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ABSTRACT

The morphology of barium sulphate crystals grown in synthetic and biological 

systems has been investigated by scanning and transmission electron microscopy and 

by electron dif&action. Crystals grown in bulk aqueous solution, without organic 

additives, comprised (001), {210} and curved {hkO} faces. The latter were imaged by 

atomic force microscopy (AFM), which revealed rows of narrow terraces elongated 

along the [001] direction. The AFM enabled the {hkO} face to be identified as a 

stepped (100) face. The occurrence and relative size of the (001), {210} and {hkO} 

faces varied according to the supersaturation, pH and temperature. At high ionic 

strength (I = 5.0M) a new morphology comprising smooth (100) and {011} faces was 

observed. These results demonstrate the importance of solution physical chemistry. 

The incorporation of polyacrylic acid into the reaction mixture resulted in composite 

particles comprising discrete assemblies of fibres. The shapes of the particles varied 

according to the supersaturation and the barium : polyacrylate ratio. Brushes, cones 

and multiple cones were observed. The occurrence of fibres is explained in terms of a 

charge amplification mechanism, involving adsorbed polymer molecules at the sides 

of the fibres. In another experiment sulphate and sulphonated surfactant molecules 

were used, resulting in crystals with partially stabilised {011} faces. A stereochemical 

correspondence between the additive headgroup and the {011} face was identified. 

The formation of nano-sized baryte particles in mixed ethanol : water solutions was 

investigated. A detailed study was undertaken on barium sulphate precipitation in 

reverse micelle and microemulsion solutions. These solutions comprise minute 

droplets of water dispersed in oil and are stabilised by a surfactant. Droplets 

surrounded by a reactive surfactant membrane produced a range of morphologies, 

including fibres. In contrast, those surrounded by an inert surfactant membrane 

produced crystals similar to those observed in bulk aqueous solution without organic 

additives. The biogenic studies were performed on species of deep sea.



IV

xenophyophore, protozoa. The origin of xenophyophore baryte is discussed in view of 

information known about synthetic crystals.
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Chapter 1 

FOREWORD

Barium sulphate precipitation represents a major problem for the off-shore oil 

industry/*^ The reaction occurs during extraction, when sea water is injected into the 

oil bearing rock. The former is rich in sulphate ions and the latter in barium ions. The 

effect of the precipitate is to block up the extraction pipes and pores within the rock. It 

is this problem that has been the principle driving force for much of the research on 

barium sulphate.

One way of overcoming the problem of barium sulphate scale formation is to use 

crystal growth inhibitors.^ These are molecules that adsorb onto the crystal surface, 

obstructing growth. Organic compounds with ionic functional groups such as 

phosphonates, carboxylates and sulphonates have been developed for this purpose. 

The potency of these additives has traditionally been investigated using kinetic 

methods, based on measurements of crystal growth rate. However, such treatments 

may be imprecise as they regard the crystal surface as being a single entity rather than 

as a collection of faces. An alternative approach is therefore to quantify the effects of 

the additives in terms of their ability to interact with specific crystal faces. The easiest 

why to do this is to investigate the ability of the additives to modify the crystal 

morphology.

The morphological effects of additives are just one aspect in the wider study of crystal 

growth - a study that not only includes the growth of inorganic salts such as barium 

sulphate but also the crystallisation of organic molecules, ceramics, metals, polymers 

and proteins.^ It turns out that many of these crystals have common characteristics. 

For example, planar crystal faces, surface defects, screw dislocations, and the 

phenomenon of surface roughening are just as common to high molecular weight



polymer crystals as they are to simple ionic compounds. These similarities have 

enabled general theories of crystal growth to be developed.^’̂  The important 

consequence of these theories is that they offer insights into ways in which crystal 

growth and hence morphology can be controlled.

Morphological control is brought about by influencing the mechanistic processes 

occurring at the crystal - solution interface. Control by additives is one approach but 

control can also be achieved through changes in the environment. The temperature, 

pH, concentration, the type of solvent and the existence of diffusion gradients are all 

active in this respect.

Morphological control is the central theme of this thesis. Both environmental and 

additive effects are explored but unlike in other studies, where the tendency has been 

to differentiate between the two effects, here the aim is to discuss both as part of the 

same phenomena. Special emphasis is placed on identifying growth mechanisms that 

can account for both shape and crystallography.

This study is clearly relevant to the problems of barium sulphate scale formation but it 

also has wider implications, particularly for materials chemistry. Many materials have 

physical properties that are shape and crystallographically specific. For instance, 

quartz is piezoelectric in the [100] but not the [001] direction.^ Arguably the best 

examples of materials design are found in biological systems.*’̂  The materials include 

bone, teeth, sea shells and planktonic skeletons. Some of these materials or 

biominerals (the generic name) have very elaborate morphologies. Understanding the 

control of synthetic crystals is therefore relevant to the study of biomineral deposition.
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Chapter 2

EXPERIMENTAL AND INSTRUMENTATION

2.1 Materials

Analytical grade chemicals were used without further purification in all the 

experiments. A list of the chemicals together with the chapter numbers in which they 

were used, their Chemical Abstracts Service (CAS) Registry number, and the 

suppliers are given in table 2 . 1 .

2.2 Preparation of glassware

All glassware was soaked in 95 % ethanol and then rinsed with copious amounts of 

double distilled water. Glassware used for microemulsions were first pre-rinsed in 

isooctane.

2.3 Preparation of synthetic barium sulphate

Barium sulphate was prepared by direct precipitation from supersaturated solutions. 

Supersaturation in aqueous and mixed ethanol-water solutions was achieved by 

mixing together two solutions, one containing dissolved barium ions and the other 

containing dissolved sulphate ions. Supersaturation in water-in-oil microemulsions 

was achieved in the aqueous droplets by mixing a barium ion containing 

microemulsion with a sulphate ion containing microemulsion.

Aqueous and mixed ethanol-water solutions were maintained at 25 ®C with a 

thermostated water bath. Microemulsion solutions were maintained at 25°C in an 

insulated constant temperature air cabinet.



Use Chapter (s) Chemical Common name Formula CAS number Supplier

Reactants 3 - 6 Barium chloride dihydrate BaCl2 .2 H2 0 10326-27-9 BDH
3 - 6 Sodium sulphate N a2S0 4 7757-82-6 Fisons

Background 3 Sodium chloride NaCl 7647-14-5 BDH
electrolytes 3 Hydrochloric acid HCl 7647-01-0 BDH

Additives 4 Sodium dodecyl sulphate SDS C,2H 250S03Na 2386-53-0 Fluka
4 Sodium dodecyl sulphonate — CizH2;S 0 3 N a 151-21-3 Aldrich

Polyelectrolyte
additives

4 Sodium polyacrylate — [CH2CH(C0 2 H)]o 3„[CH2CH(C0 2 Na)]o 7„ 9003-01-4 Fluka

6 Sodium dioctyl 
sulphosuccinate

Aerosol OT C;H,702CCH(S03Na)CH2C02C;H,7 577-11-7 Aldrich

M icroem ulsion
surfactants

6 Barium dioctyl 
sulphosuccinate

CgH,7 0 2 CCH(S0 3 )CH 2C0 2 CgH,7 .Ba —

6 D idodecyl dimethyl 
ammonium bromide

DDAB (C ,2H2j)2N (C H 3)2Br 3282-73-3 Aldrich

6 Tetraethylene glycol 
dodecyl ether

C 12E 04 C,2H25(0CH2CH2)4)H 5274-68-0 Aldrich

3 - 6 Water H2 0 7732-18-5 _
5 Ethanol — CH3CH2 0 H 64-17-5 BDH

Solvents 6 2,2 ,4  - Trimethyl pentane Isooctane (CH3)2CHCH2C(CH3)3 540-84-1 BDH
6 Dodecane — C 12H26 112-40-3 Aldrich
6 Decane — C 10H22 124-18-5 Aldrich

Table 2.1 List of chemicals used in the study



2.4 Measurement of solution conductivity

Solution conductivity was measured using a platinum electrode connected to a Wayne 

Kerr a.c bridge. Readings were either taken directly from a dial on the bridge or were 

monitored as a function of time using a JJ instruments PL2500 chart recorder. 

Calibration of the electrode was only performed for solutions of conductivity between 

10 and 700 pS.cm"\ This was achieved using aqueous potassium chloride solutions of 

known conductivity.

2.5 Measurement of solution pH

Aqueous solution pH was measured using a combination electrode connected to a 

PHM82 standard radiometer pH meter. The electrode was calibrated over the pH 

range 2.0 - 9.0, using standard buffer solutions.

2.6 Optical microscopy (OM)

A Zeiss Axioskop light microscope was used. This had a magnification range of x 100 

to xlOOO and a maximum resolution (in white light) of 0.5pm. Samples were either 

viewed in normal mode, with and without crossed polaroids, or they were viewed in 

phase contrast mode. Optical micrographs were recorded on Ilford 35mm FP4 

photographic film using an Olympus SLR camera that was mounted to the 

microscope.

In normal mode, the samples were dried onto glgiss slides and viewed without 

coverslips. Crossed polaroids were used to identify the principle crystal faces. For 

barium sulphate, the optical axis is parallel to the [0 1 0 ] direction and therefore the 

(100) and (001) faces will not transmit polarised light. The opposite is true of the 

(0 1 0 ) faces.



In pheise contrast mode, the samples were viewed in solution between a glass slide and 

a glass coverslip. This technique was used to observe in situ particles and to study 

microemulsion phase changes.

2.7 Scanning electron microscopy (SEM)

Scanning electron microscopy was carried out using a JEOL JSM T330 electron 

microscope, equipped with a secondary electron detector, which had a magnification 

range of x50 to x35,000. This was operated at accelerating voltages of 15KeV, 

20KeV and 25KeV. The resolution at high magnification was increased by decreasing 

the spot size, although this was at the expense of a reduced depth of field. Images 

were recorded on either Ilford or Kodak 120mm photographic film.

Samples for SEM were viewed on I cm diameter circular glass coverslips. These were 

mounted onto aluminium stubs with double sided sticky tape. An electrically 

conducting contact was made between the edges of the coverslips and the aluminium 

stubs by the application of a small amount of colloidal carbon. Electrical charging 

whilst the sample was under the electron beam was minimised further by coating the 

prepared stub with a thin layer of particulate gold. The coating was applied using an 

Edwards S150B sputter coater. Sputtering was maintained for four to five minutes.

2.8 Transmission electron microscopy (TEM)

Transmission electron microscopy was carried out on either a JEOL 1200 EX electron 

microscope, operating at 120 KeV, or a JEOL 2000 FX high resolution analytical 

electron microscope operating at 200 KeV. The maximum resolution was 4.5 A, for 

the former and 2 . 8  A for the latter. Images were recorded on 100x80 mm Agfa- 

Gevaert Scientia photographic plates.



Samples for TEM were deposited onto formvar coated, carbon reinforced, 3mm 

diameter, copper electron microscope grids.

2.9 Selected area electron diffraction (SAED)

This was undertaken to determine whether a particle was crystalline, polyciystalline 

or amorphous. It was also used to confirm the identity of the particle and the 

crystallographic orientation of the crystal with respect to the electron beam. The 

maximum penetrating depth of the electron beam was approximately 0.3pm. 

Consequently, electron diffraction was limited to regions on the particles of thickness 

less than 0.3pm.

Diffraction patterns were usually taken of images magnified at x 120,000, using a 

camera length of 80cm. Beam damage was occasionally a problem and so adjustments 

to the focus and astigmatism controls were made on areas adjacent to the area of 

interest.

The patterns were indexed using Miller indices of the form {hkO}. First, the d- 

spacings were measured for each spot using the formula:

j 2. A-.Lmm
d = — -----

Dmm

where X is the relativistic wavelength of the electron beam, equal to 0.0334Â and 

0.0251Â at 120KeV and 200KeV respectively, L^m is the camera length in mm and 

Dmm is the distance in mm between like spots on opposite sides of the central spot. 

Second, the angles between adjacent spots and the central spot were measured. Miller 

indices were then assigned with reference to the unit cell of barium sulphate; space 

group Pnma, dimensions a = 8.909 Â, b = 5.467 Â and c = 7.188 Â.
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{ 0 1 1 }  A { 0 1 1 }  =  1 0 5 .4 9 °  

{ 0 1 1 }  A { 0 1 1 }  = 7 4 .5 1 °

d(020) =  2 .7 3 4  

d(oii) “  4 .3 5 1  

d(oo2) -  3 .5 9 4

l/d(020) =  0 .3 6 6  

l /d (o „ )  =  0 .2 3 0  

l/d(oo2) =  0 .2 7 8

[0 1 0 ]

(200)

.  : o i .(0 0 2 )

(2 0 0 )  A { 1 0 1 }  =  5 1 .1 0 °  

(2 0 0 )  A (0 0 2 )  =  9 0 °  

{ 1 0 1 }  A (0 0 2 )  =  3 8 .9 0 °  

{1 0 1 }  A { 1 0 1 }  =  7 7 .7 9 °

{101}  A { 1 0 1 }  =  1 0 2 .2 1 °

d(2oo) ~  4 .4 5 5  

d(,oi) =  5 .5 9 4  

d(oo2) =  3 .5 9 4

l/d(2oo) =  0 .2 2 4  

l /d ( ,o ,)  =  0 .1 7 9  

l/d(oo2) =  0 .2 7 8

[0 0 1 ]

(200)
#  # .........# ..........^  #

{210}

•  1 °  (o jo ) •

(2 0 0 )  A { 2 1 0 }  =  3 9 .1 7 °  

(2 0 0 )  A ( 0 1 0 )  =  9 0 °  

{ 2 1 0 }  A { 2 1 0 } =  1 0 1 .6 5 °  

{ 2 1 0 }  A { 2 1 0 }  =  7 8 .3 5 °

d(2oo) ~  4 .4 5 5  

d(2,o) =  3 .4 5 3  

d(oio) “  2 .7 3 4

l/d(2oo) =  0 .2 2 4  

l/d(2io) “  0 .2 9 0  

l/d (o ,o ) =  0 .1 8 3

\o

Table 2.2 Electron diffraction data for the zone axes [100], [010] and [001].
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The two most common electron dif&action patterns observed in this study, the [100] 

and [001] zones, are shown indexed in table 2.2. The pattern for the [010] zones axis 

is shown for comparison.

Powder dif&action patterns were indexed using the same formula as above, being 

the diameter of the diffraction rings.

2.10 Energy dispersive X-ray analysis (EDXA)

This was used to identify the material being viewed by TEM. Spectra were obtained 

using a Link microanalysis system. This was positioned on the microscope so as to 

collect x-rays at an angle of 30° to the plane of the TEM grid. The microanalyser 

attached to the 1200EX TEM was capable of detecting elements of atomic weight 

greater than ^^Na. The detector attached to the 2000FX was more sensitive and could 

detect elements of atomic weight greater than In practice, EDXA spectra of 

barium sulphate taken with the 1200EX showed peaks for barium and sulphur, whilst 

EDXA spectra taken with the 2000FX showed peaks for barium, sulphur and oxygen.

Spectra were obtained by removing the objective aperture, changing to a very small 

spot size, and then condensing the beam onto the material. EDXA is a destructive 

technique and was therefore performed after diffraction patterns and TEM images had 

been taken.

2.11 X-ray diffraction

X-ray powder diffraction patterns were obtained using a Philips PW 1710 

diffractometer. X-rays were produced with a 4KW generator on a 2KW copper anode 

target tube. Two wavelengths were produced a% = 1.54060 Â and a 2  = 1.54439 A. The 

intensity of a j was twice that of « 2 - Diffraction patterns were recorded over a period
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of one hour with a PW 1820/00 computer controlled vertical goniometer, this was 

made to scan over an angle of 20 = 10° to 80°. The interplanar d-spacings (Â) 

corresponding to each peak were calculated using the Bragg equation :

d =
2 sin0

where n is the diffraction order (equal to 1), X is the Cu Ka wavelength in Â (equal to 

half the scan angle). Peak intensities were determined by integration. The relative 

intensity of the largest peak was set to 100. The diffraction patterns were then indexed 

with reference to the data given in table 2.3 (a, b, c = 8.909, 5.467, 7.188Â). A typical 

spectra is shown in figure 2 .1 .

2.12 Computer software for displaying atomic structure

Idealised projections of the crystal structure of barium sulphate were created using the 

computer programs PLUTO and ATOMS. These enabled one to view the arrangement 

and orientation of some or all of the ionic groups on a specified crystal face.

PLUTO required one to specify the atomic co-ordinates of the atoms of interest. These 

co-ordinates were generated from special positions using the symmetry operations for 

the spacegroup Pnma. The special positions were obtained from the Cambridge 

Crystallographic Database (Daresbury, UK).

ATOMS required only the spacegroup and the unit cell dimensions as input, as well as 

the Miller indices of the face of interest. The atomic co-ordinates were calculated by 

the program.
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d /  Â {hkl} I/Io

8.909 100
7.188 001

5.5942 101
5.4670 010
4.6596 110
4.4545 200 16
4.3514 Oil 30
3.9100 111 50
3.7864 201 12
3.5940 002 30
3.4533 210 100
3.3330 102 70
3.1127 211 95
3.0032 012
2.9697 300
2.8458 112 50
2.7971 202
2.7447 301 15
2.7335 020
2.6133 120 45
2.6095 310
2.5550 021
2.4901 212 13
2.4560 121
2.4529 311
2.3298 220 14
2.3138 103 6
2.2893 302 8
2.2272 400
2.2163 221 25
2.1945 013
2.1757 022
2.1308 113
2.1275 401
2.1136 122
2.1116 312
2.1101 203
2.0626 410 19
2.0112 320
1.9686 213
1.9550 222
1.9368 321 7

a, 6 , c = 8.909, 5.467, 7.188 Â

Table 2.3. X-ray diffraction data for barium sulphate. The d spacings and unit cell 

dimensions a,b,c are from the Cambridge data base, Daresbury, U.K. The intensities 

are those reported in the JCPDS cards.
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Figure 2.1. X-ray diffraction pattern of synthetic barium sulphate.
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2.13 Further reading

Microscopy handbooks from The Royal Microscopy Society, Oxford Science 

Publications, Oxfors University Press.

1. Bradbury, S. An introduction to optical microscopy. (01)

2. Chescoe, D. and Goodhew, P. J. The operation o f transmission and scanning 
electron microscopes. (20)

3. Hammond, C.. Introduction to crystallography. (19)
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Chapter 3

MORPHOLOGY OF BARIUM SUPHATE CRYSTALS GROWN 
m BULK AQUEOUS SOLUTION_____________________________

3.1 INTRODUCTION

This chapter is concerned with the morphology of barium sulphate crystals grown in 

bulk aqueous solution without organic additives. The principle aim is to show how the 

morphology, and therefore growth of barium sulphate crystals, is influenced by the 

solution physical chemistry. Aspects of the solution physical chemistry that are 

investigated include supersaturation, ionic strength, pH and temperature. The 

observations made are used in later chapters to distinguish between physio-chemical 

effects and organic additive effects.

Previous studies on barium sulphate crystal growth are now described. These fall into 

three catagories: reaction kinetics, crystal morphology and theoretical crystal 

morphology. Although although the subjects are related, they have tended to be 

studied in isolation. A synopsis of each is outlined below.

3.1.1 Reaction kinetics

Reaction kinetics or chemical kinetics refers to studies on the relationship between 

crystal growth rate and either supersaturation or temperature. These have been 

undertaken to investigate the mechanisms of barium sulphate crystal growth.'"'^

To date, experiments have only been used to measure the overall crystal growth rate 

(m.s'^). This is an average quantity that is dependent on the rates of growth of all the 

expressed crystal faces. Measurements of the overall crystal growth rate have been 

taken either by 1 ) following the change in solution concentration or crystal size with
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time or 2 ) recording the time taken for the afore-mentioned changes to be detected 

(the induction time). Analytical techniques that have been used for this include 

conductivity/"^ radio-isotope labelling/’̂  light scattering^^® and visual observation.^^

Most of the kinetic studies have been performed at supersaturations between 1.5 and 

150 using solutions of low ionic strength, neutral pH and ambient temperature. 

Growth rates obtained from these studies are shown in figure 3.1 as a fimction of 

solution supersaturation. The data sets appear to be consistent in that similar growth 

rates were obtained at similar supersaturations. However, growth rates taken above S 

= 30 should be treated with caution. This is because solutions prepared at high 

supersaturation will not have had a chance to mix properly before the onset of crystal 

growth. Table 3.1 lists the rate equations that have been proposed. Although different, 

they are all based on the general equation :

R = k./

where R is the growth rate, k is the rate constant,/is a function of supersaturation or 

concentration and n is a number greater than zero (the reaction order). The rate 

equations suggest that barium sulphate crystal growth is second order at S = 1.4 to 

3.1, third or fourth order at S = 4.5 to 22 and first order at S > 100.

According to classical growth theories, the reaction order and the solution 

supersaturation are indicative of the crystal growth mechanism. Thus, the second 

order rate equation observed for S = 1.4 to 3.1 has been accounted for by a spiral 

growth mechanism.* In this mechanism, growth is initiated by the emergence on the 

crystal surface of screw dislocations. Two different mechanisms have been proposed 

for the third order rate equation.®’̂  The first of these is two dimensional nucléation 

mediated growth (birth and spread). This occurs by the formation and lateral spread of 

monolayer surface nuclei and is dependent on surface diffusion. The minimum
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R

m.s

n = 2

n = 3

1 100

S-1

Figure 3 .1. Linear growth rates of barium sulphate Rl as a function of S-1, O (ref 2), 
▲ (ref 3), T (ref 9) and ★ (ref 7). The inset shows the slopes of lines corresponding 

to reaction orders n=2 and n=3.



Experiment S, initial initial conc.

B̂aS04 niM

Rate equation at time t 

Rm : mol.dm'^.s'^, RL:m.s"'

Time Reference

seeded 6 0.07 Rffl “  k'S'(CBaS04 ■ CB#S04*)̂ t = period after fast reaction Nancollas, 1976

seeded 4.6 0.05 RL = k .(S -lf" t = zero to end o f reaction Van Rosmalen, 1990

seeded 4 .5 -1 1 0 .0 5 -0 .1 4 RL = k . ( S - l f ‘ t = induction period Van Rosmalen, 1991 3.

un-seeded 1 2 -2 2 0 .1 5 -0 .3 0 l̂ L ~  k.(Cg^(x/ t = zero to end o f reaction Nielsen, 1958?.

un-seeded 1 1 -4 3 0 .1 4 -0 .6 9 Rl = k.({cg,2+ • Cso42-}̂ 0̂ t = induction period Gunn & Murphy, 1972

un-seeded 3 9 -1 3 1 0.60 - 3.2 Rl = k.(Cg^04)* t = zero to end o f  reaction Nielsen, 1958?.

00

Table 3.1. Rate equations and corresponding reaction conditions for barium sulphate crystal growth.
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number of ions in a monolayer surface nucleus has been estimated for 

supersaturations of 4.5 and 11, and found to be 12 and 4 respectively. The second, 

third order, mechanism is also nucléation mediated. However, in this case the nuclei 

are formed from ion clusters that are adsorbed directly from the solution. The number 

of ions in the clusters is thought to equal the reaction order, which of course is equal 

to 3. Hence, surface nucléation is thought to occur by the adsorption of ion triplets 

([BaSO^Ba]^^, [SO^BaSO^] '̂). Finally, the first order rate equation has been 

accounted for by a bulk diffusion controlled growth mechanism.^ In this case growth 

occurs by the adsorption of ions onto atomically roughened surfaces. Probable surface 

structures, arising from the different mechanisms, are compared schematically in 

figure 3.2 (see also chapter 9).

It should be noted that the interpretation of reaction order given in the kinetic studies 

assumes that all the expressed crystal faces grow by the same mechanism. In practice, 

there is no reason to assume this.

Only a limited amount of information is available on the effect of temperature on 

barium sulphate crystal growth rate. It has been shown that the crystal growth rate 

follows an Arrhenius dependence on temperature.’ Thus, for every 10°C increase in 

temperature, the growth rate increases by a factor of about 1.4. Growth rates obtained 

at concentrations of 0.25mM and 0.3 8 mM are shown as a function of temperature in 

figure 3.3. Strictly speaking the data should have been given in terms of the 

supersaturation since the ion activity and the solubility of barium sulphate are both 

influenced by temperature.

3.1.2 Crystal morphology

The morphology of barium sulphate crystals grown in the absence of organic additives 

has been widely reported. Despite this, most of the studies have only given a
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Figure 3.2 Proposed surface structures for a. spiral growth (low supersaturation), b. 
nucléation mediated growth (moderate supersaturation) and c. diffusion controlled 
growth (high supersaturation). The drawings were adapted from figures in reference 
15.
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nm.s-1
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40
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20

10

0

0 25 50

T ,  « C

75

Figure 3.3. Linear growth rates of barium sulphate Rl as a function of temperature T 
for concentrations of 0.25 mM, A  (S = 15 to 23) and 0.38 mM, O (S = 22 to 33).
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partial description of the crystal morphology. Thus, TEM images (two-dimensional), 

SEM images (three-dimensional) and electron diffraction patterns are available but for 

crystals grown under different conditions. Another problem has been the use of 

concentration as an experimental parameter instead of supersaturation. For this reason, 

studies on the effects of ionic strength, pH and temperature have provided only a 

limited amount of information.

Five basic types of crystal habit have been reported. These and their reaction 

conditions are given in figure 3.4 and table 3.2 respectively. Rhombic and rectangular 

crystals are obtained at low supersaturations. The former occurs in solutions of low 

pH or moderate ionic strength, whereas the latter occurs in solutions of neutral pH and 

low ionic strength. The rhombic crystals have been shown by electron diffraction 

(SAED) to comprise (001) pinacoid and {210} prismatic faces.** The (001) faces also 

occur on the rectangular crystals, however these are dominated by large curved faces 

that are orientated parallel to the [001] crystal axis. These faces are referred to as the 

{hkO} faces. It has been suggested that they may comprise combinations of faces, 

hence the general index {hkO}.̂ * Curved faces grown in the absence of additives have 

been observed in other crystal systems. Examples include polyethylene and 

polyacrylonitrile crystals.^^’̂ ® The curved faces on these crystals are thought to consist 

of steps with flat tops. The rectangular barium sulphate crystals have been analysed by 

high resolution transmission electron microscopy (HRTEM).^* The lattice images 

produced by this technique showed few defects and therefore the crystals were 

thought to be highly ordered.

Crystals grown at high supersaturations have been shown to exhibit dendritic 

morphologies (figures 3.4 iv and v) and have roughened surfaces. Crystallographic 

information is only available for the twinned dendrites obtained at moderate ionic 

strength. These crystals comprise combinations of (001) and {210} faces and are 

elongated along their [1 0 0 ] and [0 1 0 ] axes.



23

{210}

/.

{hkO}

L

(001)

I/.

in. iv.

{210}

a (001)
\ /

bottom part of t\> in

top part of twin

Figure 3.4. The five basic types of habit reported for barium sulphate /. rhombic, //. 
rectangular. Hi. rectangular with indented comers, iv. dendritic cross-shaped and v. 
dendritic cross-shaped twins.



Crystal habit Faces, hkO S, initial CBa2+ • Cg042- 
m M

1,M pH T, °C Reference

— 240 10 : 10 v.l 1.9 r.t Van Rosmalen, 1980

rhombic — 93 2 : 2 v.l 2.7 r.t Nancollas, 1988

(001),{210} 32 0.4 : 15 0.6 n r.t Davey, 1991

— 16 1.5 ; 2.2 1.0 4 - 8 95 Benton & Collins, 1993

— 8.2 0.1 : 0.1 v.l n 25 Gunn & Murphy

— 15 0.2 : 0.2 v.l n 25 Espig & Neels, 1967

rectangular (001),{hk0) 22 0.3 : 0.3 v.l n 25 Heywood & Mann, 1991

— — — v.l n 25 Perry et al, 1989 “

— — — v.l 7.0 25 Hertman & Strom, 1989

— 28 0.4 : 0.4 v.l 3.1 25 Lui & Nancollas, 1976 \
rectangular 

with indented 
corners

— 33 0.5 ; 0.5 v.l n r.t Lieser, 1962

dendritic,
cross-shaped —

>250
175
95

300

100 : 1 - 100 
5 : 5 
2 ; 2 

10 : 20

v.l
v.l
v.l
v.l

n
n
n

6.0

2 5 -9 5
r.t
25
30

Fisher, 1951 
Lieser, 1962
Lui & Nancollas, 1976 \  
Fisher & Rhinehammer, 1953

dendritic,
cross-shaped

twins
(001),{210} 150 7.7 : 3.0 1.0 4 - 8 95 Benton & Collins, 1993

Table 3.2. Crystal habits, indexed faces and corresponding reaction conditions reported for barium sulphate crystal growth. Abbreviations 
denote inferred information (v.l : very low, n : neutral, r.t : room temperature). The spaces denote unavailable information.
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Compact habits (figures 3.4 i, il and iii), grown at low supersaturation, are associated 

with surface controlled growth mechanisms. In contrast, non-compact habits such as 

those exhibited by dendritic crystals (figures 3.4 iv and v) are associated with 

concentration gradients and hence with diffusion controlled growth mechanisms.

3.1.3 Theoretical crystal morphology

The theoretical morphology of barium sulphate crystals has historically attracted a 

great deal of interest. Hartman-Perdok,^*'^^ lattice simulation '̂^ and more recently 

surface relaxation models^^ have been used. These models are all based on 

considerations of surface structure.

In simple terms the slowest growing crystal faces will be those with the least number 

of vacant coordination sites and it follows that such faces should appear on the crystal 

growth form. This reasoning has been used in the Hartman-Perdok model. 

Calculations of this type are generally referred to as “broken bond” calculations. More 

sophisticated "attachment energy" calculations have also been adapted to the 

Hartman-Perdok model. For lattice simulation and relaxation models, surface energy 

calculations have been used. The calculations have only applied to atomically smooth 

faces.

The most recent results from the above models are shown in table 3.3 It is 

apparent that the slowest growing crystal faces (those with the lowest values) are 

predicted to be the (001) and {210} faces. This is the case for all three models, which 

demonstrates that sophisticated calculations are not always required.

The values given in the table are dependent on the choice of surface structure Often 

only one low energy surface exits. However, several have been found for the (100), 

{011} and {101} faces.^*’̂ ’̂̂ '* It is thought that these faces will contain domains of the



Model 1 Model 2 Model 3

Face Number of broken Ba-0 bonds 
per unit area of surface, A" 2

Attachment energy 
KJ.mol-1

Surface energy 
J.m“2

(0 0 1 ) 0.16 320 0.40
{2 1 0 } 0 . 2 0 340 0.42
{1 0 2 } 0 . 2 1 — —
{2 1 1 } 0 . 2 1 400 0.55
(0 1 0 ) 0.25 410 0.61
( 1 0 0 ) 0.20,0.25, 0.61 510, 380 0 . 6 6

{0 1 1 } 0.60 350, 430, 380 0 . 6 6

{1 0 1 } 0.06,0.16,0.38 240, 390 0.51
{2 0 1 } 0.54 600 —

Table 3.3. Theoretical data showing the reactivity of different crystal faces. For each data set, the smaller the number the 
lower the reactivity and hence the more likely the face is to be observed. The broken bond values are calculated in appendix 
1.
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different surface structures, and that steps will be present at the boundaries between 

the domains. In general, steps are energetically unstable compared to flat surfaces and 

therefore these faces are predicted to grow very rapidly.

The prediction of the (001) and {210} faces agrees with the experimental 

observations. This correspondence implies that the (001) and {210} faces on real 

crystals are approximately smooth. In other words these faces probably grow with 

relatively few steps and kinks. Finally, it is worth noting that the (001) and {210} 

faces have similar structures, and are characterised by the presence of bidentate 

sulphate groups (atom plots are given in chapter 9, figures 9.32 and 9.33 respectively).

3.2 AIMS

The principle aims of this study are

• to study the rate of barium sulphate formation at low supersaturation.

• to characterise the crystallography and morphology of barium sulphate crystals

grown at low supersaturation.

• to investigate the surface topography of the curved {hkO} face.

• to determine the influence of supersaturation, ionic strength, pH and temperature

on the crystallography and morphology of barium sulphate crystals.

• to explain the observations in terms of solution physical chemistry, crystal face 

stability and the mechanism of crystal growth.

3.3 EXPERIMENTAL

3.3.1 Preparation of barium sulphate

Barium sulphate was prepared by mixing together aqueous solutions of barium 

chloride and sodium sulphate. The reaction was :
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BaCl2 (aq) + Na2 S0 4 (aq) BaS0 4 (s) + 2NaCl(aq)

The solutions used for each reaction were of equal volume and equal concentration. 

Adjustments to the ionic strength and pH were made to both solutions prior to mixing. 

The former was achieved using sodium chloride and the latter was achieved using 

standardised hydrochloric acid solution. Solutions that were not adjusted with 

hydrochloric acid had a pH between 5.6 and 5.8. The slight acidity was due to the 

absorption of atmospheric CO2 . Each reaction was carried out at constant temperature 

using a thermostated water bath. A total of 21 different reactions were carried out, the 

experimental conditions being shown in table 3.4.

3.3.2 Measurement of crystal growth rates

The uptake of barium and sulphate ions during crystal growth was investigated for 

reactions 1, 2 and 3. Reaction rates were measured by recording the change in solution 

conductivity as a function of time. The change in solution conductivity was then 

related to the change in concentration of barium sulphate. A full description of the 

procedure used is given in chapter 2. Graphs showing the rate of change of 

concentration with time were plotted by taking slopes of the concentration versus time 

graphs. A moving average technique was used to smooth the data.

3.3.3 Collection of crystals for microscopy

Mature crystals were obtained from reaction 1 and reactions 3 to 22. These were 

collected for transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) after a reaction time of 24 hours. The crystals were removed on 

glass coverslips (diam. 1 0 mm), which had been placed at the bottom of each reaction 

vessel. The glass coverslips and the accompanying crystals were washed with freshly



Reaction [BaSOJ, mM S I,M pH T, °C

1 0 . 1 8 . 2 0.0006 5.6 25
2 0 . 2 15 0 . 0 0 1 2 5.6 25

Supersaturation 3 0.3 2 2 0.0018 5.6 25
experiments 4 0.4 28 0.0024 5.6 25
8 = 8-700 5 1 57 0.006 5.6 25

6 2 95 0 . 0 1 2 5.6 25
7 1 0 270 0.044 5.7 25
8 50 700 0 . 2 5.8 25
9 0.4 6 . 6 0 . 6 5.7 25

1 0 0.87 14 0 . 6 5.7 25
1 1 0.87 1 2 1 . 0 5.7 25

Ionic strength 1 2 0.87 8.7 2 . 0 5.7 25
experiments 13 0.4 3.5 3.0 5.7 25

I= 0 . 0 - 5 .0 M 14 0.87 7.6 3.0 5.7 25
15 1.74 15 3.0 5.7 25
16 4.0 35 3.0 5.7 25
17 0.87 7.1 5.0 5.7 25

. 18 4.0 33 5.0 5.7 25
pH  Experiments 19 0 . 1 4.6 0 . 0 1 2 2 . 0 25
pH  = 2.0 & 3.0 2 0 0 . 1 7.4 0.0016 3.0 25

Temp Experiment 2 1 0 . 1 5.8 0.0006 - 6 . 0 75

Table 3.4. Reaction conditions used for the preparation of barium sulphate
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prepared saturated barium sulphate solution and air dried. Samples for TEM were later 

transferred to electron microscope grids.

Early crystals were obtained from reaction 3. These were collected for transmission 

electron microscopy (TEM) after a reaction time of one minute. The crystals were 

removed with a small amount of solution and deposited onto formvar coated, carbon 

reinforced, copper electron microscope grids. Lint-free paper was used to soak up the 

solution and the crystals were allowed to air dry.

Crystals for Atomic force microscopy were obtained from reaction 3 after a reaction 

time of 30 minutes. The collection procedure was the same as that used for the mature 

crystals.

3.3.4 Microscopy^ electron diffraction, elemental analysis and X-ray diffractios

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

selected area electron diffraction (SAED), energy dispersive x-ray analysis (EDXA) 

and X-ray diffraction were all performed as described in chapter 2.

Atomic force microscopy (AFM) was carried out by Bruce Gaber at the University of 

Washington, Seattle, U.S.A. The instrument used was a NanoScope 1, which was 

manufactured by Digital Instruments, Santa Barbara, CA. The microscope had a 

maximum field of view of 1 2  um x 1 2  um and was operated using silicone nitride tips, 

purchased from Park Scientific. The crystals were scanned in ^ r  at forces between 5 

and 50 nN.
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3.3.5 Calculation of barium sulphate supersaturation and ion spéciation

The supersaturation S was calculated from the activity product of barium and sulphate 

ions lAP and from the solubility product ksp of crystalline barium sulphate using the 

equation :

0.5

For reactions 1 to 8  and 19 to 21, the calculation was performed using a computer 

program called lONPRODUCT.^^ The program used mass balance equations to 

calculate the ion spéciation, and the Davies equation^^ to calculate the ion activity 

coefficients at different ionic strengths. Table 3.5. shows the equilibria considered. '̂*^*

Equilibrium PK«,

HjO o  + OH" 1.007x10'’'* mol.dm'^ 13.997

HSOr o  H" + SO /- 1.023x10'^ mol.dm'^ 1.99

BaOH^ o  + OH" 2.5x10'* mol.dm'^ 0.6

B aS O / <=> Ba^  ̂ + SO /" 2.0x10'^ mol.dm'^ 2.7

Ba(S04>2̂ " o  Ba^  ̂ + 2 S 0 /" 5.78x10'^ moF.dm'* 2.2

Table 3.5 Solution equilibria used in the lONPRODUCT computer program

-10 2
The ksp for crystalline barium sulphate at 25°C was taken as 1.097 x 10 mol .dm . 

Data from the program was used to generate the graph in figure 3.5. This shows the 

supersaturation as a function of the total barium sulphate concentration (up to ImM).

For reactions 9 to 18 and reaction 21, the calculation was performed manually and 

only supersaturation data was obtained. In order to simplify the calculation it was
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Figure 3.5. A plot o f supersaturation S versus total barium sulphate concentration 
C}3aso4, generated using the computer program lONPRODUCT (for reactions 1 to 
5).
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assumed that most of the barium and sulphate ions were present as single ions and not 

as ion-pairs, ion-triplets etc. In practice this is probably not far from the truth. Ion 

activity coefficients for reactions 9 to 18 were calculated using the Bromley

equation^^ whilst those for reaction 21 were calculated using the Davies equation.37

-10 -6 40
The kgp for crystalline barium sulphate at 75°C was taken as 2.33x10 mol .dm .

The divalent ion activity coefficients obtained from the computer and manual 

calculations (at 25°C) are shown as a function of ionic strength in figure 3.6. Data

obtained from an experimental study'*® is also shown for comparison.

3.4 RESULTS

3.4.1 Growth and morphology at low supersaturation

Concentration versus time studies

Figure 3.7 shows plots of barium sulphate concentration as a function of time for 

crystal growth experiments carried out at S = 8.2, 15 and 22. Each plot is sigmoidal, 

as reported in the literature,*^ and shows an initial period during which the change in 

concentration with time is zero. This period is the induction time. The induction time 

and the time taken for the concentration of barium sulphate to fall by 50 % (half 

lives), is given for each of the plots, in table 3.6.

Initial supersaturation Induction time 1 st half life

8 . 2 45 mins 40 hours
15 4 mins 52 mins

2 2 1  mins 2 2  mins

Table 3.6. Concentration versus time data
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Both the induction time and the half life were greatest for the solution with the lowest 

initial superaturation (S = 8.2). These quantities became smaller with increasing initial 

supersaturation. An increase in the initial supersaturation also led to a greater 

reduction in the barium sulphate concentration with time.

