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A BSTRACT

The first section of this thesis presents a review of the 

literature on hormones and anti-hormones, with particular 

emphasis on the structures and functions of the naturally 

occurring male and female sex steroids and on the preparation 

and properties of their synthetic analogues which have been 

found to function as anti-hormones.

The second section of the thesis presents the results of a 

small project carried out to synthesise two 7-methylated 

derivatives of 19-nortestosterone for biological evaluation 

as potential anti-androgens. One of these, 1 7 ^ -hydroxy-7- 

methylestra-4,6-dien-3-one, was prepared by the oxidation of 

7K-methyl-19-nortestosterone, whereas hitherto oxidation had 

been successfully achieved only with the -methyl isomer. 

7/8-methyl-19-nortestosterone, the second of the two methyl- 

steroids required, was synthesised in poor yield, along with 

the 7^-isomer, by conjugate methyl cuprate addition to 6- 

dehydro-19-nortestosterone. The separation of the 7-methyl 

e p i m e r s  p r o v e d  to be d i f f i c u l t  and was a c h i e v e d  by 

development of a preparative HPLC system using a large 

1aboratory-made column.

(ii)



The third section of the thesis describes the major part 

of the research work and concerns the development of a route 

for the synthesis of 11-ary1-A-nor steroids. These steroids 

have been designed to explore their potential as anti- 

progestins. It is demonstrated that a thalliu m - m e di a t e d  

ring contraction of steroidal 4-en-3-ones carrying an 11- 

keto group provides entry to a functionalised A-nor steroid 

skeleton which can then be arylated using o r g a n o 1 ithiurn 

reagents. Manipulation of the functionalities led to the 

successful synthesis of 11-phenyl-A-noi— -androst-11-ene- 

2,17-dione, which should be a valuable intermediate for the 

g e n e r a t i o n  of a set of 1 1 - a r y l a t e d  A - n o r  s t e r o i d s  for 

biological evaluation.
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CHAPTER 1

Introduction - Hormones and Anti-hormones

1.1 The Endrocrine Hormones

Hormones are chemical messengers produced within an 

organism. They have target sites which are distant from the 

site of their synthesis and in animals they usually reach 

their targets via circulation in the blood stream. Their 

general functions are to co-ordinate the activities of the 

many different cells that comprise multi-cellular organisms. 

About 50 hormones have now been identified and new ones are 

being discovered every year.1-3

C h e m i c a l l y ,  the h o r m o n e s  in the human body can be 

classified into three groups4 : peptides, with chains varying 

in length from 3 to ca. 200 amino acids and with some of the 

larger peptides also being associated with carbohydrate 

s t r a n d s  - e.g. the g 1y c o p e p t i d e s  F o l l i c l e  S t i m u l a t i n g  

Hormone (FSH) and Leutinizing Hormone (LH); tyrosine-derived 

p h e n y 1e t h y 1 a m i n e  d e r i v a t i v e s  - e.g. the c a t e c h o l a m i n e  

hormone adrenalin and the thyroid hormone thyroxine; and the 

steroid hormones synthesised in the adrenal cortex and the 

gonads.

The majority of hormones are synthesised in special glands 

called endocrine (ductless) glands, which secrete their
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products directly into the circulation via the blood supply 

with which they are in contact. Important endocrine glands 

are found in the neck - e.g. thyroid and parathyroid - and in 

the abdomen and groin - e.g. adrenals, pancreas and gonads 

(testes in the male and ovaries in the female).

T h e r e  are two f u n d a m e n t a l l y  d i f f e r e n t  b i o c h e m i c a l  

mechanisms by which hormones express their activities5,6 when 

they interact at their target tissues. The polar and very 

watei— soluble peptide hormones cannot easily enter the cell 

and instead they interact with hormone receptors which are 

specialised proteins embedded in the cell surface membrane. 

Binding occurs with a very high association constant and 

generally results in a conformational change in the receptor, 

which in turn leads to activation of an effector molecule 

w i t h  w h i c h  it is a s s o c i a t e d  in the cell m e m b r a n e .  

Typically, the effector is the enzyme adenylate cyclase, 

which then amplifies the signal of the single hormone molecule 

binding to its receptor by converting a number of molecules 

of ATP to cAMP on the inside of the cell. The cAMP produced 

then acts as a co-factor for some enzyme (protein kinase) 

within an adjacent compartment of the cell, so that the net 

effect of binding of the hormone at the cell surface receptor 

is the activation of the enzyme reaction which leads to an 

increased metabolic turnover, the signal being amplified and 

c a r r i e d  by the s e c o n d  m e s s e n g e r ,  cAMP. T his general 

mechanism (Figure 1.1) is intrinsically a fast response
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process and is used by the body in many situations where 

rapid adjustment in metabolism is needed to meet short-term 

demands. For example, as well as the pancreatic peptides 

insulin and glucagon (which constantly regulate the critical 

concentration of glucose in the bloodstream by balancing its 

i n t e r c o n v e r s i o n  w ith g l y c o g e n ) ,  the "f i g h t - o r - f l i g h t "  

hormone adrenalin works by this type of mechanism.

ATP

cAMP'^*v)Protein Kinase

Fig. 1.1 Mechanism of hormone action by interaction at cell surface

The hormone (H) binds to a cell membrane receptor (R), 

leading to activation of an effector (E) on the internal 

surface. In this case the effector is adenylate cyclase, 

which converts ATP to the second messenger cAMP, providing 

an essential co-factor for a protein kinase.

The second general mechanism applies to the less polar 

hormones such as thyroxine and all the steroids, which are 

able to passively diffuse into the body’s cells. Within the 

target cells there are special hormone receptor proteins to 

which they bind tightly. Evidence from the addition of

3



radio-1abel1ed steroids to cultured cells, followed by cell 

lysis and sedimentation, suggested originally that the free 

receptors are generally located in the cell cytosol and that 

the bound hormone-receptor complex is then translocated into 

the cell nucleus. This view has been widely accepted, but 

some recent work now suggests that the free receptors may 

actually reside in the nucleus all the time and that the 

d e t e c t i o n  of u n b o u n d  r e c e p t o r s  in the cytosol was an 

experimental artefact due to leakage there from the nucleus 

during work-up. In any event, the tight hormone-receptor 

complex interacts with the chromosomal proteins (chromatin) 

associated with the nuclear DNA and the result is the 

activation of transcription of a segment of genetic code, 

copied as mRNA. The translation of this genetic code by the 

cell’s ribosomes leads to synthesis of new proteins, which 

are generally enzymes and which in many cases utilise cAMP as 

a co-factor. Thus, the net result of binding of hormones 

such as the s t e r o i d s  to t h eir i n t r a c e l l u l a r  (pos slbl y 

intranuclear) receptors is again the induction of additional 

enzyme activity and is often again associated with elevated 

i n t r a c e l l u l a r  levels of cAMP (Fi g u r e  1.2). Crucial 

differences to the first mechanism described above are: 

firstly, that the induced enzyme(s) need not necessarily have 

been present at all, prior to arrival of the hormone, and 

secondly, that this is intrinsically a much slower response 

mechanism and is never used when the body needs a fast 

reaction such as adrenalin-stimulated activity.

4



Fig. 1.2 Mechanism of hormone action for hormones 

entering the cel 1

One of the principal types of steroid hormones is the 

class of "corticosteroids" synthesised in the adrenal cortex. 

These are subdivided into the glucocorticoid class (e.g. 

cortisone, cortisol) which regulate aspects of amino acid, 

carbohydrate and lipid metabolism and also inflammatory 

responses, and the mineralcorticoid class (e.g. aldosterone) 

which regulate salt-water balance in the kidneys and also 

have a pressure effect which contributes to m a i n t e n a n c e  of 

blood pressure.
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A further type of steroid hormones is synthesised in the 

ovaries and testes and these gonadal steroids are responsible 

for r e g u l a t i o n  of sexual f u n c t i o n  in w o m e n  and men, 

respectively.

1.2 Pituitary and Hypothalamic Regulation

For the majority of the endocrine hormones, including all 

of the sex steroids, there is a 3-tiered m e c hanism which 

controls their circulating concentrations (Figure 1.3). At 

the lowest level, the plasma concentration of each steroid 

depends on its rate of synthesis in and release from the 

gonadal t i s s u e s  w h e r e  it o r i g i n a t e s .  T h e s e  gonadal 

p r o c e s s e s  are r e g u l a t e d  by g o n a d - s t i m u l a t i n g  h o r m o n e s  

(gonadotrophins) produced by the pituitary gland at the base 

of the skull. For example, the pituitary hormones FSH and LH 

are respectively responsible for controlling the release of 

estrogen and progesterone in the ovaries. In turn, the 

release of such stimulating hormones from the pituitary gland 

is controlled by further releasing hormones produced in the 

hypothalamus. This gland at the base of the brain, is 

situated immediately above the pituitary and is connected to 

it by a short stalk through which chemical products can be 

carried in a direct flow of blood. Thus, for example, rapid 

pulses of Gonadotrophin Releasing Hormone, known as Gn-RH or

6
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LH-RH, from the h y p o t h a l a m u s  r e g u l a t e  the r e l e a s e  of 

pituitary FSH and LH which are targeted on the gonads. 

There are several opportunities for feed-back regulation in 

this 3-tiered system, so that circulating levels of the 

p i t u i t a r y  or e n d o c r i n e  h o r m o n e s  or m e t a b o l i c  p r o d u c t s  

connected with their activities can interact with receptors 

at higher tiers, thus allowing the whole system to maintain a 

finely balanced responsiveness to physiological and metabolic 

requirements. Moreover, the close proximity of the highest 

tier to the brain undoubtedly results in some direct neural 

inputs as well.

1.3 Hormonal Aspects of Sexual Function in the Female

In the female, estrogens (e.g. estradiol: 1.1a) produced 

in the granulosa cells in the ovaries under the controlling 

influence of pituitary FSH during the first half of the 

monthly cycle stimulate the thickening and vascularization of 

the lining of the uterus (endometrium), preparing it for 

implantation. Following ovulation at the mid-point of the 

monthly cycle, the ovum (oocyte) released from its burst 

follicle on the ovarian surface travels down the fallopian 

tube towards the uterus. In the course of its fallopian 

transport, the ovum may meet spermatozoa and fuse with one of 

them in the process of fertilization. A fertilized ovum 

will begin to grow and divide and the resulting group of 

cells (blastocyst) may then become attached to the surface of
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the uterus, implanting in the endometrium (conception can be 

defined as occurring at this point) and developing into an 

embryo and later into a fetus, which is interfaced with the 

maternal blood system through the placenta that develops 

during the early stages of pregnancy.5

Following the release of the ripened ovum at the mid-point 

in the m o n t h l y  cycle, the b u r s t  f o l l i c u l a r  sack is 

transformed into a solid secretory body called the corpus 

luteum. Under the controlling influence of pituitary LH, 

the c o r p u s  lut e u m  s e c r e t e s  p r o g e s t e r o n e  (1.2) w h i c h  

maintains the receptivity of the uterine e n d o m e t r i u m  to 

i m p l a n t a t i o n  and a lso is e s s e n t i a l  to m a i n t a i n  the 

implantation as pregnancy develops. During pregnancy, 

progesterone also performs several other vital hormonal 

functions, including stimulation of the d evelopment of 

mammary tissue for later lactation and inhibition of the 

release of any further ovulation (which could obviously have 

serious consequences, if a second conception occurred some 

months after the first). So important is a high level of 

progesterone during pregnancy that, in addition to its 

continued secretion by the corpus luteum, it also begins to 

be made in large quantities by the placenta as the pregnancy 

progresses.

As the blastocyst implants and begins its development, it 

emits a signalling substance, human chorionic gonadotrophin

9



or hcg (the chorion is an outer membrane that encapsulates 

the developing fetus before birth) whose presence ensures the 

maintenance of the corpus luteum. (In fact, the newest and 

most sensitive pregnancy-testing kits rely on the detection 

of traces of hcg in the urine within a few days of pregnancy 

becoming established). If this signal fails to appear, the 

levels of LH decline steeply at the end of the monthly cycle, 

the corpus luteum breaks down (1u t e o 1ysis ) , progesterone 

levels drop and the endometrium is shed in a flow of blood 

(menstruation). This leaves a fresh, thin endometrial 

surface and the whole cycle of events leading to ovulation 

can begin again.

It was the recognition of the key role of progesterone in 

inhibiting ovulation which led to the d evelopment of oral 

contraceptives (the "Pill") in the mid-1950s. Progesterone 

itself is unsuitable as an oral drug, since it is rapidly 

metabolised by the "first pass" effect, in which substances 

are absorbed across the intestinal wall into the blood supply 

in the portal vein, from where they are carried directly to 

the liver and are met by an array of metabolising enzymes. 

A s e a r c h  for a n a l o g u e s  of the natural c o m p o u n d  with 

progesterone-1ike activity (progestins) and with the ability 

to survive first-pass hepatic metabo l i s m  resulted in the 

o b s e r v a t i o n s  that removal of the 19-methyl g r oup and 

introduction of 1 7^-hydroxy 1 -1 7d£-acety 1 enic functionality in 

place of the natural 17^-acetyl group separately led to

10



( 1 . 1 )  ( a )  R=H

( b )  R=C=CH

COCH3

( 1 . 3 )  ( a )  R=Me

( b )  R=Et

OH

OH

H

( 1 . 5 )
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increased progestin potency and oral activity. These 

properties proved to be additive, so that their combination 

into the semi-synthetic steroid norethisterone (1.3a) led to 

the first generation of oral contraceptives. It was soon 

found in clinical studies that better control of cyclicity 

and bleeding and reduction in side effects could be achieved 

by combining the progestin with an orally active estrogen.

A typical example is 1 7 ^ - e t h y n y 1e s t r a d i o 1 (1.1b) with the

acetylenic unit again providing protection against first-pass 

metabolism. During the 1960s a further synthetic progestin,

1 evonorgestre 1 (1.3b) was discovered to be 80 times more 

potent than norethisterone. Combinations of levonorgestrel 

and ethyny1estradiol have been the most popular formulations 

in oral contraceptives used in the West for more than a 

decade.

As well as having a direct effect on the endometrium, 

estrogens are also important in stimulating the development 

of secondary sexual characteristics (breasts, deposition of 

fat on hips and thighs, hair, etc.) in the female at puberty.

1.4 Hormonal Aspects of Sexual Function in the Male

The t e s t e s  in the male c o n t a i n  very long, h i g h l y  

convoluted seminiferous tubules, within which spermatogenesis
c

occurs. ’ The p r i m a r y  g erm c e l l s  ( s p e r m a t o g o n i a ,

c o n t a i n i n g  46 c h r o m o s o m e s )  u n d e r g o  several s u c c e s s i v e

12



divisions, eventually producing spermatocytes, each of which 

contains 23 chromosomes that will pair with 23 chromosomes in 

the ovum on fertilization. The spermatocytes gradually 

transform into round spermatids which eventually develop a 

tail, midpiece and compact head in the final spermatozoa. 

During these development stages, the sperm cells remain in 

close contact with Sertoli cells which line the inner walls 

of the seminiferous tubules and maintain and nourish the 

growing sperm. After about 10 weeks of development within 

the seminiferous tubules, the spermatozoa are released and 

are carried out of the testes in a flow of fluid, passing 

slowly (1-2 weeks transit time) through a very long, coiled 

duct called the epididymis. During the epididymal transport 

stage the spermatozoa undergo a number of biochemical changes 

both in internal metabolism and, especially, in the nature of 

the external surface coating, which leads to them acquiring 

motility and prepares them for the eventual process of fusion 

with the ovum. On e j a c u l a t i o n ,  the c o n t e n t s  of the 

epididymis pass through a connecting tube (vas deferens) and 

out through the urethra, acquiring additional fluids on the 

way which are contributed to the seminal fluid by ducts from 

the prostate and Cowper’s glands.

The Sertoli cells require two control agents to be present 

in order to function correctly, one being FSH from the 

pituitary gland and the other the androgenic steroid hormone, 

testosterone (1.4). The latter is synthesised in Leydig

13



(interstitial) cells which are found in the spaces between 

the seminiferous tubules. Production of testosterone in the 

Leydig cells is under the control of the pituitary hormone LH 

and, as in the female, the s e c r e t i o n  of both the 

gonadotrophins FSH and LH in the male pituitary is regulated 

by pulsatile signals of Gn-RH (LH-RH) from the hypothalamus.

Some testosterone is enzymatically reduced to 5i(-dihydro-

testosterone (DHT; 1.5) in circulation, in peripheral tissues 

(e.g. in skin) and in target tissues (including cells in the 

testes and in accessory glands such as the prostate) and it 

is the reduced form of the androgen which binds to the 

androgen receptor in many tissues. In addition to the 

primary function of maintaining spermatogenesis, androgens 

serve several other hormonal functions in the male. In 

particular, their continuous presence in a sufficiently high 

plasma concentration is essential for the mainte n a n c e  of 

secondary sexual characteristics (body musculature, hair, and 

voice) and libido and potency.

1.5 Anti-hormones

Substances which mimic the action of a natural substance, 

being able to bind to its natural receptor and elicit, at 

least qualitatively, the same type of response, are termed
p

agonists. Many agonists of the natural, human hormones

have been synthesised and have proved invaluable in a variety

14



of therapies: e.g. powerful glucocorticoid agonists such as 

the semi-synthetic steroids dexamethasone, betamethasone and 

prednisolone are used for treating chronic inflammatory 

conditions and allergies; agonists of the natural progestin, 

such as 1evonorgestrel , are used for the suppression of 

ovulation; estrogen agonists are used for hormone replacement 

therapy in post-menopausal women to prevent bone loss leading 

to osteoporosis (thin, fragile bones) in later life.

Substances which bind strongly to a biological receptor

but fail to elicit the natural agonistic response are termed

antagonists. Antagonism of hormone receptors can also be

used as a basis for a variety of therapies. Amongst the

important applications of this type of approach are the uses

of anti-hormones in cancer chemotherapy. Many tumours which

originate in tissues of the reproductive system have a strong

requirement for supplies of the hormone naturally associated

with that tissue and can be prevented from growing by

starving them of that hormone. For example, breast tumours

often have a requirement for estrogens and their growth can

be inhibited by anti-estrogens such as ICI’s non-steroidal

c o m p o u n d  t a m o x i f e n  ( 1 . 6 ) . 7 R e c e n t l y ,  some s t e r o i d a l

compounds such as (1.7) have been shown to be pure anti- 

A— 1 0estrogens

15



O C H jC H jN

C H ,

• C H .

(1 . 6 )

(1.7)

Another example is the prostate gland, which may become 

larger due to benign growth or due to cancer. Carcinoma of 

the prostate is particularly difficult to cure and there are 

often metasteses (secondary tumours formed by cells of the 

original growth having split off and lodged elsewhere in the 

body) in inaccessible locations such as the spine. Both the 

p r i m a r y  and s e c o n d a r y  t u m o u r s  are g e n e r a l l y  a n d r o g e n -  

dependent and can be inhibited by completely shutting off the

16



supply of androgens. Originally this was achieved by 

castration, a traumatic event for men already faced with a 

terminal illness. Nowadays, there are a number of options 

referred to as "chemical castration" which achieve the same 

o b j e c t i v e  n o n - s u r g i c a l  1y . For exa m p l e ,  the use of 

antagonists of the natural LH-RH will switch off secretion of 

FSH and LH from the pituitary and hence lead to collapse of 

both testosterone production by the Leydig cells and sperm 

biosynthesis by the Sertoli cells. Alternatively, an anti-

androgen can be used which blocks the steroidal hormone 

receptors in the target tissues. Examples include the non-

steroidal drug flutamide (1.8) and the steroid cyproterone 

acetate (1.9).

o2n NHC0CHMe2

( 1 .8 )



The applications 

discussed in detail

of anti-androgens and anti-progestins are 

in the following chapters.
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CHAPTER 2

Steroidal Anti-androgens

2.1 Biological Studies of Anti-androgens

Two compounds which have long been known to possess weak 

anti-androgenic activity are dodecahydrophenanthrene1 and A-
p

norprogesterone. However, the first major clinical advance 

in this field resulted from studies of the 1,2-methylene- 

substituted steroid cyproterone acetate (2.1). This had 

been synthesised as a potential progestin and was indeed 

found to have powerful progestational effects, but in the 

course of the evaluation it was also discovered to have 

strong anti-androgenic character. In the mature rat, the 

compound causes atrophy of the seminal vesicles, prostate 

gland and other androgen-responsive organs, as well as 

cellular changes in the pituitary gland that are typical of 

castration with increased gonadotropin secretion (this latter 

effect is not seen in men). The testes are unaffected by 

small doses, but large doses can cause decreases in Leydig 

cell function and spermatogenesis. As a result of these 

characteristic anti-androgenic effects, cyproterone acetate 

has been extensively investigated and used clinically for the 

management of prostate carcinoma; for reduction of acne in 

both s e x e s  and h i r s u t i s m  in women; in the t h e r a p y  of 

precocious puberty, to delay premature sexual and physical 

maturation; and for reduction of libido in men with severe 

(and criminal) deviations in sexual behaviour.4
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Cl

(2 .1 )

Cyproterone acetate has also been investigated as a male 

contraceptive agent. The combination of direct anti- 

androgenic effects (antagonist binding to dihydrotestosterone 

receptors) and feed-back inhibition of the pituitary gland by 

this s t e r o i d  r e s u l t s  in d o w n - r e g u 1 a t ion of FSH and LH 

secretion and shut-down of spermatogenesis. However, dis-

advantages of cyproterone acetate include consequent loss of 

testosterone production from the Leydig cells, leading to 

loss of potency and libido, and the fact that this steroid is 

also a powerful progestin causing breast changes in the 

male.4 ’®

Apart from cyproterone acetate and A-norprogesterone (for 

t r e a t m e n t  of acne), many o t h e r  s t e r o i d s  have been 

investigated and/or used for their anti-androgenic character. 

However, whilst more than 200 ant i-androgens have been 

reported, only a few have progressed further than the initial
. • A _ Q
identification of their activity. The ring-A oxa-

steroi d , 6&(-bromo-1 7ft-hydroxy-1 -methy l-4-oxa-5f<-androstan-
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3 - one (B O M T ) e x h i b i t s  a n t i - a n d r o g e n i c  e f f e c t s  in all 

androgen-dependent tissues outside the central nervous 

system,10,11 competing for DHT binding sites slightly more 

effectively than does cyproterone acetate. Other steroids 

with high effectiveness in competing for DHT receptors 

include 1 7/S-hydroxy-2-oxa-4,9-estradien-3-one and 17^-hydroxy 

-1 7o(-methy 1-2-oxa-4,9-estradien-3-one,1 2 although they showed 

some androgenic as well as anti-androgenic character. The 

highest degree of inhibition seemed to be associated with 

compounds showing a general flattening of ring geometry.

A variety of B-norandrostanes have been shown to possess 

little or no androgenic character and amongst these, B-nor-17t( - 

methyl testosterone was active as an anti-androgen and B-nor- 

deoxycorticosterone and its acetate were marginally anti- 

androgenic. The anti-androgenic activity of 17^-acetoxy-

4c(, 5-cycl o-A-homo-B-nor-5«(-androst-1 -en-3-one was found to be 

comparable with that of cyproterone acetate,14 as was the 

activity of the 4,5-secosteroid (2.2).15

OH
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Alkylations of the A-ring of testosterone appear to 

m a i n l y  give rise to c o m p o u n d s  with v a r y i n g  d e g r e e s  of 

androgenicity.16 However, 20C-methyl testosterone with a 1 —

ethynyl or 17o(-vinyl group are claimed to show progestational 

and anti-androgenic qualities.17

Based on evidence from earlier, limited structure-activity 

correlations, a Japanese group synthesised 16 ^ - e t h y 1 - 19- 

nortestosterone (known as TSAA-291), which was shown to be an 

anti-androgen (but less powerful than cyproterone acetate) 

with reduced or negligible hormonal activities of other types 

and has been studied in clinical trials for the treatment of 

prostate cancer.18

A group at Upjohn observed that introduction of a 7oC~ 

methyl group onto 19-nortestosterone resulted in increases in 

both anabolic and androgenic activity.19 The subtle effects 

of stereochemistry are very important for determination of 

agonist or antagonist actions following receptor binding. 

Thus, 7o6 ,1 7<^-di methyl-5^ , 1 7^-dj hydroxy-1 9-norandrostan-3-one 

is anabolic but anti-androgenic,20 whereas 7<tf-methyl estr-4- 

ene-3<H , 1 7 |£-di ol is ant i-progestat i onal . 21 Recently,

attention has focussed on the possible anti-androgenic, anti-

fertility effects of 7j?-methyl-1 9-nortesterone. 22
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2.2 Synthetic Routes to 7-alkylated Steroids as Potential

Anti-androgens

As discussed in the previous Section, recent interest has 

focussed on the production of 7-methy 1 and rogens in the 

androstane and pregnane series.

Various methods for preparing 7-alkylated steroids have 

been reported in the 1iterature.23-26 The method described
O

by Campbell and Babcock involving Michael addition of 

méthylmagnésium bromide to 6-dehydro-17£(-methyl-testosterone 

in the presence of cuprous chloride gave 70( , 17oC-dimethyl- 

testosterone (2.4) as the main product and a small amount of 

the 7£-epimer (2.5) (Scheme 2.1). On dehydrogenation of the 

crude product with chloranil, the minor component (2.5) was 

converted into 6-dehydro-7,17* -dimethyltestosterone (2.6), 

which was separated from 7o(-methy 1 enone (2.4) and then 

reduced back to 7/J-methyl-enone (2.5) with Li -NHg. The 

7û(-epimer does not undergo dehydrogenation with chloranil.
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OHOH

OH

( 2 . 5 )

Scheme 2.1

7^-Met h y 1 testosterone has been prepared by Zderic and 

R i n g o l d ^ ,  by a d d i t i o n  of methyl G r i g n a r d  to 7- 

ketotestosterone ethylene ketal acetate (2.7) (Scheme 2.2.). 

When the total crude product of the Grignard reaction was 

treated with hot aqueous acetic acid, 7-methyl —  6 — dehydro-

testosterone (2.8) was obtained in excellent yield. This 

was h y d r o g e n a t e d  with 5* p a l l a d i u m  c a r b o n  c a t a l y s t  in 

methanol-KOH mixture to give 7^8-methyltestosterone (2.9).
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0 
11

H2-Pd/C

MeOH-KOH

(2.9)

Scheme 2.2

Another method for preparing 7fi-alkylated steroids and 6- 

dehydro-7-methy 1 steroids has been described by Robinson and 

co-workers25 (Scheme 2.3). When the 7-ketone (2.10) was 

treated with méthylmagnésium iodide or, preferably, lithium 

methyl in ether-tetrahydrofuran mixtures, compound (2.11) was 

for m e d .  T his triol u n d e r w e n t  O p p e n a u e r  o x i d a t i o n  and 

dehydration to give dienone (2.12) which was oxidised with 

chromic acid to compound (2.13), 7-methylpregna-4,6-dien - 

3,20-dione, in good yield. Finally hydrogenation of the 

diene (2.13) in benzene with palladium-strontium carbonate
O *7

catalyst gave 7/5-methylprogesterone (2.14) in poor yield.
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7$-Alkylated steroids can also be prepared using another 

method described by Robinson and his colleagues26 (Scheme 

2.4).

The 7-ketobisketal (2.16) was prepared from (2.15) by 

successive Zeigler bromination, treatment with alumina, and 

chromic acid-pyridine oxidation.28,29 When compound (2.16) 

was treated with lithium methyl in tetrahydrofuran followed 

by t r e a t m e n t  with p e r c h l o r i c  acid in m e t h a n o l  at room 

temperature and then acid anhydride-pyridine acetylation, 

compound (2.17) was obtained. Hydrogenation of the dienone 

(2.17) in benzene solution with palladium strontium catalyst7 

gave 7/?-methylcortisone acetate (2.18). Conversion of this 

to the hydrocortisone derivative (2.19) was achieved by 

p o t a s s i u m  b o r o h y d r i d e  r e d u c t i o n 30 of the 3 , 2 0 - b i s -  

semicarbazone followed by regeneration of the carbonyl groups 

at C-3 and C-20, using a two p h ase c h l o r f o r m  a q u e o u s  

hydrochloric acid procedure,31 and finally reacetylation at 

C-21 .
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CHAPTER 3

Anti-progestins

3.1 Introduction

During the 1970’s, several groups of workers made efforts 

to develop anti-progestational compounds and a number of 

steroids were subjected to screening procedures to determine 

what structural features would lead to inhibition of binding 

of radio-labelled progesterone or other progestins to the 

p r o g e s t e r o n e  r e c e p t o r . 1-3 How e v e r ,  the b r e a k t h r o u g h  

eventually came as the result of an accident, when a group 

working at Roussel-Uclaf in France synthesised some 11^-aryl 

steroids in the search for anti-glucocorticoid activity. 

Some of these new compounds, which included RU 38486, indeed 

proved to be somewhat active as anti-glucocorticoids, but 

more remarkably they also proved to be very potent anti- 

progesti n s .

The p o t e n t i a l  use of a n t i - p r o g e s t i n s  as a m e a n s  of 

terminating pregnancy, based on the blockage of the essential 

function of progesterone in maintaining gestation (see 

C h a p t e r  1) was q u i c k l y  a p p r e c i a t e d  by R o u s s e 1- U c 1a f . 

Following toxicological studies which established the safety 

of the new steroid, it was extensively investigated in 

clinical trials. Most of these studies have focused on the
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use of the c o m p o u n d  for medical t e r m i n a t i o n  of ear l y  

pregnancy. Somewhat unexpectedly, the compound’s efficacy 

to induce complete abortion was lower than might have been 

anticipated. However, success rates that compare favourably 

with the currently available alternatives, vacuum aspiration 

and prostaglandin administration, can be achieved if the 

anti-progestin treatment is complemented with a low dose of a 

synthetic prostaglandin analogue. Such combination regimens 

are relatively free of side-effects.

Preliminary results suggest that RU 38486 has potential 

also as an emergency post-coital contraceptive with a wider 

range of action than the currently used hormonal preparations 

which need to be administered within 48-72h after unprotected 

intercourse. Nevertheless, treatment as early as possible 

s e e m s  a d v i s a b l e  b e c a u s e  it w o u l d  a p p e a r  t hat e f f i c a c y  

decreases after implantation has commenced.

The discovery of the first competitive progesterone 

antagonist RU 38486 (3.1) has initiated an intense search for 

more potent and more selective a n t i - p r o g e s t i n s . Among 

several hundreds of compounds under preliminary investigation 

by S o b e r i n g 4 are ZK 98734 (3.2) and ZK 98299 (3.3). 

Similarly related compounds to RU 38486 have been synthesised
C

by Organon. Among the Organon compounds, compounds (3.4), 

(3.5) and (3.6) are the most interesting ones. All these 

compounds do not only differ in relative potency, but are 

clearly distinguished by their different behaviour in various 

animal models.
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( 3 . 1 )  = r u  38486

(3 *3 )  = ZK 9 8 2 9 9
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R 1 R2 R3 9, 10

3.6a NMe2 H 0 1
G
o Saturated

b NMe2 H - Unsaturated

c H NMe2 0 1
GO Saturated

d H NMe2 - Unsaturated
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3.2 Mechanism of Action of A n ti-progestins

3.2.1 Cellular Mechanism of Action

The mechanism of action of antiprogestins at the cellular 

level has not been fully elucidated. In order to explain the 

absence of significant agonist activity despite the high 

receptor binding affinity of these compounds, a number of 

s t u d i e s  have been c o n d u c t e d  on the p h y s i o c h e m i c a 1 

characteristics and DNA-binding ability of glucocorticoid and 

progesterone receptors bound to antiprogestin.6-8 These 

studies have yielded conflicting results which may be due in 

part to the fact that the 1 i gand-receptor interactions are 

usually studied under non-physiological, cell-free conditions 

rather than in intact cells.9

However, Grojer and co-workers,10 from their studies with 

the chick glucocorticoid receptor, have recently proposed a 

v ery e l e g a n t  model of the m o l e c u l a r  basis of h o r m o n e  

antagonism which reconciles some of the divergent findings 

r e p o r t e d  p r e v i o u s l y .  In this model (Fig. 3.1a) the 

unliganded, non DNA-binding 8S form of the receptor is a 

hetero-oligomer consisting of the 4S steroid-binding unit ’R ’ 

and the non steroid-binding, non DNA-binding heat-shock 

protein ’hsp 9 0 ’ which is common to all classes of 8S 

receptors.11 Binding of the native hormone or homone 

agonist ’H ’ to the receptor triggers a conformational change
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Models of the molecular basis of hormone antagonism at receptor level. 
For explanation see text (adapted from Baulieu e t  a l . 1987).

Fig. 3.1
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with release of the hsp 90 sub-unit and unmasking of the DNA- 

binding site on the ’activated’ 4S receptor. In contrast, 

when the antihormone ’AH ’ binds to the receptor, the R-hsp 90 

complex is stabilized, hsp 90 is not released and DNA-binding 

does not occur. The alternative model, depicted in Fig. 

3.1b, p r o p o s e s  that b i n d i n g  of the a n t i h o r m o n e  to the 

receptor is capable of provoking a t r a n s f ormation with 

dissociation of hsp 90 from the 4S subunit. However, the 

latter does not undergo the conformational change required 

for optimal DNA-binding and induction of gene transcription.

It should be noted that both models are not necessarily 

mutually exclusive and that both mechanisms may well be 

operative in vivo, either concomitantly or at different times 

depending on the physiological status of the cell.

Interestingly, two Organon compounds (3.6a) and (3.6c) 

which are equipotent with RU 38486 as regards pregnancy 

termination in rats after oral administration, are probably 

metabolised and activated in the gastrointestinal tract 

before they become biologically active. Unlike RU 38486 

they display no antiglucocorticoid activity.
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3.3 Synthesis of A n t i - p r ogestins

A general method for the synthesis of 1 1 /?-substituted 19- 

norsteroids, using the conjugate opening of allylic epoxides 

by organo-copper reagents (Scheme 3.1), has been reported by 

Teutsch and his co-workers.12

Scheme 3.1

The suggested mechanism for the organocuprate reagent is 

s h o w n  in S c h e m e  3.2 and i n v o l v e s  initial n u c l e o p h i l i c  

displacement of the epoxide at C 1Q followed by an allylic 

re-arrangement.

The reported method for the preparation of RU 38486 

involves the initial preparation of the intermediate compound 

(3.13) from estradiol methyl ether (3.7) (Scheme 3.3). This 

is followed by the introduction of the 1 1/S-subst i tuent
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following Teutsch’s m e t h o d ^  to afford compound (3.14). 

Treatment of compound (3.14) with suitable 1ithium-acetylide 

gives compound (3.15). Finally, appropriate hydrolysis of 

compound (3.15) affords RU 38486 (3.1).

I

0

Scheme 3.2
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( 3 . 1 )

RU 38486

Scheme 3.3
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Synthesis of related compounds (3.2) (ZK 98734) and (3.3) 

(ZK 98299) by Schering has been described 4 and the routes 

are outlined in Scheme 3.4

For the preparation of ZK 98734, the method involves the 

general and efficient strategy developed by Teutsh et al.13 

for the synthesis of 1 1p -substituted e s t r a - 4 ,9 - d i e n e s . 

H o w e v e r ,  part of this s t r a t e g y  is m o d i f i e d  for the 

preparation of ZK 98299 (Scheme 3.4).

For both compounds, the starting material is the Birch 

reduction product of estradiol methyl ether,13 for which 

appropriate hydrolysis leads to the deconjugate enone (3.9), 

which by a bromination-dehydrobromation sequence is t r a n s -

formed to dienone (3.10). Ketalization of (3.10) proceeds 

with a double bond shift to form 5( 10), 9( 11 )-diene (3.1 6)which 

is submitted to expoxidation to form 5^, 10*-epoxide (3.17). 

The next step is the introduction of the 1 1/3-substi tuent 

which is conveniently achieved by a copper ( 1 )-catalysed 

Grignard reaction. Oppenauer oxidation of compound (3.18) 

gives (3.19). Treatment of (3.19) with the lithio derivative 

of propargyl terahydropyrany1 ether gives compound (3.20). 

S u b s e q u e n t  h y d r o g e n a t i o n  f o l l o w e d  by a c i d - c a t a l y s e d  

deprotection-dehydration leads to compound ZK 98734 (3.2).

Alternatively, after Oppenauer oxidation, the next step in 

the p r e p a r a t i o n  of ZK 98299 is the p h o t o l y s i s  of the
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intermediate (3.19) with the full spectrum of a mercury high 

pressure lamp in dioxane-acid. By Norrish-type 1 cleavage 

and recombination, 13X-methy1-gonane (3.22) is obtained in a 

good yield. The side chain at C-17 is constructed by adding 

the lithio derivative of propargyl tetrahydropyrany1 ether. 

In contrast to the behaviour observed in the natural estrane 

series, nucleophilic attack at C-17 in the ketone (3.22) is 

not very highly stereoselective, giving both isomers with 

predominant formation of 17/i-adduct (3.23). Hydrogenation of 

the 17^ - a d d u c t  (3.23) f o l l o w e d  by a c i d - c a t a 1ysed 

deprotection-dehydration gives compound ZK 98299 (3.3).

In these synthetic routes for preparation of both ZK 98734 

and ZK 98299, a different procedure is used for epoxidation 

of diene (3.16) which is better than the original one 

described by Teutsch et al.12 (see Scheme 3.5) The solution 

presented by Teutsch et al.14 (H20 2 , h e x a c h 1o r o a c e t o n e ) 

proved to be highly regioselective, however stereoselectivity 

was not as good since a mixture of 5 ¿<, 10K-epoxide (3.17a) 

(65%) and the corresponding 5 ^ , lOjfi-isomer (3.17b) (35%) was 

formed (Scheme 3.5). Wiechert and Neef established that 

taking Fe( 11 )-phthalocyanine, a cheap and readily accessible 

pigment, as catalyst in combination with iodosylbenzene as 

oxygen source, considerably promoted formation of 5t(,106<- 

epoxide (3.26a).15 A free hydroxy group at C-17 must be 

protected by ether formation or should be oxidized.
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( 3 . 1 9 )

(3-20)
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Scheme 3.4  
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0

0

0
30% H202 , CClj-Ò-CC^; ii: Fe(11)-phthalocyanine iodosy1 benzene

Scheme 3.5
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CHAPTER 4

A-nor-steroi ds

4.1 Introduction

A number of A-nor-steroids (i.e. steroids with one carbon 

atom missing from the A-ring) have been prepared by ring 

contraction procedures1-7 (e.g. Schemes 4.1-4.3) carried out 

on d e r i v a t i v e s  of t e s t o s t e r o n e ,  19 - n o r t e s t o s t e r o n e , 

progesterone, cortisone and other hormones and some have been 

reported to show anti-hormonal properties. For example, A- 

nor progesterone (4.1) possesses anti-androgenic activity.1,3

( a )  OH at C5

(b) ^5,6

c h 2o h

0 = 0

Scheme 4 t 1
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Me Me

Cr03

CH^COCH^

Me
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Scheme 4 . 2
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OR1

OAc O R 1

b,  R = CH3 , R 1 = H

Scheme 4.3
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4.2 Anordri n

Early work by Pincus (who carried out the first clinical 

studies with oral contraceptives in the 1950’s) and his co- 

workers established that some A-noi— steroids exhibit both

anti-progestational and estrogenic activity when administer-

ed to rats and mice, opening up the possibility of the use of 

such compounds as anti-implantation agents. Chang and 

Yanagimachi1 2 examined the effects of 2 ,1 7k-diethynyl-2^, 17̂ 8 

- d i h y d r o x y - A - n o r - a n d r o s t a n e  (4.2) w h i c h  has also been 

referred to in the literature as H241, AF-45 and anordiol,

finding it to be as effective as estrogens in preventing 

pregnancy in rabbits and hamsters when administered in the 

period 1-3 days after mating (but before implantation has 

occurred). Subsequently, the dipropionate ester of this A- 

nor-steroid, named anordrin (4.3) and also known as AF-53, 

was extensively investigated in China during the 1960’s and 

1970’s, both in animals and in women and was found to be a 

clinicially effective anti- i m p 1antation agent when taken 

post-coital1y (so-called "visiting pill", popular with

C h i n e s e  c o u p l e s  w o r k i n g  a p a r t  and m e e t i n g  only 

1 fti nfrequently).

Anordrin has a relatively small estrogenic activity (about 

5% that of estradiol) whilst showing anti-estrogen, anti-

p r o g e s t i n  and a n t i - a n d r o g e n  c h a r a c t e r  as a r e s u l t  of 

competitive binding to the respective hormone receptors.14,15
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OR
1,-CECH

HC EC"'

OR

4.2, R = H (Anordiol)

4.3, R = COEt (Anordrin)

4.4, R = C0CH2CH2C02H

It seems clear that anordrin and also its bis-hemisuccinate 

analogue (known as SIPPR-113 or AF-57) (4.4) are hydrolysed

in vivo to anordiol (4.2), but in view of the complex 

hormonal/anti-hormonal profile of these steroids their 

precise mechanism of action as postcoital anti-fertility 

agents has remained controversial and the wider adoption of 

a n o r d r i n  as a c l i n i c a l  c o n t r a c e p t i v e  drug has been 

discouraged by concerns about the possible health risks of 

estrogenic steroids.16,17

The synthesis of anodrin in China has been carried out by 

the route shown in Scheme 4.4. When p o t assium acetylide 

reacts with A-nor-androstane-2,17-dione (4.5), attack occurs 

exclusively from the alpha face of C-17 due to the steric 

effect of the 18-methyl group, but rather unselectively at 

the less hindered 2-position, producing a mixture of 2\- 

ethynyl (4.3) and 2/-ethynyl (4.6) isomers with the former 

predominating. The 2K-isomer is considered to be the more 

important anti-fertility agent.
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HOOC
HOOC

H

0 0

KC = CH

C O C 2 H 5

HC;C/

OCOC2H5 
' ,'C = CH

HC=C

C2H5OCO'-

OCOC2H5 
V C  = CH

2i(-Anordrin (4.3) 2 ^ - A n o r d r i n  (4.6)

Scheme 4 . 4
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Crabbe et a l . 18 have synthesised the two isomers of 

anordrin and also synthesised the analagous compounds lacking 

the 19-methyl group, which they named dinordrin I and II 

(Scheme 4.5). The starting material was 19-nor-testosterone

(4.7), which was converted to 2-keto-dinor-steroid (4.8) by 

conventional techniques. Oxidation of the 17-hydroxyl 

group in the intermediate (4.8) provided the corresponding 

2,17-diketo-dinor-steroid (4.9) which was treated with an 

excess of lithium acetylide-ethylenediamine complex to afford 

3:2 mixture of the 2/X-ethynyl compound (4.10) and its 2p- 

e p i m e r  (4.11) s e p a r a t e d  by p r e p a r a t i v e  t hin layer 

chromatography (TLC).

