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The growth of strontium sulfate precipitate by
diffusion in various gels was studied by using optical
transmission and confocal microscopies,

scanning and

transmission electron microscopies, and energy dispersive Xray fluorescence.
Pure silica gel, pure agarose gel and the

silica/agarose mixed gel at pH 7
the present study.

-

10 were used throughout

Precipitate morphology is sensitive to

pH and to the nature of the growth medium.

The morphology was observed as a function of time. The
lack of change is presumably because of rapid depletion of
the limiting reagent after the very beginning of
precipitation.
The problem of separating strontium sulfate precipitate
from the gel medium is discussed.
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CHAPTER ONE

INTRODUCTION

1.1 Purpose of the Present Study
Gels have been used for many years to grow crystals
of

insoluble inorganic materials.

Crystals in a gel matrix

make it possible to study the development over time of
highly insoluble particles grown from separate primary
nuclei.

In fact, the morphology of highly insoluble

materials is of fundamental interest, because of their
possible relevance to the earliest stages of evolution
(Cairns-Smith,

1982)1,

as well as their importance in

catalyst preparation (Trimm, 1978)2, sol-gel technology
(Woodhead & Segal,

science generally.

1984; Woodhead,

1980)3,

and materials

Recently, some extensive attention has

been given to the morphology and aggregate of crystals
grown
by the gel technique (Baird et al., 1988; Matsuno
et al.,
1989).4

J.M.

Garcia-Ruiz (1981a) 5 ,

who first studied the

morphological properties of some symmetrical crystal

aggregates of (SrBalX)CO3 (x = 0, 1) grown in silica
gel,
discovered the induced morphology crystal aggregates
(IMCA)
phenomenon.

It was found by Garcia-Ruiz

(1981b)

that a

siliceous matrix which acted as support, induced
the whole
morphology of the aggregate of

1

(SrBa1 .,)CO3

(x = 0, 1).6

2
Besides the polycrystalline sheets and spirals reported
by J.M. Garcia-Ruiz,

silicate overlay was found and assigned

to a new crystalline phase.

Meanwhile, some interesting

results have been obtained in the BaCO3 (Braterman et al., 1991).7

Therefore,

BaSO4 system

the morphology and

aggregation of other alkaline earth sulfate system were

expected to be interesting and selected for investigation.
Unfortunately, no interesting phenomena were found from
calcium sulfate precipitate in silica gel, presumably
because it has far higher solubility (Ks, = 2.6 x 10'5)
barium sulfate

(KS, = 1.3 x 10"0) .

than

Thus, a study on the

growth of individual strontium sulfate (Ksp.= 3.2 X 10'7)
crystallites and aggregates has been carried out.
1.2 Gel Materials
A gel can be regarded as a loosely interlinked polymer
which is formed from suspension or solution by the
establishment of a three dimensional system of crosslinkages.

A gel formed from aqueous solutions is termed a

hydrogel.

The gelling process takes various times,

from

minutes to days, depending on the nature of the material,
concentration, temperature,

etc.

A variety of gels can be used to influence the
formation of crystalline products.

Silica gel, agarose gel,

and silica/agarose mixed gel were generally used throughout
the present study.
1.2.1 Silica Gel

3
Silica gel is often considered to be the best and most
versatile growth medium because of the establishment of a
three-dimensional network of Si - 0 links.

The formation of

silica gel can be regarded as the result of the selfpolymerization of monosilicic acid Si(OH)4

which can be

initially formed from sodium silicate solution by changing

pH.

As the polymerization process continues, water

accumulates on the top of the gel surface which is known as
syneresis.

The gelling time as indicated by Fig 1.1 is very

sensitive to pH.

Fig 1.2 shows how the pH of an initially

neutral gel increases during syneresis, probably as a result
of the progressive and stabilizing hydroxyl substitution for
oxygen in the polymerized structure (Plank, 1947)8,

1

- Si

-

0"

+

H2 0

I
-----

- Si -OH

+

OH

1.2.2 Agarose Gel

Agarose is generated from agar which is a carbohydrate
polymer mixture derived from seaweed.

As Araki (1956)

suggested9 , agarose has the following empirical formula:
[C12 H14 0 5 (OH)

4]

corresponding to a disaccharide.

Fig 1.3

shows that agarose is built up from agaroboise units linked
to form a linear galactan.

In this case, gelification most

probably occurs by hydrogen bonding (Wieme, 1965) .10
1.3 Advantage of Crystal Growth in Gels
The growth of crystals in gels was recorded since the
early twentieth century or even before that by Marriage
(1891) and attracted new interest from the work of Henisch

4
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Fig 1.1 The effect of pH on the gelling time for
silica gel.
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Fig 1.2 pH changes during syneresis in silica gel.
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and co-workers in 1969 -1970.11
The success of the gel method is 'ascribed to
the
controlled mixing of reagents (diffusive rather
than
convective),

the suppression of nucleation, especially

heteronucleation, by the filtering effects of
the gel, and
the inhibition of aggregation (Henisch, 1970).12
One more advantage is that gels can be used
to grow
various sorts of crystals -

ionic, organic and even metallic

crystals - at ambient temperatures (Barta et al.,
1971).13

In addition, the apparatus and methods are very
simple,
convenient and cheap.
1.4 Growth Mechanism in Gels

In the gel method, diffusion control sets up
concentration gradients of all ions involved.
The process
involves the creation of a supersaturation
of the product by

diffusion of two reagents in gels.

Fig 1.4a shows the

concentration gradients of the top reagent
A and of the
bottom reagent B, where point (*)

represents the position in

the gel plug having a maximum ionic product
(before
nucleation).

A considerable degree of supersaturation may
exist but nucleation has not occurred.
In Fig 1.4b,
nucleation has occurred and subsequent
growth lowers the
concentrations in the local area of the
band of nuclei
(Abdullah,

1988) .14

1.5 Crystallization
As Mullin (1961) suggested1 5 , the crystallization

6
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Fig 1.3 Chemical structure of agarose.
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linear galactan agarose.
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Fig 1.4 Concentration gradients due
to controlled diffusion
in the gel plug.
Based on Abdullah, 1988.14
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operation may comprise three basic steps: supersaturation or
supercooling;

formation of crystal nuclei; growth of the

crystals.
1.5.1 Supersaturation
The state of supersaturation is an essential feature of
crystallization.

