needed to study the dissolution of powder, and this is 

shown in Figure 4.12. The reaction vessel used in this 
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case was a one litre polypropylene beaker, covered by a 

perspex lid with holes cut out for the stirrer, electrodes 

and gas lines. As this work involved the study of the 

dissolution at various partial pressures of carbon dioxide 

a mixed carbon dioxide-nitrogen gas stream was needed, and 

therefore a gas mixing system was used. The flows of 

both gases were controlled using needle valves and flow

stats, the two flows were then mixed, passed through 

water at 25°C, to presaturate the mixture, and then 

introduced to the reaction solution via an S3 sinter. 

4.3.2 SOLUTION PREPARATION 

The water used to make up all solutions was triply 

distilled, made by passing singly distilled water though 

aqtivated charcoal, to remove any organic impurities, 

and this was subsequently distilled a further two times. 

All chemicals used were of Analar Grade (B.D.H.) unless 

otherwise stated. 

The precipitation work used a solution of calcium 

bicarbonate and a suspension of calcium carbonate in 

water. The calcite suspension was prepared by taking 

approximately 6g of the calcite powder and adding this 

to 100 cm3 of water. The calcite powder had previously 

been dried in an oven and was stored in a vacuum desiccator 

until use. This suspension was used for all experiments. 

The solution of calcium bicarbonate was made up by 

dissolving O.5g of the dried calcite in approximately one 

litre of water. The calcite was added to the water in a 
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one litre round bottomed flask, and this was stirred over

night, using a magnetic Teflon stirrer, with a constant 

supply of carbon dioxide bubbling through the solution. 

The carbon dioxide (British Oxygen) was passed through at 

approximately 50 ml min-I, the bleed being kept below 

water, to eliminate the possibility of dust entering the 

system, forming sites for the spontaneous heterogeneous 

nucleation of calcite. During the course of the overnight 

stirring the white suspension disappeared leaving a clear 

colourless solution. 

This stock solution was approximately 5 mmol dm- 3 . 

For experimental work a solution of 350 ~ siemen was 

required corresponding to a total calcium concentration 

of 2.5 mmol dm- 3 • This was achieved by diluting the 

stock solution with distilled water. The stock 

solution was first divided into two parts, and just under 

500 cm3 of the distilled water was added to both parts, 

and these solutions were placed in a thermostat for thirty 

minutes to achieve thermal equilibrium. Final 

adjustment of the conductivity was achieved using the 

conductivity cell and a Wayne Kerr B642 A.C. bridge. 

Thermostated distilled water was added until the desired 

conductivity was achieved. 

To calibrate the pH electrode two buffer solutions were 

needed. For the precipitation experiments the buffers 

used were at pH 7.413 and pH 9.186, while for dissolution 

work pH 7.413 and pH 4.008 were used (all buffers being 

thermostated at 25 0 C). The buffer at pH 9.180 was the 
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borax buffer system made up by dissolving 3.8g of borax 

in one litre of water at 2SoC. 9 The buffer at 7.413 

was S0rensen's hydrogen phosphate/bihydrogen phosphate 

buffer system. lO This was made up by dissolving 1.179g, 

potassium bihydrogen phosphate and 4.302g bisodium hydrogen 

phosphate in one litre of water at 2SoC. The buffer used 

for pH 4.008 was the potassium hydrogen phthalate buffer,ll 

made up by dissolving IO.120g of potassium hydrogen phthalate 

(C 6HSC0 2HC0 2K) in one litre of water at 25 0 C. 

4.3.3 COMPUTER CONTROL OF THE EXPERIMENTS 

In all the work done on powders, the instrumental 

control, timing, data collection and subsequent numerical 

analysis was performed using an Apple II micro-computer. 

The interface to the Wayne Kerr B642 bridge, and PHM 64 

pH meter was incorporated into a rack system built in the 

electronic workshops of the F.B.A. This incorporated 

a relay system which permitted the isolation of the 

combination electrode from the conductivity cell while 

readings were being taken, as required, because otherwise 

they interfered with each other. In this Section all 

of the computer programmes will be given and their use 

explained. 

All of the software programmes were written in 

Applesoft BASIC by Dr. W.A.House, although some alterations 

were needed for the dissolution experiments. 
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4.3.3.1 COLLECTION OF DATA 

The data collection was initated using the programme 

'STARTUP'. This began by the calibration of the pH elect

rode using the appropriate buffers. The pH electrode 

and the conductivity cell were then entered into the 

reaction solution, and a stopwatch started, in order to 

allow for the increase in conductivity due to the leakage 

of KCl from the combination pH electrode into the 

solution. One minute before the addition of the calcite 

suspension the programme 'STARTUP' was terminated by 

entering the time elapsed since the insertion of the 

electrodes. This initialised a machine code programme 

already stored in the memory of the Apple and was 

protected from the Applesoft interupter and DOS. The 

design of the instrumental control and data retrieval 

programmes permitted the Apple to run BASIC programmes at 

the same time that data was being collected, and they were 

only interrupted when readings from the instruments were 

being taken. The interupts were generated by the inter

face system. The procedure allowed the collected data 

to be stored in a safe buffer from where it could later 

be collected. 

After this minute a reading was taken of the 

conductivity and pH values by the Apple and the suspension 

was added within a further minute. After this time 

interval further readings of pH and conductivity were 

taken at set time intervals. The intervals were initially 

one minute apart, but because of the decreasing reaction rate 
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the time interval was doubled after the first ten 

readings, and also after each subsequent ten readings. 

Data files could be collected at any time during 

the course of the reaction, using the programme 'ANALY'. 

This retrieved the stored data from the safe buffer and 

transferred it to floppy discs. This created data 

files containing time, pH, and conductivity. 

4.3.3.2 ANALYSIS OF DATA 

To analyse the data stored on floppy discs, the 

computer programmes, 'COMPOST', 'TNCAL', and 'SMOOTH' 

were used. The pH, conductivity, and time values stored 

by means of 'ANALY' were used to evaluate the solution 

composition of the reaction solution, giving the 

concentration of dissolved calcium in terms of calcium 

bicarbonate, using the 'COMPOST' programme, which also 

calculated the growth affinity S. Where: 

B = ~ b. /!")fT1 12 
lJ. h ... 

i 1 

b.f.l = change in chemical potential 

= In Caca 
2+ Q Co 2-) / K 

3 
sp 

K = solubility product of calcite. 
sp 

'COMPOST' employed an iterative method which involved 

a knowledge of the chemical equilibria for the calcium 

bicarbonate system together with the measured pH and 

conductivity values to work out the concentrations. 

The programme iterated on B and calculated the corresponding 

solution composition and the specific conductance using 

the Fuoss and Onsager theory. This involved lengthy 
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calculations and was, therefore, very time consuming, 

typically taking three minutes for each data point to be 

analysed. This could, however, be speeded up by 

compiling the BASIC programme 'COMPOST' into machine code. 

However, it was not possible to run this compiled 

programme 'COMPOST.OBJ' at the same time as the machine 

code data retrieval programe, as both programmes 

used the same portion of the Apple's 'Highmem' and 

therefore interfered with each other. The compiled 

programme speeded up the analysis to approximately one 

minute per data point. 

From the new data files created using either 

'COMPOST' or 'COMPOST.OBJ' the number of moles of 

calcium deposited per unit mass of seed material at each 

time interval was computed using 'TNCAL'. The 

precipitation rate was expressed as: 

rate of change in the number of moles 
dNCa/ dt 

W 
( of calcium per unit time ) 

Mass of speed crystal 

Where dNCa/dt = rate of change in the number of 

moles of calcium per unit time 

(mmol -1 s ) 

W = weight of seed crystal added (g). 

Lastly, the experimental precipitation rate data 

was smoothed using the computer programme 'SMOOTH' 

enabling the precipitation rates to be evaluated. 

used an n point quadratic smoothing function13 to 

This 
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produce a smooth curve. n was variable between 5 and 

13 and for this work a five point smoothing was employed. 

To quantify the effect of copper on the rate of 

precipitation the FORTRAN programme 'RATECON' was used. 

This compared the precipitation rate with no copper 

present to that measured in the presence of copper. 

4.3.4 EXPERIMENTAL PROCEDURE 

In this section the experimental procedure used 

in the dissolution and precipitation measurements, and 

the work carried out to study the effect of the presence 

of copper on the precipitation rate will be described. 

4.3.4.1 PRECIPITATION WORK 

It was decided to use the 'free-drift' method rather 

than the 'pH stat' method to follow the course of the 

experiment. As described in Section 1.1 

this consists of following the reaction and measuring 

the pH and conductivity as a function of time. 

To start experiments 300 ml of the calcium 

bicarbonate solution was added to the five necked cylindrical 

flask, and this was placed in the thermostat together 

with the appropriate buffer solutions to achieve thermal 

equilibrium. Once this had been reached the programme 

'STARTUP' was run. This commenced by asking for the 

pH of the first buffer solution (9.180) to be used in the 

calibration of the combination pH electrode. The pH 

electrode was placed in the first buffer solution, which 
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was constantly stirred using a magnetic stirrer. Once 

the val~e had stabilised (as indicated by a steady val~e 

on the Radiometer pH meter) the pH value was entered and 

the computer automatically measured the corresponding 

voltage value from the pH meter. The programme 

then asked for the next buffer value (7.413). The pH 

electrode was carefully washed and dried and placed in 

the buffer solution. Once stabilised the pH value 

was entered. The pH electrode was then removed, washed 

and dried and together with the conductivity cell was 

placed in the reaction solution, and a stopclock started. 

The nitrogen was then turned on and as the gas bubbled 

through the solution the carbon dioxide was slowly outgassed, 

leading to the solution becoming saturated with respect 

to calcite as the pH value increased. After approximately 

thirty minutes the pH had risen from approximately 5 to -..., 7 .8, 

indicating that the desired degree of supersaturation had 

been obtained. The gas was then disconnected and the 

solution left for a further thirty minutes to regain 

its thermal equilibrium. 

Once this had been achieved, as indicated by a steady 

pH and conductivity reading, the calcite seed could be 

added. This seed in suspension had been allowed to arrive 

at thermal equilibrium in the thermostat, and 1 cm3 

of it was removed, after vigorous shaking, placed in a 

small vial which was then placed in the thermostat. The time 

since the inser~ion of the electrodes into the reaction 

solution was entered into the Apple, to allow the 
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conductivity data to be corrected for the leakage of KCl 

from the combination pH electrode. This leakage rate 

had previously been measured for this experimental 

configuration, and had been found to be 0.03352 l1 S min.- l 

Once this time had been entered a reading 

was taken of pH and conductivity by the Apple. 

Within the next minute the 1 cm3 of calcite 

suspension was added to the reaction solution, using a 

Pasteur pipette. The sample vial being carefully washed 

out with reaction solution to ensure that all of the 

suspension had been transferred. After one minute 

further pH and conductivity values were measured and 

readings were then taken at the time intervals described 

in Section 4.3.3.1. The length of an experiment was 

typically 292 minutes at which time readings were taken 

every sixteen minutes. 

4.3.4.2 PRECIPITATION IN THE PRESENCE OF COPPER 

To study the effect of copper ion concentration 

on the rate of precipitation a solution of approximately 

3 x 10- 2 mol dm- 3 Copper (II) chloride was made up by 

dissolving 1.2786g of Analar Copper (II) chloride 

(B.D.H.) in 250 cm3 of triply distilled water. 0.01 cm3 

Of this solution was added to the reaction solution using 

a graduated micropipette dispenser, before the addition of 

the suspension and the experiment continued as described 

in the last section. 
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TABLE 4.4 Calibration curve for the leakage rate of KlJ 

from the combination pH electrode. 

TIME/min. CONDUCTIVITY/llS TIME/min. CONDUCTIVITY/llS 

0 420.71 0 425.34 

2 420.75 5 425.47 

5 420. 92 10 425.55 

10 421.07 15 423.67 

15 421.25 20 425.72. 

22 421.32 25 425.85 

25 421.43 30 426.02 

31 421.52 35 426.16 

35 421.70 40 426.19 

40 421.80 45 426.26 

45 421.89 50 426.34 

50 421.95 55 426.66 

55 422.07 60 426.70 

60 422.20 65 426.77 

65 422.40 70 426.93 

70 422.43 75 426.95 

75 422.51 80 427.18 

80 422.59 85 427.25 

85 422.80 90 427.43 

95 423.01 95 427.48 

100 423.06 100 427.61 

no gas gassing 
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4.3.4.3 DISSOLUTION WORK ON POWDERS 

A slightly different experimental arrangement 

was needed to study the dissolution rate of powders. 

It was decided to use 800 ml of reaction solution for 

these experiments, but first it was necessary to measure 

the leakage rate of the combination pH electrode in 

this new configuration. This consisted of monitoring 

the change in conductivity (using the Wayne Kerr Bridge) 

as a function of time, with the electrode in its 

experimental configuration, both with and without gas 

passing through the solution. From these results 

(Table 4.4) a calibation curve (Figure 4.13) was 

constructed and the leakage rate was found to be 0.02198 

lIS min- l 

Preliminary work was done without the baffles but 

this proved to be unsatisfactory because gas bubbles were 

drawn into the cavity of the conductivity cell and 

produced eratic readings. The pH electrode also 

suffered from similar problems. With the baffles in place 

the gas stream was diverted and the problem was greatly 

reduced giving a far steadier reading. 

For the experiments, 800 cm3 of triply distilled 

water was placed in the reaction vessel which, together 

with the pH buffer solutions, was emersed in the thermostat 

and allowed to obtain thermal equilibrium. Once this had 

been obtained the programme 'STARTUP' was run and the pH 

combination electrode calibrated using the 4.008 and 

7.431 pH buffer solutions. Gas of the required partial 
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FIGURE 4.13 Calibration of leakage rate 
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pressure of carbon dioxide was passed into the reaction 

solution, the pH electrode and conductivity cell inserted 

into the reaction vessel, and the stop clock started. 

The change in the pH value of the reaction solution was 

noted until a steady pH value was achieved, i.e., when 

the solution was in equilibrium with the gas phase. 

Meanwhile the amount of dried calcite to be used in 

the experiment was calculated. This was achieved using 

the computer programme 'CAHC03'. This allowed the 

composition ofaCa(HC0
3

)2 solution to be determined from a 

knowledge of the partial pressure of CO
2 

in equilibrium 

with the solution with the condition that the solution 

was in equilibria with the calcite, i.e., B = 0. This 

allows the calculation of the total mass of calcium 

carbonate dissolved at equilibrium.At least 10 times this 

amount was then carefully weighed out, ready for its 

addition to the reaction solution. This large excess 

was needed because as discussed in Section 1.1 

in dissolution work on powders, the assumption is made that 

there is no significant area change during the course of 

the experiment, and the only way in which this is a valid 

assumption is if less than 10% of the powder initially 

added is dissolved, otherwise the change in surface area 

can become significant and therefore the assumptions are 

invalidated. 

Upon attainment of a steady pH value, the Wayne Kerr 

A.C. bridge was trimmed; however, due to the lack of any 

background electrolyte it was necessary to use a very 
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sensitive scale, i.e., 0 - 100 ~S, which led to problems 

which are discussed later. The time elapsed since the 

insertion of the electrodes into the reaction solution 

was entered, and pH and conductivity values were 

measured by the computer. Within the next minute the 

weighed amount of calcite was added and the weighing boat 

was carefully washed out with the reaction solution. 

The experiment then proceeded as described for the 

precipitation work (Section 4.3.4.1). 

The Wayne Kerr B642 bridge had decade conductivity 

ranges covering 0 - 10, 0 - 100, 0 - 1000 and 0 - 10, 000 ~ S. 

Because of the low conductivity of the reaction solution 

at the start of the reaction, it was necessary to use 

a very low conductance scale to balance the bridge. 

However, as the reaction proceeded the conductance rapidly 

increased causing the meter to come off scale, requiring 

the bridge to be rebalanced. This involves breaking 

into 'STARTUP'. Firstly, the data already collected 

was stored on floppy discs using 'ANALY'. Then 'STARTUP' 

was rerun. This had to be modified to enable the pH 

calibration parameters to be typed in rather than 

performing the calibration each time the bridge was 

rebalanced. The changes made are shown in the Appendix. 

All of the data files collected during anyone run 

by 'ANALY' were analysed as described previously in 

Section 4.3.2.2 by using 'COMPOST', or 'COMPOST.OBJ'. 

For the final analysis, using 'TNCAL', and 'SMOOTH', 

slight alterations were needed in the programmes. 
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'TNCAL' was altered to express the rate of dissolution 

as mol· -2 -1 cm s , and the printout format was changed 

so that the term [ca2+]X[HC0
3
-] was printed. 'SMOOTH' 

was adjusted so that instead of giving the rate, the 

term (rate -k1[H+]) was outputed (where kl is the transport 

constant for H+ as defined and measured by Plummer 
14 et al., ) . 

Experiments were then carried out over a wide range 

of partial pressures of carbon dioxide (p = 0.048 + 

0.248 atm). 

It was then decided to study the rate of calcite 

dissolution with a finer powder to see if any differences 

in behaviour could be detected. The powder chosen was 

Calopake F (from Sturge Chemicals) having a specific 

surface area of 5.65 m2g-1 (from nitrogen B.E.T. adsorption 

analysis). However, this powder was so finely divided 

that upon introducing it into the reaction solution the 

reaction occurred so fast that it could not easily be 

followed, with 90% of the reaction occurring in the first 

five minutes. With this speed of reaction the 

concentration of CO 2 in solution could not be controlled 

using the N2/C02 mixing system. For the first few 

minutes the partial pressure of CO2 , as calculated by the 

computer was far greater than the partial pressure flowing 

through the gas mixing system (as CO 2 was released by the 

reaction of calcite). This occurred in all the 

dissolution experiments which meant that the first 

points in the experiment had to be discarded until pC02 

returned to the level set. However in the case of 
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Calopake F, by the time this had occurred, the reaction 

was virtually completed. 

4.4 PRECIPITATION USING THE ROTATING DISC 

Experiments were carried out to try and characterise 

the back reaction in dissolution (i.e., precipitation) 

by monitering the flux of disolving calcium when the 

product ( ~a2+Jx ~032-J) was near to Ksp, the solubility 

product for calcite. 

The apparatus used was the same as that for monitlring 

dissolution, but instead of starting at [ca 21. 't' 1 = 
lnl la 

~l x 10-5 mol dm- 3 of calcium chloride in 0.3 mol dm- 3 KCl 

[Ca 2+]. 't' 1 used was 3.5 x 10-
4 

mol dm- 3, in order to 
lnl la 

allow the experiment to come to completion in a 

reasonable amount of time. Originally the stock calcium 

solution, as described in Section 4.1.5.1, was used, but 

the pH was found to be 3.4 when measured using the 

Radiometer pH meter. 

Therefore a new stock solution of calcium was made 

up using calcium nitrate (CaN0 3 ·4H20). 5.9059g Was 

dissolved in 250 cm3 of distilled water in a volumetric 

flask giving a stock solution of 0.1000 mol dm- 3 . 

When a reaction solution was made up of 3.5 x 10-4 mol 

dm - 3 Ca 2+ in 0.3 molar KCl and this was degassed the pH 

was measured and was found to be 6.78. 

Once the mV reading had steadied (to + 0.15 mY), 

with nitrogen bubbling through the solution and the titanium 

disc spinning at 10 HZ,then the ground, etched, single 



crystal calcite disc was inserted and the change in 

concentration of Ca2
+ was monit:red. The reaction was 

allowed to continue until the solubility product of 

calcite was exceeded, as indicated by the calcium 

concentration remaining constant for over one hour. 

At this stage the rate of the forward and backward 

reactions are equal. A typical experiment would last for 

approximately seven hours. 
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CHAPTER 5 

RESULTS AND DISCUSSION 
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This chapter is concerned with the analysis and 

discussion of the results obtained from the experimental 

work described in Chapter 4. For single crystal rotating 

discs it will be shown that reproducible, well-defined 

hydrodynamics are set up, which allow the dissolution 

reaction to be characterised. This reaction occurs through 

three processes, two being transport controlled, the third 

being a surface controlled reaction. The role of surface 

preparation will be explained and the extent to which this 

affects the number of kinks and terraces, and thus the rate 

of reaction, will be given, as will the extent to which 

copper(II) ions act as inhibitors on the rate. 