Description o f crystals

SEM and TEM micrographs of crystals of barium sulphate, grown at an initial 

supersaturation of S = 8.2 and S = 22, are shown in figures 3.8 an 3.9.

Crystals grown at S = 8.2 were between 2 and 4um in length, and exhibited habits that 

were elliptical in outline. Three forms of crystal face were observed; planar prismatic 

faces, planar pinacoid faces and curved pinacoid faces. Viewed by SEM, the planar 

faces appeared smooth whereas the curved faces were considerably roughened. 

Indexing the crystal faces by electron diffraction was not possible on account of 

thickness of the crystals (>0.3um). Therefore, the crystallography of the faces was 

inferred from measurements of angles between adjoining faces. Using this method, 

the prismatic faces were indexed as {2 1 0 } faces, and the planar pinacoid faces were 

indexed as (001) faces. The curved pinacoid faces were given the general index 

{hkO}, on account of their orientation parallel to the [100] crystal axis. The relative 

lengths along the three principle crystal axes were; a = 0.14, b = 0.48 and c = 0.38 

(where a+b+c = 1 ).

Crystals grown at S = 22 were between 6  and 12um in length and exhibited habits that 

were rectangular in outline. Although rectangular the identities of the crystal faces 

were the same as those for the elliptical shaped crystals. Hence, the crystals comprised 

{210}, (001) and {hkO} faces. Of the three faces the {hkO} faces were by far the 

largest. Electron diffraction showed that the crystals were elongated along their [001]
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210
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Figure 3.8. Transmission and scanning electron micrographs o f crystals grown at S 
8.2. The TEM image (top) shows a view down the [001] crystal axis.
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Figure 3 .9. Transmission and scanning electron micrographs o f crystals grown at S = 
22. The TEM image and diffraction pattern corresponds to a view down the [100] 
crystal axis.
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axes and that growth along the [100] axis was limited. The relative lengths along the 

three principle axes were: a = 0.072, b = 0.31 and c = 0.62.

Description o f early crystals

These crystals were grown at an initial supersaturation of 22 and were sampled after 

one minute. The crystals were thin rectangular plates of length 0.6 -  1.1pm. The 

micrographs (figure 3.10) show two different orientations of the crystal. Thin straight 

lines could be seen on the plates. These may have been growth steps.

Atomic force microscopy studies (AFM) on the curved {hkO} faces

Crystals for AFM were grown at a supersaturation of S = 22 and sampled after 30 

minutes. Analysis by SEM showed the crystals to be rectangular and 6-7pm in 

length. The relative sizes of the {210}, (001) and {hkO} faces were similar to those 

previously described for crystals grown at the same initial supersaturation but sampled 

after 24 hours. The relative lengths along the three principle axes, measured by SEM, 

were: a = 0.11, b = 0.27 and c = 0.62.

Figure 3.11a shows an AFM image looking down the {hkO} face. The face appears 

considerably roughened and on close inspection rows of terraces can be seen, the long 

axes of which are parallel to the [001] direction. Analysis of individual scan lines 

showed the terraces to be flat topped with gently sloping sides, the angle of incline 

being 6  -  10°. The terraces were typically 1.8nm high, 14 -  21nm wide (the flat part) 

and 200 -  400nm long (see figure 3.11a, inset). For comparison, the unit cell of 

barium sulphate is a,b,c = 8.909, 5.467, 7.188Â respectively. Occasional terrace 

heights of 3nm and 5nm were also recorded. Fourier transforms of scan lines revealed 

repeat distances of 28, 35 and 42nm, which were taken as the widths of the terraces. 

Manual measurements gave similar results, the most common spacing (terrace width)
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Figure 3.10. Transmission electron micrographs of early crystals grown at S = 22. 

Features of note include the straight line and the presence of diffraction bands. A 

schematic diagram of the rectangular crystals is also given. Scale bar = 200nm.
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Schematic of a terrace

14-21nm
4------►

28nm

terrace

5 0 0 n m

.1 .8 n m

superterrace

scan line

5 0 0 n m  
I-------------------1

because of perspective 
the bar marker refers 
only to the middle of 
the image

Figure 3.11. Atomic force microscopy (AFM) images of the curved {hkO} face, a 

(top): plan view, showing the rows of terraces, b (bottom): diagonal view, with most 

of the scan lines removed - the image shows the superterraces, which are best viewed 

by looking at the page from a distance. The inset shows a schematic diagram of a 

terrace.
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being 28 -  29nm. Fourier transforms also indicated that the terraces were grouped 

together into larger terraces, referred to here as superterraces, which were 

approximately 140nm wide.

Figure 3.1 lb shows the same image but viewed diagonally (computer orientated) and 

with fewer scan lines; one scan line is shown for every 55nm travelled in the [001] 

direction. The technique enables the superterraces and not the terraces to be seen. The 

superterraces form valleys and ridges, elongated along the [0 0 1 ] direction.

3.4.2 Growth and morphology at high supersaturation

Concentration versus time studies

The change in barium sulphate concentration with time was not measured 

conductimetrically. There were two reasons for this; i) the apparatus was not suitable 

for the study of fast reactions and ii) it would have been difficult to separate crystal 

growth from mixing effects. However, a measure of the rate of crystal growth was 

obtained by recording the time taken for the solutions to go cloudy. Values of the time 

taken ranged fi'om 2 minutes at S = 28 to less than 1 second at S > 95.

Description o f crystals

SEM and TEM micrographs of barium sulphate crystals, grown at initial 

supersaturations between 28 and 700, are shown in figures 3.[2 and 3.13. A plot of 

crystal length versus supersaturation, and a bar chart of the normalised relative growth 

lengths as a function of supersaturation are given in figures 3.14 and 3.15 

respectively.
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Figure 3.12. Scanning electron micographs of crystals grown at high supersaturation. 

a,b. S = 28. c,d- S = 57. ef .  S = 95. The top view looking down on the {hkO} face is 

given on the left, the side view is given on the right. Scale bar = 2|im.
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200nm

Figure 3.13. Scanning and transmission electron micrographs of crystals grown at high 
supersaturation. a . S = 270, b . S  = 95 and c . S  = 700.
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Figure 3.14. A graph showing the length L o f crystals grown at supersaturations 
between 8 and 700. L refers to the longest principle axis.
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Crystals grown at supersaturations between 28 and 270 exhibited non-compact 

morphologies with outgrowths. At S = 28 the crystals were Hum in length. The main 

body of each crystal, also referred to as the primary crystal, was rectangular in outline 

and comprised large {hkO} faces and small (001) faces. Small {210} faces were 

occasionally observed. The curvature of the (hkO) faces was not as great as that 

observed on crystals grown at S < 28. The crystals, as with those observed at S = 22, 

were elongated along their [0 0 1 ] axes and were limited in growth along their [1 0 0 ] 

axes. The relative lengths along the three principle axes were; a = 0.02, b = 0.35 and c 

= 0.63.

The outgrowths at S = 28 were attached exclusively to the {hkO} faces of the primary 

crystals and had habits that resembled those of the single crystals grown at S = 22. 

The outgrowths were unusual due to the fact that their principle axes were not aligned 

with those of the primary crystal. SEM micrographs indicated that their (100) planes 

were between 0 and 25 degrees to the (100) planes of the primary crystal. Outgrowths 

of this type were referred to as type I outgrowths.

Crystals grown at S = 57, 95 and 270 were 23, 27 and 16um in length respectively. 

Their primary crystals were cross-shaped in outline and comprised large {hkO}, small 

(001) faces and small {011} faces. The arms of each primary crystal were extended 

along the [010] and [001] axes. The relative lengths along the three principle axes 

changed from i) a = 0.010, b = 0.41, c = 0.58 at S = 57 to ii) a = 0.0043, b = 0.54, c =

0.46 at S = 270. Type II outgroAvths as well as type I outgrowths were observed. The 

type II outgrowths were attached exclusively to the {hkO}. faces of the primary 

crystals and were similar in habit to the primary crystals. Unlike type I outgrowths, 

type II outgrowths were all orientated with their (100) planes parallel to each other 

and at an angle of 40 degrees to the (100) planes of the primary crystals. Interplanar 

calculations indicated that the [001] axes of the type II outgrowths were perpendicular 

to the {1 0 1 } planes of the primary crystals.
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Crystals grown at S = 700 were between 0.2 and 0.6um in length and exhibited 

compact habits that were octagonal in outline. Unlike the crystals grown at S = 22 to 

270 these crystals did not have an axis along which growth was greatly limited. 

Information about their crystallography was not obtained.

3.4.3 The influence of ionic strength. pH and temperature on crystal morphology 

Ionic strength

SEM and TEM micrographs of barium sulphate crystals, grown in solutions of ionic 

strength between 0.6 and 5.0M and initial supersaturation less than 35, are shown in 

figures 3.16 and 3.17. The different crystal morphologies are also shown 

schematically in a supersaturation versus ionic strength diagram (figure 3.18). 

Crystals grown under these conditions varied in length between 2.5 and 12pm. In 

general, for solutions of similar supersaturation (S±2) the length of the crystals 

decreased with increasing ionic strength.

The effect of increasing the ionic strength from I = 0.002M (reactions 1 and 2) to I = 

5.0M (reactions 16 and 17) was to reduce the relative sizes of the {210}, (001) and 

{hkO} faces, and to increase from zero the relative sizes of the (100) and {011} faces. 

The first significant change in crystal habit occured at I = 0.6M. At this ionic strength 

the crystals exhibited (100) faces instead of curved {hkO} faces. On a macroscopic 

level, the transition between the {hkO} and (100) faces simply involved a reduction in 

face curvature.

The {011} prismatic faces were first observed at the slightly higher ionic strength of I 

= l.OM. Small prismatic faces, parallel to the [010] crystal axes were also observed. 

Computer generated sketches together with SEM micrographs indicated that these 

were {101} faces. Crystals grown at I = 2.0 to 5.0M comprised combinations of
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1 =  2.0  M. S =  8.7

Figure 3.16. Scanning electron micrographs of crystals grown at high ionic strength. 
The symbols denote faces, m:{210}, n: {011} and p: {101}. The texture pattern 
observed on some of the crystals is the result of gold sputtering. Scale bar = 1p.m.
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= 0 .6  M. S =  14 1 = 3.0 M. S =  3.5

I = 3.0 M, S =  7.6 I =  5 .0 M . S =  7.1

200 nm 500  nm

Figure 3.17. Scanning and transmission electron micrographs of crystals grown at 

high ionic strength.
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Figure 3.18. A diagram showing the variation in crystal morphology with supersaturation S and ionic strength I. The 

crystals are drawn with their axes orientated at the same angle with respect to the page.
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{210}, (001) and {011} faces. Prismatic {101} faces were not observed. At I = 5.0M, 

the (100) and {011} faces were the most prominent. Rhombic crystals comprising just 

these two types of face were observed at I = 5.0M and S = 7.1. The acute and obtuse 

angles of the rhombic crystals were 78.5° and 101.5° respectively.

pH

SEM and TEM micrographs of barium sulphate crystals grown at pH 2.0 to 3.0 are 

shown in figure 3.19. The crystals were grown at the same initial concentration 

(0.1 mM). However, the increased protonation of sulphate ions at low pH meant that 

the initial supersaturations differed (S = 4.6 at pH 2.0 and S = 7.4 at pH 3.0). Crystal 

lengths were between 1.5 and 2.0um.

The most obvious effect of pH was to change the relative size of the curved {hkO} 

faces. These faces were well expressed on crystals grown at pH 5.6 but became 

progressively smaller with decreasing pH. At pH 2.0 the {hkO} faces were absent and 

crystals exhibited rhombic habits comprising (001) and {210} faces. Solution pH also 

affected the extent of growth along the [001] axis. The relative lengths along the [001] 

axis increased from 0.08 to 0.39 as the pH was increased from 2.0 to 5.6. For all pH 

values the extent of growth was greatest along the [0 1 0 ] axis.

Temperature

SEM micrographs of barium sulphate crystals grown at a temperature of 25 C and 

supersaturation of 5.8 are shown in figure 3.20.

Each crystal was approximately 20um in length and comprised interconnecting 

rhombic domains that were stacked in a layered arrangement. All the domains were 

alligned along the same direction, and were between 1 and 3 pm in length. Spaces
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Figure 3.19. Transmission and scanning electron micrographs of crystals grown at low 
pH.
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Figure 3 .20. Scanning electron micrographs of crystals grown from a 0.1 mM solution 
of barium sulphate at an elevated temperature of 75 °C.
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were present between some of the domains. The acute angle on the rhombic domains 

was 78°, indicating that the domains comprised {210} and (001) faces. Twinned 

crystals were common.

3.5 DISCUSSION

This study confirms the importance of solution physical chemistry in determining the 

crystal morphology.

3.5.1 Growth and morphology at low supersaturation

The crystals grown at low supersaturation were of the same morphology as those in 

the literature, with smooth (001) and {210} side faces and curved {hkO} top and 

bottom faces. Those at S = 8.2 were elliptical in outline, those at S = 22 were 

rectangular (figure 3.21).

{hkO}

{hkO}

------- / — 7v .  {210}

S = 8.2

{210}

[010]

(001)

S = 22

Figure 3.21

As stated in the introduction, the (001) and {210} faces are predicted to be the lowest 

surface energy faces on barium sulphate, whereas the {hkO} face, with its curvature 

and surface roughening, is expected to be a high surface energy face.
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Low supersaturations favour low surface energy faces and therefore, in order to 

explain the elliptical and rectangular morphologies one must first explain the 

existence of the high surface energy {hkO} face.

Information about the {hkO} face was obtained by atomic force microscopy (AFM). 

The face was neither continuously rounded, made up of combinations of {210}, 

{310}, {410} faces etc. or composed of alternating {210} faces (as seen on SrSO^ or 

PbS0 4  But instead comprised rows of narrow terraces built up into superterraces 

(figure 3.22).

a.

superterraces

superterrace 
» 140nm

sloping side 
(shaded)

I 4 -2 1 n m terrace
flat tops

0 =  6 - 10°

Figure 3.22 Schematic diagrams of the {hkO} face as implied by 
AFM. a. low magnification image, b. high magnification image.

The tops and sides of the terraces were at angles of 0° and 6 ° -  10° to the cb plane of 

the crystal, respectively. Hence the former were identified as (100) faces and the latter 

as {hlO} faces, where h is a variable between 15 and 9.
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An alternative description of the sloping terrace sides is that they are stepped (figure 

3.23).

flat top

i

[100]

— ► [010]

I %o%o%o%o%œo_dh-^  "f'“p

Jo Jo Jo J^ o Jo jo jo Jo Jo Jo Jo Jo Jo jD jo  ^  so/-
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\  /
\  

unit cell
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Figure 3.23. A schematic diagram showing the proposed steps.

Each step is a monolayer high and is of index (100). It follows that the (hkO) face is a 

( 1 0 0 ) face and that the terraces are built up of islands of ( 1 0 0 ) layers.

The terraces are elongated along the [001] direction. Along this direction the {hkO} 

face appears approximately smooth, which is the normal case for growth at low 

supersaturation. But along the [010] direction the face is roughened. The implication 

is that the face, once nucleated, fills out rapidly in the [0 0 1 ] direction but slowly in the 

[0 1 0 ].

The above arguments confirm that the {hkO} face is not a normal crystal face. It is 

essentially a ( 1 0 0 ) face in character but is roughened because of slow step growth in 

the [010] direction. The rate of step growth contributes to the overall rate of 

propagation. Therefore, slow step growth in the [010] direction will slow down the 

{hkO} face. It follows that such an effect may be the one responsible for the existence 

of the {hkO} face on the crystal growth form.
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The reasons why step growth in the [010] direction is slow, is not at all clear. Ion 

adsorption at such steps may be stereochemically or electrostatically unfavourable. 

Alternatively, the effect may be caused by high lattice strain or the formation of lattice 

defects etc (slow growing, overhanging, steps have been observed on calcite). There is 

one other possibility. Morphological studieŝ *̂̂  ̂ have predicted two possible 

termination’s for the (100) face. It is argued that separate domains of both 

termination’s will occur and that the edges between them will provide a continuous 

source of step growth. However, fast propagation of domain edges has not been 

proven. Instead the opposite may occur with the predicted edges in the [010] direction 

acting as slow moving defect sites.

Slow growth of steps in the [010] direction explains the curvature of the {hkO} face. 

Consider a face growing in the [100] direction by surface nucléation followed by 

lateral spread of [010] and [0Î0] anti-steps. Hie steps and anti-steps are annihilated on 

collision. At the edges of the face only steps or anti-steps are present. Nucléation 

cannot occur, as there is insufficient space available and so growth in the [1 0 0 ] 

direction is slow. At positions away from the edges, growth is by step - anti step 

collisions and by nucléation. Therefore, away from the edges growth in the [100] 

direction is fast. It is the difference in growth rate at the edges and away from the 

edges that is the cause of face curvature.. The greater the number of edge steps, the 

more pronounced will be the effect. Hence, the occurrence of slow step growth in the 

[0 1 0 ] direction will result in face curvature and this in turn will be radial about the 

[001] axis. Similar treatments have been used to explain the curvature of polyethylene 

crystalŝ '̂̂ ®.

The above discussion demonstrates the relationship between the existence, topography 

and curvature of the {hkO} face and slow step growth in the [010] direction.
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It is now possible to return to the original problem of the elliptical and rectangular 

crystals. Both crystals are defined by the relative growth rates of the (001), {210} and 

{hkO} faces. For the elliptical crystals, the relative growth rates are in the ratio 2.7 :

2.2 : 1. Likewise, the ratio for the rectangular crystals is 8 . 8  : 2.8 : 1 (see appendix 2 

for calculation). Both the (001) and {210} faces have similar surface structures, with 

bidentate sulphate groups and are predicted to have similar surface energies. 

Therefore, one would expect these faces to grow at similar rates. The relative growth 

rate ratios indicate that this is the case for the elliptical crystals. However, the case for 

the rectangular crystals appears different. There are two scenarios. The first is that the 

(001) face at the higher supersaturation of S = 22 grows faster than the {210} face. 

The second is that the two faces grow at the same rate but that the {210} face is absent 

at the begining of the reaction, growth in the [0 1 0 ] direction being mediated by some 

other face. Both scenarios would result in crystals elongated along the [001] direction. 

That the early crystals are thin plates appears to support the second scenario.

The relative growth rate ratios also show that the (001) and {210} faces grow 

proportionally faster than the {hkO} face on increasing the supersaturation. Both faces 

can be thought of as comprising alternate rows of BaSO^Ba^^ and SO^BaSO^^' ion 

triplets. Therefore, it is concievable that their growth is mediated by adsorption of ion 

triplets (figure 3.24). Such species would be more numerous at higher 

supersaturations, hence the enhanced relative growth rates of the two faces. However, 

such a mechanism may be unlikely given the low concentration of ion triplets at S = 

22 (< 1x10"  ̂M, kgq given in table 3.5).

Note, that if formation of ion triplets firom ion singlets is fast, then the opposite 

process of triplet dissociation is also likely to be fast.

Instead of regarding the (001) and {hkO} faces as growing proportionally faster than 

the {hkO} face at higher supersaturations, it may be more adventitious to regard the
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Figure 3.24. A schematic diagram showing the conformational similarity between an 

ion triplet in solution and those on the surfaces of the {210} and (001) faces.
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{hkO} face as growing proportionally slower. In which case the change in relative 

thickness of the crystals in the [100] direction, may be due to the effects on the {hkO} 

face (slow step growth etc) becoming more pronounced.

Clearly, a more precise description of the elliptical and rectangular crystals requires a 

better understanding of the mechanisms of growth of each of the three faces. In 

addition, it is worth noting that the faces on the crystal growth form only exist 

because other faces do not. Hence, it may be necessary to undertand the growth 

mechanisms of faster growing faces.

3.5.2 Growth and morphology at high supersaturation

Crystals undergoing growth at high supersaturation are normally influenced by 

diffusion gradients. If these are non-uniform about the crystal surface then outgrowths 

tend to form and the crystal develops a dendritic morphology This was observed 

for barium sulphate. The crystal transforms from a compact to a dendritic morphology 

on increasing the supersaturation from S = 22 to S = 270.

The morphology is still dependent on the slow growing (001), {210} and {hkO} faces. 

Thus the primary and secondary crystals all exhibited morphologies based on large 

(hkO) faces and small (001) and {210} faces.

3.5.3 Morphological effects of ionic strength. pH and temperature

Each of the three parameters had an influence on crystal morphology.

Increasing the ionic strength from I = 0.002 to I = 5.0M resulted in stabilisation of the 

(100) and {011} faces. The effect is probably related to surface charge. At low ionic 

strength, crystal faces are usually regarded as electrostatically neutral. Charged faces
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cannot exist under such conditions as they require large numbers of counterions, 

which clearly are not present. As neutral faces, the (100) and {011} are predicted, by 

broken bond theories etc., to be fast growing. Hence, at low ionic strength they are 

unlikely to appear on the crystal growth form. Charged faces can exist at high ionic 

strength and are readily defined for the (100) and {011} faces (figure 3.25). Slow 

growth of these faces is due to the presence of an electric double layer. This not only 

provides the necessary counterions for the surface charge but will also function as an 

electrostatic barrier, preventing adsorption of barium and sulphate ions (figure 3.26).
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a. b.

Figure 3.26. Schematic diagram showing a. the build up of ions next to a 
negatively charged face at high ionic strength and b. the lack of build up 
next to a neutral face at high ionic strength. The thickness of the double 
layer in a. is 1/k . Shaded circles are positive ions, open circles represent

Reducing the pH from 5.6 to 2.0 resulted in the disappearance of the curved {hkO} 

face. Mathematically, the change is due to one of the following: i) slower growth of 

the (001) and {210} faces, ii) faster growth of the {hkO} face, iii) all faces growing 

faster but the {hkO} more so than the (001) or {210} or iv) all faces growing slower
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Figure 3.25. Atom plots showing the (100) and ( O i l } faces as charged surfaces. The 

circles are barium ions and the tetrahedra are sulphate ions. Note that the plots are not 

space filling.
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but the (001) and {210} faces more so than the {hkO}. The change implies that the 

magnitude of the pH effect is face specific. However, the mechanistic reasons are 

unclear. The effect could be due to HSO4 " ions adsorbing more readily onto the 

crystal surface than species or it could be due to protonation of S0 /~  ions on 

the crystal surface.

Increasing the temperature to 75°C resulted in crystals with (001) and {210} 

microfacets. Microfaceting is caused by rapid replacement of one set of faces with 

another. It is refered to in more detail in chapters 8  and 9.
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Appendix 1

Classification of crystal faces based on the most likely growth layers 

and the numbers of broken bonds.

The following faces were considered: (001), (010), (001), {210}, {Oil}, {101}, 

{102}, {201} and {211}. These faces are represented below; the positions of the most 

likely growth layers are represented by the parallel lines. Faces with more than one 

type of growth layer are marked with Roman numerals, hyphens etc.

view down 
[100] axis

[010] view down 
[010] axis

[100]

a: (002) layers 
b: (020) layers 
c: {022} layers

♦ [001] a: (400)’ layers 
b: (002) layers 
c: {303} layers 
d: {402} layers 
e: {102} layers 
f: (400)” layers

♦ [001]

w
H
M

##

view down 
[001] axis

a: (020) layers 
b: {210} layers 
c: (400)” layers 
d: (400)’ layers

[010]

[100]
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The number of broken Ba-0 bonds per unit area were calculated for each type of 

growth layer using a ‘hand-held’ molecular model. The results are shown below. For 

atomically smooth faces, the lower the number of broken bonds the more stable the 

face. Layers with excess barium or sulphate ions were considered to be charged.

Broken bond date

Face Most likely 
growth layer

Interplanar 
spacing d, Â

Number of broken 
B a -0  bonds per 

unit area, A'^

Surface charge

(001) 002 3.594 0.082 zero
{210} 210 3.453 0.099 zero
{102} 102 3.333 0.105 zero
{211} 211 3.113 0.107 zero
(010) 020 2.734 0.125 zero
(100) 400’ i 2.227 0.102 zero
(100) 400’ ii 2.227 0.127 zero
(100) 400” 2.227 0.305 + / —

{011} 022 2.176 0.298 + / —
{201} 402 1.893 0.270 + / -
{101} 303 i 1.865 0.032 -

{101} 303 ii 1.865 0.080 -

{101} 303 iii 1.865 0.192 +
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Appendix 2

The relative growth rate ratio

This compares the extent of growth of the different crystal faces. By sketching the 

crystal, measurements are made of the distance (dj) between the centre of the crystal 

and outlying planes - containing the crystal faces. The angle between each plane and 

the line connecting the plane to the crystal centre is 90°.

crystal

lid,

On comparison, these measurements become the relative growth rate ratio.

For example, if three types of face of d value x, y  and z are present, then the relative 

growth rate ratio isx / z :y / z : 1.
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Chapter 4

MORPHOLOGY OF BARIUM SULPHATE CRYSTALS GROWN 
IN THE PRESENCE OF ORGANIC ADDITIVES

4.1 INTRODUCTION

The main body of this chapter is concerned with the formation of barium sulphate 

fibres using carboxylated polyelectrolyte additives. The aims are to confirm previous 

observations and to identify possible mechanisms of growth. Comparisons between 

the fibres grown in this system and those grown in anionic microemulsions are 

detailed later in chapter 6. The remainder of the chapter investigates the morphology 

of barium sulphate crystals grown in the presence of low molecular weight additives.

4.1.1 Additive adsorption at the crystal - solution interface

The influence of organic additives on crystal growth is usually attributed to an 

adsorption process, whereby charged functional groups on the additives attach 

themselves to the ionic crystal surface. This adsoiption prevents the propagation of 

surface layers (chapter 1).

For low molecular weight additives, the process of adsorption is very similar to that 

experienced by the incoming crystal ions and attachment occurs at the high energy 

kink and step sites (figure 4.1a). The most important bonding interactions are 

considered to be ionic or electrostatic, hydrogen-bonding (involving additive OH 

groups and surface oxyanions) and hydrophobic interactions (involving additive alkyl 

groups).^ In many instances the attachment is crystallographically specific and the 

result, at low supersaturation and low additive concentration, is crystals with new 

faces. It is argued that for this to occur there must be similar specificity in the 

conformation of the additive; the most likely conformation being one of maximum
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surface
layer a.

additive molecule 
at kink site

train

loop

b.

c.

d.

Figure 4.1. Adsorption of a. low molecular weight additives, b. hydrophillic 
polyelectrolyte additives, c. polyelectrolyte additives with hydrophobic groups and d. 
polyelectrolyte additives with organised conformations, at the crystal-solution 
interface.
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binding energy. Recent evidence suggests that this conformation is one in which the 

functional groups on the additive mimic the surface ions.*’̂® This structural 

relationship concerns the stereochemistry of the additive and the surface geometry of 

the crystal. Note that the attached functional groups are most often assumed to be 

dehydrated, although, experimental evidence for this is rarely cited.

With polyelectrolytes the process of adsorption is more complex;^’̂ ' the large number 

of functional groups, the long chain length and the vast number of conformations 

accessible to the polymer are all contributing factors. The first of these two factors 

also serve to simplify the adsorption process by creating a large energy barrier to 

conformational change. This kinetic stability is due to bonding interactions between 

the functional groups and to the chain entropy. The energy barrier means that the 

conformation of the polyelectrolyte at the crystal surface is similar to that in the bulk 

solution (the effect is lessened with decreasing polymer concentration and decreasing 

polymer ionisation). A compacted polyelectrolyte will therefore remain compacted 

upon adsorption.

Two principle adsorption mechanisms are considered. The first is the most common 

and concerns polyelectrolytes with disordered conformations. These remain disorded 

upon adsorption and attachment of the functional groups occurs at random positions 

on the crystal surface. Preferential adsorption along specific steps does not occur 

because of the large conformational change required. The situation for an extended 

but disorded polymer conformation is shown in figure 4.1b. The picture differs 

slightly for polyelectrolytes with hydrophobic groups .and instead of flat 

conformations, loops and trains are observed (figure 4.1c). The second mechanism 

concerns polyelectrolytes with organised conformations. Examples include helices 

(peptides, proteins, DNA) and fully extended conformations such as anti-parallel p- 

pleated chains, stabilised with divalent metal ions.'^’̂ ’̂̂ "* These have the potential, 

through their functional group periodicity, to either mimic the surface ions or adsorb
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preferentially onto specific steps (figure 4.Id). As with low molecular weight 

additives, the structural relationship between the molecule and the adsorption sites 

may give rise to crystals with new faces.

4.1.2 Observations on barium sulphate

The adsorption of organic additives onto barium sulphate crystals, resulting in growth 

inhibition, has been studied because of its importance to the off-shore oil industry 

2,8,15,16 chapter 1). The most effective growth inhibitors and hence the ones used 

commercially are low molecular weight phosphonates and linear chained polymers / 

copolymers with carboxyl, phosphonate, sulphonate and hydroxyl side groups.

In contrast to the kinetic studies, those on habit modification have only recently been 

undertaken and are few in number. Davey et a f  observed habit modification by 

diphosphonate molecules at low supersaturation (S = 32 ). The crystals were 

dissimilar from those normally observed because the curved {hkO} faces were 

perpendicular to the [010] axes rather than the [100] axes. In addition, some of the 

crystals were thought to contain small {011} faces. A model was described in which 

preferential adsorption on the {011} faces was attributed to a stereochemical match 

between the diphosphonate molecules and the crystal surface.

Benton and Collins*® investigated the affect of hexaphosphonate molecules at high 

supersaturation (S > 100). Oval-shaped particles with curved pinacoids were 

observed, giving single crystal diffraction patterns. The control crystals were cross

shaped and dendritic. Analysis of thin sections by TEM indicated that the ovoids were 

porous, comprising a lattice of interconnecting nano-sized spherical domains (diam. 

50nm). Moreover, appreciable amounts of phosphorus were detected. It was therefore 

suggested that the additives were being incorporated into the crystals during growth. 

A particle aggregation mechanism was proposed. However, it was thought more likely
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that incorporation was due to the rate of crystal growth exceeding the rate of additive 

desorption. This mechanism is illustrated schematically in figure 4.2. For comparison 

the mechanism of crystal growth in the presence of additives at low supersaturation is 

also shown.

According to the adsorption model, crystals of barium sulphate grown in the presence 

of polyelectrolyte additives should be either rounded (non-specific adsorption) or 

faceted (specific adsorption). Examples of the former can be found in the patent 

literature.However, the situation with carboxylated polymer additives is markedly 

different and instead of rounded or faceted crystals, fibres of barium sulphate are 

observed.

4.1.3 The special case of fibres

Barium sulphate fibres were first observed by Erase in 1990,^  ̂ using polyacrylate 

based molecules. The fibres were about 50nm in diameter, 0.1 - 2mm in length and 

were either randomly matted together or arranged into brush-like structures. Some of 

the fibres appeared hollow when viewed by TEM. The reaction conditions reported by 

Erase for barium sulphate fibre formation are shown in table 4.1 and molecular 

structures of the polymer subunits (acrylate and poly vinyl sulphonate) are given in 

figure 4.3. According to Erase, the characteristic conditions for fibre formation are 

that

• the polymer must have a high percentage of carboxyl groups

• the concentration of barium sulphate must be moderately high i.e. > 0.4 mM

• the concentration of barium ions must be similar to the concentration of polymer 

subunits.

Outside of these conditions. Erase observed rounded crystals.
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Low Supersaturation  

(surface attachment)

High Supersaturation  

(incorporation)

Figure 4.2 Mechanisms of additive controlled crystal growth at low 
and high supersaturation. In the latter mechanism, the additive 
becomes incorporated before it has a chance to desorb. The whole 
diagram was adapted from a drawing by Benton.



Polymer M.W [monomer]
mM

[BaS04]
mM [Ba2+]/[monomer] Reference

A 6200 0.42 0.43 1.02
A+PVS 6300 0.42 0.43 1.02
A+PVS 6300 0.63 0.43 0.68
A+PVS 8160 0.42 1.07 2.50
A+PVS 8160 0.42 1.61 3.80
A+PVS 93,000 0.42 1.61 3.80
A+PVS 93,000 0.84 1.07 1.27

Brase

M
M+Ac

Benton & Collins

Figure 4.1. Published data showing reaction conditions for BaSO  ̂fiber formation. The copolymer A+PVS had a weight ratio of 
95:5, the ratio for M+Ac and the corresponding reaction conditions were not reported.
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Figure 4.3. Structures of polymer subunits; i. Acrylate (A), ii. Malonate (M), iii. Poly Vinyl Sulphonate (PVS) and iv. Acrylamide (Ac)
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A separate study was undertaken by Benton and Collins in 1993/^ using polymaleate 

based molecules (figure 4.3). They found (at 95 °C) that the size and arrangement of 

the fibres were dependent on the solution pH. Fibres grown at pH 6 were similar in 

both these respects to the fibres observed by Brase. Using TEM analyses of thin 

sections and electron diffiaction they were able to show that the fibres were solid 

single crystals, elongated along the [001] axes. In contrast, fibres grown at pH 5 were 

smaller in length and were arranged into hollow, cone-like structures (diam. 5 - 

20pm). High magnification SEM revealed that the basal edges of the cones were 

fi-actal, with smaller cones attached to the edges of the larger cones. Crystals grown at 

pH < 4 or at high pH were not fibrous but were either rounded or rosette-shaped.

The mechanism of fibre formation is not well understood. Benton and Collins thought 

that the fibres may form on the polymer molecules. However, they noted that the 

process was not straight forward since the fibres greatly exceeded the polymers in 

length. The idea that the polymer molecules act as templates for crystal nucléation and 

growth has also been proposed by Sarig^* and by van der Leeden'*^.

4.1.4 Safety note

All the fibrous particles described in this chapter are potential carcinogens,^^ having 

fi*agments whose dimensions are similar to those of asbestos. The risks, especially 

those due to inhalation, can be minimized by storing the particles in solution.
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4.2 AIMS

The aims of this study are to:

• confirm previous observations on the formation of barium sulphate fibres.

• determine the morphology and crystallography of the fibres.

• to propose possible mechanisms of fibre growth.

• to investigate the morphological effects of two low molecular weight surfactant 

additives.

The additives are sodium polyacrylate, sodium dodecyl sulphate and sodium dodecyl 

sulphonate. Their structures are shown in figure 4.4.

4J. EXPERIMENTAI

4.3.1 Additive materials

Sodium polyacrylate (M„ = 5100, / M„ « 3) was purchased from Fluka. Each

molecule was of mixed configuration (syndiotactic, isotactic and atactic) and on 

average (based on M„) comprised a single chain of 50 - 60 acrylate subunits. The 

polymer had a reported sodium content of 19% w/w, implying that 0 - 30% of the 

carboxyl groups were protonated. The average pK^ V2ilue was not given but was 

assumed to be in the range 5.8 to 6.4, as reported in the literature.^^^^

Sodium dodecyl sulphate (SDS) and sodium dodecyl sulphonate were purchased from 

Fluka and Aldrich respectively. Both compounds comprised a single sulphur oxide 

headgroup attached to a linear, twelve membered, hydrocarbon chain. Information on 

pKa values was not available, however, both were considered to be fully ionised at the 

operating pH of 5.6. In the case of SDS, the critical micelle concentration (CMC) in
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Figure 4.4. Chemical structures of polyacrylate, dodecylsulphate and dodecyl 
sulphonate. Charges on polyacrylate not shown.
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pure water (without barium ions) at 25°C is S.lmM.^^ The CMC for sodium dodecyl 

suiphonate has not been reported but it was assumed to be lower than S.lmM due to 

its less polar headgroup.

4.3.2 Preparation of barium sulphate

Barium sulphate crystals were prepared using the standard method described in 

chapter 2. Stock solutions of the additives were made and aliquots of these were 

added to the barium chloride and sodium sulphate solutions, prior to mixing. Each 

reaction was performed using equal concentrations of barium and sulphate ions and 

was maintained at a constant temperature of 25°C. The reaction conditions used for 

each additive are summarised in table 4.2. For the purpose of this study the 

concentration of sodium polyacrylate is always given in terms of the concentration of 

acrylate subunits and is written as [acrylate] or [poly-ac].

Experiment S [BaSOJ
mM

[additive]
mM

Ratio 
BaSO^ : additive

Sodium 60 - 170 1 .0 -5 .0 0.11 9 -4 5 1
polyaciyiate 60 - 220 1 .0 -7 .5 0.53 1.9 - 14: 1

Sodium dodecyl 22 0.3 0.0017-0 .1 3 - 176 1
sulphate 8 0.1 0.0017 - 0.5 1 -5 9 1

Sodium dodecyl 
suiphonate 8 0.1 0 .01 -0 .1 1 - 10 1

Table 4.2. Initial reaction conditions for barium sulphate crystals 
grown in the presence of the organic additives.

4.3.3 Analysis of crystals

Crystals were transferred in solution to solid supports (glass slides, aluminium stubs 

and copper grids), dried and examined using optical, scanning electron and
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transmission electron microscopy. Selected area electron diffraction (SAED) and 

energy dispersive x-ray analysis (EDXA) were also performed as part of the TEM 

analysis.

4.3.4 Calculation of barium sulphate supersaturation

The solution supersaturation was calculated as in chapter 3 using the computer 

program lONPRODUCT.^^ In the case of sodium polyacrylate, the input data was 

adapted to take into account Ba^^- polyacrylate complexation. Recent studies^^^^ as 

well as observations made in this chapter (see results section) have shown that barium 

ions bind very strongly to polyacrylate molecules. At equimolar concentrations a 1:2 

barium : carboxyl-group complex is formed. Therefore, the concentration of free 

barium ions used in the computer program was taken as ‘the total concentration of 

barium ions minus half the concentration of acrylate subunits’.

In the case of SDS and sodium dodecyl suiphonate, the extent of complexation or ion- 

pairing with Ba^  ̂was considered to be similar to that predicted for barium sulphate at 

like concentrations, which at < 0.1 mM was very low. Therefore, for both additives the 

free barium ion concentration was regarded as being equal to the total barium ion 

concentration.

4.3.5 Terms used in the description of fibrous particles

Fibre -  single particle of thread-like morphology.

_ a collection of fibres, attached and 
aligned along their long axes.

Fibrous particle -  comprising many fibres, not
necessarily aligned.

Brushes, cones, multiple cones -  types of fibrous particle.
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4.4 RESULTS

4.4.1 Barium sulphate fibres 

General observations

Precipitation experiments, perfonned at 0.11 and 0.53mM sodium polyacrylate, did 

result in fibrous particles, the levels of BaSO^ being 1.0 and 1.5mM for the former 

and 1.5, 2.0 and 2.5mM for the latter (see also table 4.3). Each particle (width 1- 

30pm, length 10-100pm) was readily imaged by optical microscopy but low in yield 

(<10%). All were shown by elemental analysis (EDXA) to contain Ba, S and O. 

Electron diffraction of particles in sample 7 confirmed that the fibres were crystalline 

and of barium sulphate.

A clear transition from fibrous to non-fibrous particles was observed with increasing 

concentration of barium sulphate (see table 4.3).

[Acrylate]
mM

[BaS04]
mM Fibrous Non-fibrous Sample No.