Ostwald (1897)

first introduced the term

labile (unstable) and metastable (supersaturation).16

A

supersaturation solution contains more dissolved solid than
a saturated solution.
The degree of supersaturation can be expressed by the
ratio of the concentration to the equilibrium saturation
concentration of the solution at the same temperature.

The

ratio greater than 1 indicates supersaturation (Mullin,
1975).17

1.5.2 Nucleation and Growth

Gel has a function of reducing the probability of
nucleation,

especially of heterogeneous nucleation.

All

theories of homogeneous nucleation involve the concept of
the critical nucleus.

As a result of a statistical

accident, a number of molecules can come together and form a
rudimentary crystal.

Simple energetic considerations show

that this crystal is likely to dissolve again unless it
reaches a certain critical
size,

(minimum) size.

Beyond that

the energy relations favor continued growth (Henisch,

1988).18

As indicated by Fig 1.5 which is based on La Mer's work

8
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Fig 1.6 Liesegang Rings.
calcium phosphate system.

a)

silver chromate system; b)

After Henisch,

1988.18

9

(1950), a short burst of nucleation will rapidly lower the
concentration only if the nucleation concentration is
sufficiently far above the saturation concentration. 19

The

addition of further material will cause the growth of the
existing particles rather than the formation of new nuclei.

1.6 Liesegang Rings
"Liesegang Rings" is a traditional term for processes
of insoluble precipitate which occur intermittently in terms
of time or space or (generally) both.

It was Liesegang

(1896) that first covered a glass plate with a layer of
gelatin impregnated with potassium chromate, then added a
small drop of silver nitrate and finally obtained silver
chromate precipitate,

as shown in Fig 1.6a,

in the form of a

series of concentric rings, well-developed and with

regularly varying spacings. 20
Rings of this general type have been observed in great
variety.

Rings formations in great variety have been

described by Stansfield (1917), Orlovski
(1928), and Daus and Tower
Generally speaking,

(1926), Kuzmenko

(1929) .2124

ring positions and spacings can be

regarded as the net outcome of a delicate balance between

the diffusion, nucleation, aggregate and re-solution
processes.
analysis,

Actually, with the aid of computational
the Liesegang rings phenomena can be well

understood (Henisch and Garcia-Ruiz,
1986) .25-26

1986a & 1986b; Henisch,
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For example, consider a system, where the top reagent B
of a higher concentration diffuses into the bottom reagent A

in a gel to form an insoluble precipitate.

The diffusion

constants of both reagents are assumed to be equal.
first ring has already precipitated,

If the

the second ring will

appear at the place where the concentration product is no
less than the precipitation product.
appearance of the second ring,
become totally depleted,

As a result of the

the local concentrations

and for a time soon afterwards the

second ring precipitate region will act as a continued sink.
No new precipitation can take place until the
supersaturation front advances well beyond that region, to a

place where the precipitation conditions are once again
fulfilled.

Fig 1.7 describes the concentration contours and

concentration products in the vicinity of a precipitation

point.

In this way, and with varying degrees of

sophistication, concentration contours can be obtained for
the whole system as a function of time.

CHAPTER TWO

TECHNIQUES USED

2.1 Polarized Light Microscopy
2.1.1

The Optical Properties of Crystals.
Crystals of most substances that transmit visible light

are called transparent.

Transparent crystals are classified

optically as isotropic and anisotropic-birefringent.

Only cubic crystals are isotropic with respect to the
propagation of light, which means that light travels through
them with the same velocity in all directions.

All the other non-cubic crystals are anisotropic
birefringent,

in which each light ray is split up into two

part-rays called ordinary ray and extraordinary ray.

Fig

2.1 shows that they vibrate precisely perpendicularly to
each other, and have different velocities of propagation
which result in a phase difference.

There are, however,

certain directions of propagation through these crystals
along which birefringence does not occur.
are called optical axes.

These directions

Tetragonal, trigonal and hexagonal

crystals with one optical axis are termed uniaxial, and

have two optical axises are termed biaxial
Stuart,

1964).27
12

(Hartshorne

&

orthorhombic, monoclinic and triclinic which

13

0

e

Fig 2.1 Diagrammatic path of rays at birefringence.
ordinary ray; e = extraordinary ray;
After Patzelt,

r

= phase difference.

1974.28

Fig 2.2 The wave nature of light.

A = wave length; s =

vibrational direction; p = polarizing direction.
Palzelt,

1974.28

o =

After

14

2.1.2 Principles
Light is an electro-magnetic wave which vibrates in a
certain plane as shown in Fig 2.2.

Light which contains

only rays of the same vibrational direction is called
linearly polarized light while light which consists of an
infinite member of different vibration directions is called
natural light.
A polarized light microscope is designed to produce a
magnified image of an object using a polarized light.

The

ray diagram for image formation in a polarized microscope is
shown in Fig 2.3.
The polarized microscope is characterized mainly by the

following components: polarizer and analyser, rotating
stage,

strain-free and centering objectives, tube slot and

eyepiece.

The polarizer, the most important component in

polarized light microscope, is used for the alignment of
uniform direction. As shown in Fig 2.4b,

rays which already

travel precisely in the vibrational direction of the

polarizer are transmitted with a slight loss of intensity.
Fig 2.4c shows that rays that vibrate vertically to the
vibrational direction are completely suppressed.

Rays

vibrating obliquely to the vibrational direction, on the
other hand, are divided into a transmitted and an eliminated
component as indicated by Fig 2.4a.

Fig 2.4d indicates that

crossed polarizers block the passage of the light
completely.

The crossable polarizers of polarizing devices

15
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Fig 2.3 Ray diagram for polarized light microscopy. After
Patzelt,

1974.28

Fig 2.4 Crossed polarizers.
After Patzelt,

1974.28

P = polarizer; A = analyser;
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are called the polarizer, which is placed
in the front of
the object, and the analyser, which is placed
behind the
object.
When the birefringent object is rotated
between crossed
polarizers the intensity of the object image
changes

periodically.