Esterification of the tertiary hydroxyl groups of diols

(4.10) and (4.11) with propionic anhydride provided the 

dipropionates (4.12) and (4.13).

The anti-implantation activity of dinordrin I in rats was 

10 times higher than that of anordrin, while in turn, 

anordrin was more active than dinordrin II. The estrogenic 

activity of the different configurational isomers of both 

anordrin and dinordrin was very low.
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H C =

C2H

HCE

OH
5-steps

0H OH

(4.12) (4.13)

Scheme 4 .5
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Recently, a new method has been developed by an Italian 

20 21group ’ which involves a "one-step" inversion of cyclic 

enones into p  , f-unsaturated nor-esters. This method 

e l i m i n a t e s  p r o t e c t i n g  and d e p r o t e c t i n g  s t e p s  of the 

functional groups that are involved in the Chinese method of 

synthesising A-nor-steroids and should therefore improve the 

overall yields of A-nor-steroids.

For example (Scheme 4.6), testosterone acetate (4.14) was 

reacted with thallium (111) nitrate at 0°C in an alcoholic 

medium to give A-nor-26c -methoxycarbony 1 -androst-3-en-1 7/S - 

ylacetate (4.15) in 75% yield.

The proposed mechanism for this reaction is shown in 

Scheme 4.7. It is assumed that, as for the mechanism of 

c o n t r a c t i o n  of s a t u r a t e d  k e t o n e s ^ , the e l e c t r o p h i l i c  

thallium nitrate adds to the ^ 2,4-dienol (4.17) from the 

less-hindered \ face of the steroid. The subsequent 

elimination of thallium from intermediate (4.18) gives the 

contraction product (4.19)

( 4 . i 4 )

Scheme 4.6

( 4 . 1 5 )
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( 4 . i 8 ) ( 4 . 19 )

Scheme 4.7
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CHAPTER 5

Synthesis of 7-methyl-steroids

5.1 Introduction

As discussed in Chapter 2.1, there has been considerable 

interest in recent years in the possible a n t i - a n d r o g en i c  

anti-ferti 1 ity effects of certain alkylated steroids and 

general methods 1 - 3 for their synthesis were described. As 

part of a collaboration with the Population Council of the 

Rockefeller Foundation, we were requested to synthesise 7- 

methyl-4,6-diene (5.1) and the l(i -methyl-19-nortestosterone 

(5.2) for detailed biological investigation.

OH OH

(5.1) (5.2)

In this chapter, specific methods for the preparation of 

7 - m e t h y l a t e d  a n d r o s t a n e s  will be r e v i e w e d  and t h e i r  

application to the synthesis of the desired compounds will be 

described.

61



Campbell and Babcock 1 have reported a procedure for 7- 

alkylation of 170?-methyltestosterone, shown in Scheme 2.1, 

p. 25.

In a patent4 in 1967, Campbell and Babcock also reported 

the application of this methodology in the 19-nortestosterone 

series. Thus coppei— catalysed conjugate a d d i t i o n 6 , 7  of 

methyl Grignard to the 19-nor dienone (5.3) afforded the 7&£- 

and 70-methyl steroids (5.4) and (5.2) in yields of 50% and 

^2%, respectively (Scheme 5.1). In this series, it was 

c l a i m e d  that the e p i m e r s  c o u l d  be s e p a r a t e d  by c o l u m n  

chromatography using gradient elution.

OH

OH

Scheme 5•1

6 2



NB S

Li Br 

L i 2C03

Alternative methodology has been reported by Grunwell 

and Benson®. 19-Nortestosterone (5.5) was acetylated to 

give the dienyl acetate (5.6), which was oxi d i s e d  

(bromination/elimination) to the dienone (5.7) and conjugate 

addition was effected using MeLi-CuI. Under the latter 

condition, only the 76£.-methyl product (5.8) was observed 

(Scheme 5.2).

OH

CH^COCl

(c h 3 c o )2o

OAc

Scheme 5 »2
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5.2 Results and Discussion

For the proposed synthesis of 7-methyl-1-hydroxy-estra- 

4,6-diene-3-one (5.1) and -methyl-19-nortestosterone (5.2), 

the simplest route based on the above literature reports 

a p p e a r e d  to be the d i r e c t  1-s t e p  o x i d a t i o n  of 19- 

nortestosterone using chloranil, followed by conjugate 

addition of Grignard reagent and further oxidation.

In addition to the oxidation of 17#C-methyl testosterone by 

Campbell and Babcock1 discussed in Section 2.2, other groups 

have also reported the successful oxidation of steroidal 4- 

en-3-ones to 4,6-dien-3-ones using chloranil. For example, 

good yields were obtained in the corticosteroid field using
Q Q

t his met h o d .  ’ H o w e v e r ,  the o n l y  r e f e r e n c e  to the 

application of this reaction in the 19-norsteroid field which 

could be found was in a patent 10 claiming the oxidation of 

the 16»<-methylene derivative (5.9) to dienone (5.10), for 

which no yield was reported.

C h l o r a n i l

( 5 . 1 0 )
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The lack of such examples may be of significance, since in 

the 19-nor series an alternative site for allylic oxidation 

exists and may lead to competing formation of an A-ring 

phenol. Consequently, it was decided to first carry out the 

oxidiation reaction in the testosterone series in order to 

establish working conditions, before attempting direct 

oxidation of 19-nortestosterone.

When testosterone was refluxed with chloranil in t- 

butanol, the dienone (5.12) was obtained in 67% yield.

OH
OH

Following the success of this model reaction, the method 

was then investigated with 19 - n o r testosterone (5.5). 

However, the expected product (5.13) was not formed cleanly. 

1H NMR showed that the crude product contained a mixture of 

starting material (5.5) and product (5.13). These proved

difficult to separate from one another and from other, 

u n i d e n t i f i e d  b y - p r o d u c t s .  A t t e m p t s  to i m p r o v e  the 

conversion by the use of more chloranil for a longer time led
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(5.5) (5.13)

to a considerable increase in the formation of by-products. 

Consequently, it was decided to abandon this approach.

Attention was then turned to the method of Grunwell and 

Benson® (Scheme 5.2). 19-Nortestosterone was acetylated, 

giving the dienyl acetate (5.6) in 65* yield (Lit: 71* 

yield). Following bromination and elimination, the desired

17-acetoxy dienone (5.7) was obtained in 57.9* yield (Lit: 

65.7*).

When the 17-acetoxydienone (5.7) was treated with MeLi- 

Cul, 7»c-methyl-1 9-nortestosterone acetate (5.8) was obtained 

in 28* yield (Lit: not given).

It was noted that Campbell and Babcock 1 had observed that 

only the 70 -methyl testosterone derivative (2.5) and not the 

7*<-methyl isomer (2.4) was oxidised to a 4,6-dien-3-one with 

chloranil (Scheme 2.1) (Page 25). However, we reasoned that 

the NBS oxidation of dienylacetate would not be so sensitive

6 6



to stereochemistry at the C-7 position and that it should 

t h e r e f o r e  be p o s s i b l e  to u t i l i s e  this p r o c e s s  for the 

s y n t h e s i s  of the r e q u i r e d  7 - m e t h y 1e s t r a d i e n o n e  (5.1). 

Accordingly (Scheme 5.3), 7 v - m e t h y l - 1 9 - n o r t e s t o s t e r o n e  

acetate (5.8) was acetylated and the dienyl acetate (5.14) 

then treated with NBS followed by LiBr-Li2C0 3 , which afforded 

the 17-acetoxy dienone (5.15). This was hydrolysed to give 

the required compound (5.1). The structure of the compound 

was fully supported by spectroscopic evidence and the purity 

was demonstrated by HPLC.

Thus, in contrast to the previously published methodology, 

in which only the 7^-methyl-4-en-3-ones have been oxidised to 

7-methy1-4,6-dien-3-ones, the procedure which we adopted, via 

oxidation of the dienyl acetate, allows the Tec-methyl-4-en-3- 

one to be converted into the 7-methy1-4,6-dien-3-one.

OAc OAc

Scheme 5*3  
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The synthesis of 7^5-methyl-1 9-n o r t e s t o s te r o n e  (5.2) 

should, in principle, be readily achievable by the copper- 

catalysed, conjugate addition of methyl Grignard reagent to 

the d i e n o n e  (5.7) w h i c h  is r e a d i l y  a v a i l a b l e  as an 

intermediate in the synthesis of 7-methyldienone (5.1) It 

was noted earlier (Section 5.1) that conjugate addition to 

steroidal 4,6-dien-3-ones using MeMgBr-CuCl favoured rather 

than jS attack (ratio 50:12) and that MeLi-Cui favoured 

exclusively ^  attack. Furthermore, it has been reported by 

Gasparrini et a l . 3 that attack of L i M e 2Cu on 17-acetoxy 

dienone (5.16) gave 7-methylated esters (5.17; 7* 41%, ip 

36%) and 7-methylated alcohols (5.18 ; K  7%, Ifi 8%)

(5.16) ( 5 . 1 7 )  ; R = Acw m

( 5 . 1 8 )  ; R = H

Consequently, it appeared that it would be fruitful to 

explore the reactions of the 1 9-nordienone (5.7) with 

methylating reagents under a variety of conditions in Order 

to optimise the yield of the desired 7/?-epimer.
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When 19-nordienone (5.7) was treated with méthylmagnésium 

bromide in the presence of copper (1) chloride at 0-17°C 

following Babcock and Campbell’s method5 a crude product was 

obtained which on HPLC analysis was shown to be a mixture of 

four components. The alcohols (5.4 and 5.2) could be 

resolved from the acetates (5.8 and 5.19) by conventional 

column chromatography (CC). However, in contrast to the 

claim by Babcock and Campbell , 4 the mixture could not be 

separated into individual epimers by classical liquid 

chromatography (LC). The isomeric mixtures were separated 

by preparative HPLC (see Chapter 6 ) and identified by 1H NMR 

as the expected epimeric pairs of acetates and alcohols 

(Scheme 5.4). From HPLC analysis of the crude reaction in 

Scheme 5.4 it was determined that the yields were: 7«i-methyl- 

1 7-acetate, 13.8* ; ip-methy-17-acetate, 2.1* ; 7«*-methyl-17- 

alcohol, 10.2* ; 7/J -methyl-17-alcohol , 3.2*. Thus in this 

reaction the overall i : selectivity was 5 . 3  : 24.

OR OR

( 5 . 2 )  R = li 

( 5 .19 )  R = Ac

(5 .4 )  R = H 

( 5 . 8 )  R = Ac

Scheme 5.4 
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Conditions were then investigated for optimising the p  - 

selectivity of Campbell and Babcock’s method . 4 Changes in 

reaction temperature and rates of addition of reagents were 

made and the results monitored by HPLC, but no significant 

improvement in ^-selectivity was observed.

The reaction was then carried out on a larger scale 

following Campbell and Babcock’s method4 , to give a mixture 

of 7-methyl-1 9-nortestosterone and 7-methy 1 - 1 9-nortesto- 

sterone acetate. These products were resolved into t h e i r K -  

and ^-isomers by preparative HPLC to isolate the desired ip- 

methyl-19-nortestosterone (5.2), along with the three other 

by-products, 7k -methyl-19-nortestosterone (5.4), 7ftf-methyl- 

1 9 - n o r t e s t o s t e r o n e  a c e t a t e  (5.8) and 7^?-methyl-19- 

nortestosterone acetate (5.19).

The i p -methy1-1 7-acetate (5.19) was hydrolysed using 

methanolic potassium carbonate solution under reflux to 

furnish further quantities of the required 7^3-methy1 -17- 

alcohol (5.2) in an overall yield of 4.8% from the dienone

(5.7). Pure samples of the two required compounds (5.1)

and (5.2) were submitted to the Population Council for 

d e t a i l e d  b i o l o g i c a l  i n v e s t i g a t i o n  of the i r  h o rmonal 

properties.
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5.3 Experimental

3.17l-Diacetoxyestra-3.5-diene (5.6)

19-Nortestosterone (2g, 0.0073 mole) was refluxed under

nitrogen in a mixture of acetic anhydride (7.5 ml) and acetyl 

chloride (7.5 ml) for a period of 3 hr. The solvent was

removed under reduced pressure. The solid residue which 

remained was triturated with ice water, filtered, washed with 

cold aqueous sodium bicarbonate solution, rinsed with water 

and dried. Recrystallization of this residue from acetone 

gave 3,1 7^?-di acetoxyestra-3,5-diene (5.6) (1.85g, 65%; Lit : 5 

71%) which melted at 163-165°C (Lit : 5 165-71°C). 1H NMR 

(CDC13 )£: 0.80 (3 H , S), 1.2 (14H, m, methylene envelope),

2.0 (3H,S), 2.08 (3 H , S), 4.68 (1H,t) 5.52 (1H, d), 5.84 (1H, 

d) ;>/max(nujo1 ) cm - 1 1756, 1729 : EI-MS : m/z 358.2307 (M+ ,

1.3%; C22h 3 o ° 4 requires 358.2187), 315 (0.8%).

11P-Hvdroxyestra-4.6-dien-3-one acetate (5.7)

A solution of 3,1 7/S -di acetoxyestra-3,5-di ene (5.6) (4g,

0.00105 mole) in acetone (212 mo), water (54.4 ml), acetic 

acid (5.44 ml), pyridine (1.2 ml) and sodium acetate (5.44g, 

0.065 mole) was cooled to 0-5°C using a s a 1t - m e t h a n o 1 - ice 

bath. N-bromosuccinimide (2.14g, 0.012 mole) was then added 

to this cooled solution. The reaction mixture was shielded 

from light by means of aluminium foil and stirring continued 

for a period of 3 hr. at 0-5°C. The solution was poured
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onto cold brine (800 ml) and the product extracted with ether 

(200 ml). The ether extract was washed with water, dried 

over anhydrous magnesium sulfate and concentrated under 

vacuum below 20°C. The amber oil residue was dissolved in 

dimethylformamide (5 ml) and rapidly added to a vigorously 

refluxing suspension of dimethylformamide (50 ml), lithium 

bromide (4g, 0.046 mole) and lithium carbonate (4g, 0.03 

mole) under nitrogen. Residual ether was permitted to 

evaporate and the reaction mixture was refluxed for a period 

of 1 hr. After cooling, the suspension was filtered and 

the filtrate was poured into an ice water mixture. The 

product was extracted into ether and the combined ether 

extracts were washed with 5% sodium hydroxide (150 ml) 

solution and washed again with water. The solution was 

d r i e d  o ver a n h y d r o u s  m a g n e s i u m  s ulfate, f i l t e r e d  and 

concentrated under vacuum to yield a yellow solid which was 

layered with hexane and filtered to give pure 17^-hydroxy- 

estra-4,6-dien-3-one acetate (5.7) (2.30g, 57.9%). M.p.

100-102°C ; 1H NMR (CDC13 )S: 0.88 (3H , S), 1.16-1.88 (10 H ,

m, m e t h y l e n e  e n v e l o p e ) ,  4.57 (3 H , t), 6.08 (2H, S) ;

)^a x (nujol)cm ' 1 1732, 1664 ; EI-MS : m/z 314.1714 (M+ , 25.26%; 

c 20h 26°3 requires 314.1920), 255 (6.2%).

17A-Hydroxy-7«-methylestr — 4-en-3-one acetate (5.8)

A solution of lithium dimethylcuprate was prepared under 

nitrogen by the addition of 1.6M ethereal methyl 1ithiurn (9 

ml, 0.014 mole) to a slurry of cuprous iodide (1.4g, 0.0073
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mole) in anhydrous ether (14.28 ml) at 0°C. The solution was 

stirred at this temperature for 5 min and a solution of 17£- 

hydroxyestra-4,6-dien-3-one acetate (5.7) (0.5g, 0.0015

mole) in anhydrous tetrahydrofuran (4.2 ml) was added over a 

10 min. period. The reaction mixture was stirred for an 

additional 15 min. at 0°C and poured into a saturated aqueous 

ammonium chloride solution. Benzene was added and the 

resulting mixture was rapidly filtered through filter aid. 

The o r g a n i c  layer was w a s h e d  w ith a s a t u r a t e d  a q u e o u s  

ammonium chloride solution, then with water, dried over 

anhydrous magnesium sulfate and evaported to dryness.

The oily yellow crude product was dissolved in methanol 

(9.7 ml) to w h i c h  w a t e r  (0.4 ml) and c o n c e n t r a t e d  

hydrochloric acid (0.6 ml) had been added. The solution was 

stirred for a period of 2 hr and poured onto a mixture of 

ice-water. The ether extract was washed with water, dried 

over magnesium sulfate and evaporated to dryness. The crude 

product was purified by preparative t.l.c. on silica gel and 

developed with CH2C12-CH3CN (80:20) to give 0.1476g (28%) of 

the desired 11 (2> -hydroxy-7«< -methylestr-4-en-3-one acetate

(5.8). M.p. 108-1 10°C. 1H NMR (CDC13 )s : 0.76 (3 H , d),

0.84 (3 H , S), 1-1.84 (3 H , S), 1-1.84 (14 H , m, methylene 

e n v e l o p e ),2.00 (3 H , S), 4.6 (1H, t), 5.76 (1H, S) ;

Vmax(CHC1 3 ) cm_1 : 1725, 1660, 1615 ; EI-MS : m/z 330.2316

(M+ , 51.54% ; C2 1 H3 q 03 requires 330.2238).
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3.1 7^-Diacetoxy-7«<-methvlestra-3.5-diene (5.14)

17/*-Hydroxy-7K-methylestr-4-en-3-one acetate (5.8) (0.5g,

0.0034 mole) was refluxed under nitrogen in a mixture of 

acetic anhydride (1.9 ml) and acetyl chloride (1.9 ml) for a 

period of 3 hr. The solvent was removed under reduced

pressure. The solid which remained was triturated with ice 

water, f i l t e r e d  and w a s h e d  w i t h  cold a q u e o u s  s o d i u m  

bicarbonate solution. The residue was recrystallized from 

acetone to yield pure 3,17/i -diacetoxy-7*<-methylestra-3,5- 

diene (5.14) (0.1775g, 35.5%). M.p. 90-92°C; 1H NMR (CDC13 )S;

0.85 (3H, d), 0.90 (3H , S), 1.00-2.0 (12H, m, methylene

envelope), 2.10 (3H, S), 2.2 (3H, S), 4.8 (1H, t), 5.68 (1H, 

d), 5.92 (1H , d) ;Vmax(CHC1 3) cm_1 1730, 1680, 1618 ; EI-MS: 

m/z 372.2309 (M+ , 8.83* ; C2 3H3 204 requires 372.2347), 357

(1.25*), 342 (27.21*).

17l-Hydroxy-7-methvlestra-4.6-dien-3-one acetate (5.15)

3,1 ip -Di acetoxy-7K-methylestra-3,5-diene (5.14) (1.6003g,

0.0043 mole) was placed in solution containing acetone (84.82 

ml), water (21.7 ml), acetic acid (2.2 ml), pyridine (0.48 

ml) and sodium acetate (2.18g, 0.026 mole). The solution 

was cooled to 0°-5°C using a salt-methanol-ice bath and N- 

bromosuccinimide (0.86g, 0.0087 mole) was added at one time. 

The reaction mixture was shielded from light by means of 

aluminium foil and stirring continued for a period of 3 hr.
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at 0°-5°C. The solution was poured onto cold brine (320 ml) 

and the product extracted with ether (200 ml). The ether 

extract was washed with water, dried over anhydrous magnesium 

sulfate and concentrated under vacuum below 20°C. The amber 

oilyresidue was dissolved in d i m e t h y 1 formamide ( 2 ml) and 

r a p i d l y  a d ded to a v i g o r o u s l y  r e f l u x i n g  s u s p e n s i o n  of 

dimethylformamide (20 ml), lithium bromide (1.6003g, 0.0184

mole) and lithium carbonate (1.6003g, 0.0217 mole) under 

nitrogen. Residual ether was permitted to evaporate and the 

reaction mixture was refluxed for a period of 1 hr. After 

cooling, the suspension was filtered and the filtrate was 

poured into an ice-water mixture. The product was extracted 

into ether and the combined ether extracts were washed with 

5* sodium hydroxide solution (53 ml) and washed again with 

water. The solution was dried over anhydrous magnesium 

sulfate and concentrated under vacuum to yield a yellow solid 

which was layered with hexane and filtered to give 1 .2g of 

the crude product. This was purified by preparative t.l.c. 

on silica and developed with CHgC^-CHgCN (90:10) to yield

0 . 1 5 6 g  (11%) of c o m p o u n d  (5.15). M.p. 1 4 0 - 1 4 5 ° C  ;

1 H NMR (C D C 1 3 ) S : 0.84 ( 3H , S), 1.2-1.9 (12 H , m, methylene

envelope), 1.89 (3 H , S), 2.00 (3 H , S), 4.48 (1H, t), 5.48

(1H , S), 5.84 (1H , S) ;\/max^C H C  ̂3^ cm_1 : 1 7 2 5 > 1655, 1615,

1585 ; EI-MS : m/z 328.1995 (M+ , 16.50% ; C 2 1 H 2 3O 3 requires

328.2079) .
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(6-dehydro-7-methyl-19-nortestosterone (5.1))

A solution of 11 fi -hydroxy - 7- meth^Te5ira.-4 ,6-dien-3-one 

acetate (0.0984g, 0.0003 mole) in a mixture of 5% aqueous

potassium carbonate (1.312 ml) and 80% aqueous methanol (12 

ml) was heated under reflux in an atmosphere of nitrogen for 

2 hr. The reaction mixture was extracted with ether and the 

e t h e r e a l  e x t r a c t  was w a s h e d  w ith w a t e r  and d r i e d  over 

anhydrous magnesium sulfate. The dried ether solution was 

filtered and evaporated to dryness. The residue was 

purified by preparative t.l.c. on silica gel and developed 

with CH2Cl2-CH3CN (90:10) to yield 0.0454g (52%) of pure 6- 

dehydro-7-methyl-19-nortestosterone (5.1). M.p. 178-180°C

1H NMR (CDC13 )&: 0.8 (S, 3 H ),1 . 88 (S, 3 H ), 3.54 (t, 1H ), 5.10 

(S, 1H ), 5.84 (S, 1H ) ;ymax(nujol) cm- 1  3500 (S), 1650, 1610 

; EI-MS: m/z 2 8 6 . 1 9 9 2  (M+ , 2 2 .8 6 %; C 19H 26°2 r e q u i r e s  

286.1970).

71-Methy1-19-nortestosterone (5.2): 7*-methyl-19-nor- 

testosterone (5.4): 7<X-methyl-19-nortestosterone acetate

(5.8): 7^-methy1-19-nortestosterone acetate (5.19)

To a suspension of copper (1) chloride (0.2678g, 0.0014

mole) in tetrahydrofuran (50 ml) under nitrogen was added 3M- 

ethereal MeMgBr (14 ml). The mixture was cooled to 0°-17° 

and 6-dehydro-19-nortestosterone acetate (2.3481g, 0.0074

17/>-Hyr o x y - 7 - m e th y l - e s t r a - 4 . 6 - d i e n - 3 - o n e  (5.1)
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mole), dissolved in tetrahydrofuran (50 ml) was added. 

After 30 mins, 10% hydrochloric acid solution (17 ml) was 

added. The reaction product was extracted with a mixture of 

toluene and d i c h 1 oromethane and the organic phase washed 

successively with dil. sodium hydroxide, dil. hydrochloric 

acid and water to neutral, dried and evaporated under reduced 

pressure. The residue was first purified by preparative 

t.l.c. on silica gel and developed with CH2C12-CH3CN (80:20) 

to give 7-methyl-19-nortestosterone (0.2758g, 12.81%) and 7- 

m e t h y 1 - 1 9 - n o r t e s t o s t e r o n e  a c e t a t e  (0.7880g, 31. 9 3 % )

respectively. The fractions were then further separated by 

preparative HPLC, using a reversed phase column 5^0DS- 

hypersil and MeOH-H20 (75:25) as the mobile phase to yield 

pure 7/i-methyl-1 9-nortestosterone (5.2) (0.0681g, 3.16%), 7o<- 

methyl-19-nortestosterone (5.4) (0.2200g, 10.21%) and 7 * -

methyl-19-nortestosterone acetate (5.8) (0.34034g, 13.8%) and 

7/S-methyl-l 9-nortestosterone acetate (5.19) (0.0524g, 2.12%) 

respectively.

7^-Methyl-19-nortestosterone (5.2) : M.p. 130-132°C (Lit : 3 

134-134.2°C) ; 1H NMR (CDC13 ) S : 0.84 (3H,S), 1.04 (3 H , d),

1.12-2.4 (14H, m, methylene envelope), 3.56 (1H, b), 5.76 

( 1H , S) ;V/m a x (nujol ) cm - 1  3380, 1 655, 1 610 ; EI-MS : m/z

288.2142 (M+ , 89% ; C igH2 802 requires 288.2129), 273 (5.4%), 

255 (5.8%).
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7t<-Methyl -19-nortestosterone (5.4) M.p. 95-97°C ; 1H NMR

(C D C 13 )S ; 0.76 (3H, d), 0.82 ( 3H , S), 1.04-2.6 ( 1 4H , m, 

m e t h y l e n e  e n v e l o p e ) ,  3.72 (1H, t), 5.80 (1H, S) ;

Vmax(nu3ol) cm_1 3380> 1655, 1610 ; EI-MS m/z 288.2142 (M+ ,

89%; C igH 2 8 ° 2 requires 288.2129), 273 (5.4%), 270 (1 2 .1%).

7X-Methyl-19-nortestosterone acetate (5.8) : M.p. 107-

110° (Lit . 1 108-110) ; 1H NMR (CDC1 3 )S: 0.76 (3H,d) 1.06

(3H,S), 1-1.96 (14H, m, methylene envelope), 4.56 (1H,t),

5.76 (1H ,S ) ;V^a x (CHCl3 ) cm - 1  1725, 1665, 1620 ; EI-MS :

330.2316 (M+ , 51.54% ; C2 1 H3 003 requires 330.2238).

7^-Methyl-19-nortestosterone acetate (5.19) : oil ; 1H NMR 

(C D C 13 )8 : 0.84 (3 H , S), 1.04 (3H , d), 1.12-1.96 (14H,m, 

m e t h y l e n e  e n v e l o p e ) ,  4.56 (1H,t), 5.76 (1H,S);

V ^ a x (CHCl3 ) cm- 1 1725, 1665, 1620 ; EI-MS : m/z 330.2316 (M+ , 

7.64%, C2 1 H3q 03 requires 330.2238).

HPLC analysis of the four compounds above using a reversed 

phase system : mobile phase, Me0H-H20 (70:30) ; A ,  244nm; ab, 

1Aufsd ; flow-rate, 2 ml /min ; column, SM6 bM- ODS Hypersil,

12.5 x 0.45 cm, showed that all samples were at least 98-99% 

pure.
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7 ^ - M e thy1-19-nortestosterone (5.2)

A solution of 7£-methyl-19-nortestosterone acetate (5.19) 

(0.0524 g, 0.00016 mole) in a mixture of 5* aqueous K2C03 

(0.7 ml) and 80* aqueous MeoH (6 ml) was heated under reflux 

in an atmosphere of nitrogen for 2 hr. The reaction mixture 

was extracted with ether, dried over anhydrous m a g nesium 

sulfate, filtered and evaporated to dryness. The residue 

was p u r i f i e d  by p r e p a r a t i v e  t.l.c. on s i l i c a  gel and 

developed with CH2C12-CH3CN (90:10) to yield pure 7^-methyl- 

19-nortestosterone (5.2) (0.0349g, 76*). M.p. 128-130°C.

1H NMR (CDC13 ) S : 0.84 (S, 3 H ) , 1.04 (d, 3 H ) , 1.12-2.4 (m,

methylene envelope, 14 H), 3.56 (t, 1H), 5.76 (S, 1H).

V m a x (nuJo 1 ) cm_1 3380, 1655, 1610. EI-MS m/z 288.2196 (M+ ,

100* ; C-| 9^28^2 r®QUires 288.2129 (4.90*, 255 (5.00*).
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CHAPTER 6

HPLC Studies of 7-methyl-steroids

6 .1 Introduction

The history of chromatography is one of periodic advances 

that have followed major innovations: partition and paper 

c h r o m a t o g r a p h y  in the 1 9 4 0 ’s, gas and t hin layer 

chromatography in the 1950’s, and the various gel or size 

exclusion methods in the early 1960’s. A few years later 

the practice of chromatography was revolutionised by a 

technique called "modern liquid chromatography", generally 

accepted as high performance liquid chromatography (HPLC)1 , 

w h i c h  o f f e r e d  i m p r o v e m e n t s  o ver t r a d i t i o n a l  c o l u m n  

chromatography in equipment, materials, techniques and in 

terms of results, advantages in convenience, accuracy and 

speed. Undoubtedly the technique had a large impact in 

chemical analysis and is a major method for separation, 

quantitation and identification of chemical substances.

To-day, the development of new types of stationary phases 

for HPLC is continuously and rapidly growing to improve 

separation and selectivity.
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6 .2 The development of HPLC

HPLC was introduced as a practical analytical technique in 

the mid-1960’s and to-day is used both in an analytical and a

preparative scale. Its development had been anticipated by
, p

Martin and Synge in 1941. Their paper described the theory 

of c h r o m a t o g r a p h y ,  i n t r o d u c i n g  the c o n c e p t  of ’h e i g h t  

equivalent to a theoretical plate’ (HETP) to express column 

e f f i c i e n c y ,  i n t r o d u c e d  1 i q u i d - 1 iquid (or p a r t i t i o n )  

chromatography and predicted the advantage of a gaseous 

mobile phase, as in GC, and of a high pressure liquid phase 

with a small particle size, as in HPLC.

The d i f f e r e n c e s  b e t w e e n  m o d e r n  HPLC and c o l u m n  

chromatography involve the use of narrower columns, smaller 

particle sizes, and higher flow rates produced by higher 

column inlet pressure. In comparison to conventional liquid 

chromatography, HPLC offers several advantages, such as 

higher resolution, greater r e p r o d u c i b i 1 i t y , and shorter 

retention times, in addition the column can be used many 

times without regeneration. Compared to GC, HPLC can be

used for the n o n - v o l a t i l e ,  t h e r m a l l y  labile and p o lar 

compounds which are unsuited to GC analysis.

The four basic liquid chromatographic methods which 

feature in HPLC are briefly summarised:-

8 2



(1) Liquid-Liquid (or partition) Chromatography (LLC) where 

the stationary phase is a liquid coating upon a solid 

support, the liquid being immiscible with the mobile 

phase.

(2) Liquid-Solid (or adsorption) Chromatography (LSC) which 

has a high surface area solid as the stationary phase 

onto which the solute is adsorbed.

(3) Ion Exchange Chromatography (IEC) where the stationary 

phase is an ion exchanger with fixed ionic groups that 

have counter ions in the mobile phase. Retention of 

sample ions is by ion exchange of the sample and the 

counter ions.

(4) Size Exclusion Chromatography (SEC) in which retention 

is due to the size and shape of the molecule and 

longest retention occurs for the smallest molecules.

Bonded phase chromatography (BPC) is where the stationary 

phase is chemically bonded to a solid support in place of the 

m e c h a n i c a 1 1 y-he 1d liquid c o a t i n g  of LLC. It has

increasingly supplanted both LLC and LSC, in the case of LSC 

because firstly the polarity of the surface can be controlled 

and secondly it responds to changes in solvent composition 

more rapidly, while the advantages of BPC over LLC are 

summarised below:-
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(1) In BPC, mobile and stationary phases are completely 

immiscible, whereas in LLC this rarely occurs and pre-

saturation of the mobile phase by the stationary phase 

is required. The stationary phase is chemically 

b o n d e d  to the s u p p o r t  and is not, as in LLC, a 

mechanically held film which is susceptible to being 

stripped off at high flow rates.

(2) Gradient elution is possible in BPC but not in LLC.

(3) Contami nation of the e 1 uent cannot occur in BPC as it

usually does i n LLC. As a consequence, scale up and

isolation of components in preparative scale work i s

more convenient with BPC than with LCC.

6.3 Theoretical aspects of HPLC

C h r o m a t o g r a p h y  i n v o l v e s  the s e p a r a t i o n  of a m i x t u r e ,  

achieved through the differential distribution of sample 

compounds between the mobile and stationary phases. This 

separation is dependent upon the composition of the two phases, 

the efficiency of the column, the column temperature, and mass 

transfer effects regarding the two phases. Therefore, control 

of the separation is primarily through alteration of the 

composition of the mobile phase, which can be varied by 

gradient elution, and by the choice of column. There are two 

types of mobile and stationary phase combinations, either
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normal-phase or reverse-phase. In normal-phase chromatography 

(NPLC), the stationary phase is polar and the mobile phase is 

non-polar, therefore polar compounds are retained and non-polar 

compounds elute first. With reverse-phase chro m a t o g r a ph y  

(R P L C ) polar compounds are retained less, since the mobile 

phase is more polar than the stationary phase. To decrease 

retention times in RPLC a less polar mobile phase is required, 

for NPLC it is the opposite i.e. an increase in the polarity of 

the eluting mixture is required.

The following concepts have been developed to quantitatively 

describe a chromatogram such as that shown in Fig. 6.1 and 6.2.

Fig. 6.1 Peak parameters Fig. 6.2 Two peaks
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(1) Capacity factor, k ’

This is the most suitable way of defining solute retention

k ’ = nf

Where nt

'm

' 'm

number of mols solute in the 

stationary phase 

number of mols solute in the 

mobile phase

The k ’ value is also given by the equations,

k ’ = VR - Vo

k ’ = t r- t 0 when the flow rate is 

t_ constant

Vo ,t0 volume and retention time 

of unretained solute

VR ,^r = volume and retention time of

solute

The capacity factor is affected both by the temperature 

and the composition of the mobile phase.
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See

(2) Resolution, Rs

This measures the degree of separation of peaks. 

Fig. 6.2.

Rs = Difference in retention time (or volume)

average peak width (in time or volume units)

= 2(t2 - t 1)

( w 1 +  w 2 )

Where t 1 , t2 , W 1 and W 2 are, respectively, the retention 

times and base widths of peaks 1 and 2

Selectivity, Q£

for two solutes a and b,

oL k ’2

k ’1

Separation only occurs when oi >1, with higher values 

indicating easier separation. o< is dependent upon the 

nature of the two phases and upon the temperature.
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This is a measure of the asymmetry of a peak (see Fig,

6.1)

(4) The Asymmetry Factor, As

a/b

N.B. a and b are measured on the baseline.

(5) Efficiency, N

Column efficiency is given by the number of theoretical 

plates, N, that the column possesses.

N

Where W is the base width of the peak.

OR:

Where Wn is the peak width at half height.

The column efficiency can only be modified by repacking 

the column.
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(6) Height equivalent to a theoretical plate, HETP.

The HETP (or plate height, H) is given by

HETP = L 

N

Where L is the length of the column.

HETP is small for efficient columns.

(7) The General Resolution Equation

This describes the resolution of two solutes in terms of 

the column efficiency N, selectivity «  , and capacity 

factors.

r
Rs = 1 1 k ’

4 OC 1 + k ’
-J

of |<t a>>ol
I

The optimisation of a chromatographic separation involves 

optimisation of the above values by changing either the 

column or the mobile phase parameters, although only certain 

improvements are possible i.e. changing the mobile phase of 

an inefficient column is usually ineffective in improving 

resoluti o n .
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6.4 Reversed-phase preparative high-performance liquid 

chromatography separation of 7-methyl-steroids

6.4.1 Literature methods for separation of 7-methyl

steroid epimers

In the last 20 years, h i g h - p e r f o r m a n c e  liquid 

chromatography (HPLC) has become an increasingly important 

technique for the analytical and preparative separation of 

structurally similar organic compounds.3-5

It had been reported7 that a mixture of 7e£-and 7^-methyl- 

steroids were difficult to separate by traditional column 

chromatography or by paper-chromotographic techniques. In 

most cases the ip -steroids in the mixture were first

s e l e c t i v e l y  d e h y d r o g e n a t e d  with c h l o r a n i l  and then 

chromatographic separation afforded unchanged 7^-methyl- 

steroids and a small amount of 6-dehydro-7-methy1steroids. 

This d i f f i c u l t y  has been o v e r c o m e  by high p e r f o r m a n c e  

chromatography.

G a s p a r r i n i  and c o - w o r k e r s 6 have r e p o r t e d  t hat the 

resolution of 7-methylsteroid epimers could be achieved by 

HPLC and they applied this technique to the separation of the 

products of methylation of 6-dehydrotestosterone acetate 

(Scheme 6.1). Analytical separation of the components of 

the reaction mixture was obtained using reversed phase 

conditions on C 18 or Cg phases (Fig. 6.1).
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Results for reaction mixture using reversed-phase analytical LC conditions, (a) Packing: 
LiChrosorb RP-18 (7//m ). Column: 25 cm x 4.6 mm I.D. Solvent: methanol-water (75:25). Flow- 
rate: 2.0 ml/min. Detector: RI ( x 8 ).Temperature: ambient, (b) Packing: LiChrosorb RP-8 (10^m). 
Column: 25 cm x 4.6 mm I.D. Solvent: methanol-water (70:30). Flow-rate: 2.0 ml/min. Detector: 
RI ( x 8). Temperature: ambient.

Fig.6.1
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It was emphasised that there were two advantages of the 

RP-18 column over the RP-8 column: (1) RP-18 allowed a 

shorter analysis time and a higher selectivity. (2) The 

separation on the RP-18 column utilized a mobile phase 

enriched in methanol; from a preparative s t a n dpoint this 

factor increases the loading capacity of the column.

In their preparative work, separation was effected by 

reversed-phase HPLC using axially compressed, high-efficiency 

2- or 4-cm l.D columns, packed with LiChrosorb RP-18 (10,4m) 

or LiChroprep RP-18 (25-4Q/4m), respectively. The separation 

attained with the 2-cm l.D column is illustrated in Fig. 

6.2a, while the corresponding analytical separation, using 

the same eluent is shown in Fig. 6.2b. In a typical 

preparative run, carried out by Gasparrini and co-workers, 

about 0.7g of mixture was purified in less than 50 min on the 

4 cm l.D column with a 95% recovery of products with purity 

greater than 99% being attained.

¿.2<X

(a) Result for reaction mixture using preparative LC conditions. Packing: LiChrosorb RP-IS 
(10/rm), 30 g. Column: 20cm x 2.0cm I.D. (P, =  13 bar). Solvent: methanol-water (80:20). 
Detector: RI ( x 20). Flow-rate: 5.5 ml/min (P. — 7.2 bar). Amount: 0.120 g (1.2 ml of methanol). 
Temperature: ambient, (b) Results for reaction mixture using analytical LC conditions. Packing: 
LiChrosorb RP-18 (10//m). Column: 25 cm x 4.6 mm I.D. Solvent: methanol-water (80:20). 
Detector: RI (x 8 ) . Flow-rate: 2.0 ml/min. Temperature: ambient.

Fig. 6.2
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6.4. 2 Results and Discussions

As described in Chapter 5, reaction of 1 7/J -hydroxyeStr«L- 

4,6-dien— 3-one acetate with méthylmagnésium bromide8,9 in 

the presence of copper (I) chloride gave a mixture of 

epimeric 7-methylated steroidal acetates (6.4) and alcohols 

(6.5) which required separation for identification and 

determination of product yields.

OAc OH

Initially, we attempted to separate the components of the 

reaction mixture by means of conventional chromatography as 

reported by Babcock and Campbell.8 This approach, using

preparative t.l.c. with Ch^C^-Ch^CN (80:20, v/v) as mobile 

phase, only led to partial purification in which a pair of 

e p i m e r i c  a c e t a t e s  (6.4) were s e p a r a t e d  f r o m  a pair of 

epimeric alcohols (6.5). The resolution of the epimeric 

pairs of 7-methylsteroids was then investigated by reversed- 

phase HPLC. We preferred to use 5-yfcm Hypersi 1- C D S , a small 

diameter, spherical silica derivative which gives better 

performance than the ^0yUm, irregular microparticulate phases 

described by Gasparrini et al . with M e O H - ^ O  as mobile
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phase. Each pair of epimers was found to contain two main 

peaks with minor impurities (Fig. 6.3). When the crude 

mixture was analysed by normal and reversed-phase HPLC under 

isocratic conditions (Figs. 6.4 and 6.5), the best separation 

of the components was obtained on ODS-silica. The large ©<. 

values (1.20 & 1.26) obtained in the epimer separations on 

ODS-Hypersil indicated that this stationary phase would be 

well suited to scale-up for preparative HPLC.

Fig. 6.3a Fig. 6.3b

Fig.6.3 Analysis of the fractions: (a) containing epimers

(6.4),(b) containing epimers (6.5), on 12.5 x 4.5 cm i.d. 

5>m ODS-Hypersi 1, eluted with MeOH-H20, (70:30) at 2.0 

ml/min. Detector, 244 nm x 0.5 AUfsd.

Injections in 20>1 CH2C12.
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Fig.6.4 Analysis of reaction mixture (6.4 and 6.5).

Column: 25 x 0.45 cm i.d. 5>m Hypersil, eluted with CH2C12- 

MeCN (90:10 v/v) at 2.0 ml/min. Detection at 244 nm x 

2 AUfsd.

Injections in 20>1 CH2C12.

For convenience the crude product was initially subjected 

to preparative t.l.c using C H 2C 1 2- C H 3CN (80:20, v/v) as 

mobile phase which provided each pair of epimers (6.4) and 

(6.5) as a mixture.

A large preparative column (33 cm x 22 mm l.D.) was 

c o n s t r u c t e d ,  for e c o n o m y  the p a c k i n g  m a t e r i a l  being
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Fig.6.5 Analysis of reaction mixture (6.4 and 6.5).