It will be shown that the surface rate constant 

measured for the dissolution of powders is consistant with 

that obtained for the rotating disc, despite the lack of 

well-defined hydrodynamics, and the vast difference in 

area. The effect of copper (II) ions on the precipitation 

rate will also be examined. 

5.1 RESULTS OBTAINED FROM THE DISSOLUTION OF ROTATING 

CALCITE DISCS 

This section will describe the results obtained using 

rotating calcite discs, made from both powdered pellets 

and single crystals. 

5.1.1 POWDERED PELLETS 

Rotating discs incorporating powdered pellets (made 

as described in Section 4.1.1.1) displayed several problems 



TABLE 5.1 Flux of dissolution of powdered calcite 

pellets at pH 3.0 

FLUX OF DISSOLUTION x 109/ ROTATION SPEED / Hz 

mol cm- 2s-1 

3.905 

2.336 

2.449 

2.237 

1.967 

1.977 

4.739 

4.504 

2.285 

4.140 

2.087 

2.285 

4.119 

4.489 

6.805 

5.605 

5.211 

2.004 

2.202 

9 

9 

9 

9 

9 

16 

16 

16 

16 

16 

25 

25 

25 

25 

25 

36 

36 

36 

36 

36 
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experimentally. Firstly, when the pellets were polished, 

using diamond lapping compound, cracks often became 

apparent, into which the lapping compound absorbed, and at 

which it was seen that dissolution occurred preferably. 

Pellets which had absorbed the lapping compound could not 

be used for various obvious reasons. Firstly, it was 

impossible to be sure that all of the diamond grit had been 

removed before changing sprays, thus leading to uncertainty 

in the degree of smoothness after polishing. Secondly, 

absorbed lapping compound might contaminate the reaction 

solution, and lastly, dissolution occurred preferably at 

the cracks thus not all of the exposed surface reacted at 

the same rate. To overcome these problems, pellets were 

polished using calcium carbonate powder. The powder 

being placed on a cloth mat and this was lubricated using 

hexane. This overcame the problem of absorption, but 

still left the problem of cracks appearing, and also 

led to uncertainty in the degree of surface reproducibility. 

The measured flux of dissolution as measured for powdered 

pellets, at various rotation speeds, are tabulated in 

Table 5.1 and are shown in Figure 5.1. As can be seen 

the measured fluxes are erratic and unreproducib1e, though 

they indicate that dissolution increases with rotation 

speed. 

To overcome the problems associated with the stress 

in grinding these pellets, the pellet size was changed from 

7.5 to 2.5 mm radius, as described in Section 4.1.1.1. 

Pellets formed using these pellets were easier to polish 
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without causing flaws in the pellet surface, but an additional 

problem arose in that it was difficult to centrally place 

these pellets before casting. This central placing was 

essential if edge effects were not to be encountered, and 

for the calcite disc to behave as a rotating disc as 

opposed to a rotating cylinder (see Section 3.3). 

A further possible problem with forming pellets from 

powders using a press may arise in the observation of Burns 

and Bredigl and Dachille and Roy,2 that grinding calcite 

powders at room temperature was sufficient to produce a 

small amount of aragonite, and that the percentage of 

arogonite increased with the grinding time. Thus, the 

morphology of the pellets may not be pure calcite and 

analysis would, therefore, be required to check on the 

composition of each crystal. 

In conclusion the use of pellets in forming calcite 

rotating discs proved unsatisfactory. It was impossible 

to polish the crystals in such a way as to form reproducible 

surfaces, the surfaces formed being liable to produce 

cracks upon dissolution, and there was the possibility of 

a morphology change in the calcium carbonate upon the 

formation of the pellets. 

5.1.2 DISSOLUTION OF SINGLE CRYSTAL ROTATING DISCS 

To enable direct comparison to be made between 

experiments carried out on different discs, it was 

decided to use single crystal, as opposed to powdered 

calcite. Single crystals, which cleaved easily, would have 
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the advantage of producing reproducible surfaces, and would 

not suffer from the absorption problems experienced when 

using pellets. 

The crystal chosen was Iceland Spar. This had two 

main advantages; firstly, it cleaved very easily, enabling 

crystals to be cut to size, and secondly, the crystals 

cleaved in such a fashion that each face exposed was the 

(100) plane, presenting no problem in orientating the 

crystal before mounting. 

5.1.2.1 PRELIMINARY PREPARATION OF THE CALCITE DISC 

Before the single crystal rotating disc could be 

used for dissolution experiments, it was found that the 

calcite surface had first to be "run in". This was 

necessary because, as shown in Figure 5.2, without this 

treatment the dissolution rate continuously increased up 

to a point at which a final steady rate was achieved. 

Once this rate had been obtained then the dissolution occurred 

at a constant rate. Therefore, to ensure that all the 

experimentally determined data could be directly compared 

it was necessary to make sure that the crystal had 

reached this maximum dissolution rate before beginning 

experimentation. 

The procedure adopted consisted of rotating the 

calcite disc at 25 Hz, for 20 min., in 10-3 mol.dm- 3 HC1. 

Figure 5.2 shows the effect of such treatment. After 

this time had elapsed, the crystal was carefully washed 

with distilled water, dried, and was then considered ready 
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for use. The rationale for this break in period will be 

given later. This treatment with HCl also served to 

clean the surface of any organic impurities absorbed during 

polishing. 

5.1.2.2 DISSOLUTION IN 10-3 mol.dm- 3 HYDROCHLORIC ACID 

Experiments were carried out using a solution of 10-3 

mol.dm- 3 hydrochloric acid, with sufficient potassium 

. chloride added to increase the ionic strength of the 
-3 reaction solution to 0.3 mol.dm . The solution was 

prepared as described in Section 4.1.5.3., and a stream 

of pure nitrogen bubbled through the reaction solution at 

all times. Data consisting of calcium concentrations, at 

set time intervals, was stored on floppy discs and this 

was later analysed using the 'CURFIT' programme as outlined 

in Section 4.1.4.2. fca 2+) Figure 5.3 shows plots of 

versus time for various rotation speeds. As can be seen 

the ~a2+) increases linearly with time, and the rate of 

dissolution is increased by an increase in rotation speed. 

The measured dissolution rates (mol.dm- 3s- l ) were 
-2 -1 transformed into fluxes (J), (mol.cm s ) by considering 

the area of calcite exposed and the volume of reaction 

solution (Table 5.2). Using these figures a Levich plot 

of flux vs. wl / 2 was obtained. As can be seen from 

Figure 5.4, an excellent Levich plot was obtained (i.e., 

a straight line passing through the origin) with a 

gradient of 1.970 x 10-8 mol.cm- 2s-3/ 2. 

The points shown in Figure 5.4 and tabulated in 

Table 5.2 are an average of many runs for each rotation speed. 
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TABLE 5.2 Flux as a function of wl / 2 for pH 3.0 

wl / 2/HZ FLUX/mol.cm -2 -1 s 

3.16 6.06 x 10-8 

3.53 7.02 x 10-8 

3.87 7.67 x 10-7 

4.47 8.83 x 10-8 

5.00 9.84 x 10-8 

5.48 1.061 x 10-7 

TABLE 5.2b Flux as a function of w1 /
2 for pH 3.0 

1 
FLUX/mol. em -2 -1 

w2 /Hz s 

3.16 5.86 x 10-8 

3.53 6.80 x 10-8 

3.87 7.15 x 10-8 

4.47 8.76 x 10-8 

5.00 9.52 x 10-8 

5.48 1.048 x 10 -8 

Table 5.2b show fluxes obtained using a different crystal 

and Figure 5.5 shows the corresponding Levich plot, giving 

a slope of 1.931 x 10-8 mol.cm-2s-3/ 2. These values are within 2% of each 

other and thus show the reproducibility of the crystal 

surfaces. 

If the reaction occurring at the calcite surface is: 
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+ 2H + caCo
3 

2HC0
3

- + Ca2+ 5.1 

with the rate determining step being H+ transfer across 

the diffusion layer, then using the Levich equation (3.28), 

the flux of dissolving calcium will be given by: 

2.0 J Ca 2+ 1/2 
w 5.2 

(the factor of 2 appearing as 2 protons are needed to 

release 1 calcium ion). The diffusion coefficient for 

the proton can be calculated from the slopes of Figures 

5.4 and 5.5. This was found to yield an average value 

of 7.46 x 10-5cm-2s -l, in excellent agreement with the 

literature value of 7.64 x 10-5cm 2s-1 as found by Gostisa

Michele ~t al.~ using a high precision mechanical rotating 

disc electrode in 3 x 10-3mol.dm-3 HCl with 1 mol.dm- 3 

potassium chloride added as background electrolyte. 

This shows that:-

1. The surface satisfies the conditions for correct 

hydrodynamic flow to the rotating disc 

surface. 

2. The rate determining step in the dissolution of 

calcium carbonate at this pH is the transport 

of protons to the disc surface. 

In these experiments, using 10-3mo1.dm- 3 HC1 no 

buffer was used as the very small quantity of calcium 

dissolved was insignificant to alter the pH to any 

significant extent. In a typical experiment the concentration 
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of calcium rose from 1 x 10-5 to approximately 7 x 10-5 

mOl.dm- 3, correspondingto a pH change of 0.06 units. 

5.1.2.3 DISSOLUTION IN THE pH RANGE 4.21 TO 5.62 USING 

SODIUM ACETATE/ACETIC ACID BUFFERS 

The solutions for these experiments were made up as 

described in Section 4.1.5.4, and using these solutions 

the dissolution rate was measured at various rotation 

speeds with a constant supply of nitrogen being passed 

through the solution. 

The dissolution rates were converted into fluxes and 

Tables 5.3 to 5.5 show the fluxes for various rotation 

speeds, at [HA) = 0.016, 0.008 and 0.08 mol.dm- 3 respectively. 

TABLE 5.3 (HA) 0.016 mol.dm- 3 

wl / 2/ Hz l/2 FLUX/mol. 1/ 1/2/Hz-l/2 1 -1 2 
/FLUX/mol cm s w 

-2 -1 cm s 

2 2. 389x10 -8 0.5 4.187xl07 

2 2. 679xlO -8 0.5 3. 733xl07 

3 4.197xIO-8 0.333 2. 382xl07 

3 4.392xlO-8 0.333 2. 277xl07 

4 5.203XIO-8 0.25 1. 922xl07 

4 5. 487xlO-8 0.25 1. 822xl07 

5 6. 662xlO-8 0.2 1.501xlO7 

5 6. 422x10-8 0.2 1.537x107 
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TABLE 5.4 [HA) = 0.008 mol.dm- 3 

wl/2 /Hzl/2 FLUX/mol. 11 
112 1Hz -1/2 1 -1 2 1 

IFLUximol em s 
-2 -1 em s 

w 

2 1.061xlO-8 0.5 9.431xl07 

3 1.618xIO-8 0.333 6.179xl07 

4 2.343xlO -8 0.25 4.274xl07 

5 2.969xlO -8 0.2 3.372xl07 

TABLE 5.5 [HAJ = 0.08 mol.dm- 3 

wl/2/Hzl/2 FLUX/mol. 1/ 
112 1Hz -1/2 1 -1 2 

IFLUX/Mol. em s 
-2 -1 w 

em s 

2 7.122xlO -8 
0.5 1.404xl07 

3 1.052X10-7 0.333 9.504xlO 6 

4 1. 353xlO-7 0.25 7.389xl06 

5 1.882xlO-7 0.2 5.314xlO 6 

Figures 5.6 - 5.8 show the fluxes as a function of 1/2 
w , 

and as can be seen excellent Levich plots are obtained 

for each concentration. The values in Tables 5.3 to 5.5 

represent the average values for many measurements. 

The question arises as to whether the reaction 

occurring is the attack of acetic acid with the calcite 

surface i.e.,: 

5.3 
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or whether the acetic acid first dissociates and the 

chemical step is the attack of protons on the surface: 

If the latter case occurs then as described in Section 3.4, 

the behaviour can be described by the Koutecky-Levich 

equation (3.44) i.e.,: 

0.64 -1/6 [A-] v 
1 1 1 

J =~ 
+ ( )2 

D~3 .; w k'lKAD + 
H 

Where the symbols have been defined in Chapter 3. 

If the value 9.1 x 105s - 1 4,5 is used for k and 
1 

-8 -2 6 . that of 1.75 x 10 mol.cm for KA, then equat~on 

5.5 becomes: 

1 
J 

2 
= 

639 
+ 5.74 

I w 

as the sodium acetate concentration was kept constant 

throughout the experiment. 

5.5 

5.6 

From equation 5.6,since the maximum rotation speed 

employed was 25 Hz, then this second term is negligible, 

i.e., the kinetics of dissolution for acetic acid are 

sufficiently rapid that the reaction may be described 

by pure Levich behaviour. Figures 5.9 - 5.11 show 



KouteckY-Levich plots for the three acetic acid 

concentrations. 
1 

If the slopes of Levich plots (J 2+lw~) 
Ca 

are plotted as a function of acetic acid concentration 

a straight line is expected from the Levich equation (3.28). 

Figure 5.12 shows such a plot using the values listed 

in Table 5.6. As can be seen such behaviour is followed 

TABLE 5.6 Slopes from Levich plots as a function of HA 

[HA] Imol. dm - 3 LEVICH PLOT SLOPES I 9 -2 -3/2 10 mol. cm s 

0.008 5.778 

0.016 13.341 

0.032 22.503 

0.04 29.354 

0.064 33.748 

0.08 36.053 

0.12 31.746 

0.16 31.919 

when the concentration of acetic acid is less than 0.043 

m01.dm- 3, showing that the rate determining step is acetic 

acid transport across the diffusion layer. Thus, the 

kinetics of calcite dissolution at this pH can be described 

by the Levich equation, with D and C= relating to the 

acetic acid. From the slope of Figure 5.12 the diffusion 

coefficient of acetic acid can be calculated and was 

8 6 -6 2 -1 found to be • 0 x 10 cm.s ,in reasonable agreement 
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FIGURE 5.13 Levich plot for dissolution at pH 6.11. 
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with the value of 1.01 x 10-5 cm2 .s-1 as calculated by 

Bidstrup and GeankOPlis 7 using their version of the Wilke

Chang approximation. 

However, when fH~ exceeds 0.043 mol.dm- 3 then the 

graph levels off, indicating that the rate of dissolution 

becomes independant of the acetic acid concentration. 

This may be attributable to the onset of CO 2 bubble 

formation at the surface of the disc, i.e., when the 

concentration of CO 2 builds up to the level at which the 

solubility is exceeded, then the rate determining step 

becomes the transport of CO
2 

away from the rotating disc's 

surface. This was verified by the observation of bubbles 

at the disc's surface. 

The onset point of this condition may be calculated 

by considering Henry's law, i.e.,; 

[C0 2] aq. = 

partial pressure of carbon dioxide/atm. 

Henry's law constant. 

Bubbles will form when pC0 2 becomes greater than 1 

atmosphere. Using a value of 0.032 mol.dm- 3atm. for 

5.7 

KH8 and considering that two molecules of acid are required 

to liberate one molecule of CO2 , then from equation 5.7 

the onset of gaseous CO 2 evolution would be expected at 

approximately 2 x KH = 0.064 mOl.dm- 3, since the rate of 

reaction at the disc surface is fast enough to consume all 



TABLE 5.7 Dissolution at pH 6.11 with pure N2 being 

passed through the solution. 
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IwlHz1/2 -9 -2 -1 FLUX/IO mol.ern s BUFFER RATIO CRYSTAL NUMBER 

1.5 4.462 1 1 

1.5 4.077 , 
1 2 

1.5 5.132 1 2 

1.5 2.748 2 2 

1.5 2.210 ~ 2 

2.0 5.101 1 1 

2.0 3.048 1 1 

2.0 5.368 2 2 

3.0 4.177 1 1 

3.0 5.372 1 1 

3.0 6.685 1 2 

3.0 4.954 
, 2 l! 

3.0 5.965 2 2 

4.0 7.528 1 1 

4.0 5.539 1 1 

5.0 7.223 1 1 

5.0 7.029 1 1 

5.0 8.902 ! 2 

5.0 7.321 ~ 2 

5.0 8.429 2 2 
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the protons at the surface. The experimental value 

(found from Figure 5.12) gives a value of 0.043 mol.dm- 3 

in approximate agreement with the calculated value. 

5.1.2.4 ~ISSOLUTION AT pH 6.11 USING S0RENSEN'S 

CITRATE BUFFER 

The solutions used for experiments carried out in this 

section were made up as described in Section 4.1.5.5. 

At first experiments were carried out at various rotation 

speeds, with a constant supply of pure N2 being bubbled 

through the reaction solution (to prevent the build-up 

of CO 2). 

Further experiments were carried out altering the 

concentration of the buffer components. Table 5.7 

lists the fluxes as a function of rotation speed and also 

indicates the concentration of buffer used, as well as the 

different crystals used. 

Figure 5.13 shows the fluxes plotted as a function of 

w~. As can be seen there is a non-zero intercept and a 

linear dependence upon w~. This suggests a surface 

controlled reaction is occurring as well as a transport 

controlled reaction. 

A question arises as to the identity of the species 

in the rate determining step. Is it the transport 

of protonated citrate (CH) or of H+ across the diffusion 

layer? The Levich equation (3.28) can be employed to 

calculate the expected slope of Figure 5.13 for both cases. 
+ For H transfer: 

• 
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5.8 

= -12 -2 -3/2 4.678 x 10 mol.cm s 

while for the case of protonated citrate: 

I -1/6 D2/3 
J/vw = 1.554 v CH 5.9 

DHC can be estimated using the formula of Bidstrup 

and G.eankopl'is7 " (equation 3.45): 

= 6.6 x 10-8 (xM)~T 
VO. 6 

The symbols being ai previously defined, 

---- -6 2-1 5.901 x 10 cm s 

substituting this value into equation 5.9 gives: 

J Ilw = -9 -2 -3/2 2.22 x 10 mol.cm s 

in agreement with the measured slope. Thus the rate 

5.10 

determining step at this pH is the transport of protonated 

" citrate to the calcite surface. Thus the overall rate 

of dissolution can be given by: 
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J = kl [H+] + k2 5.11 

k2 = surface controlled reaction 

kl rate constant + = for H transfer. 

In the presence of weak acids which dissociate then 

[H+] f' 1 should be replaced by weak aCld and the diffusion 

coefficient used in kl should be replaced accordingly. 

The reaction giving rise to the surface controlled 

rate constant is attributable to the reaction of water 

with the calcite surface i.e., 

C 
2+ a + + OH 

The reason for this reaction being non-transport 

controlled, is the large quantity of water present. 

The OH produced is rapidly protonated by the buffer 

system forming H20. 

The dissolution rate was then measured with a 

5.12 

mixture of N
2

/C0
2 

passing through the reaction solution, 

using the gas mixing system described in Section 4.1.2. 

An air bleed had to be constructed to reduce the pressure 

of the gas before bubbling it into the reaction solution. 

The partial pressures of carbon dioxide used were 0.091 

and 0.167 atm. Table 5.8 shows· the flux as a 

function of w~ and pC02 , also indicating where a new 

crystal was used. 

As can be seen from Figure 5.14, the rate of 

dissolution increases with pC0 2 and shows a linear dependance 
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TABLE 5.8 Dissolution at pH 6.11 at various values of 

w and pC0 2· 

w~fH ~ FLUX x 9 -2 -1 pC0 2fatm. CRYSTAL NUMBER 2 10 fmol.cm s 

2 6.761 0.091 2 

2 5.966 0.091 3 

3 8.512 0.091 2 

3 9.235 0.091 2 

4 10.583 0.091 2 

4 11.006 0.091 3 

5 11.663 0.091 3 

5 13.457 0.091 2 

2 7.911 0.167 2 

2 8.640 0.167 3 

3 11. 540 0.167 2 

3 11.139 0.167 3 

4 15.223 0.167 3 

4 14.733 0.167 3 

5 18.192 0.167 3 

5 17.939 0.167 2 

on w~. The slopes from Figure 5.14 were measured and they 

are plotted as a function of pC0 2 in Figure 5.15 showing 

that the slopes vary linearly with pC0 2. 