During a full rotation the object disappears

practically completely every 90 .

The extinction position

occurs when the vibrational directions
of the object are
parallel to those of the polarizer and
analyser.

In the

intermediate rotation sector the object
becomes light.
Depending on the degree of phase difference
produced in the
object, specific interference or polarizing
color will

appear, which can be analyzed using Table 2.1.
Furthermore, the vibrational directions of
the object
can be determined by insertion of an auxiliary
object
(compensator) in one of the tube slots of
the microscope.

Both )/4-plates and A-plates, which have phase
differences
about 140 nm and 550 nm, respectively,

are generally used as

compensators. Therefore, the former can produce
first-order
grey, while the latter can produce first-order red.

When A-

plate is used, with addition and subtraction
of small phase
differences the interference color changes towards
blue or

yellow respectively.
2.2 Confocal Tandem Scanning Light Microscopy

(TSM)

The ray diagram of the Confocal Tandem Scanning
Reflected Light Microscope is illustrated in
Fig 2.5.

TSM
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black
lavender grey
grey blue

2Zo20

yellowish white

0

a.

vivid yellow

CD

400

red orange
deep red
indigo

600

sky blue

CD
0

a

greenish blue

o
?

800

bright green

1000

pure yellow
orange red
dark violet red

CD
C

greenish blue
sea green
greenish yellow

1400

-

a

indigo

1200

14

flesh-coloured

M.

red

carmine

matt purple
grey blue
bluish green

C
1800

0

a.

bright greenish grey
2000

whitish grey

flesh red

Table 2.1 The orders of interference colors. After Patzelt,
1974.28

Electron microscope

Optical

microscope

Illuminating beam

Electron beam

Light beam

Wavelength

0.0859A (20kV)
~0.0370A (100W)

7,500A (visible)
2,000A (ultraviolet)

Medium

Vacuum

Atmosphere

Lens

Electron lens
(magnetic or electrostatic)

Optical lens

Aperture angle

~35'~

(-)
700

Resolving power

Point to point: 3 A.
lattice: 1.4A

Visible: 2,000A,
ultraviolet: 1,000A

Magnification

90 X ~800,000X

(continuously variable)

10X 2,000X
(lens exchange)

Focusing

Electrically

Mechanically

Contrast

Scattering absorption,

Absorption, reflection

diffraction, phase

Table 2.2

Comparison of OM and EM.

After TEM,

1980.29
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only allows light reflected from the plane of the focus
to
pass through the detecting aperture.

Hence the resultant

image is highly resolved with excellent contrast.

If the

sample is translucent, the focal plane can be moved up
or
down to create images of thin sections of the sample.

This

is called optical sectioning and is one of the most powerful
features of the TSM.

At any given time,

approximately 1000

apertures on one side of the disk are being illuminated,
acting as point sources, while the conjugate apertures
on
the other half of the disk are acting as point detectors.
As the disk is rotated,
quite small,

the field of illumination,

which is

is scanned across the surface of the sample.

In this way, an image of the entire sample is created.
Since the scanning rate is greater than the time resolution
of the eyes, the image appears to a "real-time"

image, that

is, no scan lines are visible.

Reflected light means that only light incident to and
reflected from the sample is used to create the image of the
sample.

Thus the image created by the TSM will be a true

color image.
With the aid of TSM, many objects which are
undetectable even with a conventional light microscope are
able to be observed.
2.3
2.3.1

Scanning Electron Microscopy (SEM)
Comparison of Optical to Electron Microscope
Fundamentally and functionally,

electron microscopes

19
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Fig 2.5 Ray diagram of TSM.

After TSM,

1988.30
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circuit
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Condenser lens
Magnification

Objective lens --'
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Beam deflector
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DetetorAmplifier

Incident electron
beam

CRT
Specimen

Secondary electrons,
other signals

Fig 2.6 The operating principles of SEM.

After SEM,

1980.31
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(EM) and optical microscopes (OM) are identical.

That is,

both types of microscope serve to magnify
minute objects
normally invisible to the naked eye. The basic
difference
between them, however,

is that an electron microscope uses

an electron beam as a specimen illuminating
medium whereas
an optical microscope uses a light beam
ultraviolet rays)

for this purpose.

(including

Table 2.2 lists the

main differences between the EM and OM.
2.3.2 Principles
The scanning electron microscope (SEM)

is one of the

most versatile instruments available for the examination
and
analysis of the microstructural characteristics
of solid
objects.

The primary reason for its usefulness is the high

resolution which can be obtained when bulk objects
are
examined; values of the order of 2.5 nm (25
for advanced research instruments

A)

are quoted

(Broers, 1974) .32

Another

important feature of the SEM is the three-dimensional
appearance of the specimen image, which is a direct
result
of the large depth of focus.

Moreover,

it is possible to

use bulk specimens only in Scanning electron microscope

rather than Transmission electron microscope.
The operational principle of the scanning electron
microscope is illustrated in Fig 2.6.

A finely focused

electron probe is made to scan the specimen surface, with
the result that secondary and backscattered electrons,
etc.
are emitted from the specimen surface as shown in
Fig 2.7.
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These signals are then detected and fed to a synchronously
scanned CRT as an intensity modulating signal, thus
displaying a specimen image on the CRT screen. The CRT
raster width divided by the electron probe scanning width
gives the image magnification.
2.4

Transmission Electron Microscopy

(TEM)

2.4.1 Principles
The diagrammatic representation of components in the
TEM is shown in Fig 2.8.
From the ray diagram for image formation in the
electron microscope as shown in Fig 2.9,

it is easy to see

that the image is formed by the objective lens and
subsequently magnified by intermediate,

the first and second

projector lenses, then projected on to a fluorescent screen
for viewing or recording via a photographic film.

The magnification of the final image, M, is a product
of the magnification of the individual lenses such that M =
Mob x Mph

x Mp 2 where typical values

magnifications

are Mob = 40, MPS

value for M of 160,000 x

for these lens

= 20 and Mp 2 = 200, giving a

(Fryer,

1979).33

A high beam current is usually necessary for operation
at very high magnification or for the penetration of thick

samples.