Column: 25 x 0.45 cm i.d. 5/«m ODS-Hypersi 1, eluted with 

Me0H-H20 (70:30 v/v) at 2.0 ml/min. Detection at 244 nm x 

2 AUfsd.

Injections in 20,41 MeOH.
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synthesized in our laboratory by reaction of 5/^m Hypersil 

with octadecyltrichlorosilane. On this column, 250 mg of 

each pair of mixed epimers could be separated in one run 

taking just over 37 min. (Figs. 6.6a and 6.7a). The 

fractions collected were re-analysed and showed satisfactory 

results, with a 95* recovery of products and with purity 

greater than 99% (Figs. 6.6b and 6.7b).

a

(min)

Fig.6.6a Preparative HPLC separation of compound (6.4).

Column: 33 x 2.2 cm i.d. 5>m ODS-Hypersi 1, eluted with 

MeOK-H20 (75:25 v/v) at 15 ml/min. Detection at 267 nm x 

2 AUfsd.

Injections in 100a 1 MeOH.
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a

min

Fig.6.6b Analysis of fractions a and b from preparative HPLC of 

compound (6.4).

Column: 25 x 0.45 cm i.d. 5 / m ODS-Hypersil, eluted with 

MeOH-HgO (70:30 v/v) at 2.0 ml/min. Detection at 244 nm x 

2 AUfsd.

Injections in 20/0-1 MeOH-H20 (70:30).

0 6 12 18 24 30

(min)

Fig.6.7a Preparative HPLC separation of compound (6.5).

Column: 33 x 2.2 cm i.d. 5/.m ODS-Hypersil, eluted with 

MeOH-H20 (70:30 v/v) at 20 ml/min. Detection at 272 nm X2 

AUfsd.

Injections in 100>ul MeOH.
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d

Fig.6.7b Analysis of fractions c and d from preparative HPLC of 

compound (6.5).

Column : 25 x 0.45 cm i.d. 5>um ODS-Hypersil, eluted with 

MeOH-HgO (70:30 v/v) at 2 ml/min. Detection at 243 nm x 

2 AUfsd.

Injections in 20>1 MeOH-H20 (70:30).
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6 .5 Experimental

The HPLC equipment consisted of a Cecil CE1000 pump, 

R h e o d y n e  7125 i n j e c t o r  f i t t e d  w i t h  a loop (25 jfjL,1 for 

analytical separations and 200>1 for preparative separations) 

and a Cecil 1200 variable wavelength detector (used at 244 nm 

x 2 AUfsd for analytical separations and in the range 244-272 

nm x 2 AUFsd for preparative separations).

Analytical separations were performed on columns (25 x

0.45 cm i.d.) packed with 5/im ODS-Hypersil and eluted at 2 

ml/min with MeoH: H20 (70:30 v/v).

Preparative separations were performed on columns (30 x 2 

cm i.d.) packed with 5,«m ODS— Hypersi 1 and eluted at 16 ml/min 

with MeOH: H20 (70:30 v/v).

Water was purified in a M illi-Q apparatus (15-18 Mohm, 

0.22/tm pore size, Millipore Corp. Bedford, MA). All 

solvents were purchased as HPLC grade. Mobile phases were 

degassed ultrasonical 1y before use.

All samples were dissolved in methanol.
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CHAPTER 7

Strategy for design and synthesis of 11^-arvl-A-nor-steroids

7.1 Introduction

The search for new drugs which function by interaction 

with specific biological receptors may, in principle, be 

carried out in a number of different ways. The least 

s c i e n t i f i c  m e t h o d  is to e s t a b l i s h  a r a n d o m  s c r e e n i n g  

p r o g r a m m e .  T his m e t h o d  is very e x p e n s i v e  and has a 

relatively poor success rate (typically one in several 

thousand compounds randomly screened will prove useful), but 

is sometimes used by pharmaceutical companies in the absence 

of other good leads and has the one distinct merit that it 

may turn up activity in entirely novel structural types since 

it m a k e s  no p r e s u m p t i o n s  a b o u t  s t r u c t u r e - a c t i v i t y  

relationships.

A second approach is to take an already-identified lead 

compound and make as many as possible of its close structural 

analogues. This approach is also very expensive but is 

frequently used by pharmaceutical companies, both in the 

c o u r s e  of lead o p t i m i z a t i o n  and for the p u r p o s e s  of 

comprehensive patent coverage. In the case of anti- 

progestins, Roussel-Uclaf’s patents cover several hundred 

close relatives of RU 38486 and a further several hundred 

c o m p o u n d s  are c l a i m e d  by the rival S c h e r i n g  patents. 

Consequently, there is little prospect of other, outside
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groups finding much scope for original compounds by this 

approach. Moreover, it is unlikely that any work closely 

related to the existing compounds already covered will lead 

to the discovery of a new drug with dramatically increased 

potency.

A rational approach which can now be applied to drug 

d e s i g n  and d i s c o v e r y ,  since the d e v e l o p m e n t  of m o d e r n  

computer hardware and the related software for molecular 

modelling, is to explore the shape of the active site within 

a receptor and design a molecule with appropriate steric and 

electronic parameters to fit this site. In cases where the 

receptor is a protein which can be crystallized, X-ray 

crystal 1 ography can be used to provide a very detailed and 

realistic picture of the active site as a basis for modelling 

and in recent times a number of drugs (e.g. angiotensin 

converting enzyme inhibitors) have been designed in this way. 

When the protein cannot be crystallized but its primary 

sequence is known, attempts can be made to "guess" its 3D 

structure by using sequence analogues with folding patterns 

in previously X-rayed proteins. However, this type of 

approach is still very speculative and is still in its 

infancy. Moreover, conformational predictions have so far 

been applied only to relatively low molecular weight (<20,000 

Daltons) proteins.

The primary sequence of the progesterone receptor has been 

established as a result of cloning and decoding of the cDNA
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which is responsible for its biosynthesis. The progesterone 

receptor is a protein of 933 amino acid residues and a 

molecular weight of about 100,000 Daltons, which is far 

beyond the scope of current methodologies for calculating 3D 

structures.

When the 3D structure of the biological receptor is 

unknown, it is still possible to develop useful maps of 

important stereochemical and polar features of the active 

site region. This can be done by s t u d y i n g  r e c e p t o r  

interactions with a number of substrates and using the 

results to gauge the shape, size and character of the spaces 

into which it binds. This form of blind mapping has been 

very successful in building up pictures of receptor regions 

for many kinds of drugs: the morphine receptors in the

nervous system are a good example.

In the present work, an attempt has been made to use the 

i n f o r m a t i o n  a v a i l a b l e  f rom p u b l i s h e d  s t u d i e s  of anti- 

progestins in order to design a novel structure which it is 

hoped will show improved receptor binding. An important 

element of the reasoning behind the approach adopted is that 

individual structural features built into a steroid framework 

will have additive and/or synergistic effects when combined 

together.

There are good historical precedents to support the 

argument that the effects of individual structural elements
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on the b i o l o g i c a l  a c t i v i t y  of s t e r o i d s  c a n  s o m e t i m e s  be

additive. One of the earliest examples of this phenomenon 

was seen in the development of the first oral progestin, when 

Djerassi’s group at Syntex combined the beneficial effects of 

removal of the 19-methyl group and attachment of the 17- 

ethynyl fun c t i o n .  The i n c o r p o r a t i o n  of t h ese

functionalities resulted in the desired combination of high 

p r o g e s t a t i o n a l  p o t e n c y  and good oral a c t i v i t y  in 

norethisterone, used in the contraceptive pill. Similarly, 

combinations of structural features (1,2-double bond, 9- 

fl uro-11-hydroxy, 16-alkyl, etc.) have been very successful 

in the d e v e l o p m e n t  of h i g h l y  p o t e n t  and s e l e c t i v e  

glucocorticoids.

In the light of these precedents, it seems to be a 

rational approach to search for new anti-progestins having 

i n c r e a s e d  p o tency, c o m p a r e d  w ith RU 38486, by s e e k i n g  

s t r u c t u r a l  f e a t u r e s  whi c h  may c o n t r i b u t e  to strong, 

antagonistic binding to the progesterone receptor.

7.2 Target design

In the present work, the following structural elements 

have been s e l e c t e d  as being i m p o r t a n t  to the goal of 

developing a new, potent, oral 1y-active anti-progestin:



1. In common with the vast body of earlier work on both 

progestins and anti-progesti n s , it is assumed that 17 °C — 

alkynyl-1 -hydroxy functionality is desirable for good 

oral potency.

2. All the powerful anti-progestins so far identified have 

had an aryl substituent located either at 11 or on the

18-methyl group. It is evident that there must be a 

pocket of substantial size located in the receptor above 

the C ring of the steroid, into which the aryl group can 

fit. It is therefore desirable that any new a n t i -

progestin should retain the presence of an aryl (or 

similar) function projecting into this sector of space.

3. In searching for additional structural features to 

supplement those already incorporated in the Ru and ZK 

compounds, attention was drawn to the A-nor steroids 

reviewed in Chapter 4. Amongst these compounds, 

anordrin in particular is striking as the only steroid 

other than RU 38486 which has been extensively studied 

and c l i n i c a l l y  used on a large s c ale as an a n t i -

implantation agent. Although the clinical mechanism of 

action of anordrin remains in some doubt, there is clear 

evidence for its anti-hormonal properties. It was 

therefore decided that the ring A pattern of anordrin 

should be incorporated into the new design: namely, A- 

nor ring with a 2c<-alkynyl-2y^-hydroxy substitution 

pattern.
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Combining these three types of structural elements, it 

was decided to synthesise a series of A-nor-androstanes 

h a v i n g  11^ -aryl , 2 «< , 1 7o( - d i a l k y n y l - 2 ^  ,17^ -diol 

substituents (7.1) for investigation of their a n t i -

progestin properties.

7.3 Synthetic strategy

The a p p l i c a t i o n  of the p r o c e s s  of r e t r o - s y n t h e t i c  

analysis to the target structure (7.1) c o n d i t i o n e d  by the 

requirement that the synthesis must be based on a relatively 

cheap and readily available steroid if it is going to be 

practical, leads to the following requirements for the 

starting material:

the steroid which is selected for modification will have 

a normal, 6-membered A-ring (economy) with functionality 

that permits ring contraction and subsequent loss of the 

extruded C atom;
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it will carry an oxygen substituent at C— 11, in the form 

of a hydroxyl or ketone group, so as to make possible the 

introduction of an aryl substituent by nucleophilic 

attack;

it will have C-17 functionality in the form of a masked 

ketone, e.g. hydroxyl derivative or carbon chain which 

can be oxidatively removed.

the A-ring and D-ring functionalities must be capable of 

manipulation so that, at the appropriate time, they can 

be converted into ketone functions which will be the 

subject of attack by suitable acetylenic reagents.

Further consideration led to the following additional 

requi rements:

In order that a significant number of new compounds can 

be prepared for testing with the minimum amount of 

effort, the synthesis should be a divergent one: there 

should be a single route to a common intermediate, as 

late in the stepwise scheme as possible, from which all 

the differently substituted analogues can be prepared in 

relatively few additional stages.

These considerations led us to identify the 1 1^-phenyl-A-nor-

androstanedione (7.2) as the intermediate goal for this work.

It was reasoned that, if the synthesis of this compound could
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be achieved with adequate efficiency on a large (multi-gram) 

scale, it would serve as a suitable p r e cursor to all our 

r e q u i r e d  p r o d u c t s .  A f t e r  s u i t a b l e  p r o t e c t i o n  of the 

carbonyls, electrophilic aromatic substitution and further 

manipulation of the substituents on the benzene ring could 

provide a series of aryl steroids, with the last steps being 

the unmasking of the carbonyl groups and their combination 

with alkyne-derived carbanions (Scheme 7.1).

■<*) E* r
(ii)
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CHAPTER 8

Studies of the ring contraction of steroidal 4-en-3-ones

8.1 Introduction

Changes in the basic carbon skeleton of a steroid may 

c a u s e  s t r i k i n g  c h a n g e s  in its p h y s i o l o g i c a l  a c t i v i t y .  

During the past three decades, various laboratories have 

i n v e s t i g a t e d  the p r e p a r a t i o n  of A - n o r  a n a l o g u e s  of 

biologically active steroidal materials,1-5 and it has been 

found, for e x a m p l e ,  that the A - n o r d e r i v a t i v e  of
A •

hydrocortisone is inactive but that A-norprogesterone is an 

anti-androgen7 (see Chapter 4).

As discussed in Chapter 7, consideration of the biological 

activities associated with A-norsteroids such as anordrin5 

and with 11^-aryl steroids such as RU 3 8 4 8 6 7 led us to 

propose that an 11^-aryl-A-norsteroid (8.1) would be an 

i n t e r e s t i n g  t a r g e t  as a p o t e n t i a l  a n t i - h o r m o n a l  drug. 

R e t r o s y n t h e t i c  a n a l y s i s  (Sc h e m e  8.1) led us to the 

requirement for ring contraction of an 11-keto steroid.
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( 8 . 1 )

Scheme 8 . 1

Scheme 8 .2
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An Italian group8,4 

ones can be converted 

using thallium nitrate 

for this reaction has

has reported that steroidal 4-en-3- 

in a single step into A-norsteroids 

(Scheme 8.2). The reported mechanism 

already been discussed in Chapter 4.

The results of the work by the Italian group 8,9 are

summarised in Scheme 8.3.'

(8 .6 ) (8.7) 66X

Scheme 8.3
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8.2 Results and Discussion

The ring contraction procedure was first examined using 

progesterone (8.4b) as a cheap and convenient model compound.
û q  ,

The Italian group ’ reported that this steroidal enone 

underwent ring contraction to give the A-norester (8.5b) in 

65* yield (Scheme 8.3).

In our hands, a product was obtained in 25% yield and its 

purity and structure (8.5b) were confirmed by its analytical 

and s p e c t r o s c o p i c  data. H o w e v e r ,  we w ere u n a b l e  to 

reproduce the yield reported in the literature.8,9

Another model compound we examined was cortisone acetate 

(8.6). A yield of 66* of A-norester (8.7) was reported9 when 

compound (8.6) underwent ring contraction (Scheme 8.3). 

When we repeated this procedure, compound (8.7) was obtained 

in 45* yield and its structure was confirmed by IR, '*H NMR and 

MS.

The same method was then used for the ring contraction of 

11-ketoprogesterone (8.8) (Scheme 8.4). A product was 

obtained in 48* yield, which was an improvement over the 

yields obtained in the model reactions. The structure of 

the new compound (8.9) is in accordance with the following 

spectroscopic data : the MS spectrum shows a molecular 

ion at m/z = 358 (C21H26°5) I the 100 MHz 1H NMR 

spectrum exhibits a singlet at 83.6 ppm (3H) and a broad



singlet at $ 5 . 2  ppm (1H, W 1/2 = 5Hz) which can be attributed 

to the methoxycarbony 1 group C(2) and the o lefinic proton 

C(3), respectively; the IR spectrum shows the absorbance of 

the saturated ester at 1730 cm- 1 .

0
T1(NO )

HC(OCH ) 
MeOH 3 3

0
MeOC

( 8 . 9 )

Scheme 8.4

Adrenosterone (8.10) was treated with thallium nitrate in 

a similar manner. This reaction gave 16% yield of A- 

norester (8.11) (Scheme 8.5).

0
t i ( n o 3 ) 3

HCtOCH ) 
MeOH 3 3

( 8 . 11 )

Scheme 8.5



In the 1H NMR spectrum of the product (8.11) the same 

typical signals as for compound (8.9) were observed: singlet 

of the methoxycarbonyl group at S3.68 and a broad singlet at 

65.18 (W1/2 = 5Hz). In the IR spectrum»Vmax : 1730 cm-1 

(ester group) and 1705, and 1725 (keto groups); (MS parent 

peak at m/z = 328 (C2q H2404 )).

Three out of four reactions discussed above employed an 

11-keto-steroid with oxygen at C-11 position as starting 

material. We also examined the use of a steroid with a 

hydroxyl group at the C-11 position, namely 1 1«i.-hydroxy- 

progesterone (8.12). An attempt to react this with thallium 

nitrate in the same manner gave a complex mixture from which 

no identifiable products were obtained. This indicated 

that replacement of a keto group at C-11 by a hydroxyl group 

was unsatisfactory and this approach was not pursued further.

Both 11-ketoprogesterone and cortisone acetate gave 

similar yields (48 and 45X, respectively) of A-noresters and 

either of these would be suitable as starting material for 

the purpose or our work. 11-Ketoprogesterone was selected 

because it is significantly cheaper.
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8.3 Experimental

(General Procedure)

Thallium (III) nitrate (230.9 mg, 0.58 mmol) was dissolved 

in a mixture of t r im e t h y 1 orthoformate (T M O F ) (1.9 ml) and 

MeOH (1.4 ml) and the resulting solution left stirring at 0°C 

for 30 min. A cold solution of the steroid (0.5 mmol) in a 

mixture of TMOF (1.4 ml) and MeOH (1.2 ml) was quickly added. 

After 10 min a white preci pítate of thallium (I) nitrate was 

formed. After 40 min the reaction mixture was neutralized 

w ith s a t u r a t e d  a q u e o u s  s o d i u m  c a r b o n a t e  s o l u t i o n  then 

filtered and extracted with diethyl ether.

The crude reaction mixture was c h r omatographed on a 

silica gel column. On elution with a mixture of hexane- 

ether (20:80, v/v), the desired A-norsteroid was obtained as 

fol 1ows:

(a) From progesterone (200 mg) was obtained 2i<-methoxy- 

carbonyl-A-norpregn-3-en-20-one (8.5b) (56 mg, 25%) ;

M.p. 106-108°C; 1H NMR (CDC13 )6: 0.65 (3 H , S), 0.98 (3 H , 

S), 2.1 ( 3H , S), 3.68 ( 3H , S), 5.18 (1H, S) ; 

V max (CHC13 ) c m_1 : 1730, 1710 ; EI-MS : m/z 344.2547 (M+ ,

40% ; C22h 32^3 requires 344.2398).



(b) From cortisone-21-acetate (200 mg) was obtained 2 K-

methoxycarbonyl-A-norpregn-3-ene-1 7&c, 21—diol — 11, 20-dione

21-acetate (8.7) (96.9 mg, 45%) ; M.p. 170-172°C ; 1H NMR

(CDC13 )6•0.62 (3 H , S), 1.08 (3H, S), 2.08 (3 H , S), 3.56

(3 H , S), 5.02 (1H , S) ;Vmax(CHC13 ) cm-1 1730-1 701 ; EI-MS;

m/z 432.2166 (M+ 13% ; C24H3207 , requires 432.2194), 417 

( 14%) .

(c) From 11-ketoprogesterone (200 mg) was obtained 2K~ 

methoxycarbony1-A-norpregn-3-ene-11, 20-dione (8.9) (96.3 

mg, 48%) ; M.p. 100-102°C ; 1H NMR (CDC13 )8: 0.56 (3 H , S), 

1.06 (3 H , S), 3.52 (3 H , S), 5.08 (1H, S) ; Vmax(CHC13 )cm"1 

1700-1725 ; EI-MS : m/z 358.2136 (M+ , 11.95% ; C 2 1 H 260 5 

requires 358.1818), 343 (100%).

(d) From adrenosterone ( 200 mg) was obtained 2K-

methoxycarbony1-A-norandrost-3-ene-11,17-dione (8.13) (37.5

mg,16.02%) ; M.p. oil ; 1H NMR (CDC13 )S: 0.84 (3H, S), 1.12

( 3H , S), 3.48 ( 3H , S), 5.04 (1H, S) : V max (CHC 1 3 ) cm- 1 :

1740-1725 : EI-MS ; m/z 328.1524 (M+ , 8.24% ; C 2 q H 2 4 04 

requires 328.1709).
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CHAPTER 9

Synthetic approaches to 11l-aryl-A-nor-androstanes

9.1 Introduction

It was demonstrated in Chapter 8 that 11-ketoprogesterone 

(9.1) underwent ring contraction induced by thal1ium(111) 

nitrate in trimethyl orthoformate-methanol mixture to give 

the A-norester (9.2). From 200 mg of 11-ketoprogesterone,

96.3 mg (48%) of A-norester (9.2) was obtained. This 

appeared to be a suitable procedure for application to the 

synthesis of the 1 -phenyldiketone intermediate (9.6). For 

this purpose it was necessary to scale up this reaction to 

make a large amount of the ring contracted steroid (9.2) and 

then to examine the use of this steroid in the strategy given 

i n Scheme 9.1.

9.2 Results and Discussion

The ring contraction reaction on 1 1 - k e t o progesterone 

(9.1) was successfully carried out on a large scale, 25 g of 

this steroid furnishing 13.1 g (48%) of the pure 11-keto A- 

norester (9.2) following chromatography on a silica column. 

The structure of the bulk product (9.2) was confirmed by 1H 

and 13C NMR spectroscopy. In particular, the observation of
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(9-3)

Scheme 9 . 1
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an n.O.e. between the CH3 group attached to C-10 and the H 

atom at C-2 confirmed their cis- 1 .3-diaxial relationship and 

thus proved that the Me02C substituent has a 2* orientation.

An attempt to prepare compound (9.3) using PhMgBr failed, 

a mixture of starting material and unidentified complex 

compounds being obtained. However, treatment of compound 

(9.2) with excess 2M PhLi at -78°C gave a mixture of 

compounds (9.3) and (9.7) (ratio : 1:1) (Scheme 9.2), which 

were separated by preparative HPLC.

The structure of compound (9.3) was supported by its IR,1H 

NMR and mass spectra. The IR spectrum showed absence of an 

ester group but there was a new peak at 1600 c m - 1  

corresponding to the phenyl group. In the 1H NMR there was 

loss of the methoxycarbony1 group at $3.52 and presence of a 

new multiplet signal at S7.16 due to the four phenyl groups. 

The mass spectrum did not exhibit a molecular ion, expected 

at m/z 638, but showed M+-18 (m/z 620) due to the loss of one 

molecule of H20.

Similarly, the structure of compound (9.7) was supported 

by its IR, 1H NMR and mass spectra. Additional confirmation 

of this structure was given by its 13C NMR, where the 

presence of the carbonyl group was shown by a signal at $197. 

Furthermore, when pure compound (9.7) was treated with more 

PhLi at -78°C a mixture of compounds (9.3) and (9.7) was
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0

Scheme 9 « 2
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again obtained. These results were in agreement with 

previous reports on incomplete phenylation of polycarbonyl 

compounds using PhLi7 .

The next step of the proposed route Scheme 9.1 required 

the dehydration of the enetriol (9.3) to the tetraolefin

(9.4), with the expectation that the two phenylmethylene side 

chains could then be oxidatively removed (e.g. by ozonolysis) 

to generate the diketosteroid (9.5). For convenience, it 

was decided to explore the dehydration reaction using an 

unseparated mixture of triol (9.3) and dihydroxyketone 

(9.7). Several dehydrating agents, including MsCl-Py, 

phosphorus oxychloride-pyridine, and FeCl3-SiC>2 gave complex 

mixtures which were difficult to separate, but in which the 

presence of the *<-styryl compounds (9.8b, 9.9, 9.10 ) was 

suggested by the appearance of olefinic signals at S5.14.

( 9 . 1 0 )
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The cleanest dehydration conditions proved to be the use 

of freshly distilled thionyl chloride in pyridine at -5°C. 

However, this yielded the od-styryl compounds (9.8b, 9.9 and 

9.10) and not the desired phenethylidene isomers (9.4, 9.8) 

(Scheme 9.2).

The structure of compound (9.10) was shown by its 1H NMR 

spectrum. The protons of the vinyl group at C-20 gave rise 

to a multiplet of eight lines centred at S 5.14, representing 

a pair of double doublets due to the coupling between the two 

vinyl protons and also allylic coupling between each vinyl 

proton and the proton on C-17. There also appeared in the 

s p e c t r u m  two o l e f i n i c  d o u b l e t s  at £ 5 . 6 5  and S 5.70 

respectively, for the protons C-3 and C-12, with each again 

showing allylic coupling.

Similarly, the structure of compound (9.8b) was supported 

by its 1H NMR. However, there was no allylic coupling 

between the two vinyl protons and C-17 proton, although each 

of the two vinyl protons resonated at £ 5 . 1 3  and £ 5 . 1 6  

respectively. The doublet that appeared at S5.86 in the 

spectrum was due to the olefinic proton on C-3 coupling, 

allylically, with one proton on C-6 .

The failure of compound (9.3) to generate an exomethylene 

g r o u p  at C-17 on d e h y d r a t i o n  was a d i s a p p o i n t m e n t .  

Presumably the conformation of the 1-phenyl-1-hydroxyethyl
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substituent is such that dehydration towards the C-21 methyl 

is k i n e t i c a l l y  p r e f e r r e d  o ver loss of the 17-H. 

Thermodynamically, the more substituted exomethylene product

(9.4) should have been favoured by Saytzeff’s Rule.

In view of this result, it was decided to modify the 

approach, as shown in Scheme 9.3, so that the 17-substituent 

would be transformed by a Baeyer-Vi11iger oxidation prior to 

reaction of the ester and 11-keto functions with PhLi, thus 

avoiding altogether the need for dehydration of the D-ring 

substituent. However, it was now necessary to reduce the A- 

ring double bond at an earlier stage, to avoid its oxidation 

by the Baeyei— Villiger reagent.

Accordingly (Scheme 9.3), compound (9.2) was hydrogenated 

with Pd-C in EtOH-HOAC (2:1) for two days, affording compound

(9.11) in good yield (89.5%).

Catalytic hydrogenation of a steroidal 3-ene normally 

proceeds from theo^-face, due to the steric effect of the J3 - 

methyl groups. Thus, the A-nor-3-ene (9.2) might be 

expected to give the trans ring junction, structure (9.11a). 

However, the NMR spectrum of the hydrogenation product was 

difficult to analyse in the region of the H-5 proton due to 

the close proximity of various signals. Stereochemistry of 

this compound is proved by the more detailed analysis on a 

later compound in the reaction sequence (see compound (9.21) 

on page 1 3 5 ).
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(9.2)
H  ( 9 . 1 1 )  a, 5*  -H 

b. 5/ “ H-

CF^CO^H

( 9 . 1 2 ) a.
b i  5 / f - H

H H
( 9 . 1 3 )  a. 5 * -H  

b t 5^ -H
(9.1^) a. 5*-H 

b. 5£ -H

Scheme 9*3
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Considerable effort was required to establish conditions 

suitable for the Baeyer-Vi11iger oxidation of compound (9.11) 

to the acetate (9.12) (Scheme 9.3). A variety of procedures 

employing perbenzoic acid, m-chloroperbenzoic acid and per 

acetic acid, with and without acid catalysts, were examined 

without success. In general, either unchanged starting 

material or complex mixtures of products were isolated. 

Eventually, it was found that treatment of compound (9.11) 

with freshly prepared pe r o x y t r i f 1 uoroacetic a c i d 3 , 4  in 

methylene chloride containing a slurry of sodium phosphate as 

a buffering agent, gave the acetate (9.12) in 62% yield.

The identity of compound (9.12) was confirmed by its NMR 

spectrum, which showed a new signal at £4.64 due to the 17-H 

of the 17-acetate. The triplet nature of the signal arises 

due to coupling of the 17-H with the two geminal protons on 

C-1 6 .

The mechanism of the Baeyer-Vi1 1 iger reaction has been 

extensively discussed in the l i t e r a t u r e 5 , 6  and there is 

little d o u b t  t h a t  the r e a c t i o n  p r o c e e d s  t h r o u g h

decomposition of the peroxytrif1 uoroacetic acid-ketone adduct

(9.15) (Scheme 9.4), which by loss of trif1uoroacetate

anion and the concerted migration of an alkyl group 

yields the ester (9.16). The effectiveness of peroxy-

tri fl uoroaceti c acid in this reaction is due to the 

facile heterolysis of the oxygen-oxygen bond induced by 

the highly electronegative trifluoroacetic substitutent.
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It has also been established that structural features in the

migrating group which are best able to accommodate a positive 

charge facilitate the re-arrangement. This is presumably

due to the build-up of positive charge on the peroxy oxygen 

in the transition state5 , 6 , as the leaving group departs. 

On this basis, then, the migrating group will normally be 

that which is most stabilized by hyperconjugative electron 

release, favouring alkyl migration in the order 3>2>1.

0
R-C-CH,

r  —

6 -o-c -cf,
i i °

0
R-0-C-CH3

( 9 . 1 6 )

R = S t e r o i d

Scheme 9»^

Thus, in the oxidation of compound (9.11), the steroidal 

(secondary) group is the one that migrates, giving an acetate 

ester rather than a methyl ester.

(9.15)
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Treatment of the 11-keto-diester (9.12) with excess PhLi 

gave a mixture of compounds (9.13) and (9.17) (Scheme 9.5), 

which were separated by column chromatography.

The structural assignment of compounds (9.13) and (9.17) 

was made on the basis of their analytical and spectral data 

(IR, 1H NMR, MS). Although in the mass spectra of both 

compounds their molecular ions were not present, in both 

cases, M+-H 20 ions were observed. Structure (9.17) was 

further confirmed by its C NMR spectrum, showing signal at 

6210 due to the carbon of the C=0 group.

0

( 9 . 1 2 )  a. 5«* -  II

b .  5 P -  II
( 9 . 1 3 )  a. 5 *  -  H 

b. 5 ? -  H

OH

H

Scheme 9*5

1 3 0

( 9 . 1 7 )  a. 5<* -  H 

b. 5 £ -  H



It appeared that compound (9.17) was obtained as a result 

of incomplete reaction. However, when the reaction was 

repeated and temperature was increased from -78 to 50°C after 

the addition of compound (9.12) and also using 100* excess 

PhLi, there was no change in yields of compounds (9.13) and

(9.17). However, when pure compound (9.17) was further 

treated with more PhLi at -78°C, a mixture of compounds 

(9.13) and (9.17) was again obtained. These results were in 

agreement with previous reports on incomplete phenylation of 

polycarbonyl compounds using PhLi7 . It has been shown that 

when organolithiurn reagents7 react with a carbonyl compound 

there exists a competition between addition, reduction and 

enolization, and that at -78°C reduction and enolization are 

minimized. However, in the present case the only possible 

competition would be between addition and enolization simply 

because of the nature of the organolithiurn used, i.e. PhLi; a 

{^-hydrogen is required in the organol i thi urn for reduction to 

take place.

Oxidation of compound (9.13) using dipyridinium dichromate 

gave compound (9.18) in good yield8 , 9  (91.3*) (Scheme 9.6). 

The infrared spectrum of compound (9.18) possessed the 

expected band at 1730 cm- 1 due to the carbonyl group at C-17.

A m o n g s t  s e veral p r o c e d u r e s  i n v e s t i g a t e d ,  t h e  m e t h o d

d e s c r i b e d  by N i s h i g u c h i  et a l . 1 0 f o r  t h e  d e h y d r a t i o n  of

secondary and tertiary alcohols was found to be most suitable



R = (C H,N+)5 6 ’ 2

Scheme 9 . 6
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for d e h y d r a t i n g  c o m p o u n d  (9.18). Thus, t r e a t m e n t  of 

compound (9.18) with freshly prepared CuS04 /Si02 in carbon 

tetrachloride under reflux gave two isomeric compounds (9.19) 

and (9.20) which were separated by preparative t.l.c. The 1H 

NMR spectra of the two isomers confirmed their structures. 

A singlet olefinic signal appeared at S6.03 in the 1H NMR 

spectrum of compound (9.19) but was not present in the 1H NMR 

spectrum of compound (9.20).

It was observed that when the dehydration reaction mixture 

was refluxed gently, compound (9.19) and (9.20) were obtained 

in ratio 6:1 yield. However, when the reaction mixture was 

refluxed vigorously, the ratio obtained was 1:6. These 

results can be explained by the kinetic preference for 

abstraction of H-12 rather than H-9. The thermodynamic 

isomer preferred is compound (9.20).

Several methods were examined for the oxidative cleavage 

of the diphenylmethylene side chain in compounds (9.19) and

(9.20) . Procedures employing chromium t r i o x i d e 11 and 

p o t a s s i u m  p e r m a n g a n a t e  w ith 1 8 - c r o w n  e t h e r 1 2 w ere 

investigated, but gave low yields and furnished compounds

(9.21) and (9.22) mixed with other by-products which were 

very difficult to separate. Eventually, the ozonolysis 

method described by Shepherd et a l . 13 for the synthesis of 

ketones was found to be suitable. Thus, when ozone was
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passed into separate solutions of compounds (9.19) and (9.20) 

in methylene chloride and pyridine (225:1 ratio), good yields 

of compounds (9.21) and (9.22) respectively were obtained 

(Scheme 9.7).

The structural assignments of the isolated compounds

(9.21) and (9.22) were made on the basis of their analytical 

and spectral data (IR, 1H NMR, 1 3C NMR, MS) : the IR spectra 

of compounds (9.21) and (9.22) showed a broad band at 1735 

cm- 1 due to the two carbonyl groups at positions C-2 and C- 

17; their mass spectra both showed a molecular ion peak at 

348; the 1 3C NMR spectra of both compounds showed two C = 0 

signals a t $206 ands209; the 1H NMR spectra of both compounds 

were almost the same but the 1H NMR spectrum of compound

(9.21) showed an additional doublet signal at s6.06 due to 

the olefinic proton at C-12; also in the 1H NMR spectra of 

both compounds there appeared a multiplet signal at s7.2 

which integrated for 5 H ’s. This evidence indicates the loss 

of two phenyl groups which is in agreement with the expected 

results.

Up to this point, the stereochemistry of the 5-H in the 

series of compounds (9.11-9.22) had been tentatively assumed 

to be 5 6( on the basis that steroidal hydrogenation usually 

occurs from the underside. The complexity of the 400 MHz 1H 

NMR spectra in early members of this series had made detailed 

a n a l y s i s  of the 5-H signal d i f f i c u l t .  H o w e v e r ,  the
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(9.21) a. 5 H 

b .  5/8 -  H

(9.20) a. 5 X - H  

b .  5/3-H

i 9.23)  a . 5 * - H 

b .  5£ -H

H
(9.22 ) a. 5 AC — H 

b- 5/T-H

Scheme 9 .7

135



introduction of the carbonyl group in the A-nor ring and the 

flattening effect of a double bond in the C ring appeared to 

make the product (9.21) a suitable compound in which to 

e x p l o r e  this p o int f u r t h e r  and d e t a i l e d  1 H NMR

investigations were carried out.

Two d i s t i n c t  a p p r o a c h e s  can be c o n s i d e r e d  in the 

examination of the C-5 stereochemistry in a steroid such as

(9.21). The first is the use of the Karplus equation to 

correlate the observed coupling constants with the dihedral 

angles between 5-H and the nearby protons which are 3fi, 3K, 

6 p and 6*. However, because of the complexity of the 400 

MHz 1H NMR and 2D COSY spectra, the only interaction that 

could be clearly seen was that between the 3-H and 5-H 

protons. A nice doublet of doublets of doublets (ddd) was 

o b s e r v e d  for 3fi and 3 k  p r o t o n s  r e s p e c t i v e l y  due to 

interaction with 5-H and the two protons on C-1 as a result 

of coupling through the C-2 carbonyl from both ^H NMR and 

the 2D COSY spectra. The observed J 3 p - 5  = J3*-5 = 9.

These values indicated dihedral angles for J3 -5 = 30-45 and 

J3 -5 = 160-170. However, examination of models showed that 

both 5 k and 5ft isomers (9.21a) and (9.21b) could adopt 

conformations consistent with these angles and consequently 

no conclusive decision could be reached from this approach.

The second method examined was the case of the technique 

of nuclear Overhauser enhancement difference spectroscopy 

(nOeds). When two protons are in close proximity to one
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another in a molecule and their spins are contributing to one 

another’s NMR relaxation, double irradiation of one proton 

causes an increase in signal intensity for the other. This 

nuclear Overhauser enhancement can reach as much as 50% of 

the original signal size, but is often much smaller (due to 

factors of distance and the relaxation contributions of all 

other adjacent protons). The power of the nOeds technique, 

in which the normal spectrum is substracted from the enhanced 

one on d o u b l e  i r r a d i a t i o n ,  lies in the a b i l i t y  to 

sensitively detect small enhancements.

For the two possible structures (9.21a) and (9.21b), the 

most obvious feature to search for is the presence of nOe’s 

to and from the 19-Me group. In particular, nOe’s between 

t his g r o u p  and Cg-H w o u l d  be i n d i c a t i v e  of cis 

stereochemistry (9.21b). When a series of nOe experiments 

were run on compound (9.21) in CDC13 (Table 9.1), a clear nOe 

was observed at H-5 on irradiation of 19-Me, consistent with 

cis stereochemistry (9.21b).

There were also nOe’s from 19-Me to H-1/3, H-6 £, H-8£  and

18- Me which were consistent with the c o nformation (X). 

Interestingly, when the nOe difference spectra were collected 

on (9.21) in deuterated toluene no nOe could be observed for

19- Me to H -6p. Models suggest that the alternative, 8 -ring 

boat conformation (Y) is accessible for the cis-fused isomer 

and this could be more strongly favoured in some solvents.
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Table 9.1 •H NMR and nOeds results for Î9.21) in CDC1«

Assign- S (PPM) No. of Multipiicity

O

NOeS T0
ment hydrogen

1? = 1.28 = 1 = dd = H.19/,3/?

sp = 2.4 r 1 - ddd = 5 , ,  lp

3 K = 1.96 = 1 = ddd = 6#C, 5

7bc = 1.85 = 1 = multiplet = 1/i, 14*, 9« ,8^, 6*

14* - 1.75 = 1 = multiplet = 9*,16*,8 ,12,7*

18£ - 1 .09 = 3 = S = 12,15^, 16^?, 19^?

190 = 0 . 8 = 3 : s r 5,6£,1/î,8?
Ph(2’,6 ’),18^

9#C = 2 . 6 = 1 r multiplet Z 1 K, 14t(, 7«C
= Ph( 2 ’,6’ )

1 3 8



In summary, the nOeds evidence clearly indicates that 

compound (9.21) has 5-H stereochemistry (9.21b) with a cis 

fusion of the A and B rings. Since none of the processes 

involved in the conversion of the diketo ester (9.11) into 

compound (9.21b) could possibly have resulted in inversion of 

the stereochemistry at C-5, it follows that all the series

(9.11) to (9.21) has this same stereochemistry i.e. (9.11b) 

to (9.21b) throughout Schemes 9.3 to 9.7.

The formation of the cis-fused diketo ester (9.11b) from 

the 3-ene (9.2) may have two po s s i b l e  e x p l a n a t i o n s.  

Firstly, it is known that when hydrogenation is carried out 

in an acidic medium, as in the present case, it is possible 

for trans-hydrogenation to occur by the addition of one 

hydrogen atom from the catalyst surface and capture of a 

proton from the opposite face of the olefin. However, in 

the present case an alternative explanation seems reasonable: 

due to the ring contraction to an A-nor steroid and the 

presence of the methoxycarbony1 group at C-2, the steric 

effects of the 19-Me are counterbalanced by those of the 

ester group. Models suggest that the conformation (Z) of 

the substrate (9.2) may make approach to the catalyst surface 

more favourable from the /8-face.
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Since the original intention of this project had been to 

synthesise a 5 -A-nor steroid combining structural elements 

from anordrin and RU-38.486, the unexpected acquisition of 

the 5 series required re-evaluation. Inspection of models 

suggested that this inversion of configuration at C-5 would 

not dramatically alter the overall shape of the final steroid 

or its ability to bind to the progesterone receptor. It was 

encouraging to recall that the inversion of stereochemistry 

at the C/D ring junction in ZK-98.299 did not lead to loss of 

anti progestational activity. It was therefore decided to 

continue the previously planned synthesis, but with the 5 

series.

Further quantities of the d i p h e n y 1m e t h y 1ene steroid 

(9.19b) were prepared and the ozonolysis reaction repeated to 

provide larger amounts of 2-keto steroid (9.21b). During 

one run, olefin (9.19b) was ozonised and the reaction worked 

up using NaBH4 instead of zinc dust. As a consequence14, 

further reduction at the C-2 and C-17 sites also took 

place and the 2,17-dihydroxy-A-nor steroid (9.23b) was 

obtai ned.

Hydrogenation of compound (9.21a) using P t 0 2 15 as a 

catalyst in ethyl acetate gave compound (9.24) instead of the 

expected compound (9.6b) (Scheme 9.8).
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Pto2

Scheme 9.8

The structural assignment of compound (9.24) was made on 

the basis of its NMR and mass spectra; the mass spectrum

showed a molecular ion at 350 as expected; the 1H NMR 

spectrum showed in addition to the phenyl group mu l t i p l e t  

signal at $7.2, two other low field signals at S3.82 and 

S5.97 respectively. The signal at 83.82 was a multiplet
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(dddd) due to the proton of the hydroxyl group at C-2. The 

signal would have been a triplet, had the hydroxyl group been 

in position C-17, as in the case of compound (9.13b). The 

signal at S5.97 was a doublet for the olefinic proton at 

C-12, and was slightly upfield from the corresponding signal 

at 66.06 in the precursor (9.21a).

The formation of alcohol (9.24) evidently reflects the 

greater ease of reduction of the unhindered A-ring carbonyl 

group compared to the C-ring olefin.

Work on this project was terminated at this point, owing 

to lack of further time.
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Conclusion and suggestions for further work

The work described in this chapter has led to a successful 

route being established for the synthesis of 11-phenyl-A- 

nor-5/S-androstene-2,17-diones having a double bond in the C- 

ring. The double bond needs to be reduced to furnish the 

1 1£-phenyl-diketoney which is required for the synthesis of 

novel compounds for testing as anti-hormonal agents.

Reduction of the C-ring olefin may be achievable by using 

a m o r e  s e l e c t i v e  h y d r o g e n a t i o n  c a t a l y s t  [e.g. the 

homogeneous Wilkinson’s catalyst]. Alternatively, the two 

carbonyl groups could be protected as ketals, or reduced to 

the alcohols and then re-oxidised after the double bond has 

been removed by a reducing agent (e.g. H 2/cat at high 

pressure, or diborane or diimide).

Once the 11yS -phenyl diketone (9.6b) is available, it is 

anticipated that it can be converted into the final products 

as shown in Scheme 9.9'.
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Scheme 9 . 9
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9.3 Experimental

2t-methoxycarbony1-A-norpreqn-3-ene-11. 20-dione (9.2)

(Large Scale Preparation)

Thallium (111) nitrate (32g, 42.3 mmol) was dissolved in 

a m i x t u r e  of TMOF (265 ml) and MeOH (204 ml) and the 

resulting solution left under stirring at 0°C for 30 min. A 

cold (0°C) solution of 11-ketoprogesterone (9.1) (20 g, 49

mmol) in a mixture of TMOF (401.6 ml) and MeOH (306.1 ml) was 

quickly added. After ten minutes a white precipitate of 

thallium (1) nitrate was formed. After 40 min. the reaction 

solution was neutralised with a saturated aqueous sodium 

carbonate, then filtered and extracted with diethyl ether. 