This suggests that the transport controlled reaction 

could be caused by the reaction of carbonic acid with 

the calcite surface i.e., 
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5.13 

Ca 2+ + 2HC0
3 5.14 

Thus, the rate of dissolution is being controlled 
+ by three processes, two transport controlled, Hand H2C0

3
, 

and the H20 surface controlled reaction. Thus the 

overall rate of dissolution can be given by: 

5.15 

5.16 

This assumes that the equilibrium 

is so slow that there is no suppllmentation of reacting 

H2C0
3 

in the vicinity of the rotating disc through the 

hydration of dissolved CO 2 , This assumption is 

supported by literature values of 0.025 to 0.04 -1 s 9 

for the hydration rate constant (khyd .>' These values are 

"slow" on the rotating disc time scale10 suggesting that we 

may confidently use equation 5.16 which may be written in 
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terms of the Henry's law constant KH for the solubility 

of CO 2 in water. Thus equation 5.16 becomes: 

Thus, using the gradient of Figure 5.15 and, equation 5.7, 

i.e: 

then 

= 5 3 10-7 4/3 -2/3 • x em s 

The diffusion coefficient can be estimated using 

equation 3.45 yielding a value of 1.31 x 10-5cm2s-l. 

This thus gives a value for K of 9.597 x 10-4. H2C0
3 

This value is compared with other literature values in 

Table 5.9 , and as can be seen satisfactory agreement 

is obtained. This may be taken to vindicate the form of 

equation 5.17 and the kinetic model on which it is based. 

It should be noted that all three lines shown in 

Figure 5.14 have a similar intercept. The average value is: 

k2 = 2.1 + 0.3 -9 -2 -1 x 10 mol.cm s 



TABLE 5.9 

AUTHOR 

Bolin 
11 

Barth 
12 

Skirrow 
13 

This work 

Comparison of values for K at 250 C H2C0
3 

K H2C0
3 

9.091 x 10-4 

2.591 x 10-3 

2.00 x 10-3 

9.579 x 10 -4 

REFERENCE 

12 

13 

14 
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It should be stressed that the points shown in this 

figure were obtained using a number of different crystals, 

and that where a crystal was used more than once, it 

was freshly prepared before each run. This shows the 

reproducibility of the surfaces used and also allows 

comparisons to be made with confidence between data 

obtained using different experimental conditions. 

5.1.2.5 DISSOLUTION OF GROUND BUT UNETCHED CRYSTALS 

It has been shown in the previous section that the 

overall rate of dissolution of Iceland Spar is described 

by equation 5.15: 

J = 

This value of k2 is, however, an order of magnitude 

greater than the values quoted by Plummer et al.!4 who 

found k2 = 1.2 x lO-lOmol.cm- 2s- l using crushed Iceland 

Spar. This discrepancy may be attributable to the 

different surface treatments. Plummer et al., crushed 
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their Iceland Spar, wet sieved it, and then washed it in 

10-3M Hel for 10 seconds, compared to the prolonged 

treatment used to pretreat the rotating calcite disc in 

this work. 

Figure 5.16 shows electron micrographs of the surface 

of the rotating disc after polishing, and after polishing 

and etching. The surface before etching is smooth 

down to the resolution of the S.E.M.. After etching, 

however, the surface has become roughened and pits 
• 

can be seen. 

Experiments were, therefore, carried out in which 

Iceland Spar rotating discs were polished but not etched. 

The crystals were polished to different degrees of smoothness 

(as defined by the smallest diamond spray.used in the 

polishing) • As described in Section 4.1.5.6 the dissolution 

of these discs was measured in 0.3M KCl for 7000 seconds 

with a stream of pure N2 bubbling through the solution at 

all times. Table 5.10 lists the measured fluxes as a 

function of grit size ("""' roughness) and Figure 5 .17 shows 

the plot of flux versus grit size. 

The intercept of this graph gives the rate of 

dissolution for a "smooth polished crystal". From 

Figure 5.17 this gives a value of 1.4 x 10-10 mol.cm- 2s-1 

in good agreement with the value of Plummer et aI, 

From Figure 5.16 the average dimension of the etch 

pits of the treated surfaces are '- 150 llm. Extrapolation 

of Figure 5.17 to 150 u gives a dissolution rate of 

1,9 x 10-9 mol,cm- 2s-1 , in excellent agreement with the 

measured value. 
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S . E . M. of etched calcite surface and polished 

surface 

6 . 85 cm = 100 ~ 
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FIGURE 5.17 Plot of J vs. grit size. 
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TABLE 5.10 Flux of dissolving calcium as a function of 

grit size. 

GRIT 

k 

1 

1 

6 

6 

6 

25 

25 

SIZE/~ 

1.201 

1.1743 

1.242 

2.446 

2.029 

2.062 

4.370 

3.637 

To return to the work of Sjoberg and Rickard, mentioned 

in Section 1.1; their values obtained using the rotating 

disc were far different to both the work of Plummer 

~t al., and with that obtained during the course of this 

work. However, their discs were only polished down to 30~, 

and from extr~polating Figure 5.17 their values lie quite 

close to the expected line of flux vs. grit size. 

Another reason for disagreement is that Sjoberg and 

Rickard used the initial rate of the reaction to find the 

flux while this work, and that of Plummer et al., have 

used the final rates. 

5.1.2.6 DISSOLUTION OF CLEAVED CRYSTALS 

Clearly, surface roughness plays an important role 

in governing the rate of dissolution. Implicit in this 

is the notion that the history of the calcite will effect 

the dissolution rate: the more the sample has been 

dissolved, the rougher the surface will become, and thus the 
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dissolution rate will increase. 

Figure 5.18 shows a dissolution experiment carried 

out in 10-3M Hel on a freshly cleaved Iceland Spar 

surface subjected to no polishing or etching (Section 4. I.'.~) 

As is apparent, at first there is no dissolution, but as the 

reaction progresses the rate steadily increases up to 

the expected value. 

This transition corresponds to the surface changing 

from being essentially flawless, with no sites available 

for dissolution to occur - to being fully roughened (as 

shown in Figure 5.16). 

It has already been shown that the rate of dissolution, 

at this pH, for fully roughened surfaces is governed by 

the rate of H+ transfer to the rotating disc's surface. 

However, from Figure 5.18 it is apparent that this does 

not apply to a flawless surface, i.e., the rate of reaction 

is only controlled by H+ transport when the surface has 

been roughened, creating kink sites for the dissolution 

to occur at. 

The theory of three dimensional nucleation has been 

, h' k15 d 't d' developed by Harrlson and T lrs an 1 pre lcts that 

for instantaneous nucleation, with the slow step being the 

dissolution at the edges of nucleii, the rate is given 

by: 

J = 5.18 
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J = steady state dissolution rate 

= constant, dependant upon the number of 

nucleation sites and the rate constant 

for the dissolution at the edge of the 

nucleus. 

The dashed line in Figure 5.18 is the integrated 

form of equation 5.18 i.e: 

202 

5.19 

showing that satisfactory agreement is seen between theory 

and experiment. 

Further experiments were carried out in 6.11 buffer 

using these unpolished unetched crystals, and Figure 5.19 

shows the dissolution for a typical experiment. The 

solid line is the rate expected from equation 5.11 for a 

fully roughened surface. Even after 6000s. the rate of 

dissolution is still an order of magnitude less than the 

expected value. 

If equation 5.18 applies, then it would be expected 

that: 

(Ca 2+) _ rCa 2+ I 5.20 



TABLE 5.11 Comparison of the k2 values obtained using 

different calcite samples. 

AUTHOR 

14 Plununer et al., 

This work 

This work 
16 House et al., 

House et al., 16 

SAMPLE 

Crushed Iceland 
Spar 

Rotating disc 

Powder BDH 

Powder BDH 

Powder Calopake F 

-2 -1 
k

2
/mol. cm s 

1.10 x 10-10 

1.4- x 10-10 

1.34 x 10-\0 

1.35 x 10-10 

3.61 x 10-11 

I\) 

o 
VJ 
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Figure 5.20 shows such a plot, the slope drawn in 

having the expected value of 3, showing reasonable 

agreement with the theory. 

These results would seem to indicate that the 

measured rate of dissolution will be dependant on the 

history of the calcium carbonate sample. However, there 

exists an agreement between the value obtained using 

polished, but unetched, rotating discs, with that of 

Plummer. To establish whether this agreement is 

coincidental,work was carried out re~ating Plummer's 

work on dissolution, using BDH powder, shown to consist of 

small rhombahedral particles <5~m in diameter; 16 details 

of this work will be given later. The rate constant 

4 X 10-10 -2 -1 . measured was 1.3 mol.cm s , show~ng good 

agreement. These values are listed in Table 5.11. 

Also shown in Table 5.11 are the values measured by 
16 House et al., for the precipitation of calcium carbonate 

using the same BDH powder and also for Calopake F, a 

commercially prepared calcite of large specific area 

2 -1 5.65 mg. Agreement is seen for the BDH sample, but 

not for the Calopake F. 

This agreement may be understood if the following 

assumptions are made: 

1. The exposed calcite surfaces are the 

cleaved (100) planes of Iceland Spar and 

2. The surface has not been subjected to prolonged 

dissolution in aqueous media. 

The first point is obviously true for the rotating disc 



2+] 2+ log ([Ca - [ea ] ) 
I 0 

6.5 
T" 

i' 

,. 

6.0 

-. 

5.5 

3.6 

FIGURE 5.20 Plot of log ( [Ca 2+ J - 2+] ) 9a 0 

3.7 

vs. log time. 

log time 
I'\) 

o 
\Jl 



206 

as the Iceland Spar crystal is positionedto expose this 

face. It is also likely to be the case for Plummer's 

samples as in crushing his sample the Iceland Spar will 

cleave preferentially along the (100) plane. The second 

point is true for all of the experiments. Thus, flawless 

Iceland Spar, either cleaved or ground, (either by 

polishing or in the form of powders), which has suffered 

no previous dissolution will dissolve at a rate of 1.3 x 
-10 -2 -1 10 mol.cm s . 

However, this value will increase as the surface is 

subjected to dissolution and surface roughening. It 

will also be different if the exposed crystal faces are 

different from the (100) cleavage plane, and this is 

probably the reason why Calopake F shows a different 

rate constant to the other samples. In the formation of 

the large surface area the normal cleavage rhombs are 

destroyed. 

5.1.2.6 DISSOLUTION OF ANGLED CRYSTALS 

To study the effect of changing the exposed crystal 

face the dissolution rate was measured in a set of 

rotating disc experiments in which the crystals had 

deliberately been set at an angle, a, to the normal 

cleavage plane, using the apparatus described in 

Section 4.1.1.3. The dissolution of these crystals was 

measured in 0.3M KCl for 7000s. and the fluxes were found. 

Table 5.12 lists the measured flux as a function of e 

and the dependance of flux on e is shown in Figure 5.21. 
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FIGURE 5.21 Plot of J vs. e 
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TABLE 5.12 Flux of dissolving calcium as a function of 9 

9/ 0 FLUX x 10 -2 -1 10 Imol. cm s 

0 1.41 

5 1.634 

5 1.712 

10 2.431 

10 3.980 

20 6.209 

20 5.903 

This linear dependance can be understood if it is 

assumed that the increased dissolution rate is due to 

there being an increase in the number of dissolution 

sites available because of the terraces introduced into 

the crystal surface by polishing the disc at an angle to 

the crystal plane (Figure 5.22). , 
Dissolution is thought to take place more readily 

at terraces because of the presence of kinks on the 

terraces (Figure 5.23). Dissolution will preferably 

occur at kinks because these sites have less nearest 

neighbour interactions. 

Simple geometry shows that the number of terraces 

NT is given by: 

(for small 9) 

and if the number of kinks is assumed to be a the number 

of terraces, then this is in agreement with the data shown 

in Figure 5.21. 
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Calcite 

FIGURE 5.22A crystal cast at an angle (8) when ground 

horizontal to the surface exposed cuts across 

the (100) planes. 

kink Terrace 

FIGURE 5.2~he surface of a crystal showing kink and terraces 
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Support for the idea that the increased rate 

observed with increasing 8 comes from S.E.M. 's taken off 

the samples after dissolution (Figure 5.24). Macroscopic 

terraces are clearly visible and the number increases 

with 8. It may be assumed that the number of macroscopic 

terraces observed are a to the number of terraces initially 

formed. Hence the observed increase in flux may be 

concluded as being due to the increase in the number of 

terraces formed on the surface. 

In conclusion it has been shown that the dissolution 

of Iceland Spar is strongly influenced by the surface 

morphology of the sample. In particular: 

1. Freshly cleaved flawless surfaces are essentially 

unreactive, even in 10-3M Hel. As dissolution 

proceeds, however, the surface becomes roughened 

and the rate increases, until eventually a steady 

state is obtained. This transition can be 

described in terms of an equation derived assuming 

three dimensional instantaneous nucleation, i.e., 

J = J~ (1 - ~xp _<at 2>]) 
2. Good agreement is found between different samples 

and different experimental methods in the case of 

cleaved or polished Iceland Spar which has not 

previously been subjected to dissolution. In this 

-10 -2 -1 case k2 = 1.30 x 10 mol.cm s • 

3. Sur~aces obtained by misorientating the crystal 

dissolve ~aster that the (100) cleavage plane 

becomes more terraces, and thus more kinks are produced 

at which dissolution can occur. 



a 

c 

FIGURE 5 . 

b 

d 

S . E .M. of calcite crystals cast at an angle 

(a) 20° , (b) 10° , (c) 5° and d 0° 1 . 26 em = 10 fA. 

I\) 

f-J 
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5.1.2.7 DISSOLUTION IN THE PRESENCE OF COPPER(II) IONS 

As described in Section 4.1.5.7. dissolution experiments 

were carriec out on flat single crystals in 0.3 mol.dm -3 KCl 

with copper(II) chloride present in the reaction solution. 

The concentration range of copper(II) ions used was from 

10-6 to 10-3 mol.dm- 3 . The dissolution rate was 

measured, and the flux of dissolving calcium calculated. 

These fluxes are listed as a function of copper ion 

concentration in Table 5.13 and are shown in Figures 5.25 -

-6 -5 -4 -3 2+ 5.27. In all cases (10 ,10 ,10 mol.dm Cu ), 

the flux is far less than the standard run showing the 

inhibiting effect of copper(II) ions on the dissolution 

rate. A further point of interest is that instead of 

dissolution reaching a steady rate and then continuing, 

the rate of dissolution slows down with time in the 

presence of copper (see especially Figure 5.26, the 

dissolution in the presence of 10-5 mol.dm- 3 Cu 2+). 

This effect is far less apparent in the presence of 10-4 

mol.dm- 3 cu2+. 

The dissolution was also measured in the presence 

of 10-3 mol.dm- 3 Cu 2+. However, no measurable increase 

of calcium could be detected, even after 10,000 seconds 

of rotation in the reaction solution. 

Thus, as can be seen, the presence of 10-3 mol.drn-3 

Cu2+ is sufficient to totally inhibit the dissolution 

of calcite while the presence of 10-9nol.dm-3 Cu2+ reduces the 

rate by approximately half by sticking onto the available 

kink sites. Once these sites are occuped by copper ions 
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TABLE 5.13 Flux of dissolving calcium as a function of [Cu21 

[cu 2+] /mol.dm- 3 FLUX 10 -2 -1 x 10 Imol.cm s 

1 x 10-6 
4.65 

1 x 10-6 
4.99 

1 x 10-5 7.64 

1 x 10-5 3.91 

1 x 10-5 5.69 

1 x 10-5 3.61 

1 x 10-5 5.97 

1 x 10-5 6.04 

1 x 10-5 4.53 

1 x 10-4 
9.27 

1 x 10-4 8.47 

then they can no longer act as sites for dissolution, 

and thus the rate falls. 10-6 mol.dm-3 copper solution 

exhibits such a large effect because only mono kink 

coverage is required. This is the reason why increasing 

the copper concentration up to 10-4 mOl.dm- 3 shows no 

additional inhibition. In fact, increasing the copper 

concentration actually reduces the inhibitory effect. 

This anom~y can be understood by considering the copper(II) 

ion in solution. 

It exists in its hydrated form Cu(H 20)6 2+ which 

exhibits slightly acidic behaviour, i.e., 
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C ( 0) 2+ -----" ( ) 0 + u H2 6 ~ Cu H20 5 H 5.20 

The equilibrium constant for this has been reported 

in the literature as between 10-6. 8 - 10-7 . 4 and the 

measured change in pH at different [cu2+) corresponds 

well with the value of K. Thus, it is this decrease in 

pH, caused by increasing the concentration of Cu2+ 

which reduces the inhibitory effects measured. Total 

inhibition is shown when [Cu 2+J reaches 10- 3 mol.dm- 3 

as this concentration leads to the formation of a layer 

of copper carbonate on the crystal surface, as can be 

seen from Figure 5.27. This shows an electronmicrograph 

taken of a calcite crystal after dissolution in the 

-3 -3 2+ presence of 10 mol.~ eu • Instead of the steps which 

are normally observed, the surface has a porous structure 

as a thin layer of copper carbonate is formed. 

5.1.2.8 CHALK ROTATING DISCS 

Chalk rotating discs were formed as described in 

Section 4.1.1.5. The surface could not be polished with 

the diamond sprays, as the porous nature of the sample 

absorbed the lapping fluid. The surface was, therefore, 

only polished down to 30~ using the 600 Brammet pads. 

The dissolution of these discs was then measured in 0.3M 

-9 -2 -1 KC1, and the flux was found to be 1.39 x 10 mol.cm s • 

Cleaved chalk samples were also prepared and when 

the dissolution was measured for these the flux found 

was 1. 25 x '10-9 -2 -1 mol.cm s . Both of these values are 
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S . E. M. of a calcite disc dissolved in the 

presence of 10 - 3M Cu 2+ 

1. 41 cm 10 
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higher than the values for polished Iceland Spar, even 

when the roughness factor is taken into account. This 

is probably due to the fact that chalk does not cleave 

along set cleavage planes, and thus the surface exposed is 

already rough and does not need dissolution to create 

kink sites. This can be seen from Figure 5. 29 

which shows S.E.M.'s of the chalk samples illustrating the 

flawed nature of the exposed surface. 

5.2 ANALYSIS USING POWDERED CALCITE 

This section will discuss the results obtained from 

precipitation and dissolution experiments performed on 

powdered calcite with a specific surface area of 0.22 m2g-1 , 

5.2.1 PRECIPITATION WORK 

As described in Section 4.3.6.1 these experiments 

consisted of adding a weighed amount of calcite seed 

suspension, to a calcium bicarbonate solution, and 

following the course of the reaction by measuring pH and 

conductivity values at set time intervals. These values 

were then analysed using the computer programmes described 

in Section 4.3.2.1 and 4.3.2.2, outputting values of the 

growth affinity (s) and the precipitation rate. 

Table 5.14 lists the output from a typical 

precipitation experiment and Figure 5.30 shows how the 

precipitation rate varies as a function of time, the 

rate decreasing exponentialy with time. This is illustrated 

more usefully in Figure 5.31, where precipitation rate is 



a 
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FIGURE 5 . 29 
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S . E.M. of chalk rotating discs (a) ground , 

(b) ground and dissolved (c) cleaved and 

dissolved , 1 . 17 cm 10 ~ 



Precipitation rate/llmolA min- l ,_I 

100 

50 

+ 
+ 
+ 
.. 
~ .. .. 

.. 
'\ .. 

t~ 
+f+. 

+ .. .. 
+ + ... + ........ 

50 

.... ~ 1- .. ... .. ... .. .. .. 

ltlO L/mill. 

FIGURE 5.30 Graph of precipitation rate vs. time for a typical precipitation experiment. 

t\) 
t\) 

I-' 



222 

• I 
Precipitation rate/lJ,mol.ml,i ,.J 

I 

12 

10 

8 

, i 
..; .. 