Since radiation damage to a solid might occur in

TEM test,

in general, it is desirable to keep the

irradiation as low as possible, which means the current
should be as small as is consistent with operating
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Fig 2.8 Principles of TEM.
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a)

b)

0a

c)

%0

Fig 2.9 Ray diagram for the image formation in the electron
microscope.

a) normal image formation; b)

image formation; c)

selected area

selected area diffraction pattern. After

Andrews et al., 1967.34
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convenience
2.4.2

(Abdullah, 1988) .14

Electron Diffraction

Electrons have wave properties when passing through a
specimen in the microscope.

They can produce not only an

image in the image focal plane which is inverse Fouriertransformed, but also a diffraction pattern in the back
focal plane which is Fourier-transformed.

Ray path diagrams

for two cases are shown in Fig 2.10.
When incident electron waves are scattered by atoms in
a substance,
the atom.

the waves expand spherically from the center of

Moreover, when the specimen is in a crystalline

state with a regular three-dimensional arrangement of atoms,
a constant phase relationship exists between the waves
emitted from the respective atoms.

These waves travel in

one direction only and are mutually coherent
elastic scattering).

(coherent

This is known as the "Bragg

reflection". As shown in Fig 2.11, waves are reflected by
the atomic net planes.
Thus,

based on Bragg equation,
nA = 2 d Sin 0

a diffraction pattern can be used to identify a substance by
comparing its spacings with tabulated

X-ray spacings given

in the "X-ray Powder Data File" edited by A. S. T. M.. In
practice,

it is necessary to calibrate the camera length

with a standard.
A single crystal will give a spot pattern corresponding
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Area selected by aperture
Spec ime
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Objective lens

Selector aperture
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o-7
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Projector lens

Viewing
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(a)

Microscopy

(b)

Diffraction

Fig 2.10 Ray paths in a three-stage electron microscope for
microscopy and diffraction.
1965.35

After Alderson & Halliday,
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to the planes parallel to the electron beam.

A

polycrystalline specimen will give a series of concentric
rings which are composed of large numbers of spots arising
from randomly oriented crystals.

The spots from a specific

hkl reflection form a ring.
It is also possible to delineate an area of the
specimen and obtain a diffraction from only that area, which
is called selected area diffraction.

Selected area

diffraction is of particular value in chemical studies since
it permits the identification of small particles

(Fryer,

1979).33
2.5 Energy-Dispersive X-ray Spectromer (EDS)
Chemical analysis in the SEM and TEM is performed by
measuring the energy and intensity distribution of the x-ray
signals generated by a focused electron beam.
The operating principles of an energy-dispersive
spectrometer are illustrated in Fig 2.12.
Each emitted x-ray produces a charge pulse in a
semiconductor detector.

This tiny and short-lived current

is converted first into a voltage pulse,

then into a digital

signal reflecting the energy of the original x-ray.
digital signal,

The

in turn, adds a single count to the

appropriate channel of a multichannel analyzer (MCA).
It is assumed that the number of counts in some way
reflects the concentrations of the elements present so that
each element in a sample can be accurately determined.
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After Kevex
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However, the relationship between net peak counts and
elemental concentrations is neither simple nor
straightforward.

ZAF-Corrections
analytical methods,

is one of the traditional quantitative
in which "Z" refers to atomic number,

"A" refers to absorption within the sample and detector,
and
"F" refers to x-ray-induced fluorescence within the sample.
These corrections are applied to the k-ratio,
element in the sample,

which,

for any

is the ratio between the number of x-

rays counted for the same element, under the same
conditions,

in a sample of known concentration.

The general

ZAF correction procedure starts with the assumption that kratios provide a good first approximation of elemental
concentrations.

In fact,

simplifying assumption that all x-

rays are produced at a single point within the sample is one
of the most serious sources of error in the ZAF-correction
scheme

(Kevex

Corp . ,

1983)

.16

Standardless quantitative analysis is the one of the
alternatives to the traditional ZAF method, which uses the

computed pure-element intensity as the basis for theoretical
k-ratios. That way, the normal iterative ZAF corrections can
then proceed as usual.

CHAPTER THREE

EXPERIMENTAL

3.1 Materials Used
All the chemicals used throughout the present work are
listed in Table 3.1.
3.2 Preparation of Gels
3.2.1 Agarose Gel

This was prepared by dissolving agarose powder with
boiling D.I.

water and heating in a waterbath at 95*C with

occasional agitation until the solution appears completely
homogeneous

(pH = 5.5).

The pH of the gel solution, tested by dipping that
solution on pH paper,

was then changed to the desired value

by adding a strong base anion exchange resin.

This solution

was allowed to cool and set at room temperature for 24
hours.
Different concentrations over the range of 0.1 %
% w/v were tried.

-

1.0

0.5 % w/v agarose seems perfect as a

growth medium because of its moderate hardness for
supporting precipitate and translucence for investigating
precipitate.
3.2.2 Silica Gel
Ion-free silica hydrogel was prepared by bringing the
29
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CHEMICAL

TYPE

agarose

type

SUPPLIER

I-A

Sigma

low EEO
sodium silicate

14% NaOH

Aldrich

27% SiO2
strontium nitrate
sodium sulfate

Fisher
anhydrous

J.T. Baker

granular powder
strong acid cation

hydrogen form

exchange resin

Dowex 50w-x8

Sigma

Nuclear grade

Table 3.1 Chemicals used for growing SrSO
4 precipitate
gel.

Fig 3.1 Photograph of a glass cassette.

in
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diluted sodium silicate solution ( Na SiOQ :
H2 0 ::
4
4
) at

1 :

7 v/v

pH = 11.5 to the desired pH value with.a strong
acid

cation exchange resin. The pH values were tested
by dipping
the silica gel solution on pH paper.

This solution was

allowed to set at room temperature for 24 hours.
3.2.3 Mixed Gel

The silica/agarose mixed gel was prepared by mixing a
'

diluted sodium silicate solution,
which includes 0.1 % SiO
2
with known amounts of the homogeneous 0.5 % w/v agarose
gel

solution described above.