The crude reaction mixture was chromatographed on a silical 

gel column. On elution with a mixture of hexane-ether

(20:80 v/v) pure 2«C-methoxycarbony 1-A-norpregn-3-ene-1 1 , 20- 

dione (9.2) was afforded (9.6 g, 48%); M.P. 100-102°C 

: 1H NMR(CDC13 )6: 0.56 (3 H , S), 1.06 (3 H , S), 3.52 (3 H ,

S), 5.08 (1H , S) ; y max(CHCl3 )cm_1 1700-1725, 1520 : EI-MS ; 

m/z 358.2136 (M+ , 11.95% ; C 2 1 H2 q 05 requires 358.1818), 343

(1 0 0%) .
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2 - ( 1 ’- h y d r o x y - 1*,1-diphenyl m e t h y l ) - 1 7 - ( 1 "-hydroxy-1"-phenvl-

ethyl)- 1 lK-hydroxy-1 -pheny1-A-norandrost-3-ene) (9.3) : 2-

(1 1 -hydroxy-1 ’ ,_1 ’-diphenyl-methyl )-17-( 1 ‘‘-hydroxy-1 "-phenvl-

ethy 1 )-A-norandrost-3-en- 1 1 -one. (9.7)

A solution of 2* -methoxycarbony1-A-norpregn-3-ene-11, 20-

dione (9.2) (500mg,1.40 mmol) in dry ether (5 ml) was added 

to 2M pheny 11 i thi urn (50 ml, 100 mmol) in dry hexane/ether 

(90:10 V:V) at -78°C under N2 . The resulting mixture was 

allowed to warm up to room temperature and then stirred for 

one hour. The reaction mixture was cooled in an ice bath 

and a cold concentrated ammonium chloride solution was added 

dropwise with stirring. The ether layer was separated and 

the aqueous layer extracted with ether. The combined ether 

extracts were dried (MgS04 ) and evaporated to yield a brown 

oil. The c r u d e  brown oil was p a r t i a l l y  p u r i f i e d  by 

preparative t.l.c. using hexane as solvent to give a mixture 

of compounds (9.3) and (9.7) (818.9 mg). The mixture was

further purified by preparative HPLC (Column: 30 x 2 cm

l.D. Packing : 5>*.m Apex silica Hypersi 1 . Mobile phase:

CH2Cl2-iPrOH (99.8 : 0.2 V:V) X -  244 nm. Flow-rate: 15

ml/min. to give pure compounds (245.1 mg, 28.5%) and (252.6 

mg, 32.3%). Compound (9.3) : M.P. >>230°C; 1H NMR (CDCl3 )fi:

1.2 (3H,S), 1.27 (3H,S), 1.53 (3H,S), 3.6 (1H,m) 4.73

(1H ,S ), 7.16 (20H,m ) ; y max (CHC13 ) cm- 1 : 3520, 3450, 1600;
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EI-MS : m/z 602.3809 (M+- 2 H 2 0, 15.86* ; C 45H 46°

requires 602.3615); CI-MS(NH3 ) : m/z 621.3733(M+H-H20 , 

„ 95*; C4 5H4 g02 requires 621.3804), Compound (9.7) : M.P. 135- 

140°C ; 1H NMR (CDClg) : 0.83 (3 H , S), 1.16 (3 H , S), 1.6

(3 H , S), 4.06 (1H , m), 4.93 (1H , S), 7.26 (15 H , m) ; Vmax

(CHC13 ) cm - 1 : 1700, 1600 ; EI-MS : m/z 542.3184 (M+-H20,

14.62* ; C 3 gH4 2 0 2 requires 542.3246) ; C I - M S ( N H 3 ) : m/z

543.3263 ( M+H-H20, 95* ; C 3gH4 302 requires 543.3325).

2-(1 *,1,-dipheny1methylene)-17-(1"-phenvlethenyl)-A-nor- 

androst-3-en-11-one. (9.8b): 2-(1 *.1,-diphenylmethv1ene)-17-

(1 ’’-phenylethenyl)-11-phenyl-A-norandrosta-3.11-diene. (9.10).

A partially purified product containing compounds (9.3) 

and (9.7) (1.56 g, 2.45 mmol) was dissolved in dry pyridine 

(78 ml), cooled to -5°C and thionyl chloride (15.6 ml) 

was added. The mixture was allowed to stand at -5°C for 

20 hrs, and then poured into ice-water. The oily mixture

was extracted with ether (500 ml), the extract washed with 

s a t u r a t e d  s a l i n e  s o l u t i o n ,  d r i e d  and e v a p o r a t e d  under 

pressure. The residue was purified by preparative t.l.c. to

give compounds (9 .8b) (146 mg, 30*) and (9.10) (116 m g , 20*).

Compound (9.8b): M.P. 225-230°C ; 1H NMR (CDC13 )S : 0.58

(3H,S), 1.12 (3 H , S), 5.08 (1H , S), 5.21 (1H , S), 5.83 (1H,d),

7.19 (15H, m) ; M n a x o X o w o 3
I

: 1690 ; EI-MS : m/z
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524.3194. (M+ , 68.51% ; C3 9H4QO requires 524.3137). Compound 

(9.10): M.P. 231-233°C ; 1H NMR (CDCl^g: 0.74 (3H,1H), 0.86 

(3 H , 1H), 5.22 (2 H , m) 5.64 (1H, d), 5.70 (1H, d), 7.17 

(20 H, m) : V max( CHC13 )crrT1 : 1600 ; EI-MS : m/z 584.3471

(M+ , 2.1% : C4 5H44 requires 584.3507).

2K-methoxvcarbonyl-A-nor-5/-preqnan-11. 20-dione (9.11b).

A solution of compound (9.2) (500 mg, 0.0014 mmol) in

ethanol (30 ml) and glacial a c e t i c  acid (15 ml) was 

hydrogenated at atmospheric pressure, using Pd/C (130 mg) 

as a catalyst, for 2 days with stirring. On completion of 

the reaction Pd/C was filtered off and the filtrate was 

evaporated to dryness to give compound (9.11b) (450 mg,

89.5%), M.P. 125-127°C ; 1H NMR(CDC13 )6;  0.52 (3 H , S), 1.20

(3H, S), 2.08 (3 H , S), 3.64 (3 H , S) ;Vmax(CHCl3 ) cm - 1 : 1700-

1725 ; EI-MS : m/z 360.2377 (M+ , 159.6% ; C22H32°4 requires

360.2347), 345 (58.5%).

2«-methoxycarbonyl-A-nor-5A -androstan- 1 1 -one 11fi -acetate 

(9.12b).

A solution of peroxytrif1uoroacetic acid was prepared by 

adding 60% hydrogen peroxide (1 . 8  ml, 1.08 mmol) dropwise to 

a well stirred cold solution of trifluoroacetic anhydride (8 

ml, 104 mmol) in d i c h 1oromethane (11.2 ml). After 20
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minutes addition time, the mixture was then allowed to warm 

up to room temperature and then cooled in an ice-bath for 3 

mi n s .

This solution was added over a 15-minute period to a well- 

stirred mixture of disodium hydrogen phosphate (13 g, 91.6 

mmol) and compound (9.11b) (500 mg, 1.4 mmol) in methylene

chloride (50 ml). After addition was completed the mixture 

was heated under reflux at 41°C for 4 hrs. The mixed salts 

were then collected on a sintered funnel and washed with 

methylene chloride. The combined filtrates were washed with 

150 ml of 10* sodium carbonate and dried over ma g n e s i u m  

sulfate. The solvent was removed under reduced pressure 

to afford compound (9.12b) (323.5 mg : 62*) : M.P. oil :

1H NMR(CDC13 )S: 0.68 (3H, S), 1.12 (3 H , S), 1.92 (3 H , S),

3.48 (3 H , S), 4.64 (1H, t) ;Vmax(CHC1 3 ) cm- 1 : 1700-1730

;EI-MS : m/z 3 7 6 . 2 3 0 8  (M+ , 3 . 9 5 *  ; C 2 2 H 32°5 r e q u i r e s

376.2296).

2-( 1 ’-hydroxy-1 *. 1 ’-diphenylmethvl )-11 PC-hvdroxv-11 -phenvl- 

A-nor-5*-androstan-1 IP -ol (9.13b) ; 2-(1 *- h v d y r o x y - 1 *.1 * -

diphenylmethyl)-A-nor-5l-androstan-17A-ol-11-one. (9.17b)

A cold solution of compound (9.12b) (1 g, 2.65 mmol) in

dry ether ( 1 0 ml) was syringed into a stirred solution of
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2M phenyl 1 ithi um (100 ml, 200 mmol) in dry hexane-ether 

mixture (90:10) under N2 at -78°C. After the addition was 

complete, the reaction mixture was allowed to warm up to room 

temperature and then stirred for 1 hr. The reaction mixture 

was cooled in an ice-bath and a cold saturated ammonium 

chloride solution was added dropwise with stirring. The 

ether layer was separated and the aqueous layer extracted 

with ether. The combined ether extracts were dried (MgS04 ) 

and evporated to yield a brown oil. The crude product was 

chromatographed on a silica gel column. Elution with 2:8 

hexane-Et20 gave compounds (9.13b) (380 mg, 26.66%) and 

(9.17b) (370 mg, 30.37%) respectively. These two compounds 

were further purified by preparative HPLC on a normal 

phase system using (0.2 : 99.8 v/v) i P r 0 H - C H 2C l 2 as 

mobile phase. Compound (9.13b) : white solid, M.P. 243- 

245°C; 1H NMR(CDC13 )6: 1.0 (3 H , S), 1.24 (3 H , S), 2.72 (1H, 

m), 3.36 (1H , t), 6 . 8  (15H, m) ;Vmax(CHC13) cm_1 : 3396 • EI_ 

MS : m/z 518.3241 (M+-H 20, 22.63* ; C 37H 42°2 rePuires 

5 1 8 . 3 2 4 6  ); C I - M S  (NH 3 ) ; m/z 5 1 9 . 3 2 6 3  (M + + H - H 2 0, 95% ; 

C 3 7 H4 3 O 2 requires 519.3325). Compound (9.17b) : white 

solid, M.P. 122-128°C; 1H NMR(CDC13 )S: 0.34 (3 H , S), 1.2 (3 H , 

S), 3.2 (1H , m), 3.8 (1H, t), 7.24 (1 O H , m) ; V max(CHC13 )cm' 1 

: 1700, 1600 ; EI-MS : m/z 440.2670 (M+-H20, 11.65% C 3 1 H3 60 3 

requires 440.2767); CI-MS : m/z 476.3165 (M+ + N H 4 , 10%; 

C31H42N03 re<lu 'ir'es 476.3225), 458 (M+ , 70%), 441 (M++H-H20, 

100%).
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2-(1 ’-hydroxy-1*.1’-diphenylmethyl)-11<x -hydroxy-11^-phenyl-A- 

nor-5l-androstan-17-one (9.18b)

To a solution of compound (9.13b) (11 g, 21 mmol) in

dichloromethane (1.4 1) at room temperature was added 

pyridinium dichromate (45.29 g, 130 mmol). The reaction 

mixture was stirred by means of a mechanical stirrer for 4 

hrs. Dilution of the reaction mixture with ether, removal 

of the easily filterable precipitate, and concentration of 

the filtrate under reduced pressure gave the crude compound 

(9.18b) (10 g, 91.25%). Some of the crude product (1 g)

was purified first by preparative t.l.c. using hexane- 

ether (20:80 v/v) as solvent and then by preparative HPLC on 

a normal phase column (30 x 2 cm l.D,) packed with 5/Um 

Hypersil) using hexane-CH2Cl2 (10:90 v/v) as mobile phase:

M.P. 245-250°C; 1H NMR(CDC13 )8: 1.20 (3 H , S), 1.36 (3 H , S), 

2.88 (1H , m), 7.24 (15 H , m) ;ymax(CHCl3 )cm~ 1 : 1730, 1600;

EI-MS, m/z 534.3469 (M+ , 0.5%) C3 7H4 203 requires 534:3195,

516 (2%).

Preparation of CuS04 /Si0o solid phase dehydrating reagent

The reagent was prepared by mixing chromatographic silica 

gel (230-400 mesh) (5 g,0.083 mole) with a solution of copper 

(II) sulfate pentahydrate (3.32 g, 0.013 mole) in water (20
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ml). The water was evaporated under reduced pressure 

(0.5mm/Hg) at 128°C for 4 hrs. At this stage there was no 

further water condensation in a trap cooled with liquid 

nitrogen.

2-(1',1’-diphenylmethv1ene)-11-phenyl-A-noi— 5£-androst-11-en- 

17-one. (9.19b) 2-( 1 ’ . 1 *-diphenvlfnethy1ene)-11-phenyl-A-nor- 

5 &  -androst-9-en-17-one(9.20b)

To a solution of compound (9.18b) (50 mg, 0.995 mmol) in 

carbon tetrachloride (5 ml) was added anhydrous copper (II) 

sulfate on silica gel (509 mg, 3.32 mmol). The resulting 

reaction mixture was refluxed gently (90-95°C) for 1.1/4 hr. 

The reaction was monitored by analytical t.l.c. After the 

completion of the reaction, the crude products were isolated 

from the solid reagent by filtration. The filtrate was 

evaporated to dryness under reduced pressure and the residue 

was purified by preparative t.l.c. using as solvent,

to afford compounds (9.19b) (30 mg, 64*) and (9.20) (5 mg,

10.66* respectively.

C o m p o u n d  (9.19b): w h i t e  solid, M.P. 11 4 - 1 1 9 ° C ,  1H 

NMR( CDC13 ) S : 0.93 (3 H , S), 1.03 (3 H , S), 6.03 (1H, S), 7.13

(15H, m) ;V max(CHC13 )cm- 1 : 1740 ; EI-MS : m/z 498.2935 (M+ , 

41.57* ; CgyHggO requires 498.2978), 483 (8.94*).
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C o m p o u n d  (9.20b): w h i t e  solid, M.P. 1 2 5 - 127°C; 1H 

NMR (CDC13 ) s : 1.03 (3 H , S), 1.2 (3H , S), 7.10 ( 1 5 H , m)

y max(CHC13 )cm_ 1  : 1734. EI-MS : m/z 498.2926 (M+ , 25.04% ; 

^37H38° recluires 498.2978), 483 ( 1 1.73%).

11-pheny1-A-nor-5/-androst-11-ene-2. 17-dione (9.21b):

11-phenvl-A-nor-5/-androst-9-ene-2. 17-dione (9.22b).

A solution of compound (9.19b) (300 mg, 0.62 mmol) in dry 

dich 1 oromethane (13.5 ml) and dry pyridine 0.06 ml) was 

ozonized for 45 mins by passing through a stream of ozone- 

oxygen with stirring, at -78°C. By this time the colour of 

the reaction mixture had changed from deep orange to yellow. 

To this pale yellow reaction solution was added zinc dust 

(350 mg, 5.35 mmol) and glacial acetic acid (1.52 ml) and 

stirring was continued for 15 mins at 0 ° C , and, finally for 5 

mins at 35°C. The bright yellow solution was removed from 

the zinc by filtration and was washed with two 5 ml portions 

of water. It was then cooled by the addition of ice and 

washed with 2 0  ml and 1 0  ml of cold 1 0 % sodium carbonate, 1 0  

ml of cold 10% sodium hydroxide and four 50-ml portions of 

cold water, all aqueous washes being back-washed with 50 ml 

of methylene chloride. The fine white precipitates which 

formed at the interfaces during the extraction were separated 

with the aqueous phases and discarded. The combined
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methylene chloride solutions were dried over sodium sulfate, 

filtered and concentrated to dryness at 40°C under a reduced 

pressure to produce a crude oily yellow compound. This was 

purified by preparative t.l.c. using ether-hexane (80:20 v/v) 

as solvent to give compound (9.21b) (41.5 mg, 20*) : M.p. 

190-192; 1H NMR(CDC13iç: 0.9 (3 H , S), 1.00 (3 H , S), 6.06 (1H, 

d), 7.13 ( 5 H , M); V max ( C H C 13 ) c m " 1 : 1740 ; EI-MS : m/z 

348.2058 (M+ , 56* ; C24H28°2 requires 348.2129).

In the same experimental conditions, compound (9.20) gave 

compound (9.22b) (26*).

Compound (9.22b): M.P. 145-150°C ; 1H NMR(CDC13 ) S ; 1.00 

( 3H , S), 1.3 ( 3H , S), 7.18 ( 5H , m) ; Vmax( CHC13 )cm"1 : 1735; 

EI-MS: m/z 348.2047 (M+ , 100* ; C24H2802 requires 348.2129), 

333 (23*).

11-phenyl-A-nor-5/-androst-11-ene-2.17-diol (9.23b)

A solution of compound (9.19b) (200 mg, 0.42 mmol) in dry 

dichloromethane (9 ml) and anhydrous pyridine (0.04 ml) was 

ozonised for 45 mins by passing through a stream of ozone- 

oxygen, with stirring, at -78°C. At this reaction time the 

colour of the reaction mixture changed from deep orange to 

yellow. The ozonide formed was reduced by adding a solution
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of sodium borohydride (267.6 mg, 7.43 mmol) in cold 50% 

aqueous ethanol ( 2  ml) slowly to the stirred ozonide 

mixture. The temperature of the reaction mixture was 

maintained at 25°C by occasional ice-bath cooling. The 

reaction mixture was then warmed in a water bath for 2.5 hrs 

with continued stirring. After standing overnight at room 

temperature, the mixture was acidified with 1 0 % sulfuric 

acid, the dichloromethane layer separated, and the aqueous 

layer further extracted with dichloromethane. The combined 

e x t r a c t s  were d r ied over a n h y d r o u s  m a g n e s i u m  sulfate, 

filtered, and the dichloromethane removed under reduced 

pressure. The oily residue was subjected to preparative 

t.l.c., using a mixture of ether/hexane (80:20 v/v) as mobile 

phase, to yield pure compound (9.23b) (37.5 mg, 26.6%) : M.P. 

168-70°C ; 1H NMR(CDC13 )6: 0.86 (3 H , S), 1.00 (3 H , S) ; 3.62

( 1 H , t) ; 3.94 ( 1 H , m), 6.0 (1H, S) 7.23 (5H, m) ; 

Vmax  ̂ C^Cl 3 ) cm - 1  3265, 3198 ; EI-MS: m/z 352.2371 (M+ , 61.4%; 

C24H32°2 recluires 352.2449) 334 (M+-H 2 0, 14%).

2*-hydroxy-11-phenyl-A-nor-5l-androst-11-en-17-one (9.24)

A solution of compound (9.21b) (21 mg, 0.603 mmol) in

ethyl acetate (5 ml) was hydrogenated using platinium oxide 

catalyst (1.16 mg), at atmosphere pressure, for 31 hr. 

Filtration and evaporation gave a crude product which was



purified by preparative HPLC to afford compound (9.24) (18

mg, 85%) ; M. P. > >290°C, 1H NMR(CDC1 g ) S: 1 .00 (3 H , S), 1 . 26

(3 H , S) , 3.82 ( 1 H , m ) , 5.80 ( 1 H , d) 7.2 (5H , m ) :

V max<CHCl

GO

o 3
I

3360, 1730, EI-MS : m/z 350 .2231 (M+ , 29% ;

C24H30°2 350.2289).
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ABSTRACT

Studies are reported on the effects o f applied magnetic fields on charged species in fluids. 
These include (1) crystal nuclei and/or pre-nuclear clusters in CaC03, CaHP04 and BaS04, 
(2) ion-pair interactions in acrylonitrile polymerisation reactions, (3) intermolecular 
interactions and molecular counter ion interactions in solutions o f dye stuff molecules. The 
results confirm that magnetic treatment o f fluids i.e. the interaction between charged species 
and applied fields, is a general phenomenon.

Low intensity magnetic fields are shown to weaken ion-pair interactions between propan-2- 
oxide or hydroxide and their potassium counter ion. This weakening increases availability 
o f mainly the propan-2-oxide ion as a catalyst in the polymerisation o f acrylonitrile, resulting 
in an increase in the rate o f polymerisation. This is confirmed by thermometric measurement 
o f the heat output o f the polymerisation reaction.

The precipitation and scale-forming properties o f CaC03 are shown to be affected by an 
applied field by measuring the back pressure as scale builds up in a microbore tube. The 
passage o f calcium-containing solution through a magnetic field prior to CaC03 precipitation 
results in a delay in the propensity to form scale.

The precipitation and aggregation properties o f solids formed from mixed simulated solutions 
o f formation water/sea water are also shown to be affected by an applied field, as is the level 
o f supersaturation o f barium sulphate in brine solution. The data show increases in the level 
o f supersaturation o f BaS04 as well as a delay, both in aggregation rate and propensity to 
form scale, in this case, as a result o f passing formation water and not sea water through an 
applied field.

The application o f fields to solutions from which calcium mono hydrogen phosphate 
(brushite) is precipitated results in evidence for the alignment o f growing crystals in the 
magnetic field and hence, the ability to control morphology.

Dye stuff molecules have been shown to be affected by applied magnetic fields, and studies 
on methylene blue (M .B .) solution show that only the intensity o f absorption can be altered 
by the field. In the case o f M.B, reduced intensities are found on a) the application o f an 
applied field and b) the addition o f KC1, with the latter effect being approximately six times 
greater. The changes in intensity o f M.B.-KC1 solutions are rationalised in terms o f M.B. 
cation intermolecular interactions and M.B. cation and chloride ion interactions.
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CHAPTER ONE  

INTRODUCTION

The purpose o f this introductory chapter essentially is to introduce the subject o f the magnetic 

treatment o f fluids. Brief theoretical interpretations o f the subject are given followed by an 

outline o f the main objectives and scope o f the work carried out in this thesis.

1.1 BACKGROUND TO THE PRESENT WORK

Magnetic field phenomena occurring as a result o f the interaction o f a fluid with an applied 

magnetic field have been reported in the literature over many years. The vast majority o f 

these field-effects relate to the non-chemical treatment o f water to reduce or prevent scale 

formation by the use o f magnetic fields; a technique sometimes referred to as magnetic water 

treatment (M W T). The technique generally consists o f passing water through a magnetic 

field o f specific magnitude and orientation which is usually installed either within or around 

a feed pipeline. Reported positive effects may include one or both o f the following: 

decreased precipitation and growth o f hard mineral scales; and/or partial dissolution (and/or 

removal) and change in the consistency o f previously deposited scale.

The effect o f magnetic treatment on scale control was first detected in the early 1930’s, when 

devices based on magnetic fields purporting to alleviate scale formation began to be marketed 

worldwide (although one o f the earliest patents for magnetic field device was registered by 

Hay [1) in 1873 in the USA).

It is a technique that has always been surrounded by controversy. Some o f the criticisms 

relate specifically to the effectiveness o f some o f the marketed devices, due, in part, to the 

sale o f "rogue" devices and the consequent contradictions in their claimed effects. More 

fundamentally, doubts centre upon whether magnetic treatment actually works.

The issue which generates the most controversy however, is the absence o f a generally

accepted scientific explanation o f how magnetic treatment o f fluids may act to reduce scale

build-up.
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Those mechanisms proffered may broadly fall into two categories; the first assume that the 

field alters the properties or structure o f water itself; the second that it can act only on the 

suspension or the solution.

The former theory has been exhaustively examined. Joshi and Kamat [2] have reported 

permanent changes in the pH, surface tension and dielectric constant o f magnetically treated 

water. They claimed that both pH (initial pH was approximately 7) and surface tension 

increased with increasing field strength over the range o f 1.9 to 5.7 kGauss.

Drost-Hansen etal |3] also advocate that water is structurally modified as a result o f magnetic 

water treatment, although their theory is not founded on experimental work on M W T but 

rather on studies based on structurally modified interfacial water referred to as "vicinal 

water". Other workers |4| refute this claim essentially because the authors failed to provide 

satisfactory theoretical or experimental evidence to substantiate their work.

Klassen et al |5J studied the changes in the IR spectra o f magnetically treated water. The 

authors claim that the magnetic field is responsible for the structural changes in water. Such 

results, however, have been disproved by several researchers |6-7| and it has been suggested 

that measurements were incorrect due to the inclusion o f impurities dissolved in the water 18].

Proponents o f mechanisms that relate to the field affecting particulates in solution include 

Ellingsen and Fjeldsend |9], who suggest that the rate o f precipitation may be controlled as 

a result o f changes in the surface or double layer surrounding the colloidal particles which 

occur following magnetic treatment. Indeed, their work further showed that the formation 

o f calcite is also affected by M W T. Ellingsen and Kristiansen [10] also report that the 

influence magnetic fields have on aqueous solutions may last for several hours after passing 

through the field. They showed that the rate o f precipitation o f calcium carbonate changed 

10 minutes after subjecting the hard water to an electromagnetic field. They unscientifically 

termed this phenomenon a "memory effect". Work relating to the influence o f M W T on 

crystallisation and precipitation o f calcium carbonate is comprehensively reviewed in the 

introductory section o f chapter 3.
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Several researchers have suggested that magnetic water treatment devices may be effective 

only to the extent that they cause an increase in the concentration o f certain ionic species in 

the treated fluid which, in turn, inhibits scale build up. Duffy [6,11], in his thesis on 

magnetic water treatment and the corrosion o f steel and its effect on calcium carbonate 

precipitation found that magnetisation increased the corrosion rate o f 1018 steel by 18.6%. 

He also surmised that magnetic treatment increases the concentration o f Fe3+ in solution which 

inhibits the nucleation and/or growth o f crystalline scale.

Katz et al [12] carried out similar work but investigated mechanisms involving ferric 

hydroxide species which are thought to act as key intermediates in the precipitation o f calcium 

carbonate. They found, however, that such mechanisms were unlikely but showed instead 

that trace concentrations o f Fe2+, firstly, strongly inhibit calcite growth but not aragonite 

growth and secondly, inhibit the transformation o f aragonite into calcite.

Speranskiiy [13] has postulated that "magnetic coagulation" occurs in water passing through 

a magnetic field. According to this mechanism, "raw" water contains coarsely dispersed and 

colloidally dispersed iron oxides which are magnetised in the field and then adhere to each 

other by "magnetic coagulation".

None o f the mechanisms described has wholly been accepted as an adequate explanation for 

the role o f the magnetic field in the treatment o f fluids for the prevention o f scale formation, 

due largely to the absence o f sufficient scientific back up. This fact provides the major 

impetus behind the work carried out in this thesis.

Since 1984, the research group at City University, London [14], have investigated the effect 

o f magnetic fields on fluids. Our experimental work has shown that the effect o f magnetic 

fields on several types o f precipitation system can result in changes in crystal morphology, 

crystal phase, crystallinity, particle size and levels o f supersaturation o f fluid. These results 

indicate that the main effect o f the field is to prevent and/or reduce scale formation through 

the modification o f crystal growth mechanisms. Such modification, in part, has been 

explained in terms o f the significant field-charge interactions o f the applied field and the ions 

and nucleating species in the fluid.
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Indeed, the direct field-charge interaction between particular charged species in treated fluids 

and the applied magnetic field has been recognised, principally by researchers at the City 

University, as being possibly the most significant factor in explaining observed magnetic 

field-effect phenomena in fluids.

1.2 OBJECTIVES

The main objectives of the research in this thesis are to explore the direct field-charge 

interactions of several types of charged species present in particular chemical-fluid 

systems with applied magnetic fields, and to show, that the effect of magnetic 

treatment on fluids is a general phenomenon.

1.3 SCOPE OF THE WORK IN THIS THESIS

This introductory chapter has outlined the purpose and main objectives o f the work described 

in this thesis.

In chapter two, the results o f investigations on the effect o f permanent magnetic fields on the 

anionic polymerisation rate o f acrylonitrile to polyacrylonitrile is described. The work 

principally focuses on the field-charge interactions o f the ion-pair catalyst species propane- 

oxide with several types o f applied field. Chapter three describes the effect o f the magnetic 

treatment o f undersaturated aqueous solutions o f calcium ions on the precipitation rate o f 

calcium carbonate. The effects o f temperature and concentration o f hydrogen carbonate ions 

on the precipitation rate are also studied. Chapter four describes the detailed study o f the 

magnetic treatment o f undersaturated simulated solutions o f formation water and sea water. 

The first section o f the work describes the treatment o f formation water fluids on the rate o f 

precipitation o f solids formed from mixed solutions o f the simulated brines. The second 

section describes the treatment o f both formation water and sea water fluids on the 

aggregation rate o f flocculants formed from mixed solution o f the simulated brines. The final 

section describes the effect o f magnetic treatment o f a saturated solution o f barium sulphate 

in brine fluid on the levels o f supersaturation o f barium sulphate. The work in both chapters 

three and four extends research previously carried out by the City University group on the 

magnetic treatment o f fluids 115-16]. The effect o f both electromagnetic and permanent fields

1 0



on the in situ crystallisation o f calcium mono hydrogen phosphate (brushite) is described in 

chapter five. Chapter six examines the effect an electromagnetic field has on the absorption 

intensity o f pure dilute solutions o f methylene blue and methylene blue solutions containing 

potassium chloride. The final chapter summarises the main inferences drawn from each o f 

the experimental chapters and gives an overview o f the present work.
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THE EFFECT OF MAGNETIC FIELDS ON THE ANIONIC POLYMERISATION

OF ACRYLONITRILE

CHAPTER TWO

2.1 INTRODUCTION

2.1.1 Effect of Magnetic Fields on Chemical Reactions

The ways in which magnetic fields can affect chemical reactions have long been the subject 

o f investigation. Research in this area has been pursued since the end o f the last century. 

Nevertheless, the range o f systems in which reliable effects have been observed has been very 

limited until recently.

The early work, because o f the many instances o f confutation, is hard to rely upon. The 

magnetic field effects which have been reported range from the physiological (o f which a 

summary is given by Bamothy [1 ]), to the purely chemical. Several authors have attempted 

to summarise such work, some more successfully than others.

Wartmann [2], who was possibly the first to attempt a review, provided a synopsis o f all 

literature up to 1847. One o f his investigations was o f the electrolysis o f water and the 

electrodeposition o f copper in a magnetic field. He reported that the field had no detectable 

effects, in disagreement with a considerable number o f workers who proceeded him.

Remsen 13], in 1881, claimed that copper could be displaced by iron in a non-random manner 

in a magnetic field. When an iron dish was placed above a magnetic field and copper 

sulphate poured into the dish, the areas that followed the magnetic flux lines contained 

unreacted iron and ridges o f copper sulphate formed only along the equipotential areas o f the 

plate. The details o f further work o f this type, together with various attempted explanations 

o f the phenomena, were published by Rowland |4], Nichols [5], Loeb |6), W o lff 17J and 

Rathert [ 81. Loeb found no change in the reaction velocity for several reactions in a magnetic- 

field o f several thousand Oersted. W olff, however, did observe the displacement reactions 

in a field and was one o f the first to attribute the effect to "magnetolytic" action. Further 

studies o f reactions between solutions and metals were reported by Bemdt |9|, Shchukarev
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110], Rosenberg and Yuza |11], Forestier |12] and Parker and Armes [13]. Some o f these 

authors reported an increase in reaction velocity, some a decrease and some no change at all.

Selwood [14], in his laboured synopsis o f magnetic field effect studies carried out between 

the mid-1840’s and 1945, noted only one investigation in which magnetic fields were claimed 

to have an effect upon the rate o f homogeneous reaction and the results o f this were 

eventually discredited. He also attempted to reproduce results from some o f the Patent 

literature o f the time and came to the conclusion that the catalytic activities o f various ions 

in solution were probably due to the local agitation o f ions by the field rather than by any 

direct modification o f their activity.

In 1908, Rosenthal [76] reported an effect o f a magnetic field on the hydrolysis o f starch but 

this was rapidly refuted by Cegielsky [15] and Heimrod [16]. The influence o f a magnetic 

field on the fluorescence o f iodine vapour was observed in 1913 and was interpreted by 

Franck and Grotrian 117] as a result o f the changed rate in the magnetic field o f a competing 

non-radiative process (termed magnetic predissociation), a process which has continued to 

attract the attention o f investigators [18-19|. However, iodine molecules are apparently still 

the only example for which magnetic predissociation has been investigated experimentally. 

The direct influence o f magnetic predissociation on the rates o f chemical reaction has been 

observed by Falconer and Wasserman [77], who noted that the photoisomerisation o f but-2- 

ene catalysed by 12 vapour was accelerated by an 85 kG magnetic field.

O f the comparatively recent surveys, Figueras Roca’s [20] 1967 review concentrates on the 

effects magnetic fields have on catalysis. This account contains many claims, the majority 

o f which remain unsubstantiated and those which appear to be scientifically sound have been 

criticised by other authors |21 ].

The consternation in the literature is typified by the summary provided by Mulay and Mulay 

[22] who make the following remark on the electrochemical studies carried out over more 

than a decade by Shchukarev [23] at the beginning o f this century: "...afterfinding that the 

phenomena of the action of a magnetic field on chemical reactions were more complicated 

than he had originally suspected, and that they were too complex for individual observation, 

he decided to give up his study of the phenomena and retract his former statements".

16



One o f the major reasons for scepticism about the role o f magnetic fields is based upon a 

thermodynamic argument. The change in the Gibbs function AG for a system when a 

magnetic field is applied, shows that a substance with a magnetic susceptibility o f magnitude 

104 (standard for diamagnetic materials) changes energy by 5 X 104 J mol '* in a magnetic 

field o f lOkG |24]. This is a very small amount o f energy and is very unlikely to influence 

the chemical equilibrium o f a reaction. It has also been stated |24] that even paramagnetic 

material would contribute only a couple o f orders o f magnitude to this AG. Consequently, 

only exceptionally high magnetic fields o f an improbable nature would be expected to have 

any significance. Thermodynamic arguments, however, make the assumption that the effects 

are based entirely on changes in energetics.

Investigations that have been pursued since the late 1960’ s have augmented the situation. The 

theory behind the interconversion o f ortho- and para-hydrogen (a well-established magnetic 

field effect) which was explained by Wigner [25], is closely allied to the modem day theory 

o f magnetic effects. This centres around the phenomena o f chemically induced nuclear and 

electronic polarisation (C ID NP) [26] and the processes that occur within radical pairs. The 

concomitant study o f these processes has given rise to the largest group o f chemical reactions 

which magnetic fields are known to influence. These are the free radical recombination/cage 

reactions and processes involving triplet excited states. Recent reviews on the subject by 

Atkins [21] and Sagdeev |27] combine general historical accounts with reasoned theoretical 

arguments as to why such effects are plausible.

The basic mechanism o f magnetic field effects on free radical reactions is explained in terms 

o f the effect a magnetic field can have on the singlet-triplet spin states o f radical pairs. The 

components o f an individual radical pair i f  they diffuse apart, i.e, spatially separate, have a 

very high probability o f re-encountering each other. Such recombination, i f  achieved, is only 

favourable when the radicals are singlet phased (antiparallel spins o f the electrons). The re-

encounter is termed geminate-recombination and the product, the formation o f a bond, is 

called the cage product. (The cage is the finite area over which recombination is possible 

[27]). When a radical pair is triplet phased (parallel electron spins), bond formation is not 

possible. In this state, the radical pair alternates between singlet and triplet phases. It is this 

rephasing between states that the magnetic field is thought to influence. By increasing the
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time radicals spend in the triplet state, the greater the chance o f producing escape products 

which can ultimately react with new partners.

2.1.2 Magnetic Field Effects on Polymerisation Reactions

Having discussed the generics o f magnetic field effects on chemical reactions, this section 

focuses on those effects observed on polymer systems to which the above are inextricably 

linked. There are in fact very few accounts o f magnetic field effects on polymer systems and 

again, as was the case with the reactions described earlier, many o f the claims are 

unsubstantiated.

Selwood |14| in his 1945 review, devoted a special section to the subject, paying particular 

attention to free radical reactions and their effect on polymerisation kinetics. His short 

summary, however, called for further investigations and measurements to be carried out on 

the aroxy radicals.

In 1949, Schmid et al [28] reported the retardation (by a factor o f 8) o f the polymerisation 

o f styrene in a 16 kGauss field at 80°C, however, other workers have failed to reproduce such 

results |29], Similarly, the rate o f decomposition o f benzoyl peroxide - the initiator for this 

reaction, was found to be unaffected by a field [30].

Work in this area has not only been restricted to chemical processes. Biological systems have 

also been studied. The possibility o f the orientation o f molecules as a whole in a magnetic 

field, which might influence their chemical reactivity in some way has also been investigated. 

This effect has been shown to be significant for very large molecules (or coagulates o f 

molecules) with anisotropic magnetic susceptibility. Initial studies on this subject were first 

pursued in 1907 by Cotton and Mouton [31]. Researchers in Japan [32] have shown 

experimentally that aggregated molecules such as fibrinogen can be fully or partially 

orientated in a magnetic field. This partial aggregation was achieved with a field o f 10 

kGauss. Also, fields o f similar magnitude and greater (up to 80 kGauss) were found to 

influence the polymerisation o f this plasma protein (molecular weight 340K) to its polymer 

fibrin. The degree o f polymerisation was measured by the degree o f light transmissivity o f 

the fibre in dilute solution. Full orientation o f the fibres was achieved at high field intensities 

(80 kGauss).
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Similar effects have been observed with polyacrylamide gels (PAG ). Russian investigators 

[33] discovered that the initial treatment o f the aqueous monomer solution (acrylamide) at a 

flow rate o f 0.4 mole/sec in a 2400 Oe magnetic field altered the subsequent structure o f the 

PAG upon polymerisation. This was confirmed by HNMR. Also, the degree o f 

polymerisation o f the monomer was found to increase by up to 50%. The magnetic effect 

was found to be greatest with a gel concentration between 5 and 7 %.

The largest group o f polymer reactions upon which effects have been observed are those 

involving chemical systems and free radicals. The radicals usually act as photoinitiators for 

the monomer. Accounts o f such studies have appeared since the early 1980’ s, the majority 

o f which are o f the emulsion polymerisation type. A  brief synopsis o f these types o f 

reactions follows.

The emulsion polymerisation o f styrene, photoinduced by an oil-soluble initiator, was found 

to increase by a factor o f 5 when an electromagnetic field was applied to the micellar stage 

o f the reaction [ 34]. The magnetic field <  500 Gauss was thought to enhance the efficiency 

o f escape o f the initiator, i.e. free radicals from radical pairs produced in the micellar 

aggregates. Turro, one o f the co-authors o f this work, carried out further studies 

using the same polymer [35]. In these studies, different photoinitiators, magnetic field 

intensities and sometimes inhibitors (eg, Gd3+) were employed. In all cases, an increase in 

the rate o f polymerisation was observed. In a review, Turro [36] explained the mechanism 

o f such a reaction in terms o f an increase in the efficiency o f the escape o f triplet radicals 

from an aqueous phase (micellar stage) in a magnetic field . He stated that when the escape 

is at a rate faster than either the rate o f attack o f the monomer or the rate at which radical 

recombination occurs, enhancement o f the rate o f polymerisation is possible. Magnetic field 

intensities employed in his studies ranged from 300 Gauss to 10 kGauss.

The emulsion polymerisation o f other monomers has also been investigated. The rate o f 

polymerisation o f methyl methacrylate for example, was found to increase when subjected 

to high field intensities (14 Tesla) over long periods o f time [37|. Foussaier (38) carried out 

similar work using the photoinitiator DM PA and much weaker field intensities and showed 

that the micellar photo polymerisation rate increased by a factor o f 3.
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Magnetic fields are also known to influence the polymerisation o f compounds in the gas 

phase. A  patent [391 in 1953 described a 5% increase in the polymerisation o f propene in 

the gas phase.

2.2 THE ANIONIC POLYMERISATION OF ACRYLONITRILE

The polymerisation o f certain organic monomers can be initiated by cations or anions. For 

example, acrylic derivatives readily undergo anionic polymerisation, while the polymerisation 

o f styrene derivatives can be initiated by suitable cations. The polymerisation o f the 

monomer o f the acrylate acrylonitrile can be initiated by a number o f anionic compounds. 

The initiation step for the polymer is found to be influenced by several external parameters 

which include various types o f radiation such as ionising gamma ray [40| and UV/visible 

|41[. Primarily, it was the ionic catalyst which was affected by such treatments and which 

consequently augmented the rate o f propagation o f the monomer.

Knowing that the initiation step and therefore ionic catalysts for acrylonitrile can be affected 

by external agents, such as the types o f radiation mentioned above, it was considered that 

magnetic fields might also affect other ionic catalysts associated with this monomer (or which 

are known to initiate the acrylonitrile monomer). Therefore, the purpose o f the work 

described in this chapter is to determine the effects o f applied magnetic fields to the ionic 

catalyst, namely potassium propoxide and hydroxide ion pairs, which are known to initiate 

the polymerisation o f the acrylonitrile monomer in non-aqueous conditions. The 

polymerisation o f this monomer by these ion pairs is a very exothermic process and, 

therefore, the experimental technique devised to monitor the heats o f reaction for the 

polymerisation made use o f the thermometric technique o f catalytic thermometric titrimetry. 

This technique lends itself to the easy monitoring and recording o f exothermic polymerisation 

reactions. The present work represents the first study o f both the application o f magnetic 

fields to ion pair systems and the application o f thermometric techniques to probe and follow 

reactions o f this kind.
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2.3 INTRODUCTION TO TECHNIQUE

2.3.1 Thermometric Titrimetry

The fundamental principles o f catalytic thermometric titrimetry (C TT ) are those inherited 

from a larger class o f titrimetric methods termed thermometric titrimetry. Essentially in this 

technique, the end point o f the reaction between titrand and titrant is indicated by a change 

in the rate o f evolution or absorption o f heat.

In conventional thermometric titrimetry, sometimes referred to as "thermometric enthalpy 

titration" (TET) |48], the heat o f reaction between titrant and titrand is monitored and the 

magnitude o f the heat changes that occur depends on the sample size. The basic property 

which determines the shape o f thermometric titration curves is the change in enthalpy. Thus, 

the designation "enthalpy titration" stresses the fundamentals on which the method is based, 

while the designation "thermometric titration" emphasises its operational aspects.