0.00

0.11

0.53

1.0 V 1
10.0 V 2

1.0 V 3
1.5 V V 4
2.0 V 5
2.5 V 6

1.5 V 7
2.0 V V 8
2.5 V V 9
5.0 V 10
7.5 V 11

Table 4.3. Reaction conditions for fibrous and non-fibrous particles
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The non fibrous particles were characterised, firstly by rapid growth (they were 

usually observed within the first 5 minutes of mixing) and secondly by moderate to 

high yields (typically > 50%). The particles showed 3 perpendicular mirror planes and 

contained the elements Ba, S and O and were therefore presumed to be crystals of 

barium sulphate.

The physical characteristics of the particles are summarised in table 4.4 and SEM and 

TEM micrographs are given in figures 4.5 to 4.10.

The fibrous particles

Three forms of fibrous particle were observed. The first form (type 1 particles, figure 

4.5) were brush-like, consisting of strands, each with their long axes parallel to one 

another. The strands, which were typically curved along their long axes, were often 

attached to irregularly shaped particles and when agitated in solution displayed 

considerable freedom of movement. The presence of fibres within the strands was 

confirmed by TEM. The micrographs (figures 4.6 and 4.7) showed the fibres to be 

attached parallel to one another and to extend along the entire length of the strands. 

Some of the fibres appeared hollow (figure 4.7a), although this was probably a 

diffraction effect, as was the presence of the dark diagonal bands. Electron diffraction 

patterns (figure 4.7 a-d) showed the fibres to be elongated along their [010] or [074] 

axes (table 4.5). Multiple patterns (figure 4.7d) suggested that the two types of fibre 

were contained in separate strands and that the fibres in these strands were orientated 

differently about their long axes.



Sample [BaSOJ,
mM S Particle shape Particle size Yield

1 0.00 1.0 60 cross-shaped dendrites 20 pm high
2 0.00 10.0 270 cross-shaped dendrites 16 pm high

3 0.11 1.0 60 fibrous', brush-like brushes: 10 pm long, 1 pm wide moderate
4 0.11 1.5 80 fibrous', brush-like 

fibrous', cone-shaped 

ovoids

brushes: 25 pm long, 5 - 10 pm wide 
strands: 0.4 -1.0 pm wide 
cones: 20 - 50 pm wide 
strands: 0.2 pm wide 
3 pm

low

low

high
5 0.11 2.0 90 irregular ovoid 1 - 3 pm high
6 0.11 5.0 170 cross-shaped dendrites 3 - 4 pm high

7 0.53 1.5 60 fibrous; brush-like brushes: 20 - 50 pm long, 10 - 30 pm wide
strands: 0.1 - 0.2 pm wide
fibres: 0.03 - 0.1 pm wide, upto 50pm long

low

8 0.53 2.0 80 fibrous; multiple cones 

ovoids

multiple cones: 100 pm long, 15 pm wide 
strands: 0.2 pm wide 
4 pm

low

low

9 0.53 2.5 100 fibrous; brush-like 
ovoids

brushes: 50 pm long, 
3 pm

low
low

10 .0.53 5.0 170 cross-shaped dendrites 1 - 2 pm low

11 0.53 7.5 220 irregular ovoids 0.5 -1 pm moderate

00
Os

Table 4.4. Physical characteristics of particles formed in the presence of sodium polyacrylate (M^ = 5100). The data is based on optical 

and scanning-electron microscope observations. The exception being the fibres in sample 7, which were measured by TEM.
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Figure 4.5. Scanning electron micrograph of type 1 brush-like particles (a) sample 4, 

(b,c) sample 7. The irregularly shaped particles are arrowed.
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2 hjh-
2 5 0  nm

Figure 4.6. Transmission electron micrograph of type 1 brush-like particles (sample 7).
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200 nm lOOnm

1 0 0  nm

•103 
•113 i 

23 ^d

1 0 0  nm

Figure 4.7. Transmission electron micrographs and associated electron diffraction 

patterns of fibres and strands (sample 7). The axis of elongation in figure b is at an 

along a direction 13° to the [074] axis. This axis does not run in the plane of the page.
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Fibre
[UVW] 

Measured axis o f  
elongation, v,

[UVW] 
Nearest major 
zone axis, V;

{hkl}
Face perpendicular 

to major axis

Angle o ff  major 
axis, Vi A V2

a [1 35 5] [0 1 0] (010) 10°

b [1 11 9] [0 7 4] {011} 13°

c [1 19 5] [0 1 0] (010) 19°

d [0 1 0] [0 1 0] (010) 0°

e [1 16 6] [0 7 4] {011} 12°

Table 4.5. Electron dif&action data for the fibres present in the brush-like particles

Type 2 particles (figure 4.8) were cone-shaped, having strands whose long axes were 

slightly divergent. The strands were arranged radially, forming ring-like patterns. The 

third form (type 3 particles, figure 4.9) were the most complex and were shaped as 

multiple cones, each being attached on average to one cone above and one below. The 

cones, which may have been hollow, were composed of slightly diverging strands, 

each strand being fully attached to its neighbours.

Each of the three forms of fibrous particle were symmetry breaking and instead of 

three perpendicular mirror planes, as is the usual case for barium sulphate, only one or 

two were observed.

The non-fibrous particles

These displayed curved surfaces and were either ovoid, irregular ovoid or cross

shaped dendritic (table 4.4, figure 4.10). The latter was also exhibited by the control 

crystals (grown vdthout additives) and chapter 3 showed these to be elongated along 

their [010] and [001] axes.
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Figure 4.8. Scanning electron micrographs of type 2 cone-shaped particles (sample 4). 

Note the concentric pattern in the top micrograph.



%

Figure 4.9. Scanning electron micrograph of a type 3 multiple cone-shaped particle 

(sample 8). The inset shows a high magnification image, revealing the internal 

arrangement of the strands.
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Figure 4.10. Scanning electron micrographs of the three types of non-fibrous particles 

(a) ovoids from sample 4, (b) irregular ovoids from sample 5, (c) cross-shaped 

dendrites from sample 6.
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Solution behaviour

Evidence for the strong binding of ions to the polyacrylate molecules was 

obtained from measurements of solution pH (table 4.6).

Solution pH

pure water (with atmospheric CO2) 5.6
0.53mM PA 7.9

0.53mM PA; 3.0mM Na^SO^ 7.1
0.53mM PA; 3.0mM BaC^ 5.8

0.53mM PA; 1.5mM BaCh; 1.5mM NagSO^ 5.8

Table 4.6. pH values of sodium polyacrylate solutions, with and without 
barium ions. The data refers to solutions used in sample 7.

In the absence of Ba^  ̂ ions the solutions of sodium polyacrylate were alkali, this 

being due to the protonation of the polymer. With the addition of the Ba^  ̂ ions the 

polymer molecules became deprotonated and solutions of neutral pH were observed. 

This effect was independent of the S O /' concentration. Some pH results are given in 

table 4.5 and the equilibria involved are shown in figure 4.11.

4.4.2 Morphological effects of SDS

^inUial -

The first set of experiments were undertaken at Si„itiai = 8.2 (0.1 mM BaSO^), the 

concentrations of SDS being 0, 10, 50 and lOOjiM. The changes in morphology, as 

imaged by SEM and TEM, are shown in figure 4.12.

The control crystals, i.e. those grown at OpM SDS, have already been described (see 
chapter 3) and are shown in figure 3.8. In summary, the crystals were 2-4pm in
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CO, Na  ̂ CO, Na  ̂ CO,H

Dissolution H H

Nâ
CO,' CO,H CO,H

Complexation

V

Ba2+

Ba'
CO,' CO,'

Figure 4.11. A reaction scheme showing the dissolution and complexation o f  sodium polyacrylate, the 

former resulting in protonation (with the release o f hydroxide ions) and the latter in deprotonation.
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length, elliptical in outline and comprised {210} prismatic, (001) pinacoid and curved 

{hkO} faces. Crystals of similar shape and size were also observed at lOpM SDS.

At 50pM SDS, the overall shape of the crystals was unchanged (figure 4.12a). 

However, they were larger in size (7-10pm) and noticeably roughened, particularly at 

the edges. TEM analysis showed the edges between intersecting {210} faces to 

comprise numerous protrusions (figure 4.12c). These protrusions were 30-200nm in 

size and appeared in projection to be terminated by {011} faces. The latter being 

orientated at an angle of 51.5° to the [010] axes (the theoretical value being 52.7°). 

Mosaic patterns were a feature of the TEM micrographs and were thought to be a 

diffraction effect caused by the interaction of the electron beam with the edges of 

overlapping protrusions (see figure 4.12, inset).

At lOOpM SDS, irregularly shaped crystals were observed (figure 4.12b) and the large 

(001), {210} and {hkO} faces were absent. These crystals were 2-4pm in length and 

were often composed of multiple twins (as shown in the figure). Protrusions were 

again observed (TEM micrographs not shown) but in this instance covered the entire 

surface of the crystals and were needle-like in shape.

SinUial =  2 2

The second set of experiments were carried out at Sjnitiai = 22 (0.3mM BaSO^) using 

SDS concentrations of 0,10, 167 and 500pM. The changes in morphology, as imaged 

by SEM, are shown in figure 4.13.

In general, the results were similar to those described for S^wd ~ 8.2 and with 

increasing SDS concentration a change from smooth single crystals to roughened 

multiple twins was observed. The extent of twinning was particularly great at 500pM 

SDS (figure 4.13f) and instead of irregularly shaped particles, spherical ones were
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Figure 4.12. Scanning and transmission electron micrographs of barium sulphate 

crystals grown in the presence of SDS at S = 8.2. (a,c) SDS=50p.M, (b) SDS=100 |liM. 

The inset shows the probable structure of the roughened face shown in c.
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lOuM SDSControl, zero SDS

SOOiiM SDS

Figure 4.13. Scanning electron micrographs of barium sulphate crystals grown in the 
presence of SDS at S = 22.



99

observed. These spheroids (mean diam. = 6 .1 pm, 0 .̂, = 1.1 pm) were highly mono- 

disperse and porous, the latter being due to the loose packing of the twins. X-ray 

diffraction patterns (not shown) confirmed that the spheroids were crystals of barium 

sulphate.

Needle-like crystals (figure 4.14b) occurred with the spheroids and were shown by 

precipitation in the abscence of SO /' ions to be crystals barium dodecyl sulphate, 

Ba(DS)2 .

4.4.3 Morphological effects of sodium dodecyl suiphonate

At the conditions used (S = 8.2, additive = O.Ol-O.lmM), the results were the same as 

those described for SDS (compare figure 4,12a with figure 4.14a). Needle-like 

crystals of barium dodecyl suiphonate were observed at 500pM additive.

4 , 5  D I S C U S S I O N

4.5.1 The fibrous particles and proposed mechanisms of growth

Three types of fibrous particle were observed, brushes, cones and multiple cones.

Brushes Cones Multiple cones

Figure 4.15. Schematic diagram of the fibrous particles
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Figure 4.14. Scanning electron micrographs of (a) barium sulphate (8=8.2, sodium 
dodecyl suiphonate = 100|liM), (b) barium dodecyl sulphate and (c) barium dodecyl 
suiphonate crystals.
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Each type of particle comprised discrete assemblies of fibres. Those in the brush-like 

particles were parallel sided, whilst those in the cones and multiple cones were wedge 

shaped. The shapes of the fibres determined the shapes of the particles.

parallel sided fibre brush

n TTT7

■>

wedge shaped fibre cone

Figure 4.16 The geometric relationship between fibres and particles

Clearly the fibres grow very much faster lengthways than sideways. The dramatic 

difference in growth at the tip and sides is due to the action of the polyacrylate 

molecules. Sodium polyacrylate is a commercial inhibitor of barium sulphate and as 

such is believed to adsorb strongly onto exposed crystal surfaces. Normally, such 

adsorption leads to rounded crystals (see section 4.5.2, p i08). However, in the case of 

fibres, it would appear that adsorption is restricted to surfaces parallel to a single zone 

axis. For brush-like particles (sample 7), this axis was identified as the [010] or [074] 

axis (see figure 4.17).

[074]

[010]

Figure 4.17. Relationship of [010] and [074] axes to the barium sulphate unit 
cell. The [074] axis is at an angle of 37° to the [010] axis and is perpendicular 
to the ( 0 1 1 } face.
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The usual explanation for specific adsorption is that the additive selectively binds to 

surfaces with strong bonding affinities (see introduction). For polyelectrolytes, the 

ability to select is dependent on the molecule adopting a rigid, ordered, conformation 

prior to adsorption (see figure 4.Id). Once adsorbed, the polyelectrolyte reduces the 

growth rate by obstructing the propagation of surface layers.

Whilst the above theory works well for some systems it appears unsatisfactory for the 

fibres described here. Firstly, it does not explain the extraordinary length of the 

crystals. Secondly, it seems unlikely that the polymer molecules should adsorb so 

strongly to a single set of faces. Thirdly, the theory does not account for more than 

one axis of elongation.

An alternative theory is proposed, which can explain both the occurrence and shapes 

of the fibres. In this the most important factor is the electrostatic interaction between 

the polymer and the crystal. In bulk solution the polymer exists as a barium complex. 

The majority of carboxyl groups will be bound to the metal ions but some will remain 

free and so the polymer molecules will express a slight negative charge (see figure 

4.18c). It follows that the polymer will attract to positively charged faces, be passive 

towards neutral faces and will repel from negatively charged faces. There is 

circumstantial evidence (measurements of zeta potential) to suggest that crystal faces 

of barium sulphate are predominantly positively charged (sulphate ions being more 

soluble than barium ions). Hence, it is likely that most of the faces would interact with 

the polymer.

The axes of elongation suggest that the faces growing at the tips of the fibres are 

either the (010) or the {011} faces. The former (figure 4.18a) is the only face on 

barium sulphate in which the barium and sulphate ions are coplanar. Hence the (010) 

faces could be electrostatically neutral. In the {011} face the barium and sulphate ions
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[010]

zero surface 
charge

a.

(010) face.

oeec)C)C3
0  0 0 0 0 ( 0

negative 
surface charge

b.

Q  J  {011} face.

c.
5 -ve

+

5 +ve 

/

/

+ve 6 -ve Ô +ve
t----- II----- II---- 1

*

Ba - polyacrylate 
molecule

Crystal surface Adsorbed polymer, with 
charge amplification.

Figure 4.18. Aspects of fibre growth, a, b. surface structures of the (010) 
and {0 1 1 } faces, c. reaction scheme for adsorption of barium-polyacrylate 
complexes onto positively charge faces - leading to charge amplification.
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are positioned at slightly different heights. The face is probably serrated with one of 

the ions being present in excess (figure 4.18b). The charge associated with the face is 

not known. However, because it is non-interacting with the polymer it must either be 

neutral or negatively charged. Overall, it is proposed that the sides of the fibres are 

positively charged and the tops of the fibres are neutral or negatively charged.

The process of adsorption is of great importance (figure 4.18c). A polymer molecule 

arriving at a positive face is at first electrostatically attracted. However, on close 

approach the barium ions on the polymer will experience repulsion away fi*om the 

barium ions on the crystal. The polymer may respond by desorbing. However, loss of 

barium ions is more likely as this will enable strong binding of the polymer to the 

crystal. Some of the carboxyl groups will remain attached to the dissolved barium 

ions and these will distend into solution, away fi-om the crystal face. The result will be 

to create a layer of positive charge. The large number of adsorbed polymer molecules 

means that the magnitude of the charge will be greater than that originally present on 

the face. In other words, the polymer molecules function as charge amplifiers.

It follows from the above description that the polymer molecules inhibit crystal 

growth in two ways. Firstly, the polymer molecules obstruct the propagation of 

surface layers and secondly, the accumulated layer of positive charge will act as an 

electrostatic barrier, preventing the passage of unbound barium ions to the crystal 

surface.

At the tip, the surface layers grow uninterrupted. But on approaching the sides of the 

fibre they begin to interact with the polymer (figure 4.19). Direct adsorption and 

charge amplification occur and so the surface layer rapidly decelerates.
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axis of 
elongation

Figure 4.19. Approach of a surface layer towards polymer molecules at the tip edge

If the process of deceleration is complete at the tip edge, then parallel sided fibres will 

occur (figure 4.20a).

a. parallel sided

1 - ►

b. wedge shaped
A

c. inverted wedge 
shaped

Figure 4.20. Shapes of fibres as governed by the layer growth

For wedge shaped fibres, deceleration is complete just beyond the tip (figure 4.20b). If 

complete deceleration were to occur prior to the tip edge then inverted wedge shaped 

fibres would occur. These would eventually grow to a sharp point and then terminate 

(figure 4.20c). Factors that might affect the rate of deceleration include polymer 

conformation, barium ion concentration, pH and supersaturation.

The formation of composite particles is almost certainly not due to specific 

aggregation of the fibres. Therefore, growth probably occurs from single seed
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particles. Whether the seed particles act as substrates for nucléation or whether they 

represent the early stages of particle formation is not clear. The two possibilities are 

illustrated in the following diagram (figure 4.21).

Î

Secondary nucléation of 
fibres off a primary crystal

Î

Early crystal grows and then 
differentiates into fibres

Figure 4.21

The question that arises is whether the composites, through their attachment to the 

seed particles, are single or polycrystalline. The crystallographic relationship between 

adjacent fibres was therefore studied. The fibres in the brush-like particles were all 

orientated with their [010] or [074] axes co-parallel. However, all other axes were 

misaligned. In other words, the individual fibres were rotated randomly about their 

long axes (figure 4.22).

a

observed not observed

Figure 4.22
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It would appear that the brush-like composites are polycrystalline. However, this 

presents the problem of explaining why the fibres are all aligned with their long axes 

co-parallel. It seems more likely that each brush emanates from a single crystal and 

that as the fibres grow, they become slightly twisted. Hence, the multiple diffraction 

patterns. Twisting is possible because of the small diameter and long lengths of the 

fibres and may be facilitated by lattice slip.

There would seem to be no reason why the fibrous particles should grow specifically 

off only one side of the seed crystal. However this must be the case as no particles 

were observed with fibres growing in all directions. A possible explanation might be 

that the polymer adsorbs onto part of the seed crystal, thus restricting growth at this 

surface.

These principles, although not proven can be used to describe a possible but plausible 

growth mechanism for the three types of composite particle.

Brush shaped particles emanate from a single crystal. The fibres are extensions of the 

seed crystal. They grow as separate units, with a slight twist.

Cone shaped particles grow in much the same way, but develop from wedge shaped 

fibres. Because these are thicker they are less susceptible to twisting.

Multiple cones grow as for the cones. However, growth is episoidal. The development 

of the particles could be controlled by a two step process, step 1 being growth of a 

primary cone, step 2 being secondary nucléation on its top. The process is then 

repeated (step 1 alternating with step 2). Alternatively, the multiple cones could be the 

result of diffusion controlled growth. As the cones grow they deplete the surrounding 

solution of ions. Growth becomes slower. Random fluctuations of solution 

concentration may lead to enhanced growth of a single fibre. The fibre grows faster
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than the parent cone as it extends further into solution, where the ions are less 

depleted. The fibre develops into a new cone and the parent cone continues to slow 

down. The process is then repeated, such that further cones develop. In this 

mechanism, the particles experience organic growth.

4.5.2 The non fibrous particles

These exhibited very ordinary morphologies. Those at low polyacrylate concentration 

were dendritic, those at higher concentrations were rounded (ovoid). Such a change is 

indicative of non-specific polymer adsorption, as described in the introduction 

(section 4.1.1 and figure 4.1b). That is, the polymer adsorbs randomly onto the crystal 

surface, disrupting growth. The curvature is then due to the build-up of surface steps. 

These crystals can be explained without invoking a charge amplification effect.

4.5.3 The importance of the BaSOj : poly-acrylate ratio

The type of particle obtained appeared to depend largely on the barium sulphate : 

additive ratio. Fibres tended to form at low ratios and non-fibres at high ratios. The 

relationship is illustrated in figure 4.23a. Results from the previous studies by Benton 

et al'^ and Brase^^ are shown for comparison. By extrapolating the data one obtains 

the precipitation diagram shown in figure 4.23b. This diagram is only meant to be 

approximate but illustrates the distinct regions occupied by the fibrous and non- 

fibrous particles.

The diagram is interesting for another reason. Most of the studies on barium sulphate 

precipitation in the presence of polycarboxylates have been undertaken in the non- 

fibrous precipitation region at very low concentrations of additive (ppm range). They 

have not been undertaken at high concentrations of additive (low barium sulphate :
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Figure 4.23 a (top): particle type as a function of polyacrylate and barium sulphate 
concentration. The data blocks from left to right represent fibres, fibres + non-fibres 
and non-fibres, the data blocks representing previous studies are shown with a 
dashed line, b (bottom): precipitation diagram for fibrous and non-fibrous particles, 
as approximated from the top figure.
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additive ratios). Hence, this explains why there are so few studies documenting the 

occurrence of fibres.

The charge amplification effect proposed for the fibres involves the additive 

molecules acting co-operatively to form an electrostatic / steric barrier to incoming 

Ba^  ̂ ions. In other words, the additive molecules self assemble onto the sides of the 

growing fibres. For the non-fibrous particles the adsorbed additive molecules act 

independently firom one another, they are not co-operative. Therefore, the 

precipitation diagram in figure 4.23b could be changed to read ‘additive self assembly 

effects’ in place of fibres and ‘independent additive effects’ in place of non-fibres.

It is conceivable that there are other additive effects (mechanisms of inhibition) at 

polyacrylate concentrations above ImM (see figure 4.23b) and that these may lead to 

other unusual morphologies. Under such conditions, the system may behave as a 

complex fluid, with crystal growth occurring off partially assembled additive 

structures. In this respect the present work has implications for other systems, as the 

work illustrates the potential of using highly concentrated additive media to generate 

alternative growth forms.

The one area where concentrated additive systems have been investigated is in gel 

mediated crystal growth, where the additive is the gel forming material. The reader is 

therefore directed to the work by Garcia-Ruiz who demonstrated the formation of 

‘organically shaped’ crystals in alkali silica gels.^  ̂ It was noted that such structures 

have implications for the study of biominerals, where corrjplex architectures are 

common.

Finally, it is noted that the fibres produced herein may have mechanistic parallels to 

the strontium sulphate spicules formed in Acantheria (a marine protozoa)^^ and to 

calcium carbonate spicules formed in Sea Urchins.^*
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4.5.4 The effect on barium sulphate of SDS and sodium dodecvl sulphonate

Both types o f additive were essentially similar producing crystals with stabilised 

{011} faces.

The {011} faces comprise layers o f sulphate groups, which are orientated in a trigonal 

conformation with respect to the surface. That is, with three o f the four oxygen atoms 

extended into or out o f the face. Correspondingly, the sulphate and sulphonate 

additives are tridentate, having three partially charged oxygen atoms (ô = 2/3 e“). 

Therefore, stabilisation o f the {011} faces implies tridentate binding o f the additive 

molecules (figure 4.24).

 _________SDS surfactant
molecule

9 9 9
I  _  I   &..

© ® © •  a  «
V 9 9 9

or-%  6 _  6

Figure 4.24. Diagram showing the tridentate attachment o f an SDS 
surfactant molecule to the {011} face ([100] axis out o f page).

A characteristic feature o f the {011} faces was their location at the ends o f needle-like 

outgrowths. This effect can be explained by a non-uniform growth mechanism in 

which the additive inhibits small domains on the crystal surface. As their number
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increases, so differences in height develop. It is these differences that are responsible 

for the outgrowths. Eventually the entire surface becomes inhibited.

At low additive concentrations, the effect is restricted to the edges of the crystals 

suggesting that it occurs late on in the reaction. But at high additive concentrations the 

entire crystal is roughened suggesting that inhibition occurs soon after nucléation.

There may be some connection between the effects described here and those observed 

in the polyacrylate system. That is, the additive molecules used were surface active 

and were therefore likely to self assemble, forming bilayers on the crystal surface. 

Therefore, like the polyacrylate molecules the SDS and sodium dodecyl sulphonate 

molecules may inhibit crystal growth by a two step mechanism. Step 1 being 

adsorption of the additives and step 2  being formation of the bilayers.
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Chapter 5

FORMATION OF COLLOIDAL BARIUM SULPHATE m  
AQUEOUS ETHANOL

INTRODUCTION

The previous two chapters have dealt with the subject of crystal morphology. In this 

chapter we are interested in crystal size and in particular the formation of very small 

particles. The aim is to grow the particles at very high supersaturations using mixtures of 

ethanol and water. The presence of ethanol should lower the particle solubility and hence, 

enable high supersaturations to be obtained at low ion concentrations. The high 

supersaturations should facilitate extensive nucléation, which coupled with the low ion 

concentrations should result in small particles.

The ethanolrwater technique is characterised by its simplicity. In the next chapter a far 

more complex route to small particle synthesis is used, which involves particle adhesion 

to the walls of microemulsion and reverse micelle droplets.

The present study was partly inspired by a famous paper written in 1908 by Von 

Weimam,^ entitled "the basic theory of the colloid crystallisation". He showed the size of 

BaSO^ particles grown in aqueous ethanol (50% v/v EtOH) to increase and then decrease 

with increasing supersaturation. The effect is general for most precipitation reactions (it 

was observed in chapter 3, figure 3.14) and is classically referred to as 'the Weimam 

effect'.

Von Weimam used an optical microscope to characterise his particles, which for the 

purpose of imaging had to be of size greater than 0.5pm. The aim of this study is to
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extend Von Weimam's work to the submicron level, the required magnification being 

obtained by a transmission electron microscope.

It was only after the present study was complete that another paper on BaSO^ 

precipitation in mixed ethanol / water systems was discovered.^ This one was published 

by Suito and Takiyama in 1955 and closely parallels the work reported here, hence there 

is some degree of overlap. Suito and Takiyama observed particles in the size range 100 to 

4000nm, which were imaged by low magnification TEM. These were grown at ratios up 

to 35% v/v EtOH and were morphologically described as spindle-shaped, hexagonal, 

diamond and elliptical. In fact they were all forms of cross-shaped dendrite. Suito and 

Takiyama showed the particles to be highly crystalline, as indicated by well defined 

electron diffraction patterns. They also showed the particles to decrease in size with 

increasing ethanol concentration.

5,2 AIM S

The aims of this study are:

• to grow small particles of barium sulphate

• to characterise their size, shape and crystallography at different ethanol : water ratios

• to comment on barium sulphate colloid stability

5JÆKPEmMENTAl

5.3.1 Preparation of barium sulphate

Barium chloride and sodium sulphate were dissolved in ethanol-water solutions, and 

mixed to produce barium sulphate. Each reaction was performed using equal
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concentrations of barium and sulphate ions and maintained at a constant temperature of 

25° C using a thermostated water bath. This procedure was adopted for a range of ethanol 

: water ratios. The largest ratio in terms of volume was 90 : 10. A summary of the various 

reaction conditions is given in table 5.1.

Reaction % v/v 
Ethanol

[BaSOJ, mM S

1 0 50.0 700

2 2 0 8 . 1 2,700

3 40 2 . 0 8 , 2 0 0

4 50 1 . 0 14,000
5 60 1 . 0 36,000
6 70 1 . 0 69,000
7 70 2 . 0 1 1 0 , 0 0 0

8 70 3.2 130,000

9 80 1 . 0 140,000
1 0 90 0.7 85,000

Table 5.1. Reaction conditions used for the preparation of barium sulphate

5.3.2 Analysis of crystals

Crystals were transferred in solution to electron microscope grids, dried, and examined 

using transmission electron microscopy (TEM), selected area electron diffraction (SAED) 

and energy dispersive x-ray analysis (EDXA).
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5.3.3 Calculation of barium sulphate supersaturation

The supersaturation S was calculated using the standard equation

S -  { [(y Cga2+)(y.Cgo42-)]/[Ksp]

where y is the divalent ion activity coefficient, c the concentration of barium and sulphate 

ion singlets (mol.dm'^) and K̂ p the solubility product of crystalline barium sulphate 

(mof.dm"^). The divalent ion activity coefficients y were calculated using the Davies 

equation^’̂  :

Igy = -A .z . - ^ - 0 . 3 1  
l+\ /I

where A is a constant (dm^^.mol’̂ ^), z the barium and sulphate ion valence and I the 

ionic strength (M). The constant A was determined from :

A = 1.82xlO^(SpT)‘̂ ^

where 8 p is the relative permittivity of the solvent (dependent on the ethanohwater ratio) 

and T the absolute temperature (K). Ionic strengths were obtained using the 

lONPRODUCT^ computer program (described in chapter 3). Solubility products were 

estimated from published solubility data,^ using the equation K̂ p « (solubility)^, the units 

of solubility being mol.dm'^. The and K̂ p values, used at different ethanolrwater ratios, 

are presented in graphical form in figure 5.1.
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Figure 5.1. Relationship between /. relative permittivity 8r and percentage ethanol, 
and ii. barium sulphate solubility product K«p and percentage ethanol.
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Unfortunately, the equilibrium constants for ion pair and ion triplet formation were not 

available for mixed ethanol-water systems. Therefore, the values of 0 3 3 2 + and Cso4 2 - were 

calculated using the equilibrium constants reported for pure water (chapter 3). This 

probably introduced a significant error into the calculation, especially at high ethanol 

fi*actions (the equilibrium constants for ion association would be expected to increase 

with increasing ethanol content).

The calculated supersaturation values are shown in table 5.1 (presented earlier) and 

values of e, ,A, I, y and K̂ p are presented in appendix 1. Supersaturation values at low 

ethanol content are probably correct. However, those at high ethanol content (for the 

reasons given above) may be as much as two orders of magnitude too large.

5.4 RESULTS

5.4.1 Description of barium sulphate containing solutions

Precipitation of barium sulphate was observed for all reactions as soon as the barium 

chloride and sodium sulphate solutions were mixed. The resulting dispersions differed in 

turbidity. Those produced at low ethanol content (< 50% v/v) were cloudy and white, 

whereas those produced at high ethanol content (> 60% v/v) were slightly translucent and 

pale blue in colour. The blue colour was best observed by shining a beam of white light 

through the dispersion. This phenomenon is due to Rayleigh light scattering and occurs in 

dispersions comprising particles of size less than 25nm.

All the dispersions were unstable with respect to sedimentation. However, the 

sedimentation processes differed. Particles grown at low ethanol content sedimented 

quickly, presumably under the action of gravity alone. Particles grown at high ethanol
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content tended to aggregate before sedimenting, forming weak gel-like suspensions at the 

bottom of the reaction vessels. These suspensions were stable to further sedimentation, 

even after several weeks.

5.4.2 Description of barium sulphate particles

Direct comparison of particles grown at different ethanol : water ratios is difficult due to 

the uncertainty regarding solution supersaturation (see experimental). Despite this, a 

number of observations can be made concerning the size, shape, crystallinity and 

aggregation of particles. These observations are based on the TEM micrographs shown in 

figures 5.3 to 5.6.

Particle size

Particle size data is presented in figure 5.2.

Increasing the ethanol content from 0 to 70% v/v resulted in a marked decrease in particle 

size (figure 5.2 top). Those at 0% v/v were 420nm in diameter whereas those at 70% v/v 

were « 1 Inm. The latter dimension corresponds to just 12 unit cells in the c direction (c = 

8.909Â). Further increases in ethanol content from 70% v/v to 90% v/v had no significant 

effect on particle size, which remained at « 1 Inm.

Particle size distributions for each of the reaction mixtures were narrow (figure 5.2 

bottom). Percentage standard deviations, given by the equation:.

P -  100 standard deviation
particle mean
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Figure 5.2. Particle size data at different ethanol : water contents.
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Figure 5.3. TEM micrographs of barium sulphate particles grown at 0 to 70% ethanol. 

The corresponding supersaturations for a, b, c, d, e and f  were 700, 2700, 14000, 

36000 and 69000 respectively. Scale bar, figures b-f, = 50nm.
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Figure 5.4. a-d. TEM micrographs of barium sulphate particles grown in 70 to 90% 

ethanol at supersaturations of 110000, 130000, 140000 and 85000 respectively. Scale 

bar = 50nm. e. Powder electron diffraction pattern of particles in figure d.
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were typically between 20 and 30% (see appendix 2).

Particle shape

Irregular shaped polygons were observed at 0 to 20% ethanol (figures 5.2a and b). 

Increasing the ethanol content to 40% v/v gave rise to roughened needle-like particles. 

Rectangular or rhombic shaped particles were obtained at 50 to 90% ethanol.

Crystallography

Electron dif&action (SAED) of the particles yielded powder patterns that indexed 

correctly for crystalline barium sulphate (figure 5.4). Most of the patterns showed three 

prominent outer rings with d-spacings of 2.09, 2.76 and 3.04 Â. These corresponded to 

the {113}, {401}, {122}, {312} planes, the {112}, (020) planes and the {211} planes 

respectively.

The small size of the particles and their closeness to one another on the TEM grids meant 

that single crystal diffraction patterns were not obtained.

Lattice fringes were frequently observed on the particles, at all ethanol : water ratios (an 

example is given in figure 5.5). In general, the fringes were well defined and coherent 

across the total width of the particles, suggesting a high degree of atomic order. The 

fringes were not indexed as the electron microscope was not calibrated for lattice 

imaging.
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Figure 5.5. High resolution TEM of particles grown in 50% ethanol, S = 14000. 

Lattice fringes can be seen on many of the particles.
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Particle aggregation

The formation of weak gel-like suspensions, such as those observed at 60 to 90% ethanol, 

is commensurate with particle aggregation and in particular with the formation of chain

like networks. Those at 60 and 70% were not observed by TEM. Presumably, they were 

broken up as the particles were dried down onto the TEM grids. Successful transfer did 

occur at 80% ethanol and chain-like networks were observed (figure 5.5c). The particles 

were linked end to end and appeared to be randomly orientated.

The particle aggregates at 90% ethanol were very unusual (figure 5.6). Unlike the chain

like networks, these were rectangular and of high external symmetry. Aspect ratios were 

between 11:1 and 2:1 and the particle lengths ranged between 0.15 to 1.5pm (mean =

0.75pm, standard deviation = 0.36pm). As with the chains, the particles were randomly 

orientated.

5.5 DISCUSSION

In this study, the effect of ethanol on barium sulphate precipitation has been investigated. 

With increasing ethanol content the particle size became smaller. The effect was clearly 

related to the increase in supersaturation and decrease in barium sulphate solubility.

The variation of particle size with supersaturation is shown in figure 5.7. The graph 

combines the results obtained in chapter 3 for low to high supersaturations (S = 8.2 to 

700) with those obtained herein for very high supersaturations (S = 700 to 140,000). The 

change from small particle to large particle and then to very small particle, on increasing 

the supersaturation, is in excellent agreement with the von Weimam effect.
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200 nm

Figure 5.6. TEM image of the rectangular aggregates formed in 70% ethanol, S 
85000. A closer view is given in figure 5.4d.
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Figure 5.7. Particle size as a function o f supersaturation. Data points left o f the arrow were taken from chapter 3.
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The particle shapes were consistent with growth at very high supersaturation. They were 

compact and faceted. Dendrites were not observed because of the small particle size (see 

chapter 3) and the facets were presumably the result of surface rearrangement, either by 

surface diffusion or lattice slip.

The smallest particle size was 1 Inm, which corresponds to about 10,000 barium sulphate 

molecules. These nano-sized particles were remarkably crystalline, considering the 

elevated supersaturations at which they were grown. Their presence demonstrates the 

applicability of using mixed ethanol : water systems to generate small particles.

The tendency of the particles to aggregate, forming chain-like structures (figure 5.5c), is 

not surprising. The effect is commonly observed for ionic colloids and involves 

electrostatic attraction between positive and negative parts of adjacent crystals (figure 

5.8a). The charged regions are located on opposite sides of each crystal creating a weak 

dipole that runs parallel to the axis of the chain. Their location is not necessarily face 

specific. The presence of ethanol may enhance the degree of charge interaction as it has a 

lower dielectric constant than water and hence is less able to shield ionic charge.

The rectangular aggregates (figure 5.6) were not expected. It is possible that they result 

from interactions similar to those responsible for the chains but active in three dimensions 

not one. This effect has not been documented previously. An alternative explanation was 

suggested by the presence of small particles (presumably sodium sulphate) in the sodium 

sulphate solutions (indicated by scattering of blue light -  only observed for solutions at 

90% ethanol, 1.4mM NaSO^). Mixing the sulphate solutions with the barium solutions 

resulted in rapid precipitation. It is possible that the particles of barium sulphate attached 

themselves to the sodium sulphate particles. Particle attachment to solid substrates has
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Figure 5.8 a. electrostatic model for chain-like aggregates, b. electrostatic model for 

rectangular aggregates, c. alternative model for rectangular aggregates showing 

barium sulphate particles adhering to larger sodium sulphate particles.
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been extensively documented^’*. Presumably the shapes of the aggregates mimicked the 

shapes of the sodium sulphate particles, although direct evidence of this was not obtained.
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Appendix 1

Reaction
% v/v 

Ethanol
[BaSOJ, mM Rel permittivity 

Gr

Number constant 
A, dm3/:.mol'i*

Ionic
strength

I,M

Divalent ion 
activity 

coefficient y

Solubility product 

Kjp, moP.dm"®
S

1 0 50.0 (23) 79 0.509 0.2 0.312 1.1x10'^° 700

2 20 8.1 70 0.613 0.036 0.422 1.6x10'^^ 2,700

3 40 2.0 58 0.801 0.01 0.519 1.6xl0*‘̂ 8,200

4 50 1.0 50 1.000 0.0053 0.540 1.6x10'*^ 14,000
5 60 1.0 47 1.116 0.0053 0.503 2.0xl0*‘® 36,000
6 70 1.0 41 1.348 0.0053 0.439 4.0x10'^ 69,000
7 70 2.0 41 1.348 0.01 0.336 4.0x10'^ 110,000
8 70 3.2 41 1.348 0.015 0.264 4.0x10**^ 130,000

9 80 1.0 35 1.709 0.0053 0.350 6.3x10" 140,000
10 90 0.7 28 2.453 0.0038 0.274 5.0x10" 85,000

Data used to calculate the solution supersaturation, S. Values for and Kgp were taken from figure 4.1, values of ‘A’ were calculated 

according to the equation given in the introduction, the ionic strength was calculated according to the lONPRODUCT computer 

program (see chapter 3) and the activity coefficient was calculated using the Davies equation. The value in parenthesis was obtained 

from the lONPRODUCT computer program and represents the concentration of ‘single’ barium and sulphate ions. This value was 

the one used to determine the supersaturation of reaction 1. Corresponding values were not available for the ethanol-water mixtures.
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Appendix 2

Reaction
Ethanol 

content, v/v
Size
nm

Standard 
deviation, nm 
Gn-i (n=50)

P

• m

1 0 420 140 30

2 20 110 31 28

3 40 90 21 23

4 50 55 28 65
5 60 30 8 27
6 70 16 5 31
7 70 11 3 27
8 70 12 5 42

9 80 13 4 25
10 90 16 3 19

Size data for barium sulphate crystals grown in ethanol-water mixtures.
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Chapter 6

BARIUM SULPHATE FORMATION IN REVERSE MICELLES 
AND MICROEMULSIONS

6.1 INTRODUCTION

This chapter is concerned with the formation of BaSO^ particles in surfactant 

stabilised water droplets. The droplets, known as reverse micelles and 

microemulsions, are of colloidal dimensions (diameter, typically 1 - 25nm) and are 

surrounded by oil. The aim of this study is to investigate, by both reason and 

experiment, the interplay between droplet chemistry and crystal growth.

With the above objective in mind, the introduction starts with a synopsis on reverse 

micelle and microemulsion chemistry. Droplet collision and solute exchange are then 

discussed. After which, a theoretical account of crystal growth in water-in-oil droplets 

is given (such an account being absent in the literature). Finally, previous studies on 

particle synthesis are described.