- i 

I 

?IGURE 5.31 

• + )( 

2 

x 

+ 

x 

x 

B 

Precipitation experiments carried out.on powders. 



223 

TABLE 5.14 Output for a typical precipitation experiment. 

T/MIN. PRECIPITATION RATE/ B 

-1 - I llmol.min ~----
0 12.75 2.999 
2 9.96 2.789 
4 8.25 2.572 
6 6.88 2.397 
8 5.97 2.252 

11 4.71 2.066 
15 3.83 1.893 
19 3.15 1.753 
23 2.65 1.647 
27 2.46 1.566 
33 2.09 1.462 
41 1.82 1.368 
49 1.56 1.299 

57 1. 39 1.237 

65 1. 28 1.191 

77 1.14 1.108 

93 1.02 1.059 
109 0.88 1.027 
125 0.83 0.999 
141 0.79 0.983 

plotted as a function of a (growth affinity), and as 

expected16 the precipitation rate decreases with 

decreasing growth affinity. Figure 5.31 also shows two 

additional experiments illustrating the reproducibility of 

the results. 

5.2.1.1 PRECIPITATION IN THE PRESENCE OF COPPER(II) IONS 

As described in Section 4.3.4.2 the precipitation 

reaction was studied in the presence of 10-5M cu2+, to see 
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if the copper would inhibit the crystal growth. The data 

from these experiments was analysed as previously. Figure 

5.32 shows the plot of precipitation rate vs. B for two 

such experiments. These, when contrasted with Figure 

5.31, illustrate the difference in the precipitation 

rate; B falls far less steeply in the presence of 

copper. 

To quantify the effect of copper on the rate the 

FORTRAN computer programme 'RATECON' was employed, which 

calculated the precipitation rate constant both with, 

and without, the added copper. Before this programme 

could be used, the data created using 'COMPOST' (see 

Section 4.3.2.2) were reprocessed. The range of the 

B function was divided into twenty equidistance portions 

and the corresponding values of pH, pC0 2 and HC0
3 

were found using the BASIC programme 'INTERPOLATE'. 

These values were then entered into the 'RATECOM' programme, 

which calculated the rate constants for the reaction using 

the carbonate site model of House et al.16 

Table 5.15 lists these rate constants and as shown 

the presence of lO-5M cu2+ in the reaction solution 

reduces the rate constant by a factor of one half. 

The plots shown in Figure 5.32 are not identical due 

to the saturation indices of the solutions being different 

at the start of the reaction, that with the higher 

saturation index showing less inhibition. This effect 

has also been observed by House17 who investigated the 

reduction of calcite growth in the presence of phosphate, 
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TABLE 5.15 Rate constants for precipitation 
3 -1-1 k/dm min. g 

0.09457 

0.1077 

0.1075 

0.05516 

0.05900 

o 

o 

finding that the effectiveness of phosphate as an 
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inhibitor was reduced by increasing the initial saturation 

index. 

5.2.2 DISSOLUTION EXPERIMENTS 

To investigate the dissolution of powdered calcite, 

experiments as described in Section 4.3.4.3 were undertaken, 

i.e., the dissolution of a weighed amount of powdered calcite 

was measured as a function of pC0 2, (in the range 0.048 -

0.248 atm.). The data collected was again analysed 

using the iterative method, described in Section 4.3.2.2., 

though the output format was slightly altered, as 

described in Section 4.3.4.3, for reasons which will be 

given later. 

Table 5.16 lists the output from a typical 

dissolution experiment, in this case pC0 2 was 0.077 atm. 

Figure 5.33 shows (Rate - kl[H+]) plotted as a function 

of ([ca 2+]. ~C03-])' As shown all of the points, 

apart from the first few, lie on a straight line, giving 

an intercept of 1.743 x 10-10 mol.cm- 2s-1 , and a gradient 
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2+] 2-] 2-6 10 [Ca [HC0
3 

fmol ern 

FIGURE 5.33 Typical dissolution experiment on powders 
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TABLE 5.16 Output from a typical dissolution experiment 

T/min. pC0 2/atm. fCa 2+] [C0
3

2-]/ RATE kl [H+ J x 1010 / 
2 -6 mol. cm -2 -1 mol dm s 

0 168.9 0.146 
2 103.5 0.761 2.33 
4 81.9 1.53 1.97 
6 77.5 2.41 1.66 
8 74.4 3.29 1.50 

11 73.2 4.67 1. 30 
15 71.0 6.51 1.09 
19 74.3 8.31 0.905 
27 76.9 10.86 0.593 
29 77.0 11.51 0.531 
31 76.8 12.12 0.473 
33 76.5 12.68 0.422 

35 76.0 13.21 0.375 
39 76.8 14.10 0.278 
50 77.1 15.96 0.103 
52 77.3 16.20 0.093 

54 76.9 16.42 0.089 

56 77.0 16.64 0.070 

58 77.1 16.84 0.051 
61 77.2 17.11 0.029 

of -0.1022 x -11 -2 -1 -1 10 mol.cm s atm (calculated using a 
linear regression analysis). 

The reason for the points at the beginning of the 
experiment not falling on the line can be understood 

by considering pC0 2 of the system. Upon the addition 

of the powder the rate of reaction is so fast that the 

level of CO
2 

becomes unstable as can be seen in Figure 

5.34. Therefore, the concentrations calculated by the 

programme 'COMPOST' become unreliable and data could only 

be taken after the pC0 2 value has settled. The gaps 
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which appear in the data correspond to the occasions when 

the Wayne-Kerr B604 A.C. Bridge needed to be rebalanced, 

for reasons already described in Section 4.3.4.3. 

The dissolution reaction was then measured for differing 

values of pC0 2, in each case discounting the data measured 

before a steady pC0 2 value had been obtained. The 

reaction occurred faster at higher pC0 2 as [H2C03] 

increased. Table 5.17 lists the gradients and intercepts 

TABLE 5.17 

pC0 2/atm. INTERCEPT x 101°/ SLOPE x 101°/ 

mol. cm -2 -1 -2 -1 -1 s mol.cm s atm 

0.048 1.680 -0.1246 

0.0527 1.541 -0.1242 

0.077 1.743 -0.1022 

0.101 2.224 -0.0957 

0.167 2.520 -0.0795 

0.177 2.498 -0.0786 

0.205 2.771 -0.0761 

0.248 2.793 -0.0698 

for plots of (rate -kl[H+]) vs. ([ca 2+J. fHC03-]) for 

various pC0 2, and Figure 5.35 shows these intercepts as a 

function of pC0
2 

giving a gradient of 6.412 x 10-10mol.cm-2s-latm-l 

and an intercept of 1.344 x 10-10mol.cm-2s-2atm-l. 

In order to compare these results obtained from 

measuring the dissolution of calcite powder, with those 

obtained using the rotating disc, as well as those measured 
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14 16 by Plummer et al., and House et al., then, as described 

earlier, the output format of 'COMPOST', and 'TNCAL', 

was altered giving the dissolution rate in terms of 

mol.cm- 2s-1 , and outputting the terms C[ca 2+].[HC0
3
-]) 

and (rate - kl[H+]). (k l being the rate constant 

for the reaction of protons with calcite, as defined and 

measured by Plummer et al.) 

They described the overall rate of dissolution for 

crushed Iceland Spar to be: 

-
R = kl [H+J + k3 rH2C031 + k2 - k4 rCa 2+ J [HC0 3 - J 

The terms being as defined previously. 

This equation may be compared to equation 5.15 which 

describes the rate of dissolution measured using the 

rotating disc. 

Thus, if a graph is drawn of (rate - kl[H+]) vs. 

( rCa 2+ ]. [HC0
3 

- ]), Figure 5.33, then the gradient 

corresponds to k4 and the intercept to (k3 (H 2C0 31+ k2). 

If the intercepts are measured over a range of pC0 2, 

and a plot is drawn of intercept vs. pC0 2 (Figure 5.35), 

then the intercept of this line corresponds to where 

[H2C03] = 0, and this gives the k2 value. 

5.35, k2 1.34 10-10 -2 -1 
From Figure = x mol.cm s • 

The value has already been compared with other values in 

Section 5.1.2.6 and good agreement was shown with all the 

other samples used apart from Calopake F. It was, 

therefore, decided to study the dissolution of this powder 
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to investigate whether the measured rate constant would 

differ from that obtained with the BDH powder, and, if 

so to compare it to the value measured by House. 

However, as described previously in Section 4.3.4.3, 

the powder was so finely divided that the ensuing reaction 

occurred too fast for it to be monitored successfully with 

the apparatus available, and therefore no useful 

information could be obtained. 

5.3 

5.3.1 

PRECIPITATION USING THE ROTATING DISC 

INTRODUCTION 

The aim of this set of experiments was to study the 

kinetics of calcite precipitation, by means of monitering 

the dissolution reaction in the region where the product 

[ca2+][co
3

2-] 

of calcite. 

is close to k , the solubility product sp 

In this region the rate of dissolution will be 

reduced due to the occurrance of the back reaction, 

precipitation. Eventually the concentration of 

dissolved calcium will remain constant when the rates of dissolutionar 

precipitation are equal, i.e., when the solubility product 

is equalled by the product [ca 2+] [C0
3

2-J. 

Several empirical models have been derived to describe 

the kinetics of precipitation, and of dissolution, based 

on experiments carried out on powders, and the aim of this 

section was to find if the experimental data, obtained 

using the rotating disc, could be fitted to any of the 

empirical models. 



Dorange and Guetchidjian,18 who studied the 

dissolution of marble chips as a function of pC0 2 and 

initial calcium concentration considered the chemical 
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reaction to be the attack of water on the marble surface 

i. e: 

5.22 

and found that the rate of reaction was governed by the 

degree of undersaturation in the system. 

R = kC(ca 2+] - ICa Ib ) 5.23 eq. 

lCa 2+J equilibrium concentration of Ca 
2+ 

in = eq. 

solution 

rca 2+]b = bulk calcium concentration. 

Sjoberg19 ,20 studied the dissolution of powdered 

calcite at various pH's and from his values he derived 

the following empirical equation, again governed by the 

degree of undersaturation: 

R = Ak(k ~ sp 

A = area of calcite. 

5.24 

Later work by Sjoberg and Rickard2l showed that, under 

the experimental conditions used, equations 5.23 and 5.24 
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were indistinguishable. They also showed that the 

chemical reaction above pH 6 was the attack of water on the 

calcite surface. 

Davies and Jones 22 studied the precipitation of 

silver chloride from supersaturated solutions and 

derived the following equation: 

S = surface area 

5.25 

i.e., the rate of growth is proportional to the square of 

the supersaturation, with the rate determining step being 

the simultaneous dehydration and crystallisation of Ag+ 

and Cl ions, from an absorbed monolayer, onto the crystal 

surface. 

Equation 5.25 can be redefined to apply to the 

dissolution of calcite: 

5.26 

Thus, three kinetic models exist to describe the rate 

of dissolution of calcite and they are listed in Table 5.18, 

the terms being as previous defined. 

5.3.2 NUMERICAL CALCULATIONS 

In order to fit these models to the experimental data, 

[ca2+] and ~032-] have to be known. [Ca2+] is measured by 
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TABLE 5.18 Various kinetic models for the dissolution 

of calcite. 

~QUATION AUTHOR 

R = kC[ca2+] - [ca2+] ) eq. b 
Derange and Guetchidj ian18 

Sjobergl9 

Davies and Jones22 

the Ca. I. S. E. , but [C0
3 

2- ] has to be cal cula ted knowing 

the equilibria set up in the bicarbonate-water system. 

[H+]Ic0
3
2-] = k2 = 7.94 x lO-10rnol.dm-3 23 

[HC03 - J 

= 1.400 x 10-14 mol.dm- 3 6 

Considering the mass balance in equation 5.27, then: 

[ca2+]d' = concentration of dissolved calcium 
lS. 

5.27 

5.28 

5.29 

5.30 
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2- 2+ since one C0 3 dissolves for every Ca We assume that 

the pH is high enough for the loss of CO 2 in the equation: 

is negligible. 

Redefining equation 5.30 gives: 

rCa 2+] dis. = x + y 

x and yare the concentrations of HC0
3 

and C0
3

2-

respectively. 

Considering the charge balance in equation 5.27, 

gives: 

therefore, 

substituting for tOR -land(R+] (equations 5.28, 5.29) 

and rearranging gives: 
" 

r 2+J 2 2 2 2 2 
~x(y lea dis. -y ) -kJl + k2x -ksX y = 0 

and finally substituting for x (equation 5.32) yields: 

5.31 

5.32 

5.35 
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r 2+] 2 2[ 2+J2 2 Ca d· k2) + k2 Ca d· lS. lS. = ° 
The cubic equation (5.36) can be solved approximately using 

Newton's method. This gives three roots as the 

solution, but two can be discarded as they give values of 

y (= [C0
3

2-]) greater than the amount of calcium 

dissolved. 

5.3.3 EXPERIMENTAL 

As described fully in Section 4.4 experiments were 

carried out in 100 cm3 0.3M KCl with a background 

calcium concentration of 3.5 x 10-4 mol.dm- 3 . The calcite 

disc was inserted into the reaction solution and the 

calcium concentration was monitored until it had remained 

constant for over one hour. When this had occurred the 

rate of the forward and backward reaction were equal. 

In order to plot the various models it was necessary 

to find the solubility product of calcite and the 
2-concentration of C0

3 
. The solubility product was 

determined experimentally, it was considered that when the 

concentration of calcium remained constant, then the 

solubility, product had been reached, i.e: 

KSp = rCa 2+ JTotal £C0 3 2-] 
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TABLE 5.18 The predicted values of rCa 2+ ] as a function of 

time predicted by (a) Sfoberg and (b) Davies-Jones. 

(a) r 2+ J 4 - 3 Ca xlO Imol.dm tis 
3.500 0 

3.626 1000 

3.720 2000 

3.877 4000 

4.103 5000 

4.252 12000 

4.311 16000 

4.346 20000 

3.671 24000 

(b) 3.500 0 

3.626 1000 

3.696 2000 

3.803 4000 

3.945 8000 

4.019 12000 

4.069 16000 

4.101 20000 

4.131 24000 

4.155 28000 



TABLE 5.19 

tis 

o 

500 

1000 

2000 

3000 

5000 

6000 

7000 

SOOO 

9000 

10000 

12000 

15000 

17000 

19000 

21000 

23000 

25000 

Change of rCa 2+ ] wi th time as measured 

using the rotating disc. 

~a2+] x 104 /mo1.dm- 3 

3.50 

3.56 

3.62 

3.74 

3.76 

3.S0 

3.87 

3.95 

4.02 

4.07 

4.11 

4.1S 

4.23 

4.27 

4.36 

4.35 

4.33 

4.32 

240 
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= ( rca 2 
+ J. . t. 1 + (c a 2 + J. ) y 1n1 1a d1S. 

fca2~d· can be found from the Ca.I.S.E. and y can be 1S. 

found from equation 5.36. The calcium profiles were 

drawn up for both the Sjoberg and Davies-Jones models. 

These are listed in Table 5.19 and shown in Figure 5.36. 

5.3.4 RESULTS 

Table 5.20 lists the measured change in ka 2+] with 

time for a typical experiment, and as can'be seen after 

approximately 24,000 seconds the concentration reaches a 

steady value. The fluctuations are due to background 

noise being picked up. 

This experimental data (together with the results 

from a second experiment) is displayed in Figure 5.36 and 

as can be seen good agreement is shown with the model of 

Sjoberg. This shows that the rate of reaction is given 

by equation 5.24 i.e: 
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6.1 INTRODUCTION 

The rotating disc, with its well defined hydrodynamics, 

has proved useful in differentiating between the chemically 

controlled and transport controlled reactions occurring in 

the dissolution of calcite, and these rate constants have 

been measured as a function of pH and pC0 2 . 

However, use of a rotating disc has certain problems 

associated with it. The system has a poor trans.ient 

time, as substances have to be transported from the 

rotating disc surface to the detection system. Also, in 

the study of the effect on inhibitors on the rate it is 

difficult to add the inhibitor during the course of the 

reaction, because of the time needed to thoroughly mix the 

solution. The measurement of inhibitor absorbed onto the 

surface is also difficult. 

Another system which has used defined hydrodynamics 

and which can overcome the problems outlined above is the 

channel electrode, and the closely related tubular electrode. 

In these systems instead of the electrode ~oving and causing 

the solution to flow (as in the rotating disc), the electrode 

is stationary and the solution is forced to flow over the 

electrode surface, thus continuously replenishing the 

reactive species of interest. 

To overcome the problems associated with inhibitors 

the apparatus shown in Figure I could be used. As shown, 

one face of the channel electrode is formed by a single 

crystal of calcite which has two copper electrodes attached 

to the surface. All of the crystal apart from the area 
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SOlu_t_i_o_n ______ ~) copper electrode 

7lll)/ / /////// 
glue 

exposed calcite 

FIGURE 6.1 Flow of solution over a calcite channel electrode 
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between these two electrodes is covered with a non-reacting 

slue. As the solution flows over the first electrode 

copper is dissolved. This solution then flows over the 

exposed calcite surface and some of the copper is absorbed 

onto kink sites. The second electrode is set at such a 

potential that any copper in solution is reduced. 

2+ Cu + 2e Cu 

Thus from a knowledge of the amount of copper 

dissolved and the amount left in solution after flowing 

over the calcite surface. The amount of copper absorbed 

can be found. 

To add the inhibitor during the course of the reaction 

an injection system could be used, and the solution would 

be well mixed before passing over the calcite surface. 

Such a system would show a faster response time as 

the detector can be placed directly on the calcite 

surface, and it would be more sensitive than an I.S.E., 

as it would respond to the actual concentration and not to 

log (concentration). 

Another point of interest is that measurement of the 

current transients resulting from a potential step at the 

channel electrode, allow the measurement of the diffusion 

coefficient without a knowledge of the concentration of the 

reactive species. In the case of a channel electrode 

incorporating a single crystal of Iceland Spar, measurement 

of the current transient resulting from a sudden change of 

flow rate over the crystal would allow the diffusion coefficient 
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of the reacting species to be found. This would enable the 

mechanism to be defined with more confidence, and it would 

enable KH CO to be calculated more exactly. As shown 
2 3 

in Table 5.~the literature values for KH CO cover a wide 
2 3 

range, and the value found from the work described in 

this thesis is dependant upon the Wilke Chang value for 

DH CO ' which is only an approximation to within 15%. 
2 3 

If this value could be found, then the value for K 
H2C0

3 
could be quoted with far more confidence. As an initial 

step, the electrochemistry of a well documented system 

was studied to characterise the cell and to ensure that 

experiments agreed with theory. 

6.2 THE DEVELOPMENT OF CHANNEL ELECTRODES 

Blaedel and Klatt l used a pla,tinum tubular electrode 

and measured the current voltage curve for the ferri-ferro 

cyanide system. The tubular electrode was formed of plexiglas 

which was mulded round seamless platinum tubing. The 

flow rate was controlled by a stopcock and was measured 

using a calibrated rotameter over the range 2 - 10 ~l min-I. 

They rigorously derived the theory for convective diffusion 

in the tubular electrode, and found that theory and experiment 

were in good agreement. 
2 Blaedel and Boyer then proceeded to use the tubular 

electrode in a stop-flow experiment. They found that 

this produced reproducible results, and great sensitivity. 

They were able to detect concentrations down to 0.01 ~M. 