2.3.2 Catalytic Thermometric Titrimetry

An extension o f these titration methods is catalytic thermometric titrimetry, the technique 

employed in this polymerisation study. It involves the use o f a thermometric indicator 

reagent to locate the end point. A  temperature change occurs immediately after the end point 

as a result o f an exothermic reaction catalysed by the first excess o f titrant in the titration 

mixture when the determinative reaction is virtually complete. The temperature rise at the 

end point depends on the amount o f added thermometric indicator reagent and not on the 

amount o f sample. Several text books [42-45] and reviews 146-471 have been published on 

thermometric titrimetry. However, these are mainly concerned with conventional 

thermo metric titrimetry. Reviews by Greenhow [48] and Kiss [491 and the text books by 

Vaughan [44| and Barthel [45] give detailed accounts o f catalytic thermometric titrimetry.
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2.3.3 Chemistry of Catalytic Thermometric Titrimetry (CTT)

CTT is comprised o f two sequential steps:

i) the determinative reaction (equation 2.1) in which the titrant and titrand ideally 

undergo stoichiometric combination (usually to neutralisation)

ii) the indicator reaction (equation 2.2) in which a small excess o f titrant catalyses 

a reaction involving the indicator

A +  B ------► C - Q, ............ (2.1)

(SAM PLE ) (T ITR A N T ) (PRODUCTS)

D +  E B(CATALYSE p -  Q 2 ....................... (2 .2)

(TH ERM AL IND ICATO R ) (PRODUCTS)

Q, and Q2 are the heats o f reactions 2.1 and 2.2 respectively. In order to obtain a distinctive 

and substantial temperature rise at the end point, the indicator reagents should be present in 

much larger amounts than the sample. This is possible because theoretically, there is no limit 

to the amount o f indicator that can be used, and often, the indicator will serve as a solvent 

for the sample. The determinations possible by CTT are limited by the availability o f suitable 

indicator reactions since it is necessary that the sample to be determined should be an 

efficient inhibitor of, and the titrant should be an effective catalyst for, the indicator 

reaction. In this study, only equation 2 is o f importance as no sample solution was used. 

Consequently, only blank titration reactions were carried out to achieve the measurements 

required to study the polymerisation reactions in this work.

2.3.4 Ideal CTT Titrations

In the ideal titration employing thermo metric end-point indicator (fig. la ), the sample inhibits 

the indicator reaction until the determinative reaction is virtually complete (fig. la * ); the 

titrant then initiates the indicator reaction immediately on appearing in the solution in excess. 

This gives a titration curve with a sharp inflection to mark the end point (f ig .la * * ).

In practice, the determinative and indicator reaction overlap and a rounded titration curve is

usually obtained (fig. lb). Although no distinct inflection occurs, the end point in most

instances can be located as the point where the tangent drawn to the main temperature rise
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leaves the titration curve at its lower temperature end [48] (fig. lb ). The overlap o f the 

determinative and indicator reactions can be attributed to the mildly catalytic properties o f the 

products o f the determinative reaction, and/or the titrant concentration in the solution 

exceeding the threshold limit o f its catalytic activity, before the determinative reaction is 

complete.

2.3.5 The Indicator Reaction

The first use o f thermometric indicators was reported by Vaughan and Swithenbank [50] who 

found that when acetone is used as a sample solvent for the titration o f weak acids with 

alcoholic potassium hydroxide, a temperature rise occurs in the region o f the expected end 

point. The temperature rise results from the exothermic alkali-catalysed dimérisation o f 

acetone, and is o f the order o f 4°C. Later, Vajgand (who originally named CTT ) and his co-

workers [511 used the heat o f reaction o f the perchloric acid-catalysed hydration o f acetic 

anhydride to indicate the end point in the titration o f tertiary amines and salts o f organic acids 

with perchloric acid. The acid-catalysed acetylation o f alcohols and phenols with acetic 

anhydride has been used to indicate the end point in the titration o f tertiary amines and metal 

carboxylates [52]. The application o f CTT to the determination o f inorganic substances in 

aqueous solution was first reported by Weisz et al [53],

Greenhow and co-workers [54-57] have employed highly exothermic anionic polymerisation 

reactions to locate the end point in the non-aqueous catalytic thermometric titrations o f 

organic acids and bases.

(i) Types of indicator reaction

Reactions that have proved to be suitable for end point indication fall broadly into three

groups:

i) polymerisations catalysed by strong alkalis, strong acids, and iodine (these include 

ketone and aldehyde condensations, anionic polymerisation, and cationic 

polymerisation

ii) esterifications and hydrolysis catalysed by strong acids

iii) oxidation-reduction processes catalysed by iodine, ions and transition metals
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FIGURE 2.1 (a) Ideal and (b) Non-ideal catalytic thermometric titration curves

la* -Determinative reaction/Indicator reaction 

1 a**-Indicator reaction
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(ii) Vinyl polymerisation

Vinyl monomers that undergo rapid ionic polymerisation catalysed by strong acids or strong 

bases can be used as thermometric end point indicators for the non-aqueous titration o f bases 

and acids, respectively. Acrylonitrile and alkyl acrylates have been shown to be suitable 

thermometric indicators for the titration o f organic acids [54J. The heat involved at the end 

point is so large that the method is applicable to the determination o f acids at the lOppm 

level, when a 0.001 M titrant is used.

The groups o f indicators highlighted in this section are o f particular importance because the 

strong base o f potassium hydroxide dissolved in propan-2-ol solvent (which functions as a 

catalyst) and the vinyl monomer acrylonitrile (thermometric indicator) were the reagents 

employed in this study. Extensive work has been carried out using this titrant/indicator 

combination by E.J.Greenhow and co-workers 158-59],

2,3.6 Anionic Polymerisation Mechanism

The polymerisation o f the vinyl compound acrylonitrile is classed as anionic polymerisation 

because it can be initiated by the anions OH , OR . Equations 2.3 and 2.4 show the initiation 

o f the reaction:

Equation 2,3

K+ OH + CH2 = CHCN —► HOCHjCHCN K*

acrylonitrile monomer

HOCH2CHCN

PROPAGATION 0(CH2CHCN) — ►  OH(CH2CH CN)nCH2CHCN

(growing acrylonitrile chain)

It is known that in dilute alkanol solutions, e.g. in propan-2-ol, KOH is present mainly in the 

form o f K + OR' [58]. R =  (CH3)2CH.

Equation 2.4 shows that it is most likely that the major anion, the isopropylate ion (propane- 

oxide ion) will be the catalyst for the polymerisation process.
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Equation 2.4

K" OR + CH2=CHCN ROCH2CHCN + K

nCH2CHCN

RO(CH2CHCN)n CHjCHCN

2.4 EXPERIMENTAL TECHNIQUES

In this section, details are given o f the apparatus, reagents, techniques and procedures used 

throughout the investigations o f this study.

2,4,1 Apparatus

The standard thermometric equipment used is shown pictorially in fig .2.2. The polymerisation 

equipment devised for these investigations consisted o f the following components:

(A ) Glassware; (B) temperature measurement and recording apparatus; and (C ) peristaltic 

pumps.

(A ) Glassware

All the glassware used throughout this study was o f original design and was devised to 

optimise the reaction conditions o f the reagents passing through it, and comprised three main

types:

(i) Mixing Tube - this was the initial piece o f apparatus designed to permit the catalyst and 

monomer streams to enter from their respective holding vessels. It was in the shape o f a Y- 

piece and the monomer and catalyst streams were pumped along the respective arms o f the 

piece at the end o f which they meet and mix in a fine capillary tube. This mixing area 

contained glass beads (Jencons) to increase surface mixing o f the solutions.

Dimensions: mixing area length - 100mm, bore o f the arms - 1mm (i.d); mixing 

tube outlet bore - 2mm (Micro. App.) or 5mm (i.d)
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(ii) Delay Coils - these consisted o f three glass coils which were joined in series by 2mm 

bore (i.d) silicone tubing. The unconvoluted length o f each coil measured approximately 5 

feet, and consequently, the total length o f the coils in series was approximately 15.5 feet 

(including the silicone connective pieces). They were connected, at either end, to the mixing 

piece and thermistor holder/waste conduit piece. The actual polymerisation reaction takes 

place over these coils. The production o f the yellow polyacrylonitrile polymer is clearly 

visible in the coils.

Dimensions: the internal diameter o f each coil was 2mm (M icro.App.) or 4mm

(iii) Thermistor Holder ¡Waste Conduit - this part o f the equipment was in the shape o f a 

T-piece. The thermistor was placed at the end o f one lateral arm o f the piece, its tip 

positioned just past the waste channel. The reacting solution, after being monitored by the 

thermistor, would fall through this channel under gravity into a receiving vessel.

Dimensions: inlet from coils 2mm i.d, waste conduit 2mm i.d, thermistor holder 

receptacle 10mm i.d.

N.B. The initial dimensions given for the delay coils and mixing tube are for the micro 

apparatus (micro, app.) which is discussed later in section 2.4.3

(B ) Temperature Measurement and Recording

The apparatus for the measurement and subsequent recording o f the exothermic 

polymerisation reaction consisted o f three components: thermistor, wheatstone bridge and 

chart recorder. A ll three were connected through an electrical circuit. The thermistor was 

connected to a wheatstone bridge circuit (thermistor bridge), and the out-of-balance potential 

was monitored on a millivolt chart recorder set at a chart speed o f 20mm m in1. The 

thermistor bridge circuit is illustrated in figure 2.3. The thermistor was calibrated at room 

temperature.

28



c

FIGURE 2.3 Thermistor bridge circuit: C, Mallory cell, Type RM 12R, 1.35V;

D, Servoscribe potentiometric recorder, Type RE 511,; Ri, sensitivity control, variable 

resistor, 50 Ohms; R2, fixed resistor 200 Ohms; R3, fixed resistor, 1500 Ohms; R, and R5, 

zero control, variable resistors, 1000 Ohms; S, switch; and T, thermistor, S.T.C Type F23D 

(2000 Ohms)
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(C ) Pumping Mechanism

(i) Delivery

The delivery o f the catalyst and monomer streams and subsequently, the polymer stream 

(after reaction), through the system (i.e. coils and mixing tube) to its subsequent measurement 

was achieved using peristaltic pumps. The catalyst and monomer streams were pumped from 

their individual holding vessels (500ml pyrex beakers) or, as was the case with the catalyst 

in later experiments, a header tank, in to each arm o f the Y  mixing piece. Initial experiments 

(experiments A -L ) used Watson Marlow MDH 220/230 model pumps. In later experiments 

(experiments M-Q), Watson Marlow model 330 pumps as described in section 3.5.3 o f 

chapter 3 were used. The silicone tubing around the pump heads which delivered the 

reagents into the mixing piece measured 3.2mm i.d. The pumps delivered reagents 

(monomer and catalyst) from both single and double channels when used for equivalent and 

excess flow rates experiments respectively.

(ii) Flow Rates: flow rates versus concentration

The only two variables that could change the course o f the polymerisation reaction were the 

flow rates o f the pumped fluids and the concentration o f the catalyst (presuming the 

acrylonitrile concentration was kept constant). I f  either or both o f these variables was 

changed, then the subsequent temperature curve for the reaction would change to show this. 

The only other lesser variable which would have a similar effect was the reaction "pathway" 

or total reaction length i.e. the length over which the reaction from mixing to measurement 

occurs - this was, however, kept constant throughout the investigations o f this study. Data 

were collected for a series o f different concentrations and flow rates and are given on the 

individual thermograms given in section 2.8.

When the preliminary experiments were carried out, an optimum range for the flow rates and 

concentration o f catalyst had to be ascertained to achieve reasonably good exothermic heats 

o f reaction. I f  the flow rate was too low most o f the reaction would take place before the 

thermistor could record the process while too high a flow rate would show the opposite effect 

because the majority o f the reaction would not have taken place prior to recording. Altering 

the concentration o f the catalyst/titrant would have a similar effect on the process. Thus, a 

balance between these two variables has to be achieved. Such a balance was obtained by trial

30



and error for the investigations in this work. It was imperative that both variables, 

particularly the flow rates, were measured regularly.

(iii) Higher Catalyst Flow Rates

In experiments C ,D ,E ,J ,K ,N ,0 ,P  and Q, the flow rate for the catalyst was higher than the 

flow rate for the monomer, acrylonitrile, e.g. in experiment C, the flow rate for the catalyst 

was 15.5ml m in1 whilst the flow rate for the monomer solution was 13.1ml m in1 into the 

mixing piece. In general however, for all other experiments the flow rates for the reagents 

were approximately equivalent. These flow rates ranged from 8.91ml min'1 for experiments 

M-Q to 12.8ml m in1 for all others. As mentioned previously in this section, equivalent flow 

rates were used in experiments M-Q, and this was achieved by using double pumps (one for 

each reagent) connected to a single pumping channel. In investigations where the catalyst 

was pumped at a higher flow rate than the monomer, two separate pumping channels were 

employed.

2,4.2 Changes in Apparatus Design

The design o f the apparatus in this study, because o f its novelty and originality , and the 

adaption o f CTT techniques to a continuous flow system was changed several times 

throughout the course o f the investigations. Such implementations were made to optimise the 

experimental technique, which was an ongoing concern. The changes made are described 

below:

(i) The Header Tank (implemented from experiment F) - this consisted o f a polypropylene 

bottle (capacity 500ml) with a screw-cap lid and an outlet at the base through which the 

catalyst was pumped. A  three-way tap was positioned after this outlet to prevent the 

unnecessary seepage o f catalyst from the tank into the mixing piece. The tank was connected 

to the peristaltic pump (responsible for pumping the catalyst) and joined by silicone tubing 

to the mixing piece. The pump was on-line, between the two. Prior to this change, the 

catalyst was dispensed from a 500ml beaker covered with a propylene lid. This system 

proved to be only partially airtight and very inconvenient.
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(ii) The Continuous Flow System - in this study, the mixing o f catalyst and monomer 

streams (in the mixing piece), their reaction in the delay coil, and their subsequent discharge 

through the waste conduit was a continuous process. This system consequently differs from 

the original CTT (titrimetric technique) wherein the sample (absent in this work) dissolved 

in the thermometric indicator (acrylonitrile in this instance) was titrated against the 

catalyst/titrant in an adiabatic calorimeter. The subsequent course o f the titration 

(determinative) and polymerisation (indicator) reactions was monitored by the thermistor, 

which measured the enthalpy change o f the reaction, as is the case in this work.

Several parameters which are inherent in continuous flow systems and which consequently 

affect the efficiency o f operation o f such systems must be guarded against. The continuous 

flow system designed in this study resembles the analytical technique o f flow injection 

analysis (F1A). This technique has many applications in industry and several reviews have 

been published on the subject [60].

2.4,3 Flow Injection Analysis (F1A)

In F1A, a sample is introduced into an unsegmented flowing stream o f reagent (the carrier 

stream). The sample then forms a "plug" which is bracketed by the carrier stream. This 

stream is then merged with a reagent stream to obtain a chemical reaction between the sample 

and the reagent. The total stream then flows to a detector where it is monitored and recorded 

as illustrated in figure 2.4.

P u m p  S

y -  Reaction  -

C a rrie r

Reagent '

FIGURE 2,4 The F.I.A. experimental scheme for one reagent 

S denotes the sample injection site and D  the flow through detector
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The pump provides a constant flow, and no compressible air segments are allowed to form 

in the system (due to diameter o f the tubing). As a result, the residence time o f the sample 

in the system is absolutely constant. As it moves towards the detector, the sample is mixed 

with both carrier and reagent. The degree o f dispersion (or dilution) o f the sample is 

controlled by varying several parameters such as sample volume, length and diameter o f 

mixing coils and flow rates. In most applications, 0.5-lmm i.d. tubing and flow rates o f

0. 5-5 mm m in1 were used. In the continuous flow system, 3.6mm i.d. tubing and flow rates 

o f 8.9-15.3 ml m in1 were used.

Comparison o f the diagrams fig 2.4 and fig 2.2 for F1A and continuous flow system used in 

this study show similarity between the systems and the reasons for using the principles o f FI A  

to make adjustments to the continuous flow system used in this work. In F1A, the use o f 

small capillary tubing prevents the formation o f compressible air segments as well as 

providing good dispersion o f the reagents, such that back flow (reagents flowing back over 

one another) is prevented. As a result, adjustments were made to the continuous flow system 

in the present study which consisted o f a reduction in tubing i.d. for the delay coils, mixing 

conduit and the inlet conduit o f the thermistor holder from 5mm to 2mm. Consequently, all 

pieces o f silicone tubing joining these pieces o f apparatus were reduced from 4mm to 2mm

1. d. This smaller diameter apparatus is now described in the text as the "micro-apparatus". 

The main result o f these changes was (i) to reduce the dead space in the system (which in 

turn reduces air bubble patterns and de-bubbling), (ii) to reduce the volume o f reagents 

required i.e. catalyst and monomer and (iii) to reduce back flow.

2.5 REAGENTS

2.5.1 Thermometric Indicator

The acrylonitrile monomer was o f analytical reagent (A .R .) grade and contained a 

hydroquinone inhibitor (2ppm) and was used directly without further purification.

2.5.2 Dipolar Aprotic Solvent

N ,N  Dimethylformamide was o f A .R. grade. This was used in the latter experiments 

(DM F experiments O and P) and was dissolved in acrylonitrile at V/V % concentrations.
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2.5.3 Titrant/Catalyst

The titrant/catalyst comprised potassium hydroxide (KOH) dissolved in propan-2-ol. Various 

concentrations o f the catalyst were used in this study (0.007-0.09 molar). The KOH (either 

pellets or flake) was o f A .R. grade (1 % carbonate level), and the propan-2-ol solvent was 

o f G.P.R. grade.

2.5.4 Preparation of Catalyst

Stock solutions o f the catalyst were made up and the solutions used for the experiments were 

diluted from these. It was imperative that the catalyst solution be protected from air and light 

sources as these augment the carbonation side reactions o f the solution which subsequently 

cause the solution to discolour and turn opaque. Thus, solutions were stored in tightly-sealed 

brown bottles when not in use. Ease o f use aside, this was one o f the main reasons for the 

instigation o f the header tank.

2.5.5 Standardisation of Catalyst

A  carbonate free titration procedure for the hydroxide as described by Vogel [611 was used 

to standardise the catalyst solution. An aliquot portion o f the catalyst solution was titrated 

against 0.01 molar HC1 with BDH 4,5 universal indicator.

2.6 MAGNETS AND  OTHER DEVICES

Three types o f magnets were used throughout this study. Each generated permanent magnetic 

fields but had different field intensity, geometry and orientation. A ll were encased in 

moulded plastic which contained a magnetic core, the composition o f which was o f 

iron/alnico (combination o f Aluminium, Nickel and Cobalt). A  description o f each is given.

fi) MAGNET TYPE 1

This consisted o f two magnetic pieces, each o f identical make and collectively weighing 

approximately 125g enclosed inside a hard pvc casing. Each magnetic piece contained a 

single magnetic block, magnetised in three domains each with a certain magnetic polarity, the 

configuration o f which was N- S -N (on the insides). These magnets were designed to clamp 

onto various kinds o f tubing o f corresponding size. In this study, such magnets were used
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FIGURE 2.5 (A ) Magnet type 1 in configuration 1

With the mixing piece in position and the maximum field strength 

through the central axis =  350 Gauss

FIGURE 2.5 (B) Magnet type 1 in configuration 2 (side view)
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in two configurations. Configurations 1 and 2 are pictorially illustrated in figs 2.5(A ) and 

2.5(B) respectively with the mixing piece placed in the same manner as used in the 

experiments.

(iif MAGNET TYPE 2

This magnet, like types 1 and 3, comprised o f two hemicylindrical casings o f moulded plastic 

which can surround pipes or vessels. Contained around the periphery o f the casing were 

plural magnets, arranged in such a way that their south poles are directed radially outward 

from the central axis o f a fitted pipe or vessel and their north poles directed radially inward 

towards the central axis in order to concentrate the south pole magnetic field more strongly 

upon the liquid. This magnet was only used in one configuration and is shown pictorially in 

figure 2.6.

(iii) MAGNET TYPE 3

This magnet was a larger version o f magnet type 2 but with a greater magnetic field intensity. 

Plural magnets were also arranged around the periphery o f the casing, the internal shape o f 

which is made up o f a large V-shaped recess and thus, differs from that o f magnet type 2. 

Piping or vessels o f various kinds are intended to fit into this recess. As was the case with 

magnet type 2, the magnetic field (north pole) was also radially concentrated towards the 

central axis o f the pipe or vessel and the south pole was arranged on the outer magnetic 

cores. This magnet was used in two configurations, which are shown pictorially in figs 

2.7(A ) and 2.7(B). Magnets type 2 and 3 (in configuration 1) have very strong repulsive field 

orientations but they do not cancel each other out.

(iv) OTHER DEVICES

The only other device used in the experiments not o f a "magnetic" nature was a radio 

frequency unit (RFU ). From this unit, radio frequencies were transmitted through a wire 

which was coiled externally around copper tubing. This tubing was placed over the mixing 

piece so that the radio frequency could be transmitted through its central axis. In this study, 

a radio frequency o f 5.5 X 106 Hertz was used and this was achieved by a signal generator 

attached to the RFU. This device was only used in experiments N and Q.
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F IG U R E  2.6 Magnet type 2 with mixing piece in position (front view) 

maximum field through the central axis =  350 Gauss
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FIGURE 2.1  (A ) Magnet type 3 in configuration 1 

With the mixing piece in position and the maximum field strength 

through the central axis =  500 Gauss

FIGURE 2.7 (B) Magnet type 3 in configuration 2 (side view)

maximum field through the central axis =1 . 2  kGauss
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2.1 OPERATIONAL PROCEDURE

2.7.1 Procedure for Runs

The solutions used in this study have been given letters o f the alphabet which represent the 

individual experiments that were carried out. Each solution or experiment was distinct 

because they were carried out on different days and used different concentrations o f catalyst. 

Each experiment comprised o f a set o f runs. A  run is so termed because each represents an 

individual polymerisation reaction, the procedure for which is described:

Catalyst and monomer streams were pumped into the mixing piece by the simultaneous 

operation o f the peristaltic pumps. The reagents then mixed together and subsequently 

reacted over some or all o f the length o f the delay coils. The enthalpy change o f the reaction 

was monitored by the thermistor and its trace shown on the chart recorder. The length o f a 

run was governed by the time taken for the polymerisation reaction to reach a "steady state", 

i.e.when there was no change in temperature. Generally, there was a fall in temperature after 

this period, although in experiments M-Q, the steady state period was almost continuous. 

This disparity can be explained in terms o f the pumping mechanisms o f the two types o f 

peristaltic pumps employed in this study.

When the monomer and catalyst reacted together, there were initial heats o f mixing and 

dilution (endothermic), which showed a corresponding fall in temperature on the trace. The 

heat o f reaction (exothermic) also results in a large rise in temperature which would also be 

seen on the trace. This sudden rise in temperature corresponds to the exothermic heat o f 

reaction associated with the rate o f propagation o f the monomer. Therefore, the rise in 

temperature occurring after the initiation o f the polymerisation reaction has been taken as a 

measure o f the reactivity o f  the monomer [62],

When magnetic runs were carried out, all magnets were clamped over the mixing area o f the 

mixing piece.
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2.7.2 Cleaning Procedure

After each run, the residue o f the yellow/orange polymer which sometimes remained in the 

coil and the thermistor holder was removed by rinsing the glassware with acetone and 

subsequent air-drying.

2.7.3 The Temperature Curve

The temperature curve is a graphic representation o f the course o f the individual 

polymerisation reactions. Such graphs, because they show the change o f temperature o f a 

chemical process with time, have sometimes been referred to as thermograms |42|, (which 

has a separate and distinct meaning from the gravimetric analytical use). The curves give a 

record o f the enthalpy output o f the polymerisation reaction from its initiation at ambient 

temperature (RT). Examples o f the two types o f curve common to this study are illustrated 

in figs 2.8 and 2.9 for cooling and non-cooling respectively.

On each thermogram, the conditions under which each polymerisation reaction (run) was 

carried out are shown. The order in which a run was carried out in relation to a complete 

set o f runs o f an experiment is denoted by a number. Thus, run 1 was the first run o f the 

experiment, run 2, the second, and so on. This number is given next to the actual 

temperature trace o f the reaction. Similarly, the distinction between a non-magnetic run 

(B =  blank) and a magnetic run (M ) is made on the trace. Also, in some cases, the magnetic 

configuration o f the magnet is given, usually when the same magnet has been used more than 

once within an experiment. I f  configurations are omitted, then the most used configuration 

for that magnet must be assumed. This is only applicable to magnets type 1, whose normal 

configuration was 1, and type 3, whose normal configuration was also 1. Also noted on the 

thermograms are the flow rates used in each investigation and these are quoted in the order 

catalyst first, followed by the monomer flow rate in ml m in1. The remainder o f the 

information is for the solution showing concentration and experiment, along with the chart 

recorder scale in volts.
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2.1 A  Reproducibility Histograms

These accompany the majority o f the temperature traces and represent the validity o f a given 

set o f runs. Essentially, they show the consecutive sequence o f runs, each bar representing 

the temperature o f the maximum peak o f a trace (Y  axis) when the steady state is achieved, 

and the time taken to achieve this peak (X  axis). They emphasise the reproducibility o f 

consecutive runs with and without the application o f a magnet field.

2.8 DISCUSSION OF RESULTS

In this study, continuous flow techniques were used to examine the effects magnetic fields 

could have on the initiation/propagation reactions and therefore, the polymerisation rates o f 

acrylonitrile when used with the anionic catalysts potassium hydroxide/propan-2-oxide. A  

chronological account o f these experiments is given in this section with sub-sections that 

group together related experiments.

2-8.1 Preliminary Work

The very first set o f experiments carried out in this study were undertaken to optimise the 

"general technique". Due to the very basic nature o f these preliminary investigations, their 

results have not been included. Large capillary bore tubing (5mm i.d.) and very slow flow 

rates (5-7ml min ')were used in these optimising experiments. These factors combined with 

the use o f very concentrated catalyst solutions (0.42-0.38 Molar) gave rise to particularly 

violent and uncontrollable reactions in the coils, and the polymer was found to boil and 

rapidly solidify in the coils (acrylonitrile Bpt =  78°C). Consequently, the thermograms o f 

this set o f experiments were very erratic and o f no significance. Thus, further experiments 

were pursued until an "effective technique" was achieved. See section 2.4.1(C).
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2,8.2 Cooling Curves

Experiments A l -A3, figs 2.10-2.15 were the first set o f successful investigations. These used 

particularly high equivalent flow rates (14.5/14.3 ml/min; catalyst:monomer) and also 

relatively strong concentrations o f catalyst (0.09-0.059M) when compared to subsequent 

experiments. For these reasons, they are the only experiments in this study that have cooling 

curves and in this sense, are unique. The cooling element o f these thermograms was due to 

the recording by the thermistor o f the initial mixing o f the catalyst and monomer. This is an 

endothermic process and represents the heats o f dilution and mixing o f the solutions. The 

generation o f such heats is particular to thermometric titrations o f this kind. Tyrrell and 

Beezer [42| have stated that in thermometric titrations carried out in non-aqueous solvents o f 

which the titrant and titrand are dissolved in different solvents, "there will be a heat o f 

mixing term which may be comparatively large and comparable in magnitude to the heats o f 

reaction". This is almost the case with this set o f results, which show very large cooling 

phases as compared to the exothermic heat o f reaction.

The thermogram o f fig 2.10, in experiment A1 in which magnet type l (T . l )  was used, 

showed the first observed magnetic effect. As is evident with the magnetic run, a much 

larger heat o f mixing was observed, for which the author was totally unprepared. 

Consequently, in order to prevent the trace going o ff  scale, the chart recorder scale was 

changed. Figs 2.11 and 2.12 exemplify the same situation but with the adoption o f the 

correct scale. In contrast, however, the same magnet but with different configurations was 

used with this set o f runs. Both configurations showed an effect, although there appeared to 

be a slight difference in their cooling phases. The lowest part o f the phase for run 18 is less 

rounded and therefore, not o f the same duration as run 16. In this part o f the curve, the heat 

o f mixing gradually subsides and gives way to the exothermic polymerisation reaction. Fig. 

2.13 illustrates the reproducibility o f these magnetic runs compared to the non-magnetic runs. 

However, for the blank runs, it appeared that in all cases the time taken to reach the steady 

state component o f the reaction was longer than for the corresponding magnetic runs. This 

difference was tentatively explained in terms o f the different magnet field strengths and 

orientations/geometries associated with each magnetic configuration. (In config.l the 

orientation o f the poles was both attracting-repelling whilst config.2 had mainly an attracting 

orientation and its maximum field intensity ( 1,2kG) was approximately twice that o f config. 1 

- see section 2.6)
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Figs 2.14 and 2.15, from experiment A2 and A3 respectively, show similar results for the 

magnetic runs, although in this experiment magnet T.2 was used. The magnetic run o f 

experiment A2 (fig  2.14), showed that the cooling and heating phases were not as pronounced 

as those in experiment A l .  This disparity can again be explained in terms o f the different 

magnetic field types employed in each o f these investigations. Magnet T.2 has a much 

weaker magnetic field strength than magnet T. 1 and this is probably the major reason for the 

reduced cooling and heating phases observed in this experiment. Fig 2.15 shows the results 

from the magnetic and non-magnetic runs for experiment A3. Again, a large difference was 

observed between these runs and most notably, they are almost identical to those in 

experiment A l ,  where exactly the same magnet type in the same configuration and 

approximately the same catalyst concentration was used. This highlights the reproducibility 

o f the measurement technique.

2.8.3 Non-Cooling Curves

For the remainder o f the experiments in this study, the cooling phases o f the polymerisation 

reaction shown in the previous section were purposely omitted. This was achieved by 

reducing either both or one o f the flow rates for the catalyst and monomer solutions. These 

reductions meant that the reacting solutions would reach the thermistor at a much later stage 

in the polymerisation reaction than would be the same case at the same stage in experiments 

A1-A3. Therefore, the cooling phase o f the reaction would take place before it reached the 

thermistor. Consequently, the enthalpy change would not be measured. The type o f trace 

which measures only the exothermic heating component o f the polymerisation is o f greater 

relevance to this study because these thermograms illustrate graphically how much o f the 

polymerisation reaction has taken place and hence, show empirically the kinetics o f the 

polymerisation reaction.

Experiments B-E, Figs 2.16-2.21, show runs where a range o f magnetic fields were applied 

to the polymerisation system. The runs for experiment B, Fig 2.16, used the same flow rates 

for monomer and catalyst as those in experiments A1-A3 and also the same magnet(T.l). 

The only difference between this experiment and those o f experiment A1-A3 was that a 

slightly longer "reaction length" was used (approximately 17 feet from mixing tube to 

thermistor holder). This was the first experiment where only the exothermic heat o f reaction
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was measured and the results obtained highlighted the need to ensure that the catalyst 

solutions, to be effective, should be freshly prepared. The effectiveness o f the solutions was 

measured in terms o f the reproducibility o f a set o f runs carried out during an experiment. 

In an earlier experiment, the results o f which have not been included in this account, several 

solutions o f catalyst were used which were several days old and very inconsistent blank runs 

were observed. As was the case with experiments A1-A3, the magnetic runs for experiment 

B were very consistent and this is highlighted on the accompanying histogram. The bars on 

this graph for the magnetic runs are narrower than the corresponding blank runs. This has 

the same significance as mentioned for experiments A1-A3, because the time taken to achieve 

this steady state o f the reaction for the magnets was much less (approximately half) than for 

the blank runs. Therefore, as is evident from the temperature curves, the gradients for the 

initial heating element for the magnetic runs were much steeper than those observed for the 

corresponding blank runs and this would suggest that the rate o f reaction (propagation o f the 

monomer) under magnetic influence was greater than that observed for the non-magnetic 

runs.

Experiments C-E, Figs 2.17-2.21, also show similar magnetic effects to the experiments 

described above. However, in contrast to all previous experiments, the flow rates for these 

investigations were altered such that the flow rate for the catalyst was higher than that for the 

monomer. The figures in square brackets and marked with an asterisk on each thermogram 

denote the difference in flow rates (ml m in ') between the two reagent streams. Thus, for this 

set o f experiments, the flow rate for the catalyst solution was 1.9ml per minute greater than 

the corresponding flow rate for the acrylonitrile monomer. In addition, the catalyst 

concentrations (in the range 0.0125-0.017M) were much less concentrated than the 

experiments described earlier in this section.

The main aim o f experiments where the flow rates for the catalyst solutions were higher than 

those for the monomer, was to determine whether or not magnetic fields would still have an 

effect upon the polymerisation reaction. Also o f interest was the nature o f the magnetic 

effect under these conditions and essentially the magnitude o f the magnetic effects as 

compared to magnetic effects observed at equivalent flow rates.
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Experiment C, figs 2.17-2.19, the first o f this type o f investigation, showed that magnetic 

fields do have an effect when the catalyst is in excess o f a monomer. Two types o f magnet 

(T1 and T3) were used in this experiment and both types o f magnetic run and blank runs 

were very distinct. Also, the temperature curves for these magnetic runs were almost 

identical. However, their only disparity was the "post-reaction state” , i.e.the gradual fall in 

temperature after the reaction peak. This fall in temperature can be taken as a measure o f 

the reduction in the reactivity o f the monomer. This part o f the graph showed more "noise” 

for the trace o f run 14 (magnet T l )  than for the other magnetic run (run 22, magnet T3). 

This noise was attributed to the random temperature fluctuations o f the reaction. The reason 

for such observed differences between magnetic runs was again linked to the different types 

o f magnetic field intensities and orientation/geometry o f the magnetic field types for each 

magnet. Fig 2.19 shows the reproducibility o f the corresponding magnetic and non-magnetic 

runs.

Experiments D and E, Figs 2.20 and 2.21, essentially showed the same effects when catalyst 

flow rates were in excess. The reproducibility o f both experiments is again evident in the 

accompanying histograms. Notably, the histogram for experiment E shows only one 

magnetic run, a deliberate ploy by the author to emphasise how broad the magnetic runs were 

compared to the corresponding non-magnetic runs. Again, the reason for these different 

magnetic effects observed between experiments using different magnetic field types was 

possibly explained in terms o f the field strengths and orientations o f each respective magnet.

A ll catalyst solutions used in experiments B-E were made from concentrated stock solutions 

which were diluted several times to give the final catalyst solutions used in the experiments. 

Such dilutions were thought to increase specific ion pair species within the catalyst formation, 

the significance o f which is explained in the discussion (section 2.9).

2,8.4 Micro Apparatus

Experiments F-L, Figs 2.22-2.27, were the first series o f investigations to use the header tank 

(see section 2.4.2 ) and the smaller diameter tubing intended to simulate the technique 

adopted in F .l.A . (see section 2.4.3 ). Experiments F,G and H, Figs 2.22-2.24 respectively, 

used the least concentrated catalyst solution for any set o f experiments carried out in this
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study. The flow rates, in contrast to experiments C and E, were equivalent, i.e. 

approximately the same for both monomer and catalyst. Only one magnet type (T l )  was used 

for all the investigations in the micro apparatus. Thus, a comparison o f the reproducibility 

o f runs (essentially magnetic), within and between experiments, could be made. When 

experiments G and H were compared, both o f which had approximately the same catalyst 

concentrations, their magnetic runs were almost identical. Both showed similarities in peak 

height and broadness. Experiment F used a stronger catalyst solution (0 .012M) o f which the 

corresponding peak heights for the magnet and blank were found to be greater than those 

observed in experiments G and H, as expected. Again, the reproducibility o f the runs for this 

set o f experiments is highlighted on the accompanying histograms which underline the validity 

o f changes made to the technique since the initial experiments. In contrast, in experiments 

J and K, Figs 2.25 and 2.26, different flow rates and concentrations were used. Firstly, the 

flow rates, as with experiments C-E, were higher for the catalyst than for the monomer, 

although in the aforementioned cases, the catalyst was only 0.47ml m in1 in excess o f the 

monomer, whereas for experiments J and K, the catalyst was 0.8 and 1,7ml m in1 in excess. 

Again, as with the other experiments (C-E), the aim was to observe whether magnetic effects 

could be obtained using this smaller diameter apparatus. Magnetic runs for both experiments 

(run 7 - experiment J and runs 12 and 15 - experiment K ) show conclusively that magnetic 

effects still occur and the accompanying histograms on fig 2.26 for experiment K illustrate 

the reproducibility o f the magnetic and blank runs.

Experiment L, fig 2.27, again illustrates the effect o f the magnet when equivalent flow rates 

are employed. It is interesting to observe that the magnetic run for this experiment (15) had 

no corresponding fall in temperature after the steady state was achieved. This is unlike any 

previous run. The following set o f experiments show this occurrence and can be explained 

in terms o f the pumping mechanism o f the peristaltic pumps. Essentially, i f  two pumps are 

used to deliver the monomer and catalyst, it is the relative synchronisation o f the respective 

pumps which determines if  a fall in temperature is to be observed. Therefore the "no fall in 

temperature runs" were achieved by using just one pump and by running both catalyst and 

monomer lines through the same channel (pump head). This experiment formed the basis o f 

a set o f preliminary investigations using DMF/acrylonitrile mixture (discussed in section 2.9)
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2.8.5 New pumps

Experiments M-Q were carried out using a different model o f peristaltic pump (described in 

section 3.5.3 o f chapter 3). The ideal ranges o f flow rates and concentrations for the catalyst 

were determined. The temperature curves on the thermogram in fig 2.28 show how 

variations in flow rates affect the enthalpy output o f the reaction. Runs 2 and 3 show the 

equivalent flow rates o f the pumps (20.9 and 15.0ml m in1) that are too high for their heats 

o f reaction to be adequately recorded. Runs 4 and 5 however, show that a "reasonable" 

amount o f the reaction is monitored, with lower flow rates (8.91ml m in!).

In experiment M, fig 2.29, equivalent flow rates were used for the monomer and catalyst 

which were pumped from one channel. Runs 7-12 show the high degree o f consistency o f 

the runs when two different magnet types were used. Run 7 (magnet T l )  and the two 

consecutive runs 10 and 11 (both magnet T3, congif.l) ideally illustrate how the magnetic 

effect is obtainable even with a change o f magnetic field types. Runs 10-14 illustrate the 

slight difference in magnetic effects when different magnetic field configurations (configs. 1 

and 2 o f magnet T3) were used.Fig 2.30 shows the complete series o f runs for this 

experiment.

Experiment N was a series o f two mini-investigations, described to:

1. Replicate the magnetic effect for equivalent flow rates shown in experiment M

2. See whether the magnet would have an effect at higher catalyst flow rates (0.47 ml 

min ’)

The results from investigation 2 are shown in fig 2.31. where an increase in the 

polymerisation rate was obtained for higher catalyst flow rate and magnet T l .  Consistent 

increases in the polymerisation rate were also obtained in investigation l,the results o f which 

have been omitted. Experiment Q, fig 2.32, used a slightly more concentrated catalyst 

solution and again, flow rates for the catalyst were higher. A  radio frequency (RF) device 

was tested, the results o f which were not encouraging when compared to magnetic run 5. 

However, this was only the second occasion the device was tested and therefore no definite 

conclusions about its efficacy can be drawn at this stage.
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2 9 DISCUSSION

2,9.1 Summary of the Results

As is clear from all the data presented in the results section, there is overwhelming evidence 

that magnetic fields applied to the catalyst solution greatly increase the rate o f polymerisation 

o f acrylonitrile. However, the exact magnitude o f the "magnetic effect” does not appear to 

be quantifiable,by measurements o f specific areas on the temperature curves which are in turn 

associated with the kinetic aspects o f the reaction, for example, the gradient o f the exothermic 

heat o f reaction. There are however, several elements common to all magnetic runs for all 

experiments in this study and these observations are summarised below:

1. The exothermic heat output, associated with the maximum peak height o f the 

temperature curve (when the steady state is achieved),was always greater for 

magnetic runs than for blank runs.

2. The initial gradient (exothermic heating element), attributed to the rate o f reactivity 

o f the monomer, was in the majority o f cases, steeper in magnetic runs than for

corresponding non-magnetic runs.

3. The cooling phases shown in experiments A1-A3, attributed to the heats o f mixing 

and dilution, were also greater for magnetic runs than the corresponding blank runs.

4. In some cases, notably experiments C-E, when higher catalyst flow rates were 

employed, a broadening o f the peak height was observed with the magnetic runs. This 

would suggest that when the polymerisation reaction is at its maximum, it is sustained 

for a longer duration than that shown for non-magnetic runs.

5. "Noise" fluctuations (only really noticeable after the peak height o f a reaction) were 

usually associated with magnetic as opposed to non-magnetic runs.
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Aside from the general observations listed above, another important feature o f the magnetic 

effects shown in this work was that the greater changes due to magnetic effects were 

accomplished with either strongly repelling or a combination o f repelling-attracting magnetic 

field types. Such field orientations were generated by magnets: type 2, type 3 config. 1 (both 

N-N repelling) and type 1 config. 1 (combination o f N-N, S-S and N-S magnetic flux 

interactions) (see section 2.6 for these field types). In relation to the field types used, it was 

also noted that the size o f these magnetic effects was not related to the magnetic field 

strengths. Two experiments illustrate this point, namely experiments: A1 for magnetic run 

18 (fig 2.12) which used a 1.2 kGauss field; M for run 13 (fig  2.29) which used 1.4 kGauss 

field. The former showed a magnetic effect similar in magnitude to the other magnetic runs 

o f its experiment (runs 15 and 16). These runs however, were carried out with a field 

strength o f approximately 500 Gauss. The magnetic run from the latter experiment was 

slighdy smaller in magnitude in comparison to the magnetic runs (10,11 and 14) from its 

experiment, even when the field strength was approximately one third o f that for the field 

strength used in experiment A1 for run 18. The field orientation for both investigations was 

mainly repelling or in the case o f the former, a combination o f repelling-attracting. It 

therefore appears that field orientation, as opposed to field strength, has a greater influence 

upon the ion pair catalyst species and thus, the rate o f polymerisation o f the monomer. This 

would explain why magnetic fields could affect the catalyst ion pair species which have 

given magnetic susceptibilities which must be strongly influenced by the repelling field 

orientations. Thus, there must be an interaction with the local magnetic fields generated by 

the ion pairs. The nature o f the effect which the field is thought to have on the ion pairs is 

described in the next section.