6.1.1 Reverse micelles and microemulsions -  general theory

1. Surfactant aggregation

The most important feature of surfactant molecules, such as those shown in figure 6.1, 

is their ability to form self assembled aggregates in polar and non-polar solvents. 

These aggregates are arranged such that the hydrophillic headgroups of the surfactant 

molecules are partitioned away from the hydrocarbon tails. The process is favoured 

because dipole - dipole interactions involving headgroups and polar solvent molecules 

are stronger than van der Waals interactions between headgroups, polar solvent 

molecules, non-polar solvent molecules and surfactant tails. In addition, the
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B r -

Cationic

Non-ionic

Figure 6.1. Molecular structures of typical surfactants. AOT: Aerosol OT, Ca(LS)2'. 

Calcium bis laurylsulfonate, DDAB: Didodecyldimethyl ammonium bromide, CTAB: 

Cetyltrimethyl ammonium bromide, Cj2EO/. Polyoxyethylene-4-dodecyl ether.
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partitioning of the hydrophillic and hydrophobic moieties prevents the structuring of 

‘bulk’ polar molecules.

Depending on the surfactant concentration, there are four types of aggregate: micelles, 

microemulsions, liquid crystals and gel phases.^ These can form normal structures, in 

which the headgroups form the external surface, reverse structures in which the 

hydrocarbon tails form the external surface and bicontinuous structures in which both 

the hydrocarbon tails and headgroups form both the internal and external surfaces. 

Examples are shown in figure 6.2. Each type of aggregate can accomodate various 

amounts of polar and non-polar solvent and therefore it is useful to discuss their 

formation in terms of a three component phase diagram. The diagram presented in 

figure 6.3 is for the NaAOT, water, isooctane system.*’̂ ’* In this system the affinity of 

the surfactant for oil is greater than the affinity for water and reverse structures are 

preferred. The essential features are i) that the reverse micelle and microemulsion 

region extends from the oil-rich comer, ii) that the normal micelle region extends 

from the water-rich comer and iii) that the liquid crystalline and gel region extends 

from the surfactant-rich comer. Where temary phase diagrams differ is in the extent of 

the three phases and their degree of overlap. If all three phases overlap then a three 

phase region is formed and if two of the phases overlap then a two phase region is 

formed. Since there are only three components, the maximum number of phases at 

any one composition is three (c.f. the Gibbs phase rule, variance F = C -  P for 

constant temperature and pressure).^ In the diagram, a large two phase region is 

present, consisting of the normal micelle phase together with either the reverse 

microemulsion or liquid crystalline phase. The tie line AB is called a critical tie line, 

along which all the three phases occur.

The NaAOT system, with its preference for reverse stmctures, is an example of a 

Windsor II system.^*  ̂A Windsor I system is one in which the affinity of the surfactant 

for oil is less than the affinity for water and normal stmctures are prefered. A Windsor
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Figure 6.2. Normal, reverse and bicontinuous structures
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Figure 6.3. The temary phase diagram for the NaAOT, water, isooctane system at 
20°C (top). M^/qI water in oil microemulsion, R.M: reverse micelle, N.M: normal 
micelle, L.C: liquid crystal. The diagram is in units of weight per weight and is read 
from the comers. For example, in the bottom diagram, the point ‘a’ corresponds to 
100% surfactant and the point ‘b’ to 20% w/w surfactant, 30% w/w water and 50% 
w/w oil.
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III system is is one in which the affinity of the surfactant for oil is similar to the 

affinity for water and there is an almost equal preference for normal, reverse and 

bicontinuous structures. Characteristic phase diagrams for each of the three systems 

are shown in figure 6.4. Note that the three phase tie line in the Windsor III system is 

replaced by a three phase triangle. Factors governing the oil / water preference 

include: headgroup polarity, surfactant chain length and surfactant geometry.

Micelles, microemulsions, liquid crystals and gel phases can be distinguished, for the 

purpose of constructing phase diagrams, by observing their optical properties. In 

general, micellar solutions are transparent, microemulsion solutions are transparent or 

translucent and liquid crystalline and gel phases are opaque.^ Also, micelles, 

microemulsions, cubic liquid crystal phases and cubic gel phases will not rotate the 

plane of polarised light, whereas lamella and hexeigonal phases are birefiingent 

(optically anisotropic) and will rotate the plane of polarised light.^

2. Reverse micelles and microemulsions

The distinction between reverse micelle and microemulsion solutions is as follows: 

reverse micelles are surfactant in oil dispersions in which all the polar-solvent 

molecules are bound to the surfactant headgroups, microemulsions are surfactant in oil 

dispersions in which the number of polar-solvent molecules exceeds the number 

required to fully solvate the headgroups; the extra polar-solvent molecules are located 

within the core but in an unbound state, having properties akin to bulk media.

As before, the structures are best described in terms of a phase diagram. However, in 

this" instance it is more convenient to show the extent and position of the phase regions 

in terms of molar quantities, rather than percentage w/w. To do this, a rectangular 

diagram is used (see figure 6.5a), where the molar ratio of polar-solvent to surfactant 

(the w ratio) is given on the y-axis and the concentration of surfactant with respect to
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Figure 6.4. Evolution of phase behaviour as a function of surfactant - oil / water 

preference; the Windsor classification, w/o: water in oil droplets, o/w: oil in water 

droplets, n: bicontinuous phase, L.C: liquid crystal phase.



144

L.C
IV

40-

R.M

0 1 2 3 54

[AOT], M

IV
5 nm

10 nm

5 nm

curve

0 1 2 3 54

[AOT], M

Figure 6.5. a (top): The NaAOT, water, isooctane system (T =20°C)as represented by 

a rectangular phase diagram. R.M: reverse micelle, Mw/o: water in oil microemulsion, 

N.M: normal micelle, L.C: liquid crystal, b (bottom): Rectangular diagram showing 

the changes in droplet size ( d w )  and droplet concentration across the R.M and Mw/o 

phase region.
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oil, given on the x-cocis. Both ordinates are chemically significant. Information on 

aggregate size and headgroup solvation can be obtained from the w ratio (the y-axis% 

whilst both the w ratio and x-axis provides information on the aggregate concentration 

(figure 6.5b). The equations are:

aggregate size, nm
dh = ki w + 2a 

d^ =  ki w

aggregate
concentration,
mol.dm’̂

[droplet]

[droplet]

kjOw
T~W

kg [surfactant]
w

where di, is the aggregate diameter, k ,̂ k2 , and kg are constants, d^ is the diameter of 

the polar core and a  is the effective length of the surfactant tails. The term is the 

volume fraction of surfactant (w.r.t all three components). For the NaAOT system, 

(spherical droplets), a  = 10 to 40 nm, k^ = 0.36 nm, k 2 = 68 mol.dm'^ and kg = 1.224 

(no units); the equations and constants are derived in appendices 1 and 2. In the 

diagram (figure 6.5b), information on the aggregate size and concentration is given by 

the tie lines.

The change in aggregate size and concentration with increasing w is illustrated 

schematically in figure 6.6. At w < 1, some of the headgroups are ‘dry’, as they cannot 

all pack around the polar molecules. Those polar molecules that are present have a 

limited mobility and the microviscosity of the inner core is very high.^ Increasing the 

w value leads to partial solvation of all the headgroups, which then occupy a single 

surfactant layer.'® The micelles coalesce and grow so as to form aggregates in which 

the contact between the headgroups and polar-solvent molecules is maximised. It is
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Figure 6.6. Schematic diagram and graphs, for the NaAOT, water, isooctane system 
([AOT] = O.IM), showing the effect of increased water content on droplet size and 
concentration. Note how close together the droplets are. Reverse micelles and 
microemulsions are often very concentrated, even at O.IM surfactant (they can be 
thought of as concentrated dispersions).
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this maximisation of contact, which results in the micelles being highly 

monodisperse/®’̂  ̂Eventually the maximum w value for reverse micelles is reached. 

For ionic surfactants such as NaAOT, the reverse micelle w„,ax value in water 

corresponds to the value needed for the full hydration of the sulphonate - sodium ion- 

pairs.^^ Sodium ions can accomodate six water molecules in their primary hydration 

shells. Some of these, plus a further four are shared with the sulphonate headgroups, 

giving a value of approximately 10. For non-ionic surfactants such as C 1 2 EO4  

(structure shown in figure 6 .1 ), the number of water molecules per ether linkage is 

equal to 2  and therefore the maximum solvation of the headgroup is approximately 

equal to 8 . Increasing the w value across the microemulsion phase region also results 

in growth and coalescence. However, in this case the process is controlled not only by 

the need to maximise the contact between the headgroups and polar-solvent molecules 

but also by the need to prevent the ‘unbound’ polar-solvent molecules (those in the 

bulk liquid state) from interacting with the surfactant tails and the external organic 

media. The situation is illustrated schematically in figure 6.7. Increasing the w value 

alters the packing of the surfactant molecules (due to changes in membrane / droplet 

curvature). The area per headgroup remains constant but the area per tzdl decreases. 

The maximum w value for microemulsion aggregates corresponds to the ratio at 

which the area per tail is at a minimum (tails fully extended).*® Further increases in w 

with increasing curvature results in a greater area per headgroup. The bulk polar- 

solvent molecules penetrate the surfactant interface and phase separation occurs. For 

the NaAOT, water, isooctane system; the minimum cross-sectional area of the 

surfactant di-alkyl chain is 0.6nm^, the area per sulphonate headgroup is O.Snm  ̂and 

the maximum w value is ~ 60.^’*®

Polar-solvent solubilisation by surfactant-in-oil aggregates is favoured by the 

reduction in free energy of the surfactant molecules. For reverse micelles the 

reduction is due to headgroup solvation, which is exothermic. For microemulsions, 

the reduction is due to the increased rotational freedom of the surfactant molecules.
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Figure 6.7. The affect o f increased water content on droplet curvature and stability. I: 

the reverse micelle state, II: the microemulsion state, III: phase separation.
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which in turn increases their entropy {cf. the Gibbs function, AG = AH -  TAS). In 

otherwords, AGjurfactant becomes more negative with increasing w.

6.1.2 Droplet dynamics and precipitation

1. Reactant separation

In order for a reaction to occur the species have to come together and collide. The rate 

at which this occurs is usually dependent on diffusion coefficients and hence the rate 

of ion transport. In reverse micelles and microemulsion solutions the ions are not only 

separated by water but are also separated by regions of oil. The latter is effectively 

impermeable to ion transport and the only way an ion can reach a neighbouring ion in 

another droplet is by droplet collision followed by exchange. Clearly, not all droplet 

collisions will result in exchange and likewise not all ion collisions will result in 

product formation. Two scenarios exist, illustrated below, 1) that the exchange 

process is fast and the rate of product formation is slow and 2) that the exchange 

process is slow and the rate of product formation is fast. The former process will be 

reaction controlled and the latter exchange controlled.

Reaction controlled

+
Fast Slow

Exchange controlled

+
Slow Fast
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2. Collision and exchange

Assuming that the droplets behave as 'hard spheres' (which is reasonable for many 

systems, particularly NaAOT),^ then the diffusion controlled rate constant k^, for 

collision between droplets is given by the Smoluchowski and Stokes-Einstein 

equation:

k o =
3n

where R is the gas constant (8.314 J.K' .m ol"\ T is the absolute temperature and r| is 

the solvent viscosity. For example, in the case of isooctane, r\ at 298 Kelvin is equal 

to 4.7x10“̂  N.s.m'^ (0.47cP) and therefore the value of k^ is equal to 

lx l 0 ^^dm^.mor\s'^ (note that k^, by definition, is independent of droplet size).

The exchange process has been investigated by florescence emmision spectroscopy, 

whereby electron-transfer between a florescer and a quencher molecule is correlated to 

solute mobility.^^ Values of kg, the rate constant of droplet collision with solute 

exchange, tend to vaiy according to author, presumably reflecting the different sizes 

and charges of probe molecules used. For the NaAOT, water, isooctane system 

(reverse micelles and microemulsions) at 298 Kelvin values of 1x10 .̂ 1x10^ and 

1x10* dm^.mol'\s"^ have been s u g g e s t e d . T h i s  would imply that only between 1 

in 1 0 , 0 0 0  and 1  in 1 0 0  collisions results in exchange (kj / Iq.), that is at any one time 

less than 1% of the droplets have sufficient energy to coalesce. For the C1 2 EO5  system 

in n-heptane, the published figure is higher at approximately 5%.*^

Both ki) and k̂  can be converted into diffusion coefficients using the following 

equation:

D = ---------
4n d.N^
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where k is the rate constant (k^ or k^), d is the distance from the centre o f one droplet 

to the centre o f another on contact (equivalent to the droplet diameter) and is the 

Avogadro's constant. As the equation implies, D is dependent on the droplet diameter 

and hence on w. Values corresponding to k^ = 1x10*^ dm^.mol'\s'^ and k  ̂ = 1x10^ 

dm ^.m of’.s’  ̂ are shown below.

^  NaAOT
droplet diam. 

dh, nm

^ c o llis io n

m^.s’’

^ ex c h a n g e

m^.s'*

5 6 2.2x10'*® 2.2x10'*^

12 8 1.7x10'*® 1.7x10'*^

30 13 1.0x10'*® 1.0x10'*^

Table 6.1

3. Nucléation and growth

Consider the simplest case in which each droplet is surrounded by an inert surfactant 

membrane, that is one that does not interact strongly with either the reactant ions or 

the precipitate. In this instance the droplets simply act as separate regions in space 

(figure 6.8 a)

a. microemulsion

. •
■ ; .  

•: -
• : • 
• : " * .

b. microemulsion

,* •

c. bulk water

Figure 6.8
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Since the oil plays no part in the reaction the same system can be represented as in 

figure 6.8 b. Ion exchange across the regions occurs in the period t^ Bulk aqueous 

solutions can also be represented as in figure 6.8 b by dividing the solution up into 

small hypothetical regions. In this case (figure 6.8 c) the exchange between the 

regions occurs in the period t2 . In other words, the ions in an inert microemulsion 

system behave as if they were in bulk aqueous solution, the only difference is the 

exchange time.

Now consider the nucléation process. This was shown in chapter 9 to be controlled by 

the number of ion collisions. Of these collisions, a small percentage will lead to ion 

cluster formation and some of these will be of dimensions greater than the critical 

nucleus. Nucléation may not be immediate but it will occur and the probability of the 

process taking place will increase with increasing numbers of collisions. Therefore, 

nucléation in an inert microemulsion system may be slower than nucléation in bulk 

aqueous solution, since the exchange time ti > t2 , but the process will still occur and 

the same distribution of ion clusters will be present after the same number of 

collisions. In other words there is no reason why an inert microemulsion, containing 

an average of one ion per droplet, should not produce critical nuclei of say 15 ions. 

The point is that nucléation in an inert microemulsion should be thought of in the 

same manner as nucléation in bulk aqueous solution. The events leading to particle 

nucléation are illustrated schematically in figure 6.9.

The situation regarding crystal growth is a little different In bulk aqueous solution 

there are two consecutive processes leading to growth. The first is ion transport to the 

crystal surface and the second is ion incorporation. However, in microemulsion 

systems there are four consequtive processes, i) ion transport by droplet diffusion, ii) 

ion exchange, iii) ion diffusion within the droplets and iv) ion incorporation. The 

situation is illustrated schematically in figure 6.10a. Competition between the 

different processes can lead to supersaturation gradients. However, these gradients are
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Species A Species B

Q  O  ®  O

© o o o

\ Droplet mixing

© o ® © §

I Ion exchange

1 Particle nucléation

G O G
O  Product AB

O O q  O

Figure 6.9. The events leading to particle nucléation, A + B ^  AB.
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w a te r  la y e r

c r y s t a l - ^  /

IV III

reaction zone droplet diffusion zone
<--------------------► 4------------

t
s

high S : exchange + diffusion in droplet controlled 

V medium S : exchange + diffusion in droplet + reaction controlled

0 low S : exchange + reaction controlled

X very low S : reaction controlled

Figure 6.10a (top) Reaction scheme showing the four consequtive processes to crystal 
growth, I: droplet diffusion, II: ion exchange. III: ion diffusion and IV: ion 
incorporation. Figure 6.10b (bottom) Supersaturation profiles for crystals grown at 
high, medium, low and very low supersaturation (r is the distance from the crystal 
surface).
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restricted to areas within the reaction zone (see figure 6.1 Ob) and the supersaturation 

in the surrounding droplet waterpools will be constant. The reason for constant 

supersaturation is that the rate of droplet diffusion is much greater than the rate of ion 

exchange. Empty droplets will therefore quickly diffuse away from the reaction zone. 

Note that the fall in supersaturation at the crystal surface will depend to a large extent 

on the degree of lateral ion diffusion. A crystal with a relatively thick hydration layer 

(figure 6.1 la) should therefore grow at a lower surface supersaturation than a crystal 

with a relatively thin hydration layer (figure 6.1 lb).

o
o

/
droplet

O

/ / / / / / / / / / /
figure 6.11a, extensive lateral 
diffusion, surface supersaturation 
« droplet supersaturation. 
Continuous growth.

O

----

o
Q  crystal

surface

/ / / / / / / / / / /
figure 6.11b, limited lateral 
diffusion, surface supersaturation 
at site o f droplet impact 
« droplet supersaturation. 
Discontinuous growth.

For any one supersaturation, the mechanism of crystal growth should be the same as 

that in bulk aqueous solution. Thus, spiral and two-dimensional surface mediated 

growth would be expected at low supersaturation, whilst diffusion controlled growth 

would be expected at high supersaturation.

4. Rate o f ion flux through microemulsion versus rate o f ion uptake on crystal

As stated earlier, the process of crystal growth in an inert microemulsion can either be 

reaction or exchange controlled. The question is, which of the two scenarios is likely
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to apply to barium sulphate ? The problem can be solved by comparing i) the rate of

crystal growth (atoms.m'^.s'*), with ii) the rate of ion exchange (same units).

Consider first the expression for crystal growth. The diagram below shows a cubic

shaped crystal growing along each of its principle axes at a constant velocity 

Rl (m.s‘‘).

unit cell velocity
m.s

The number of unit cells produced per second along the [010] direction will equal R l/ 

b. Each unit cell has a cross sectional area of a.c and therefore the flux of unit cells in 

the [010] direction is ( R l / 6 ) ^  {a.c) = Rl / {a.b.c). If N is the number of barium and 

sulphate atoms per unit cell, then the flux of atoms in the [010] direction is (R l -N ) /  

{a.b.c). For barium sulphate, N = 8 and a,b,c = 8.909, 5.467 and 7.188 Â. Thus, the 

flux of atoms entering the crystals, in terms of Rl, is given by:

Fcryst= 2.28x1 Ô .̂Rl atoms.m'^.s'*. —

Next consider the expression for ion exchange. The simplest model is one where the 

droplets, at time zero, are arranged in a simple cubic pattern. At t > 0, Brownian 

motion will occur and the average droplet displacement, in any one direction, in time 

t, is given by Tick's second law:

X = (2Dt)0.5

where D is the droplet diffusion coefficient. The equation implies i) that the linear rate 

of spread of each droplet decreases with time and ii) that the most likely position of
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each droplet is a x = 0. The situation for droplets adjacent to an elastic layer, such as 

the membrane about a growing crystal, is illustrated below.

B A

water layer

crystal surface

/

/
/
/
/

V
/
/
/
/
/
/
/

path of a droplet with time

2.5
O <-------- > O

O O

droplet

cubic domain

B' A'

Figure 6.12

The average root mean square distance of each droplet in the plane AA' to the 

membrane at BB' is 1.2845 -  0.142d^ (derived in appendix 3) and therefore, the 

average time taken for each droplet at AA' to collide with the membrane and return to 

its original position is:

t = 2D
[2(1.2845 -  0.142d^)f _ 2(1.2845 -  0.142d^)^

2D D

It follows that the number of collisions with the membrane, per droplet, per second is 

1 / 1 = D / [2(1.2845 -  0.142d^)^]. Each droplet in the plane AA' is adjacent to (25 +

dw) of membrane and therefore, the flux of droplets to the membrane will equal:
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= -----------------—----- ^ . drops.m'^.s'^
2(1.2840 -  0.142dJ^ (d^ + 25)^

where is the diameter of a water core. Replacing D by Dg and multiplying by N, the 

number of ions per droplet, one obtains Fg, the flux of ions to the membrane:

F =  — -------------   atoms.m'^.s'^
2(1.2840 -  0.142(L)^. (d^ + 26)^

Here, the equation for N (derived from appendix 4) is:

N = l/S.c.N .̂Ti.dw^

where c is the concentration of BaSO^ within a droplet and is Avogadro's constant. 

Substituting the equation for N, into the equation for Fg, gives:

_ Dg.c.N̂ .Tc.dŷ ,
e “  ------------------------  atoms.m" .s'

(3.1456 -  0.348dj".(d^ + 2 6 /

We now have the equations for both crystal growth (equation 1) and ion exchange 

(equation 2). By inserting the appropriate values for R^, Dg, c, 6 and d^ (see appendix 

5), one obtains for BaSO^ crystal gro’wth in a NaAOT, water, isooctane reverse 

micelle and microemulsion solution (w = 5 and 30) the data presented in table 6.2 The 

effects of membrane to crystal and membrane to ion interactions have been ignored.
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Supersaturation w Fctyst

atoms.m' .̂s**

Fc

-2 -1 atoms.m s

Av. flux through 

droplet, J atoms.s**

Av number o f  ions 

per droplet N

5 1.5x10" 470 0.0074
100 2.3x10^*

30 3.2x10" 11,000 1.6

5 2 .3 x l0 ‘= 72 0.0011
22 1.8x10=*

30 4 .7 x l0 ‘= 1600 0.24

5 7.6x10" 24 0.00037
8.2 3 .1 x l0 ‘*

30 1.6 x l0 ‘= 550 0.079

5 l . lx io " 3.4 0.000055
1.2 7 2 x10"

30 2.4x10" 83 0.012

Table 6.2

The table shows the rate of ion uptake Fcyst to be greater than the rate of ion exchange 

Fg for all supersaturations above S = 1.2. Recall that for consecutive processes it is the 

slowest one that is rate limiting. Therefore, for reverse micelle and microemulsion 

solutions of NaAOT, the rate limiting step for BaSO^ crystal growth is:

exchange controlled for S > 1.2

reaction controlled for S < 1.2

As already mentioned, the transport of ions through the crystal hydration layer may or 

may not be controlled by the extent of lateral ion diffusion (see figures 6.11a and 

6.11b). Therefore, the values of Fg, for S > 1.2, cannot be used to accurately predict 

the surface supersaturation and hence the mechanism of crystal growth. For example.
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a value of Fg = 3.2x10^* atoms.m'^.s’  ̂at S = 100, w = 30 could correspond either to a 

surface supersaturation of S = 8 (continuous growth) or to a surface supersaturation of 

S = 100 (discontinuous growth).

What is certain is that the precipitation process in the NaAOT reverse micelle and 

microemulsion solution will be slower than in bulk water. Thus, for S = 100, w = 30, 

the reaction will be 720 times slower (Fgjyst/ Fg). Obviously on a microscopic level the 

system is highly dynamic, with each droplet making 60,000 successful collisions per 

second at w = 5 and 7000 successful collisions per second at w = 30 (collision 

frequency = J/N). The large number of collisions explains why the flux of ions 

entering or leaving each droplet is high (see table), even though the average number of 

ions per droplet is low (remember that the ions enter and leave each droplet in 

succession). The equation for flux is derived in appendix 6.

Finally it is worth noting that in equation 2, Fg is proportional to c and therefore the 

change in reactant concentration with time, for direct precipitation at S > 1.2, should 

follow a first order rate equation of the type:

dc/dt = k'.A.c

where k' is the rate constant and A is the total crystal area. Since A is dependent on 

the change in concentration from time zero to time t (A = k".(co-cJ), then the above 

equation becomes dc/dt = k'.k".(co-cJ.C(, which simplifies to:

dc/dt = k(Co-Ct)Ct
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6.1.3 Factors effecting crystal size and shape

The first factor to consider is the rate of droplet diffiision versus the rate of droplet 

exchange. When the former is greater than the latter, i.e. kp > then the external 

supersaturation about each droplet will be constant. Consequently empty droplets will 

quickly diffuse away from the reaction zone (recall the previous section, part 3). The 

implication is of great importance; crystals grown at moderate to high 

supersaturations will no longer be subject to long range supersaturation gradients, as 

is the case with bulk aqueous solution and therefore dendritic crystals will not occur. 

Instead, the crystals will be compact in shape (possibly spherical) and in addition may 

be smaller in length, width and thickness (although not necessarily in volume) than 

their dendritic counterparts. Moreover, the high probability of collision without 

exchange will ensure that the reactant solutions are well mixed prior to nucléation. In 

bulk aqueous solutions (at moderate to high supersaturation), efficient mixing prior to 

nucléation is only achievable by very rapid stirring.

The second factor concerns the degree of ion hydration. In reverse micelles the ions 

will not be fully hydrated. Their charges will be poorly shielded and hence they will 

have a greater ion activity coefficient than in bulk aqueous solution. Obviously, the 

ion activity coefficient will increase with decreasing hydration and hence, decreasing 

w. As previously stated in chapterl, the ion activity coefficient y helps to define the 

solution supersaturation. The relationship, at a fixed concentration, is that S is 

proportional to y. Therefore, for any one concentration, the ions in a reverse micelle 

will have a greater supersaturation than the ions in bulk aqueous solution. The 

increased supersaturation should be manifested by the appearance of smaller, more 

monodisperse particles of greater nucléation density. Also, the lower the hydration 

number, the smaller the activation energy needed for crystal nucléation. The above 

account is not applicable to ions within a microemulsion, as these are fully hydrated 

and so will behave as in a bulk aqueous solution.
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The third factor to consider is the droplet size and shape. The problem is best 

approached by considering the development of a single crystal. Initially, the crystal 

will be smaller than the droplet and so will be unaffected by droplet size and shape. In 

addition the particle will undergo rapid rotation and Brownian motion, thereby 

negating any supersaturation gradients, which may be present within the droplet as a 

result of droplet asymmetry. On reaching the size of the droplet the movement due to 

rotation and Brownian motion will become restricted. At this stage the droplet 

asymmetry may lead to particle asymmetry. Since the forces binding a droplet are 

much weaker than those binding an ionic crystal, then the droplet membrane offers no 

spatial constraint. As the particle exceeds the original droplet size it is the membrane 

that is altered and not the particle. The situation is relatively simple for reverse 

micelles, as only ‘bound’ water molecules are present (these are attached to both the 

surfactant and the crystal surface). There is no restriction on droplet curvature and so 

the increase in membrane size is in accordance with the increase in particle size. 

However, the situation with microemulsion droplets is far more complex. The 

increase in particle size above the initial droplet size will at first lead to expansion of 

the membrane. However, a transition will occur when the droplet size reaches the size 

equivalent to the maximum w value. Above this size, the ‘bulk’ water molecules in 

the microemulsion droplet will penetrate through the surfactant membrane. But 

because the process is energetically unfavourable, the membrane will dehydrate 

instead, so that only ‘bound’ water molecules are present. Hence the membrane will 

adopt a reverse micelle structure and the hydration layer will become significantly 

thinner.

Apart firom the effects of ion hydration, it is difficult to predict whether crystals grown 

in reverse micelles will be any different from those prepared in microemulsion 

droplets. Of course, reverse micelles have thiimer hydration layers and hence, for the 

reasons given earlier (section 6.1.3 part 3), may grow in a discontinuous manner, at
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higher supersaturation values than in a microemulsion droplet. However, for reverse 

micelles, ion transport by surface diffusion may be just as effective as lateral ion 

diffusion in a microemulsion droplet. Whatever the differences it seems likely that the 

crystals in both types of aggregate will be faceted. The exception being at high 

supersaturations where direct incorporation of the ions is expected to predominate 

over lateral and surface diffusion, thereby leading to spherical crystals.

£l,4_The reactive surfactant membrane

Thus far, only the simplest case has been considered, in which the reverse micelle and 

microemulsion droplets are stabilised by an inert surfactant membrane. Substitution of 

this membrane with a reactive one, that is one comprising charged surfactant 

molecules, introduces two new variables, i) ion binding and ii) crystal attachment to 

the inner droplets walls. Ion binding leads to ion localisation, where the membrane 

becomes enriched in ions at the expense of the inner waterpool. Ion exchange between 

the water droplets then occurs either by droplet collision and membrane diffusion 

(process 1, figure 6.13) or by ion-surfactant transport, with the surfactant molecules 

acting as carrier molecules through the oil (process 2, figure 6.13).

Figure 6.13



164

Ionic precipitation involves oppositely charged ions and so exchange by membrane 

diffusion and ion-surfactant transport will only occur for one of the reactant species. 

The other species will undergo bulk diffusion (process 3, figure 6.13).

As a result of ion binding, the process of nucléation will occur at the membrane, 

rather than in the centre of the waterpool. For microemulsion droplets, where the 

membrane is atomically smooth (see figure 6.14), the mechanism of nucléation may 

be similar to that which occurs under Langmuir monolayers.^* Thus, for BaSO^ 

nucléation at a sulphonate membrane, for example NaAOT, the process will involve i) 

formation of a Ba^  ̂ domain by membrane diffusion, ii) stabilisation of the Ba^  ̂

domain by S O /' ion adsorption and iii) growth of the stable domain (or nucleus) by 

membrane and surface diffusion of Ba^  ̂ ions and by bulk diffusion of SÔ "̂ ions. If 

the ion spacings are commensurate with the spacings of a BaSO^ crystal face, then 

orientated nucléation may occur. That is the crystal may grow off a specific crystal 

face. The process of crystal nucléation in a reverse micelle droplet is different, as there 

is no ion segregation between the membrane and centre of the droplet, both regions 

being the same. Nucléation within a reverse micelle droplet is therefore an entirely 

three dimensional process.

As with an inert surfactant membrane, the reactive membrane offers no physical 

constraint to shape and size. However, once an area of membrane has been nucleated 

it is effectively passive to further growth. The strong attachment of the crystal to the 

inner droplet walls prevents the nucleated membrane from opening up during 

collision. In addition, the bonding of the membrane to the crystal precludes membrane 

diffusion. Given the above, there are two possible mechanisms for crystal growth. In 

the first, the spreading crystal follows the contour of the droplet and eventually the 

droplet becomes fully mineralised (see figure 6.15 below). In such instances the shape 

and size of the particle will reflect that of the droplet.
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Figure 6.14. a. Schematic diagram (adapted from ref 18) showing the internal 

arrangement of surfactant headgroups in a large microemulsion droplet. The smooth 

internal surface of the droplet is similar to that of a Langmuir monolayer, b. Possible 

mechanism for nucléation off the membrane, i) Ba^^ localisation, ii) stabilisation by 

8 0 4 "̂ ions, iii) crystal nucléation and growth.
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Figure 6.15

In the second mechanism, the particle is nucleated off a specific crystal face. The 

membrane becomes distorted and eventually follows the shape o f the crystal. There is 

no limit to crystal size and only one face is attached to the membrane (see figure 

6.16).

Figure 6.16

For reverse micelles, the first mechanism will be preferred, as the nucleus in a reverse 

micelle is liable to be attached to more than one side o f the droplet inner wall. Both 

mechanisms are likely for crystal growth in a microemulsion. Note that both 

mechanisms may be terminated prematurely if, by some event, the droplet membrane 

proceeds to adsorb onto the growing parts o f the crystal.

One other factor to consider is the size o f the critical nucleus, which as 

shown in chapter 9, is dependent on surface and bulk free energy contributions to 

nucléation (AGgurface AGbuik , respectively). For membrane nucléation, the Gibbs 

free energy change from ions in the aqueous state is AGnucieation = AGjurface + AGbuik + 

AGattachment , where AGattachment (& negative quantity) is the free energy change 

associated with the attachment o f the nucleus to the membrane. The surface energy 

term AGjurface positive quantity), is dependent on the surface structure o f the
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nucleus, which in turn is dependent on the molecular arrangement of the headgroups 

in the surfactant membrane. Thus, depending on the membrane, AGsurfacc can be large 

or small. The same is true of the AGattachment term, except that this term lowers the 

threshold for nucléation. For most cases, any increase in AGsurfacc to a change in 

nucleus structure, at the membrane, will be more than offset by a decrease in 

AGnucieation due to the attachment energy. Therefore, one would expect the Gibbs free 

energy change for nucléation at a reactive membrane to be more negative than the 

Gibbs free energy change for nucléation away from or in the absence of a reactive 

membrane.

Increasing the negativity of AGnucieation reduces the critical size of the nucleus and the 

smaller the critical size, the greater the number of crystals and the smaller the final 

crystal size. Therefore, the reactive membrane can lead to smaller crystals. The 

exception is for the small number of cases where the positive increase in AGsurfacc is 

not offset by the attachment energy and larger crystals will result. Finally, note that 

the effects of the membrane will be restricted to low and moderate supersaturations. 

At high supersaturation, the AGbuik term dominates the expression for AGnucieation ^nd 

nucléation will occur irrespective of the surface structure of the membrane.

In summary, a far greater degree of control over crystal shape and size is possible with 

a reactive membrane than with an inert membrane.

6.1.5 Precipitation in bicontinuous media

Bicontinuous microemulsions and reverse micelles are sponge-like structures in which 

the water droplets (spheres, cylinders and sheets) form interconnecting and 

interpenetrating channels (figure The same chemistry applies to

bicontinuous structures as for discrete, non-continuous, droplets.^^ For example, there 

is the reverse micelle state when w is low and only bound water is present and the
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microemulsion state when w is high and bulk water is present. The effects of water 

content are also the same, with the channel diameter increasing linearly with 

increasing w and the channel number density decreasing.

The fact that the droplets are interconnecting obviously effects their dynamics. Instead 

of Brownian motion, the channels express their thermal energy by membrane 

vibration. Fluctuations in channel diameter occur, such that the sponge-like structure 

is continually evolving. This evolution in structure includes the reversible process of 

channel breakage and channel fusion, without which the structure would not be a 

fluid. Because the channels are interconnecting then the rate determining step for ion 

transport is bulk diffusion. Therefore, for bicontinuous microemulsions (DDAB 

systems being one example), the ions will diffuse at the same rate as in bulk water; 

this of course will be faster than that observed for discrete droplets. For the reverse 

micelle state, where only bound water molecules are present, the ion transport process 

will be slower than in bulk water.

In the case of an inert bicontinuous system, the membrane surrounding each channel 

will offer no physical constraint to crystal growth. The result at low supersaturations 

will be faceted crystals similar in shape and size to those formed in discrete droplets. 

The only difference will be the thickness of the hydration layer. Bicontinuous forming 

surfactants are usually parallel piped rather than cone-shaped and can therefore 

stabilise very large, particle encapsulating droplets, of near zero curvature without 

undergoing dehydration.

The result at high supersaturations will be diffusion controlled growth. But in this 

instance, the channels will impose ion directionality. Crystals of restricted spin, i.e. 

those of greater size than the channel diameter, will simply grow along the pathways 

delineated by the channels and hence towards the influxing ions. Therefore, under 

these conditions the crystal shape and size will mimic that of the water channels and
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microporous crystals will be produced. Despite this microporosity the overall shapes 

of the crystals may still be dendritic, appearing similar to those crystals grown in bulk 

aqueous solution.

Finally note that the effects of a reactive bicontinuous membrane on crystal growth 

will be similar to those already described for discrete droplets, with mechanism 1 in 

section 6.1.4 giving rise to bicontinuous replicas.

6.1.6 Synthetic studies - the state of the art

There are five current areas of research. These are

• formation of metal catalysts (surfactant burnt off before use)̂ '*’̂ ^

• formation of oil soluble, overbased, micelles for the petroleum industry 

(amorphous CaCOg core).̂ '̂̂ ®

• formation of surfactant protected semi-conductor particles (better charge 

separation, monodispersity etc). '̂"^^

• formation of sol-gel materials, such as silica, metal oxides and zeolites.^ '̂^^

• use of surfactant aggregates to bring about particles with novel morphologies (the 

area of concern in this chapter).̂ ®"̂ ^

For each of the above study areas, the main attraction of reverse micelle and 

microemulsion solutions is their ability to produce monodispersed particles of 

colloidal and subcolloidal size. Furthermore, such particles arç often highly stable to 

Ostwald's ripening (a particular problem in bulk aqueous solution)^^ and can with 

relatively simple chemistry be made stable with respect to flocculation (for example 

by changing the oil volume fraction).
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The tacit assumption has been to directly relate the dimensions of the particles to 

those of the droplets (d^)/* For example, a good correspondence between the two 

sizes can be found for cadmium sulphide particles grown in NaAOT reverse micelles 

(one study putting both at 2nm)/^ However, for most studies the final particle size is 

between 2 and 50 times greater than the droplet size (see table 6.3). Although the 

explanation for this effect is usually given with reference to droplet dynamics and 

material exchange, the reasoning is often confused. Furthermore, little attention has 

been directed at the pivotal role played by crystal growth and nucléation, most 

workers being more skilled in the art of material science or surfactant chemistry than 

in crystal formation. We have seen (sections 6.1.2 - 6.1.5) that many of the effects of 

crystal growth in reverse micelle and microemulsion solutions can be predicted from 

simple model behaviour, for example, by considering the effects of an inert membrane 

before a reactive one. Thus, it was stated that an inert surfactant membrane would 

offer no physical constraint to particle growth and therefore it is no surprise that 

particles commonly exceed droplet size.

Studies on platinum,^^ copper,'*  ̂cadmium sulphide,^^ calcium carbonate^^ and silica^  ̂

precipitation have all shown a correlation between particle size and reverse micelle 

water content, w. The result supports the remarks made earlier (section 6.1.3) that 

particle size is related to nucléation density, which in turn is related to the degree of 

ion hydration. Importantly, the same studies have shown particle size in 

microemulsion droplets to be independent of w, ions in microemulsion droplets being 

fully hydrated. Once again there has been a tendency to incorrectly relate these 

observations to droplet size, the confusion in this case beipg due to the fact that 

droplet size also correlates with w.

A  similar confusion has surrounded the issue of particle shape. For example, rod-like 

copper particles have been observed in solutions containing rod-like Cu(A0T)2 

reverse micelles and hence a correspondence assumed.^' Although this idea has merit.



Colloid Surfactant Phase
Particle 

diameter, nm
Waterpool 

diameter, nm
Reference

Pt
NaAOT
CTAB

R.M
R.M

2,9
12

2
5 Collins, 1993

Au NaAOT R.M 3,9 2 Collins, 1993

Cu Cu(A0T)2  
CuNa^gAOT joq

R.M
R.M

4 x 2 0  
2 , 10

0.5 X 2.5 
0 .4 ,4 Pileni, 1993

CdS CdNa49g A O T jo o
R.M
^  w=25

2
3

2
8 Pileni, 1992

CaCOs

Ca(A0 T)2
Ca(A0 T)2

Ca(LS)2
C12E06

R.M
M w=25

R.M
R.M

48
110
6
5

6
15
2

Kandori, 1987 
Kandori, 1987 
Roman, 1990 
Kandori, 1987

y-FeiOj NaAOT
R.M
M ^ 1 5

< 10
< 1 0

2
5 John, 1995

N a/Z n P O Js
. 8 H 2 O

NaAOT ^  w=17 600 < 1 0 Reddy, 1995

SiOi CI2EO5 R.M 50 - Arriagada, 1992

S 1O2 NaAOT R.M 13,38 2 ,4 Arriagada, 1995

Table 6.3. Precipitation data from previous studies
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since the copper rods are only slightly larger than the micelle waterpools (4x20nm 

versus 0.5x2.5nm), it is more likely that the correspondence is coincidental. The rod

like morphology could easily be due to environmental conditions such as 

supersaturation, pH, ionic strength, face stability etc.