Later work3 involved the use of glossy carbon and gold 

tubular electrodes. 
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The first use of a channel electrode was described 
4 by Meyer et al., who used it to measure the chloride 

concentration in a flowing solution, by a mixture of chrono-

potentiometric and voltamrnetric analysis. Their cell was 

machined from blocks of lucite, the internal dimensions 

being 7 x 1.27 x 0.476 cm. The electrode used was a 

strip of silver foil, with dimensions 0.5 x 0.5 cm, 

cemented to the base of the cell. This was polished, 

after setting, to ensure non-turbulent flow. They found 

that this cell gave excellent reproducibility, and was 

extremely accurate when calibrated immediately before 

analysis. The use of channel electrodes for use in 

chronopotiometric analysis has also been reported by Posey 

and Meyer,5 and by Aoki and Matsuda. 6 

Compton and Coles7 reported the use of a channel 

electrode for use in Electrochemical E.S.R. They constructed 

a flow system with the channel electrode located at the 

centre of the cavity, and thus upon reaction, radicals 

were generated in situ. They used a demountable flow 

cell made of silica glass, having internal dimensions of 

0.4 x 6 x 30 mm. The electrode used was a platinum strip, 

typically 0.5 x 0.5 cm, glued onto the cover plate. The 

platinum strip was then polished, using diamond sprays, 

for streamline flow, and the cover plate was connected 

to the rest of the cell. The flow rate was gravity 

controlled, the solutions flowing through capillary tubes. 

They were able to demonstrate the plug flow of solution 

through their cell. 
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Further electrochemical E.S.R. research by Compton 

et al., have used similar cells to investigate E.C.,8 

E.C.E.,9 reactions, and, in conjunction with rotating disc, 

and rotating ring disc experiments, they were able to 

differentiate between the E.C.E. and D.I.S.P.I. mechanism. IO 

The usefullness of channel electrodes has been 

extended by the development of the double channel 

electrode. 11- 13 These can be used in an analogous way 

to rotating ring disc electrodes to investigate the 

mechanisms of reactions. Species are formed on the up-

stream electrode and are subsequently destroyed on the 

lower. The amount of material regenerated on the lower 

electrode is a function of cell geometry, and the kinetics 

of reaction. 

6.3 THEORY FOR CHANNEL ELECTRODES 

This section will outline the theory of channel 

electrodes, and of the potential step experiment. This 

was obtained using a FORTRAN programme based upon the 

theory derived by Dr. R.G.Compton. 

Consider the following reaction: 

A + ne B 

If it is assumed that A is the only electroactive 

species present in the bulk of the solution, then the 

convective - diffusive equation, describing the 

concentration of A (c) is given by 



= 
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6.1 

diffusion coeffi cient of A 

half-height of channel 

mean solution velocity 

distance from upstream edge of electrode 

distance normal to electrode, from electrode 

surface. 

The terms in equation 6.1 are illustrated in Figure 6.2. 
14 It has been shown, that if: 

« 1, XE = length of electrode, 

equation 6.1 can be rewritten in terms of normalised 

variables i.e., 

= 
E 

x = 

~u e: -lx 

D 1/3 
b 2 ) t 

6.2 



FIGURE 6.2 
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The geometry for the flow cell. 
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3 U 
= 

( ___ ) 1/3 
y 

and u = c - c 
CD 

To solve the above equations requires the setting of 

boundary conditions, which for the case of the potential 

step are as follows:-

at T < 0, no current flows through the electrode, 

but 

at T > 0, when the potential is stepped, the surface 

concentration changes from c and u becomes u'. u' is 
co 

independant of x, i.e., the concentration, c, is assumed 

to be constant along the electrode. This will be a 

valid assumption for reversible voltarnmetric waves, but 

will only be true for currents close to the transport 

limited value for irreversible waves. 

TABLE 6.1 The boundary conditions for the potential step 

experiment. 

T = 0 £ ~ 0 u = 0 

T > 0 £ ... 00 u + 0 

T > 0 £ = 0 u = u' 

The boundary conditions are listed in Table 6.1. 

The solution of equation 6.2 involves the use of double 

Laplace transformations,15 first with respect to T 



255 

(variable s) and then with respect to X (variable p). 

This gives: 

-PEU 6.3 

-u = double Laplace transform of u. 

The solution of equation 6.3 involves use of the Airy 

function,16 details of which are given by Compton and 

Coles. S 

The current, I, due to the reaction of A is given 

by: 

dX 6.4 

E=O 

The solution of equation 6.4 requires the use of inverse 

Laplace transformations and the Airy function, and gives 

the following series solution: 

I T + CD) 

Ai'(O)= 

r = 

= 

(5/3)2CDC S(n-I) r n -----
Ai'(O) r(5/3 + 2n/3) 

6.5 

s n=l 

Airy function 

Gamma function 

coefficient readily compiled from the detinition ot 

the Airy runction. 
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The series in equation 6.5 cannot be simply inverted, 

to solve it, use is made of the Levin transformation,17 

which approximates the series, by a series of rational 

functions which can then be individually inverted. This 

finally gives: 

6.6 

hand g are Levin coefficients 
n n 

= complex roots of the following equation 

h (S) = 0, 
n 

h' (S) = 
n 

The sum in equation 6.6 was solved using the FORTRAN 

programme "PADDY " which is listed in the Appendix. 

For values of t > 0.2, the series was found to converge 

satisfactorily by considering n < 10 (Table 6.2). This 

curve is shown in Figure 6.3. As can also be seen from 

this Figure, for t < 0.2 the convergence was less good, 

(Table 6.2), even wh.en n values as large as 20 were taken, 

and in th.is region it was only possible to give a range of 

values (hence the error bars in Figure 6.2). 

Soliman and Chambre,18 in their study of heat transfer 

showed that the flux at a point X along the eleotrode was 

given by the approximation: 
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TABLE 6.2 Converged values for Levin Transformation 

-r n = 9 n = 10 n = 11 -
1.0 1.02392 1.02403 1.02408 

0.9 1.05149 1.05157 1.05139 

0.8 1.1007 1.09998 1.09986 

0.7 1.1806 1.1797 1.1802 

0.6 1.3037 1.3043 1.3071 

0.5 1.4953 1.5008 1.4967 

0.4 1.8042 1.7891 1.7881 

0.3 2.2620 2.2620 2.2804 

0.2 3.1257 3.2322 3.0660 

0.1 5.5148 5.1260 5.1204 

0.09 5.9200 5.4045 5.7270 

0.08 6.3624 5.7663 6.5454 

( ul £ ) X,'t" 1.048 
6.7 

( ul £) X,'t+OO ,I't t 

-rt=-r/x 2/3 

which is valid for Tt < 1.0. 

6.3 EXPERIMENTAL 

The cell used for these experiments (shown in Figure 

6.4) was a demountable channel electrode having dimensions 

of 0.4 x 6 x 30 mm, when assembled. The platinum working 
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FIGURE 6. 5 The experimental set-up for the flow cell 
experiment. 
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electrode, of typical dimensions 0.5 x 0.5 em, was glued 

to the cover plate and electrical contact was made via 

a hole in the cover plate. The electrode was square 

shaped, with a strip protruding, and it was this protruding 

strip which emerged on the far side of the cover plate and 

allowed electrical contact to be made. 

When the platinum electrode had set, it was polished 

using diamond lapping sprays, and the cell was assembled 

using a low temperature melting cosmetic depilatory wax 

(Boots, p.l.c.). To equalise the pressure across the 

full width of the cell and establish laminar flow, deeper 

box sections were constructed at the entrance to the channel. 

It has been shown 2 that once steady state conditions are 

set up in such a cell, the velocity profile across the 

width of the channel is plug flow. 

This cell was connected to a flow system constructed 

of P.V.C. tubing (altex tubing) and silicon rubber. At 

the head of the system was a reservoir of 250 ml capacity 

and the solution was gravity fed from this to a collection 

of capillary tubes of various sizes, which controlled the 

flow rate of the system. A schematic representation of 

the complete flow system is shown in Figure 6.4. The 

platinum gauze counter electrode was placed downstream of 

the cell while the reference electrode (Ag/AgCl) was 

placed upstream. Before all experiments the solution in 

the reservoir was purged of O2 by bubbling through white 

spot nitrogen (BOC), which had been purified by passing 

over a B.T.S. catalyst. 
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6.3.2 SOLUTION PREPARATION 

All chemicals used were Analar grade from B.D.H. 

The solution used for the experimental work consisted of 

3 x 10- 3M potassium ferricyanide, with a backgr'oum electrolyte 

of O.lM potassium chloride. 

7.435g KCl were dissolved in 1 1. nanopure water (Section 4.9). 

6.3.3 EXPERIMENTAL TECHNIQUE 

The solution was placed in the reservoir and degassed 

for twenty minutes. The Young's tap was then opened and 

the solution was allowed to flow through the flow system. 

In order to verify the hydrodynamics of the system, 

volt~s were measured at various flow rates, changed 

by altering ~h, the height difference between the level of 

the base of the capillary and the level of liquid in the 

reservoir, and/or changing the capillary tube. The 

potentiostat used was built in the department, and the 

potentials were measured using a Thornton D.V.M. The 

current voltage curves were recorded on a Bryans XY recorder 

(6 000 series). 

Current time curves were then obtained at various flow 

rates, using a Bryans X, Y, T recorder, by stepping the 

applied potential from a value where no electrochemical 

reaction was occurring to one where the current was 

diffusion limited. This potential jump was achieved 

using a pulse generator built in the departmental electronic 

workshop. The time base was started, the potential 

was changed and the subsequent transcient was analysed. 
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6.4 RESULTS 

The flow of solution through the capillary tubes 

controlled the overall rate of flow through the system, and 

so the different capillaries had to be calibrated. 

For each capillary tube the flow rate was measured 

as a function of ~h. It was assumed that the level of the 

liquid remained unchanged during the calibration, due to 

the small volume of liquid flowing. 

The reservoir was filled with nanopure water and for 

various 6h values the Young's tap was opened and the solution 

was allowed to flow, for a measured time, into a pre-

weighed weighing bottle. The top of the bottle was 

covered with aluminium foil, to prevent evaporation. 

After several hours the bottle was reweighed and thus the 

weight of water and thus the volume, flowing per second 

was found. This experiment was performed at different 

~h's for each capillary tube, and graphs of flow rate vs. 

6h were drawn up - calibrating the capillary tubes. 

Table 6.3 lists the calibration paramet~rs for a particular 

capillary d = 0.2 mm, and the calibration curve is shown 

in Figure 6.6 . The capillary tubes were found to give 

flow rates in the range 1 x 10-1 to 5 x 10-3com3s -1. 

For the various flow rates, current voltage plots 

were taken and the limiting currents (I lim) were measured. 

These are listed in Table 6.4. From the Levich 

equation, as rewritten for channel electrodes by 

Matsada,19: 
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10 

5 

50 100 llh/cm 

FIGURE 6.6 Calibration curve for 0.2 mm capillary tube. 



il" = 1.165 nFcD 2/3 U -1/3 b-1/3 Wx 2/3 
1m e 

w = width of channel 

= fluid flow = 2.D w.b. 

Thus, a plot of log i l " vs. log Vf should show a 1m -
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6.8 

slope of 1/3. Figure 6.7 shows such a plot with the expected 

slope of 1/3 drawn in, as can be seen good agreement is 

shown. 

The intercept of this graph allows the diffusion 

coefficient of Fe(CN)63- to be calculated. A value of 

7.5 X 10-6cm2s-1 f d· 11 t t . was oun ln exce en agreemen wlth the 

literature value of 7.63 x lO-6cm-2s -l, as found by von 

20" 1 h· t h· Stackleberg et al., uSlng a po arograp lC ec nlque. 

For the current time transi~ents the potential was 

switched from + 600 mV to 0 mV and the current was 

measured as a function of time. Figure 6.8 shows a 

typical result using the capillary tube (calibrated as 8.696 x 

lO-3cm3s -1). From these transients the time t2 (the time 

taken for the current to fall from its very large initial 

value to twice the final steady state value) were found. 

From Figure 6.3 this corresponds to a T value of 0.35, 

thus from the definition of T, 

= = 0.35 

Table 6.4 lists the experimentally determined values 

of t 2, at various volume flow rates (Vf ), and Figure 6.9 
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FIGURE 6.9 Plot of t2 as a function of Vf . 
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TABLE 6.3 Calibration parameters for calibration of the 

0.2 mm capillary. 

6h/cm VOLUME O~ TIME/s RATE x 103/cm3s-1 
WATER/cm 

38 3.1463 7 300 0.431 
70.4 6.4197 7 500 0.B56 
94.9 B.6377 7 BOO 1.107 

127.6 7.5370 5 160 1.461 

TABLE 6.4 I 1im values as a function of flow rate 

log Vf log II' 
~m 

-1.121 -3.654 

-1.3421 -3.765 

-1.569 -3.790 

-1.741 -3.846 

-1.829 -3.827 

-1.916 -3.873 

-2.024 -4.001 

-2.209 -4.062 

-2.373 -4.122 

-2.460 -4.155 

-2.778 -4.160 

-2.9016 -4.251 

-3.154 -4.319 
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shows the log-lot plot, giving a slope of -0.627, 

in close agreement with the theoretical slope of -2/3. 

The line drawn in Figure 6.8 is that calculated using 

the experimentally determined value for D and the measured 

values for the geometry of the system. 

So, as can be seen, the theory for the transients 

produced by a potential step at a channel electrode, is 

in close agreement with the experimental results. 

TABLE 6.4 Experimentally determined values of t2 as a 

function of flow rate. 
3 -1 V r/cm s t2/s 

1. 021 x 10-1 0.096 

4.549 x 10-2 0.223 

2.697 x 10- 2 0.321 

1.814 x 10-8 0.354 

1.481 x 10:'2 0.376 

1.213 x 10-2 0.394 

9.462 x 10-3 0.671 

Unfortunately in the time available it was not 

possible to complete the second half of the aims of this 

section, i.e., the construction of a flow cell incorporating 

a crystal of Iceland Spar. 



270 

1. 1:!.J.B1aede1, L.N.K1att, Anal..Chem., 38,879 (1966). 

2. W.J.B1aede1, C.W.Boyer, ibid., 43,1538 (1971). 

). W.J.Blaedel, C.W.Boyer, ibid., 49, (49), 1977. 

4. R.E.Meyer, M.C.Banta, P.M. Lantz, F.A.Posey, 

J.Electroanal.Chem., dO, 345 (1971). 

5. F.A.Posey, R.E.Meyer, J.Electroanal.Chem., dO, 359 

(1971). 

6. K.Aoki, H.Matsuda, ibid., 90, 333 (1978). 

7. R.G.Compton, B.A.Coles, ibid., 144, 87 (1983). 

8. R.G.Compton, B.A.Coles, ibid., 127, 37 (1981). 

9. R.G.Compton, D.J.Page, G.R.Sealy, ibid., 161, 129 

(1984). 

10. R.G.Compton, P.J.Daly, P.R. Unwin, A.M.Wa11er, ibid., 

1I. 

12. 

13. 

}-91, 15 (1985). 

K.Aoki, H.Matsuda, ibid. , 77, 

K.Aoki, H.Matsuda, ibid. , 94, 

T.Tsuru, T.Nishimura, K.Akoi, 

Kagaku, 50, 712 (1982). 

49 (1979). 

157 (1978). 

S.Haruyama, Denki 

14. R.G.Compton, G.R.Searly, J.EZectroanaZ.Chem., f45, 

35 (1983). 

15. M.L.Boas, In: "Mathematical Methods in the Physical 

Sciences", p.592, J. Wiley & Sons, Inc., New York, 

1966. 

16. M.Abramowitz and I.A.Stegun, In: "Handbook of 

Mathematical Functions", p.446, Dover, New York, 1970. 

17. D.Levin, Internat.J.Comput.Math., 371 (1973). 

18. M.So1iman, P.L.Chambre, Int.J.Heat Mass Transfer, 

10, 342 (1953). 



271 

19. H.Matsuda, J.Eleatroanal.Chem.~ 15, 325 (1967). 

20. H.von Stackleberg, M.Pilgram, V.Tooms, Z.Elektroahem.~ 

22, 342 (1953). 



272 

APPENDIX 

.... 



273 

This section will test the computer programmes used 

during the course of this work. 

, 



PADDYSCAN2 

co. 

lB HIHEH: 36e95:D~ z @ 
20 IF PEEK (36096) + PEEK <382 

52) -: > 172 THEN PRINT CHRS 

'3t? ,~C.LL 36096 
35 INPUT 'SLOPE x";SL 
38 INPUT "INTERCEPT =";IT 
46 INPUT "DELAV BETWEEN POINTS 

SEeS) • ; DY 
sa DY% = INT (DY * len 
60 INPUT "NO OF POINTS nINO 
~5 .i TIl: T :: D i~ 

S; AI0: S AI!? 
68 M)( = - 10000eeee00:HN • - HX 

70 FOR I - 1 TO NO 
'5 T = T - C·y~~: IF T <' - 32768 THEN 

T = T ... 65536 
98 & AI0:H = M ... D%:K = K + 1: & 

TIl: IF Ok ) T THEN GOTO 80 

90 MV(I) :: M ; K:M = 8:K = a 
03 T~ = (I - 1) ~ DY 
95 PRINT TM;: HTAB 5: GOSUe 10Se 

lee IF I'P.I(I) ., MX THEN MX:: !1V(I 

!li? IF H~)(I) MN THEN MN : HV(I 

t- >.--

'::~6-0 'IF A ... Y J ~ THEN END 
.~ .. ±~~ _ IF . AS • a [j. THEN GOTO 200 
'-lgW--'~lftT '.": ~OTO 150 
.aa·.n:.-" '':HR$- (ito) -- -. -- . -' -

.. -:ZiiF~:.:rHl'UT-·FIlENAf4£ • .; FFS 

. ~e .. efl-.1JtT.n"·OP£N • J FrS -_.-.--. - .. -._-".-'" 

:~'-:-l'"RllfT-*~YRl TE ., FF.· 
::.::Z~_@>:..~.:::~ .. *. KO 

.'- •. -""'! +- :.- '. ~ . 

~~.-: -r&ff:" .:r-: ..• ·I·TO NO: TK • (1 - 1) 
..::~-=-_-:·:=---::-:-=:it::.·:&:¥:t=:PIU:HT T~ PRINT "IJ (I) ------.--. -- .---------- ~---.- -- -... -·: .. ==== .. ·-:.:..~~MJf'l=-r·:·· - . 
~.:::. PRINT~~~S£·· iFF. 
:: 27' END '---''':'=:.::':-=-.:~''.::'':':. - ... 

1111 ~v ( 1) -::-:-~#-}c~:'+ HB-.&Jr.4~}. I 4· 
.1"1 -- -.:-.::-.=-===-.--- .... ::------ ... -:':".. . .. " 

le. ~_ "" «1> :JIL::ttV u ) -.-±-.~fW .tH-:-8-:
"9 (t, ~ - .- .~-:: .-.=-.-=-=:: ... ..:.::::.- . 