The pH reached

10, 9, 8, 7 when

the volume ratio of silica to agarose are adjusted
to 5 : 1,
8 : 1,

20 : 1, and 30 : 1, respectively.

3.3 Preparation for Precipitation
3.3.1 In Glass Cassette
0.1 M Na2 SO 4 -

containing gel was generally prepared by

adding known amounts of Na 2 SO4 solution to the homogeneous
gel solution which was made by the method described in
Section 3.2.

About 35 mm thick "reaction gel" was then

poured to a 50 mm wide,

75 mm long and 3 mm thick glass

cassette as illustrated in Fig 3.1 and allowed to set and
cool.

About 3 mm thick protective gel

no reagents)

(same gel medium, but

was later poured into the cassette and allowed

to set in order to prevent back-diffusion of sulfate ions
into the strontium nitrate solution,

and to avoid singular

effects due to very steep concentration gradients at the
head of the reaction gel.

When cool,

the protective gel was

32
then covered with 25 mm thick 0.5 M Sr(N0 ) 3 2

containing

gel which was made by the same way as the reaction gel.
Finally, the cassette was tightly sealed with the
silicone
II household glue.
3.3.2 In Test Tube
The reaction gel and protective gel were made as
described in Section 2.3.1 except poured into a depth
of 150
mm into a 15 mm internal diameter glass tube, having the
thicknesses of 70 mm and 5 mm respectively.

The gel was

finally covered with 50 mm thick 0.5 M Sr(N0 ) solution
3 2
rather than a Sr(N03 )2 - containing gel.

The test tube was

also tightly sealed with the silicone II household glue.
3.4 Polarized Light Micrographs
A Leitz LaborLux 12 Pol polarized transmitted light

microscope was used throughout the present work.

The

strontium sulfate precipitate in the glass cassettes was

directly investigated under the light microscope beam.
Strain-free tested objective lenses were generally used.
The final magnification,

M, can be expressed as the product

of the magnifying power of the objective M and that of the
1
eyepiece M2 .

The values used were M= 4,

giving M = 40x ,100x, 320x, respectively.

I4, 32, M2 = 10

A A-plate was

inserted in the tube slot.
3.4.1 The Effect of pH
It has been found by Lewin et al.

(1952) that the size

of strontium sulfate crystals grown in aqueous solution was
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strongly influenced by the H+ concentration,
but not by the
rate of precipitation,

or relative supersaturation. 37

result is expected to be repeated in gels.

Thus,

This

fairly

extensive attention has been given to
investigate the
influence of pH on the strontium sulfate
crystal grown in

gel.
3.4.1.1 Liesegang Rings
Grown in agarose gel, the strontium sulfate
precipitate
appeared uniform to the naked eye for most of
its length
whether in a test tube or in a glass cassette.
for those grown in the silica gel at pH =
7 separated bands,
observed.

But,

8, a few well-

which are termed Liesegang Rings,

As indicated by Fig 3.2 -

only

were

3.3, the spacing

between two adjacent rings increased towards the
bottom.
However, the spacing at pH = 7 is slightly larger
than that
at pH = 8.

Without doubt, pH does change the nature of silica
gel
so that it has a strong effect on the formation of
Liesegang
rings. But,

up to now, mechanism still can not be

interpreted accurately.

At this point, the crystal

morphology change with time was noted.
3.4.1.2 Morphology With Time at pH = 7 - 8 in Silica
Gel

The region 10 - 20 mm lower than the protective layer
was examined every day after the setting up of
the top
reagent gel.
1) After one day

34

Fig 3.2 Liesegang rings in silica gel at pH=7.

Fig 3.3 Liesegang rings in silica gel at pH=8.
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Only spherulites were observed under both
conditions.
As shown in Fig 3.4 -

3.5, the particle size at pH = 8 was

0.2 mm which was almost twice larger than that
at pH = 7.
2)

After two days

For the precipitate at pH = 7, the spherulites
seemed
to be growing, but still smaller than 0.2 mm
as shown in Fig
3.6.

For the precipitation at pH = 8, three-dimensional

spherulites,
3)

as shown in Fig 3.7 were

After four days

For the precipitation
budding was just observed
4)

observed.

at pH = 7, the formation of
(Fig 3.8).

After five days

The three-dimensional
layer were found as illustrated

spherulites with a thin outer
in Fig 3.9.

The internal

structure is going to be discussed in Section 3.5.
This
phenomenon suggested involvement of re-solution
process.
As Keller and Rubinow (1981) suggested,

precipitation

can lead to solute depletion, while solute depletion
can
also lead to re-solution.

38

Local solute depletion is here

meant to denote total depletion of the less concentrated
component at the time of precipitation,
of diffusion processes

but the continuation

after that time make the total

depletion a purely temporary affair.

implies solute augmentation,

Re-solution,

in turn,

and solute liberated in this

way can later (after diffusion spreading)
precipitation and growth elsewhere.

support new

All this happens while

36

Fig 3.4

'
10 0 urn
Transmitted polarized light micrograph of SrSO
4

precipitate in silica gel at pH=7 after one

day.

4'

0.2

Fig 3.5

mm

Transmitted polarized light micrograph of SrSO
4

precipitate in silica gel at pH=8 after one day.
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Fig 3.6 Transmitted polarized light micrograph
of SrSO 4
precipitate in silica gel at pH = 7 after two
days.

100 um

Fig 3.7 Transmitted polarized light micrograph of SrSO
4
precipitate

in silica gel at pH=8

after two days.
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100 um

Fig 3.8

Transmitted polarized light micrograph

-of SrSO4

precipitate in silica gel at pH=7 after four days.

1"|

0.2 mm

Fig 3.9

Transmitted polarized light micrograph of
SrSO 4

precipitate in silica gel at pH=8 after
five days.
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the main concentration fronts advance
throughout the gel
medium

(Sunagawa,

1981)

.39

5) After six days
On one occasion, well-formed crystals
were found at pH
= 8 as shown in Fig 3.10.