Good evidence for membrane induced nucléation comes firom zincophosphate 

precipitation studies (Na6 (ZnPO4 )g.8 H2 0 ) in NaAOT microemulsions (w = 17, table 

6.3)*^ Truncated cubes were observed, whose assymetry was indicative of growth off 

a two dimensional surface (cf. crystal growth off Langmuir monolayers and 

mechanism 2, section 6.1.4). Interestingly, the crystals appeared to be nucleated ofif 

two different crystal planes, indexed as the {1 1 1 } and {1 1 0 }.

Perhaps one of the most important factors overlooked by previous studies is the affect 

of solution supersaturation. Often, very high supersaturations are used and it is this 

that is the likely reason for small monodisperse particles rather than the oft cited 

droplet chemistry.

With the above confusion in mind we address the problem of barium sulphate 

crystallisation. The effects of solution physical chemistry, additives and the presence 

of organic solvents have already been examined (chapters 3 to 5). Therefore, the 

advantage of this study lies in the treatment of crystal growth in a wider context.

6.2 AIM S

The aims of this study are to:

• characterise the crystallography and morphology of barium sulphate crystals grown 

in 1) a reactive membrane system, BaNaAOT, water, isooctane, 2) an inert 

membrane system, C 1 2 EO4 , water, decane, and 3) an inert bicontinuous membrane
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system DDAB, water, dodecane. Then to explain the observations in terms of 

droplet chemistry and crystal growth.

• compare the experimental results to the model predictions made in sections 6 .1 . 2  to 

6.1.5.

• investigate the morphological effects of AOT on barium sulphate, in aqueous 

solution.

• extend the BaNaAOT, water, isooctane study to another barium salt, barium 

carbonate.

• to investigate the phase behaviour of BaNaAOT, water, isooctane and relate the 

findings to the barium sulphate study.

6.S EXPERIMENTAL

6.3.1 DESCRIPTION OF SURFACTANT SYSTEMS

Aerosol OT (AOT) is a double chained anionic surfactant with a sulphonate 

headgroup (figure 6.1a). It is Cg / Cg in length and is normally associated with Na"̂  

counterions, in which case it is referred to as NaAOT. Numerous analytical studies 

have shown that NaAOT, away from phase boundaries, forms spherical water-in-oil 

droplets.^ This is the case for both reverse micelles and microemulsion droplets.

Barium ions bind much more strongly to AOT molecules than sodium ions. 

Therefore, NaAOT droplets containing solubilised Ba^  ̂ions should be considered as 

mixed BaNaAOT droplets - the exchanged Na^ ions acting as excess ‘free’ electrolyte. 

For reasons given later, mixed BaNaAOT and pure BaA0 T2  droplets, at w < 5, are
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probably spherical and therefore of similar shape and size to the NaAOT droplets. 

This correspondence is unlikely at w > 5. We shall return to this point in the 

discussion.

C1 2 EO4  is a non-ionic surfactant comprising a C1 2  hydrocarbon chain and a tetra 

ethylene oxide headgroup (figure 6 .le). It interacts with water and decane to form 

sheet-like reverse micelles and globular microemulsion droplets.^^"^  ̂ As the 

aggregates are non-ionic, the presence of either Ba^  ̂or S O /' ions is unlikely to affect 

their shape and size, especially at the low concentrations used in this study (< 0.0 IM 

w.r.t water).

DDAB is a double chained cationic surfactant with a dimethyl ammonium bromide 

headgroup (figure 6.1c). Both hydrocarbon chains are C 1 2  in length. The surfactant 

combined with water and dodecane forms both spherical microemulsion droplets and 

bicontinuous microemulsion channels.^^'^’"*̂ Both types of structure are miscible. The 

bicontinuous region extends from the water-rich comer of the phase diagram and the 

spherical droplet region from the oil-rich comer. The phase composition used here, is 

in the region where the bicontinuous stmcture predominates.

The large size of the dimethyl ammonium headgroups and their univalency imply that 

the DDAB molecules will not interact strongly with the oppositely charged S 0 / ‘ 

ions. In other words, specific effects are unlikely. However, non-specific effects have 

been observed. For example, the addition of electrolyte (I = 0.015M) has been shown 

to result in closer packing of the headgroups,^®’'*̂ which implies that the electrolyte 

leads to the channels / droplets becoming fewer in number but larger in diameter.

The different types of stmcture reported for the compositions used herein are shown in 

figure 6.17.
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NaAÜ 1‘ reverse miceiie

Ml

C12EO4 reverse micelle

1
NaAOT microemulsion droplet

C12EO4 microemulsion droplet

W ater

DDAB microemulsion, droplets within a bicontinuous phase

Figure 6.17. Predicted structures of the NaAOT, C 12EO4 and DDAB aggregates
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6.3.2 MATERIALS AND PHASE BEHAVIOUR

All the materials were of analytical grade (purity > 98 %) and were used without 

further purification. The surfactants were purchased from Aldrich Chemical Co. 

Sodium AOT, also known as Aerosol OT, sodium bis-2-ethylhexylsulfosuccinate or 

as sodium dioctyl sulfosuccinate was a white paste-like solid (M.W. = 444.55). 

Polyoxyethylene 4 dodecyl ether (C1 2 EO4 ) was the commercial product Brij®30 

(M.W. = 362.56) and at room temperature was a semi-viscous liquid (density = 

0.95g.cm’̂ ). Didodecyldimethylammonium bromide (DDAB) was a yellow powder 

(M.W. = 462.65), the colour being due to the presence of an unreported impurity 

(amount unknown). All the surfactants were hygroscopic and were stored under 

vacuum. The oils, decane (M.W. = 142.29, density = 0.73g.cm'^) and dodecane (M.W. 

= 170.34, density = 0.75gcm'^) were purchased from Aldrich.. HPLC-grade isooctane 

(2,2,4 trimethylpentane) was purchased from Fisons Chemicals (M.W. = 114.23, 

density = 0.692g.cm’̂ ). Water was double distilled and passed through an organic 

filtration column, as described in chapter 2 .

Sodium AOT was converted to barium AOT (M.W. = 980.47) by direct precipitation 

in water with barium chloride. A 0.01% w/w solution of sodium AOT was prepared 

(0.0225M) and this was mixed with an equal volume of barium chloride solution 

(0.027M). The barium AOT product (a white precipitate) was centrifuged, washed 

with water and then dried under vacuum. The surfactant was then dissolved in 

isooctane (at a weight ratio of 1 :6 ), filtered through a 0 .2 2 pm solvent resistant 

membrane (to remove particulate matter) and dried for storage using first a rotary 

evaporator and second a high vacuum line. Characterisation by flame emission and 

elemental analysis showed the surfactant to be pure barium AOT and to contain <1% 

water.
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The extent of the L2  reverse micelle and microemulsion region in the surfactant - 

water - oil systems of NaAOT, C 1 2 EO4  and DDAB was checked against published 

datâ ®’̂ ’̂"*̂’"*̂ by measuring the amount of water required to induce phase separation. 

This was done by slowly adding the water dropwise to the surfactant in oil mixtures 

and recording the maximum amount solubilised. The resulting phase diagrams are 

shown in figure 6.18.

6.3.3 METHODS

Six separate procedures were undertaken. Methods A, B, C and E refer to the 

reactions undertaken in the reverse micelle and microemulsion solutions. Method D 

refers to a control reaction in bulk aqueous solution and method F is for experiments 

on phase behaviour.

Methods A, B, C and E are described in terms of the surfactant concentration and the 

w value, where the former is given with respect to solvent. For example, the condition 

[surf] = O.IM and w = 10 indicates that there are 0.1 moles of surfactant per 1000ml 

of oil and that the molar ratio of water to surfactant is 10 : 1. The reaction conditions 

for methods A, B and C are summarised in table 6.4. The alternative format, of 

percentage w/w, is given in appendix 6.7.

All the procedures were undertaken at 25°C with the exception of method E, which 

was undertaken at 20°C. The particles were removed for analysis over a period of one 

day to one week.
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100

2 0
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0
0.1 0.20

[NaAOT], M

2 0
20  -

w
10 -

2 0
L.C

1.00 0.5

[C.zEOJ, M
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W 50 -
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0 42
[DDAB], M

Figure 6.18. Phase data as recorded for the NaAOT, C1 2 EO4  and DDAB systems. L2 : 

reverse micelle or microemulsion, 20: mixture of L2  plus another phase, L.C: liquid 

crystal phase. For interpretation, see introduction, section 6.1.1. part 2 on rectangular 

phase diagrams.



Surfactant Phase Reaction w M
[surfactant]

mM

[Ba'*]^:[SO.X
S

Max possible yield, 
moles o f BaSO^per kg of  

mixture

BaNaAOT reverse micelle 1 5 0.10 2 2 0 :2 0 2.3x10"*
2 5 1.46 210 :20 1.8x 10'̂

microemulsion 3 10 0.18 1 1 0 :2 0 1.6 x 10*̂
(method 1) 4 12 0.14 9 0 :2 0 0 .8x 10'̂

A » 5 17 0.10 60 :2 0 0 .8x 10'̂
f t 6 25 0.11 40 :20 — 1.6 x 10'̂
f t 7 29 0.10 4 0 :2 0 0 .8x 10*̂
II 8 33
II 9 50 0.07 2 0 :2 0 1.3x10’̂

microemulsion 10 49 0.272 5.0 : 5.0 1.2 x 10'̂
(method 2) 11 66 0.272 5.0 : 5.0 1.4x10*^

C12EO4 reverse micelle 12 4 0.38 0.5 :0.5 33 1.6 x 10'̂
13 4 0.38 1 0 : 10 270 3.1x10"*

B microemulsion 14 15 0.38 0.5 :0.5 33 5.3x10*^
15 15 0.38 1 0 : 10 270 1.1x 10'̂

DDAB microemulsion 16 15 1.62 0.5 :0.5 33 1.2 x 10'̂
C 17 15 1.62 5.0 : 5.0 180 1.2 x 10'̂

\o

Table 6.4 Reaction conditions for the preparation of barium sulphate in reverse micelles and microemulsions.



180

A. Barium sulphate in the BaNaAOT system

Reverse micelles

Aqueous NagSO^ (0.02M) was added with stirring to a solution of NaAOT in 

isooctane to give a reverse micelle solution of w ratio equal to 5 ([AOT] = O.IM w.r.t 

solvent), BaA0T2 was then dissolved in isooctane (0.05M w.r.t solvent) and a small 

amount added to the NaAOT solution. The resulting Bao.oi9 Nao.9 6 2 AOT reverse 

micelle solution (O.IM w.r.t solvent) had a w ratio equal to 5 and was supersaturated 

in the aqueous phase with respect to barium sulphate. This method was repeated for 

NaAOT and BaA0T2 concentrations equal to 1.67 and 0.18 M respectively and a 

more concentrated Bao oi9 Nao.9 6 2 AOT reverse micelle solution produced (1.46M w.r.t 

solvent).

Microemulsions

Method 1: this procedure was the same as that described for Bao.oi9 Nao.9 6 2 AOT 

reverse micelles (O.IM w.r.t solvent) except that a greater volume of aqueous Na2 S0 4  

was used. W values were set at between 10 and 50.

Method 2: two microemulsions of NaAOT in isooctane were prepared (0.272M w.r.t 

solvent), each with a w value equal to 49. In one was contained Na2 S0 4  and in the 

other BaCl2  (both 0.0 IM w.r.t. water). Precipitation of barium sulphate was then 

achieved upon mixing, the formula of the new microemulsion being 

Bao.oo5Nao9 9 oAOT (containing 0.0IM NaCl). The method was then repeated for w = 

66, giving a microemulsion solution of BaooogNaggggAOT, also containing 0.0IM 

NaCl. Note that the Na2 S0 4  and BaCl2  solutions (0.0IM) differ in their ease of 

solubilisation. Upto 30 minutes must be allowed for the solubilisation of the BaCl2
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solutions as oppose to 5 minutes for the Na2 S0  ̂ solutions. Note also, that the time 

taken for solubilisation is lessened by adding the aqueous parts dropwise.

B. Barium sulphate in the C 1 2 EO4  system

This procedure was similar to that described for method 2. Particles were prepared by 

mixing two C 1 2 EO4  reverse micelle solutions, of equal w value, containing equimolar 

concentrations of Na2 S0 4  and BaCl2  (1.0 or 20 mM w.r.t water). The concentration of 

surfactant was 0.38M (w.r.t decane oil) and the w value was equal to 4. The procedure 

was repeated for a w value of 15.

C. Barium sulphate in the DDAB system

Same procedure as for the C 1 2 EO4  microemulsions (w = 15) but with DDAB as the 

surfactant (1.62M) and dodecane as the oil.

D. Barium sulphate in aqueous solutions of NaAOT

A stock solution of NaAOT was prepared (0.012M) and aliquotes added to solutions 

of BaCl2  and Na2 S0 4 . The solutions, which were equimolar with respect to Ba^  ̂and 

8 0 4 ’̂ ions (0.6mM), were mixed, stored at 25°C and sampled after 24 hours. The 

concentration of BaS0 4  and NaAOT was O.SmM and 0.0 -  5.0mM respectively. This 

procedure was the same as that described for the organic additives used in chapter 4.

E. Preparation of barium carbonate in BaNaAOT

An anhydrous reverse micelle solution of BagjigNaojggAOT in isooctane was 

prepared (O.IM w.r.t solvent) and converted to a microemulsion (w = 15) by the 

addition of water. Carbon dioxide gas was then bubbled through the solution for 2
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minutes at a flow rate of 15ml per second, after which solid KOH (~10mg) was added, 

causing the solution (27ml w.r.t solvent) to phase separate. The cloudy suspension 

was stored at 20°C and sampled after 48 hours.

F. Phase behaviour of BaNaAOT, water, isooctane

The purpose of this experiment was to determine the affect of the Ba^^ : Na^ ion ratio 

on the extent of the L2  phase region. Published data already exists for the NaAOT 

system.^’* Therefore, experiments were limited to two systems Bao iggNao^egAOT and 

BaA0T2. In the former, approximately one third of the AOT molecules were 

associated with Ba^  ̂ ions and in the latter all were associated. The extents of the L2  

regions were determined over a range of AOT concentrations (0.1 -  2.0M) by 

measuring the amounts of pure water required to induce phase separation (w^ax 

values). This was done by dropwise addition, as reported at the end of section 6.3.2. 

The Bao leeNaojggAOT systems were prepared simply by mixing BaAOT2  in 

isooctane with NaAOT. The temperature was fixed at 25°C.

Further observations on the phase behaviour of the BaA0T2, water, isooctane system 

are given in appendix 8.

Important note: Reverse micelle and microemulsion solutions left for long periods of 

time (a week) are susceptible to evaporation. Oil evaporation is not a problem, as any 

oil droplets condensed onto the walls of the sample tubes simply re-mix on falling 

back into the solutions. Remember that the solutions are oil çontinuous. Condensed 

water droplets do not readily re-mix and instead tend to fall to the bottom the solution. 

Such macro droplets could act as precipitation sites. To avoid this problem solutions 

left for long periods were prepared with minimum air gaps at the tops of the reaction 

vessels.
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6.3.4 ANALYSIS 

Monitoring of solution properties

All the reverse micelle and microemulsion solutions were monitored using a high 

intensity fibre optic light source. Inferences about the droplet size and phase stability 

were then made according to the colour and intensity of the transmitted beam. Light 

scattering theory predicts that colourless, optically transparent solutions contain 

droplets of diameter up to lOnm and that blue transparent solutions contain droplets of 

diameter 15 to 30nm.^ Turbid solutions were indicative of macroemulsions and hence 

of phase separation.

Microscopy and particle analysis

Particles for TEM, SEM and OM were collected using a glass pipette. A small amount 

of liquid was removed, deposited onto the solid support and air dried for two to three 

seconds. The liquid (now partly a liquid crystal film) was washed off by immersing 

the support in pure solvent. After approximately ten seconds, the support was 

removed and air dried, thereby leaving behind the particles.

Note that the presence of the particles was checked for prior to analysis, to ensure they 

were not a drying down effect. Fortunately, changes in solution appearance, white 

deposits or crystals imaged in situ by optical microscopy were observed in all cases.

Operation of the TEM, SEM and OM microscopes was as described in chapter 2. 

Crystallographic studies were performed by selected area electron diffraction (SAED) 

and by x-ray diffraction (XRD). Elemental analysis was undertaken by EDXA. The 

optical microscope, in phase contrast mode, was routinely used to check for particle 

formation and the presence of droplets. The latter indicating phase separation.
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Calculation of barium sulphate supersaturation

Both the C 1 2 EO4  and DDAB systems were considered to form inert membranes with 

negligible ion binding. Hence for these sytems the supersaturation was calculated 

using the standard equation and the computer program lONPRODUCT (see chapter 

3). The standard equation is:

S -  {Ky Cga2+)(y.Cso42-)]/[Ksn]

where y is the divalent ion activity coefficient, c the concentration of barium and 

sulphate ion singlets (mol.dm'^) and K̂ p the solubility product of ciystalline barium 

sulphate (mol .̂dm"^).

The BaNaAOT system forms a reactive membrane. The majority of barium ions will 

be ‘bound’ to the membrane and so the equation for supersaturation will depend on 

the activity of ‘bound’ rather than of ‘free’ barium ions:

S = [  (y*̂  Ba^^Bound S04^)prec 1

Because no information is currently available on the activity coefficients of ‘bound’ 

barium ions it is not possible to determine their super^aturation. Hence the 

supersaturations for the BaNaAOT systems (methods A and E) were not calculated. 

Note that the only difference in the activity of ‘bound’ and ‘free’ ions is that the 

former is free to move in two dimensions, whilst the latter is free to move in three 

dimensions.
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6.4 RESU LTS

A. Precipitation of barium sulphate in BaNaAOT

Reverse micelles, w = 5

Ba 0 . 0 1 9  Na 0 . 9 0 2  ACT reverse micelle solutions, supersaturated with respect to barium 

sulphate (reactions 1 and 2, see table 6.4), were initially colourless and transparent but 

over a period of 24 hours became blue and translucent. The blue transluscent 

colouring, which is associated with particles of diameter 30 -  300nm,^ became more 

intense after one week. Samples for TEM were taken after 24 hours.

At O.IM surfactant (reaction 1) and hence low droplet concentration, small, oval

shaped particles were observed (figure 6.19 a and b), which were 70 -  ISOnm long 

and 50 -  lOOnm wide. These appeared at high magnification to be aggregates of much 

smaller nano-particles. These nano-particles were roughly spherical and were between 

2 and 4nm in diameter, comparable to the polar-core diameter of ‘pure’ NaAOT 

reverse micelles (d » 2nm at w = 5). Recall that for w < 5, the mixed BaNaAOT 

droplets are considered to be of similar shape and size to the pure NaAOT droplets. 

Elemental analysis (EDXA) of the aggregates and nano-particles revealed the 

elements barium, sulphur and oxygen, implying that the particles were barium 

sulphate (figure 6.19e). However, the particles did not generate electron diffraction 

patterns suggesting that that they were amorphous, a solid state that has not been 

previously reported for barium sulphate.

Ovgil-shaped aggregates comprising amorphous nano-particles were also observed at 

high droplet concentration, 1.46M surfactant (figure 6.19 c and d). The nano-particles 

were 2 -  5nm in diameter and hence of similar size to those at O.IM surfactant. 

However, the aggregates were much larger, typically 200 -  250nm long and 130 -
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Figure 6.19. High and low magnification TEM images of the aggregated, 2 -  4nm 

diameter, particles prepared in dilute (O.IM AOT) and concentrated (1.46M AOT) 

reverse micelle solutions, w = 5. A typical EDXA pattern is also shown.
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150nm wide. Furthermore,-these aggregates were themselves aggregated, aggregation 

numbers being between 1 and 10. Experiments at 1.46M surfactant, also yielded a 

second type of particle, which was clearly visible by optical microscopy and therefore 

much larger than the aggregates and reverse micelles (figure 6.20). These particles 

were wheatsheaf-like in shape and were typically 7 x 2 x 2pm in length, width and 

thickness. The wheatsheaf particles were characterised by 3 perpendicular mirror 

planes and were optically anisotropic (biréfringent) when viewed from above, 

suggesting firstly that the particles were crystalline and secondly that the large top and 

bottom faces were perpendicular to the [010] crystal axes.

Microemulsions

Method l . a t w =  10 -29

fA^CTt>ÛM4.Si*^
Ba 0 . 0 1 9  Na 0 . 9 0 2  AOT revergWûW k solutions, supersaturated with respect to barium 

sulphate (reactions 3 - 7 ,  see table 6.4), were initially colourless and transparent but 

became cloudy over a period of one week. White, sometimes gel-like, deposits were 

observed and these as well as samples taken randomly from solution, were analysed 

by TEM and optical microscopy. Over 95% of the particles from each sample were 

fibrous. Unlike the barium sulphate particles grown at w = 5, these were shown by x- 

ray diffraction (figure 6.21) and electron diffraction (figure 6.25) to be crystalline.

At w = 10, the fibrous particles were 2 -  20pm long and non-compact in shape, 

comprising loosely divergent strands (figure 6.22). The strands were 0.05 -  0.5pm in 

diameter and appeared to be attached end on, the narrow parts of the strands 

emanating from the wider parts. Parallel lines were a feature of each strand and were 

separated by a distance of 10 -  20nm.
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Figure 6.20. Top. Scanning electron micrograph of a wheatsheaf particle prepared in a 

concentrated reverse micelle solution {w = 5, 1.46M AOT). Bottom. Optical image, 

viewed through crossed-polars, of the w = 5 solution evaporated down. Some of the 

wheatsheaf particles are arrowed. Note the diffuse circles, which are liquid crystalline 

(biréfringent) but of unknown phase.



( 1 0 2 )

(002)
( 113),(401)

(2 1 1 )
(2 1 0 )

(020)
(303)

( 1 1 1 )

(2 1 2 )(410) (221) (200)

00

50 40 30 20
20

Figure 6.21. X-ray diffraction pattern of the fibrous BaSC^ particles from sample 4 (w = 12, 0.14 M AOT).
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Figure 6.22. TEM image of a fibrous particle grown at w = 10.
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At w = 12-29 ,  single strands were observed (figure 6.23) that were 1 -  100p,m long 

and 0.02 -  0.2|im wide. Like the multiple divergent strands (w = 10), the single 

strands showed parallel lines, 10 -  20nm apart. High resolution TEM images (w = 29) 

showed the regions between the parallel lines to be single crystals, as demonstrated by 

the presence of coherent lattice fiinges (figure 6.24). Electron diffiraction analysis 

(figure 6.25) showed the strands (w = 29) to be elongated along one of two directions, 

the [010] or the [074]; the former being the most common occurring for eight of the 

nine analyses.

Thin sections showed the strands (w = 12) to comprise approximately circular subsets 

of irregularly shaped particles, 30 -  50nm in diameter (figure 6.26). The particles in 

cross-section were notable, exhibiting both negative and positive curvature. 

Furthermore they were not symmetrical. Those in which lattice images were observed 

(figure 6.26 c), had coherent planes running across them, implying that the sectioned 

particles were single crystals. The fact that the particles in each subset were separated 

from one another by carbon resin and that the resin was not split indicated that the 

particles had not simply broken apart. Stretching of the resin may have occurred.

Taken together, the thin sections and the normal TEM images suggest that the strands 

comprise collections of individual fibres as illustrated in figure 6.27. The essential 

features are that i) each fibre is fluted, ii) it is the edges of the flutes that give rise to 

the parallel lines as observed in the normal images and iii) the parallel lines are a 

diffraction effect.

One particle at w = 29 was different from the others in being coiled (figure 6.28). 

Although not representative of the sample it is included here on account of its novelty.

The non-fibrous particles were present in low yield (even after 1 week). Those 

occurring at w = 29 were sheet-like in appearance (figure 6.29a) and were
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Figure 6.23. TEM micrographs and an EDXA pattern of fibrous particles grown at w 
= 12 and 29.
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Figure 6.24. High resolution TEM of a single crystal region on a strand. Lattice 

fringes are clearly visible.
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Figure 6.25. Transmission electron micrographs and associated electron diffraction 

patterns of narrow strands grown at w = 29. Strands a and b are elongated in the [010] 

direction, strand c is elongated along the [ 1 0 0 ] and strand d is elongated along the 

[074].
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Figure 6.26. Thin section of strands grown at w = 12. a, c: high magnification images, 

b\ low magnification image showing both diagonal and cross-sectional cuts through the 

strands. The cross-sectional cuts (arrowed) are approximately spherical.
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strand

\

Figure 6.27. TEM images and diagrams showing the structure of a fibre and 
strand: a. thin section of strand, b. side view of strand, c. schematic of ‘a’, 
d. schematic of ‘b’ but at higher mag. e/. proposed three-dimensional images. 
Scale bar = 20nm.
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Figure 6.28. Transmission electron micrograph of a coiled BaS0 4  particle (a BaS0 4  

spring). Note that the particle is fluted.
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Figure 6.29. Transmission electron micrographs of non-fibrous particles grown at w = 

29. a. a sheet at low magnification, b. a porous region at high magnification, c, d  the 

irregular shaped platelets, e. electron diffraction pattern corresponding to image d.
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characterised by texture patterns, indicative of thin crystals (thickness < 200nm). The 

sheets were typically 0.2 - 2pm in diameter and exhibited no obvious shape. In 

addition, their edges were irregular. High magnification TEM indicated that the sheets 

were in fact aggregates of smaller particles or platelets (figure 6.29 c and d) and that 

these were strikingly similar to the fibres observed in cross-section. Like the thin- 

sectioned fibres the platelets were irregular with positive and negative curvature and 

were between 30 and 60nm in diameter. The platelets were therefore foreshortened 

fibres. However, there were regions on the sheets where no obvious platelets could be 

observed (figure 6.29b). These regions appeared porous although this may have been 

a diffraction effect. The sheets all gave powder electron diffraction patterns, which 

could be indexed as for barium sulphate. Rings other than those expected for the [010] 

zone were observed. Hence the platelets were of mixed orientation and clearly 

polycrystalline. However, many of the platelets did look as though they were 

preferentially aligned with their large top and bottom faces parallel to the plane of the 

sheet. Similar types of sheets were also observed at w = 10 and w = 33.

Method 1. at w = 33 and 50

Unlike the Ba 0 . 0 1 9  Na 0 . 9 5 2  AOT microemulsions at w = 10 -29 ,  those at w = 33 and 

50 (reactions 8 and 9, table 6.4) were not stable with respect to phase separation. The 

Wmax value for aqueous Na2 S0 4  (0.02M) in Ba 0 . 0 1 9  Na 0 . 9 5 2  AOT microemulsions was 

then taken to be ŵ ax « 30. The two-phase mixtures were initially cloudy, having 

formed macroemulsions. Breakdown of the macroemulsions into an upper 

microemulsion layer and a lower excess Na2 S0 4  (aq) layer occurred over a period of 

24 hours. However, after one week the two-phase solution at w = 33 had reverted back 

into a single phase microemulsion. The increase in w^ax to a value above 33 was 

almost certainly connected to the precipitation process and hence to the reduction in 

barium ion concentration (NaAOT can solubilise far more water than BaA0T2). 

Similar changes to the macroemulsion at w = 50 were not observed.
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Both reaction conditions produced fibrous particles after one week, which were 

analysed by optical microscopy (micrographs not shown). Those at w = 33 were l|im 

X 100|im in size. Those at w = 50 were lp.m x 30|xm in size and were only observed 

in the microemulsion layer.

Method 2. w = 49 and 6 6

Only fibrous particles were observed (figure 6.30). These were detected after one 

week but were low in yield (< 5% by weight). Strands were not observed and instead 

individual fibres were present. Diffuse fiinges were observed, which were 

perpendicular to the long axes, indicating that the fibres were very thin and bending in 

the electron beam. The fibres were 2 - 5|im long and 50-100nm wide. Some of the 

fibres were twisted.

B. Precipitation of barium sulphate in C 1 2 EO4

Reverse micelles. w = 4

Experiments at S = 33 and S = 270 produced solutions that were optically transparent 

and stable with respect to phase separation. However, particles were only observed at 

S = 270.

The particles at S = 270 and t = 1 week were either spherical or ovoid, having 

diameters within the range 5 - 7nm (figure 6.31). Most of the particles were grouped 

together into aggregates of irregular shape, which were typically 2 0 0 nm in diameter. 

Electron diffraction patterns were obtained from the particles within the aggregates 

indicating that they were crystalline. These powder patterns indexed according to the 

lattice parameters of barium sulphate. Elemental analysis (EDXA) confirmed that the 

elements Ba, S and O were present (not shown).
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Figure 6.31. a, b. TEM images of the aggregated nano-particles prepared in C1 2 EO4  

reverse micelles (w = 4, S = 270). c. a corresponding electron diffraction pattern.
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Microemulsions, w = 15

The microemulsion solutions of C 1 2 EO4  (w= 15) were viscous and stable with respect 

to phase separation. They were also pale blue in colour, which is consistent with 

solutions containing large microemulsion droplets.

Particles were not observed after one day but instead were observed for both 

supersaturation levels (S = 33 and 270) after one week (figure 6.32).

Particles at w = 15, S = 33, were 50 - lOOnm "wide and 100 - 400nm long (figure 6.32 

a - d). The particles were tabular and truncated by smooth prismatic and roughened 

concave side faces. Electron diffraction showed the three types of face to be of index 

(100), {210} and {hkO} respectively. The latter being parallel to the [001] axis and 

approximately perpendicular to the [010]. The axis of elongation was the [100] and 

the obtuse angle between adjacent {2 1 0 } faces was 1 0 1 °.

High resolution TEM revealed coherent lattice fnnges indicating that the crystals were 

highly structured. The same images showed no micro facets on the roughened faces.

Increasing the supersaturation to S = 270 resulted in smaller crystals of mixed 

orientation (figure 6.32 e). These were rather heterogeneous in size, ranging in 

diameter from 10 - 60nm. Some of the crystals were pseudo hexagonal others were 

rectangular or rhombic. It was not possible to tell whether the different shapes were of 

the same overall morphology. The small size of the crystals meant that powder 

diffraction patterns were obtained rather than single crystal patterns.
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Figure 6.32. a, c, d. TEM images and associated electron diffraction patterns of 
barium sulphate crystals grown in C1 2EO4  microemulsions (w = 15) at low 
supersaturation (S = 33), 6. a close-up of the roughened edge shown in fig a, c. TEM 
image of the crystals grown at high supersaturation (S = 270).
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C. Precipitation of barium sulphate in DDAB, w = 15

The DDAB microemulsions were optically transparent and very viscous. Those 

prepared at S = 33 and sampled after 1 week, contained rhombic tablets of mixed 

orientation, some lying on their tabular faces and others on their prismatic faces 

(figure 6,33 a - c). In general, the tablets were 200nm long, ISOnm wide and 60nm 

thick and were therefore of similar size to the tablets grown at S = 33 in C1 2 EO4  

microemulsions. Note however that the morphology in this system differed from that 

in the C 1 2 EO4  system and roughened side faces were not observed. Electron 

diffraction recorded on individual crystals showed the tabular and prismatic faces to 

be of index ( 0 0 1  ) and {2 1 0 } respectively.

As well as the rhombic crystals, discrete nano-sized particles of diameter 2nm were 

observed (figure 6.33 d). These were of similar size to the nano particles observed in 

the BaNaAOT reverse micelles but differed in that they were not aggregated. Because 

of their dispersion, the amount of solid within the electron beam fell short of that 

required for both electron diffraction and elemental analysis (EDXA). Hence, it was 

not known whether the particles were barium sulphate, barium chloride, sodium 

sulphate or sodium chloride. Also the particles may have been artifactual as there was 

no evidence that they were in solution before deposition onto the TEM grids.

Precipitation at S = 180 was observed in situ by optical microscopy (figure 6.34). In 

this case the barium and sulphate solutions were merged together between a glass 

slide and a glass coverslip. The solutions were not manually mixed. Streaming was 

observed, each solution forming finger like protrusions into the other. The protrusions 

disappeared as the solutions self mixed and after five minutes dendritic cross-shaped 

particles were observed, which were between 5 and 20pm in diameter. Slight 

differences in size and morphology were observed away from the initial area of self 

mixing, which reflected the changes in barium to sulphate ion ratio (one solution
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Figure 6.33. Transmission electron micrographs of particles grown in DDAB 
microemulsions (w = 15) at low supersaturation (S = 33). a - c. rhombic tablets of 
mixed orientation, d. discrete nano-sized particles.
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Figure 6.34. Optical micrograph of dendritic barite particles grown in DDAB (vv = 15) 
at high supersaturation (S = 180).
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being barium rich and the other sulphate rich). Perpendicular mirror planes were 

evident in all the particles.

D. Barium sulphate in aqueous NaAOT

Experiments were performed at S = 22 and AOT concentrations of 0.0 -  5.0mM. 

Modifications to morphology were first observed at O.OSmM AOT (figure 6.35b). The 

crystals were still rectangular but with rounded sides and roughened top and bottom 

faces. Further increases in AOT concentration simply enhanced these effects. 

Significantly, there were no new crystal faces or micro-facets, implying that the AOT 

surfactant was crystallographically non-specific.

E. Barium carbonate in BaNaAOT

In this instance the reaction was initiated by the dissolution of solid KOH into a single 

phase, carbon dioxide containing Bao iĝ Nag ̂ ^gAOT microemulsion (w=15), causing 

phase separation. The resulting macroemulsion remained stable over 48 hours (the 

sampling time) and presumably comprised large droplets (diameter less than 500 um) 

of aqueous KOH + K2 CO3 , dispersed in a Bag iggNagj^gAOT microemulsion 

containing small droplets (diameter less than 20nm) of aqueous KOH + K2 CO3 . The 

amount of solution in the large droplets (the aqueous phase) was not determined and 

so it was not possible to tell whether the reaction occurred in a microemulsion (w > 

10) or in a reverse micelle solution (w < 10). The only information known is that w 

must have been less than the input value of 15.

The reaction led to the formation of fibrous particles (figure 6.36). TEM images 

revealed similar structures to those of barium sulphate. Parallel piped strands were 

observed, which were 100 - 300nm wide and 2 - 20pm long. Fibres of width lOOnm 

were clearly recognisable, as were striations of width 10 - 20nm. A detailed
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Figure 6.35. Scanning electron micrographs of BaS04 crystals grown in bulk aqueous 
solution, a. in the absence of AOT, S = 22. b. in the presence of AOT (0.05 mM), S = 
22.
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Figure 6.36. a^b. Transmission electron micrographs of the BaCOg fibrous particles. 
The system used was BaNaAOT at tv < 15. c. EDXA pattern for the fibre in fig b. 
d. Electron diffraction pattern for the fibre in fig b indexed according to the crystal 
structure of BaCOs (witherite).
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crystallographic study was not performed, however, of the two fibres analysed, both 

gave single crystal electron diffraction patterns. These patterns indexed according to 

the crystal structure of barium carbonate (witherite) of orthorhombic unit cell (a,b,c = 

5.314, 8.904, 6.430 A). Elemental analysis (EDXA), which showed the fibres and 

strands to contain the elements Ba, C and O.

F. Characterisation of BaNaAOT phase behaviour

Pfmax values for BaA0T2 and Ba q n6 Na 0 . 7 6 8  ACT, taken at different concentrations 

are shown graphically in figure 6.37. In each case was constant over the range of 

concentrations. for BaAOT2  was approximately 5 and that for Bao H6 Na 0 . 7 6 8  

AOT was approximately 18.

w„

[AOT], M

Figure 6.37. values for Bao H6^^.768A0T Ba(A0T)2.
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6.5 DISCUSSION

The experimental study set out to investigate the precipitation of barium sulphate in 

water-in-oil reverse micelles and microemulsions. Three different systems were used: 

i) BaNaAOT, water, isooctane, ii) C 1 2 EO4 , water, decane and iii) DDAB, water, 

dodecane.

The BaNaAOT system was chosen as an example of a reactive membrane system, one 

that is likely to influence crystal growth. The C1 2 EO4  and DDAB systems were 

chosen because their membranes were likely to be inert.

6.5.1 The BaNaAOT system

The particles grown in this system were very different from control crystals grown in 

bulk aqueous solution (chapter 3) confirming the reactivity of the BaNaAOT 

membrane. Four distinct types of particle were observed. Those at w = 5 were 

mixtures of amorphous nano-particles and wheatsheaf shaped crystals. Those at w > 

10 were fibrous and those at w k 29 were mixtures of fibrous crystals and crystalline 

sheets.
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w >  \0 w > 2 9

fibrous crystal crystal sheet

Figure 6.38

Phase behaviour

The phase behaviour of the pure NaAOT system (T = 25°C) is well characterised.^ 

Away from phase boundaries the droplets are spherical, with waterpool diameters of 

l.Snm at w = 5, 3.6nm at w = 10 and 22nm at w = 60. Above w = 60 phase separation 

occurs. The droplets occur as reverse micelles at w < 10 ^ d  as microemulsion 

aggregates at w = 10 to 60.

Information about droplet shape and size for the mixed BaNaAOT system is currently 

not available in the literature. However, predictions can be made by analysing the 

relationship between ŵ ax , the maximum amount of water accommodated by each
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droplet and the : Na^ ion ratio. The pure NaAOT system acting as a point o f 

reference.

Experiments in this study showed the pure BaA0T2 system to undergo phase 

separation at w = 5. Mixed systems o f Ba^ 1,6^^^0 7 6 8 AOT and Baoo,9Nao%2AOT 

underwent phase separation at w = 18 and 53, respectively. In other words, 

substitution o f sodium for barium counterions reduces the w^ax value. The data is 

shown below (figure 6.39).

40 -

W,

20  -

Figure 6.39. Effect 
o f the V2 Ba^^ : Na^ 

counterion ratio on

mol %

A similar effect has been observed for other divalent metal counterions. For example, 

pure C0 AOT2 , CUAOT2 and CdA0T2, water, isooctane systems have w^ax values

between 5 and 8.48

The reduction in w^ax can be explained in terms o f the strength o f ion binding. I f  the 

affinity is large, then the counterion will have a tendency to pull the membrane 

inwards. The result will be an increase in curvature, which in turn will limit the 

maximum size o f the droplet. Barium ions in the hydrated state are particularly strong 

adsorbates. Their small size and divalency combine to give a relatively high charge
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per surface area. For this reason, Na^, and Ca^^ ions are weaker adsorbates (see 

table 6.5).

Ion îonio ^  ̂1st hyd) ^ ^ 1st hyd
charge per surface 
area q/47tr', eA " '

Na^ 1.02 2.40 6.0* 0.0138

Mg'" 0.72 2.99 10.0 0.0178

Ca'" 1.00 2.71 7.2 0.0217

Ba'" 1.36 2.54 5.3 0.0247

Table 6.5. Surface charge values for some hydrated metal ions, • ionic 

radius, r hyd • 1st hydration layer radius, n j,yd • number o f  water
molecules in first hydration layer, * : applies to 1st and 2nd hydration layer.49

The reduced size o f the pure BaA0T2 droplets implies that there is a maximum 

curvature for the BaA0T2 species and that this occurs at w = 5 .

a

Figure 6.40

a. BaAOT2 droplet at 

w = 5. b. BaAOT2 
subunit, showing 

maximum curvature

In mixed BaNaAOT droplets there is likely to be a similar constraint on BaA0T2 

curvature. This means that above w = 5, the barium ions will cause local distortions in 

the droplet membrane (figure 6.41a).
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Figure 6.41 Structural evolution in the mixed BaNaAOT
system. The crosses x represent Ba^^ ions.