2.9.2 Interpretation

It is evident from all the experimental investigations conducted in this study that when 

magnetic fields o f various strengths, geometries and orientations are applied to the mixed 

solutions o f monomer and catalyst, substantial increases in the rate o f polymerisation o f 

acrylonitrile are observed. It has also been demonstrated that this increase or "magnetic 

effect" can be reproduced within and between experiments. In order to explain such a 

phenomenon, the reaction mechanism for the polymerisation process must be considered, in 

particular the limiting factors which influence and determine the rate o f propagation o f the
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monomer. In this instance the initiator(s) i.e the catalytic anions present in the catalyst 

solution will be the major limiting factor in the polymerisation reaction and, assuming the 

monomer concentration remain constant throughout each experiment, it is on these anions that 

magnetic fields will have to interact to influence the polymerisation rate.

It is known that the catalyst anion(s) in the potassium hydroxide / propan-2-ol solution exist 

as a mixture o f hydroxyl and propan-2-oxide ions |63], predominantly the latter in dilute 

alkanol solutions [59] (covering the range o f catalyst concentrations [0.007-0.098M] used in 

this study). The anions are accompanied by a counter ion - the potassium cation - and are 

thought to exist as three main entities within the solution [58]. These are :

(1) Ion pairs , sometimes termed "intimate" or "contact" ion pairs because the anions and 

cations are considered to be in immediate contact with each other.

(2) Solvent separated ion pairs , sometimes termed "loose" ion pairs because ions are 

separated by solvent molecules.

(3) Free anions and cations, which can be in the free-solvated state or solvated by the 

components o f the organic medium i.e.acrylonitrile and any other co-solvents e.g D .M .F

The definitions o f the two types o f ion pair listed above were first described by Winstein et 

al. 164], in order to explain the stereochemical course o f solvolysis and electrophilic 

substitution reactions. The existence o f both types is widely accepted and has been proved 

by various physico-chemical methods [65], especially by Szwarc and his co-workers who 

have effectively demonstrated the reactivity o f each o f these anions in anionic polymerisation 

reactions.

The three types o f catalytic species are in equilibrium with each other in the catalyst solution 

and all are free to participate in the polymerisation process as catalyst/initiators for the 

reaction. The scheme for this equilibrium is illustrated.
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K + +  OH +  OPr 

Free ions

A B
K +.......O'Pr — K + , O Pr

(i ) ( i i )  ♦  1

K +.......OH K* , OH

Loose ion pairs Contact ion pairs

'Pr =  (CH3)2CH2

The equilibrium arrows for the scheme above illustrate the proportion o f each ion type in the 

catalyst solution. Thus, equilibrium A  shows that there is a greater proportion o f ion pair 

species than free ions. Equilibrium B shows there is a greater proportion o f contact ion pairs 

than solvent separated ion pairs. Included in this scheme are smaller equilibrium arrows (i 

and ii) which indicate the proportion o f each type o f ion pair that predominates in the catalyst 

solution. Thus, because o f the dilute nature o f the solvent (PY OH), the catalyst solution 

will show a predominance o f propan-2-oxide ion pairs over hydroxyl type ion pairs.

Since the potassium propan-2-oxide ion pair is the predominant species in the catalyst 

solution, its anion propan-2-oxide will be the major initiator/catalyst for the acrylonitrile 

monomer. Zhilka and Feit [66-68J have determined the reactivities o f a series o f alkali-metal 

alkoxides, including the potassium alkoxides propan-2-oxide and /z-propoxide 1691, with 

acrylonitrile. The majority o f their investigations however, were carried out in heterogeneous 

conditions (in petroleum ether) at low temperature (-15 °C).

It is known |69| that anionic polymerisation reactions catalysed by ion pairs proceed at a 

much slower rate than when free ions are present in the solution , and the reaction rates for 

the free ion catalyst can be o f the order o f 105 greater than those achieved when the solution 

contains only ion pairs |70|. The effect o f the ratio o f free ions to ion pairs on the rates o f 

anionic polymerisation systems has most notably been observed in two quite separate and 

distinct investigations by Szwarc 1711 and Greenhow and Shafi [58|. The work o f Szwarc 

et al was probably the first to record such differences using styrene and alkyl alkali initiators. 

Many investigations o f the rates o f free ions and ion pairs involved in anionic polymerisation 

systems are based upon this initial study. A  brief description o f the findings o f this work is 

given.
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Szwarc and his co-workers studied polymerisation reactions (that were analogous to the 

acrylonitrile reaction used in this study) in that their systems contained free ions and ion pairs 

which were simultaneously present in the polymerising solution. Both species contributed to 

the reaction. Szwarc’ s investigations, however, centred upon the polymerisation o f styrene, 

and used "living" polystyrene chains initiated by the alkali salts o f the living chains in 

tetrahydrofuran (TH F). The polymers used were termed "living" because they had no 

terminating end group and hence, remained in an active or living state until forcibly 

terminated. In this state, the polymers were ideal for studying the kinetics o f polymerisation 

processes as they were independent o f initiation and termination steps. By measuring the 

propagation constant K„ o f the monomer, which essentially is a measure o f the rate o f 

polymerisation, it was found that the Kp for free ions S (polystyril living end) was several 

orders greater than the K„ for the ion pairs S ,M + (M + =  Na+, K +, L i+, Cs+ or Rb*). 

By water 172) successfully used conductivity to measure the propagation and dissociation 

constants for polystyril alkali metal ion pairs. He mentions the K 4, polystyril ion pair which 

is known to have a tendency to dissociate only at high dilutions. This is also similar to the 

potassium propoxide ion pair o f this study. Jenkins |73], in his comprehensive review, has 

provided evidence o f the effects which different solvents have on these ion pair species and 

he concludes that the type o f solvent does indeed affect both the propagation and the 

dissociation constants.

Greenhow and Shafi [58] have also carried out similar studies looking at the effects that 

different solvent compositions have on the ratio o f free ions to ion pairs in solution, and have 

qualitatively measured the rates o f polymerisation for each o f these ion types in the different 

solvents. Their work however, in comparison to the styrene related investigations described 

above, is more relevent and o f much greater theoretical significance to the results o f this 

study. In fact, it is inextricably linked to this work because they have studied the 

acrylonitrile - KOH/propan-2-ol system and evaluated it for a number o f sample solutions 

using catalytic thermometric titrimetry (by the conventional method and not C .F .)

They carried out two types o f investigation to show the effectiveness o f free ions in

comparison to ion pairs in anionic reactions using acrylonitrile as the titrand. The first

involved titrating tetrabutylammmonium hydroxide(TBAH) against acrylonitrile. The titration
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curves for this titration were then compared to the curve obtained from the normal titration 

o f acrylonitrile with potassium hydroxide/propan-2-ol (blank titration as performed in this 

work). The curve for the TBAH titration was found to be very much sharper and the end 

point inflection very distinct when compared to the potassium hydroxide curve.

The second investigation, and the one which is analogous to the reactions o f this study, was 

the titration o f potassium hydroxide/propan-2-ol with a mixture o f acrylonitrile and the 

aprotic dipolar solvent dimethylformamide (D M F). Again, sharp rises in temperature o f the 

titration curve and distinct end point inflections were observed when compared to the same 

titration without the use o f DMF. In fact, the curve was almost identical in shape to the 

TBAH curve.

Due to the fact that only blank titrations were carried out and therefore, the exothermic 

temperature curves were for the indicator reaction only, the sharpness and position o f the end 

point inflections were assumed to be a qualitative measure o f the reactivity o f the 

acrylonitrile. The difference between the titrations o f the investigations described and the 

normal potassium hydroxide titration with acrylonitrile was explained in terms o f the widely 

accepted principle that the rates o f ionic polymerisation have been shown to depend on:

(a) The dielectric constant of the monomer (e)

(b) The degree of ionisation of the polymer catalyst

Factors (a) and (b) are related in that, in general, the higher the dielectric constant o f the 

solvent, the more readily the catalyst ionises. (Only factor (b) is o f importance for this work)

Therefore, the proportion o f free ions as compared to ion pairs in the respective catalyst 

solutions must have been higher. In the case o f the investigation using TBAH, this catalyst 

has a very large bulky cation and therefore, tends to ionise completely to yield free 

unsolvated hydroxyl anions (O H ) and has almost a negligible quantity o f ion pairs in 

solution. When the acrylonitrile/DMF investigations are considered, dipolar aprotic solvents 

like DMF have high dielectric constants and also a high donicity (electron pair donor 

capacity) value (26.6) [74], which implies that the solvent will solvate the potassium cation
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o f the ion pairs and consequently release the anion (O P t ) catalyst in the free or solvated free 

form. The solvation o f potassium ions in ion pairs and the liberation o f unsolvated anions 

using DMF or DMSO, a more potent solvent, is documented |75|. Therefore, because the 

DMF increases the proportion o f free catalytic anions in the potassium hydroxide solution as 

compared to the normal potassium hydroxide solution which contains a mixture o f ion pairs 

(larger quantity) and free ion species (small quantity) the reaction rate for the polymerasation 

o f acrylonitrile was seen to increase.

The effect o f adding a cation-solvating solvent to the potassium hydroxide/propan-2-ol 

catalyst solution results in an increase in the rate o f polymerisation that is comparable to the 

magnetic field effects observed in this study. Both cation-solvating solvent and magnetic field 

effects employed dilute catalyst and therefore, contained a large proportion o f ion pair 

species. The increase in rate o f reaction observed when a magnet is applied to the ion pairs 

in the catalyst solution is thus an analogous situation to that o f the addition o f DMF.

It would appear then, that the function o f  the magnetic fields (like the function o f  a d d e d  

D M F )  is to increase the concentration o f  free anions a n d  solvent separated ion pairs 

at the expense o f  intimate or contact ion pairs.

It is proposed therefore, that the effect o f the application o f the magnetic field to the ion pairs 

is to cause their dissociation by cleavage or breakage (severance) o f the electrostatic 

bond/linkage between the potassium cation and the propan-2-oxide anion.

The apparent effect a magnetic field has on the ion pair species o f the catalyst solution is 

depicted schematically in fig 2.33

K 1 , OPr »  K +............ O'Pr ■— »  K* +  OPr

contact ion pair solvent separated ion pair free ions

FIGURE 2.33 Scheme of the magnetic field effect on the ion pair species

The scheme is equally applicable to: K + , OH ; K +...........OH ion pair types
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The proposed mode o f separation o f the components o f the ion pair species is analogous to 

that illustrated in chapter 3 (figure 3.28 (B )) for the movement o f charged particles through 

a non-uniform magnetic field. In the figure the a magnetic field alters the random course o f 

motion o f positive and negative particles and sets them in opposite motion to each other. In 

this work, the separation process is explained in terms o f the magnetic field weakening the 

interaction between the potassium cation and the propan-2-oxide anion by attempting to set 

them in spiral motion in opposite directions.

The scheme in figure 2.33 postulates that the field could act in three ways:

(1) To increase the concentration of solvent separated ion pairs from the contact ion 

pairs.

(2) To increase the concentration of free ion species from solvent separated ion pairs.

(3) To cause the simultaneous dissociation of contact and solvent separated ion pair 

species or the complete breakage of the contact ion pair electrostatic association of the 

potassium cation and propan-2-oxide anion to give free ion species.

The occasions when the third mechanism may have manifested itself in the experiments o f 

this work probably resulted when the magnetic field types were o f a higher magnetic field 

intensity or when there was a greater interaction o f repelling flux lines. Thus, this situation 

is possibly shown in experiments when magnets T .l (in config’ s. 1 and 2) and type 3 (in 

config.l only) were used. Both these consistently showed greater increases in the 

polymerisation rate than experiments which used magnet type 2, which had both a weaker 

field strength and repulsive flux lines. This possibly explains why the rates o f polymerisation 

i.e. the observed magnetic effects for this magnet, were smaller in magnitude compared to 

the other two. It may be the case that the magnetic field type generated by magnet T.2 is 

applicable to the first two mechanisms. Also, the effect o f variations in the polymerisation 

rates when different field orientations were used can similarly be explained in terms o f the 

scheme above, such that configurations 1 for both magnets T1 and T3 are applicable to all 

three mechanisms. Similarly, the magnetic run (13) from experiment M (fig 2.29 ) when 

Magnet T.3, config.2 was employed, showed the magnetic effect or the increase in the 

reaction rate to be smaller in magnitude than the other corresponding magnetic runs 

(10,11,14) for the same magnet but in config.l. This is possibly explained again in terms 

o f the magnetic field type generated by that configuration which may only be applicable to 

mechanisms (1) or (2) or both.
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I f  the function o f the magnetic field is to augment the release o f propan-2-oxide or hydroxyl 

anion from the potassium cation in the catalyst solution and therefore to have an analogous 

effect to that o f adding a cation solvating solvent, it would appear that an indirect way o f 

proving that this does occur would be to carry out a series o f investigations using DMF in 

the catalyst solution so as to cause the total release o f free anions from their ion pairs species, 

and then to apply a magnetic field to this solution to observe if  any further increases in 

polymerisation rate could be caused by the field. In theory, the increase in the reaction rate 

should be negligible (minimal) upon application o f the magnetic field because the dipolar 

aprotic solvent should, in theory, liberate all the catalytic anions from their potassium 

counter-ions and therefore cause the rate o f reaction to be at an optimum. Therefore ,since 

it is known [581 that additions o f DMF to acrylonitrile/propan-2-ol mixtures results in an 

increase in heat output, experiments were carried out (designed) to assess the combined 

effects o f the addition o f DMF and applied magnetic fields on the reaction rates and are 

described here.

DMF experiments

Experiments were carried out each using 60%, 5% and 10% concentrations ( V/V) o f DMF, 

dissolved in the acrylonitrile monomer solution. The investigation using 60% (V/V) DMF 

solution was carried out with equivalent flow rates for both monomer and catalyst solutions. 

The temperature curves for this experiment were very erratic and the polymer solution was 

found to boil in the coils and the catalyst solution was consumed very rapidly by the 

DMF/acrylonitrile mixture. The reaction therefore took place a long way from where it 

could be measured at the thermistor. The main conclusion drawn from this investigation was 

that the DMF mixture was too strong.

The experiments using 5% and 10% concentrations o f DMF were found to permit the 

accurate measurement o f the heat o f reaction. The temperature curve for the magnetic run 

(9) in fig 2.34 and the reproducibility histogram in fig 2.35 showed that a combined 5% 

DMF addition and applied magnetic field gave a slight increase in the reaction rate. At a 

10% concentration o f DMF (figs 2.36 and 2.37) however, applied magnetic fields were found 

to have a negligible effect on heat output and therefore, the rate o f reaction. It is therefore 

clear that the effects o f added DMF and applied magnetic fields are in competition in the
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process o f separating the components o f the isopropoxide ion pair and the magnetic field 

effect is swamped if  the concentration o f DMF is high enough.

It would appear therefore, that the magnetic effect on the reaction rates which is analogous 

to adding DMF to the catalyst solution, has a "threshold limit" which appears to coincide 

with approximately 10% DMF for a 0.0883M catalyst solution after which no increase in the 

reaction rate is observed. The "threshold limit" is translated to mean the limit at which the 

proportion o f ion pairs in solution is either zero or a very negligible amount and is therefore 

when the catalyst solution contains only free anion species.

2.10 C O N C LU S IO N

In conclusion, the work in this chapter clearly demonstrates the effects o f magnetic fields on 

charged species in solution. This magnetic field effect was manifest in the acrylonitrile 

polymerisation experiments when an increase in reaction rate was shown to occur when 

permanent magnetic fields were applied to ion pair catalyst species.
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CHAPTER THREE

THE MAGNETIC TREATMENT OF FLUIDS: CALCIUM  CARBONATE

PRECIPITATION

3.1 INTRODUCTION

The tendency o f water to deposit certain o f its dissolved constituents as scale on heated 

surfaces has enormous economic and environmental consequences. In addition to the obvious 

flow restrictions which can be caused by these deposits, the presence o f even small amounts 

o f scale can drastically reduce the thermal conductivity o f heat transfer surfaces. O f all the 

scale forming minerals that cause these problems, calcium carbonate is the most prevalent. 

Many studies have focused on combatting the hard scale deposits it forms. However, in spite 

o f its abundance, calcium carbonate can be prevented or removed by pH adjustments or acid 

treatment, and is generally the easiest type o f scale deposit to control. Yet, the effectiveness 

o f such chemical treatment, although the principal technique used to prevent and remove this 

type o f scale deposit, has been questioned, and, together with the associated economic and 

environmental problems, has prompted industry and, in the case o f the USA, government 

agencies, to look for more acceptable methods o f preventing scale formation.

The magnetic treatment o f fluids, although not a new application or area o f study, has proved 

successful in a variety o f industrial situations in combatting many types o f scale formation, 

including calcium sulphate and calcium phosphate. Although devices based on magnetic 

fields for removal o f scale in domestic hard water situations have been marketed for many 

years, the effectiveness which some devices are purported to have has been the subject o f 

long standing controversy. Although there is extensive literature on the subject, there have 

been many contradictions in the claimed effects, and in some cases, even positive results have 

been characterised by low reproducibility.
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The work described in this chapter is a continuation and development o f recent work carried 

out at City University for the magnetic treatment o f fluids using permanent and 

electromagnetic devices. These studies, and those carried out by other research workers 

(discussed in section 3.2) on calcium carbonate precipitation, have focused exclusively on the 

magnetic treatment o f saturated or supersaturated solutions o f calcium carbonate. The 

primary purpose o f the work carried out in this chapter was to investigate the effect o f 

permanent magnetic fields on the rate o f precipitation o f calcium carbonate when 

undersaturated aqueous solutions o f either calcium ions or hydrogen carbonate ions are 

continuously circulated through a permanent magnetic field. Furthermore, such investigations 

highlight the field-charge interaction o f either univalent (H C 0 3) or divalent (Ca2+) charged 

species in pure aqueous solution with the magnetic field and the resulting effect this 

interaction has on the calcium carbonate precipitation rate. In addition to these investigations, 

the effects o f hydrogen carbonate concentration and temperature (two very important factors 

known to affect the rate o f precipitation o f scale forming deposits) on the propensity to scale 

o f magnetically treated solutions were also studied.

The aim o f the following sections is threefold: firstly, to describe the chemistry and structure 

o f calcium carbonate and relate these parameters to its prevalence as a scale deposit; 

secondly, to describe the mechanism o f scale deposition in general; and lastly, to describe 

some o f the precipitation studies that have been carried out on calcium carbonate using 

permanent magnetic field devices.

3.2 THE CHEMISTRY AND  STRUCTURE OF CALCIUM  CARBONATE

The uses o f and problems associated with calcium carbonate are as abundant as the deposits 

in which it occurs. Upon analysis, calcium carbonate has three polymorphs viz. aragonite, 

calcite, and, in very rare circumstances, vaterite. When it precipitates out onto a heated 

surface, for example, the plates o f a heat exchanger or the inner walls o f a boiler, it is 

usually as a combination o f both calcite and aragonite. The predominance o f one crystalline 

phase over the other depends on parameters such as pFI, temperature, nature o f the metal 

substrate, and ions present |1J. Calcite is thermodynamically stable compared to aragonite,
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but aragonite is often the first phase to precipitate out o f solution, particularly at elevated 

temperatures such as those encountered in a boiler or a heat exchanger. For example, it is 

claimed that below 30°C, CaC03 precipitated from bicarbonate solution crystallises as calcite 

and as aragonite above this temperature [2],

The habit and crystal shape o f calcium carbonate can be altered by substances present in 

solution. In the presence o f salts such as KC1 or NaCl, larger crystals can be precipitated

[3], Bivalent Mg or Sr salts, below 30°C, modify the shape o f calcite crystals, although such 

crystal forms are considered unstable. Habit and phase and crystal size can be intentionally 

altered by the use o f chemical additives, forcing growth or habit in a particular direction e.g. 

aragonite is sometimes commercially modified to the less adherent calcite form. The 

interchange from aragonite into calcite can also occur as a natural process over a given period 

o f time [4], This recrystallisation, in addition to the natural ripening and growth o f existing 

calcite crystals, makes scale deposits cement together to form hard, compact, crystalline 

encrustations.

The unit cell structure o f calcite is shown in fig 3.1. There are wide variations in calcite 

crystal habit which can range from the optical double refracting type (Iceland spar) to single 

crystals weighing thirty tons or more [5). It can be identified by its perfect (1011) 

rhombohedral cleavage and differentiated from dolomite (Ca,M g-C03) and aragonite with 

organic dyes. Calcite is the principal constituent o f limestone and also several metamorphic 

calcareous rocks such as marble; it is also a secondary mineral in many other geological rock 

types. It is not surprising, therefore, to find calcium carbonate in solution in almost all 

surface and ground waters. This is a major reason why calcium carbonate is such a 

ubiquitous problem to industry; particularly those who use vast amounts o f water as a coolant 

in processes that generate waste heat e.g. in industrial processes such as power generation, 

petroleum refining and chemical manufacturing.

Aragonite is less common and less stable than calcite. Huggins |6| first investigated its 

structure and found that it crystallises in the orthorhombic system and shows poor cleavage 

characteristics when compared to calcite. Wray and Daniels (7| studied the influence o f 

temperature and ageing on crystal form o f precipitated calcium carbonate and determined the 

conditions necessary to precipitate calcite, pure aragonite or specific mixtures o f the two.
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They observed that the temperature range is small and critical. At 40°C, the precipitate is 

almost pure calcite; at 45°C, it is initially 30% calcite and 70% aragonite, but can later 

change to more than 90% calcite; and at 50°C, the precipitate is mostly aragonite. Meigen 

[8] studied the differences in the reaction velocities o f precipitated Ca salts in the presence 

o f different metals and noted that when trace amounts o f Zn, Mn, Co or Fe are present in 

a precipitating CaC03 solution, the formation o f aragonite is favoured, and that the presence 

o f Cu, Pb, and Ag favoured calcite formation.

Metastable vaterite is comparatively rare, and crystallises at ordinary temperature and 

pressures. It readily converts to aragonite or calcite or both; the transformation can be 

influenced by many factors. Vaterite has spheroidal crystal structures and can qualitatively 

resemble aragonite. However, it is not a common constituent o f boiler scale or other deposits 

and is consequently thought to exist for very short periods, i f  at all, in hot moist 

environments. When vaterite does occur, its formation has been mainly attributed to crystal 

modifying additives.

In summary, the rate o f deposition, adherence, porosity, permeability, hardness and other 

factors associated with calcium carbonate, are influenced by phase changes that can occur. 

The formation o f calcite, aragonite, and vaterite over a range o f temperatures is graphically 

shown in F ig.3.2

3.3 SCALE DEPOSITION MECHANISMS

3.3.1 Introduction

Scale deposition, unlike other types o f deposition, is a complex crystallisation process. In any 

crystallisation or precipitation process, there is competition between growth o f material on 

the crystals or precipitates and growth on the walls o f the vessel in which the operation is 

being carried out. Scale results from the unwanted deposition o f solid materials on surfaces 

and particularly on pipework, heat exchangers, and the walls o f reactors and storage vessels. 

The formation rate o f an initial scale layer and its subsequent rate o f growth are determined 

by the interaction o f several rate processes: nucleation, diffusion, chemical reaction, and
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• = Ca 
© = Co3
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molecular ordering o f the scale crystal lattices. Fig 3.3 is a general schematic o f scale 

deposition mechanisms; the more important controlling parameters o f each stage are 

indicated.

3.3.2 Key Requirements For Scale Deposition

All crystallisation and precipitation processes including the formation o f scale depend upon 

two main factors viz. (i) the solubility o f the solid being deposited in the fluid in which it 

is dissolved and (ii) the nucléation process which induces precipitation and crystallisation. 

I f  scale formation is to be controlled or prevented, the treatment must address itself to the 

control o f one or both o f these factors i.e. either changing the levels o f potential scale 

forming materials in the fluid and/or altering the mechanism o f the growth o f solid materials 

from fluids. Some methods o f scale prevention, such as acid dosing and ion exchange, are 

designed to control solubility by preventing the formation o f supersaturated solutions.

Yorke and Schorle [9] point out that crystallisation from solution o f a material directly on site 

o f scale formation requires three simultaneous factors: (i) supersaturation, (ii) nucléation and 

(iii) adequate contact time. Figure 3.4 is a schematic diagram o f the key scale forming 

requirements, showing the relationship o f the steps necessary for scale formation.

3.3.3 Solubility

The majority o f mineral scale forming constituents have low solubilities in the fluid in which 

they are dispersed and in some cases show inverse solubility (i.e. their solubilities decrease 

with increased temperatures). The solubilities (in g/100g) o f some o f the most common scale 

forming materials in water at 25°C are:

Barium sulphate 0.0002

Magnesium hydroxide 0.0009

Calcium carbonate (calcite) 0.0014

Calcium phosphate 0.0020

Strontium sulphate 0.0113

Calcium sulphate dihydrate 0.2410
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The solubility o f a fluid is both temperature and pressure dependent. The temperature and 

pressure dependence are illustrated by the data in Tables 3.1 and 3.2 respectively, for calcium 

carbonate in pure water. Table 3.1 shows that the solubility decreases with an increase in 

temperature and that a relatively small change in temperature causes CaC03 to precipitate. 

Table 3.2 shows that increases in the pressure o f C 0 2 at two fixed temperatures increase the 

solubility o f calcium carbonate.

TABLE 3.1 Calcite solubility as a function of temperature and C 0 2 pressure

Solubility, grams/lOOOg. water

Temperature °C

pC02 Atm. 100 150 200 250 300

1 0.216 0.094 0.040 0.015 0.006

4 0.360 0.158 0.063 0.024 0.009

12 0.555 0.221 0.091 0.036 0.012

62 - 0.405 0.152 0.051 0.014

TABLE 3.2 Solubility of calcium carbonate in water at
high pressure

Atmosphere Pressure 
o f C 0 2

18°C
g/CaC03 per lOOOg sat. 

sol.

25°C
g/CaC03 per litre sat. sol.

0.1 - 0.412

1 1.08 -

2 1.40 -

4 1.82 1.80

8 - 1.95

18 3.07 2.67
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The solubility o f a solid material varies with the nature o f the fluid as illustrated by the data 

in table 3.3 for calcium carbonate (calcite) in aqueous solutions o f sodium chloride at 25°C. 

The data shows that at constant C 0 2 pressure, the solubility o f calcite increases with 

increasing NaCl concentration. It should be noted that the combined effects o f temperature 

and sodium chloride concentration are also shown to alter the crystal forms o f calcium 

carbonate when formed from calcium bicarbonate solutions. Increasing NaCl concentration 

and temperature significantly promotes the formation o f vaterite (91% at 100°C and 25% 

NaCl), as compared to calcite and aragonite (8% and 1% respectively for the same 

conditions) [10].

TABLE 3.3 Solubility of CaC03 (calcite) in aqueous solutions of NaCl at 25°C

Partial Pressure o f C 0 2 in 
Atm.p

Millimoles per 1000g.H20

Ca(H C03)2 NaCl

0.965 8.96 3.79

0.965 9.37 14.8

0.965 9.67 34.8

0.962 10.70 82.8

0.958 12.41 236.0

FIGURE 3.5 Nature of solid deposit from supersaturated barium sulphate at

different concentrations (Mol dm3)
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3.3.4 Supersaturation

Supersaturation is an essential feature o f all crystallisation processes including scale 

formation. This can be termed a primary factor that influences such processes. When the 

solubility product o f a deposit-forming material is exceeded, it precipitates and forms scale, 

under the required conditions, which may be called secondary factors: pressure changes, pH 

alterations, increase or decrease in temperature, changes in flow rates, surface geometry and 

chemistry.

A  saturated solution is one in which the solid phase (solute) is in equilibrium with the 

material dissolved in the solution. When solutions are supersaturated, they contain higher 

concentrations o f dissolved solute than their equilibrium concentration. I f  the supersaturation 

level is low, slow crystal growth rate will result, while at high supersaturation levels, the rate 

o f precipitation can exceed the rate at which ions can be incorporated into a crystal lattice, 

leading to the breakdown o f single crystal interfaces and the onset o f non-uniform or 

dendritic crystal growth. The supersaturation level clearly affects the rates o f crystal growth 

and hence the particle size o f the solid product. This is illustrated (figure 3.5) by data for 

supersaturated solutions o f barium ions with solutions o f sulphate ions. At very low barium 

sulphate concentrations (1OM 0'3 mol dm 3), crystal growth is limited by the availability o f 

the material and a sol is formed. At very high concentrations (2-3 mols dm 3), high viscosity 

o f the fluid retards the rate o f crystal growth to form a gel. At intermediate concentrations, 

precipitation o f crystalline barium sulphate occurs. Effects such as these are significant in 

understanding scale formation and its control.

Supersaturated solutions can arise in industrial processes for a number o f reasons including: 

(i) mixing o f incompatible streams (ii) concentration o f the solution, (iii) temperature 

changes, (iv ) pressure changes, and (v ) pH changes.

Particle size also has an effect on supersaturation. When solids o f very fine particle size are 

suspended in a fluid, concentrations greater than those appropriate to the equilibrium 

solubility can be achieved. A  20% increase in concentration above the equilibrium solubility 

value for 0.4 micron particles o f calcium sulphate dihydrate in water has been measured and 

and increase o f about 80% found for 0.1 micron particles o f barium sulphate in water.
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3.3.5 Nucléation

Supersaturation alone, however, is not sufficient for precipitation to take place. The 

nucléation process is the initial step in deposition o f solids from supersaturated solutions. It 

can occur by two basic mechanisms: homogeneously, on nuclei formed spontaneously from 

the bulk solution; or heterogeneously, on preexisting foreign particles or substrate such as 

dust, corrosion products, rough surfaces o f container walls and pipework. O f the two 

mechanisms, it is much easier for heterogeneous nucléation to occur as it requires less energy 

(lower activation energy). Therefore, it occurs at lower supersaturations, delaying 

homogeneous nucléation until the available heterogeneous nuclei are exhausted.

Nucléation can occur within two defined states o f supersaturation viz. (i) the metastable state 

and (ii) the labile state. These states are shown in the schematic temperature-concentration 

diagram in figure 3.6. The solid line represents the normal solubility curve for a solute in 

a solvent. The upper broken line represents the supersolubility curve that delineates the point 

at which spontaneous nucléation can occur (above that line). This line is poorly defined and 

varies significantly depending on variables such as seeding, agitation, temperature, pH, 

pressure, the presence o f anti-nucleating additives. Three zones are represented in the 

diagram: stable; metastable; and labile. In the stable region (undersaturated), nucléation does 

not occur; in the metastable region, which primarily exists because submicroscopic particles 

have a higher solubility than the equilibrium solubility, spontaneous nucléation 

(homogeneous) is not likely to occur, but heterogeneous nucléation is the more favourable; 

and in the unstable or labile region, spontaneous nucléation (homogeneous) is probable.

The presence o f heterogeneous dissolved impurities, in most cases, determines the width o f 

the metastable region (fig .3.6), and therefore heterogeneous nucléation is the dominant 

mechanism during scale formation. In these systems, nucléation occurs either on the 

impurities suspended in the water, or directly on the surfaces o f pipework or containment

vessel.
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Nucleation and subsequent crystal growth from a supersaturated solution can be described as 

a series o f steps viz. (a) a starting point, (b) a requisite number o f ions/molecules 

agglomerating, (c) diffusion o f ions/molecules to the solution crystal interface, (d) adsorption 

o f ions/molecules from the interface onto the crystal surface, (e) surface diffusion to 

energetically favourable positions on the crystal surface (f ) orientation o f the ions/molecules 

into a fixed lattice, (g ) formation o f stable nuclei, (h) growth o f larger crystals at the expense 

o f smaller crystallites. A ll o f the above phenomena occur simultaneously during precipitation 

and if  one is suppressed, another will dominate. This is particularly important because any 

factor that can affect any stage o f  the nucleation-growth process could alter the scale forming 

characteristics o f the precipitates obtained from supersaturated solution.

In some descriptions o f crystallisation, it has been suggested that the control o f crystal growth 

can only be achieved when stable nuclei are formed which are not destroyed by equilibrium 

redissolution. More recently, however, the importance o f clusters o f material in solution 

prior to the formation o f stable nuclei has been realised.

+■

FIGURE 3.6 Solubility - supersolubility diagram
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3.3.6 Scale Formation

The amount o f scale formed is a function o f the number o f the initial crystal sites and the 

growth o f the crystal material on these nuclei. Once the scale forms, the deposition rate, for 

the same degree o f supersaturation and the same contact time, is generally greater than it is 

during nucleation. Hasson et al. 1111 have shown that this is true for calcium sulphate, but 

no appreciable difference in the rate o f calcium carbonate deposition was observed, whether 

on a clean, scaled or unsealed surface. When scale deposits on, for example, a fresh, metal 

heat transfer surface, the first layer is deposited directly and influenced to some degree by 

the characteristics o f the metal surface. Subsequent layers o f scale form on the scale surface 

rather than on the metal surface. In certain situations, the rates o f scale growth between the 

two types o f surfaces are quite different. The scale contributes nuclei for further scale 

deposition.

3.4 MAGNETIC FIELD EFFECTS ON CALCIUM  CARBONATE PRECIPITATION

Apart from temperature, pH and pressure changes, crystal growth and, therefore, scale 

formation can also be directly affected by particle density and volume and the density o f the 

dispersion medium. However, more significantly, magnetic fields have also been shown to 

influence crystal growth processes. Many o f the accounts o f the magnetic field effects almost 

exclusively concentrate on the removal o f either existing hard scale (calcium carbonate) 

sometimes termed descaling, or the treatment o f hard water for the prevention o f scale 

deposition. The purpose o f this section, therefore, is to outline some o f the precipitation 

studies that have been investigated using permanent magnetic field devices. Most o f the work 

described here is concerned mainly with calcium carbonate, calcium sulphate, calcium 

phosphate or zinc sulphate scales. This section is not intended to reflect all known magnetic 

field effects on precipitates but to describe studies that are o f particular interest and relevance 

to the present work.
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3.4,1 Precipitation Studies

Very few studies have been conducted that quantitatively determine the build up o f precipitate 

with time. Ellingsen and Kristiansen [12] carried out a series o f studies that measured the 

influence o f magnetic water treatment on the rate o f calcium carbonate precipitation from 

supersaturated solutions. In one o f their investigations, two types o f natural ground water, 

with relatively high calcium content, were magnetically treated and then later precipitated by 

the addition o f calcium hydroxide. The effects o f field strength and supersaturation levels 

on the rates were also investigated. By comparing treated and non-treated samples, the 

investigators concluded that: in most cases, there was an increase in the precipitation rate o f 

calcium carbonate for the magnetic treated samples and the rate was dependent upon the 

magnetic field strength; the precipitation was surface controlled; the rate increased or 

decreased around a turning point which was attributed to the change in zeta potential o f 

colloid particles in solution .

In a second investigation, water, slightly supersaturated with calcium carbonate, was 

circulated through a crystal growth cell after being magnetically treated. The crystal growth 

o f the heterogeneously induced calcium carbonate was observed. The treated water produced 

less crystals and promoted the formation o f calcite. The untreated water produced crystals 

that had a more complex crystal habit consisting o f a mixture o f aragonite and calcite.

Solubility investigations, focusing upon the effect o f impurities on the rate o f solubility o f 

calcium carbonate, were also carried out. A  greater rate o f calcium carbonate solubility in 

untreated water with impurities was found, implying that in treated water calcium carbonate 

remained longer in suspension. Ellingson and Fjeldsend [13], as mentioned in chapter 1, 

interpreted the magnetic effects described here in terms o f the magnetic field changing the 

properties o f either the surface or the double layer surrounding colloid particles (zeta 

potential). Both rate o f precipitation and solubility are, among other factors, dependent upon 

available surface between the growing crystals and the solvent. Therefore, the investigators 

conclude that to gain a greater understanding o f magnetic field effects, factors that influence 

the crystal growth characteristics o f scale formation must be considered.
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Minenko and Petrov 114], have carried out similar work producing a theory for magnetic 

treatment, presuming the efficiency o f the treatment to be proportional to the Lorentz force 

acting on the particle. They claim that the most important factor affecting precipitation in 

this period is nucleation and that the change in the growth part o f precipitation was evident 

after about five minutes.

Kronenberg [ 15 ] carried out crystal growth experiments and found that upon evaporation, 

magnetically treated water samples give rise to crystals that were reduced in size by about 

67% from an untreated sample. He assumed that since the crystals were a source o f scale 

formation, magnetic treatment was 67% effective.

The magnetic field effects described so far have been associated with the field influencing the 

crystal growth characteristics o f scale formation. However, the investigators have provided 

very little evidence to substantiate this interpretation. Workers at City University, London

[16] , have in recent years demonstrated that the magnetic field effects observed for several 

crystallisation and precipitation systems should be explained in terms o f the modification o f 

crystal nucleation by the magnetic field. By magnetically treating several types o f fluid 

precipitate system, changes in the following have been observed: crystal size (for CaC03); 

crystal morphology (for CaS04.2H20 ); crystallinity (for CaS04.2H20  and Sn30 (0 H )2S 04); 

crystal phase (for CaC03); and solubility o f precipitates and rate o f precipitation. The crystal 

phase changes mentioned here were demonstrated in evaporation experiments with hard water. 

It was found that before treatment, the calcium carbonate precipitate contained calcite in the 

ratio 80:20, but after treatment, the ratio o f these phases was 20:80. Changes in solubility 

have been shown for several precipitates including: barium sulphate and calcium phosphate

[17] , both o f which showed an increase in solubility. Similar data have been obtained for 

aluminium hydroxide and zinc phosphate [18].

Changes in particle size have also been shown for calcium carbonate precipitations 119]. 

Investigations showed that an increase in particle size occurs upon magnetic treatment which 

resulted in a reduction in the surface area and surface charges and therefore, in the ability o f 

the calcite crystals to adhere together to form scale. The magnetic field would therefore 

appear to act as a crystal growth modifier and hence as a scale preventer. Descaling was
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seen as a secondary downstream effect because the water is no longer supersaturated in calcite 

due to the crystallisation o f larger particles. Other precipitates that have shown changes in 

particle size include calcium sulphate dihydrate and calcium phosphate, both o f which showed 

decreases in size 119] and barium sulphate which showed an increase in size 119].

The data described above unequivocally demonstrate that the magnetic fields act to change

(i) the solubility o f solids in fluids and therefore, the supersaturated state o f a solution and

(ii) or affect the crystal growth characteristics o f the precipitation system. The components 

o f the precipitation system that are therefore likely to be influenced by the magnetic field are: 

the highly charged surface o f the growth nuclei; or the cation or anions o f the fluid- 

precipitate involved in the crystal growth process. The work described in this chapter focuses 

upon the latter parameter, with the main objective o f emphasising the integral role ions play 

on crystal growth processes. This is demonstrated by magnetically treating pure water 

solutions o f either cations (Ca2f) or anions (H C 0 3 ) and showing how such treatment can 

greatly influence the precipitation rate, and therefore, crystal growth process, o f calcium 

carbonate.

3.5 EXPERIMENTAL TECHNIQUES

3.5.1 HDL Magnetic Units

The magnetic units used in this work were supplied by HDL Fluid Dynamics Limited. The 

basic design o f these flow through type units consists o f cylindrical tubing, usually made from 

stainless steel or sometimes material such as copper or plastic, which contain interiorly 

mounted magnetised bars. The magnetised bars are arranged in a concentric fashion, so that 

the magnetic fields generated from each permanent magnet, cross and interact through the 

central axis o f the unit where a potential fluid flows. The units used in this study used six 

magnetised bars arranged in an array o f 3 +  3 configuration. HDL magnets consist o f 24% 

cobalt, 14% nickel, 8% aluminium and 3% copper. The balance is iron. Magnetic 

Developments Ltd manufacture the magnets by melting the raw materials in a high frequency 

furnace at 1100°C, then pouring them into sand castings [20], The bars are "fast cooled" to 

prevent the formation o f the «-phase o f iron, since the irregular crystals o f this polymorph
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inhibit the performance o f the magnets. Heating the rough castings to 930°C cleans and 

tempers them, whilst subsequent cooling at a controlled rate in

a magnetic field produces permanent magnets. The magnetic bars are PTFE-coated to resist 

corrosion and chemical attack, especially when potentially "aggressive" fluids are used e.g. 

concentrated brines. Fluids flow through the horizontal poles o f the magnetic bars, and 

constrictions in the tubes (venturis) vary the rate at which fluids flow through the units. The 

field strengths for units range from 1.8 - 2.5 kGauss.

3.5.2 Atomic Absorption Spectrophotometry (AAS)

Atomic absorption spectrophotometry can be used to measure most elements. In this method, 

a solution containing low concentrations o f metallic elements is atomised into a vapour 

containing free atoms o f the elements. A  hollow cathode lamp (light source) emits radiation 

which is characteristic o f the element to be determined and this radiation is directed through 

the vapour. The analyte atoms dispersed throughout the vapour absorb a portion o f the 

radiation resulting in a decrease in the radiation emerging from the vapour and it is the 

decrease in radiation which is measured by the detector. A  monochromator is included in the 

system so that energy o f the desired wavelength can be isolated from that o f the neighbouring 

wavelengths emitted from the light source |21], Sensitivity is defined as that concentration 

o f an element, in ppm, (or /zg/ml or mg/1) in aqueous solution which gives a 1 % absorption 

signal.

The instrument used throughout the present study was a Perkin-Elmer 370 Atomic Absorption 

Spectrophotometer. Magnetic, replicate non-magnetic (dummy) and control solutions were 

analysed, mainly for the elements: nickel, cobalt, iron and copper.

3.5.3 Propensity to Scale Measurements

The propensity to scale measurements in this study were carried out with the PM AC 

(Pressure Measurement and Control) system. It is designed to monitor the change that occurs 

in pressure across a microbore tube, at a fixed temperature as scale builds up. The PM AC 

system is comprised o f four component units viz, (i) a constant flow pumping unit, 

consisting o f two peristaltic pumps, (ii) a pressure sensing and measurement unit, (iii) 

heating apparatus for the microbore tube e.g. water bath or oven (iv ) and a chart recorder. 

Figure 3.7 is a schematic layout o f the system.
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FIGURE 3.7 Schematic layout of the P .M .A .C . system
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(A ) PMAC system operation

The PM AC system operates; firstly, by encouraging the precipitation o f solid, as scale, on 

the wall o f a microbore tube. Secondly, by monitoring the change in back-pressure as scale 

builds up in the microbore tube with time. Therefore, this time related pressure measurement 

directly indicates the rate and extent o f scale formation. Both o f these operations are 

described.