Actually, both three-dimensional spherulites
with a

7 after two months

.

thin outer layer and budding spherulites,
as shown in Fig
3.11 - 3.12, still could be found in
the silica gel at pH =

3.4.1.3 Morphology at pH = 7 - 10 in
Silica Gel.

Thirteen-day old samples are described
in this and the
following sections in order to compare their
morphologies.
As shown in Fig 3.13, some of the strontium
sulfate
spherulites grown in silica gel at pH
= 7 had nuclei of

different texture from the outer parts of
the spherulites.
On the other hand, the silica gel at pH
= 8 gave more
well-formed spherulites as shown in Fig
3.14.
Moreover,

twinned spherulites were found at pH
= 8. Fig

3.15 shows the joint growth of two identical
units.
Compared with these at pH = 7 - 8,

the morphology of

strontium sulfate at pH = 9 is quite different.
Only

crystalline bundles were observed as shown in
Fig 3.16.
The silica gel at pH = 10 was really cloudy,
differences in structure from lower pH gels.

suggesting

Spherulites

and needle-shaped crystals could be observed
as shown in Fig
3.17.
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4..4
LIL

0.2 mm
Fig 3.10 Transmitted polarized light micrograph
of SrSO,
precipitate

in silica gel at pH=8 after six days.

, ,,.10

0

um

Fig 3.11 Transmitted polarized light micrograph of SrSO
4
precipitate in silica gel at pH=7 after two months.
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Fig 3.12 Transmitted polarized light micrograph of SrSO
precipitate in silica gel at pH=7 after two months.

100 um
Fig 3.13 Transmitted polarized light micrograph
of SrSO4
precipitate in silica gel at pH=7 after thirteen days.
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10 0

Fig 3.14 Transmitted polarized light

micrograph

um

of SrSO4

precipitate in silica gel at pH=8 after thirteen days.

100 um

Fig 3.15

Transmitted polarized light micrograph of SrSO4

precipitate in silica gel at pH=8

after thirteen days.
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100 urn

100 um

Fig 3.16

Transmitted polarized light micrographs of SrSO,

precipitate

in silica gel at pH=9 after thirteen days.

be continued)

(to
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100 um

Fig 3.16

(continued)

Fig 3.17 Transmitted polarized light micrograph of SrSO
4
precipitate

in silica gel at pH=10 after thirteen days.
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3.4.1.4 Morphology at pH = 7 -

10 in Agarose Gel

The morphology of strontium sulfate precipitate grown
in the agarose gel at pH = 7 was a mixture.

Not only hopper

(Fig 3.18) and twins (Fig 3.19) crystals but also polyhedral
crystals

(Fig 3.20) were found,

suggesting

at pH = 7 has a low supersaturation.

that agarose gel

The side view of a

polyhedral crystal as illustrated in Fig 3.21 implies some

kind of dislocation and internal imperfection formed during
its growth in agarose gel.
The only morphology found at pH = 8 - 9 is shown in Fig

3.22 - 3.23. Compared with Fig 3.20, imperfect polyhedra
were formed at pH = 8 -

9.

However, the main precipitate at pH = 10 was found to

be three-dimensional spherulites as illustrated in Fig 3.24.
This was a surprise because the agarose gel was expected to
function as a blank.

3.4.1.5 Morphology at pH = 7 - 10 in Silica/Agarose Mixed
Gel
Fig 3.25 shows spherulite crystals grown in the mixed
gel at pH =-7,

which had different texture from well-formed

spherulites
As indicated by Fig 3.26,

three-dimensional spherulites

covered by a thin outer layer were observed for the
precipitation in the mixed gel at pH = 8.
An interesting morphology as shown in Fig 3.27 was
observed in the mixed gel at pH = 9.

The internal structure
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100 um
Fig 3.18

Transmitted polarized light micrograph of
SrSO 4

precipitate in agarose gel at pH=7 after thirteen
days.

100 um
Fig 3.19

Transmitted polarized light micrograph of SrSO
4

precipitate in agarose gel at pH=7 after thirteen days.
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100 um
Fig 3.20 Transmitted polarized light micrograph
of SrSO4
precipitate in agarose gel at pH=7 after thirteen
days.

0.2 mm

Fig 3.22 Transmitted polarized light micrograph of SrSO
4
precipitate in agarose gel at pH=8 after thirteen days.
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100 um

100 um

Fig 3.21 Transmitted polarized light micrographs of SrSO
4
precipitate in agarose gel at pH=7 after thirteen days.
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0.2 mm

Fig 3.23 Transmitted polarized light micrograph
of SrSO 4
precipitate in agarose gel at pH=9 after
thirteen days.

Fig 3.24 Transmitted polarized light micrograph of
SrSO4
precipitate in agarose gel at pH=10 after thirteen days.
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lq3p

100 um
Fig 3.25 Transmitted polarized light
micrograph of SrSO
4
precipitate

in mixed

gel

at

pH=7

after

thirteen

days.

Fig 3.26 Transmitted polarized light micrograph
of SrSO4
precipitate in mixed gel at pH=8 after thirteen
days.
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k.

4
ff

V'

0.2 mm

Fig 3.27 Transmitted polarized light micrograph
of SrSO4
precipitate in mixed gel at pH=9 after thirteen
days.

-

.0.2 mm

Fig 3.28 Transmitted polarized light micrograph of
SrSO4
precipitate in mixed gel at pH=10 after thirteen days.
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of dumb-bell-shaped crystals is going to be discussed in
Section 3.6.

Spherulite was still the main product in the mixed gel
at pH = 10. As illustrated in Fig 3.28, the fibrous crystals
which constituted the spherulite were developed in a radial
manner in the mixed gel at pH = 10, different from that
grown in the silica gel at pH = 7 as shown in Fig 3.13.
3.4.2 The Effect of Gel Medium
The morphology influenced by the gel medium can be,
obviously observed at pH = 9.

As described above, bundle, polyhedra and dumb-bellshaped crystals were the predominant products in silica gel,
agarose gel and the mixed gel,

respectively.

According to Sunagawa's (1981)

qualitative model as

shown in Table 3.2, growth habit is related to
supersaturation.

These interesting observations can be

explained as follows: Silica gel can much more effectively
suppress nucleation than agarose gel.

Actually, the growth

of strontium sulfate precipitate in silica gel took place in
a region of higher supersaturation.