However, distortions like the one shown in figure 6.41a) are energetically unstable as 

they contain both positive and negative curvature. The alternative is for the BaA0T2 

and NaAOT species to segregate. There are two scenarios. In the first (case 1, figure 

6.41), the system separates into BaNaAOT droplets o f = 5 and pure NaAOT 

droplets o f w > 5 (figure 6.41). Any water added to the system is solubilised only by 

the NaAOT droplets. In the second scenario (case 2, figure 6.41), segregation occurs 

within the droplets. Accommodation o f the small curvature about the barium ions is 

achieved by the droplets becoming rod shaped; the barium ions being located at the 

ends o f the rods.
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If  the first scenario is true, then increasing the w value will eventually result in total 

segregation and at the BaNaAOT solution will be a mixture o f pure BaA0T2 and 

pure NaAOT droplets. The value o f w^ax is then given by:

where w^ax' and w^ax ' are the terms for pure BaA0T2 and pure NaAOT droplets 

(equal to 5 and 60 respectively). The terms a and b are the numbers o f  barium and 

sodium ions in the BaNaAOT formula unit. For example, in the Bao.neNaojggAOT 

system, the predicted w^ax value is 47.

The equation for case 1 does not fit the experimental data (figure 6.42).

w„

60
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20 -

theoretical y
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 "
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Figure 6.42. Relationship between w^ax and the Ba^^ : Na"  ̂ion 

ratio

^max for case 2 will be less than that for case 1, as entrapment o f the NaAOT 

molecules into narrow rods will limit their solubilising capacity. Case 2 is therefore 

the most likely scenario.

The picture at this stage o f the argument is o f spherical BaNaAOT droplets at w < 5
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and o f  rod shaped BaNaAOT droplets at w > 5. The rods are o f  the same diameter as

the spheres (w  =  5) but elongated.

There are five important aspects to consider:

•  On increasing the w  value the rod shaped droplets w ill coalesce. They will get 

longer and the concentration o f  sodium ions at the droplet ends w ill decrease. 

W hen the number o f  sodium ions at the droplet ends is zero (barium  rich) then 

further coalescence will result in phase separation.

•  On increasing the sodium ion ratio the length o f  the rods w ill increase, there being 

fewer droplet ends as the sodium ions prefer to exist at the droplet sides.

•  Very long droplets are normally associated with high viscosity. The fact that this 

was not observed experimentally indicates that the droplets m ust have a maximum 

length.

•  Conditions likely to form the long droplets will instead give rise to  mixtures o f 

rods and spheres. The former being o f  BaNaAOT and o f  m axim um  length, the 

latter being o f  pure NaAOT.

•  Rather than a gradual increase in elongation above w =  5, the increase will be 

abrupt.

From the above considerations, a phase diagram for the m ixed BaNaAOT system can

be constructed (figure 6.43).
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Figure 6.43. Proposed phase diagram for the mixed BaNaAOT, 
water, isooctane system. BaAOT2 species are shown with shaded 
headgroups.

In the diagram (figure 6.43), the rods o f maximum length occur along the curve ABC. 

The structures in the pseudo two-phase region are read from the tie lines. For 

example, at point F, the solution will be a mixture o f BaNaAOT rods (given by point 

B) and pure NaAOT spheres (given by point E). The curvature constraint will mean 

that the rods will exist as reverse micelles, regardless o f their w value. In contrast the 

pure NaAOT droplets will exist as reverse micelles at w < 10 and as microemulsion 

droplets at w > 10.

The types o f surfactant structure present in the precipitation reactions can be read off 

from the phase diagram. The reactions were all performed at high Na^ ion content (96 

-  99% NaAOT), which is represented by the far right hand side o f the phase diagram. 

Reaction media at w = 5 would be expected to contain mixed BaNaAOT reverse
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micelles, the ions being low in number. At w > 10, mixed populations of rod 

shaped BaNaAOT reverse micelles and NaAOT microemulsion spheres would have 

been present, the rods being of maximum length. With increasing w value the rods 

would have remained of constant size, the extra water would have been taken up by 

the pure NaAOT spheres.

There is one other factor to consider and that is the affect of electrolyte. The phase 

diagram in figure 6.43 refers only to BaNaAOT systems containing pure water. 

However, the presence of electrolyte reduces the ŵ ax value and therefore changes the 

diagram. In the Bag oigNa  ̂g^iAOT system (results from method 1) vv̂ ax was reduced 

from 55 to 30 using 0.02M sodium sulphate (ionic strength 0.06M). Similar effects 

were observed using NaCl. At 0.02M NaCl, ŵ ax was approximately 35, whilst at

0.06M the same value was approximately 20. Surprisingly, the above concentrations 

of electrolyte have no affect on ŵ ax for the pure NaAOT system. Hence, the effect is 

limited to micelles containing barium ions. It is likely that the increase in ionic 

strength shields the charges between barium ions on opposite sides of the droplet. 

This enables the barium ions to come closer together. The rods will be thinner and 

therefore of lower solubilising capacity.

Particle growth atw = 5

The procedure for growth at w = 5 involved mixing a NaAOT reverse micelle solution 

with a BaA0T2 reverse micelle solution (scheme I).

NaAOT BaAOT;
4-  ► BaSO,

reverse micelle 
with solubilised 
0.02M Na^SO ,̂ 

w = 5

reverse micelle 
w < 1

Scheme 1
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The reaction, as indicated earlier (figure 6.38), gave rise to amorphous and wheatsheaf 

shaped particles.

The Aerosol OT system is an example of a reactive membrane system. Therefore, the 

small size of the amorphous particles (diameter 2 -  4nm) may be rationalised in terms 

of strong particle - surfactant binding, the membrane effectively sealing the particles 

at a very early stage of growth. Evidence in support of this idea comes from the fact 

that the particles and BaNaAOT reverse micelles are comparable in size (predicted 

reverse micelle diameter d^ is « 2nm). Another explanation for the small particle size 

is that the reaction occurs within the BaA0T2 reverse micelles (w < 1). The likely 

process being mineralisation of the Ba^  ̂ counterions. The premise here is that 

coalescence of the NaAOT and BaA0T2 precursors into mixed BaNaAOT micelles is 

slow compared to the rate of particle formation. Finally, the small particle size could 

be due to the high supersaturation 'within the BaNaAOT reverse micelles, as the 

concentration of Ba^  ̂ and SO^ '̂ ions in the waterpools was high, 0.22 and 0.02M 

respectively.

The lack of crystallinity in the amorphous particles may have been due to their small 

size as they probably comprised only 300 ions. Strong attachment of the surface ions 

to the AOT molecules and rapid growth may have been contributory factors.

The occurrence of the crystalline wheatsheaf particles appears at odds with the above 

discussion. These particles were 2000 times the diameter of the amorphous particles 

and were clearly crystalline. That there were no particles of intermediate size and 

shape suggests two very different mechanisms. One possible explanation is that the 

two mechanisms correspond to particle formation before and after micelle 

equilibration. The former giving rise to the amorphous particles and mediated by 

BaA0 T2  droplets (w < 1) and the latter giving rise to the wheatsheaf particles and 

mediated by BaNaAOT droplets (w = 5).



222

Transformation of the amorphous particles into wheatsheaf particles by Ostwald’s 

ripening is probably unlikely, as this would have resulted in the wheatsheaf particles 

being polydisperse.

Particle growth at w> 10

Two procedures were used for growth at w > 10. The first was similar to that used at 

w = 5 and involved mixing a NaAOT microemulsion solution with a BaA0T2 reverse 

micelle solution (scheme 2). In the second, a NaAOT microemulsion was mixed with 

a BaNaAOT solution containing NaAOT microemulsion droplets and BaNaAOT 

reverse micelle rods (scheme 3).

NaAOT

microemulsion 
with solubilised 
0.02M NazSO,, 

w >  10

+
BaAOT,

reverse micelle 
w <  1

BaSO,

Scheme 2

NaAOT

microemulsion 
with solubilised 
0.005M NagSO ,̂ 

w = 49, 66

T
BaNaAOT

microemulsion and 
reverse micelle 

with 0.01 M NaCl, 
w = 49, 66

BaS0 4

Scheme 3

Scheme 2 produced aggregated fibres (w > 10) and sheets {w > 29). Scheme 3 

produced single fibres. The fibres from scheme 3 were essentially similar in shape and 

size to those from scheme 2.

With regard to the fibres, the first point to note is that they were absent at w = 5 but 

present at w > 10. In addition, there were no significant differences in the size and 

shapes of the fibres on increasing the w value upto 66.
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There are two essential differences between the surfactant systems at w = 5 and w >

10. Firstly, at w = 5 only reverse micelles are present, whereas at w > 10 the system 

divides into reverse micelles and microemulsion droplets, the latter being the principle 

component (see phase diagram in figure 6.43). Therefore at w > 10, ‘bulk water’ is 

present. On increasing the w value, the microemulsion droplets are expected to 

increase in size. Secondly, at w = 5 the Ba^  ̂ ions are dispersed randomly throughout 

the system, whereas at w > 10 the Ba^  ̂ions are located exclusively at the ends of rod 

shaped reverse micelles. The rod shaped micelles are predicted to occur at w > 5 and 

on increasing the w value are expected to be of constant shape and size. The two 

differences are illustrated below (figure 6.44).

reverse  m ic e lle

m icro em u ls io n
drop let

%

m icro em u ls io n
d rop let

W = 5

rod sh ap ed  
reverse  m ic e lle

rod sh ap ed  
reverse  m ic e lle

W =  10

w = 30

Figure 6.44. Transition from mixed BaNaAOT reverse micelles at w = 5 
to NaAOT microemulsion droplets and BaNaAOT reverse micelle rods at 
w > 10. BaA0 T2  species are shown with darkened headgroups.
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In general, the changes in the system on going from w = 5 t o w >  10 implies that the 

formation of fibres is due either to bulk water, rod-shaped reverse micelles or a 

combination of the two.

Clearly the fibres grow very much faster lengthways than sideways. One explanation 

could be that the surfactant constrains the growing particles within the spaces 

delineated by the droplets and that there is a shape correspondence between the 

asymmetric rod shaped droplets and the fibres. However, such an argument is weak 

when one considers the relatives sizes of the fibres and droplets (figure 6.45) and 

hence is discounted here.

20 nm
I-----------------1

S .

IX
X1/

Figure 6.45. Size of droplets and fibre at w = 10.

Perhaps one of the most important aspects of the fibres concerns their crystallography. 

For the most part, the fibres (w = 29) were specifically elongated along their [010] 

axes. However, this was not always the case and fibres elongated along their [074] or 

[100] axes were also observed. The presence of more than one independent axes of 

elongation is unusual. However, the same effect was observed for fibres grown in the
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presence of aqueous sodium polyacrylate (see chapter 4). Remarkably, the 

polyacrylate grown fibres were also elongated along their [010] and to a lesser extent 

their [074] axes.

It seems likely that there is a connection between the fibres grown here and those 

grown in the aqueous polyacrylate system. Both systems are polyionic, the 

polyacrylate system comprising carboxyl groups and the Aerosol OT system 

comprising sulphonate groups. Furthermore, both systems gave fibres that were 

crystallographically similar.

The mechanism proposed for the polyacrylate system involved polymer adsorption 

onto the crystal surface followed by inhibition. However, it was realised that the 

polymer must act in more than one way in order to account for the dramatic 

differences in growth rate at the tips and sides of the fibres. Two steps were proposed. 

The first concerned the charge associated with the crystal surface. It was stated that 

the fast growing faces at the tips of the fibres were the (010) and {011} faces 

(perpendicular to the [010] and [074] axes, respectively) and that these were either 

neutral or negatively charged. The slow growing side faces were considered to be 

positively charged. Therefore, the first step was adsorption of the negatively charged 

polymer carboxyl groups onto the positively charged side faces, with minimal 

adsorption occurring at the tip. The second step concerned electrostatic and steric 

inhibition by the adsorbed polymer molecules. It was proposed that the second step 

greatly enhanced the affect of the first.

It seems reasonable to propose a similar mechanism for the Aerosol OT system. The 

first step is essentially the same as that for polyacrylate, except that the (100) faces are 

also considered to be neutral or negatively charged. Adsorption of the sulphonate 

headgroups then occurs onto the positively charged side faces, which are parallel to 

the [010], [074] and [100] axes. The second step concerns the structure of the
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surfactant layer about the fibre. At the tip, where adsorption of the surfactant is 

minimal, microemulsion hemispheres will be present (arrow 3) and these will contain 

‘bulk water’. The situation is likely to be highly dynamic with hemispheres 

undergoing rapid surface diffusion. However, at the sides, where adsorption of the 

surfactant is appreciable the spaces available for water will be limited. Hence, the 

sides will be surrounded by a reverse micelle layer containing ‘bound water’ 

molecules (aiTow 4).

\ o
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Figure 6.46. Structure of surfactant layer about a growing fibre, a. 
situation at the tip, 1. rod-shaped reverse micelle, 2. microemulsion 
droplet, 3. microemulsion hemisphere, b. closer view showing the tip 
and the reverse micelle layer (4).

The combination of a microemulsion region at the tip and a reverse micelle region at 

the sides mirrors the surrounding solution in which both NaAOT microemulsion 

droplets and rod shaped BaNaAOT reverse micelles are present.

The different surfactant structures at the tips and sides of the fibres will have different 

exchange rates with the surrounding droplets. It is proposed that ion exchange will be
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faster at the microemulsion hemispheres than at the reverse micelle layer. Current 

evidence suggests that the probability of droplet collision with coalescence depends 

on the ease by which surfactant monomers desorb into the solution (figure 6.47)/^ a 

process that is necessary in order to maintain, at the membrane, a constant headgroup 

area.

I ç #  OS

Figure 6.47 Diagram showing collision of droplets with loss of 
surfactant monomer

In a reverse micelle droplet, the loss of a hydrated surfactant monomer will deprive 

adjacent monomers of water molecules and so the process will require a relatively 

large amount of energy. But in a microemulsion droplet there is excess water (bulk 

water) and so dehydration of adjacent surfactant monomers will be minimal. Hence, it 

seems likely that for the same number of collisions, reverse micelle droplets will 

coalesce less often than microemulsion droplets. Therefore, transport of ions into the 

water layer about the fibres will be fastest at the tip and slow at the sides.

In summary, step 1 is adsorption of the surfactant onto the sides of the fibre, forming a 

reverse micelle layer. Step 2 is the reverse micelle layer acting as a barrier to ion 

exchange. As with the polyacrylate system, both steps inhibit growth of the sides, one 

enhancing the other.
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The above theory for differential growth at the tips and sides of the fibres is tentative 

but seems plausible in view of the theory proposed for the polyacrylate system.

One further problem to solve is whether growth at the tip occurs preferentially or 

exclusively to growth at the sides. Preferential growth will result in tapered fibres 

because the sides closest to the initial precipitate will have grown longer than those at 

a distance (figure 6.48a). Although, if the fibres are very long (> 10pm), then the 

angle of tapering may be too small to detect. Exclusive growth will result in parallel 

sided fibres (figure 6.48b). In this case the width of the fibre is constant and is equal 

to the width of the initial precipitate.

<-

in i t ia l  

p r e c ip i ta te

Figure 6.48. Relationship between the growth directions (arrowed) 
and the shape of the fibres, a. tapered fibre formed by preferential 
growth at the tip. b. parallel sided fibre formed by exclusive growth.

It was not possible to tell at a glance whether the fibres were tapered or parallel sided. 

However, platelets were observed whose shapes and sizes were identical to those of 

the fibres in cross-section. This correspondence fits with the picture shown in figure 

6.48b, in which case the platelets are the initial precipitates and the fibres are parallel 

sided, growing exclusively at the tip.
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Fibre growth is then a two stage process. The first stage is rapid lateral growth 

resulting in platelet formation. The second stage is complete inhibition of the sides 

followed by rapid tip growth. The platelets then develop into fibres (figure 6.49).

nuclei p la te le t

f ib re

Figure 6.49. Proposed stages in the development of a fibre

Clearly, the reason why the platelets form is different to that proposed for the fibres. 

They may be the preferred form of the crystal, prior to the action of the surfactant 

system. However, this would only generate one crystallographic morphology as 

oppose to three, as implied by the fibres. It seems more likely that the platelets 

represent early stages of growth where control is ‘chaotic’, being a complex function 

of both crystal and surfactant chemistry. In such instances it may be more practical to 

view the oil, water, surfactant, ions and crystal as one entity, albeit heterogeneous. 

Fibre growth is different as the control exercised by the surfactant system and crystal 

is essentially separate. The former directing the exchange of ions to the water layer 

and the latter directing the subsequent uptake of the ions.

Like the amorphous particles, the platelets had a tendency to aggregate. But unlike the 

amorphous particles the process appeared specific with the platelets anchored to one 

another at their edges. Hence the sheet-like particles (figure 6.5)
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Figure 6.50. Platelet aggregation. Each platelet is separated by a 
layer of surfactant.

It follows that aggregated platelets must develop into aggregated fibres. Hence the 

existence of strands.

Earlier (see p.224) it was stated that the changes in the system on going from w = 5 to 

w > 10 implies that the formation of fibres is due either to bulk water, rod-shaped 

micelles or a combination of the two. We have shown that bulk water is necessary for 

fibre formation. But, nowhere in theory was it necessary to invoke droplet shape as a 

determinant factor. The finding backs up earlier remarks in the introduction that 

particle shape and size is not necessarily a function of droplet shape and size. In other 

words detailed knowledge of the latter may not be helpful. Hence, the earlier part of 

this discussion on BaNaAOT rod-shaped reverse micelles is to some extent not 

important to the discussion on fibres.

Finally, it is noted that the formation of fibres is not restricted to barium sulphate but 

also occurs with barium carbonate.
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6.5.2 The C 1 2 EO4  and DDAB systems

The particles grown in the C1 2 EO4  and DDAB systems had similar characteristics to 

the control crystals grown in bulk aqueous solution (chapter 3). As with the control 

crystals, the particles exhibited smooth (0 0 1 ) and {2 1 0 } faces at low supersaturation 

and showed an increase followed by a decrease in particle size with increasing 

supersaturation (figure 6.51).

w = 15

{2 1 0 }
5 0 n m

Low S

{210 }

5 0 n m(001)

dendrite Moderate SSOOOnm

HighS
2 5 n m

HighS .3 n m

Figure 6.51. Morphological and size characteristics of particles grown in 
C1 2 EO4  and DDAB systems (numbered 1 and 2). The low, moderate and 
high supersaturations are 33, 180 and 270, respectively.
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The results confirm that the C1 2EO4  and DDAB droplets offer no physical constraint 

to crystal growth, as the particles are much larger than the droplets. Furthermore, the 

similarity in shape of particles grown in microemulsion droplets with control crystals 

grown in bulk aqueous solution is consistent with the idea of C1 2 EO4  and DDAB 

surfactants forming ‘inert’ membranes. That is, membranes whose headgroups do not 

interact strongly with either the reactants or the growing crystal.

As in previous studies, the reverse micelle droplets produced smaller particles than the 

microemulsion droplets. Here we reiterate that this is due to reactant ions in the 

former being only partially hydrated and is not due to the reverse micelles being of 

smaller size.

Some unusual effects were observed, notably the formation of concave {hkO} faces. 

These were expressed by crystals grown in C1 2 EO4  microemulsion droplets at low 

supersaturation. They were similar to the curved {hkO} faces observed in bulk 

aqueous solution, on rectangular crystals, except that they were concave rather than 

convex. The reason why concave {hkO} faces should occur is unclear.

Finally, it is worth recalling the statement made in the introduction that crystals grown 

in bicontinuous media at high supersaturations may be macroscopically similar to 

crystals grown in bulk aqueous solution but microscopically porous. Hence, the 

dendrites grown in the DDAB system may have had a sponge-like internal structure.

Final note

Having written this chapter, a paper has come to the authors attention, in which rod

like copper particles are formed in CuAOT liquid crystals.^ These rods resemble the 

fibres grown in the BaNaAOT microemulsion systems. They are 10-30nm in diameter
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and 0.3 - 1.5pm in length. No clear explanation was given for the occurrence of the 

rods although it was implied that a shape correspondence existed between the liquid 

crystal structure and the rods. However, such an argument seems unlikely given that 

the liquid crystal was identified as a lamella phase, comprising a sheet-like structure. 

The shape correspondence would also be at odds with the theories developed here for 

barium sulphate fibres. All that can be said at this juncture is that parallels probably 

exist between the barium sulphate / barium carbonate fibres and the copper rods.
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Appendix 1

Calculation of droplet size in terms of w. the polar-solvent : surfactant ratio

Assumptions'.
1. that micelle size is independent of micelle 

concentration
2. that the hydrophobic moiety is one layer 

thick and contains all the surfactant 
molecules

3. that the micelles are spherical

Terms'.
1. w = moles of polar solvent per surfactant
2. r^ = radius of polar moiety, i.e. that 

containing the polar molecules and the 
surfactant headgroups, nm

3. d^ = diameter of polar moiety, nm
4. Ajurf = area per surfactant headgroup, nm^
5. = volume of a polar molecule, nm^
6. Vsurf= volume of surfactant headgroup

Calculation:

Each micelle can be thought of as a collection of cones, each cone containing one 
surfactant molecule and w polar solvent molecules. The polar volume of the cone is:

^cone (^surf’^w)  ̂ ^

also:

surf

combining the two equations, rearranging and replacing d^ for r^ gives:

d w  ~  6 ( W . V y y  +  /  A j y r f  ^

For w values greater than 5, w.V^ » Vjurf and the equation simplifies to:

d^ 6.w.V^ / Ajypf 2

Values of and Â û f can be constant, in which case the polar droplet diameter at 
w>5 is proportional to w:

d^oc w 2

For the NaAOT, water, isoctane system; = 0.03nm^, Aju^ « 0.5nm^ and therefore:

d^ « 0.36w
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Note: so long as there are no changes in micelle shape and the area per surfactant 
remains constant and additions of polar solvent go straight into the cone, then there 
will be no discontinuity in the linear increaise of d^ in going from a reverse micelle 
solution to a microemulsion.
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Appendix 2 

Calculation o f droplet molarity 

This calculation is for spherical droplets of NaAOT. The terms used are:

N number of droplets in the system
total volume of polar-solvent in the system, 

Vggg volume of polar-solvent in each droplet,
r radius of droplet polar core, m
w polar-solvent : surfactant ratio

number of moles of droplets in the system
Vg total volume of surfactant in the system, ni
Vq total volume of non-polar solvent in the system,
Cdrop droplet molarity, moLm^
n^ number of moles polar-solvent in the system, moles
ng number of moles of surfactant in the system, moles

molecular weight of polar solvent, kg,mof^
Pw density of polar solvent, kg.m'^
Ug molecular volume of surfactant, m^
[surf] concentration of surfactant in the non-polar solvent, moLni^

The number of droplets in the system is given by:

N = - ^

From appendix 6.1, the radius of a NaAOT droplet core is:

r = 0.18 w nm

r=  1.8x10’*̂  w m

The volume of a sphere is 4/3 ti?  and therefore:



239

Dividing by the Advogadro’s number gives the number of moles of droplets, n̂ gg

Vw
4/3 71 ( 1 . 8 x 1 0 6 . 0 2 3 x 1 0 “

The droplet molarity (mol.m ) is the number of moles n„g divided by the total liquid
volume (V^+Vj+Vo). The equation is:

V„ 1
X

4/3 n ( U x l O ' y w ^  6.023x10^^ (V„+V,+V<,)

This simplifies to:

C
68,000

w V w+v,+v„)

can be expressed in terms of [surf] :

V = ̂w --------
P w

since w = n^n^ 
and ng = [surfj.Vo 
then:

^  ^ w.[surf].Vo.M^ 
Pw

For water, = 0.018 kg.mol'* and = 1000 kg.m'^. Therefore:

= 1.8 X 10'  ̂w. [surf] .Vo

A similar expression for Vg, in terms of [surf] can also be found:
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V s =  U s.I1s.N a

and so:

V s =  O s . [ s u r f ] . V o . N A

For NaAOT, Og = 7.23x10"^* [ref 1] and since = 6.023x10^^ the equation

Vg= 4.35x10'^. [surf]. Vq

Substituting equations 2 and 3 into equation 1 gives:

^  _ 68,000 (1.8x10'^u;.[surf].VJ

{ (1.8xlO'®.M'.[surf].V„) + (4.35xlO'^.[surf].V„) + V» }

Vq cancels out and so does one term of w. Therefore:

^  _ 1.224 [surf]

{ (1.8xlO’̂ .w.[surf]) + (4.35xl0"^.[surf]) + 1 }

The final form of the equation is then:

1.224Q —  _____________________________________________________________________________________________

{1.8xl0'^>v + 4.35x10*^+ l/[surf]}
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There is an approximation for Cd^p. The term {(1.8xlO'^.w.[surf]) + (4.35x10 .[surf]) 
+ 1} is approximately equal to one. Therefore, equation 4 becomes:

P _ 1.224 [surf]
'^drop ^  ------------- *----------

W

Reference 1 : Lang,J., 1988. Structure and dynamics o f water in oil droplets stabilised 
by Sodium Bis (2-ethyl hexyl) sulfosuccinate. Joumal of Physical Chemistry, 92, 1946 
- 1953.
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App^ngix 3

Calculation o f  the root mean square distance between a droplet and a square membrane

The distance between the centre of a droplet and a point P on a square membrane is 
defined by the coordinates of P relative to the position of the droplet. Both the membrane 
and droplet can be anywhere in three dimensional space and so the calculation of an 
average separation is complex. Since the membrane is flat, one can model the system as if 
the droplet is contained within a box, one side of which is the membrane. An 
approximation is then made by placing the droplet at the centre of the box. The situation 
is illustrated schematically below. Also shown is the variation in separation with position 
P.

The model:

droplet

membrane

If d is the distance from the centre of the droplet to the point Pj (also the shortest 
distance) then by simple trigonometry i) the distance to the centre of each edge at P2  is 
V2 .d, ii) the distance to the comers of the membrane at P3 is V3.d and likewise iii) the 
distance to the P4 , half way between Pj and P2  is V5/4.d. By taking the square of the 
distances one obtains the values s,, S2 , S3  and S4  equal to Id^, 2d ,̂ 3d  ̂ and 5/4.d  ̂
respectively. It follows that the magnitude of d̂  across the membrane can be represented 
by the following two matrices:
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(0,1)

(-1,0)
(0,0), P,

(1 ,1 ) , Pa

( 1,0)

(0 ,-1)

The x,y coordinates of P„ Values of d at positions P„

Combining both matrices leads to the equation:

dn" = r"+ l

where r = V(x̂  -i- y )̂ and is the radius of a circle. For example, the coordinates at P3  are 
(1,1) and therefore r = V2 and d̂  ̂= 3. The aim is now to calculate the average value of 
d„̂ . The method used here is to divide the matrix up into N number of curves and then to 
solve, for each curve, the following equation:

n =  N

<d„ > = y ,  (length of line n x value of line n) n =  N

n =  1
^  (length of line n)
n =  1

Because of symmetry, only 1/8 of the matrix need be considered, which in this case is the 
triangular region between the points Pi, P2  and P3 . The d̂  ̂value of each line is readily 
solved from the equation d„̂  = r̂  -i- 1. However, the equation for the length of each line 
has two solutions, one for r < 1 and the other for r > 1. For r < 1, the angle subtended by 
the curve is 45 degrees (1/8 of a circle) and so the length of each line is simply the 
circumference divided by 8 :

Length = 27rr
8

n r
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For I > 1, the angle 0 subtended by the curve is less than 45 degrees. The value of 0 
depends on x, the point at which the curve crosses the line y = 1 (see below).

X =  X

. 3̂

From the cosine rule: cos 0  =
+ (V2f - (1 - x /  

2rV2

From the equation for a circle, we know that = r̂  - ŷ . Since y = 1 at the point of 
intersection then x̂  = r̂  - 1 and substituting this into the above equation for cos 0  gives:

2  t \0.5i2
cose = r

2rV2

The value of 0 can be found by taking the arc cosine of cos 0 and so the length of the line 
can be found by substituting 0  into the equation:

Length = 27ir.0

Since the calculation is iterative, a computer program in Basic language was used. N, the 
number of iterations was set at 1000. The program is listed below. Note that the facility
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for arc cosine is not available in G.W. Basic and so the term arc cosine was evaluated 
from the arc tangent function using the equation below:

arc cosine = tan
-e

V(i - e^)
+ 1.5708

The program:

(Microsoft GW-BASIC version 3.22)

10 PI = 3.1415927#
20 L2 = 0
30 PROD2 = 0
40 FO R N =1T 01000
50 R1 =(SQR(2)/1000)*N
60 IF R1>1 THEN GOTO 110 ELSE
70 V l = ( R r 2 ) + l
80 LI = (PI*Rl)/4
90 PRODl=V l*Ll
100 GOTO 180
110 COSTHETA = ((R1^2)+2-(l-SQR(R1^2-l))^2/(2*Rl♦SQR(2))
120 IF COSTHETA >= 1 THEN GOTO 220 ELSE
130 THETA = ATN (-C0STHETA/SQR(1-C0STHETA^2)) + 1.5707964#
140 DEGREES = (THETA/(2*PI))*360
150 VI = (R r2 ) + 1
160 LI =2*PI*(DEGREES/360)
170 PRODl =V1*L1
180 L2 = L2 + L1
190 PR0D2 = PR0D2 + PRODl
200 PRINT R1,L1,V1
210 NEXTN
220 ENDVALUE = PR0D2/L2
230 PRINT "average value of d^2 =" ENDVALUE
240 END
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The answer from the program is that the average value of is 1.649. Therefore, the root 
mean square distance between the centre of the droplet and the whole of the membrane is 
Vl.649.d, which equals 1.284d, where d is the shortest distance to the membrane. In other 
words:

V<d^> = 1.284 d

The distance d is actually equal to Ô + d^ ,̂ where Ô is the shortest distance of the 
membrane to the outer part of the droplet and d^ is the diameter of the water pool. The 
root mean square distance between the outer part of the droplet and the whole of the 
square membrane is then:

V<5^> = 1.284(5 + (V 2)-dv '2

which simplifies to:

V < 8 ^> = 1.2845 - 0.142
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Appendix 4

Calculation ofN. the number o f  ions per droplet 
and o f  à. the inter droplet distance

Both calculations are ». The terms used are:

N

c

Na

dw
Ô

d̂rop

1. Calculation o fN

- 3

number o f droplets in the system 

concentration o f B aS04 in the water pools, moLm 

Advogadro’s constant 

diameter o f droplet water pool, m 

interdroplet distance (as shown in the figure below), m 

droplet molarity, moLm^

One mole o f BaSO^ equals two moles o f ions and so the ion concentration in the 

water pools is2c. The number o f ions per droplet is then:

N = 2.c.N/^.droplet volume 

The droplet volume equals l/ÔTi.d^^ and so the equation for N becomes:

N = 1/3.c.N^. n.d^^

2. Calculation o f 5

This calculation is for droplets arranged in a simple cubic pattern:

26 + d , 
l< > \

p p c
c p
c p c

.

droplets
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The volume of space associated with each droplet is:

and

Vspace =  (26 +  d ^ )

combining both equations gives:

-  (26 + d^)^
NA'f'drop

and therefore the interdroplet distance is:

6  = V2

1
(Na-Cjtop)1/3 -  d^
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Appendix 5

Calculation o f ion flux values

2 . - 1
^ciyst

Rl
Fe
Dc
c

Na
dw
5
J

w
Cdrop
[surf]

flux o f  ions entering crystal, atoms.m s' 

linear rate o f  crystal growth for a particular supersaturation, m .s'
-2 -I

.2 -I
flux o f  ions undergoing droplet exchange, atom s.m  .s  

diffusion constant for ions undergoing droplet exchange, m \s  

concentration o f  BaSO^ in the water pools, moLni^ 

Advogadro’s constant 
diameter o f droplet water pool, m  

interdroplet distance, m

average flux o f ions through each droplet, atom s.s^  

polar-solvent : surfactant ratio 

droplet molarity, moLni^
concentration o f  surfactant in the non-polar solvent, moLni^

The equations are:

=  2 .28x 10“ R l -2 -1 atoms.m .s

P    Dg.c.NjA.Tc.d^

'  ~ (3 145.5 -  0 348.d^/ (d^ + 2 5 /
atoms.m .s''

J = 6 (cL + 2SyF« atoms.s-1

^ _ 0.36 w m

'drop

1.224

{1.8xl0‘̂ .w + 4.35x10*^+ l/[surf]}
mol.m-3

Ô = /4
1

(NA'Cjrop)1/3
m

The equations for and Fg are both derived in the introduction (section 6.1.2, part 
4), whilst those for d^, Qrop, 6  and J are derived in appendices 6.1, 6.2, 6.4 and 6 . 6  

respectively. Solutions to the above equations are presented in the following table.



Appendix 5. continued

s Rl ĉiyst [surf] w d̂rop Ô 4 D. c Fe J
-1

m.s atoms.m .s mol.m*^ mol.m*^ m m atoms.m’̂ .s** atoms.s'*

1 0 0 IxlO"’ 1 .1 x 1 0 ^'
1 0 0

M
5

30
4.6

0 . 1 2

2.7x10'^
6.5x10*^

1 .8 x 1 0 "
1 .1 x 1 0 '*

2 .2 x 1 0 '"
1 .0 x 1 0 '"

2 . 0

1.5x10**
3.2x10**

470
1 1 , 0 0 0

2 2 7.9x10'^ 9.0x10"
*1

H
5

30
4.6

0 . 1 2

2.7x10'^
6.5x10*^

1 .8 x 1 0 '’
1 .1 x 1 0 *

2 .2 x 1 0 '"
1 .0 x 1 0 '"

0.3
2.3x10*^
4.7x10*^

72
1600

8 . 2 1.36x10" 1 .6 x l 0 "
«I
II

5
30

4.6
0 . 1 2

2.7x10'^
6.5x10'^

1 .8 x 1 0 '’
1 .1 x 1 0 *

2 .2 x 1 0 '"
1 .0 x 1 0 ' "

0 . 1

7.6x10*^
1 .6 x 1 0 *̂

24
550

1 . 2 3.16x10" 3.6x10"
II
II

5
30

4.6
0 . 1 2

2.7x10'^
6.5x10'^

1 .8 x 1 0 ’
1 .1 x 1 0 *

2 .2 x 1 0 ' "
1 .0 x 1 0 ' "

0.015
1 . 1 x 1 0 *̂
2.4x10*^

3.4
83

Ion flux values etc, for BaSO^ crystal growth in an inert NaAOT, water, isooctane reverse micelle and microemulsion solution. The input values 

are S = 1.2 to 100, [surf] = 100 mol.m'^ and w = 5 and 30. The Rl values are taken from the introduction in chapter 1 and the temperature is set at 

25°C.
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Appendix 6

Calculation o f J. the average flux o f  ions through a droplet

This calculation, like those in appendices 6.3 and 6.4, assumes first, that the droplets 
are arranged in a simple cubic pattern and second, that each droplet is at the centre of 
a square box of edge length (d^ + 26). As before d^ is the diameter of a water pool 
and Ô is the interdroplet distance.

If Fg (units of atoms.m'^.s"^) is the average flux of ions to a square membrane, then the 
average flux through one side of a box is (d^ + 20)^ multiplied by F .̂ Each box 
contains six sides and therefore the expression for J (units atoms.s’ )̂ is:

J = 6 .(d^ + 25)^Fe
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Appendix 7

Reaction data in units o f w/w

System Reaction Surfactant
% w/w  

Oil Water

1 5.99 92.85 1.16
2 44.21 46.84 8.95
3 4 88 8

Bao.oi9Nao.9g2^0T 4 6 90 4
+ 5 8 88 4

isooctane 6 6 86 8
7 10 86 4
8 5.6 87.8 6.6

9 11.5 65.4 23.1
NaAOT + isooctane 10 10.7 60.7 28.6

11 10.0 56.7 33.3

12 15.4 81.5 3.1
C12EO4 + decane 13 15.4 81.5 3.1

14 14.2 75.2 10.6
15 14.2 75.2 10.6

DDAB + dodecane 16 38.5 38.5 23
17 38.5 38.5 23
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Appendix 8

Ternary phase behaviour of BaAOT  ̂surfactant, mixed with water and isooctane.
preliminary results.

The number of phases present at different w/w compositions was determined. Samples 
were weighed into glass tubes, sealed, heated to 70°C and thermally mixed. They 
were then cooled to 25°C and equilibrated for two days, a period which enabled the 
multiphase mixtures to separate into their respective layers. Individual phases were 
then characterised by optical birefringence and in the case of the multiphase mixtures, 
by measurement of percentage volume and relative density. The results are presented 
in the phase diagram below. The rectangles are the glass tubes.

isooctane
w h ite  p a s te - l ik e  

p r e c ip i t a te

l iq u id  p h a s e s ,  a ll  

t r a n s p a r e n t  a n d  

o p t ic a l ly  i s o t r o p ic

explained in text

gel-like

Water

At any one composition, there was a maximum of two phases. In the surfactant rich 
comer, a white paste-like precipitate was observed, which was anisotropic when 
viewed through crossed polars and therefore liquid crystalline. On moving from the 
surfactant rich comer to the water rich comer there was a transition from the liquid
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crystal phase to a transparent, optically isotropic phase. This result confirmed earlier 
work undertaken by Lindman. He identified the liquid crystal phase as being reverse 
hexagonal (symbol F) and the transparent phase as being pre or dilute micellar 
(symbol Lj). On moving from the surfactant rich comer to the oil rich comer a similar 
transition was observed but in this instance an oil continuous, optically isotropic, 
solution was formed (symbol L2 ). This transparent solution presumably contained 
Ba.\0 T2  molecules, either as singlets or as reverse clusters / reverse micelles. In 
summary, the transition on addition of water is F Lj and that for the addition of oil 
is F —> L2 .

At compositions in the middle of the phase diagram, two immiscible, transparent, 
isotropic liquids were observed. One was water continuous and the other oil 
continuous. For most of the mixtures, there was a good correlation between the 
volume of the bottom phase and the amount of water added. Therefore, the bottom 
phase was identified as water continuous. It was presumed to be the Lj phase. The 
correlation implied that the quantity of BaA0 T2  in the Lj phase is small.

For the mixture at 50% surfactant, 20% oil, 30% water (arrowed, *) the correlation 
only fits if the top phase is regarded as water continuous. Therefore, at this 
composition there is sufficient BaA0 T2  in the oil continuous L2  phase to make it more 
dense than water.

As their is very little surfactant in the L; phase, one would expect its viscosity to be 
similar to that of pure water. This appeared true for all samples except the one 
prepared at 25% surfactant, 20% oil, 55% water. This sample was very viscous and 
gel-like, a fact that was demonstrated by bubbling air through the liquid. The gel-like 
behaviour suggested the presence of interconnecting rod-like micelles. However, 
normal micelles are not predicted for BaA0 T2  because the ratio of the hydrocarbon 
tail area to headgroup area is large. The problem can be resolved by arranging the 
AOT molecules in a spiral stack, as illustrated below.

Sulphonate
headgroup

hydrocarbon 
double chain

Ba=

Ba=
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The model is tentative but if true would be of significant interest to others.

The aforementioned phase data can be extended using the values given in the 
results section. In summary:

BaA0 T2  : isooctane ratio

2 .7-5 .4 20:80
4.1 -5 .4 40:60
4.1 -5 .4 45 : 55
4.1 -5 .4 50:50
4.1 -5 .4 55:45

In addition, the phase rule predicts that no more than three phases can occur at any 
one composition. Therefore, from the above information, the following phase diagram 
is predicted.

isooctane

water

F + L:

■ BaAOT
F + L
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Reference 1: Lindman,B., et al., 1985. Some observations on liquid crystallinity in 
barium surfactant systems. Progress in Colloid and Polymer Science, 70, 30-33.
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Chapter 7

BARIUM SULPHATE CRYSTALS IN XENOPHYOPHORES

7.1 INTRODUCTION

Previous chapters have been concerned with the crystallisation of synthetic barium 

sulphate. These have shown the effect of different solution environments on crystal 

size and morphology. This information is now used to investigate barium sulphate 

crystals in a biological system. A group of unusual organisms called xenophyophores 

were chosen as the crystallography and morphology of their crystals had not been 

previously described.