The first operation is achieved by using two peristaltic pumps to simultaneously pump two 

fluids (scaling solutions), containing cation(s) and anion(s) respectively, into the microbore 

tube. These solutions generally mix just before the point o f entry. The constant pumping o f 

the solutions, upon the chemical interaction o f the anion(s) and cation(s) at a preset 

temperature, causes the build up o f precipitate and hence a reduction in the diameter o f the 

tube. This in turn increases the fluid velocity and therefore, the pressure drop across the 

coil. This subsequent pressure change is monitored by a ceramic pressure sensor, inside the 

PM AC  unit and the resultant signal is conditioned and amplified to produce a buffered output. 

This smoothed output is then externally recorded, in the form o f a scaling curve, showing the 

change in pressure (A P ) across the tube with time. Figure 3.8 is an example o f a scaling 

curve obtained for calcium carbonate.

(B ) PMAC Components

(i) Microbore Tube

The coiled microbore tube used in this work had a bore size o f 1.1 mm (i.d) and a total 

length o f one metre (uncoiled). Both the inlet (attached to both peristaltic pump lines) and 

outlet (connected both to the drain and pressure sensing line) were mounted onto a metal plate 

(coil former) which was positioned over a water bath (accuracy +/- 0.1°C). The coil was 

made from stainless steel to resist attack from potentially corrosive solutions that can cause 

pitting in the tube, which in turn can severely interfere with the accurate measurement o f the 

pressure drop in the coil.
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Back pressure in 1.1 mm co il

FIGURE 3.8 Example of back-pressure measurement for calcium carbonate scale

111



In this work propensity to scale measurements consisted o f the time taken for calcium 

carbonate scale to build up to a back-pressure o f 5.2 pounds per square inch (psi) in the 

microbore tube. The measurements were recorded on a chart recorder set at a chart speed 

o f 12 cm h r1. After each measurement (run), the micro bore tube was cleaned with dilute 

nitric acid (10-15 ml o f 10% solution was injected by syringe) and then flushed with pure 

water to remove any remaining traces o f scale. The latter operation is particularly important 

as any foreign particles in the tube may cause not only a partial blockage but also the pre- 

nucleation o f a scale and hence give inaccurate and unrepresentative measurements o f the 

precipitation rate.

fii) Peristaltic Pumps

The peristaltic pumps used in this work were o f advanced modified design (Watson Marlow 

model 2011) and used optical tachometer feedback to give precise repeatable pump speeds 

under varying load conditions. Both pump heads used 1.6 mm i.d. silicone tubing connecting 

the scaling solutions, i.e anion(s) and cation(s), to the microbore tube. The flow rates for 

each solution were frequently calibrated in order to monitor any fluctuations. The flow rate 

data for the scaling solutions in this work is given in Mol h r1 to show the quantity o f ions 

that chemically interact in the capillary tube to form a scale.

3.5.4 Calcium Carbonate Scaling Solutions

The precipitation reaction o f calcium carbonate is shown in equation 3.1.

Ca2+ +  2HC03 -* CaC03 +  H20  +  C 0 2 Equation 3.1

The precipitation process in equation 3.1 was carried out using volumetric solutions o f the 

following compounds: calcium nitrate tetrahydrate Ca(NO3)2.4H20, A .R . grade) or calcium 

chloride hexahydrate (CaCl2.6H20 , A .R . grade) which were used as the source o f calcium 

(Ca2+) and sodium hydrogen carbonate (N aH C03, A .R . grade) which was used as the source 

o f bicarbonate (H C 0 3). These solutions were made up in distilled water in quantities o f 

2 Litres for H C 03 and 5 Litres for Ca2t\
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Many o f the calcium carbonate precipitations in this work were carried out at 70°C in the 

heated microbore coil. This is the optimum temperature for the decomposition o f the 

bicarbonate to carbon dioxide, water and free carbonate ion.

3.5.5 Magnetic Treatment of the Calcium Ion Scaling Solution: Circulating Apparatus

The treatment o f magnetic and replicate non-magnetic (dummy) scaling solutions was carried 

out by using the circulating apparatus shown schematically in fig. 3.9 and pictorially in tig 

3.10. The apparatus comprised o f two 5 litre glass vessels (one for each o f the magnetic and 

dummy treated solutions), glass connectors, polypropylene and PVC tubing 0.5 inch i.d, pvc 

valves to adjust the flow rate o f the scaling solution through the magnet or dummy unit, 

Totton motorised magnetic centrifugal pumps, and an HDL permanent magnet and replicate 

non-magnetic units (dummy).

After each set o f experiments, the tubing and glass vessels o f the treated solutions were 

cleaned thoroughly with dilute hydrochloric acid and then several times with distilled water 

to remove any traces o f acid.

In each set o f experiments, magnet and dummy treatments were carried out simultaneously 

and consisted o f continuously circulating the calcium-ion containing solution through the HDL 

one inch permanent magnetic unit and a replicate non-magnetic (dummy) unit which had the 

same geometry as the permanent magnetic unit but with zero magnetic field. For the 

majority o f experiments (apart from experiment 3.6.1) in this work only the calcium ion 

(Ca2+)-containing solution, as calcium nitrate or calcium chloride, was magnetically treated.
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FIGURE 3.9 Schematic of circulation apparatus
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FIGURE 3.10 Magnetic treatment circulation apparatus



3.6 PROPENSITY TO SCALE EXPERIMENTS

In this work, propensity to scale precipitations consisted o f the mixing o f treated calcium ion 

solution with sodium hydrogen carbonate solution in the microbore tube at fixed temperature 

and concentrations. The resultant buildup o f calcium carbonate scale with time was measured 

by the P .M .A .C  unit as described in section 3.5.3.

Propensity to scale measurements in this work were carried out during the ongoing circulation 

and treatment o f the magnetic and dummy fluids, but only after the magnetically treated 

solution had undergone a minimum period o f circulation o f 20 hours through the HDL 

magnetic unit. This was to ensure that the magnetic effect reached a maximum before back-

pressure measurements were recorded. In addition, each set o f experiments consisted o f the 

measurements for control, dummy and magnetically treated solutions, the details o f which 

are:

(i) Control scaling tendency measurements were obtained by mixing calcium ion 

solution, that did not undergo any type o f treatment or turbulent flow, with sodium 

hydrogen carbonate solution.

(ii) Replicate non-magnetic or dummy tendency scaling measurements were obtained 

by mixing calcium ion solution with sodium hydrogen carbonate solution after the 

calcium ion solution had been circulated through a dummy device.

(iii) Magnetic scaling tendency scaling measurements were obtained by mixing 

calcium ion solution with sodium hydrogen carbonate solution after the calcium ion 

solution had been circulated through the HDL one inch unit.

Sufficient replicate propensity to scale runs were carried out in each set o f experiments to 

obtain statistically significant results, highlighted by the standard deviation (calculated in the 

data tables) for a set o f runs which was expected to be less than 10% o f the mean.

The first three experiments described in this section (experiments 3.6.1 - 3.6.3) were carried 

out with the aim o f optimising the magnetic treatment conditions for the precipitation o f 

calcium carbonate.
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3.6.1 Effect of Magnetic Treatment of Sodium Hydrogen Carbonate Solution on the 

Propensity to Scale of Calcium Carbonate

The aim o f this experiment was to determine the effect o f magnetically treating the hydrogen 

carbonate ion, in solution, on the propensity to scale o f calcium carbonate. The circulating 

apparatus used in this experiment was a modification o f that described in section 3.5.5. A  

peristaltic pump using 0.25 inch polypropylene tubing was used to continuously circulate a

O. 05M sodium hydrogen carbonate solution (3200 ppm with respect to the H C 03 anion) 

through a 0.25 inch HDL copper housed (C .H .U ) magnet (field strength o f 1.4 kGauss) and 

dummy units at a flow rate o f 0.9 L  m in1. Calcium chloride was used as the source o f 

calcium (355ppm) and propensity to scale measurements were carried out at 70°C in the

P. M .A .C  coil using flow rates o f 0.41: 0.16 Lh r1 (Ca2+:H C03). Data for this experiment 

is shown in table 3.4.

3.6.2 Effect of the Magnetic Treatment of Calcium Solutions on the Propensity to 

Scale of Calcium Carbonate: Using (A ) Copper and (B) Plastic Housed Units

The aims o f this set o f experiments were twofold, namely:

(1) To determine the effect o f the magnetic treatment o f a calcium solution on the 

precipitation rate o f calcium carbonate.

(2) To determine the o f effect different types o f magnetic unit, used to treat the 

calcium solution, on the calcium carbonate precipitation rate.

In this set o f experiments, the calcium solutions were circulated through copper and plastic 

housed units using the circulating system described in experiment 3.6.1.
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TABLE 3.4 EFFECT OF TREATED BICARBONATE ION ON THE
PROPENSITY TO SCALE

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 19.4 1.06 18.5-21.0 7

M AG NET (C .H .U ) 18.6 1.40 17.5-20.2 8

D U M M Y 18.1 1.50 17.5-20.9 8

Conditions: Temp. , 70°C; Cone’s., Ca2+,340ppm; H C 03,0.05M; 

Circulating Flow Rate., 0.9 Lm in1

TABLE 3.5 EFFECT OF COPPER HOUSED UNITS (C .H .U ) ON THE 
PROPENSITY TO SCALE

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 15.01 0.93 12.9-15.5 8

M AG NET (C .H .U ) 19.5 1.01 17.0-20.1 :| | |  WMM.

D U M M Y 16.18 0.48 15.1-16.9 9

Conditions: Temp., 70°C; Cone’ s., Ca2+,350ppm; H C 03,0.05M;

Circulating Flow Rate., 0.9 L  m in1
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A calcium chloride (350 ppm Ca2+) solution was continuously circulated through 0.25 inch 

copper housed magnetic and dummy units with copper end connector pieces at a flow rate o f 

0.9 L min'1. A  circulation time o f approximately 17 hours elapsed before the first propensity 

to scale measurements were recorded. A 0.05M sodium hydrogen carbonate solution was 

used for scaling measurements which were carried out at 70°C in the P .M .A .C  coil using 

flow rates o f 0.41:0.16 (Ca2+:H C03). The results for this experiment are given in Table 3.5. 

Data given in table 3.6 show the effect o f prolonged circulation (25 hours) o f the calcium 

chloride solution through C .H .U . on propensity to scale measurements.

3.6.2 (A) The Magnetic Treatment of a Calcium Chloride Solution

using Copper Housed Units (C.H.U)

3.6.2 (B) The Magnetic Treatment of a Calcium Nitrate Solution

using Plastic Housed Units (P .H .U )

In an attempt to combat the leaching o f ions into the treated solutions, which was observed 

in experiment 3.6.2 (A ), this set o f experiments circulated the less corrosive/acidic solution 

o f calcium nitrate (2500 ppm Ca2+) through 0.25 inch, plastic housed magnetic (field strength

1.4 kGauss) and dummy units with plastic end connector pieces at a flow rate o f 0.9 L  min'1. 

A  0.05M sodium hydrogen carbonate solution was used for the propensity to scale 

measurements which were carried out at 70°C in the PM AC, coil using flow rates o f 1:0.16 

L  h r1. The results for this set o f experiments are given in table 3.7. To determine if  the

P.H .U contaminated either one or both o f the circulating solutions, samples o f the solution 

were analysed for their copper, iron and cobalt content.
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TABLE 3.6 EFFECT OF PROLONGED CIRCULATION (25 HOURS) ON THE

PROPENSITY TO SCALE WITH C.H .U

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 15.5 0.45 14.9-16.0 9

M AG NET (C .H .U ) 23.6 1.35 22 0-25.4 11

D U M M Y 29.96 1.64 28.6-32.8 11

Conditions: Temp., 70°C; Cone’s., Ca2+,350ppm; H C 03,0.05M;

Circulating Flow Rate., 0.9 L  m in1

TABLE T7  EFFECT OF PLASTIC HOUSED (P .H .U ) ON THE PROPENSITY

TO SCALE

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 23.11 1.13 20.9-24.6 11

M AG NET (P .H .U ) 41.08 1.38 37.5-42.1 12

D U M M Y 25.55 0.99 23.0-26.6 13

Conditions: Temp., 70°C; Cone’s., Ca2+,2500ppm; H C 03,0.05M;

Circulating Flow Rate., 0.9 L  m in1

Upon analysis o f the treated magnet and dummy solutions trace amounts o f copper, cobalt 

and iron were found.
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3.6.3 Effect of Flow Rate for the HDL One Inch Stainless Steel Housed Unit on the

Propensity to Scale of Calcium Carbonate

The primary aim o f this set o f experiments was to investigate the effect o f altering the flow 

rate o f a circulating calcium nitrate solution through the HDL one inch bore stainless steel 

housed magnetic unit, and to ultimately determine a suitable flow rate at which significant 

reductions in the precipitation rate would be observed.

The one inch unit used in this work (field strength 1.9 kGauss), and also in other 

experiments described in this chapter, is widely used in industrial and domestic situations, and 

like several other magnetic units and scale preventing devices on the market, the magnetic 

unit is purported to work most effectively, i.e. at an optimum in preventing the build up o f 

scale deposits, at or between a range o f flow rates. However, existing published data [22| 

o f the recommended optimum flow rates for the one inch unit used in this work and larger 

HDL magnetic units (1.5 - 14 inch bore) are based upon calculations for the maximum 

Lorentz force (see section 3.8.2 ) on the ions present in solution and that also only takes into 

account the pressure drop measurements across each unit type. No experimental studies have 

been carried out to assess the effect o f flow rate on the precipitation rate o f scales such as 

calcium carbonate for any o f the HDL units and it was mainly for this reason, as well as to 

determine a suitable flow rate at which effective reductions in the precipitation rate would be 

observed, that the following experiments were carried out.

A  250 ppm calcium nitrate solution was continuously circulated through the one inch unit 

using the apparatus described in section 3.5.5. The flow rate o f the treated magnet and 

dummy solutions through the one inch unit was adjusted by using a PVC 0.5 inch valve. The 

calibration o f the valve for specific flow rates was carried out manually using two graduated 

10 Litre glass jars and was accurate to within 5%. Experiments were carried out for calcium 

solution flow rates o f 6, 9, 12 and 15.9 L  min'1. A  sodium hydrogen carbonate concentration 

o f 0.05M was used for the propensity to scale experiments which were carried out at 70°C 

in the PM AC  microbore tube using mixing flow rates o f 0.52:0.16 L h r1 (Ca2f:H C03 ). 

Measurements o f the copper, iron and cobalt content for the treated magnet and dummy 

solutions were recorded for each experiment.
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TABLE 3.8 EFFECT OF FLOW RATE AT 6 L MIN 1 ON THE PROPENSITY
TO SCALE

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 25.0 1.40 22.5-27.0 8

M AG N ET(1") 29.9 0.81 27.9-31.2 11

D U M M Y 26.0 1.51 24.0-29.0 10

Conditions: Temp., 70°C; Cone’s., Ca2+,250ppm; H C 03,0.05M;

Circulating Flow Rate., 6.0 L  m in1

TABLE 3.9 EFFECT OF FLOW RATE AT 9 L MIN 1 ON THE PROPENSITY
TO SCALE

Treatment Average Time S.D Time Range No. o f
(mins) (mins) Runs

CONTROL 25.1 1.30 22.1-26.9 10

M AHNETYI  "V f) 70 IQ i> 1« -a : :-:-:-: - - •11.•••••.

D U M M Y

JZ.U

25.9

v* / v : : : 

1.20

¿ 7.0  3 .7.0

24.0-27.0

13

13

Conditions: Temp., 70°C; Cone’ s., Ca2+,250ppm; H C 03,0.05M;

Circulating Flow Rate., 9.0 L min1
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TABLE 3-10 EFFECT OF FLOW RATE AT 12 L MIN 1 ON THE
PROPENSITY TO SCALE

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 24.8 2.4 21.9-26.5 9

M AG N ET(1") 30.3 L 0 27.0-31.9 11

D U M M Y 25.9 1.0 25.9-27.9 7

Conditions: Temp., 70°C; Cone’s., Ca2+,250ppm; H C 03.,0.05M; 

Circulating Flow Rate., 12.0 L  min 1

TABLE 3.11 EFFECT OF FLOW RATE AT 15.9 L M IN 1 
PROPENSITY TO SCALE

ON THE

Treatment Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

CONTROL 25.2 0.78 23.9-26.9 9

M A G N E T (P ) 29.2 1.00 27.0-30.2 12

D U M M Y 26.3 1.10 25.0-27.9 8

Conditions: Temp., 70°C; Cone’ s., Ca2+,250ppm; H C 03,0.05M;

Circulating Flow Rate., 15.9 L min1
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The results for the 6, 9, 12 and 15.9 L min ' flow rate experiments are given in tables 3.8-

3.11 respectively. Data for the average scaling times at each o f these flow rates for magnet, 

dummy and control solutions are summarised graphically in figure 3.11. Figures 3.12 and 

3.13 show the reproducibility o f the propensity to scale measurements for magnet, dummy 

and control solutions at 9 and 12 L  min'1, and in addition, figures 3.14 and 3.15 show the 

scaling profiles for magnet and dummy runs from these experiments.

FIGURE 3.11 Effect of flow rate on the propensity to scale
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FIGURE 3.12 Reproducibility of propensity to scale measurements at 9 L Min

Treatment

Magnet

Control

Dummy

FIGURE 3.13 Reproducilbility of propensity to scale measurements at 12 L  M in1
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FIGURE 3.14 Example of propensity to scale measurement at 9 L Min1

Back pressare in 1.1 mm coil

FIGURE 3.15 Example of propensity to scale measurement at 12 L  M in1

Back pressure in 1.1 mm coil
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3.6.4 The Effects of Sodium Hydrogen Carbonate Concentration and Temperature 

on the Propensity to Scale of Calcium Carbonate

The main aims o f these sets o f experiments were to determine the effect o f variations in 

concentration o f sodium hydrogen carbonate on: (i) the propensity to scale measurements o f 

calcium carbonate and (ii) propensity to scale measurements for magnetic treatment. In 

addition, the effect o f temperature on the precipitation rate o f calcium carbonate at fixed 

concentrations o f sodium hydrogen carbonate was also investigated.

The experiments carried out in this study represent the first type o f investigation that directly 

assesses the joint effect o f varying concentrations o f sodium hydrogen carbonate and 

temperature on the scaling potential o f a calcium solution.

For all the experiments carried out in this section, a 500 ppm calcium nitrate solution was 

continuously circulated through HDL one inch bore units (as used in the experiments 3.6.3), 

at a flow rate o f 9 L m in1, using the circulating apparatus described in section 3.5.5.

In order to determine the range o f concentrations o f sodium hydrogen carbonate and 

temperatures that would give uniform calcium carbonate scale deposition in the PM AC 

microbore tube, preliminary investigations were carried out. These showed that a double 

channel peristaltic pump, for the bicarbonate line only, was required in order to give uniform 

deposition o f scale at temperatures greater than 80°C. Above this temperature, the calcium 

carbonate scale was found to be very porous and did not adhere properly to the inner wall 

o f the microbore tube. Consequently the scaling profiles and therefore, the back pressure 

measurements o f the buildup o f scale were very erratic. The double channel pump comprised 

o f two peristaltic pumps linked together to enable the simultaneous pumping o f fluid at twice 

the normal flow rate into the micro bore tube. The sodium hydrogen carbonate 

concentrations ultimately used in this work were varied so that three different molar 

combinations o f hydrogen carbonate ion to calcium ion were investigated. These were:
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(i) When the calcium ion and the hydrogen carbonate ion combine in equimolar 

amounts (Thus; Ca2+:H C03 react 1:2)

(ii) When the calcium ion was in excess o f the hydrogen carbonate ion 

(Thus; Ca2+:H C03 react >  1:2)

(iii) When the hydrogen carbonate ion was in excess o f the calcium ion 

(Thus; HCOj :Ca2+ react >  2:1)

In total, seven concentrations o f sodium hydrogen carbonate were investigated and six o f 

those were studied using double channel flow rate o f 0.37 L  Hr'1. These are given below and 

are in units o f x 102 Molar:

(i) 1.3 M ; (ii) 2.0 M; (iii) 2.9 M; (iv ) 3.3 M; (v ) 4.0 M; and (v i) 5.2 M.

Therefore, the concentration in Moles per Hour o f sodium hydrogen carbonate flowing into 

the microbore tube were (in molar units o f x 102 M H r1 ):

(i) 0.48; (ii) 0.74; (iii) 1.00; (iv ) 1.2; (v ) 1.48 ; and (v i) 1.9.

The mixing flow rate for the 500 ppm calcium solution into the microbore tube was fixed at 

0.37 L  h r1 throughout the temperature and concentration experiments. Therefore, the 

concentration o f calcium into the microbore tube was approximately 0.46 x 10 2 M H r1. 

Equimolar combination o f Ca2f :H C03 would thus be 0.46:0.92 M H r1 x 10 2.

In addition to the concentrations listed above, 0.02 Molar solution o f sodium hydrogen 

carbonate was also studied. This solution was pumped into the microbore tube using only 

a single channel pump with a flow rate o f 0.12 L  Hr'1 and hence, at 0.24 M H r1. This 

concentration o f solution was only investigated at 70°C. A ll other propensity to scale 

measurements were carried out at temperatures o f 70, 75, 80 and 85 °C in the microbore 

tube.
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TABLE 3.12 EFFECT OF BICARBONATE CONCENTRATION AT 70°C ON
THE PROPENSITY TO SCALE FOR CONTROL SOLUTION

NaHC03 cone. 
(Mhr1 xlO2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. of 
Runs

0.24 87.1 2.42 84.5-89.0 8

0.48 62,0 2.70 58.0-65.1 9

0.74 37.5 1.17 36.5-39.2 8

1.00 26.0 0.88 24.8-27.3 6

1.20 18.0 0.73 17.5-19.0 6

1.48 14.2 0.71 13.5-15.0 7

1.90 11.4 0.53 10.0-11.5 10

TABLE 3 13 EFFECT OF BICARBONATE CONCENTRATION AT 70°C ON
THE PROPENSITY TO SCALE FOR M AGNET SOLUTION

NaHC03 cone. Average Time S.D Time Range No. of
(Mhr1 xlO2) (mins) (mins) Runs

0.24 126.6 4.58 121 -129.0 6

0.48 82.5 2.50 78.0-85.0 5

0.74 52.0 3.00 48.1-55.0 5

1.00 35.0 2.00 33.9-38.0 5

1.20 29.5 1.23 28.0-32.0 6

1.48 19.2 1.01 17.5-20.0 5

1.90 15.8 0.80 13.0-16.5 5

TABLE 3.14 EFFECT OF BICARBONATE CONCENTRATION AT 70°C ON
THE PROPENSITY TO SCALE FOR DUM M Y SOLUTION

NaHC03 cone. Average Time S.D Time Range No. of
(Mhr1 xlO2) (mins) (mins) Runs

0.24 99.6 3.72 96.0-105.0 6

0.48 70.0 2.70 68.0-75.5 5

0.74 40.0 1.41 38.0-41.1 5

1.00 28.5 1.50 28.0-31.0 7

1.20 22.5 1.60 21.0-24.0 6

1.48 15.5 0.50 15.0-16.0 5

1.90 12.3 0.50 11.5-13.5 6
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TABLE 3.15 EFFECT OF BICARBONATE CONCENTRATION AT 75°C ON
THE PROPENSITY TO SCALE FOR CONTROL SOLUTION

NaHCOj cone. 
(Mhr1 xlO2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. of 
Runs

0.48 50.0 2.20 47.0-53.5 5

0.74 23.1 1.30 21.0-24.5 5

1.00 14.0 1.10 13.0-15.0 5

1.20 10.0 0.90 7.0-11.5 6

1.48 9.8 0.12 9.0-10.5 5

1.90 8.0 0.70 7.5-9.0 5

TABLE 3.16 EFFECT OF BICARBONATE CONCENTRATION AT 75°C ON  
THE PROPENSITY TO SCALE FOR M AGNET SOLUTION

NaHC03 cone. 
(Mhr1 xlO2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. of 
Runs

0.48 67.9 3.10 66.0-74.1 6

0.74 34.8 1.55 33.5-37.5 5

1.00 21.0 1.50 20.0-24.0 6

1.20 16.0 0.55 15.0-16.5 5

1.48 12.7 0.58 12.0-13.9 4

1.90 10.7 0.62 9.0-11.2 5

TABLE 3.17 EFFECT OF BICARBONATE CONCENTRATION AT 75°C ON  
THE PROPENSITY TO SCALE FOR DUM M Y SOLUTION

NaHCOj cone. 
(Mhr1 xlO2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. of 
Runs

0.48 53.0 2.00 50.0-54.0 5

0.74 26.6 1.98 25.0-29.5 4

1.00 17.4 1.10 16.0-19.1 12

1.20 12.4 0.62 11.0-13.1 6

1.48 10.6 0.52 10.0-11.1 6

1.90 9.00 0.86 8.0-9.52 4
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TABLE 3.18 EFFECT OF BICARBONATE CONCENTRATION AT 80°C ON
THE PROPENSITY TO SCALE FOR CONTROL SOLUTION

NaHC03 cone. 
(Mhr1 x lO 2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

0.48 45.2 1.15 43.0-46.1 5

0.74 15.0 0.65 14.5-16.3 5

1.00 8.00 0.50 7.5-8.5 12

1.20 6.50 0.53 5.9-7.5 4

1.48 6.00 0.61 5.5-7.0 5

1.90 5.80 0.42 5.0-6.6 5

TABLE 3.19 EFFECT OF BICARBONATE CONCENTRATION AT 80°C ON  
THE PROPENSITY TO SCALE FOR M AG N ET  SOLUTION

NaH C03 cone. Average Time S.D Time Range No. o f
(Mhr1 x lO 2) (mins) (mins) Runs

0.48 56.0 2.40 53.0-58.1 5

0.74 21.0 0.50 20.5-21.5 6

1.00 11.2 0.33 10.9-11.9 10

1.20 10.1 0.20 10.0-10.5 5

1.48 8.0 0.40 7.5-8.5 4

1.90 7.5 0.20 7.0-7.9 5

TABLE 3.20 EFFECT OF BICARBONATE CONCENTR ATTON > H 00 o o n o z

THE PROPENSITY TO SCALE FOR D U M M Y  SOLUTION

NaH C03 cone. Average Time S.D Time Range No. o f
(Mhr1 x lO 2) (mins) (mins) Runs

0.48 47.6 2.30 44.0-49.5 5

0.74 16.1 0.76 15.5-17.0 6

1.00 8.9 0.70 7.5-10.4 9

1.20 7.4 0.47 7.0-7.9 6

1.48 7.0 0.43 6.5-7.5 5

1.90 6.7 0.44 6.2-7.0 5
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TABLE 3-21 EFFECT OF BICARBONATE CONCENTRATION AT 85°C ON
THE PROPENSITY TO SCALE FOR CONTROL SOLUTION

NaHCOj cone. 
(M h r1 x lO 2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

0.48 37.0 1.10 36.0-38.5 5

0.74 14.0 1.30 12.2-15.0 5

1.00 7.5 0.50 7.0-8.0 7

1.20 6.0 0.70 5.5-7.0 6

1.48 6.2 0.75 5.1-7.0 8

1.90 5.4 0.65 4.1-6.0 5

TABLE 3.22 EFFECT OF BICARBONATE CONCENTRATION AT 85°C ON  
THE PROPENSITY TO SCALE FOR M AGNET SOLUTION

NaHCOj cone. 
(M h r1 x lO 2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

0.48 43.7 1.00 42.0-46.4 6

0.74 17.1 0.44 16.0-18.1 6

1.00 9.4 0.30 9.2-9.9 6

1.20 8.5 0.30 7.5-9.5 5

1.48 7.2 0.26 7.0-7.5 6

1.90 6.6 0.30 6.2-7.0 4

TABLE 3.23 EFFECT OF BICARBONATE CONCENTRATION AT 85°C ON  
THE PROPENSITY TO SCALE FOR DUM M Y SOLUTION

NaH C03 cone. 
(M h r1 x lO 2)

Average Time 
(mins)

S.D Time Range 
(mins)

No. o f 
Runs

0.48 38.0 1.60 36.0-39.9 5

0.74 14.7 0.21 14.5-15.0 6

1.00 8.3 0.55 7.5-9.1 10

1.20 7.2 0.70 7.0-8.5 4

1.48 6.5 0.50 5.0-6.5 5

1.90 5.4 0.40 4.9-6.0 5
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Propensity to scale measurements were carried out for each o f the hydrogen carbonate 

concentrations and temperatures listed above. After each experiment, a sample from the 

magnetic and dummy was analysed by AAS for its copper, iron and cobalt content.

The data in tables 3.12-3.14; 3.15-3.17; 3.18-3.20; and 3.21-3.23 show the average scaling 

times for all the concentrations studied at 70, 75, 80 and 85°C respectively. The effect o f 

sodium hydrogen carbonate concentration on the propensity to scale measurements at 70, 75, 

80 and 85°C is illustrated graphically in figures 3.16-3.19 respectively. Examples o f the 

reproducibility o f the propensity to scale measurements at each temperature studied are given 

in figures 3.20-3.23. In addition, examples o f the scaling profiles o f the propensity to scale 

measurements are given in figures 3.24 (A  and B).

3.7 RESULTS

For some o f the results in this section, the percentage reduction in the propensity to scale for 

a magnetically treated solution over a control solution is given. This was calculated from 

equation 3.2 given by:

Let C =  Control Af= Magnet D =  Dummy } all average values

I f  D  - C =  8 (Turbulence and Aeration factor)

and M  - f i  =  M ’ (Magnet value omitting turbulence 

and aeration factor)

M1 -  C  
C

x  1 0 0 %  P . R

EQUATION 3.2 Percentage Reduction in the Propensity to Scale 

% P.R. =  Percentage Propensity Reduction

* Propensity to scale for a control solution is taken to be 100%
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FIGURE 3.16 Effect of sodium hydrogen carbonate concentration at 70°C on the

propensity to scale

Time (mins)

FIGURE 3.17 Effect of sodium hydrogen carbonate concentration at 75°C on the

propensity to scale
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FIGURE 3.18 Effect of sodium hydrogen carbonate concentration at 80°C on the

propensity to scale

Time (mins)

FIGURE 3.19 Effect of sodium hydrogen carbonate concentration at 85°C on the

propensity to scale

Time (mins)
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FIGURE 3.20 Reproducibility of propensity to scale measurements at 70°C for

0.24 M H r1 solution
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FIGURE 3.21 Reproducibility of propensity to scale measurements at 75°C for

0.48 M H r1 solution
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FIGURE 3.22 Reproducibility of propensity to scale measurements at 80°C for

0.48 M Hr1 solution

FIGURE 3.23 Reproducibility of propensity to scale measurements at 85°C for

0.24 M H r1 solution
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FIGURE 3.24 (A) example of propensity to scale measurement for

0.24 MHr1 hydrogen carbonate at 70°C

Back pressure in 1.1 mm coil
10 i

__ “ Control ----Dummy ----- Magnet

8

84.5 96 129

FIGURE 3.24 (B) Example of propensity to scale measurement for 

0.48 M H r1 hydrogen carbonate at 80°C

Back pressure in 1.1 mm coil
lO-i!

----- Control ----D u m m y  ---- Magnet

8 -
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The calculation shows the reduction in the tendency o f a magnetically treated solution to 

precipitate as compared to an untreated (control) solution, which is taken to have a propensity 

to scale value o f 100%. Also taken into account in the calculation are the turbulence and 

aeration factors, caused by circulation, that tangibly influence the scaling times (precipitation 

rate) for the magnet and dummy solutions when compared to an uncirculated control solution.

3.7.1 Magnetic Treatment of Sodium Hydrogen Carbonate Solution on the

Propensity to Scale of Calcium Carbonate

The data in table 3.4 for this investigation indicate that the magnetic treatment o f a sodium 

hydrogen carbonate solution, principally the hydrogen carbonate ion, had no effect on calcium 

carbonate precipitation, when compared to treatment in zero field conditions i.e. control and 

dummy treatments. The propensity to scale measurements for magnet and dummy solutions 

were equivalent and the standard deviations for these measurements overlapped. 

Unexpectedly, the control solution took a slightly longer time to scale than both the circulated 

magnet and dummy solutions, although this result was thought to be statistically insignificant.

3.7.2 (A ) Magnetic Treatment of a Calcium Chloride Solution using

Copper Housed Units (C .H .U )

The data in table 3.5 for this investigation showed that the magnetic treatment o f a calcium 

solution decreased the calcium carbonate precipitation rate when magnet, dummy and control 

samples are compared. The average scaling time for the magnetically treated solution was 

longer (ca. 4 minutes) than for solutions treated in zero field conditions i.e dummy or control 

solutions. As expected, the dummy solution took slightly longer to scale than the control 

solution. This was attributed to turbulence which marginally increases the precipitation time. 

However, it was found that prolonged circulation (25 hours) o f the dummy and magnet 

solutions gave inconsistent results and the dummy scaling time was longer than that for the 

magnet (table 3.6). It was thought that because o f the acidic/ corrosive nature o f the calcium 

chloride solution, the copper housing o f the magnetic unit was being attacked and dissolved 

by the solution. This was shown by the discolouration o f the dummy and magnet circulating 

solutions which turned yellow/brown. Subsequently these solutions were tested for their
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copper, iron and cobalt content. These measurements showed that cobalt and iron were in 

trace amounts and copper was the most prevalent ion. Also, the dummy sample was found 

to contain more copper than the magnet sample (2.2 ppm and 1.3ppm respectively). It has 

been shown that ions such as copper, zinc [23] and iron [24| can affect the nucleation 

processes and hence the crystal growth o f calcium carbonate. These ions can act as 

prenucleating sites or in some situations partially inhibit crystal growth. The latter parameter 

might account for the difference in scaling times between the treated magnet and dummy 

solutions.

3.7.2 (B) Magnetic Treatment of Calcium Nitrate Solution using Plastic Housed Units

The data in table 3.7 indicate that, like the data in table 3.5, the magnetic treatment o f the 

calcium solution affects the scaling time o f calcium carbonate. The magnetically treated 

solution was shown to significantly increase the precipitation time o f calcium carbonate when 

compared to the dummy and control solutions. As expected, the dummy scaling time was 

marginally longer than the control solution, and as in experiment 3.6.2 (A ) was attributed 

to factors such as turbulence and aeration caused by constant circulation from the peristaltic 

pump. The data show an average reduction in the propensity to scale o f 67% for magnetic 

treatment when turbulence and aeration factors are taken into account (see equation 3.2). 

Measurements o f the copper, iron and cobalt content for both magnet and dummy solutions 

were found to be in trace amounts (<0.01ppm ) for all three elements and therefore, the 

magnetic and dummy P .H .U .’ s did not appear to corrode even after prolonged circulation as 

compared to the C .H .U .’s used in experiment 3.7.2 (A ).
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3.7.3 Effect of Flow Rate on the Rate of Precipitation Experiments

The results for the flow rate experiments shown in tables 3.8-3.11 show firstly that the 

magnetic treatment o f the 250 ppm calcium nitrate solution in each flow rate experiment 

caused a significant decrease in the rate o f precipitation o f calcium carbonate when compared 

to the rates for the replicate non-magnetic (dummy) and control treatments. Secondly, the 

magnitude o f the decrease was found to vary slightly with the flow rate o f the calcium 

solution flowing through the one inch magnetic unit. The data in figure 3.11, which 

illustrates graphically the average scaling times for magnet, dummy and control solutions at 

each o f the flow rates studied, appears to indicate that the most effective flow rate for the 

circulating calcium cation was at 9 L  min'1. At this flow rate the magnetic treatment o f the 

calcium nitrate solution gave an average propensity to scale measurement o f 32.6 mins and 

standard deviation o f 0.77. The propensity to scale measurements for the magnet at 6 and 

12 L  m in1 were found to be almost the same (average o f 29.9 and 30.3 minutes respectively 

with standard deviations o f 0.81 and 1.0 respectively). The measurements for the magnet at 

16 L  min'1 flow rate were marginally less (29.2 minutes) than those for 6 and 12 L  m in1 with 

a standard deviation o f 0.98 which was within the average measurement for 6 L  m in'. The 

slight difference in average scaling times between the magnetic runs at 9 L m in1 and those 

at 6,12 and 16 Lm in1 was thought to be negligible because o f the very narrow margin o f 

difference (almost two minutes) and may possibly be attributed to turbulence fluctuations 

between the flow rates.

Most notably, the flow rate range studied in this work, over which the magnet was shown 

to significantly reduce scale buildup, appeared to lie within, and therefore be consistent with, 

the published range o f flow rates at which the magnet is purported to operate most 

effectively. The published calculated range was predicted to have a minimum optimum flow 

rate o f 10.5 L  m in1 and maximum optimum o f 22.5 L  m in1.

The calculation o f the percentage reduction in the propensity to scale for the magnet solutions 

as compared to the control solution showed: 6 L  min'1, 12%; 9 L  min"1, 26.7%; 12 L  m in1, 

14.5%; and 15.9 L  m in1, 11%. These calculations clearly illustrate the efficacy o f the 

magnetic treatment o f the calcium solution over the range o f flow rates studied, showing
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significant reductions in each case. The calculation also highlights the slight fluctuations in 

turbulence between each flow rate (as the calculation takes into account the factor o f 

turbulence see section 3.7). Thus, because there appeared to be less fluctuation in turbulence 

at 9 L  m in1 as compared to the other flow rates, shown by the greater % reduction in 

propensity to scale for this flow rate (26.7%), it was decided that 9 L min ' would be a 

suitable flow rate at which to carry out any further investigations using this particular 

magnetic unit.

Measurements o f the propensity to scale for the dummy solutions at each o f the flow rates 

studied showed that as the flow rate increased from 6 through to 16 L m in1, the average 

scaling time increased. This was attributed to the increase in turbulence as the calcium 

solution circulated through the magnetic unit. In addition, similarly to the plastic housed 

units, analysis for the copper, iron and cobalt contents for both magnet and dummy solutions 

showed that all three elements were in trace amounts ( <  0. lppm) and therefore the corrosion 

o f the one inch HDL magnetic units appeared to be minimal, even after prolonged circulation 

times.

3.7,4 Sodium Hydrogen Carbonate Concentration and Temperature Experiments

All sodium hydrogen carbonate concentrations quoted here are given in units o f x 102 M H r '.

The propensity to scale data for the CaC03 precipitations carried out at 70°C in tables 3.12- 

3.14 and figure 3.16 showed generally that as the concentration o f hydrogen carbonate 

increased, the difference between magnetic and both dummy and control treatments 

progressively decreased. Thus, the largest margins o f difference between magnetic and both 

control and dummy treatment were observed when the calcium concentration was in excess 

o f that for the hydrogen carbonate i.e. between 0.24-0.74 M H r1. At the lowest NaHC03 

concentration o f 0.24 M H r1, the greatest difference, 27 minutes, was observed. At 

equimolar concentrations (c.a. 1.0 M hr1), the difference between magnetic and zero field 

treatments was apparent but it was reduced, and when NaHC03 was in excess o f calcium (i.e. 

between 1.2 and 1.9 M H r ‘), the difference was marginal e.g. at 1.9 M hr1 the difference was 

approximately 3 minutes.
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The propensity to scale data at 75 and 80°C for concentrations o f NaHC03 o f 0.48-1.9 M H r1 

given in tables 3.15-3.20 and figures 3.17 and 3.18 for magnetic and zero field treatments 

followed almost the same trend as that found at 70°C. The effect o f increased temperatures 

(from 70 to 75; and 75 to 80°C) however, progressively decreased the average scaling times 

between magnetic and zero field treatments, over the range o f bicarbonate concentrations 

studied.

The data at 85°C in given tables 3.21-3.23 and figure 3.19 show that there was only a 

significant difference between magnetic and dummy propensity to scale measurements when 

the ion concentration for calcium was in excess o f that for hydrogen carbonate, the magnitude 

o f which was small (5 minutes at 0.48 MHr '). At equimolar concentrations, the difference 

in scaling times was further reduced and at concentrations o f approximately 1.4 MHr ' and 

greater the difference between magnetic and zero field treatments was almost negligible. At 

the lower temperatures the difference between magnet and dummy treatments was much more 

significant, and this illustrates that the cumulative effect o f temperature and concentration at 

85°C overrides the turbulence and magnetic effects, causing very negligible differences 

between all three treatments.

The individual effects o f temperature and concentration on the precipitation rate are shown 

in figures 3.25 and 3.26 respectively. F ig.3.25 shows the effect o f increased temperature on 

magnetic treatment only, when the NaHC03 concentration was kept constant. The curves o f 

this graph emphasise that as the temperature increased from 70 to 85°C the magnetic effect 

progressively diminished for each concentration o f NaHC03. At 85°C the difference between 

the higher NaHC03 concentrations was marginal. Figure 3.26 shows the effect o f NaHC03 

concentration on magnetic treatment only, when the temperature was kept constant. The 

curves o f this graph show that as the NaHC03 concentration increased the magnetic effect 

also progressively decreased. Thus, when temperature and concentration are considered as 

parameters that influence (i) the rate o f precipitation under normal conditions and (ii) the 

magnitude o f the magnetic effect, then both appear to confer very similar effects on (i) and 

(ii).
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magnetic treatment only

FIGURE 3.25 Effect of temperature on propensity to scale measurements for
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magnetic treatment only

FIGURE 3.26 Effect of concentration on propensity to scale measurements for
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The results for the temperature and concentration experiments found in this work are 

consistent with those obtained by Stimpson |25|, at City University, who found similar trends 

in propensity to scale measurements between magnetic and zero field treatments. However, 

these experiments differed in that (a) an electromagnetic device was tested (b) the range o f 

sodium hydrogen carbonate concentrations studied was much higher (0.95-5.0 x 102 M H r ') 

and (c) only three temperatures were investigated (70, 80 and 90°C).

In summary, the temperature and concentration experiments showed the following:

(1) In general, as the concentration o f sodium hydrogen carbonate increased, the scaling 

times for all three treatments decreased. This was expected as if  hydrogen carbonate ions are 

supplied to the left side o f the equilibrium equation 3.1, then the equilibrium will move to 

the right and produce more calcium carbonate. Also, as the temperature increased the 

average scaling times decreased, when corresponding bicarbonate concentrations were 

compared at each temperature. This was attributed to the increased rate o f reaction o f the 

bicarbonate ion with the calcium ion which again moves the calcium carbonate equation 3.1 

to the right, and therefore, an increase in the production o f calcium carbonate.

(2) The magnetic effect was most pronounced when the concentration o f calcium was in 

excess o f that for the bicarbonate and therefore at very low concentrations o f bicarbonate. 