Thus,

a critical nucleus

could be created, which grew into bundle crystals by the
nucleation of three-dimensional surface blocks.

When the

agarose/silica gel was used as the gel medium, the
supersaturation diminished and it reached a critical value
at which the growth mechanism changes to two-dimensional
nucleation.

Plus the growth was faster and closer to one
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Growth dependent on
screw dislocations.

Idimensional

Equilibrium morphology. Screw
dislocations on

nucleation: hopper
crystals. SuperI saturation higher

faces.

Growth by twosurface

I at corners than

in
the interior of
surfaces: hence
growth products
often concave.

Crystal nucleus
formed. Growth by

the nucleation of
three-dimensional
surface blocks.
Dendrite formation.

Critical nucleus
smaller than unit

cell: amorphous
precipitation.

Li,,.,,

low

high

supersaturation

Table 3.2 Qualitative model, relating supersaturation
and
growth habit.

After Sunagawa,

particular direction.
appeared.

1981.39

Therefore, dumb-bell structure

Finally when the gel medium was changed to

agarose gel, the supersaturation became
too low to support
surface nucleation, but was still sufficient
to sustain

growth via screw dislocation,
model.

in accordance with the Burton

The result is a polyhedral crystal.

3.4.3 The Effect of Time

Generally, the morphology of crystal growth is time
dependent.

It is necessary to observe the morphology change

with time with respect to the crystal growth.
The precipitation in the agarose gel at pH = 7 was

54
investigated every five minutes for the
first two hours

after the top reagent gel was set up, and
every one hour for
the following five hours.

For the following week, one day

was adopted as the standard time between
observations and

finally, every week as the standard time.

After one month,

there was no significant change in the precipitation.
As soon as the top reagent-containing gel
was set up,
the sample was scanned for the occurrence
of the

precipitation and successive pictures were taken
for the
exact same region by leaving both sample and
microscope
unchanged.

20 minutes after the setting up of the top

reagent gel in the glass cassette, a hexagonal
crystal was
observed with a diameter of 0.13 mm.
size was up to 0.15 mm.
0.18 mm.

After 35 minutes,

And in 80 minutes,

its

it grew up to

Later observation shows neither its size nor
its

morphology changed any more.

A corresponding sequence for

crystals growth is shown by Fig 3.29.

3.5 Confocal Light Micrographs
A Tracor Northern TSM confocal light microscope was
used to create images of thin section of strontium
sulfate
precipitate, especially those resulted from the joint
growth

of spherulites.

The instrument was normally operated with a

200 w Hg lamp on the Xe/Hg power supply.
to give improved depth resolution.

A filter was used

A Japan Olympus DPlan

160/0.17 lens was used as an objective.

Eastman high

resolution white/black print films were used, which
needed 8
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a)

100 um

b)

-a

X

v

10 0

um

Fig 3.29 The morphology with time in agarose
gel at pH=7.
a)

after 20 minutes; b)

after 35 minutes;

(to be continued.)
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100 um

q4~24

d)

100 um
Fig 3.29
at pH=7.

(continued) The morphology with time in agarose gel
c)

after 80 minutes; d)

after one month.
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minutes and 5 minutes for developing
and fixing,
respectively.
1)

Budding spherulite

It is a quite common phenomenon
in the growth of

spherulite crystal.

Fig 3.30 shows the details of a budding

spherulite grown in silica/agarose
mixed gel at pH = 10 two
months after precipitation.
The bud indicated by the arrow

born in the boundary of a well-developed
spherulite and then
acted as the critical nucleus which
induced the morphology
of itself.

2) Double-spherulite
The microstructure of double-spherulites
of strontium
sulfate precipitate grown in the mixed
gel at pH =7 and in
silica gel at pH = 10 two months after
precipitation are

shown in Fig 3.30 and Fig 3.31, respectively.
The growth
mechanism seems different from that of
budding spherulite.
Moreover, the internal structure of
spherulite can be

observed from confocal microanalysis.

The minute

arrangement of the fibrous crystals constituting
the

spherulite was observed in a radial manner.
3) Spherulite with a thin outer layer
Three-dimensional spherulites with a
thin outer layer
was found when a strontium sulfate precipitate
grown in

silica gel at pH = 8 two months after precipitation
was
examined.

Its illustration under the TSM confocal

microscope gave clear rings as shown
in Fig 3.32.
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a)

b)

100 urn
Fig 3.30 The confocal micrographs of SrSO precipitate
in
4
mixed gel at pH=10 after two months.
b)

confocal

light.

a)transmitted light;
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a)

100

um

b)

100

um

Fig 3.31 The confocal micrographs of SrSO 4 precipitate in
silica gel at pH=7 after two months.
b)

confocal light.

a)transmitted light;
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a)

100

um

b)

Fig 3.32 The confocal micrographs of the precipitate in
silica gel at pH=8 after two months.
b)

confocal light.

a)transmitted light;
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3.6 SEM Analysis
The precipitate was examined using a JEOL JEM-T300

scanning electron microscopy equipped with a standard
tungsten filament.
chosen.

Accelerating voltage 15kV was normally

Spot size was controlled at 10 - 12 o'clock

position.
throughout.

In this study a beam current of 50-80 uA was used
SEM was connected with EDS to perform

quantitative microanalysis.
3.6.1

Specimen Preparation for SEM
A section of gel with visible white precipitate in was

sectioned out and transferred to a test tube.

It was first

washed by boiled D.I. water, then washed by 0.1 M Na SO
2 4
aqueous solution in order to avoid the dissolution of SrSO
4
finally was washed by evaporated D.I. water again.

Each

time after the washing, the solid precipitate was collected

by minimal centrifugation.
Actually, two different washing procedures were
followed.

One was to stir the specimen continuously in a

waterbath at 90 *C,

the other was to heat on a waterbath at

90 *C, with only occasional brushing in order 'to minimize
the morphological damage.

The collected white particles were then mounted on a
depth of 10 mm into a 10 mm diameter aluminum stub,
piece of 8 x 10 mm double-sided tape.

using a

The specimen was then

loaded on the JEOL JEE-4X Vacuum Evaporator and coated with
carbon to deposit a conducting layer on its outer surfaces.
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3.6.2 SEM / EDS Results
As indicated above,

dumb-bells were observed when

strontium sulfate precipitate grown in silica/agarose
mixed
gel.