7.1.1 Description of xenophyophores

Xenophyophores are a group of single celled organisms (protozoa) that live 

exclusively on deep sea sediments (at depths between 500 and 6000 m).* These 

organisms range in size from 1 to 25 cm and are, in consequence, one of the largest of 

all protozoans ! There are currently about 50 described species of xenophyophore and 

all contain crystals of barium sulphate.^ Xenophyophores have attracted scientific

interest firstly due to their unusual biology (they are multinucleate and retain their 

own faeces),^ and secondly di 

organic carbon and barium.'*’

own faeces),^ and secondly due to their potential role in the deep sea cycling of

Figure 7.1 shows an underwater photograph of xenophyophores. The mounds seen in 

the photograph are the shells (tests) of the xenophyophore. Each test consists of 

aggregated sediment particles (typically sand grains or skeletal material), and is fixed 

to the sea bed. A network of organic tubes permeates throughout the test and contains 

both the xenophyophore cell and faecal pellets. The tests shown in the photograph



w
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Figure 7.1. Underwater photograph of xenophyophores, Reticulammina labyrinthica, taken at a depth of 4500m off the West Coast of 
Africa. Each xenophyophore is between 2 and 5cm in diameter.
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belong to the species Reticulammina labyrinthica. They are so named because their 

overall design is one of interconnecting (reticulated) test chambers. Underwater 

photographs like this have shown that xenophyophores can be very abundant on the 

sea-floor (there are 13 per m  ̂in the photograph), and as a consequence they may have 

an important effect on the local ecology.^

The xenophyophore cell and the faecal pellets are contained within regions of the 

organic tube network called the granallare and stercomare (figure 7.2). The granallare 

tubes consist of a yellow or white outer wall of thickness < 0.5pm, and range in 

diameter from 50 to 250 pm. The structure of the granallare and the enclosed cell has 

only been observed at low magnification.^ Sections of granallare viewed by light 

microscopy show that the cell contains numerous cell nuclei of diameter 0 .5 -10  pm 

and crystals of diameter 1 - 5pm. Both are distributed evenly throughout the cell. 

However, their structural relationship to the cell is not known. In the case of the 

crystals, it has not yet been established whether they are located in discrete vacuoles 

or whether they are freely dispersed within the cell fluid.

The stercomare tubes are generally more abundant in the test than the granallare tubes. 

The tubes consist of a transparent outer wall of thickness < 0.5pm, and range in 

diameter from 35 to 540pm. The enclosed faecal pellets are ellipsoidal, and range in 

diameter between 10 - 60pm. Most are either black or grey in colour. Little is known 

about their composition. However, clay minerals and crystals similar to those in the 

granallare have been observed.^

7.1.2 Description of crystals

Wet chemical methods^’̂  and more recently energy dispersive x-ray analysis (EDXA)* 

have indicated that the crystals present in the xenophyophore tube network are barium 

sulphate. The amounts present tend to vary between different species of
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i

Figure 7.2. a. Schematic diagram showing the organic part of a xenophyophore. The 
stercomare and granallare are shown shaded and un shaded, b. Optical micrograph of 
a test of Reticulammina labyrinthica.
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xenophyophore and those from different geographical locations/ Possible trends 

associated with these variations have yet to be investigated. The crystals are not pure 

barium sulphate due to the fact that they contain small amounts of strontium. Trace 

amounts of chromium and uranium have also been reported in one study. ̂

Light microscopy of crystals from different species has shown that they are either flat, 

elliptical, spindle-shaped or rounded and that some have a central depression.^ 

Scanning electron microscopy (SEM) has confirmed these observations in two species 

of xenophyophore, Aschemonella ramuliformis and Galatheammina sp.* The SEM 

study showed that the crystals were roughened and exhibited curved faces.

It is unclear why large amounts of barium sulphate are contained in xenophyophores. 

Virtually nothing is known about the organisms cell physiology and therefore it is 

impossible to say whether barium sulphate performs any specific biological function. 

There is evidence^*^’̂ ’̂  to suggest that the crystals are not biologically precipitated 

(biomineralised) but are either ingested accidently from the sediment or are formed 

passively within organic matter digested by the xenophyophore. Knowledge about the 

crystallography and morphology of these crystals may shed light on the environmental 

conditions responsible for their growth and hence may help to determine which of the 

mechanisms for barium sulphate inclusion is most likely.

7.2 AIM S

The aims of this study are :

• to show conclusively by x-ray diffraction and electron diffraction that the crystals 

in xenophyophores are barium sulphate.
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to determine the crystallography and morphology of barium sulphate crystals in 

three species of xenophyophore; Aschemonella ramuliformis, Reticulammina 

labyrinthica and Galatheammina lamina,

to compare the crystallography and morphology of xenophyophore barium 

sulphate with synthetic barium sulphate.

to infer the solution environment in which the xenophyophore crystals grow.

to investigate the relationship between the cell structure and crystals of barium 

sulphate in one species of xenophyophore, Aschemonella ramuliformis.

to discuss whether barium sulphate crystals in xenophyophores are biomineralised, 

ingested or formed passively.

7.5 MATERIALS AND METHODS

7.3.1 Origin of xenophyophore specimens

Samples of three species of xenophyophore; Ashemonella ramuliformis, 

Reticulammina labyrinthica and Galatheammina lamina were supplied by Dr 

A.J.Gooday of the Institute of Oceanographic Sciences, Deacon Laboratory, U.K. 

These were collected from the northeast Atlantic ocean, at sites (stations) west of 

Ireland and northwest of Africa, and at depths between 1980m and 4100m. The 

precise location of these sites is presented in table 7.1. Specimens were obtained from 

the sampling sites using an epibenthic sledge.



Site Station haul L at N Long. W Depth/m Species

50602 2 51° 1*0' 13° 7-0' 1980 Aschemonella ramuliformis

50603 1 49° 45-0' 14° 1-0' 4000 Aschemonella ramuliformis 
Retculammina labyrinthica

Off W. coast
of Ireland 50604 1 50° 6-3' 13° 51-5' 3490 - 3550 Aschemonella ramuliformis

50812 1 49° 45-4' 14° 10-3' 4080-4100 Aschemonella ramuliformis

P 1 54° 41-0' 1 2 ° 18-0' 2900 Aschemonella ramuliformis

9541 1 20° 7-4' 21° 25-2' 3850- 3854 Aschemonella ramuliformis
Off N.W 
coast of Africa

9541 3 20° 8-4' 21°41-0-' 3910-3912 Reticulammina labyrinthica 
Galatheammina lamina

K)
S

Table 7.1. Geographical description of xenophyophore sampling sites.
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7.3.2 Preservation of xenophyophore specimens

Studies of barium sulphate crystallography and morphology were carried out using 

specimens from stations 50602, 50603, 50604, 50812 and 9541. These specimens 

were fixed at sea in a 4% aqueous formaldehyde solution, and later transferred to an 

80% v/v ethanol in water solution for storage. Studies of xenophyophore cell structure 

were carried out using specimens from station P. These specimens were fixed (and 

then stored) within two hours of collection in a 4% aqueous gluteraldehyde solution, 

containing 0-lM sodium cacodylate.

7.3.3 Sample preparation

Individual specimens were transferred into petri dishes and immersed in storage 

solution. These were viewed with a low magnification stereo microscope and disected 

into three parts, granallare, stercomare and test. Samples were prepared from both the 

granallare and the stercomare. The test material was not studied.

a. Isolation o f barium sulphate crystals

Crystals were isolated from the granallare of specimens from stations 50602, 50603, 

50604, 50812 and 9541. Granallare from the same species and station were combined, 

and then sonicated for five minutes in 2 % aqueous sodium hypochlorite (saturated 

with respect to barium sulphate). The resulting suspensions were centrifuged and the 

solids resuspended in saturated barium sulphate solution. This process was repeated 

five times in order to remove all the sodium hypochlorite. The solids were then either 

dried down onto glass coverslips and gold sputter coated for scanning electron 

microscopy (SEM), or dried down onto formvar coated, carbon reinforced, copper 

grids for transmission electron microscopy (TEM).
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Crystals were also isolated from faecal pellets contained in the stercomare of 

specimens from station 50812. The faecal pellets were removed from the stercomare 

and dried down onto glass coverslips. The pellets were then lightly crushed to expose 

the crystals, and sputter coated with gold for analysis by SEM.

b. Preparation o f cell sections

Cell sections were prepared from the granallare of specimens from station P. 

Granallare were rinsed in artificial sea water'® and set in 2% agar for ease of handling. 

They were then dehydrated in a series of acetone solutions (with decreasing water 

content) and embedded in epoxy resin. Thick sections of granallare (thickness = 0.5 - 

0.75 pm), for optical microscopy, were cut with glass knives on a Reichert 0MU3 

ultramicrotome, and floated on saturated barium sulphate solution. These were then 

placed onto clean glass slides and stained with a 1 % v/v aqueous toluidine blue 

solution containing 1% v/v borax. Thin and semi-thin sections for transmission 

electron microscopy (thickness = 0.06 - 0.10 pm and 0.20 - 0.50 pm) were cut in the 

same manner as that for thick sections. They were then dried onto formvar coated, 

carbon reinforced, copper electron microscope grids and stained with aqueous 2 % 

uranyl acetate followed by Reynolds lead citrate.

7.3.4 Microscopy of isolated crystals and cell sections

SEM studies on the isolated crystals were performed using a JEOL T330 electron 

microscope operated at 15 - 25 keV. TEM studies on the.isolated crystals were 

performed using either a JEOL 1200EX electron microscope operated at 120keV or a 

JEOL 2000FX electron microscope operated at 200keV. Both TEM microscopes were 

used to record selected area electron diffraction (SAED) patterns.
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The thick sections of xenophyophore cell were analysed by optical microscopy using 

a Zeiss Axiphot microscope and a transmitted light source. The thin and semi-thin 

sections of xenophyophore were analysed by transmission electron microscopy using 

the JEOL 1200EX microscope operated at 80keV.

7.3.5 X-ray microanalysis (EDXA) of crystals

Elemental spectra of the isolated crystals and of the crystals in thin sections were 

recorded using energy dispersive x-ray analysers. These were attached to both the 

1200EX and the 2000FX transmission electron microscopes.

7.3.6 X-ray diffraction analysis of granallare and stercomare

X-ray powder diffraction was performed using Cu K alpha radiation (0-15418 nm) and 

an x-ray diffractometer fitted with a Debye Scherrer camera. Strands of granallare 

from specimens of Ashemonella ramuliformis (stations 50602, 50603 and 50604)

were combined and mounted for diffraction on a capillary tube lightly coated with

vacuum grease. This procedure was repeated for the strands of stercomare. It was 

necessary to use strands from more than one specimen and station in order to provide 

sufficient material for a visible diffraction pattern.

7.3.7 Biological terms

Biological terms used in this study are:

Cytoplasm - contents of the cell other than the nuclei.

Granellae - xenophyophore barium sulphate.

Granallare - xenophyophore cell and its tube network.

Lumen - extracellular spaces partly enclosed by the cell.
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Protoplasm - entire contents of the cell.

Protozoa - division of single celled organisms.

Stercomes - faecal pellets.

Stercomare - faecal pellets and their tube network.

Xenophyae - foreign sediment particles contained in the test.

7,4 RESULTS

X-ray diffraction patterns (figure 7.3) showed the analysed granallare to contain 

barium sulphate. Differences in interplanar d-spacings between the xenophyophore 

barium sulphate and pure synthetic barium sulphate were less than 2% (table 7.2).

Two distinct populations of crystal were observed in this study. These differed in size 

by one order of magnitude and were unlike in morphology. The two forms of crystal 

are referred to in this study as large granellae and small granellae.

Large granellae were 0.5 - 5.1 pm in length. They were observed in all the samples 

isolated firom the granallare and stercomare and in the cell sections. Energy dispersive 

x-ray analysis (EDXA) spectra (figure 7.4a) showed that they contained barium and 

sulphur as well as small amounts of strontium. The ratio of barium to strontium in the 

large granellae was found to vary between 0.95 : 0.05 and 1.00 : 0.00 (appendix la). 

The variations occured between granellae from the same specimen and granellae fi"om 

different sampling sites.

Small granellae were 0.14 - 0.40 pm in length and were only found in two samples of 

granallare. Their presence in the cell sections and in the sample of stercomare was not 

investigated. EDXA spectra (figure 7.4b) showed that the small granellae contained 

barium, calcium, potassium and sulphur in ther ratio 0.5 : 0.2 : 0.3 : 0.5 (appendix lb). 

Strontium was not detected.



Xenophyophore
Barite

e
Synthetic
Barite

7e
too-o

Figure 7.3. X-ray diffraction patterns of i. strands of granallare from Aschemonella ramuliformis (stations 50602, 50603 and 50604), 
and i7. synthetic barium sulphate.



Crystal plane(s) Granallare

d / Â Intensity

Synthetic barium 
sulphate

d / Â Intensity
— 7.4 s — —

(2 0 0 ) 4.45 w 4.45 w
{0 1 1 } 4.34 w 4.34 w
{1 1 1 } 3.91 w 3.90 m
(0 0 2 ) 3.59 w 3.58 w
{2 1 0 } 3.46 s 3.45 s
{1 0 2 } 3.34 m 3.32 m
{2 1 1 } 3.14 s 3.11 s
{1 1 2 } 2 . 8 6 m 2.84 m
(0 2 0 ) 2.76 m 2.73 w
{2 1 2 } 2.51 w 2.48 w
{2 2 0 } 2.36 w 2.33 w
{2 2 1 } 2.25 m 2 . 2 1 w

{113},{401} 2.15 s 2.13 m
{122}, {312} 2.15 s 2 . 1 1 m

{410} 2.09 w 2.06 w
{303} 1.89 w 1 . 8 6 w

K)
On
00

Table 7.2 Crystallographic data from x-ray dif&action patterns of granallare and synthetic barium sulphate.
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Intensity

Intensity

a. Large granellae
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Energy levels

Cii

b. Small granellae
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Cu

Ba

Ca

Cu

^ . o  ^ Energy, KeV 
and 

Energy levels

Figure 7.4. Elemental spectra of large and small granellae on copper electron 

microscope grids.
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Size distributions of large and small granellae isolated from strands of granellare are 

shown in figure 7.5. These were drawn from size data in appendix 2. The quantity of 

large and small granellae in the granallare samples is shown in table 7.3.

It was unclear whether the crystals were located in the cytoplasm or in the open spaces 

of the lumen and it was also unclear whether they were contained within vacuoles

7.4.1 Morphology and crystallography of isolated crystals

Large granellae

Large granellae occurred exclusively as discrete crystals (figure 7.6), and were tabular 

with either rhombic or hexagonal outlines. Their sides were greatly rounded, and as a 

consequence, external angles were not measured. Some of the granellae had a central 

depression. When viewed by SEM, the large granellae had as many as three visible 

perpendicular mirror planes. The granellae with rhombic outlines comprised four 

symmetry related prismatic faces and two symmetry related pinacoids. Those with 

hexagonal outlines had two more symmetry related pinacoids. The latter were most 

unusual because they exhibited macro-steps. These were 40nm high, 90nm wide and 

had a similar orientation to those of the larger prismatic faces.

Selected area electron diffraction (SAED) patterns and corresponding TEM images of 

large granellae are shown in figure 7.7. All the patterns, except one, were indexed 

according to the crystallographic parameters of single crystals of barium sulphate. The 

exception was a pattern taken of the [1 0 0 ] zone axis that could only be indexed using 

half indicies of the form {0 k/2 1} (figure 7.7 d). Diffraction patterns were mostly of 

the [001] zone axis (table 7.4), suggesting that the tabular faces on large granellae 

were principally of the form (0 0 1 ).
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Figure 7.5. Size distribution of small and large granellae isolated from strands of granallare.



Site Station haul Species Depth/m Large granellae Small granellae

50602 2 A.ram 1980 Scarce Not observed

Off W. coast

50603 1 A. ram 
R.lah

4000 Scarce
Scarce

Abondent 
Not observed

of Ireland 50604 1 A. ram 3490 - 3550 Abondent Not observed

50812 1 A. ram 4080 - 4100 Abondent Not observed

P 1 A, ram 2900 Abondent Not observed

Off N.W coast 
of Africa

9541 1 A. ram 3850 - 3854 Scarce
Scarce

Abondent

9541 3 R.lab
G.lam

3910 - 3912 Scarce Not observed 
Not observed

to
id

Table 7.3. Quantity of large and small granellae observed in the granallare of xenophyophores from different locations.
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p in aco id  w ith  m a c ro  s teps

p ris m a tic
p rism a tic

ta b u la r  p in aco id

Figure 7.6. Scanning electron micrographs and schematic diagrams of large granellae 

from specimens of Aschemonella ramuliformis, station 50604. a, b. masses of 

granellae isolated from the stercomare, those with a central depression are arrowed. 

c, d. granellae with macro-steps that were isolated from the stercomare. e, f. granellae 

isolated from granallare with hexagonal and rhombic outlines, g, h. mirror planes and 

symmetry related faces on large granellae. Scale bar = 1p.m.
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Figure 7.7. Transmission electron micrographs and associated electron diffraction 

patterns of large granellae viewed down the [001] zone axis {a, b), the [100] zone axis 

(c, d), and the [010] zone axis {e). A granellae with a central hole is also shown (/). 

Scale bar = 0.5p.m.
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Zone axis Number of patterns observed

[1 0 0 ] 2

[0 1 0 ] 1

[0 0 1 ] 6

other 4

Table 7.4. Number of electron diffraction patterns observed 
for different zone axes of large granellae.

Diffraction patterns of the [001] zone axis were recorded most frequently from 

granellae with hexagonal outlines (figure 7.7a). These showed that the prismatic and 

macro-stepped faces were of the form {2 1 0 }, and that the faces containing the macro

steps were perpendicular to the [100] zone axis. Diffraction patterns corresponding to 

[100], [010] and non-principle zone axes were also observed. Some of these 

diffraction patterns and corresponding TEM images were consistent with hexagonal 

outlined granellae viewed down axes other than the [001] axis (figure 7.7c). However, 

this was not always the case (figure 7.7 b,d,e), suggesting that a small percentage of 

granellae are comprised of faces other than {2 1 0 } and (0 0 1 ).

For most large granellae, the extent of crystal growth was greatest along the [010] 

direction. Aspect ratios (appendix 3), defined as the length along the [010] axis 

divided by the length along the [100] axis (b/a), ranged in value from 1.3 (rhombic 

granellae) to 2.4 (hexagonal granellae).

It is worth noting that the TEM images presented here are two dimensional 

projections. They would not be expected to reveal granellae with a central depression. 

However, a small number of granellae were observed with a central hole and one of 

these is shown in figure 7.7f.
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Small granellae

Small granellae were elliptical with roughened edges (figure 7.8). Unlike large 

granellae they did not exhibit any obvious crystal faces. Electron diffraction (SAED) 

gave rise to patterns that could not be indexed for barium sulphate. Arced reflections 

were a feature of these patterns. The angle of arcing was typically seven to eleven 

degrees, indicating that the small granellae were poorly ordered crystals. Some of the 

patterns displayed a two fold symmetry similar to those seen in their TEM images. It 

was not possible to show whether the axis of elongation was the same for all 

granellae.

7.4.2 Observations of cell structure

An optical micrograph of a thick section of granallare is shown in figure 7.9. 

Granallare were predominantly circular in cross-section, as expected for a tube. These 

had a diameter of approximately 85|im and were enclosed by a cell membrane (the 

granallare tube wall) of thickness 0.3 to 1.0 pm. Non-circular areas of granallare 

probably represent either obliquely cut sections through branches of the granallare or 

tom regions of the granallare.

Granallare contained a large amount of darkly stained material, the most evident of 

which were the cell nuclei. These had a maximum diameter of 6 pm and occured 

throughout the granallare. Large granallare were observed using crossed polaroids 

(figure 7.10). The large granellae comprised 1.5 % of the crogs-sectional area of the 

granallare and approximately 6.5 % of the weight of the granallare (appendix 4). It 

was difficult to ascertain whether the large granellae were present on there own, or 

whether they occured in small groups.
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•  %

1.0pm

Figure 7.8. Transmission electron micrographs and associated electron diffraction 

patterns of small granellae from specimens of Ashemonella ramuliformis. a,b. station 

50603,1. c,d,e. station 9541,1.
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Figure 7.9. Optical micrograph of semi-thin section of granallare. Features of note include the granallare wall (W) and the cell 

nuclei (N).
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BO

Figure 7.10. Optical micrograph of semi-thin section of granaUare taken using crossed 
polaroids. Features of note include biréfringent particles (presumably large granellae) 
(G), cell nuclei (N) and granallare tube wall (W).
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A TEM micrograph of a thin section of granallare is shown in figure 7.11. The thin 

sections (60 - lOOnm thick) tended to be poorly preserved. This was apparent from the 

presence of distorted and in some cases ruptured organelles. They were further 

damaged by the displacement of granallae during sectioning, which resulted in holes 

and score marks. However, the basic structure of the granallare remained intact. It was 

discovered that the protoplasm did not occupy all the available space within the 

granallare. Instead, regions of open space were also present, which tended to permeate 

throughout the protoplasm. These regions were separated from the protoplasm by a 

cell membrane that was approximately 30nm thick. Small isolated areas of 

protoplasm, of diameter less than lum, were contained within these open spaces.

Large granellae, for reasons mentioned above, were either absent in thin sections or 

badly smashed. Consequently, thin sections were not able to provide information 

about the structural relationship between the granellae and the cell. Problems of 

granellae fragmentation were not encountered vdth the semi-thin sections (figure 

7.12). However, these sections tended to be opaque to the electron beam and therefore 

the quality of structural information was much lower than that obtained from thin 

sections. The granellae contained in the semi-thin sections were slightly smaller than 

those observed in the isolated samples (mean lengths of 1.73pm and 2.45pm 

respectively). It unclear whether the crystals were located in the cytoplasm or the open 

spaces of the lumenand it was also unclear whether they were contained within 

vacuoles.

7.5 DISCUSSION

X-ray diffraction and electron diffraction studies showed conclusively that crystals of 

barium sulphate are present in the granallare and stercomare of xenophyophores. 

Transmission electron microscopy (TEM) studies revealed two populations of crystal, 

designated here as large granellae and small granellae. Large granellae were the same
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%

&

a

Figure 7.11. Transmission electron micrograph of a thin section of granallare showing 

regions of protoplasm (P) surrounded by open spaces or lumina (L). Other features of 

note include the nucleus (N) and the membrane (M) that surrounds the regions of 

protoplasm. Scale bar = l|im .
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»

Figure 7.12. Transmission electron micrograph of a semi-thin section of granallare. 

Features of note include large granellae (G), islands of protoplasm (P) and electron 

dense bodies of unknown chemical composition (B). Scale bar = 2p.m.



283

as those described previously in the literature/’* They contained barium, sulphur and 

small amounts of strontium (less than 5 parts for every 95 parts of barium). The 

crystals were tabular with either rhombic or hexagonal outlines, and comprised (0 0 1 ), 

{210} and {210} stepped faces. Variations in crystal morphology with geographical 

location and depth were not observed. Small granellae had not been previously 

described. These contained barium, calcium, potassium and sulphur in the ratio 0.5 :

0.2 : 0.3 : 0.5. They exhibited no obvious crystal faces. Electron diffraction indicated 

that they were poorly ordered crystals of unknown structure.

Thin sections analysed by TEM indicated that the granallare contained extracellular 

invaginations (lumina). Although large granellae were observed it was not possible to 

establish whether they were present in the cell or in the lumina.

7.5.1 Morphology, crystallography and chemical composition of isolated 

crystals.

Large granellae

It is assumed that large granellae form within an aqueous environment. Synthetic 

barium sulphate crystals grown in aqueous environments were characterised in 

chapter 3. A range of crystal morphologies were obtained by varying the 

supersaturation, ionic strength, pH and temperature. The crystallography and 

morphology of these crystals is compared with that of the large granellae in table 7.5. 

Large granellae comprise well expressed {210} and (001) faces. The synthetic crystals 

with well expressed {2 1 0 } and (0 0 1 ) faces are those grown under the combined 

conditions of low supersaturation (S < 20), moderate ionic strength (I < 1 .OM) and in 

the absence of face specific additives.



Crystal face(s)

Curved {hkO} (1 0 0 ) {2 1 0 } {1 0 1 } {0 1 1 } (0 0 1 ) Morphology Environment

— --- m — — 1

rhombic and 
hexagonal tablets 
with {2 1 0 } macro 
steps

Xenophyophore

1 — m — — m rectangular tablet Control, S = 8

1 — s — — s cross-shaped Control, S = 95

— — m — — 1 rhombic tablet pH= 2 , S = 5

— m m — — 1 hexagonal tablet I = 0.6, S = 14

— 1 s s m m octagonal tablet I = 1.0, S = 12

--- 1 — — m — rhombic tablet I = 5.0, S = 7

--- — s — — 1 tablet bounded by 
{2 1 0 } macro steps

T =  75°C, S = 6

to
00

Table 7.5. A comparison of the crystallography and morphology of xenophyophore barium sulphate (large granellae) with that of 
synthetic barium sulphate grown in aqueous solution.
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Large granellae and synthetic crystals which resemble large granellae are shown 

schematically in figure 7.13. Although similar, there are differences in the way that 

the pinacoids perpendicular to the [100] axes are expressed. On large granellae the 

pinacoids are stepped and comprise {210} faces. However, on the synthetic barium 

sulphate crystals they are either flat and comprise large ( 1 0 0 ) faces or they are curved 

and comprise many (100) micro-steps (chapter 3). The latter are usually referred to as 

curved {hkO} faces. The stepped pinacoids on the large granellae, and the curved 

pinacoids on the synthetic barium sulphate crystals should be thermodynamically 

unstable on account of their large surface area. Hence, their formation must be due to 

some kinetic phenomena.

Why the pinacoids on the large granellae are not flat or curved, but are stepped is 

probably due to the fact that they are formed under conditions of changing ionic 

strength. Evidence for this comes from synthetic studies on strontium sulphate^ ̂ and 

lead sulphate^^ Both compounds are iso-structural with barium sulphate. At low 

supersaturation and moderate ionic strength they exhibit {2 1 0 } stepped pinacoids, 

perpendicular to their [1 0 0 ] axes, that are similar to those observed on the large 

granellae. A schematic diagram of a synthetic strontium sulphate crystal with {210} 

stepped pinacoids is shown in figure 7.13 vi. Synthetic crystals are usually prepared 

by direct precipitation. During this process the ionic strength of the solution falls due 

to the uptake of ions by the growing crystals. Both strontium sulphate and lead 

sulphate are more soluble than barium sulphate, and therefore during crystal growth 

they experience greater changes in ionic strength. Changes in ionic strength are known 

to effect the mechanisms of crystal growth (chapter 3). Therefore, it seems probable 

that the {2 1 0 } stepped pinacoids on synthetic strontium sulphate and lead sulphate 

occur as a result of a change in the mechanism of crystal growth along the [1 0 0 ] 

direction. This change is outlined in figure 7.14. The low solubility of barium sulphate 

indicates that if this process was to occur with large granellae then the changes in
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[ 1 0 0 ]

[ 0 0 1 ]

- >  [ 0 1 0 ]

stepped pinacoid

II.

large granellae

curved pinacoid

flat pinacoid

I V .

m m

flat pinacoid stepped pinacoid

VI.

m

synthetic crystals

Figure 7.13. A schematic diagram showing the similarity between large granellae and 

synthetic ciystals of barium sulphate and strontium sulphate. /,//. large granellae with 

rhombic and hexagonal outlines. Hi. synthetic barium sulphate grown at I = 0.6M, S = 

4, iv. synthetic barium sulphate grown at S = 8, v. synthetic barium sulphate grown at 

1= 0.6M, S = 14, and vi. synthetic strontium sulphate grown at S = 30. The crystal 

faces are labeled as a: (100), c: ((X)l), m: [210], o: {101}, s: {210} stepped faces and 

t: curved {hkO} faces.
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\

Figure 7.14. A schematic diagram of barium sulphate crystals, viewed down their 

[001] axes, showing how a change in the relative growth rates of the (100) and {210} 

faces (vioo and V210) can lead to the formation of {210} steps.
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ionic strength must be provided for by other chemical processes that occur in the same 

solution.

The slight variations in morphology between granellae with rhombic outlines and 

those Avith hexagaonal outlines is consistant with growth in an environment of 

changing ionic strength.

The rounded crystal faces and the occasional central depression, suggests that the 

growth of large granellae was effected by water soluble species other than barium and 

sulphate ions. Evidence for this comes from studies of synthetic barium sulphate 

crystals grown in the presence of inorganic and organic additives (chapter 4). These 

studies showed that rounded crystals were associated with additives that adsorbed 

non-preferentially onto all the growing crystal faces. The additives were considered to 

adsorb and then desorb off steps that propagate across the crystal faces during growth, 

thereby slowing down the rate of crystal growth and allowing more steps to nucleate 

per unit time. The high step density then resulted in rounded crystal faces. Synthetic 

barium sulphate crystals with rounded crystals faces and an occasional central 

depression were grown in the presence of highly concentrated solutions of sodium 

chloride (5.0M). It was thought that the sodium and the chloride ions could have 

become entrapped within the growing crystals, thereby resulting in less stable regions 

of the crystal that were susceptible to dissolution.

Large granellae clearly grow in aqueous environments which contain appreciable 

amounts of strontium ions. Strontium sulphate has a much greater solubility than 

barium sulphate and, therefore, even though the ratio of barium ions to strontium ions 

in the large granellae is greater than 1 , the ratio may be less than 1 in surrounding 

aqueous environment.
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It is worth noting that the large granellae isolated from the stercomare have the same 

mean size and standard deviation as those isolated from the granallare (x = 2 . 6  ^m, 

s.d  ̂j = 0.9 pm). Assuming that the large granellae only grow within the granallare 

and that the large granellae in the stercomare originate from the granallare, then the 

identical size implies that most of the large granallae observed in the granallare have 

stopped growing. Therefore, at any one point in time only a very small percentage of 

the large granellae are growing. This may explain why early stages in the growth of 

the large granellae were never seen.

Small granellae

Small granellae were not as well characterised as large granellae. Therefore, less 

information can be inferred about the environmental conditions responsible for their 

growth. It is conceivable that the small granellae were artifactual. Small granellae may 

have formed in the xenophyophore specimens either as a consequence of cell 

dehydration during storage in ethanol, or as a consequence of the decrease in barium 

sulphate solubility as the xenophyophore specimens were brought up to the ocean 

surface. However, the presence of small granellae as artifacts does not explain why 

they occured in only some of the specimens.

The poor crystallinity of the small granellae suggests that they may have formed very 

rapidly at high supersaturation, possibly resulting in the entrapment of the potassium 

and calcium ions.

Small granellae clearly formed under different conditions to those of large granellae. 

The absence of granellae intermediate between large granellae and small granellae 

suggests that the small granellae do not grow into the large granellae.
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7.5.2 Cell structure of Ashemonella ramuliformis

Observations of granallare sections, taken from Aschemonella ramuliformis, suggest 

that xenophyophores may have a very similar cell structure to that found in certain 

species of benthic foraminifera. These, like xenophyophores, are test dwelling, 

unicellular organisms that live on the sea-floor. One such species of foraminifera, 

Rhizammina algaeformis, also has strands of granallare that contain a multinucleate 

cell surrounded by open spaces/^ The open spaces in both species enclose small 

protoplasmic islands. These are thought to be sections through finger-like projections 

of the cell. Their presence greatly increases the surface area of the cell, and supports 

the idea that the open spaces form some part of a digestive system. Unlike 

Aschemonella ramuliformis, the granallare of Rhizammina algaeformis does not 

contain barium sulphate crystals (large granellae).

7.5.3 Origin of large granellae

The large granellae observed in xenophyophores are almost certainly either 

biomineralised, ingested with food, or formed passively during food digestion.

There are three possible reasons why large granellae could be biomineralised. Firstly, 

the large granellae may perform a biological function. For example, in certain species 

of green algae (Chara fragilis) and protozoa {Loxididae) the biomineralised barium 

sulphate crystals are believed to act as gravity receptors. Secondly, the large 

granellae may be formed as a by-product of another biological process. For example, 

in one species of bivalve (Rangia cuneata) barium sulphate crystals are produced as a 

by-product of shell dissolution, a process that occurs naturally during anaerobic 

respiration.*^ In xenophyophores, significant amounts of either barium ions or 

sulphate ions could be absorbed adventitiously by the cell as a consequence of food 

digestion. Thirdly, the large granellae may be the product of a detoxification process.
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Barium ions in solution are highly toxic to terrestrial organisms, and if the same is 

true for xenophyophores then the formation of barium sulphate would be an effective 

way of removing the ions from solution.

The large granellae could originate from the water and sediment that surrounds the 

xenophyophores. It is known that there is an appreciable flux of barium sulphate 

crystals to the sea floor, and that many of the crystals are buried within the ocean 

sediment.^’̂  In the Atlantic and Pacific Oceans the vertical flux of barium sulphate 

crystals to the sea-floor is approximately 1.0 pg.cm'^.yr'* (equivalent to 3.4 million 

crystals.cm'^.yr'^), and the content of barium sulphate crystals in the sediments is 

between 0.01 to 0.05 % w/w. Therefore, the large granellae may be acquired 

accidently by xenophyophores during collection of particulate matter for digestion and 

test construction.

Finally, the large granellae could be formed in organic matter ingested by the 

xenophyophore. Barium sulphate crystals are associated with organic matter in the 

ocean water column.^ It is believed that the barium sulphate crystals are precipitated 

as a result of organic decay.'* This envolves the oxidation of organic sulphur to 

sulphate ions and the desorption of barium ions from siliceous skeletal material. A 

similar process could occur within the organic matter collected by the 

xenophyophores.

There is evidence to suggest that two of the above processes do not occur. The first 

piece of evidence concerns the biomineralisation of large granellae. It was stated that 

large granellae produced in this way may perform a biological function. However, 

their presence amongst faecal pellets in the stercomare suggests that xenophyophores 

have no use for the large granellae.
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The second piece of evidence concerns the ingestion of barium sulphate crystals from 

the water and sediment that surrounds the xenophyophores. The mean size of barium 

sulphate crystals in deep ocean waters is typically between 0.8 pm and 1.5 pm^ 

whereas that for the large granellae is 2.6 pm. The difference in size suggests that the 

two types of crystal are not related. Also, if the granellae were the result of ingestion, 

then presumably other minerals of similar size would be present. The large granellae, 

small granellae and clay particles are the only minerals to have been observed in 

xenophyophores.
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Appendix 1

Elemental content of large and small granellae

This calculation refers to the EDXA spectra shown in figure 7.4 a and b, which were 
generated using the JEOL 1200 EX TEM operated at 120 keV, It is based on a 
comparison of peak heights.

Estimate of barium peak heights from barium L^i peak heights.

The ratio of the barium peak height to the sulphur peak height, in the EDXA 
spectra of pure synthetic barium sulphate, is 1 . 2  : 1 .0 .

The molar ratio of barium to sulphur in pure synthetic barium sulphate is 1.0 : 1.0.

Therefore, the factor required to convert a barium L„i peak to a barium peak is 1/1.2 = 
0.8333.

a- Large granellae

Element atomic energy level peak height, mm
Ba L„i 62
Ba 52 (estimated)
Sr 3
S 46

The ratio of barium : strontium : sulphur, from the K^peak heights, is 0.95 : 0.05 : 0.84.

The ratio of barium : strontium determined from other EDXA spectra ranges from 0.95 
0.05 to 1.00 : 0.00. Therefore, the alkali metal ions in large granellae comprise 5% 
strontium.



b. Smdl granellae
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Element atomic energy level peak height, mm
Ba Lai 53
Ba Ka 44 (estimated)
Ca Ka 2 2

K Ka 25
S Ka 45

The ratio of barium : calcium : potassium : sulphur, from the peak heights is 0.48 
0.24 : 0.28 : 0.48.



Appendix 2

Stiition Haul Species Lengths of longest ciystal axes / jum

50602 2 A. ram 2.20 2.40 4.65
50603 1 A. ram 0.170

0.265
0.315
0.390

0.170
0.265
0.320
0.400

0.170
0.265
0.320
2.05

0.235
0.275
0.320
2.10

0.235
0.280
0.335

0.235
0.280
0.335

0.250
0.295
0.335

0.250
0.300
0.335

0.255
0.310
0.350

0.255
0.310
0.365

0.265
0.315
0.365

50603 1 R.lab 3.15
50604 1 A. ram 1.05 1.70 1.70 1.75 1.80 1.85 1.85 1.85 1.85 1.95 1.95

2.00 2.00 2.00 2.05 2.15 2.15 2.15 2.35 140 145 145
2.45 2.45 2.50 2.50 2.60 2.65 2.75 2.85 3.10 3.35 3.35
3.40 3.70 3.90 4.10 4.55 4.90 5.10

50604 1 A. ram* 1.3 1.4 1.4 1.7 1.7 1.9 1.9 2.0 10 10 10
2.0 2.1 2.1 2.2 2.2 2.2 2.2 2.3 13 13 13
2.4 2.4 2.4 2.4 2.5 2.5 2.6 2.6 16 17 18
2.9 3.2 3.2 3.4 3.6 3.6 3.6 3.7 5.7

50812 1 A. ram 1.00 1.15 1.35 1.85 1.85 1.90 1.90 1.95 105 110 115
2.30 2.35 2.40 2.50 2.65 2.75 3.05 3.15 3.25 3.35 3.60
4.95

P 1 A.ram ' 0.5 0.6 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.9 0.9
1.0 1.1 1.1 1.1 1.1 1.3 1.3 1.3 1.3 1.3 1.3
1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.6
1.6 1.6 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.9
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 11 12 12
2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 13 14 15
2.7 2.7 2.7 2.7 3.7 3.7 3.8

9541 1 A. ram 0.145 0.170 0.175 0.180 0.205 0.225 0.250 0.250 0.275 0.275 0.285
0.295 0.305 0.310 0.325 0.345 0.350 0.350 0.350 0.350 0.350 0.350
0.375 0.375 0.380 2.15 2.3 3.45 4.15

9541 3 R.lab 2.90
9541 3 G.lam 1.20 2.75 3.70 3.70 4.00

K)VO

Size data for all the granallae observed by SEM*and TEM in the specimens of xenophyophore.