11.7 PRINT ""n)-x='- __ ~:_: -.. ::-~-==.:..-:.::.::-::--. 
tIll "9 U) • (Mv (f'-H'~: '~--f .:St,::.--::: . 
llZ8 MY cU. II ~::I!IV-f l·}--·----·-:-:· -- --.

tl!' ,." I NT -'"9 i i f::~'-":"'" :"C" H 

': •• 

~l~.S~.~~.~I'~U~It~ .. ~ . ___ .' .::~'=: ~ ~~_~=~.~:~:::.~~ .. ~ ~ ~_ ...... . 
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COMPOST 

~ HOME :RT = 0:D$ = CHR$ (4):ENABLE = 768:DISABLE = 770: PO~E 768.88: POKE 769 
,96: PO~E 770,12~: PO~.E 771.96 
b HJPUT "DESTINATION FILENAME FOR COMPOSITION DATA (NOTE THIS FILE SHOULD ALREA 
D'i EXIST :RUN HH)O IF NEEDED ';> ";G$ 
-, CALL DISABLE 
8 PRINT: PRINT D$:"PR£I": PRINT CHR$ (15) 
'7 CALL ENABLE 
1(, DIM P (5) , K (5) , W (5) • M (4) • L (4) • U (4) • D (4,4) • R (6.4) , H (4. 4) • C (6) , V (4) , Z (4) , T (4) • F 
(4,4),N(4),Q(5l>,B(51l,X(51l,0(51,9) . ... .. 
52 A = 0.5085:RI = 0.9970:P7 = 14.004 
53·03 = 78.54:Nl = 0.008909:JC = 1 
54 L(I) = 59.5:L(2) = 69.3:L(3) = 44.5:L(4) = 44.5 
55 INPUT 
60 IF A$ 
65 INPUT 
70 INPUT 
72 INPUT 
74 INPUT 
75 INPUT 
8(" INPUT 
85 PRINT 

"IS THE TEMP. 25 C 7(Y/N)";A$ 
= "Y" THEN T = 25 + 273.16:Tl = T: GOTO 130 
"TEMPERATURE'" ";T:T = T + 273.16:Tl = T 
"DEBYE-HUCKEL CONSTANT? ";A 
"DENSITY OF WATER 7";Rl 
"PKW FOR WATER "''';P7 
"DIELECTRIC CONSTANT =";03 
"VISCOSITY OF WATER ="; Nl 
"PLEASE INPUT LIMITING CONDUCTANCE VALUES 7" 

90 INPUT DCA "'";L(U: INPUT "C03 ':>";L(2): INPUT "HC03 ?";L(3): INPUT "CAHC03+ ? 
";L(4) 
95 GOTO 130 
122 HOME 
125 INPUT "TEMP(e) 7";TrTI - T + 273.16:T Tl 
130 PII) 14.8435 - 3404.71 / T - 0.03279 * T 
132 P(2) 6.498 - 2902.39 I T - 0.02379 * T 
134 P(3) 2.95 - 0.0133 * T 
136 P(4) 27.393 - 4114 I T - 0.05617 * T 
138 P(5) - 1.4 
140 P8 = - 13.417 + 2299.6 I T + 0.01422 * T 
142 P6 - 13.543 - 3000 / T - 0.0401 * T 
155 REM CONSTANTS ARE GROUPED HERE 
157 11 = 0.001:E = 4.8032E - 10:Cl ~ 299.79 I (96487.0 * E) 
160 HOME 
162 FoRINT TAB( 4>; "TEMPERATURE-"; INT «T - 273.16) * 100) I 100; "C"I TAB( 21> 
;"DH CONS.=";A 
165 PRINT TAB( 4);"DENSITY=";Rl; TAB( 21);"DI/CON=";D3 
168 PRINT TAB( 4); "VISCOSITY OF WATER =";Nl 
170 PRINT TAB( 4J;"PK1="; INT - P(l) * lE4) I lE4; TAB( 21J;"PK2="; INT ( -
P (2) * lE4) I lE4 
175 FoRINT TAB( 4J;"PI<3="; INT - P(3) * lE4) I lE4; TAB( 21J;"PK4-"; INT ( -
P(4) * lE4) I lE4 
181} PRINT TAB( 4J;"Pt<H"; INT ( - P8 * lE4) I lE4; TABI 21>;"PKW=-";P7 
185 PRINT TAB ( 4); "P~~SO="; INT I - P6 * lE4) I lE4 
19(1 PRINT: PRINT TAB ( 4); "LIMITING CONDUCTANCE VALUES :" 
195 PRINT TAB( 4l;"CA: ";L(ll; TAB( 21l;"C03: ";L(2) 
:'00 PRINT TABI 4);"HC03: ";L<3l; TAB( 21l;"CAHC03+: ";L(4) 
22'~ 12 = 11 
230 K I 1) 10 IP (1» 
240 1«2) 10 A (P(2» 
250 K (3) 10" (P (3» 
260 K(4) 10 A IP(4» 
270 K(5) 10 (P(5» 
280 K7 10.0 (- P7) 
290 KS = 10 - (PS) 
300 K6 - 10 A (P6) 
305 CALL DISABLE 
310 PRINT D$;"PR£0" 
315 CALL ENABLE 
320 E = 4.S0324E - 10:Cl .. 299.79 / (964S7 * E):ND = 0 
325 INPUT "FILENAME OF T,PH CONDUCTIVITY DATA? ";F$ 
327 CALL DISABLE 
330 PRINT: PRINT 0$; "OPEN" + F. 
335 PRINT D.; "READ" + F$ 
340 FOR J = 1 TO 51 
345 INPUT Q(J): INPUT B(J): INPUT X(J) 
350 IF D(J) = 9999.9 THEN GOTO 365 
.355 NO - NO + 1 
360 NEXT J 
365 PRINT D$;"CLOSE" + F$ 
367 CALL ENABLE 
370 INPUT "PROCESS DATA FROM TIME? ( MIN ) "; TZ 
372 FOR J - 1 TO 51 
374 IF Q(J) ;. - TZ THEN NZ .. JI GOTO 378 
376 NEXT J: REM USE DATA FROM NZ TO ND 
378 P9 BINZ):C6 = XINI) 
38'" N? = ~Il + 1 • 
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I -' 

--4 ~, 1 

4~-'~~ 

4~' "/ 
. ~ .~ .. 
1::, 

46(' 
47,':, 
48<) 

5~Jn 

51(' 
52'J 
~)3(' 

54(1 
550 
560 
57(' 
575 
58(1 
sqo 
6'~(1 

61') 
620 
630 
6411 
650 
660 
670 
680 
090 
7.)0 
7('5 
7H' 
800 
810 
8~0 

830 
840 
850 
860 
87(1 
88(' 
89(, 

I ~ ( ,"! (1 ". : ~ 

:. ~_r i ... -- ............ *'~ ~* .. * ..... * ..... * ...... * .. * ... . 
i-Hl DE 1 U,~lINES ~; AND IONIC COMPOSITION 
f"Fi'H~l ''F'fJINT t~ ";NZ - H" PH = ";pq;" T1ME =";O(NZ - 1) 

REM *** •• ****************.********* 
[ 4 .) : S = <): DC) = ::: 1 1 = I 2 

~1':;' l."-" 1 •. 1.~' F'9 
I .,", SUR (II) 

Fl 13/(1+13) 0.3*11 
A8 - A * Fl:G = 10.0 A8 
C7 G * A9 

GOSUE< 8('(' 
GOSUE< 1500 

P5 = ( - X2 + SQR (X2 * X2 - 4.1." * Xl * X3» / (2.0 * Xl) 
GOSUE< 250(1 
IF 14 = 0 THEN 460 
GOSUB3500 

V9 = (C6 - C5) I C5 
REM C5 IS THE CALCULATED CONDUCTIVITY IN MICROSEMoNS 
IF ABS (V9) 0.0001 THEN 670 
IF V9 } 0 THEN 640 
IF V9 0 THEN 620 
PRINT "ERROR IN 610,V9=\."':''' 

S = S - 09 
GoTo 65'~ 

S = S + 09 
09 = D9 I 2 

GOTo 440 
C8 = Ql + Q2 + Q3 + Q4 
12 = 11 

RETURN 
REM ******************************** 
REM DETERMINES APP. DISSOCIATION CONSTANTS USING DH THEoRV 
REM ******************************** 

Y '" H' (A * Fl) 
V4 - V * V * Y * V 
V8 = '1'4 * V4 
W(lI K(l) * 'I' 
W(2) 
W(3) 

K(2) * Y * Y * Y 
K(3) * Y4 

W(4) 1«4) * Y8 
W(5) r (5) * Y4 
WI = K7 * Y 
W~ = K5 * YB 

90'~ RETURN 
1000 HOME: INPUT "ARE YOU SURE YOU NEED A NEW FILE(Y/N) ? "jA$ 
1(11(' IF A$ = "N" THEN STOP 
102l~ INPUT "FILENAME FOR COMPOSITION DATA (S£) ? ";8$ 
1030 PRINT: PRINT CHR$ (4);"OPEN" + G$ 
104(1 PRINT CHR$ (4);"OELETE" + G$ 
Hl42 PRINT CHR$ (4); "oPEN";G$ 
1045 PRINT CHRS (4);"WRITE";G$ 
1(148 PRINT 
1 05l~ PR I NT 
H'6'2' PRINT 
1')70 STOP 

"T,PH,CAT,PC02,CA,C03,HC03,SI,I DATA" 
CHR. (4);"CLOSE" + G$ 

"FILE ";G$; "CREATED ~, CLEAR" 

1500 W3 W(l) * kB:W4 = W(2) * W(3) 
1520 W5 A9 * A9:Xl = W3 * A9 + 2 * W(2) • W3 
1540 Xl Xl / W5 
1550 x2 
1560 X2 

Wl * W4 - A9 * C7 * W4 - W2 * W5 
X2 1 (A9 * W4) 

1570 X3 W2 * Wl * A9 + 2 * W2 * W5 * W(5) 
1580 X3 - X3 / (W(l) * W(2) * K8 * W(S» 
1590 RETURN 
1600 REM ********************************* 
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1610 REM DETERMINES CONC. OF IoNS:Ql:CA Q2:CAHC03; Q3:CAOH Q4:CAC03 Q5: 
CARE< Q6:HC03 07:0H 
1620 REM ******************************** 
2500 W5 A9 * A9:W6 = W2 * A9:W7 = W(l) * W(2) 
2530 W9 KB * P5:Ql = W6 * A9 I (W7 * W9):02 = W6 / (W(2) * W(3» 
2560 Q3 W6 * WI I <W7 * W9 * W(S» 
257":' 05 W7 * W9 I W5 
2580 06 W(1) * W9 I A9:Q7 = Wi I A9 
2600 12 = C7 + 07 + 06 + 4 * 05 + 4 * 01 + Q3 + Q2:I2 = 0.5 * I2 I Rl 
:620 IF ABS (11 - 12) / 12 < 0.001 THEN 2660 
2630 14 = (I 