When the sample which was prepared by occasional

brushing as described by Section 3.6.1,

was examined,

it was

able to gain an insight into the microstructure of
dumb-

bell.

As indicated by Fig 3.33, the dumb-bell consists of

minute fibrous crystals.

Actually, both identical units

have opposite growth directions as shown in Fig 3.33a
& b.
The micrograph for the center area of the dumb-bell (Fig

3.33c) implies the two-dimensional nucleation process.
Fig 3.34 shows the segments of the dumb-bell when the
same sample resulted from continuous stirring after
separation was examined under SEM.

Fig 3.34b shows the

magnified image of the segment indicated by the arrow in Fig
3.34a.

It seems that both radiated planes of the dumb-bell

resulted from the arrangement of the fibrous crystals.
EDS analysis gave the atomic ratios at the positions
indicated by the arrows in Fig 3.33 - 3.34.

All the

standardless quantitative analysis results listed in Table

3.3

show that the chemical components are same no matter

what kinds of morphology the crystals have.
3.7 TEM Analysis

A JEOL JEM-100CX II transmission electron microscope
was used to examine samples.

It was normally operated with

a hairpin tungsten filament under 100 kV acceleration
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a)

Fig 3.33 Scanning electron micrographs of SrSO
4 precipitate
separated from mixed gel at pH=8 with occasional
brushing.
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b)
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Fig 3.33

(continued)
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a)

b)b

Fig 3.34 Scanning electron micrographs of SrSO 4 precipitate
separated from mixed gel at pH=8 with continuous stirring.
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FIGURE

ARROW

ELEMENT

k-RATIO

Z

A

F

ZAF

ATOM%

3.33

a

Sr-L

0.743

1.054

0.986

0.996

1.036

55.07

3.33

a

S-K

0.175

0.869

1.511

1.000

1.313

44.93

3.33

b

Sr-L

0.738

1.056

0.986

0.996

1.037

54.30

3.33

b

S-K

0.179

0.870

1.508

1.000

1.312

45.70

3.34

a

Sr-L

0.680

1.068

0.983

0.995

1.084

47.20

3.34

a

S-K

0.224

0.880

1.472

1.000

1.296

52.80

3.34

b

Sr-L

0.683

1.067

0.983

0.995

1.847

47.56

3.34

b

S-K

0.222

0.880

1.474

1.000

1.297

52.44

Table 3.3 EDS results under SEM analysis.

potential.

EDS was connected with TEM to perform

quantitative analysis of samples.
3.7.1

Sample Preparation for TEM

The solid precipitate collected by minimal
centrifugation as discussed in Section 3.6.1 was grained
and
kept in ethanol solution.

A fine suspension was dropped

onto the copper grid, which was pre-covered by a thin layer
of colloidal adhesive sample, was allowed to dry at room
temperature and then coated with carbon film with the aid of
JEOL JEE-4X Vacuum Evaporator.
EDS Results

Generally speaking, SrSO4 belongs to space group D
Pnma

(z = 4).

Its lattice is orthorhombic type,

-

3.7.2 TEM /

in which

67

b

a.

3 um

3

um

Fig 3.35

TEM and selected area electron diffraction

pattern.

Electron diffraction site is indicated
by the

arrow a.
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lattice constants are a= 8.359
respectively

(Swanson,

A,

b = 5.352

A,

c = 6.866

1953) .40

Fig 3.35 reveals a spot diffraction pattern, which

identifies the strontium sulfate precipitate as a single
crystal.

The d-spacing is being calculated to check with

ASTM 3-0437.

Tables 3.4 gives its EDS results.

FIGURE

LOCATION

ELEMENT

k-RATIO

Z

A

F

ZAF

ATOM%

3.35

a

Sr-L

0.671

1.066

0.965

0.994

1.022

44.37

3.35

a

S-K

0.174

0.896

2.013

1.000

1.803

55.63

3.35

b

Sr-L

0.667

1.066

0.965

0.994

1.022

44.00

3.35

b

S-K

0.177

0.896

2.008

1.000

1.800

56.00

Table 3.4 EDS results under TEM analysis.

A,

CHAPTER FOUR

CONCLUSIONS AND SUGGESTIONS FOR FURTHER
WORK

4.1 Conclusions
1)

The morphology of precipitated strontium sulfate
is

sensitive to pH and to nature of the growth
medium.
Silica gel can effectively suppress nucleation
so that
the growth of strontium sulfate precipitate
is in a region
of higher supersaturation.
The growth habits as a function of pH and
gel medium
are listed in Table 4.1.
pH

SILICA GEL

AGAROSE GEL

MIXED GEL

7

spherulites

hoppers

spherutites

(unusual texture)

twins

(unusual texture)

polyhedrals
8

9

spherulites

polyhedrals

3-D spherulites with thin

twins

(imperfect)

outer layer

bundles

polyhedrals

dumb-bell

(imperfect)

10

spherulites

3-D spherulites

spherulites

needles

(unusual texture)

Table 4.1 The growth habits as a function of -pH and gel
medium.
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2)

The effect of time

The reason of the lack of morphology change
with time
is that the reaction zone is effectively depleted
by the
time it was first examined.

3) Separation of the precipitate from gel matrix
Three-time wasting with occasional brushing can
save
original morphology.

Meanwhile, continuous agitation gives

fragments, also showing details of internal texture.

Both

are worthy to be applied to SEM and TEM analysis.
4.2 Suggestions for further work

Further work for the strontium sulfate precipitate
by
diffusion in various gels can be carried out as
follows,
Image analysis with adapters between the microscope
and
the camera to study the surface;

ESCA analysis for silica;
Selected area electron diffraction or powder x-ray

diffraction of a range of morphologies, such as spherulites,
bundles, dumb-bell, twins, hoppers and polyhedral crystals,
etc.;
Comparison with known growth habits of strontium
sulfate;

Investigation of the morphology using both white/black
and color films simultaneously;

Morphology and particle size with different
concentration of strontium nitrate or/and sodium sulfate.
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