Appendix 3

Station Haul Species

Dimensions, 

a b

Mm

c

Aspect ratios 

b/c a/c b/a Zone

50603 1 A.ram 2 . 1 0 1.80 1 . 2 — — [1 0 0 ]

50604 1 A.ram --- 3.35 1.85 1 . 8 — — [1 0 0 ]

50812 1 A.ram 1 . 0 0 — 0.80 — 1.3 — [0 1 0 ]

50602 2 A.ram 1 . 1 0 2 . 2 0 — — — 2 . 0 [0 0 1 ]

50604 1 A.ram 1.35 1.80 — — — 1.3 [0 0 1 ]

50604 1 A.ram 1.35 1.80 — — — 1.3 [0 0 1 ]

50812 1 A.ram 0.65 1.17 — — —
1 . 8 [0 0 1 ]

9541 1 A.ram 0.90 2.15 — — — 2.4 [0 0 1 ]

9541 3 G.lam 0.65 1 . 2 0 — — —
1 . 8 [0 0 1 ]

to
oo

Dimensions of large granellae along their principle zone axes and the corresponding aspect ratios. 
The data was acquired from TEM micrographs and electron diffraction patterns.
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Appendix 4

The amount of large granellae in the granaUare 
Aschemonella ramuliformis

This calculation refers to optical micrographs of thin sections of Aschemonella 
ramuliformis. An example of one of these micrographs is given in fig 7.9. The values 
determined should be correct to within an order of magnitude.

a. Percentage v/v of large granellae in the granallare

Large granellae typically comprise 1.5 % of the cross-sectional area of the sectioned 
granallare. Their size (mean =1.7 um for station P) is greater than the thickness of the 
sections (0.5 to 0.75 um).

Therefore, the percentage v/v of large granellae in the granallare must equal 1.5 %.

b. Mass of large granellae in 1 cm^ of granallare

3 3
The volume of large granellae in 1 cm of granallare is 0.015 cm . The density of barium
sulphate crystals is 4.5 g.cm“̂ .

Therefore, the mass of large granellae in 1 cm of granallare is 4.5 x 0.015 =
0.068 g.cm .

c. Mass of large granellae in 1 cm length of granallare

The diameter of the granallare tube is 85 pm. The cross-sectional area of the tube is (pi) x
2 c 2

((85xl0-4)/2) = 5.7x10" cm . Hence the volume of 1 cm length of granallare is 
5.7x10-5 cm .

Therefore, the mass of large granellae in 1 cm length of granallare is 5.7x10"  ̂x 0.068 = 
3.9xl0'‘ g.
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d. Percentage w/w of large granellae in the granallare

The volume of extracellular and intracellular material in 1 cm of granallare is 1 - 0.015 =
0.985. The mass of this material (assuming a density of 1 g.cm ) = 0.985 g. The mass of 
large granellae in 1  cm  ̂of granallare is 0.068 g.

Therefore, the percentage w/w of large granellae in the granallare is 100 x [0.068 / (0.985 
+ 0.068)] = 6.5%.

e. Parts per million of large granellae in granallare

The mass of large granellae in 1.0x10^ g of granllare is 6.5 x l.OxlO"̂  = 6.5x1 O'* g. 

Therefore the amount of large granellae in the granellae = 65,000 ppm.
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Chapter 8 

CONCLUSION

This study has shown that a wide range of methods, environmental and additive 

based, can be used to influence the morphology of barium sulphate crystals. 

Considerable variations in shape and size were observed. Some of these methods 

produced new crystal faces whilst others produced elaborate constructions, of obvious 

similarity to highly controlled biominerals (figure 8 .1 ).

Xenophyophores

©

2+

Additives

+ SO

reverse
micelles,
microemulsions

EtOH

Figure 8.1. Growth forms of barium sulphate.
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The observations were not always consistent with the maxim that ‘morphology is a 

function of the slowest growing faces’. Fibres, for example, were so formed because 

of the survival of fast growing crystal faces. Likewise, the occurrence of microfacets 

on biogenic crystals and on crystals grown in the presence of SDS surfactant, 

contradicted the idea that crystals exhibit minimum surface areas. On a microscopic 

level, it was found that crystal faces can be significantly roughened and 

heterogeneous, even when grown at low supersaturation and in the absence of 

additives. These effects are not the exception to the rule but are general to crystal 

growth and it follows that models of crystal growth need to be viewed in a wider 

context.

Previous studies have tended to equate changes in morphology with specific effects 

such as those caused by a stereochemical match between an additive and a crystal 

face. Indeed, matching of this kind was proposed for the formation of new crystal 

faces in the presence of SDS surfactant. However, complex morphologies are not 

readily solved by this approach. This study has shown that complex morphologies can 

be generated by more general phenomena. For example, the multiple cones grown in 

the presence of sodium polyacrylate were attributed to electrostatic charge and ion 

diffusion effects. The key point is that these effects are not necessarily simultaneous 

but recur sequentially. Crystallisation of the multiple cones is sequential: surface 

nucléation is followed by growth, charge effects develop, the solution is depleted of 

ions, growth slows down, surface nucléation occurs once more and so forth.

The argument can be developed further by considering the sequence as a 

mathematical pattern. This is significant as obvious parallels can be drawn with 

computer studies where simple iterative programs are used for shape generation. 

Patterns resembling the designs of sea-shells have already been created in this way.' 

Therefore, an important conclusion of this study is that the pattern of effects may be 

just as important in determining the crystal morphology as the effects themselves.
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This study has also revealed the importance of additive species acting collectively to 

influence crystal morphology.* For example, the accumulation of barium complexed 

polyacrylate molecules at the crystal surface resulted in amplification of surface 

charge. Likevvise, AOT surfactant molecules within surface adsorbed reverse micelle 

droplets act collectively to prevent incorporation of bulk water from non-adsorbed 

microemulsion droplets - thereby influencing the rate of ion transfer to the crystal. 

The collective response is not restricted to organic additives. Hence, it was noted that 

sodium and chloride ions at high ionic strength act collectively to stabilise charged 

crystal faces. This idea of collectivity is clearly an important concept in 

morphological control but it should be remembered that other factors are also at play.

One of the objectives of this study was to investigate inorganic synthesis in reverse 

micelle and microemulsion droplets. It was found that the underlying rules governing 

crystal growth in such systems are the same as those for bulk aqueous solution. Thus, 

the formation of fibres in AOT surfactant stabilised droplets can be rationalised using 

the same principles as those for fibres grown in bulk aqueous solutions containing 

polyacrylate molecules. Significantly, the underlying rules did not include physical 

constraint, as in general, a correspondence between particle ‘shape and size’ and 

droplet ‘shape and size’ was not observed.

Finally, this study has shown that the barium sulphate crystals present in 

xenophyophores are similar in morphology to synthetic crystals grown in bulk 

aqueous solutions without additives. The one point of difference was that the 

xenophyophore crystals exhibited {210} microfacets instead of curved (hkO) faces. 

These facets were thought to arise fi'om a switch in the growth mechanism.

* A collective response is a group action brought about by group members acting 

cooperatively.
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One problem that was not resolved was the origin of the xenophyophore crystals; it 

was not possible to tell whether the crystals were biomineralised, ingested along with 

food or formed passively during food digestion.

REFERENCES

1. Ball,?.,1994. Designing the molecular world: chemistry at the frontier. Princeton 

University Press, p.315.
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Chapter 9 

SUPPLEMENT

9.1 ASPECTS OF CRYSTAL GROWTH^

9.1.1 Thermodynamics

All systems have a natural tendency to reduce their overall free energy. Crystal 

growth is no exception to this principle and in order to appreciate the driving force 

behind crystal growth we need to examine the thermodynamic considerations 

underlying it. A more applicable expression and the most widely used term relating to 

free energy is supersaturation. Both free energy and supersaturation are discussed 

here.

Gibbs free energy

Consider the following precipitation reaction.

A  ^aq) "I" ^  B  (aq ) A  % B  ^  +  H 2O

The free energy change associated with the reaction is defined as the total free energy 

of the products (the precipitate plus ‘free’ solvent) minus the total free energy of the 

reactants (the solvated ions) and is written as:

^ ^ c r y s t  ^ p r o d u c ts  ^ reactan ts

The reaction will only occur when AGcryst is negative. The free energy change can also 

be written as AGgryst ^ AH -  TAS , where AH is the change in non-bonding energy 

and TAS is the change in entropy.
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For reactions in solution, it is usual to express the change in free energy in terms of 

the chemical potential p :

^^cryst ~  M" products ~  M" reactants

for the above precipitation reaction the equation is:

^^cryst ~  (M" AB H- water) ~  (M” A M’ b)

As the system approaches equilibrium, the product term remains constant but the 

reactant term falls and at equilibrium P a  +  1^b =  ^ ab  +  M water • Therefore, the 

change in chemical potential can be written as:

=  (l^A +  Mb') ”  (Ma +  I^b) 

where p /  + pg ' is the equilibrium potential of the reactants.

The standard equation for chemical potential is:

Pi = Pi* + RT Inai

where Pi* is the standard chemical potential of species i, R is the gas constant, T is the 

temperature and ai is the activity of species i. Substituting this equation into the 

equation for AGcjyst gives:

= RT In A • <*B 
^A • ^B

which can also be written as:

AGciyst = RT In
{ a A '} \{ a B 'r  
{a A r  • {ag V
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where x  and y  are the numbers of species A and B in the formula unit. The equation 

then simplifies to:

and upon rearrangement:

AGcryst = RT In ^5E_ 
lAP

= -  RT In ^  
Rsp

where lAP is the ion activity product and K̂ p is the equilibrium solubility product. 

The equation demonstrates that the thermodynamic driving force for crystal formation 

is dependent firstly, on the temperature and secondly, on the lAP / Kgp ratio. Because 

both lAP and Kgp terms are temperature dependent but to a similar degree then the 

ratio lAP/Kgp (sometimes referred to as the growth affinity p) is largely temperature 

independent.

Supersaturation

Basic theory. The lAP/K^p ratio, raised to the power of 1/n is referred to as the 

solution supersaturation:

S = lAP
K.P

1 /n

where n is the number of species in a formula unit Â B̂̂  (n = x + y). The 

supersaturation S is probably the most important quantity in crystal growth, as it is the 

standard reference, at constant temperature, by which different systems are compared. 

It is directly related to the change in free energy AGgjyst but is an easier quantity to
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work with in the laboratory. Substituting the equation for S into the equation for 

AGciyst gives:

AGcjyst = -  n.RT.lnS

A solution is said to be supersaturated when S > 1 (AGcryst = -  ve), undersaturated 

when S < 1 (AG„yst = + ve) and at equilibrium when 8  = 1 (AGdyst = zero). The first 

condition gives rise to crystal growth and the second to crystal dissolution.

Extended theory. Thus far, we have only considered a bimolecular reaction. 

However, for many systems, particularly at high supersaturations, other molecular 

species such as ion pairs and ion triplets may exist.

n a reaction involving species A, B, AB and ABA the equilibria will be:

A + B AB(s)

A B ° ^  AB(,)

V2A B K  + V2B aB(s)

The supersaturation is then defined as:

S =
% a AS ' / 2 r a aa aba • a B * / 2

a /  . ae' aAB'_ a ABA • a B

1/3
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the general form is:

S = ’^A •
&A -ae'

AB

AB

- a  Aa ABA • a B
: — t t t — 7 T2 a a b a  • a B

1 /n
1/p

where n is the number of species in the formula unit and p is the number of equilibria 

that are considered (equal to 3 in the above example). Each of the three terms are 

equal to one another:

aA &B a AB a a b a  • a B
a / .aB' aAB' a a b a  • a B

Therefore, it is only necessary to consider one of the terms. As a consequence, the 

equation for supersaturation can be written as for the basic theory:

S = a A • aB
A •

Yi

The equation for S is therefore independent of spéciation.

9.1,2 Nucléation

In order for crystal growth to begin, ions must first associate: nucléation is the first 

step towards crystal growth and involves the formation of ion clusters.

When two solutions are mixed the ions undergo dynamic equilibration. Collisions 

occur, some of which are of sufficient energy to partly desolvate the ions and so form
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clusters. This process leads to a distribution in cluster size (figure 9.1), with cluster 

formation occurring either spontaneously or by stepwise ion addition (figure 9.2).

Number

size

Number

size

figure 9.1

O o  
)

O O o

spontaneous
formation

o +
stepwise
formation

Figure 9.2

The opposite process o f cluster dissolution also occurs and so the lifetime o f  a cluster 

is small.

For clusters in supersaturated solutions, there exists a critical size, above which the 

cluster is more likely to grow than dissolve. Such clusters are referred to as critical 

nuclei, hence the term nucléation. Their stability has been explained by a classical
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surface energy theory. For spontaneous cluster formation (figure 9.2 above) the free 

energy change is usually written as:

^Gcuster =  4tU r CT -
2 4/3.71 r AG,bulk

where r is the radius o f the cluster (assumed to be a sphere), a  is the surface energy, 

AGbuik is the free energy change per mole for incorporation o f ions into the bulk and 

Vm is the molar volume o f the precipitant phase A^By. The graphical form o f the 

equation is shown in figure 9.3.

free energy 
change for 
the surface, 
cluster and 
bulk

slope =  0

0
+ve slope

-ve slope

r*

Figure 9.3

cluster size r

The gradient o f the AGduster curve corresponds to the change in free energy upon 

stepwise addition o f an ion to a cluster. For small clusters this quantity is positive and 

therefore the cluster is more likely to dissolve. With increasing cluster size the
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gradient becomes smaller and eventually a size r* is reached, where the gradient is 

zero. At this point the cluster is just as likely to incorporate as to release an ion. 

Above r* the gradient is negative and therefore the cluster is more likely to grow. 

Nuclei o f size greater than r* are likely to develop into crystals. The term r* is 

referred to as the critical radius.

The fact that the AGduster term is positive means that the probability o f a critical 

nucleus forming is low. However, that the gradient is negative above the critical 

radius means the probability o f such nuclei surviving is high. The net result will be a 

change from a unimodal distribution o f cluster sizes to a bimodal distribution:

N u m b e r

u n im o d a l

N u m b e r

s iz e

b im o d a l

s iz e

Figure 9.4

By differentiating the equation for AGduster one obtains the size and aggregation 

number o f the critical nucleus:

r* =
2aV ,

AG
4/37iN a8(tV^^

n* =
bulk AGbulk
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where is Advogadro’s constant and n* is the number of formula units A^By in the 

critical nucleus. If we assume that the process of ion incorporation into a cluster is the 

same as that for ion incorporation into a crystal then AGbuik “  AGgyygt. It follows that 

the size of the critical nucleus is dependent on the overall driving force for crystal 

growth. The larger the driving force, i.e. the larger the negative value of AGcjyst, the 

smaller the critical nucleus. Increasing either the temperature or the supersaturation 

will have the same effect. Values calculated for BaSO^ critical nuclei are shown in the 

table (a = 0.086 J.m'^, Vm = 5.27x10'^ m .̂mol'% n = 2 and T = 298K).

r* , A n * , BaS0 4 S

2.5 < 1 1 0 0 0

4 3 1 0 0

5 7 30

8 24 1 0

13 1 1 0 4

Table 9.1

It can be seen that the critical nuclei comprise only small numbers of ions.

9.1,3 Transition from nucleus to crystal

Nuclei are small and amorphous. The transition from nuclei to crystal involves both 

growth and an increase in order.

This process is outlined in the diagram below. As the nucleus develops in size the ions 

become more strongly coordinated; residual water molecules are expelled and the
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internal structure loses its fluidity. The nucleus then adopts a more ordered structure, 

eventually becoming crystalline.

Figure 9.5

H,0 -^

---------- ► Q
O Q

O

semi-fluid intermediate rigid
nucleus state crystal

There are two selection rules for the process. Firstly, the free energy o f the crystalline 

state must be less than that for the amorphous state. Secondly, the activation energies 

for bulk dehydration, creation o f an ordered surface and lattice slip must not be too 

high. If both conditions are satisfied then the nucleus will develop into a crystal, 

otherwise an amorphous solid will form.

9.1.4 Crystal growth

Crystal growth is essentially the propagation o f ordered surfaces through 

incorporation o f additional ions.

Three types o f crystal growth mechanism are usually distinguished: birth and spread, 

spiral and direct adsorption / integration.

Birth and spread. In this mechanism (figure 9.6), new crystal layers are deposited by 

the continuous process o f monolayer island formation, growth and coalescence.
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Figure 9.6 Birth and spread of monolayer islands. The concentric 
circles represent the islands at different stages of growth.

The formation step is nucléation in two dimensions. Ions continually bombard the 

crystal surface; most bounce back into solution but some are of sufficient energy to 

partially desolvate and adsorb (steps 1 and 2, figure 9.7). The adsorbed ions then 

undergo surface diffusion; some will desorb, others will collide with one another to 

form surface clusters (steps 3-5, figure 9.7).

3 , %
-> O

Figure 9.7

1 . elastic collision
2 . adsorption
3. surface diffusion
4. desorption
5. cluster formation
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The classical approach, is to model the growing nucleus as a disc, radius r and height 

h (figure 9.8).

o o .
o  oO  ions 

O O o
crystal surtace \ !

Figure 9.8

Only the sides of the disc, area Irtrh, contribute to the increase in surface area. The 

free energy change for spontaneous formation of the surface bound disc, from ions in 

bulk solution is:

AG 2D =  27irha +
Tir .h.AGbulk

Likewise the free energy change upon stepwise ion addition is:

Ô AG
ôr

^  = 27iha + 27ir.h.AGbuik

Solving for ÔAG2 D/ ôr = zero, gives the equations for the size r2 o* and aggregation 

number U2 d* of the critical two-dimensional nucleus:

^ 2 0

AGbuik
^20* =
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where n2 o* is the number of formula units Â By in the nucleus. As with three 

dimensional nucléation, it is useful to assume that AĜ uik ~ AĜ ryst • Values calculated 

for BaSO^ are shown in table 9.2 (h » , T = 298K). Values for three

dimensional nuclei are shown for comparison.

2̂ 0 * , Â U2 D* , BaSO/' U3 D* , BaSO/' S

1.3 0 . 2 0.9 1 0 0 0

2 . 0 0.5 3 1 0 0

2.5 0.9 7 30

4.0 2 . 0 24 1 0

6.5 5.5 1 1 0 4

Table 9.2

It can be seen that the number of molecules required for surface nucléation is small 

and secondly, that this number is appreciably lower than that for three dimensional 

nucléation.

Above a certain size (r2 o » r2 o*)» the monolayer islands are best treated as terraces 

bounded by steps and kinks (figure 9.9), rather than as smooth discs. The classical 

surface energy theory still applies but in this instance the ions are regarded as cubes 

(diameter = a). The various free energy changes occurring upon ion adsorption at step 

and kink sites are illustrated in figure 9.10.
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Figure 9.9

monolayer island 
(terrace)

step
kink

step

III

Total free energy change 

AG = AGsurf + a^AGyuik /

surface free energy changes

i. solution to step AĜ û f == 2â cr 
a. solution to kink AG.^  ̂ = zero 

Hi. surface to step AĜ r̂f = -3a^a 
/V . surface to kink AĜ ^̂ r = -5a^a

Figure 9.10 Adsorption of cubic 
ions at steps and kinks

The most favourable energy change occurs upon ion adsorption at a kink site (figure 

9.10 iv). The implication is that surface layers are propagated by kinks; these move 

along the fronts of the steps until either the step is complete or the kinks are 

annihilated by oppositely travelling antikinks. The process is continuous with new 

kinks forming by the less favourable process of step adsorption.

The birth and spread mechanism is therefore a two dimensional nucléation mediated 

process with kink and step propagation.
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Spiral growth

This is similar to the birth and spread mechanism except that instead of two 

dimensional surface nuclei, growth is initiated by surface defects. There are many 

different types of defect, the one considered here is called a screw dislocation (figure 

9.11).

Figure 9.11 A screw dislocation.

The dislocation can be manifested as a wedge shaped step. Ions arriving at the step 

cause it to propagate in a spiral manner. The growth rate is usually asymmetric as it 

depends on the atoms exposed by the step. Therefore, the screw dislocation speeds up 

and slows down as it rotates. The result is a spiral pattern as shown in figure 9.12.

Figure 9.12. Spiral growth pattern produced from a screw dislocation.
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The spiral grows continuously upwards and outwards. Usually more than one 

dislocation is present and so coalescence of separate spirals also occurs. Note that the 

steps are themselves propagated by kinks.

Direct adsorption

Surfaces with very high densities of surface nuclei or screw dislocations grow by 

direct adsorption. The surfaces are in affect covered by kinks and therefore ion 

incorporation occurs randomly over the entire surface. The process is direct as most of 

the ions desolvate before having a chance to surface diffuse. Hence, adsorption and 

incorporation are almost simultaneous (figure 9.13). The surface is sometimes referred 

to as being roughened.

Figure 9.13. Direct adsorption. The blocks in solution represent 
growth units (ion singlets, pairs, triplets....etc), those on the 
surface represent two dimensional nuclei or sites of defects.

Of the three mechanisms, spiral growth is associated with very low supersaturations, 

birth and spread, with low to medium supersaturations and direct adsorption, with 

high supersaturations.

The three mechanisms are essentially based on observations of surface topography. 

Thus, layers, spirals and roughened surfaces are all common features found on
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crystals. However, these mechanisms say nothing about the processes occurring just 

above the crystal surface. For example, the sequence of events leading to ion 

incorporation from solution may include i) stepwise removal of water molecules from 

between the ion and surface, ii) alignment of the ion species within the electrostatic 

field generated by the crystal surface, iii) rotation of the ion into the correct 

orientation for incorporation into the crystal.

In summary, the spiral, birth and spread, and direct adsorption mechanisms are useful 

tools for describing crystal growth but are only approximations.

9.1.5 Crystal size

In solutions of finite concentration the crystal size is controlled by the rates of 

nucléation and crystal growth, which are supersaturation dependent. Both rates change 

sigmoidally with supersaturation as illustrated below (figure 9.14).

crystal growth 

nucléation

J
1lon.s

BA C

Supersaturation

Figure 9.14. Rates of ion uptake by crystal growth and 
nucléation as a function of supersaturation
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In simple terms it is apparent that the slope of the crystal growth curve is greater than 

the nucléation curve at point A, equal to the nucléation curve at point B and less than 

the nucléation curve at point C. The implication is that the crystal size increases to a 

maximum at point B and then decreases. The relationship is known as the Weimam 

effect. It is shown schematically in figure 9.15.

Figure 9.16 shows a typical size versus log supersaturation curve.

Size

IgS

Figure 9.16. The Weimam effect

The smallest crystals are those grown at very high supersaturations. Moderately small 

crystals are grown at high or low supersaturation (above and below point B). Large 

crystals are those grown at point B.

9.1.6 Crystal shape

The general rule is that the morphology and crystallography of a crystal is dependent 

on the relative growth rates of the slowest growing crystal faces. In other words, the 

shape of the crystal is defined by the slowest growing crystal faces. Fast growing 

faces disappear (figure 9.17).
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Figure 9.15 Schematic diagram of the Weimam effect. On increasing the 

supersaturation the concentration of ions c (X) and the concentration of nuclei n (•) 

increases. The particle size, which is determined by the ratio c/n, increases and then 

decreases.
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Figure 9.17. Disappearance of a fast growing crystal face.

The picture in figure 9.17 is the scheme most commonly referred to. However, an 

alternative scheme is one in which the fast growing faces are replaced by slow 

growing microfacets (figure 9.18).

slow

fast
slow

slow

Figure 9.18. Disappearance of a fast growing face, scheme 2.

Crystals produced by the first scheme (figure 9.17) have shapes that are defined by the 

slowest growing crystal faces. Those produced by the second scheme (figure 9.18) 

are defined by slow and fast growing faces.

There is a third scheme, in which the fast growing faces ^re not diminished but 

continue to grow, forming a fibre (figure 9.19).
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Figure 9.19. Survival of a fast growing face.

The effect can be rationalised by considering i) the rate R, at which the fast growing 

face completes a new surface layer versus ii) the rate R2  at which the slow growing 

face is propagated (figure 9.20).

Fast

Î
R.

R,

Figure 9.20. Approach of a surface layer towards a slow growing face.

If on approach R, » R2  then the fast growing face will disappear. But if Rj > R2  then 

the fast growing face will survive. In other words, the ratio R1/R2 is another 

parameter that influences the shapes of crystals.

It seems reasonable to assume that there are other schemes determining crystal shape. 

It also appears that in order to fully define crystal shape one must take into account a
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whole host of factors including the surface topography and the relative rates of face, 

step and kink propagation.

Finally, the crystal shape may be best defined in terms of the relative growth rates of 

lattice points. It is a more complex picture but enables one to move away from the 

rigid model of steps and kinks. The lattice point model is a bottom up approach. It 

allows one to view the surface as being a collection of points with considerable 

heterogeneity. The lattice point model is shown below (figure 9.21).

 __
.  .  crystal surface
•  • • • • • •

Figure 9.21. Lattice point model

The arrows show growth rate vectors in three dimensions above the surface. Note that 

the surface is shown here as being flat but in practice it could be rounded or 

roughened. Also, the circles are lattice points and not atoms.

9 , 2  B A R I U M  S U L P H A T E  C R Y S T A L L O G R A P H Y

Crystal structures cannot be accurately defined at an atomic level by direct 

observation.

The relative positions of the atoms in the unit cell can however be calculated using 

single crystal x-ray diffraction patterns. The data obtained can also give the absolute 

positions of the atoms since the dimensions of the unit cell are obtained.
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A summary of all possible crystal structures has been developed (The international 

tables of crystallography). This defines the relative positions of the atoms with a 

particular systems unit cell and provides a convenient method of defining a crystal 

system. This system is called a space group. The description can be used to generate a 

theoretical model of a particular unit cell and by translation a lattice can be generated. 

This approach significantly simplifies the process of defining a model of a crystal 

system.

The unit cell of barium sulphate can be generated in this way by applying space group 

Pnma.

Having obtained a model in this way, the crystallographic features of the lattice can be 

defined and the crystal faces indexed. The features of the lattice can then be related to 

the overall symmetry of the crystal.

9.2.1 The space group Pnma

The barium sulphate lattice belongs to the space group Pnma. The space group 

symbols Pnma indicate that the lattice is generated on a primitive lattice P, by the 

operation of a diagonal glide plane ‘n’ perpendicular to the [1 0 0 ] axis, a mirror plane 

‘m’ perpendicular to the [0 1 0 ] axis and an axial glide plane ‘a’ perpendicular to the 

[001] axis. The three perpendicular mirror planes of symmetry are referred to as the 

essential symmetry elements of the space group and collectively they imply that the 

space group belongs to the orthorhombic system.

The generation of the space group Pnma by the glide and mirror planes is shown 

diagramatically in figure 9.22 as a series of projections in the x-y plane (i.e. the z-axis 

is out of the plane of the page). The circles on the diagram represent the effect of the 

symmetry operations on the general point (x,y,z). By convention, this is located at the 

top left hand comer of the unit cell. The symmetry equivalent positions thus obtained
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Figure 9.22 Generation of space group Pnma by three symmetry operations, n: 
operation of a glide plane perpendicular to the [1 0 0 ] axis (lateral and then vertical 
translation followed by a reflection), m: operation of a mirror plane perpendicular to 
the [0 1 0 ] axis (a reflection) and a: operation of an axial glide plane perpendicular to 
the [001] axis (translation and then reflection through a line of height + %). The 
symbol ©  denotes a reflection of O  . The + ve and - ve values are relative heights in 
the [0 0 1 ] direction.
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are known as the general equivalent positions^. There are a total of eight symmetry 

related positions v^thin each unit cell. Each position can be thought of as representing 

an asymmetric unit. In the case of barium sulphate this corresponds to one half of a 

barium sulphate ion pair.

The presence of the mirror plane and the two glide planes gives rise to four other 

symmetry operations. The first of these is an inversion centre (also referred to as a 

centre of symmetry), which is located at the origin of the unit cell. Any vector drawn 

from a point A through the inversion centre I will arrive at an identical point A' when 

the magnitude of the vector A'l equals that of AI (see figure 9.23a). The remaining 

three symmetry operations are two fold screw rotation axes which run parallel to each 

of the three principle unit cell axes. These are generated by a rotation of 180° coupled 

with a translation along half a unit cell (see figure 9.23b).

A summary of the symmetry operations found in a unit cell of space group Pnma is

shovm in figure 9.24. This is a simplified version of the information contained in the

‘International Tables for Crystallography', 1987.  ̂ In these tables the space group

Pnma is given a serial number of 62 out of a possible library of 230 space groups

where only one unit cell is found in the lattice. The coordinates of the eight general

points are listed as are the eight symmetry operations. The latter includes the ‘identity’ 

as a symmetry operation. The heading of figure 9.24 contains the symbols P 2\!n

2%/m 2%/a. This is the full space group symbol and includes the notation 2% for the 

screw axes.

9.2.2 Crystal symmetry

The external symmetry of a crystal is dependent on the spatial environment of the 

individual ions as they are incorporated into the crystal structure. Crystal growth 

directions in which the spatial environments are identical give rise to identical growth



331

motif

inversion centre

[100]

L [001]

Sulphate group, 4th 
oxygen atom hidden.

Figure 9.23. Operation of û. an inversion centre and A. a two-fold screw axis.
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Origin at 1 on 1 2, 1

Asymmetric unit 0 < x < j ;  0 < y < i ;  0 < z < l

Figure 9.24 A summary of information from the 
‘International Tables of Crystallography’.



333

rates. These in turn give rise to points / faces on the crystal exterior which are 

equidistant to the crystal centre.

Identical spatial environments within the structure of barium sulphate occur about 

each of the three planes of symmetry. Identical growth also occurs about the axial 

glide plane and the diagonal glide plane, the external symmetry of a crystal of barium 

sulphate will therefore include three perpendicular mirror planes.

The mirror planes generate a further four symmetry operations, the first of these is an 

inversion centre located at the centre of a crystal. This operates in the same manner as 

the lattice inversion centre. The remaining three symmetry operations are two fold 

rotation axes (diads), which run perpendicular to each of the three crystal mirror 

planes. Each of the seven symmetry operations just mentioned and the identity pass 

through the centre of the crystal. They are known collectively as a point group and are 

given the symbol 2/m 2/m 2/m. The number 2 represents a two fold axis of rotation 

whilst the letter m represents a mirror plane. In the 'International Tables for 

Crystallography', this is abbreviated to the essential symbol mmm. The point group 

operations for a typical barium sulphate crystal are shown in figure 9.25

The point group simply dictates the minimum crystal symmetry, it is therefore 

possible to obtain a cubic crystal with space group Pnma. There are twenty eight 

space groups corresponding to a crystal point group of mmm. This includes primitive 

P, base centred C, face centred F and body centred I, orthorhombic cells. As a 

consequence of the above listed points, it is not possible to identify the space group of 

a crystal directly from its symmetry.

Despite the previous remarks, the general rule for barium sulphate is that you should 

be able to recognise the three perpendicular mirror planes in the crystals.
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Figure 9.25. The point group operations for a barium sulphate crystal. Top: the mirror 

planes. Bottom: the two-fold axes of rotation (diads).
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9.2.3 Crystal structure

Unit cell dimensions and atomic coordinates

The crystal structure of barium sulphate (space group Pnma) has been calculated from 

single crystal x-ray diffraction studies on geological barium sulphate (barite). 

Geological crystals are used because existing methods cannot produce pure synthetic 

barium sulphate crystals which are large enough for single crystal x-ray diffraction 

studies (size > 3mm).

Table 9.3 shows the results obtained from two separate studies on barite. These 

include the unit cell dimensions and atomic coordinates of atoms located within an 

asymmetric unit. In this thesis, the results by Sawada and Takuechi are adopted (unit 

cell dimensions a, b, c = 8.909, 5.467, 7.188 Â).'*

Each of the atom coordinates in the asymmetric unit corresponds to a general point 

(x,y,z) in the space group Pnma. Substituting values into the coordinates list shown in 

figure 9.24 generates the remaining symmetry equivalent coordinates. The 19 atom 

coordinates generated by this method plus the 5 asymmetric coordinates makes a total 

of 24 in any one unit cell of barium sulphate. These coordinates are shown in table 

9.4. Images of the unit cell generated from the coordinates are shown in figure 9.26. 

Note that there are four molecules of BaSO^ per unit cell.

A number of unit cells have been specified in the literature. In this study the unit cell 

has been assigned according to the space group Pnma, such that the length of the a 

axis > c axis > b axis.
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X Y Z literature source

Bal 0.184 0.250 0.159

SI 0.064 0.250 0.690

01 -0.092 0.250 0.612 Sawada & Takuechi*

0 5 0.187 0.250 0.543

0 9 0.079 0.034 0.813

unit ceil dimensions: a, b, c = 8.909, 5.467, 7.188 Â

X Y Z literature source

Bal 0.1845 0.2500 0.1584

81 0.0627 0.2500 0.6913

01 -0.0883 0.2500 0.6063 Hartman & Strom  *

0 5 0.1817 0.2500 0.5510

0 9 0.0902 0.0299 0.8114

unit cell dimensions: a, b, c = 8.884, 5.457, 7.156 Â

Tables 9.3 a and b. Crystallographic data from two studies on geological barium 

sulphate. The coordinates are given according to the convention in the ‘International 

Tables of Crystallography’, which places the asymmetric unit at the top left comer of 

the unit cell. The source data gave a different asymmetric unit and so had to be 

converted.
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Coordinates

Atom X Y Z

Bal 0.184 0.250 0.159
Ba2 0.816 0.750 0.841
Ba3 0.684 0.250 0.341
Ba4 0.316 0.750 0.659
Si 0.064 0.250 0.690
S2 0.936 0.750 0.310
S3 0.564 0250 0.810
84 0.436 0.750 0.190
01 0.908 0.250 0.612
0 2 0.092 0.750 0.388
03 0.408 0.250 0.888
0 4 0.592 0.750 0.112
0 5 0.187 0.250 0.543
0 6 0.813 0.750 0.457
0 7 0.687 0.250 0.957
0 8 0.313 0.750 0.043
0 9 0.079 0.034 0.813

OlO 0.921 0.966 0.187
O il 0.921 0.534 0.187
012 0.079 0.534 0.813
013 0.579 0.466 0.687
01 4 0.421 0.534 0.313
015 0.421 0.921 0.313
016 0.579 0.079 0.687

Table 9.4. Atomic coordinates of all the atoms within a unit cell of barium sulphate
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Figure 9.26. The unit cell of barium sulphate. Top: three dimensional view. Bottom: 

projection perpendicular to the c axis. The small numbers are the atom coordinates in 

the c direction. The positions of two equivalent sulphate and barium groups are 

marked 1 and 2.
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Atom stacking and coordination numbers

The structure of barium sulphate can be thought of as being made up of alternating 

(020) layers in which the centre of the barium and sulphate ions are coplanar. The 

stacking sequence of the (020) layers is ABA where B is related to layer A by a two 

fold screw axis parallel to the [010] axis. The packing of the atoms within the (020) 

layers can be investigated using classical space filling models. Figure 9.27 shows two 

such layers made up of spheres of radius 1.54A and 2.10A, which correspond to the 

barium and sulphate ions respectively. The value for the barium ion is based on a 

coordination number of seven, as observed in the crystal structure of barium sulphate.

The percentage of space filled by a model of barium sulphate based on a coordination 

number of seven is 61.8 %. Values for similar models in which the coordination 

number is six and eight are found to be 56.1 % and 72.8 % respectively. The former is 

based on a body centred cubic unit cell. In general, a large force of attraction between 

the barium and sulphate ions should favour a high coordination number. The fact that 

a coordination number of eight is not observed suggests either that the force of 

attraction between the two types of ions is not great enough or that there is some bond 

directionality between the two types of ion. The latter is certainly true for barium 

sulphate, on account of the sulphate groups being non-spherical. The space filling 

model therefore implies that the structure of barium sulphate is influenced by the 

shape and covalency of the sulphate ions.

It has already been stated that the structure of barium sulphate is based on a 

coordination number of seven. This means that each barium ion is surrounded by 

seven sulphate ions (see figure 9.28c) and that each sulphate ion is surrounded by 

seven barium ions. The coordination of barium ions can be thought of in terms of the 

nearest oxygen atoms. There are two coordination shells. The first coordination shell 

(figure 9.28a) includes those oxygen atoms at a distance 2.76 to 2.908 Â and fi-om
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Figure 9.27. A schematic diagram showing the packing of the barium ions (small 
circles) and the sulphate ions (large circles) within the alternating (020) layers. The A 
and B layers are represented by the thick and thin rimed circles.
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Atoms Bond length /  Â Atoms Bond length /  Â

Ba2 0.000 S2* 3.537
0 6 2.760 S3 3.544
0 4 2.789 S3* 3.544
012* 2.818 SI* 3.679
09** 2.818 SI** 3.679
013 2.845 S2 3.964
016* 2.845 S4* 4.214
O il* 2.908 Ba4 4.643
OlO* 2.908 Ba4* 4.643
01 3.295 Ba3 4.666
01* 3.295 Ba3* 4.666
0 7 3.090 Ba3*/\ 4.666
07* 3.090 Ba3** 4.666

Bal** 4.842
Bal*** 4.842

Figure 9.28. Barium atom environment. Neighbouring atoms such as Ba4 and Ba4* 
have identical coordinates but are located in different unit cells. The table shows the 
bond lengths between the centres of the surrounding atoms and the centre o f the Ba2 
atom.



342

the barium ion. In the second coordination shell (figure 9.29b) the distance is between 

3.090 and 3.295 A. A clear definition of the coordination shell is therefore open to 

interpretation and one can consider the barium ions as being eight or twelve 

coordinated with respect to the oxygen atoms. The latter might be considered more 

appropriate since the centre of symmetry of the twelve coordination shell is closer to 

the centre of the barium ion than the equivalent position for the eight coordination 

shell.

Description o f important crystal faces

A description of the important crystal faces is given in figures 9.29 to 9.34. Faces 

falling into this catergory (see chapters 3 - 7 )  include the (100), (010), (001), {210}, 

{0 1 1 } and {1 0 1 } faces.
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Figure 9.29. Images of the (100) face. This face comprises alternate (400) layers (Hi), 
in which the Bâ  ̂and S0 4 ‘̂ ions are arranged in a rectangular lattice (/)• The S0 4 '̂ ions 
are monodentate (it), that is, with one oxygen atom above, one below and two oxygen 
atoms in the face. The interplanar spacing d4 oo = 2.23 A and Hi is viewed down the
[0 1 0 ] axis.
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Figure 9.30. Images of the (010) face. This face (/) comprises alternate (020) layers 
(m), in which the Bâ "" and SO / ions are coplanar. The SO / ions are monodentate 
(//), like those observed for the (100). The interplanar spacing do2 o = 2.73 Â and in is 
viewed down the [0 0 1 ] axis.
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Figure 9.31. Images of the (001) face. This face comprises alternate (002) layers (m), 
in which the Bâ  ̂and S0 4 '̂ ions are arranged in a rectangular lattice (i). The S0 4 ‘̂ ions 
are bidentate (//), that is with two oxygen atoms above and two oxygen atoms below 
the face. The interplanar spacing cW = 3.59 Â and Hi is viewed down the [010] axis.
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Figure 9.32. Images of the (210) face. This face is crystallographically similar to the 
(001) face. Firstly, the SO /' ions are bidentate (ii) and secondly the Bâ  ̂ and SO / 
ions are arranged in a rectangular lattice, although this is slightly distorted. The 
interplanar spacing diio = 3.45 A and Hi is viewed down the [0 0 1 ] axis.
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Figure 9.33. Images of the {011} face. This face (0 comprises alternate Bâ  ̂ and 
S0 4 '̂ (022} layers (iv). The S0 4 '̂ ions are tridentate (ii) and monodentate (//7), that is 
with three oxygen atoms above and one oxygen atom below the face or vice versa. The 
interplanar spacing do2 2  = 2.18 Â and iv is viewed down the [1 0 0 ] axis.
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Figure 9-34. Images of the (101) face. This face (0 comprises alternate {303} layers 
in which either the Bâ  ̂or SO / ions are present in excess {iv). The S0 4 ‘̂ ions form 
one type of tridentate motif (//), two forms of monodentate motif {Hi and inverse of ii) 
and one form of bidentate motif (inverse of Hi). The interplanar spacing dsos = 1.87 A 
and IV is viewed down the [0 1 0 ] axis.