::'64') 11 = I·' 
.-, 1,50 P"·TUPN 
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~,,~~, h~- M 
~~~*~ ••• ****** •• ****.*****.***~ 

~,) 1.) RE~1 

. ·',~~~·'~1 ,':;,'FM DETERMINES SPECIFIC CDNDUCTANCE.C7. FROM CA. UJ3. HCD3. CAHC03 rONS . 
*.**+*~*.*****~****************~ 

1)1 ·~~·.~~1~~1 1"1 \ 1 ) 

05 
~'.' ,-_') "1' -C,) 

!~;~.:.~ . ., M(4' 
·~~·.4tl Z ( 1 ) 

()b 

Oc' 

:: 5 b\.) 

~~58(·' 

::;581 
358 .. : 
-~.58::: 

~',584 

z (::') ... ) 
le) 1:2(4, ~, I 

FOR J ~ 1 TO 4:VIJ) 
FOR ,.1 '" 1 TO 6 
FUR J 1 =. 1 TO 4 

R(J.Jl) co I) 

NEXT ,11: NFn ,J 
3591) FOR J - 1 TO 4 
3601" FOR J 1 1. T [1 4 
3610 H(J,J.t) = <) 
362() F ( J • J 1) = '" 
.36:5(·, NEXT J 1: NEXT .J 
.:650 T3 = 0 
366<) FOR J = 1 TO 4 

'oJ: NEXT J 

367(l T(,]) = M(J) * l(J) * 2(J) 
3680 T3 = T3 ... f(J) 
3690 NEXT_I 
3708 FOR J = 1 TO 4 
3710 N(J) = T(J) ! rs 
3720 U(J) = Cl * LIJ) / ABS (Z(J») 
373(' NEXT J 
3740 FOR Jl = 1 TO 4 
3750 FOR J = 1 TO 4 
376':' 0 (.J , ,J 1) = ,) 
1770 IF J = J1 THEN 3790 
3780 GO TO 38';'(' 
379,;1 01 J • J 1) = 1 
3800 NEXT J: NEXT Jl 
382'~' 
383(' 
384,) 
385~' 
386(" 
3870 
-~880 

FOR J "" 1 TO 4 
FOR J 1 1 TO 4 

C2 = '-1 
FOR J2 1. TO 4 

C2 = C2 ... NiJ:!) * U(J2) I (U(J) ... U(J2) I 
NEXT J:: 

H (J • J 1) = D (J • J 1) * C2 + N (J 1) * U 1 J 1 I I (U (J) ... U (J 1 ) ) 
389,,, F 1 J • ,J 1) = ::: .. H (J • J 1) - D (J • J 1 ) 
39~)(' NEXT Jl 
3910 NEXT J 
3920 FOR J = 1 TO 4 
3930 C3 = 0:C4 = 0 
3950 FOR Jl = 1 TO 4 
3960 C2 = l(J1I * N(Jl1 
3970 C3 = C3 ... C2:C4 - C4 + C2 / L(Jl) 
399'~ NEXT J 1 
4(~O(, 

4(110 
402") 
4'~3(1 

404') 

R( 1. J) = 
NEXT J 
FOR J = 

J9 = J -
FOR ,11 

405'.:' C:3 = ,;" 

Z (J I - Z (J) .. C3 / (L (J) * C4) 

2 TO 6 

TO 4 

406(1 FOR J2 TO 4 
4070 C3 = C3 + FIJl.J2) * RIJ9,J2) 
408'~ NEXT J2 
4090 R(J.Jll = C3 
4100 NEXT Jl: NEXT J 
4120 C(l) = e.2929:C(2) - 0.3536:C(3) 0.0884 
4150 C(41 - (1.0442:C(S) = 0.0276:C(61 0.0193 
4180 C2 29.165 / (Nl * SQR (03 * Tl» 
4190 C3 • 1.9807E • 6 I SQR «03 * Til A 3) 
4200 T4. SQR IT3):C5 (1 

4220 FOR J = 1 TO 4 
4230 C4 • l~ 

4240 FOR J1 = 1 TO 6:C4 = C4 + C(Jl) * R(Jl,J) 
4260 NEXT Jl 
4270 Al = C3 * Z(J) * C4:A2 = C2 * ABS (Z(J»:A3 Al * T4 
4300 Al = (AI * LeJ) + A2) * T4:veJ) = L(J) - AI:e5 = CS + M(J) * ABS (Z(J» * 
VIJ) 
4330 NEXT J 
4340 CS = C5 * 1000 
4350 RETURN 
4360 STOP 
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,:.,"(' L~i ,., INT 'C5 '" 1(h) '10'):C8 = INT iC8 .. 1Eb) i IE::;:!:.'1 (OJ. " lE6J 
1 ,;: [lb =, I NT (Q6 '" 1 E ) / 1 E-::: I 1 = I NT (I 1 ... 1 E6) / 1 E:'.: S INT ( S ... If.:: C' " 

IE :P5 = INT IP5 .. IE6 IE1:Q5 ~ (NT (05 ,. IEB) lE3 
.~.q.) O\JC.l) = Q(NZ - i):O(eJe.?) = F"-i:OIJC.3) ~ C8:()(,]C,'l) .= F',,): (\iclL. ':,) 

C.L') == Q5:0(JC,71 = Cib:OIJC,8) == S:O(JC,9) = II 
U 1: (J (,..I 

~~15 JC = JC + I: 
o •. l2f:i IF R r " .. " THEN PR I NT "T PH COND cm.c UH peG2 Ci'l CCl3 HU.n 
51 I": PF:INT TABI 1(1):"US": TAB( 1F.O:"US"; TAl'll 23):"MM": TA8( ~:'81:"MI"1": n-48( 

.34);IIMM"; TAB< :::;9);IIIE-5 1l
; fAB( 45);"MM"; T;~B( 5S)."MM" 

&,04(1 PPIN"T Q(Nl - 1);" u;P9;1I II;C6;" ";C':J." 0;C8;" 1t~F'5;" "~[.11;1I II;G.~~.;;" 

" ; 06 ~ II " ; s; II II ; I 1 
6,,,5(1 PR IN 1 DS;" PR£',," 
b0S? CALL ENABLE 
605~~ RT = 1 
",,16'.1 RETURN 
-.'~,,,h) CALL D I SABLE: PR I NT : PR I NT DS;" APPEND" + G$ 
7<) 1 (I 
!~)'.2H 

70::0 
;'040 
":'4)50 

:116(1 
--'07') 
'oSO 

PRINT Ds;"WRITE" + GS 
FOR Jl = 1 TO JC 
FOR J " I TO 9 
PRINT OIJl,J) 
NEX T J 
NExT Jl 
PRINT DS;"CLOSE" + G$ 
CALL ENABLE 

71)9.) RETURN 

1 ""Xi<" STOP 



COM I-ION A U 6 0 , 60) , B E ( 6 0 I (0 ~ ) 
~EAL IMZ(60) 
eXTERNAL XOZAAF,C02AEF 
DIMENSION A(60),9(60),C(~O),G~(60),CC(60), 

1B9(60),REZ(60),re60),p~p(60,60) 
AIO.O.3550Z8053887Rj7 
AIPO-~O.25881940319l807 

AO -Ala 
DO 2 J-1.20 
JJ-3*J-1 

Z AeJJ)"O.O 
A(1)-AIPO 
DO 3 H.1,19 
JJ-3*M*1 
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JM·3*M-2 
ZIO.'./(FLOATC3*M+1»/(FLOATC3*M»/(~LOATC3*M_1» 

3 ACJJ)a.A(JM)*('LOAT(3*M-1»)*ZJO 
A(3)"'1016,0 
DO 4 M-Z.20 
JJ·3*M 
JM-3*M .. 3 
ZI0-1./(FLOATC3*H»/(FLU4T(3*M~1»/CFLOAT(3*M-2» 

4 A(JJ)~A(JM)*eFLOATC3*M-2»*ZIO 
CO-A(1) 

C(1)wC2.0*A(Z»-«CO*A<1»/AO) 
DO 8 J -2,59 
J H -J .. 1 
SUM I!IO.O 
DO 9 I( .',JH 
I(I(-J-I( 
W= (CCKK)*ACK»/AO 

9 SUM ... SUM.H 
HH-CCO*ACJ»/AO 

SUM - SUM • HH 
8 CCJ'- (CFLOATCJ*1'*A(J+1».SUH) 

TTH-(3.0**C-2./3.»/AI0 
OTH -·(3.0.*C.1./3.»/AIPO 
GMO_T'H*Z./3. 
GM(1)-4.*OTH/9. 
GH(Z)·Z. 
DO 10 J=1,19 
AJ-FLOATCJ) 
JJ-3* .. *2 
JK=3*J-1 
AI(·FLOATCJIO 

10 GHCJJ).'MCJK).(C5./l.).(Z.*4K/3.').«8./3.) 
1.(Z.*AK/3.» 

DO 1 1 .1-1,19 
JJ.3·J·1 
JI(-3·J-Z 
AK-FLOATCJec) 

" GMCJJ).GM(JK)*C(5./3.).CZ.*AK/3.».(C8./3.) 
1.(2.·.1(/3." 

IMCJ)IIIGMO.40./9. 
DO 12 J-2,20 



JJ-3*J 
JI(-]tJ-3 
AK.FLOATeJIO 

12 GM(JJ).GM(J().(5./3.)+(2 •• A~/3.)'*«8./3.) 
1.CZ.*AK/3.» 

C WORK OUT etCJ) 
DO 19 J-1,40 

19 CC(J)wC(J)/GMCJ) 
0092 .1.1.1.25 
WRITEC,,9J)CCCJJ) 

92 CONTINUE 
91 'OA~AT(1X,'CCCJJ) =','16.14) 
21 WAITEC,,98) 
98 FORMAT(1X,Z4HENTER T.NEG~TIVE TO STOP) 

READes,.) 1T 
IFCTT'21,21,22 

22 WRITIC6,23)TT 
21 FORMATC1X,3HT~ ,F6.3) 

WRITE",]1) 
31 FORHAT(1X,29HENTEM TINT THF TtM~ INTERVALS) 

READCS •• ) TINT 
WRITEC6,24) 

24 'ORMATC1X,19HENTfR N NO ~F TERMS) 
AfADCS,., N 
NW·N.1 

CALL RAPP(CC,AL,8E,NW) 
00 95 II( -3,N 

DO 95 I .1,11( 
WAITE(6.91)AL(lk,I) 

95 CONTINUE 
91 FORMATC1X,'AL(N) .',F10.8) 

DO 82 IL • 3.N 
Iz"IL.1 

DO 82 1-1,IZ 
WRIT!(6,83)8E(IZ'I) 

82 CONTINUE 
83 FORHATC1x,'BECN).',F16,6) 

DO 26 Ie .3,N 
IFAIL • 0 
TOL"X02AAFeX) 
KW .. K.1 

DO 32 L.1,Kw 
LC.,,·2-L 

32 88CLC)IIIBEeK,L) 
CALL C02AE'(8.,KW'~EZ,IHZ,TOL,IFAIL) 
0085 I-"K 
IoIRITE(6,86)REZ(l) III1Z(I) 

85 CONTINUE 
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86 ~ORnAT(1X,'REZCl).' ,F16.1'" X, '1"'2<1'.' ,F16.1') 
WRITEC6.97)IFAIL 

9' FORMATC1X,'IFAIL .·,F6,4) 
LLL"I'JX(TT/TINT) 

80 DO 36 L.1,LLL 

• 

TCL).'LOAT(L)*TINT 
SUM"O.O 



<; \ I t, I ~1 = <) • n 
rJ ~l -) ') J;:; 1 , t( 

'r(~fl(J).LTf~'74,n) ~~ TO l02 
~.'=~EZ(J)·T(L> 
~[:.=IM2(J)"'T(U 

R S s S I t~ ( R £\ ) 
QC-COS(kR) 
Rl=F.XP(I-IA) 
~~.(RF.i-'C) 

RP=(fH*kS) 
TfR"R ::.\R 
('0 TO Z()1 

CUI 2 TFRqR :0.0 
2 ,1 1 I F ( R E Z ( .1 ) • LT ... i 74 • I I ) r, ;) T' I 2 0 '$ 

TERM I ;;RP 
GO TO 204 

2~3 TER"q =0.0 
2 f} 4 CAL l. G P N ( R E 1 ( J ) J 1 '1l ( J ) • I( , G R , (; I) . 

CALI.. HI-'PN(KEI(J).r'll(J).I(,HR,~I> 
G 0 H R a ( ( G R ... H" ) • ( (i I .... t t ) ) I 1': '1" 0 II ( H H , ~ I J 
GDHI.«HR.fiI)~(HI.~R)/~10UU(HR,~t) 
T E RM1 a (H RtlR *G [l H R) - (T E i.; '-t! *G 0 HI) 
rER~12 :(TERI'1R*(il)HT ).(Tt.~"I"'GC~I{) 
S U;-1 t 101 :: S tJ ~ 1 " + T (: R M 2 

3 ~ SUM: S U,.1 + T E R t11 
3~ POP(I(Il.) a(SUft·G~O)/A(,) 

IF(K.GT.3) GO TO 3~1 
WRITE(6,31) (TCLn,LI<=i,Lt.L) 

57 fORMAT(1X,3HT: ,(~X.FQ.5») 
311 urqT£(6,38)(, (~OP(.~,LA) ,lA=1.LLL) 
3~ FORMAT('X,3H~. ,13,(3X,~~Q.6» 
,~ CONTINUE 

CwO TO 2t; 
21 CONTINUE 

STOP 
END 
SUSROUT[NE P4PP(CC,AL,~F,~) 
otMENSION CC(61),AL(6n,SO'.BE(60.6 C),O(6 0 ) 
NM1·N .. ' 
00 '0 K-Z dlM1 
KP1:1(+1 
DO 11) Ja" Il.P1 

,~ DeJ).<-1 .O)**(J-1)*~AMA«)/GAMA(J·')/GAMA(K-J+1). 
1«J*,.)/(K.1.)**(K-2) 

no 20 I.1 / K 
AI..(K,n=O.O 
DO 20 L .1,t 

2n AL(K'I)_~~(K,J)+CC(L).D(K-I·L+')/CC((·1+L.1) 
DO 30 t=1,KP1 

30 &E(K,I).O(K-162)/CC(K-l.Z) 
40 CONTINUE 

RETURN 
E~D 
FUNCTION CHOOU(FC,FD) 
CMODU.(FC.FC).(JO*~D) 



RETURN 
END 
FUNCTION GAMA(J) 
G=1 
DO 3 1:1, J 

3 G=G*I 
GAt"A~G 
RETURN 
END 
SUSROUTINE CHULT(AX.BX,s,T,V,Z) 
V.CAX*S) .. C8X*T) 
Z-C8X*S).CAX*T) 
RETURN 
END 

SU8ROUTJNE GPN(AV,8Y,K,GR,GI) 
COMMON ALC60,60),8eC60,6?) 
SUMR~AL(K,1) 
TERM.-ALCK,1) 
5UMI.0.0 
TERMI-O.O 
JC .. K 
DO 99 JP.Z,JC 
JG-J' .. 1 
CALL CMULT(TERMR,TERMI,~Y,aY,y,Z' 
TERMR-AlCK,JP)*Y/ALCK,Jrt) 
TEAMI-Z*AL(K,JP)/AL(K,JG) 
SUrll"SUMI.TERMI 

~9 SUMR_SUMR.TERMR 
GR-SUHR 
GI_SUtH 
RETURN 
!ND 
SUBROUTINE HPPN(AZ,8Z,K,HR,HI) 
COMMON AL(60,60),af(60,~O) 
5UI-IIIIO,0 
SUMA-IEO:,2) 
TERMJ-O.O 
TERM"-BEO(,2) 
DO 61 J p.Z, K 

JG.JP.' 
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CALL CMULTCTERMR'TERMl,~Z'BZ,Y'Z) 
TER"._V*8E(K,J~)·(fLOAT(JP»/8E(K,JP)/('LOAT(JP-1» 
TERMJ_Z*8ECK,JG)*(FLOATeJP»/BE(K,JP)/C'LOAT(JP.1» 
SUMI-.SUMI.TERMI 

61 SUMR.SUMR*TERMR 
MR"SUHR 
M hiSUMI 
RETURN 
END 

, .. It •• 
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The dissolution oflceland spar has been studied using a rotating disk method. This allows measurements 
to be made under conditions of well-defined mass transport and with single crystals prepared with 
surfaces having reproducible characteristics. The dissolution reaction was studied in the pH range 3.0-
6.2 and with varying partial pressures of carbon dioxide. In general the flux of dissolving Ca2+ is given 
by the equationje.2./mole cm-2 sec-I = kl[H+] + k2 + k3[H2C03], where we find k2 to be 2.1 X 10-9 

mole cm-2 sec-I at 25°C (in citrate buffers) and kl and k3 are given by the rate of transport ofH+ and 
H

2
C0

3
, respectively, to the disk surface. In the presence of weak acids such as acetic acid which can 

rapidly dissociate on the rotating disk time scale then [H+j should be replaced by [weak acid] in the 
above equation and the diffusion coefficient used in calculating kl should be that of the weak acid. 

INTRODUCTION 

The dissolution (and precipitation) of cal
cium carbonate is of considerable importance 
in the understanding of natural hard-water 
systems (1) and accordingly has received a 
considerable amount of attention (2-12). Pre
vious kinetic studies, made upon suspensions 
of powdered calcium carbonate, have shown 
that the dissolution rate is increased by the 
presence of both H+ and dissolved CO2 and 
attempts have been made to separate surface 
chemical kinetic effects from mass transport 
effects (usually by varying the speed ofa mag
netic stirrer). Inevitably this approach is ham
pered by the ill-defined hydrodynamic con
ditions prevailing in such suspensions. We 
have thus undertaken what we believe is the 
first study of calcium carbonate dissolution 
using a rotating disk method (although the 
calcite precipitation reaction has been studied 
in this way (13». The rotating disk offers the 
advantage of well-defined mass transport, the 
rate of which can be altered by changing the 
disk rotation speed (14). The pattern of flow 
near a rotating disk has been solved approx
imately by Von Karman (15) and the solution 
improved by Cochran (16) and this description 
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of the hydrodynamics allows the calculation 
of the rate of transport to the surface of the 
disk (17). 

The use of a rotating disk allows us to make 
measurements of dissolution kinetics using 
single crystals of Iceland spar. This offers the 
additional advantage over studies using pow
dered material, in that the crystals can be pol
ished so as to produce reproducible surfaces 
allowing comparisons between different ex
perimental conditions to be made with con
fidence. 

In this work we have examined the effects 
of altering the pH ofthe solution and the par
tial pressure of CO2 over the solution under 
conditions where the concentration of calcium 
ions and carbonate or bicarbonate ions is suf
ficiently low that the back reaction (i.e., pre
cipitation) may be neglected. The precipitation 
reaction will be considered in a subsequent 
paper. 

EXPERIMENTAL 

A. Materials. Solutions were made up using 
triply distilled deionized water (resistivity 
> 107 ohm cm). BDH Analar grade reagents 
(citric acid. potassium chloride, sodium ace-
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tate, acetic acid, hydrochloric acid, sodium 
hydroxide) were used throughout. Iceland spar 
crystals were obtained from Richard Taylor 
Minerals (Cobham, Surrey, England) and 
these originated from Chihuahua, Mexico. 
British Oxygen supplied carbon dioxide and 
"white spot" nitrogen. 

B. Techniques. Rotating disks were fabri
cated by setting a single crystal ofIceiand spar 
(typical approximate dimensions 10 X 10 X 3 
mm) in a cylinder of Araldite epoxy resin (cast 
using Resin MY753 with hardener HY951, 
from Ciba-Geigy, Cambridge, England). Cy
lindrically shaped electrodes have been shown 
to give satisfactory hydrodynamic behavior 
(14, 18, 19) under a wide variety of conditions 
despite early reservations by Riddiford (20). 
The rotating disk was then polished using a 
succession of finer diamond-lapping com
pounds (Engis, Maidstone, England) either by 
hand or in conjunction with a Kent Mark II 
polishing machine. The smallest diamond grit 
used was 0.25 I'm. Where necessary prelim
inary polishes of particularly rough surfaces 
were carried out using 45- and 30-l'm Bramet 
abrasive pads (Engis). The finished surface was 
then rinsed with dilute acid to remove any 
possible impurities (9) and painted with a s0-

lution of polystyrene in carbon tetrachloride 
so that only a central disk-shaped portion of 
the crystal was exposed, the remainder being 
covered by a film of polymer after the solvent 
had evaporated. This procedure is essential 
since the calculations by Levich for convective
diffusion to the rotating surface assume that 
it has cylindrical symmetry about the axis of 
rotation (17). The area of exposed calcite was 
obtained through measurements of the di
ameter of the central disk using a traveling 
microscope. Rotation of the electrode was 
achieved using an Oxford Electrodes (Oxford, 
England) rotating disk assembly and motor
controller. The disk was rotated in a glass re
action vessel of capacity 100 cm3 which was 
water-jacketted to allow thermostatting at 25 
± O.5°C. A constant stream of a N2/C02 gas 
mixture of chosen composition was bubbled 
into the solution throughout a run. 
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The rate of calcium carbonate dissolution 
was monitored using a Radiometer (F2112) 
Calcium Ion Selective Electrode (CaISE) lo
cated immediately adjacent to the rotating 
disk. Readings from the CaISE were taken 
relative to a saturated calomel electrode using 
a Radiometer PHM 64 meter (which was also 
used for pH measurements). The meter was 
interfaced to an Apple II microcomputer using 
an Adalab interface card (Heyden Data Sys
tems, London, England) which possesses a 12-
bit AID converter capable of taking up to 20 
readings per second. This allowed software to 
be written which recorded millivolt readings 
from the CaISE at chosen time intervals and 
converted these readings into calcium ion 
concentrations. Calcium ion concentration
time profiles were then displayed graphically 
at the Apple monitor and a least-square fit 
used to determine the dissolution rate. 

The conversion required to change millivolt 
readings from the CaISE into calcium con
centrations was found daily by calibration. 
Generally responses were close to the 27.5-
mY/decade value expected theoretically. At 
high pH (>4) the response was nearly constant 
day by day although at lower pH «4) some 
drift was found but this was not sufficient to 
prevent quantitative measurements being 
made provided that either the total [Ca2+] 
change during the reaction was much less than 
the total [H+) change or that the system was 
buffered against pH change. 

The response time of the CaISE was deter
mined by rapidly transferring the electrode 
between solutions of differing [Ca2+]. The 
transients were found to obey the expected 
(21,22) exponential form 

E(t) = Er + (Ej - Er) exp(-tIT), [1] 

where Ej and Er are the initial and final p0-

tentials of the CaISE. The "response time," 
T, of the electrode was found to be 3.3 sec. 
This time scale is substantially faster than that 
of any of our dissolution experiments, even 
at the highest acid concentration used. 

Consideration was given to the likely transit 
time between the rotating disk and the CaISE, 
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a distance of ca. 1 cm. Experiments in which 
the green dye fluorescein was injected into the 
reaction vessel indicated that mixing took 
place throughout the vessel on a time scale of 
less than 15 sec even at the slowest rotation 
speed employed. Thus the transit time was 
thought to be comparable to the response time 
of the electrode. 

THEORY 

The rate of transport of a species by con
vection and diffusion to the surface of a ro
tating disk has been described by Levich (17). 
Under the condition that the species reacts 
sufficiently fast at the disk surface that its sur
face concentration is effectively zero, the flux 
j of material to the disk is given by 

2 -I j/mole cm- sec 

For species for which experimental data is 
not available it has been shown that diffusion 
coefficients of uncharged species may be es
timated to within -10% by the following em
pirical equation due to Wilke and Chang (24, 
25) 

(xM)I/2T 
D ~ 6.6 X 10-8 ,,0'.6 [4] 

where " is the solvent viscosity (cP), T the 
absolute temperature, M is the molecular 
weight of the solvent, x is an association pa
rameter characteristic of the solvent, 2.6 for 
water, and V(cm3 mole-I) is the molar volume 
of the diffusing species and estimated using 
the method of Le Bas (26). 

RESULTS AND DISCUSSION 

Experiments were performed throughout 
= 1.554Jj2!3"-1/6C,,,'o/w, [2] the pH range 3-6.2 using solutions containing 

either unbuffered HCl, acetic acid/sodium ac
etate buffer, or citric acid/sodium hydroxide 
buffer (Serensen's buffer). In all experiments 
the total ionic strength of the solution was 
brought up to 0.3 mole dm-3 by the addition 
ofKCl. 

where D is the diffusion coefficient (cm2 sec -I) 
of the species, " is the kinetic viscosity (cm

2 

sec-I) of the solvent, Coo (mole cm-3
) is the 

bulk concentration of the species, and w (Hz) 
is the rotation speed of the electrode. 

The derivation of Eq. [2] assumes that the 
diffusing species is not involved in any ho
mogeneous chemical reactions. This is not the 
case when we are considering the transport to 
the disk of protons formed from a buffer s0-

lution that contains a weak acid which does 
not itself react at the disk: 

/(1 

Solution HA ~ H+ + A- Ka = k't/k'-I 
k-I 

Disk H+ --+ products. 

In this situation the flux is less than would be 
calculated on the basis of the total concen
tration of HA because of the finite value of 
k'l. The problem has been described mathe
matically by Koutecky and Levich (23) who 
showed that 

1 1 [0.64VI/6 ( [A -] )1/2J 
j = [HA] If.fl Vw + k'IKaDH + ,[3] 

where DttA and DH + are the diffusion coeffi
cients of HA and H+, respectively. 

We consider first the results obtained at high 
pH. Figure I shows typical plots of [Ca2+] 
with time for a solution of Serensen's buffer 
at pH 6.11. The data in Fig. I was obtained 
with pure nitrogen being bubbled through the 
reaction vessel so as to prevent CO2 from 

1 
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o 1000 2000 3000 
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FIG. 1. Typical lCa2+] vs time plots for the dissolution 
of Iceland spar with a pH 6.11 Serensen's buffer solution 
for Pro. = O. The two lines relate to '" = 2.25 Hz (- --) 
and 25 Hz (-). 

lou""" oIeO/loid tmd l/Ilnfo« SciDl«. Vol. 101. No. I. September 1984 



162 COMPTON AND DALY 

building up. The calcium ion concentration 
is seen to increase linearly with time. As is 
apparent from Fig. 1 the rate of dissolution 
is increased by an increase in the rotation 
speed of the electrode. If the reaction 

H+ + CaC03 --> HCO)" + Ca2+ 

is fast enough to reduce the concentration of 
H+ at the disk surface to zero we would expect 
the fluxjca2+ of dissolving Ca2+ to be given by 
Eq. [2] with D and Coo relating to H+. Figure 
2 shows fluxes obtained from a number of 
runs, such as are shown in Fig. 1, plotted 
against the square root of the rotation speed. 
It is clear that there is a linear dependence of 
ka2+ upon Vw as predicted by Eq. [2] but there 
is a nonzero intercept. This behavior is most 
easily reconciled with a kinetic scheme in 
which dissolution occurs as a result of two 
processes only one of which is transport-con
trolled. If the transport-controlled reaction is 
that of H+ diffusion then we can write 

ka2+ = kt[H+] + k2' [5] 

where from Eq. [2], k t = 1.554DWv- t/6Vw. 
Also shown in Fig. 2 is a line whose slope has 
been calculated theoretically from the known 
concentration of H+ and the value of 7.64 
x 10-5 cm2 sec- 1 (27) for Dw using Eq. [2]. 
Good agreement is seen between the theoret-

20,r-____________________________ ~~ 

o 

o 

FIG. 2. Levich plots for dissolution with pH 6.11 S0-
rensen's buffer obtained for PCOl = 0 (0, e), 0.091 (D), 
and 0.167 (t>., .). Different symbols relate to different 
crystals. The dashed line shows the theoretical slope cal
culated using Eq. [21 for the case of fico, = O. 
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FIG. 3, The dependence of the least-mean-square slopes 
of the lines in Fig. 2 as function of Pro,. 

ical behavior and the least-mean-square fit 
shown in Fig. 2 for the data for Pcen. = O. In 
view ofthis good agreement we conclude that 
augmentation of the flux ofH+ by dissociation 
of the buffer is, for this buffer, negligible. The 
reaction giving rise to the intercept in Fig. 2 
may be attributed to 

CaC03 + H20 --> Ca2+ + HCO)" + OH-, 

which would not be expected to be transport
controlled owing to the large amounts of water 
available. In our buffered system the OH
would be rapidly protonated to form H20. 

Also shown in Fig. 2 are data obtained when 
bubbling two different mixtures of CO2 and 
N2 through the solution as dissolution pro
ceeds. The rate of dissolution is seen to in
crease as Peen. increases. Figure 3 shows the 
slope of the Levich plots in Fig. 2 as a function 
of Peo2' The linear dependence suggests that 
the rate of dissolution is being increased by 
the reaction 

H2C03 + CaC03 --> Ca2+ + 2HCO)" , 
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which by extension of Eq. [2] would lead to 
the expression for the dissolution rate 

iCa2+ = k2 + 1.55411-1/6{.dJ~[H+] 

+ DUh>3[H2C03]} Vw, [6] 

where we have assumed the equilibrium 

kJ,yd [H2C03] 

H20 + CO2 ~ H 2C03 KH:zC03 = [C0
2

] 

to be slow so that there is no supplementation 
of the reacting H2C03 in the vicinity of the 
disk through hydration of dissolved CO2 , This 
assumption is supported by published values 
of 0.025 to 0.04 sec-I (28) for the hydration 
rate constant kt,yd' These values are "slow" 
on the rotating disk timescale (29) suggesting 
that we may confidently use Eq. [6] which 
may be rewritten in terms of the Henry Law 
constant, KH , for the solubility of CO2 in 
water: 

Jca2+ = k2 + l.554,,-t/6{DU~[H+] 
+DU:C03' KH2C03' KH• PCD2} Vw, [7] 

where PCD2 is the partial pressure (atm) of CO2 

and, 
[C02(aq)] = KH PCD2' [8] 

From Fig. 3, and assuming a value of 0.032 
mole dm-3 atm- I for KH (30) we find that 

D~:C03KH2C03 = 5.3 X 10-7 cm4/ 3 sec-2/ 3• 

The diffusion coefficient of H2C03 may be 
estimated to be 1.3 X IO-s cm2 sec-I by using 
Eq. [4]. This gives a value for KH:zC03 of 9.6 
X 10-4

• In Table I we compare this value with 
other published values for the equilibrium 

TABLE I 

Comparison of Values for KHz('O, at 25°C 

Author (K""""r' Reference 

Bolin 1100 (31) 
Barth 386 (32) 
Skirrow 500 (33) 
This work (assuming DHz('O) 

= 1.3 X 10-5 sec-I) 1042 
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FIG. 4. A Levich plot for Iceland spar dissolution in 
10-3 mole dm-3 HO. 

constant for CO2 hydration. The value ob
tained by us is comparable with the other val
ues and so, particularly given the approxi
mation inherent in applying the empirical rule 
ofEq. [5], may be considered sufficiently good 
agreement to vindicate Eq. [7] and the kinetic 
model on which it is based. 

It is satisfying that all the lines in Fig. 2 
have the same intercept. We obtain an average 
value for k2 of 2.1 ± 0.3 X 10-9 mole cm-2 

sec-I. It should be stressed that the points 
shown in Fig. 2 are composed of points ob
tained from several different crystals and that 
where one crystal has been used for more than 
one run it will typically, between runs, have 
been polished and treated as described above. 
We are therefore confident that our surface 
pretreatment leads to a reproducible surface 
and this enables us to confidently make com
parisons between data obtained under different 
experimental conditions. 

We now consider our results obtained from 
a 10-3 mole dm-3 solution ofHQ (total ionic 
strength 0.3 mole dm-3) in the absence of ear
bon dioxide. Fig. 4 shows a Levich plot ob
tained for this system. We again find agree
Journal oICoiloid and Inlerf= $eimer. Vol. 101. No. I, September 1984 
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ment with Eq. [5] except that now [H2C03] 
= 0 and since [H+] (=10-3 mole dm-3) is so 
high, the k2 term contributes negligibly to the 
rate. 

Further, at this pH we write 

2.0ka2+ = k2 + 1.554,,-1/6{d.{~[H+] 

+ DU~03[H2C03]} Vw. [9] 

The factor 2.0 appears since at this pH the 
equilibrium 

H2C03 ;::': H+ + HCO)" 

lies in favor ofH2C03 and thus two molecules 
of hydrochloric acid are required to release 
one Ca2+ ion. The diffusion coefficient of H+ 
calculated from the line shown in Fig. 4 is 
7.46 X 10-5 cm2 sec-I in excellent agreement 
with the literature value of 7.64 X 10-5 cm2 

sec-I (27). The agreement between theory and 
experiment again shows that the reaction be
tween H+ and CaC03 is very rapid leading to 
a zero surface concentration of H+. It should 
be noted that in all the experiments with 10-3 

mole dm-3 HCl, the quantity of CaC03 dis-
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FIG. 5. A typical Levich plot for Iceland spar dissolution 
in an acetic acid (0.08 mole dm-1) and sodium acetate 
(0.04 mole dm-1) buffer. 
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FIG. 6. Slopes from Levich plots (such as Fig. 5) plotted 
as a function of acetic acid concentration. 

solved was insufficient to significantly perturb 
the pH .. 

Experiments in the pH range 4.21-5.42 
were carried out using acetic acid/sodium ac
etate buffer (total ionic strength 0.3 mole 
dm-3

). Experiments were carried out over a 
range of concentrations of acetic acid. Excel
lent Levich plots (such as Fig. 5) ofkaH against 
Vw were obtained at each concentration al
lowing average values of ka2+/Vw to be found 
from the slope of the Levich plot at each con
centration of acetic acid. These values are 
plotted in Fig. 6 as a function of acetic acid 
concentration. It is clear from Figs. 5 and 6 
that the behavior in this pH range for 
[CH3C02H] < 0.043 mole dm-3 is best de
scribed by Eq. [2] with D and Coo relating to 
acetic acid. From the slope of Fig. 6 in the 
low [CH3C02H] region we calculate a value 
for the diffusion coefficient of acetic acid of 
8.6 X 10-6 cm2 sec-I. This is in reasonable 
agreement with the literature value of 1.0 I 
X 10-5 cm2 sec- I (25). 

It is interesting to consider whether the re
sults in Fig. 6 imply that acetic acid is reacting 
directly with CaC03 , 

2CH3C02H + CaC03 -

H2C03 + Ca2+ + 2CH3C02' 
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or whether it dissociates to form H+ which 
then reacts, 

2CH3C02H ~ 2H+ + 2CH3COi ~ Ca2+ 

+ H2C03 + 2CH3COi. 

The latter scheme is described by Koutecky
Levich theory (vide supra) as in Eq. [3]. Ifwe 
use the values of9.1 X lOs sec-I (34, 35) for 
k'i and 1.75 X 10-8 mole cm-3 (36) for KA we 
find that Eq. [3] reduces to 

1 2 [639 ] 
jCa2+ = [CH3C0

2
H] Vw + 5.74 [10] 

since the acetate concentration was kept con
stant at 0.04 mole dm-3 in all experiments. 
From Eq. [10] we see that the kinetics of acetic 
acid dissociation are sufficiently rapid that the 
second term in SQuare brackets is negligible 
and that the reaction of acetate buffer at the 
disk will be described by the Levich equation 
(Eq. [2]) both when reaction proceeds indi
rectly via dissociation into protons and when 
acetic acid reacts directly with CaC03 • Our 
results in Fig. 6 do not therefore allow us to 
distinguish between the two mechanisms. 
Again in this case the rate is too fast for the 
k2 term in Eq. [1] to contribute significantly 
although it can be seen that the intercept in 
Fig. 5 is above zero. 

Returning to Fig. 6 we see that at higher 
concentrations of acetic acid (>0.043 mole 
dm-3) the dissolution rate becomes indepen
dent of the acetic acid concentration. We at
tribute this to the onset of sufficient concen
trations of CO2 at the surface of the disk so 
that the solubility of carbon dioxide in water 
is exceeded causing the formation of bubbles, 
as was verified by observation. Under this 
condition the dissolution rate is governed by 
transport of CO2 away from the disk. The 
onset point of this condition may be calculated 
using Eq. [8] where PC02 > 1 for bubble for
mation. Using the values previously given for 
KH , together with the requirement that two 
molecules of acid are required to release one 
molecule of CO2 from Caco3 the onset of 
gaseous CO2 evolution is expected to be at 

approximately 2KH = 0.064 mole dm-3 since 
the rate of reaction at the disk surface is fast 
enough to consume all the protons at the sur
face. From Fig. 6 we find that this occurs at 
0.043 mole dm-3 in approximate agreement 
with the calculated value. 

In conclusion we can see that in general the 
rate of dissolution of Iceland spar is given by 
the equation 

ica2+/mole em -2 sec-I 

where kl and k3 are given by the rate oftrans
port to the disk surface. In the presence of a 
proton source, HA (e.g., acetic acid) capable 
of dissociating on the rotating disk time scale 
then [H+] is replaced by [HA] and the diffusion 
coefficient used in calculating kl should be 
that of HA. The value we find for k2 is 2.1 
X 10-9 mole cm-2 sec-I. This may be com
pared with the value of 1.2 X 10- 10 mole cm-2 

sec-I obtained by Plummer (9) from mea
surements on calcite powders. The value from 
our rotating disk measurements was found by 
assuming that the surface area available for 
the surface reaction described by k2 is equal 
to the measured geometrical area. Electro
chemical experiments (37) have shown that 
for platinum disk electrodes at least the surface 
roughness is unlikely to be more than twice 
the geometrical area provided sufficient care 
is taken in preparing the electrode surface. 
The value found by us thus represents an up
per limit for the "true" rate constant but nev
ertheless is somewhat larger than Plummer's 
value which was obtained by estimating the 
surface area of calcite powder obtained by net 
sieving between either 20 and 40 mesh (mean 
size 0.063 em) or 40 and 80 mesh (mean size 
0.03 em), then calculating the surface area 
from the weight assuming each particle to be 
a rhombohedron of width equal to the mean 
size. We believe our method to be a more 
reliable estimate of surface area. The repro
ducibility of results between different crystals 
shown in Fig. 2 suggests that the geometrical 
areas of our disks are not too far removed 
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from the true areas. However, the discrepancy 
may be more than can be understood on the 
basis of surface area measurements and may 
reflect the different buffer systems used in the 
two studies. Alternatively, we note that traces 
of metal ions such as Mg2+ (13), Cu2+ (38), 
Sc3+ (39), Pb2+, Cd2+, or Zn2+ (40), or phos
phate ions (41,42) can inhibit the dissolution 
process and this might be a reason for pre
ferring the higher value. 
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ABSTRACf 

A theory is presented which describes the transient current response to a potential step at a channel 
(or tubular) electrode for a reversible electrode reaction. Experimental results for a wide range of solution 
flow velocities are found to be in good agreement with theory. 

INTRODUCfION 

The channel electrode and the closely related tubular electrode are popular 
choices as flow-through electrodes [IJ both for analytical purposes [2-4J and as 
well-defined hydrodynamic electrodes for the study of electrode reaction mecha
nisms [5,6). In previous papers we have considered the problems of EC [7J and ECE 
[6J processes and of ac voltammetry [8J at such electrodes. Other workers have 
considered the shape of current voltage curves at such electrodes [9J and have 
examined both theoretically and experimentalJy their chronopotentiometric response 
[1O-12J. Matsuda has solved the problems of catalytic currents [13J and kinetic 
currents [14] at channel electrodes. Double channel electrodes have been employed 
[15-17] in a similar way to ring-disc electrodes for the study of reaction mecha
nisms. In this paper we consider the current transient resulting from a potential step 
on the channel electrode at hydrodynamic eqUilibrium. This problem is of interest 
since such measurements are used to measure diffusion coefficients of electroactive 
species. Unlike steady-state measurements analysis of the transient provides a value 
for the diffusion coefficient which is not dependent on a knowledge of the number 
of electrons transferred in the electrode reaction, or of the concentration of the 
electroactive species. Furthermore, film formation or adsorption often interferes with 
the interpretation of steady-state limiting currents and the desired information can 
be obtained from the current transient before such complications interefere [18J. 

The mathematical solution to this problem is obtained using Laplace transforma
tion. In this problem, as in many others of electrochemical interest, the transformed 
quantity of interest (in this case the current), upon solution of the appropriate 
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convective-diffusion equation, is found to be represented by a power series in the 
Laplace transform variable. Such a series cannot usefully be inverted term-by-term. 
We show that the method of rational approximations [19] can be successfully used to 
overcome this problem and to provide accurate values for the transient current over 
a wide interval of time. Theory and experiment are shown to be in good agreement. 

THEORY 

We consider the following electrode reaction: 

A ± n e- -+ B 

and assume only A to be present in the bulk of the solution. The convective-diffu
sion equation describing the concentration, c, of A is: 

oc =Do
2
c _lV[1_(b2_y2)/b2]~ ot oy2 2 ax (1) 

where D is the diffusion coefficient of A, b is the half-height of the channel, U is the 
mean solution velocity (em s -1), x is the distance along the channel starting from the 
upstream edge of the electrode and y is the distance normal to the electrode starting 
from the electrode surface. 

We have shown previously that, providing (xED/Ub2 )« 1 where X E is the 
length of the electrode, eqn. (1) can be simplified to: 

ou = a2u _ ~ au (2) 
ot oe ax 

where the normalised variables are defined by: 

7 = (9CPD/x;b2 )1/3
, 

X=X/XE 

~ = (3U/bDx E f/ 3 
y 

and 

u = c - COO 

where COO is the bulk concentration of A. The relevant boundary conditions for the 
case of a potential step are 

T=O 
T>O 

7>0 

u=o 
u-+o 
u=u' 

It is assumed that for 7 < 0 no current is flowing through the electrode but that for 
T> 0 the surface concentration changes from COO and u becomes u' (¢ 0). Notice that 
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u' is taken to be independent of X' i.e. that the concentration c is assumed to be 
unchanged along the length of the electrode. This will be the case for any point on a 
reversible voltammetric wave but will only hold for currents close to the transport 
limited value for an irreversible wave. Double Laplace transformation of eqn. (2), 
firstly with respect to T (transform variable s) and secondly with respect to X 
(variable p) gives: 

su = a2u/ae - p€u (3) 

where u represents the double transform of u. The solution of eqn. (3) and the 
application of the boundary conditions given above gives: 

u= A;[p-2/3(s+P€)] u(€=o) 
Ai[p-2/3S ] 

(4) 

in which Ai[x] denotes the Airy function [20]. The current / due to the discharge of 
A is: 

11.0 OC I / ex at dx 
o .. t=o 

(5) 

(6) 

I{ I 1 Ai'[p-2/3s ] = } 
ex.:e; Ie; 2/3 . [ -2/3] u( = 0) 

P Al P S x-I 
(7) 

where for the case of interest, u( ~ = 0) = u' Ips. To invert eqn. (7) we expand the 
logarithmic derivative of the Airy function as a power series: 

A ., [ - 2/3] 1 00 
IPS ~ n ( _ 2/3 ) n 

=- ~CnS P A;[p-2/3S] a On _
O 

(8) 

where Co = al> Cn = (n + l)a n + 1 - aoIEk_lcn-kak and the coefficients ak are defined 
by Ai[x] = E~_oanxn [20]. Substitution of eqn. (8) into the bracketed term in eqn. 
(7), followed by term-by-term inversion gives: 

, 00 n 
I U ~ Cns 

/ex.!R: - ~ 
S aos n-O r( % + 23n ) 

(9) 

The first term in the series in eqn. (9) corresponds to the steady-state current flowing 
when the transient effects have died away. We may therefore write: 

J(T) I r(~) ~ cns
n

-
I 

--,----'---'--...,.. = 1 +.!R: -- ~ 
/(T-+OO) S Ai'[01n-l r (%+2

3
n) 

(10) 

The series in eqn. (10) cannot be simply inverted. We therefore adopt the method 
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of rational approx!mations. That is we approximate the series by a sequence of 
rational functions In (s) = gIl (s ) / h" (s) whose members are then inverted analytically 
to give a sequence of functions {I" ( T)} which one hopes will converge rapidly as 
n -+ 00. For a series such as in eqn. (10) one possible method of generating a suitable 
sequence is to calculate the Pade table [21] and then invert successive elements on 
the leading diagonal until convergence is achieved. However, this method, in this 
case, was found to generate poles in the right-hand half-plane Re(s) > 0 for some 
values of n > 10. This is unsatisfactory since it leads to terms of the form Ae Q1, a > 0 
in our approximate solution. Similar problems have emerged in the application of 
the Pade table to other Laplace transform inversions [21,22]. We therefore turned to 
the method of Levin transformation [23] to provide a suitable sequence of rational 
functions. Applying the Levin Vd transformation to each of the partial sums. I" (s ) 
where: 

n+l 

I,,(s) = L C~Sk-l (11) 
k-I 

and c~ = cn/f(5/3 + 2n/3) we obtain the rational approximation V". 

V,,=g,,(s)/h,,(s) (12) 

where: 
n 

() '("' ex: i-I gIl S = ~ niS (13) 
i-I 

and: 
n+l 

h,,(s) = L P"iSi -
1 

(14) 
i-I 

The coefficients (X"i and Pni depend on the coefficients c,,/f(5/3 + 2n/3). in the 
series in eqn. (11) in the following way: 

ex:=~(.n )(n+2- j ),,-2(_I)J+l,. 
nI ~ J - 1, c'-J+ 1 

j-l C,,+2-J 

and: 

P .=(_I)i+I(. n )(n+2-i)"-2 
", , - 1 ' 

C,,+2-i 

Thus from eqns. (10). (11) (12) we finally obtain: 

/( T) = 1 + lim f(i)!rl (s)/h (s) 
I(T-+ 00) n .... ooAi'[O] s gIl " 

= 1 - 3.488 lim f. gn (qm) exp( qmT) 
n .... oo h'( ) m-l " qm 

(15) 

(16) 

(17) 

(18) 



where qm are the complex roots of the equations: 

hn{s}=O 

and: 

h:{s} = dhn{s }/ds 
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(19) 

(20) 

The sum in eqn. (18) was evaluated using a Fortran computer program. For 
values T> 0.2 satisfactory convergence was found by considering n < 10. The 
resulting current transient is shown in Fig. 1. For T < 0.2 the convergence was less 
good even taking n as large as 20 and in this region it is only possible to give a range 
of values in which /( T) may lie, as shown in Fig. 1. . 

Theoretical work on eqn. (2) has been carried out by Soliman and Chambre in the 
field of heat transfer [24]. Their analytical approach shows that the flux at a point a 
distance X along the electrode is given by the approximation, 

(au/a~)x, T 1.048 
(au/a~)x, T -+ 00 - k (21) 

which is valid for T' < 1.0 where T' = T/X 2
/
3. For T' > 1.0 eqn. (21) was shown to be 

an underestimate [24]. 
Thus for points on the electrode surface sufficiently downstream of the leading 

edge the transient shows a "Cottrell equation" type behaviour in its early stages. 
This is not true of Fig. 1 which shows the flux integrated over the electrode surface. 
The contribution of points near the leading edge of the electrode for which eqn. (21) 
is a poor approximation causes the total current at the electrode to deviate from 
( time) -1/2 behaviour even at small times. 

Note that the above theory is also applicable to tubular electrodes in this case Fig. 
1 still describes the transient response but now T is defined by: 

( 
2 2 2 )1/3 

T = 4voD/XEro t 

8 

6 

8 
t 

J:2.4 
£ .... 

2 

oL---------------~·~5--------------~1.0 
'T 

Fig. 1. Theoretical current transients calculated from eqn. (18). 
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where ro is the radius of the tubular electrode and Vo is the flow velocity (cm S-I) at 
the centre of the tube. 

EXPERIMENTAL 

The design of the channel electrode unit and the associated flow system has been 
described previously [5,6]. The channel unit had approximate cross-sectional dimen
sions of 0.4 mm x 7.0 mm. A precise value for the short dimension was obtained 
each time the channel unit was assembled by measuring the diffusion-limited current 
from a species of known concentration and of known diffusion coefficient as before 
[6]. Polished platinum foils of approximate dimensions 5.0 mm x 5.0 mm were used 
as electrodes. Flow rates in the range 5 x 10 - 3 to 10 - 1 cm3 s - 1 were obtained by 
gravity feed through capillaries of different diameters. 

Solutions were made up using twice-distilled deionised water and typically 
contained ca. 3 X 10- 3 M potassium ferricyanide and 0.1 M potassium chloride. 
Reagent grade chemicals were used throughout. Solutions were thoroughly purged of 
oxygen by bubbling through the solution nitrogen which had been purified by 
passage over BTS catalyst. 

RESULTS AND DISCUSSION 

The above theory was tested by studying the reduction of potassium ferricyanide 
in 0.1 M potassium chloride, 

Fe(CN)!- + e- = Fe(CN):-

at a platinum channel electrode. Steady-state measurements showed the diffusion
limited current to vary as the cube root of the flow rate as predicted by the Levich 
equation [9]: 

[lim = 1.165 nFcD 2/ 3fjl/3b- 1/ 3wx¥3 

where w is the width of the electrode. Figure 2 shows a log-log plot of [lim against 
volume flow rate (JIf = 2bw'U, w' = width of channel); the slope is close to the 
expected value of (t). The intercept allows us to calculate the diffusion coefficent of 
ferricyanide as 7.5 X 10- 6 cm2 S-1 in excellent agreement with the literature value of 
7.63 X 10- 6 cm2 S-1 [25]. Current-time curves were obtained for flow rates between 
5 x 10- 3 and 10- 1 cm3 

S-1 by stepping the potential from a value at which no 
current passed to a potential where the current was diffusion-limited, and recording 
the entire transient. This was analysed by finding the time, 12 , taken for the current 
to fall from the initial very large value to twice the final steady-state value. From 
Fig. 1 we see that this is given by: 

0.35 = (9CJ2D/x~b2)1/\ (22) 

In Fig. 3 the experimental determined values of 12 are plotted against the volume 
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-3.75 

• 
~ 

~ .... -
C, -4.0 
.2 

-4.25 

-3.0 -2.0 -1.0 
log(VI /cm 3 5-1) 

Fig. 2. The steady state limiting currents obey the Levich eq t' Th I' h 
(1/3). ua Ion. e me as the expected slope of 

1·0 

0·1 

10 10-1 
VI jcm3 5-1 

Fig. 3. Experimentally determined values of 12 vary as ",-2/3 

flow rate Yr. The slope of the log-log plot is close to the (- t) predicted by eqn. 
(21). The line drawn is that calculated from eqn. (21) together with the experimen
tally determined values of D and the measured values for the geometry of the 
electrode. Good agreement between theory and experiment is seen. 
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