At equimolar concentrations the magnetic effect was still apparent but gradually diminished 

as both the concentration o f bicarbonate and temperature increased.

(3) When the sodium hydrogen carbonate concentration was in excess o f that for the calcium 

solution, the magnetic effect was minimal for the 70, 75 and 80°C experiments. At 85°C, 

there was no discernible difference in scaling times for all three treatments, and this was 

attributed to the cumulative effect o f temperature and concentration which overrides the 

magnetic and turbulence effects.
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(4) A  comparison o f the concentration curves o f figures 3.16-3.19 shows that an exponential 

relationship appears to exist between the average scaling times for all three treatment types 

and the concentration o f the sodium hydrogen carbonate. This relationship is more apparent 

for the magnetic curves.

A  AS analysis o f the magnetically treated calcium solution showed that after 140 hours o f 

continuous circulation through the one inch magnet and dummy units, only trace amounts o f 

iron and copper ( <  0.01 ppm) were detected. The analysis for cobalt showed that levels 

reached approximately 0.08 ppm for both dummy and magnet solutions after the same 

duration o f circulation.

3.8 DISCUSSION

3.8.1 Summary of the Results

It is clear from all the data presented in the results section o f this chapter that there is 

overwhelming evidence that the magnetic treatment o f the cation scaling solutions, prior to 

precipitation significantly affects the rate o f precipitation o f calcium carbonate, in comparison 

to the normal precipitation o f the scale. The parameters that influence the observed magnetic 

phenomena together with the main inferences drawn from each experiment are summarised 

below:

1. The magnetic treatment o f a sodium hydrogen carbonate solution, and principally 

the hydrogen carbonate anion, has no effect on the rate o f precipitation o f calcium 

carbonate, when compared to treatments carried out in zero field conditions.

2. The magnetic treatment o f a calcium solution, and principally, the calcium cation, 

significantly reduces its propensity to scale, when precipitated with sodium hydrogen 

carbonate solution, to form calcium carbonate. Therefore, the rate o f precipitation 

o f calcium carbonate, compared to treatments in zero field conditions, is significantly 

reduced.
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3. The reduction in the precipitation rate, shown by magnetic treatment or "magnetic 

effect", was shown to be significant over a range o f flow rates viz. 6, 9, 12 and 15.9 

L  m in1, as compared to measurements for zero field conditions. The magnitude o f 

the reduction in the precipitation rate however, appeared to be independent o f flow 

rate o f the circulated calcium nitrate solution, over the range covered in this work. 

The flow rate o f 9 L  m in1 was chosen as a suitable flow rate to use in any further 

precipitation investigations using this particular magnetic unit.

4. The magnitude o f the magnetic effect is also dependent on the concentration o f 

sodium hydrogen carbonate applied to the cation scaling solution and the temperature 

at which the precipitation occurs. In this work, magnetically treated solutions 

precipitated at both lower temperature and hydrogen carbonate concentration, over the 

ranges covered in this study, favoured a significant reduction in the calcium carbonate 

precipitation rate when compared to treatments carried out in zero field conditions.

In addition, it has been shown that the observed magnetic effect is reproducible.

The following section attempts to ascribe a scientific basis to the magnetic phenomena which 

is both manifest in all the points listed above and thought to affect the charged species present 

in the calcium solution.

3.8.2 Interpretation of the Observed Magnetic Phenomena

It is evident from all the experiments conducted in this work that when permanent magnetic 

fields are applied to a circulating calcium solution there is always a substantial reduction in 

the propensity to calcium carbonate when compared to solutions treated in zero field 

conditions. Thus, magnetic treatment o f the calcium solution must affect the constituents o f 

the solution which then must later act downstream away from the field to reduce the 

precipitation rate. Therefore, any attempt to explain the magnetic phenomena observed in 

this work must encompass an explanation o f both o f the following: (a) the effect that the 

magnetic field has on the charged species in solution and; (b) the downstream effect 

that the magnetically treated charged species has on the crystal growth processes.

148



At present there are two possible theories to explain the general magnetic phenomenon for 

the reduction o f scale deposition in fluids viz.

(1) The Lorentz Effect - the result o f the mutual interaction o f the charged particles in a 

flowing fluid with magnetic field.

(2 ) Crystal Nucleation Modification - by the direct interaction o f the magnetic field with 

nuclei or structures associated with nuclei formation.

The merits o f both o f these possible theories in terms o f encompassing explanations for both

(a) and (b) and therefore elucidating the magnetic phenomena observed in this work are 

discussed in turn.

(1) The Lorentz Effect 

Theoretical

The theory o f magnetohydrodynamics (M H D ) [26) explains the effects o f magnetic fields 

on charged species in fluids. MHD phenomena, alternatively referred to as magnetofluid 

dynamics (M FD ) [27], centres upon the mutual interaction between the magnetic field and 

the velocity o f the conducting fluid flowing across it. The fluid is said to conduct because 

it contains charged species viz. either ions, molecular dipoles or electrons, which if  a current 

path is available allows an electric current to flow. The current or electromagnetic force 

(emf) is produced when the fluid flows transversely through the magnetic field. The 

interaction o f both current and magnetic field produces a force that opposes the relative 

motion o f the fluid. In addition, an induced magnetic field is generated by the current, 

termed self induction, which distorts the original magnetic field.

A  charged particle in the fluid is acted on by three forces:

1. The Electrostatic F ield , E, (volts/m), arising from the attractive and repulsive 

forces on charged particles.

2. The Magnetic Force , v x B (Newtons per unit charge), which is a result o f the 

interaction o f the fluid velocity and the applied field, and is orthogonal to v and B.

3. The Induced Magnetic F ie ld , Ei; defined by the change in the magnetic field with 

time.
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The total force on the particle per unit charge is denoted by:

Er =  E +  v B

where; E =  E; +  E,

I f  a positively charged species o f charge,Q, passes through a magnetic field o f strength,B, 

with a velocity, v, the interaction between the field, the charge and the velocity cause a 

force,F, to act on the charged species such that:

F =  QBv EQUATION 3.3

The force F, is termed the LORENTZ  force, and is a modification o f E =  E, +  Es, 

which excludes the induced electric field component. The direction o f the force, F, acts 

perpendicular to the plane established by the vectors v and B.

Alfven [28-29| has described the physical basis o f the interaction between a conducting 

medium and a magnetic field. He states that " a magnetic field alters the nature o f the 

motion o f charged particles (electrons and ions) but does not affect neutral particles.” A  

charged particle moving in a plane perpendicular to the magnetic field executes circular 

motion, the radius (Larmor) o f the circle being given by:

me 8 kT
N n m

where: m =  Mass; B =  Intensity of the Magnetic Field; | / | =  Linear Dimension; and

T  =  Temperature
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The direction o f the motion is opposite for positive and negative particles. When a particle 

has a velocity component parallel to the field then it moves in a helix instead o f a circle, as 

shown in figure 3.28 (A ). However, in a non-uniform magnetic field, the radius o f curvature 

o f the helix in which a particle moves is more complex and may even turn through 180°,as 

illustrated in figure 3.28 (B). Essentially, figures 3.28 (A  and B) demonstrate how the 

magnetic field contorts the random course o f motion o f the charged particles and therefore 

reduces their freedom o f movement.

As mentioned previously in section 3.6.3, the calculation o f the optimum flow rate (or 

optimum flow rate range) for the HDL units is based purely upon the Lorentz force 

calculations for the ions in solution. The calculation o f the optimum flow rate would thus 

take into account the following factors from equation 3.3: the field strength, B, o f the applied 

magnetic field; and the magnitude o f the charge, Q, on the charged species in the fluid. The 

optimum flow rate, v, would thus be the calculated maximum Lorentz force, F, generated 

on the ions.

It is suggested that the calculation o f the optimum flow rates for the magnet units by this 

method may partially explain why the optimum flow rate range determined in this work 

(section 3.6.3) differed slightly from that published by the manufacturers o f the magnet 124). 

This is because the published flow rate range assumes that the general magnetic phenomena 

(i.e. the efficacy o f the magnetic units in reducing scale deposition) must be wholly caused 

by Lorentz type interactions. This is unlikely to be the case.

Possible Interpretation of the Magnetic Phenomena in terms of the Lorentz Effect

The Lorentz energy generated by the Lorentz force on ions in flowing solutions is 

theoretically o f significance in influencing crystal growth processes at the crystal-solution 

interface.

As described in section 3.3.5 the nucleation and subsequent crystal growth processes are 

comprised o f a series o f steps and include the setting up o f diffusion layers between the 

solution and the faces o f the growing crystal and the diffusion o f ions across this layer to the
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solution-crystal interface. During this process the growing faces will carry a net charge which 

will differ from face to face and any parameter that disrupts the balance of charge on 

each face or alters the way in which ions have access to the faces by way of the 

crystal-solution interface will affect the subsequent growth of the crystal.

Theoretically, ions carrying extra Lorentz energy could satisfy this criteria by:

(a) Altering the diffusion o f  ions through the diffusion barrier. For a crystal to grow 

from a supersaturated solution, the constituent ions must cross a diffusion layer (see tig. 3.27) 

at the crystal surface which changes the concentration gradient o f ions from supersaturation 

in the fluid to zero at the crystal. Transport across the diffusion layer could be affected by 

the extra energy attributed to the ion by the Lorentz-type interactions which could possibly 

alter its characteristic diffusion pathway through the concentration barrier or until the excess 

energy is dissipated by collisions.

(b) Lorentz effects at the crystal interface. Ions which gain additional Lorentz energy 

could dissipate this extra energy upon collision with the growing crystal face. Such energy, 

although small in magnitude could prove significant at the point o f contact and it is possible 

that extra energy provided to the crystallizing system from ions carrying extra Lorentz energy 

may contribute in determining the subsequent growth o f the crystal.

Although the Lorentz effects (a) and (b) described above could theoretically influence crystal 

growth, such processes could not possibly account for the downstream effect o f the 

magnetically charged species for the phenomena observed in this work. For such processes 

to occur the ions in solution would have to carry the Lorentz energy downstream, away from 

the field, over a considerable distance to the point o f crystallisation without giving up any o f 

this extra energy. This is very unlikely to occur because this excess energy would be 

dissipated rapidly upon the normal collision mechanisms between ions and water molecules 

and therefore processes (a) and (b) cannot possibly be significant factors in the phenomena 

observed in this work.
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FIGURE 3.27 Schematic of the diffusion layer set up at the crystal-solution 

interface including the temperature and concnetration gradients
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FIGURE 3.28 Motion of charged particles: (A ) in a uniform magnetic field; (B ) in 

non uniform magnetic field. The large sphere represents a positive ion, the small

one an electron
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The Lorentz effect also fails to explain other magnetic phenomena, such as downstream 

descaling (removal o f existing scale deposits by the magnetic treatment o f fluids) which 

although, not investigated in this work, has been reported by other workers including those 

at City University [30|. Previous calculations |24] o f the Lorentz energy generated by ions, 

M2+, flowing at 0.95 m3H r1 through a magnetic field o f 2.5 kGauss indicate that the force 

may be sufficient to influence particle interaction but would not be enough to account for any 

substantial work such as the above mentioned phenomena, particularly in light o f the collision 

processes between ions which, as mentioned, would dissipate most o f the energy.

(2) Crystal Nucleation Modification

Possible Interpretation of the Magnetic Phenomena in terms of 

Crystal Nocleation Modification

The majority o f studies on the magnetic treatment o f fluids (including solutions which 

precipitate calcium carbonate) in this work, have focused exclusively on precipitations from 

supersaturated solutions and essentially on the magnetic effects at solid-fluid interfaces at the 

point o f crystallisation. The magnetic phenomena observed in these studies are best explained 

in terms o f the field-charge interactions o f the magnetic field with the stable crystal nuclei, 

present in the fluid. The field-charge interaction is thought to modify the surface properties 

o f the nuclei and so influence crystal growth. This theory provides a satisfactory explanation 

o f the effects o f magnetic fields on crystallisation processes, when the applied fie ld  acts at 

the point o f  crystallisation, but cannot account for the downstream phenomena observed 

in this work, principally because it is very unlikely that the undersaturated aqueous solutions 

o f calcium ions that were magnetically treated in this work contained any stable nuclei. The 

crystal nucleation modification theory is discussed in greater detail in section 4.11.2 o f 

chapter 4.
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Ascribing an Alternative Explanation to the Magnetic Phenomena

Observed in this Work

All the magnetic phenomena observed in this work have been facilitated by the magnetic 

treatment o f undersaturated aqueous calcium ion solutions (similar to the fluids that are 

encountered in many industrial situations), which were precipitated with hydrogen carbonate 

anions downstream away from the magnetic field in a microbore tube. The charged species 

present in these solutions that could be affected by the magnetic field would include the 

dipolar water molecule and the ions present but, they should not contain stable nuclei to 

permit field-surface charge interactions.

The effects attributed to the ions in solution were discussed earlier (pp 151-152) and those 

attributed to water molecules, although they could be affected by the field because o f their 

polarity and diamagnetic properties, should be regarded as being negligible, essentially 

because any field-dipole interactions o f this type are likely to dissipated very rapidly. 

Therefore there must be other species present in solution on which the magnetic field acts to 

achieve the observed downstream phenomena.

Although it has been stated that the fluids treated in this work should not contain stable 

crystal nuclei, the concept o f clusters o f ions forming prior to the development o f the nuclei 

is now widely accepted. Evidence for the formation o f clusters comes from fundamental 

work on nickel chloride complexes in aqueous solution, where a comparison o f the liquid 

structure o f the complex was found to be very similar to that found in the solid state [31], 

An explanation o f the suggested importance o f these clusters in influencing crystal growth 

processes is described here.

The clusters that form prior to stable nuclei would essentially consist o f hydrated ions (for 

the solutions used in this work clusters would be hydrated Ca2+) in close proximity to each 

other. Such species would have high surface charge and be stable enough to have a finite 

lifetime in the fluid. Both o f these factors would be significant in determining the effect that 

these species have on the subsequent nucleation process, especially in terms o f explaining the 

observed downstream phenomena. It is suggested therefore, that interactions between the
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magnetic field and these clusters, although they would not have the discrete crystal structure 

associated with nuclei, would be important because field-charge interactions resulting in the 

formation and destruction o f clusters would affect the nature o f the nuclei formed from them 

and the subsequent crystallisation pattern. This is illustrated in the scheme below whereby 

the clusters are thought to be in equilibrium with both the ions and nuclei in the fluid:

K ’ K ”
IONS  r  CLUSTERS ~Z N U C LE I

PROPOSED SCHEME OF THE EQUILIBRIUM OF CLUSTERS IN A FLUID

The stability o f the clusters in the scheme above would prove to be highly important because 

this would influence the formation o f nuclei and hence the crystallisation and precipitation 

processes o f the scale. It is further suggested that the applied field must therefore influence 

the kinetics o f the equilibrium process (essentially the proposed equilibrium constants K ’ and 

K ” ) which would thus control the eventual rate o f formation o f the solid.

3.9, CONCLUSION

In conclusion, the reduction in the propensity to scale o f undersaturated calcium ion solutions, 

and hence the reduction in the rate o f precipitation o f calcium carbonate observed in this 

work, upon the application o f a magnetic field is explained in terms o f the field-charge 

interactions o f clustered species present in the fluid that form prior to stable nuclei. It was 

suggested that the stability o f the clustered species is influenced by the applied field which 

subsequently affects the crystallisation and precipitation processes.
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CHAPTER 4

THE MAGNETIC TREATMENT OF FLUIDS: TREATMENT OF FORMATION  

WATER AND  SEA WATER FLUIDS AND  PRECIPITATES FORMED FROM

THESE SOLUTIONS
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CHAPTER FOUR

THE MAGNETIC TREATMENT OF FLUIDS: TREATMENT OF FORMATION 

WATER AND  SEA WATER FLUIDS AND  PRECIPITATES FORMED FROM

THESE SOLUTIONS

41 INTRODUCTION

Scale formation is a commonly occurring problem in the petroleum industry, particularly 

when it is deposited in oil production facilities. It is essentially aggravated in several types 

o f oil production including offshore oil production where sea water, injected to maintain 

reservoir pressure and, in certain oil production processes, aid in oil recovery, mixes with 

formation water. This combination often results in scale formation occurring as the mixed 

fluids approach, and enter, the well-bore. The types o f scale obtained under these conditions 

can form as either individual scales, as a combination o f scales, or more commonly as a 

combination o f both and these are discussed in section 4.3.

4 2 PROBLEMS OF SCALE IN OIL PRODUCTION

A  possible route for produced fluids (which always contain water with dissolved mineral 

matter) from the formation to the refinery in oil production, begins with movement along 

minute fractures into larger fractures and eventually into the well bore, up the tubing string, 

through surface separation equipment and into gathering lines. Fluids can then be diverted 

either into transmission lines on the way to the refinery or to a gathering system, either to 

be disposed o f or reinjected for further recovery. At any point in this route the minerals have 

ample opportunity to come out o f solution and deposit. Such deposition is therefore 

undesirable for the following reasons.
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4,2.1 Production

Oil production levels can be drastically curtailed or, in some cases, completely cease because 

the casing perforations and production string that convey the oil from the well-bore to the 

refinery become contaminated with buildup o f scale. This contamination interferes with the 

open access o f the oil to the production tube. The reduced cross-section available for 

production causes a dropping-off o f reduction levels, a pressure resistance to the reservoir and 

consequent loss o f production and income.

4.2.2 Maintenance

Scale buildup in the well bore and production facilities such as the well heads, flow lines, 

transmission lines, process equipment and disposal system, requires some form o f intervention 

for maintenance purposes. Maintenance procedures can include: in severe cases, the use o f 

expensive workover rigs to rework the wells; treatments to unplug injection wells which may 

have to be drilled, reamed, fractured or otherwise reopened; surface lines that become totally 

plugged have to be replaced, sometimes to the extent o f several miles at a time; and the 

cleaning or replacement o f filters that become blocked. The chemical and mechanical 

techniques used to treat or prevent scale formation in well-bore and oil production equipment 

are discussed in section 4.4

4.2.3 Disposal of Scale

The disposal o f solid scale particles that are mechanically removed causes further problems 

and greater costs for the operator. In particular, the scales formed from barium sulphate 

present a hazardous problem in that they are radioactive since they contain radium leached 

with the barium from the formation rock. Because o f the radioactivity, there are only 

restricted and relatively costly disposal opportunities. The material cannot be simply dumped 

either at sea or on-shore but must be disposed o f by licensed disposal companies. Awareness 

o f the extent o f this disposal problem is growing amongst operators and the public as the 

amount o f scale to be disposed o f increases along with increasing use o f water injection 

techniques. Doubtless the future disposal o f barium sulphate scale will become even more 

costly and environmentally sensitive unless an acceptable alternative scale prevention 

technique can be devised.
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4.3 SCALE FORMATION IN OIL PRODUCTION

Scale formation is governed by two factors viz. (1) nucléation and (2) solubility. Details o f 

the factors that influence these processes have already been discussed in chapter 3 (section 

3.3). However, the factors that are o f particular relevance to, and influence and augment, 

scale formation in the oil production installations are discussed in the following section.

4.3.1 Formation Water

The solid scales formed in oil production wells arise directly from the ions dissolved in the 

formation waters and, in particular, from the levels o f calcium, barium, strontium, sulphate 

and carbonate ions. Consequently, the most common types o f mineral scale encountered in 

the oil industry are barium sulphate, strontium sulphate, calcium sulphate and calcium 

carbonate. They are rarely found in their pure form, but more often than not, in combination 

with each other. Other deposits, generally deposited as a co-deposit with these scales, include 

strontium carbonate, mineral deposits o f silica and iron-containing corrosion products.

Formation waters exist as connate brines in hydrocarbon reservoirs and are usually produced 

in varying but large quantities with almost all oil or gas. Such waters vary considerably in 

chemical composition and behaviour because they are constrained in an aquifer and form 

when subsurface brines become highly mineralised by contact with the formation rock 

coupled with high pressures and temperatures and, in some cases, bacterial activity over long 

periods o f geologic time. These waters change constantly with time, although the changes 

may be so small that the waters are considered to be in an equilibrium condition. Once the 

formation is tapped with a drill, however, and the formation fluids are brought to the surface, 

the water undergoes rapid and drastic changes e.g. temperature, pressure and the levels o f 

supersaturation o f chemical constituents, the result o f which can cause the fluids to dissolve 

or deposit solids or other matter with which they come into contact.
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4,3.2 The Problems of the Mixing of Incompatible Waters

Many oil recovery operations, in particular those concerned with secondary recovery, use the 

technique termed waterflooding to aid in the general recovery o f oil from subsurface 

formations and enhance production levels. The technique was discovered by accident in 1912 

111 when early pioneers forced water into neighbouring oil wells and obtained an increase in 

production o f oil from adjacent wells. Modem techniques have been modified and improved 

since then. The oil industry uses a variety o f fluids for waterflood operations to recover 

petroleum from subsurface reservoirs including fresh water (when available), formation 

waters produced with the oil (which are reinjected), or more commonly sea waters. In many 

instances, it is not possible to obtain waters that are chemically compatible with the formation 

water. Therefore, when incompatible waters co-mingle and their chemical constituents 

interact, changes in supersaturation levels and the consequent precipitation o f solids often 

occur. In general, barium sulphate and, to a lesser degree, strontium sulphate, are usually 

the main scale deposits to form.

In operations where sea water is used as the waterflood fluid, as in offshore installations, 

severe scaling problems are a common problem since sea waters, usually with a high 

concentration o f sulphate ions, mix with formation brines usually containing high 

concentrations o f barium or strontium ions. Mixing can take place when the injected sea 

water breaks through to the producing wells or prior to the entry o f the fluid to the well bore, 

which can lead either to the entry o f supersaturated barium or strontium sulphate solution into 

the well bore or to precipitation o f the solid sulphates deeper in the formation.

An example o f the incompatibility o f waters and the subsequent formation o f barium and 

strontium types scales is shown in table 4.1. for petroleum operations in Oklahoma, U .S.A 

[2|. The data show the effect o f incompatible mixing: Arbuckle water, high in sulphates and 

low in barium and Bartlesville water, high in barium and low in sulphates. The results show 

that barium sulphate was the most prevalent scale-forming material (80.1 %).
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4.3.3 Temperature and Pressure Effects

Aside from the mixing o f incompatible fluids, the precipitation o f scale-forming materials is 

also influenced by changes in temperature and pressure o f the waters. Formation waters form 

and remain under conditions o f high temperature and pressure (particularly high partial 

pressures o f C 0 2) which allow potential scale-forming materials such as barium sulphate to 

remain in solution. However, when the fluids are brought to the surface, the gases expand 

and a cooling effect takes place along with substantial pressure drops. When this occurs, 

barium sulphate can precipitate from solution because its solubility increases with temperature 

and pressure. The effects o f temperature and pressure on barium sulphate solubility are 

shown in tables 4.2 and 4.3 respectively. The data in table 4.2 shows that both increase in 

temperature and salt concentration increases the solubility at atmospheric pressure. The data 

in table 4.3 shows that there is a 20 fold increase in the solubility o f barium sulphate at 

500°C and 1000 bars in superheated steam; and a 50 fold increase in NaCl solution, as 

compared to measurements at ambient temperature and atmospheric pressure at a neutral pH 

value.
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TABLE 4 .1  EXAMPLES OF INCOMPATIBLE WATERS USED IN  PETROLEUM

OPERATIONS, ORLA. U.S.A

ANALYSES OF BRINES ANALYSES OF SCALE

Milligrams /Litre

Chemical Bartsville Arbuckle Type
Scale

Percent

Sodium 52,000 58,400 - -

Calcium 10,700 13,900 CaC03 0.65

Magnesium 1,807 2,182 MgC03 8.12

Barium 250 nil BaS04 80.10

Sulphates nil 194 - -

Chlorides 104,750 120,750

Alkalinity 44 50

SrC03 4.45

SrS04 3.6

Others 2.68

Total 99.6%

TABLE 4.2 SOLUBILITY DATA FOR BaS04-NaCl-H20 SYSTEMS AT VARIOUS

TEMPERATURES

Molai Basis

NaCl(M) 2 5°C 35°C 50°C 6 5°C 80°C 95°C

0.0 1.08 1.25 1.44 1.54 1.62 1.68

0.1 3.92 4.47 5.20 5.78 6.13 6.30

1.0 9.6 10.6 12.8 15.5 18.1 20.5

u> • o 14.4 15.7 18.7 22.3 26.5 32.8

o
•

in 17.7 19.4 22.2 26.0 30.9 39.7

TABLE 4.3 SOLUBILITY OF BaS04 IN SUPERHEATED STEAM AT HIGH

PRESSURES

BaS04 in Water 

BaSO„ at 206°C in water 

BaS04 at 500°C in steam 

BaS04 with 100g NaCl

2 mg L'1 

10 mg L'1 

40 mg L"1 

105 mg L'1
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4.3.4 The Composition and Tendency of Formation Waters to Scale 

in Offshore Production

A formation water will have a natural tendency to scale formation if  it contains concentrations 

o f all the component ions o f the scale in excess o f the solubility o f the scale material. That 

is when the product o f the concentrations o f the component ions exceeds the solubility 

product for the solid in the fluid containing ions. The formation waters from several North 

sea oil fields illustrate this point, for example, Murchison formation water has the reported 

composition:

Ion Ca Ba Sr h c o 3 S04

mg L 1 212 42 42 960 <  5

The levels o f calcium and bicarbonate are high enough to give calcium carbonate scaling in 

the well as the temperature reduces from the reservoir. The Murchison formation water, 

however, contains only low levels o f sulphate ions and because o f this, does not have a 

natural tendency to form barium or strontium sulphate type scales. Barium and strontium 

sulphates can be deposited from a formation water o f this composition when sea water break 

through contains about 2,800 mg L 1 o f sulphate. Under these circumstances, the tendency 

to form scale will depend upon the concentrations o f barium, strontium and sulphate 

(particularly barium) and the percentage o f sea water break through. Sea water break through 

has two possible effects on scaling: (a) the supply o f sulphate ions for scale formation and

(b) a dilution effect. Very small amounts o f sea water break-through (about 1 %) can provide 

the conditions for sulphate scale formation even with barium levels o f 40 m gL 1 - the mixing 

becomes more acute with increasing levels o f barium and strontium in the formation water 

because o f the increased amount o f solid that can be deposited. For formation waters with 

significantly low levels o f barium and strontium, the dilution effects on the sea water may 

eventually lead to a reduction in sulphate-scaling tendency. An example o f this effect has 

been reported in the Cormorant field which has low levels o f barium and strontium (about 

15 m gL 1 o f each) and high sea water break-through levels.
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Barium and strontium sulphates have such low solubilities that they are deposited in the liner 

and lower sections o f the tubing tailpipe and this can lead to severe production losses. 

Examples o f reported barium levels (mgL ') in various fields are listed here in order o f 

increasing potential scaling severity: Fulmar (15), Cormorant (15), Magnus (20), Brent (39), 

Murchison (42), Thistle (54), Dunlin (60), Forties (210), Nelson (74), Brea (700), Agip T- 

Block (1000) and Millar (1050). High strontium levels have also been reported for some 

fields including Dunlin (55), Millar (110), Forties (570) and Fulmar (660).

4,4 MONITORING AND  COMBATTING SCALE

4.4.1 Monitoring Scale Formation

Operators o f offshore production facilities have developed elaborate computer models to 

indicate the likelihood and potential severity o f potential scaling problems. However, one 

o f the problems associated with characterising scale potential in offshore installations is the 

lack o f knowledge o f the solubilities o f potential scale formers in the mixed oil formation 

water-sea water fluids. A  number o f laboratory and field methods have been used to monitor 

scale formation for comparison with forecasts or to check the effectiveness o f scale prevention 

methods. Examples o f  field monitoring methods include:

Strain Gauge M onitoring - these permanently installed instruments measure mechanical 

stress which varies in proportion to the weight o f the production string. As scale builds up 

as a coating on the production tube, an increase in the string weight occurs.

Caliper Measurement - these devices are inserted by iron wire into the production tube to 

measure and record the actual open throat diameter for comparison with the installed 

diameter, hence giving a measure o f scale thickness.

Barium ion levels - determination o f barium levels in the produced water can be used as a 

measure o f scale formation. Any deposition o f barium sulphate would result in a decrease 

in the level o f barium determined in the produced water and is therefore a potential measure 

o f scale production. The problems with this method o f measuring scale formation are (i) Ba
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levels can in any case vary and (ii) the method does not distinguish between removal o f 

barium as a scale in the production tube and as a deposit deeper in the formation.

Scale Coupons - these perforated plates are inserted in a fluid stream and become oriented 

so that fluid flow actually impinges on the coupon, creating turbulence. Scaling tendencies 

are monitored by initially weighing, drying and reweighing the coupons over a specified test 

time and then the amount o f scale deposited is recorded.

4,4,2 Combatting Scale Formation

The methods o f combatting scale in oil installations fall into three groups: (i) chemical 

methods and (ii) mechanical methods or (iii) a combination o f mechanical and chemical 

methods. Examples o f treatments from these groups are given in the following section.

1. Mechanical methods

Loose, friable scale including calcium carbonate may be treated with wireline or coil tubing 

intervention which mechanically breaks the scale o ff the host metal. This treatment is, 

however, expensive and does not provide a complete answer. By far the most common 

offshore scale problem results from barium sulphate which deposits as very cohesive materials 

which resist removal by wireline mechanical methods. Some operators have had reasonable 

success recently with a mechanical removal system which consists o f a downhole motor and 

bit/mill run through the completion on coil tubing. Even when mechanical removal methods 

are partially successful, the particles resulting from the breakup o f barium sulphate pose 

further problems. During early separation and processing, the barium sulphate is removed 

from the product train and its disposal is an additional cost element. In some cases, 

reperforation o f the well has been used as an alternative to scale removal.

2. Chemical methods

Chemical methods o f scale prevention are applied in a number o f operations. These methods 

fall into two main classes, viz. (1) those designed to prevent scale formation by injection o f 

scale inhibitors by squeeze treatments or continuous injection and (2) those designed to 

remove sulphate ions from sea water used in oil production. Squeeze treatments consist o f
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injecting solutions o f scale-inhibiting chemicals such as phosphonates through the well bore 

into the formation rock to a distance o f about three metres from the well bore. Continuous 

injection is restricted to prevention o f scale formation in the production tubing. The 

inhibitors function by interfering with the crystal growth mechanism o f the scale forming 

solids. An example o f this inhibition process is illustrated in Figure 4.1. The figure shows 

how the crystal growth habit o f barium sulphate is altered by using the organophosphorus 

inhibitor, sodium salt o f amino trimethylene phosphonic acid (A TM P ). The results are based 

on work carried out by Cowan and Weintritt |3| who showed that the inhibitor was absorbed 

onto the barium sulphate particles almost as soon as they nucleated, and decreased preferential 

crystal growth along the (010) face.

Efficient chemical treatment o f this type, however, does involve substantial recurrent costs. 

Processes involving the extraction o f sulphate ions from any injection sea water, by 

techniques such as ultrafiltration, function by removal o f one o f the component ions o f the 

scale-forming solid. It has been reported that about 97% o f the sulphate ions in sea water 

can be removed in this way, leading to injection fluids with little scaling potential towards 

the formation waters. Again, however, the costs o f this type o f treatment are considerable.

Where wireline mechanical removal cannot be employed or where efficient chemical 

treatment cannot be achieved, the operator would normally be required to carry out a full 

workover. This activity is not an attractive proposition because (a) it is very expensive as 

it requires removal o f the complete production string and either subsequent mechanical 

removal o f the scale from components or complete replacement o f the components, (b) it 

interferes with production as it requires a well shut-down and, (c) it increases the risk o f an 

unsafe occurrence because o f increased human involvement in the production process.

In addition to the inhibiting treatments discussed above, alternative chemical treatments, 

principally to remove calcium carbonate or calcium sulphate type scales, include the use o f 

several types o f acid (mineral and organic), acid salts or other proprietary acid-cleaning 

formulations.
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4 5 OBJECTIVES

The work described in this chapter is, like that described in chapter 3, a further development 

o f work carried out at The City University in the general area o f the magnetic treatment o f 

fluids. The purpose o f the work described in this chapter is to primarily determine the effects 

o f applied magnetic fields on the precipitation and crystallisation processes o f the scale 

forming precipitates formed from simulated formation water:sea water fluids. Knowing that 

barium sulphate is usually the predominant scale forming precipitate formed from the mixing 

o f formation water with sea water fluids, the majority o f work carried out in this chapter also 

centres upon the effect magnetic treatment has on this precipitate. Related work, in the field 

o f the magnetic treatment o f fluids and principally for barium sulphate precipitates, is very 

uncommon both for laboratory and industrially based studies, as compared to trials or studies 

carried out for other scale forming precipitates such as calcium carbonate. Ekaireb [4], at 

The City University, carried precipitation studies for the magnetic treatment o f barium 

sulphate in aqueous solutions and qualitatively assessed the effect o f the applied field on the 

precipitate by optical microscopy. The present work represents the first study o f the magnetic 

treatment o f fluids for simulated sea water and formation water, and principally, the effect 

magnetic treatment has on barium sulphate precipitates in saline conditions. In this work, the 

affect o f applied magnetic fields on the crystallisation and precipitation processes o f these 

fluids was assessed quantitatively, using several techniques:

(i) propensity to scale measurements o f precipitates formed from treated simulated 

formation water and simulated sea water fluids.

(ii) photometric dispersion analysis measurements o f solids in suspension (essentially 

solids formed from mixed solutions o f simulated sea and formation brines), which 

measure both the turbidity and state o f aggregation o f solids in suspension.

(iii) solubility measurements o f barium sulphate in saline solutions.
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4.6 EXPERIMENTAL TECHNIQUES

4-6.1 Magnetic Units

Several types o f magnetic units were used in this study and their use varied according to the 

type o f experiment carried out. Details o f their use together with a general description o f 

these units is given below:

(i) The propensity to scale and turbidity experiments used the HDL type unit as described 

in chapter 3 (sections 3.5.1) and, in particular, the one inch bore stainless steel housed 

magnetic unit (field intensity 1.8 kGauss) described in experiments 3.6.3 and 3.6.4.

(ii) The solubility experiments used several types o f magnetic unit, these were: HDL one 

inch magnetic unit described in (i); a large dipolar permanent magnetic device which 

generated a permanent magnetic field external to the pipework with a maximum field strength 

o f 4.5 kGauss; an electromagnetic device, as illustrated and described in Chapter 5 (figure 

5.2), which generated alternating magnetic field external to the pipework with a maximum 

field strength o f 3.2 kGauss. In addition, a radio frequency unit (RFU ), as described in 

chapter 2 (section 2.6) which generated radio frequency field external to the pipework, was 

also used for the solubility experiments. A  radio frequency o f 5.5 x 106 Hertz was used in 

this study.

4.6.2 Propensity to Scale Measurements

The propensity to scale measurements were carried out with the P .M .A .C  pressure 

measurement and control system described in chapter 3 (section 3.5.3). In this work, the 

propensity to scale measurements consisted o f the time taken for the scale formed from the 

mixing o f sea water and formation water solutions, the major component being barium 

sulphate type scale, to build up to a back-pressure o f 5.2 pounds per square inch (psi) in the 

microbore tube. The change in back-pressure measurements were recorded on a chart 

recorder set at a chart speed o f 12 cm hr1.
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The simulated solutions o f formation water and sea water were pumped into the microbore 

tube at a fixed temperature and set flow rates; using a single channel pump for the simulated 

sea water fluid; and a double channel pump for the simulated formation water fluid. Details 

o f the chemical content o f both these fluids is given in section 4.6.7.

In this work, the microbore tube was cleaned by (i) continuously circulating 20% EDTA 

disodium salt solution containing lOg o f potassium hydroxide through the microbore tube 

until the back-pressure base line returned to the lowest attainable value (the function o f the 

EDTA disodium salt is to complex with and break up the mainly barium sulphate type scale 

formed), (ii) distilled water was then run through the microbore tube to remove any traces 

o f EDTA disodium salt together with the formed complex, (iii) 10-15 ml o f 10% dilute nitric 

acid was then injected into the microbore tube to remove traces o f calcium carbonate and also 

to return the baseline to normal value and finally (iv ) the microbore tube was again flushed 

through with distilled water.

4.6.3 Magnetic Treatment of the Simulated Formation Water or Sea Water Fluids

The magnetic and replicate non-magnetic (dummy) treatment o f simulated brine solutions was 

carried out with similar circulating apparatus to that described in chapter 3 (section 3.5.5 and 

figs. 3.9 and 3.10, but with the exception o f the circulating vessels used for the magnetic and 

dummy solutions. In this work, 10L flasks were used to contain and circulate the magnet and 

dummy solutions.

In each set o f experiments, magnet and dummy treatments were carried out simultaneously. 

This involved continuous circulation o f the solution to be treated through the HDL one inch 

permanent magnetic unit and a replicate non-magnetic unit or dummy which had the same 

geometry as the permanent magnetic unit but zero magnetic field.

As in chapter 3, precipitation measurements in this work were recorded (for both propensity 

to scale and turbidity experiments) during the ongoing circulation and treatment o f magnet 

and dummy fluids, but only after the magnetically treated solution had undergone a minimum 

period o f 20 hours circulation through the HDL magnetic unit. This was to ensure that the 

magnetic effect reached a maximum before any form o f precipitation measurement was 

recorded.
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4.6.4 Atomic Absorption Spectrophotometry (AAS)

Solutions continuously circulated through the HDL permanent magnetic devices were analysed 

for their copper, cobalt and iron content using A AS and apparatus described in chapter 3, 

section 3.5.2.

4.6.5 Ion-Exchange Chromatography (using High Performance Ion Chromatography) 

i) Basis of the Technique

Ion-exchange chromatography is used for separations are limited to samples containing 

ionized or partially ionized solutes; it is used in the separation o f anionic and cationic species. 

The process concerns an interchange o f ions o f like sign between the solution and an 

essentially insoluble solute in contact with the solution. The stationary phase consists o f a 

polystyrene-based resin cross- linked with divinylbenzene (DVB) and contains fixed charged 

groups and mobile counter-ions which can be reversibly exchanged for those o f a solute 

carrying a like charge, as the mobile phase travels through the system. The proportion o f 

DVB is 2 to 20% and results in a three dimensional cross-linked structure that is rigid, porous 

and highly insoluble |5], The extent o f cross-linking, expressed as the weight percentage o f 

DVB, affects the rigidity o f the structure and pore size. A low degree o f cross-linking 

produces beads which swell appreciably when in contact with a polar solvent and have large 

pores enabling ions to diffuse into the structure and exchange rapidly. This phenomenon o f 

"swelling" results from the osmotic pressure set up when a resin bead, which can be 

considered to be a concentrated electrolyte solution, is surrounded by a more dipolar solution. 

Solvent flows into the bead and distends the structure in an attempt to reduce the osmotic 

pressure by dilution. Resins with a high degree o f cross-linking have smaller pores and are 

more rigid. The degree o f cross-linking and thus, pore size, is controlled by the 

polymerisation process.

For the exchange o f cations, the exchange function is usually a sulphonate group; whereas 

for the analysis o f anions, a quaternary ammonium group is commonly employed. The 

different rates o f migration result from variations in the affinity o f the stationary phase for 

different ionic species. The mobile phase contains an ion o f low resin affinity, and the 

separated components collected at the bottom o f the column are thus accompanied by a 

relatively high concentration o f this ion. Procedures often adopted in ion-exchange 

chromatography are "gradient elution", involving continuous variation in the composition o f

176



the eluting agent, "stepwise elution", in which the composition is altered at specific points 

during the separation, and "complexing elution", where a reagent which forms complexes o f 

varying stability is included in the solution. Acids, bases and buffers are most widely used 

as eluting agents.

ii) Instrumentation

The major components o f a modem chromatographic instrument, as used in this work and 

developed by Dionex, are illustrated in tig.4.2

The mobile phase is pumped through the chromatographic system by a double reciprocating 

pump (61. A pulse-free flow, necessary for both UV/Vis and amperometric detectors, is 

ensured by a complex electronic control o f the pump.

The samples are introduced into the system via a loop injector shown schematically in tig.4.3. 

The two outlets o f the sample loop, which is loaded at atmospheric pressure, are joined by 

a three-way valve. After the valve is adjusted, the sample is transported on to the column 

by the mobile phase.

The two ion exchange columns are coupled in series and form the most important part o f the 

chromatograph. The selection o f a suitable stationary phase, as well as o f the appropriate 

chromatographic parameters, determines the quality o f the analysis. The column bodies are 

fabricated with inert materials and are generally operated at room temperature.

The most widely used detector in ion-exchange chromatography is the conductivity detector. 

Other detectors that can be used include UV/Vis, amperometric, and fluorescence. The 

performance o f a detector (which serves to identify and quantify the species being analysed) 

depends upon (a) linearity (b) resolution and (c) noise.

The chromatogram is obtained via a recorder or a computer. Quantitative results are derived

from a calculation o f peak areas or peak heights, which are proportional to the concentration

o f the species being determined.
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In this work, ion exchange chromatography was used to determine the concentration o f 

sulphate ions (SO*2) from barium sulphate in 2.9% brine solution. Magnetically treated, 

replicate non-magnetic and control samples were analysed for their sulphate content in the 

solubility experiments.

4,6.6 Rate of Aggregation and Turbidity Measurements 

i) Basis of the technique

The photometric dispersion analyser (PD A 2000) is a useful instrument for qualitatively and 

in some cases quantitatively determining both the turbidity and the state o f aggregation o f the 

solids in flowing suspensions. The technique is based upon the continuous measurement o f 

the fluctuations in the intensity o f a light beam transmitted through a flowing suspension.

The suspension under test flows through a transparent flexible tube (1 or 3 mm i.d) which 

fits into a perspex block housing two precisely-aligned fibre-optic probes . A  narrow incident 

beam o f light (source from a light-emitting diode L.E .D ), conveyed by the optical fibres, 

passes transversely through the tube and the transmitted light is continuously monitored by 

a sensitive photodiode detector (see fig .4.4). The presence o f particles in the beam causes 

some o f the light to be scattered (and possibly absorbed), giving a reduced intensity at the 

detector. The output from the photodiode is converted to a voltage, which consists o f a large 

d.c. component, together with a small fluctuating a.c. component (see fig .4.4). The d.c. 

component arises from random variations in the number o f particles in the sample volume (i.e 

that volume illuminated by the light beam - typically o f the order o f 1mm3 in the PDA 2000). 

Because there are inevitable local fluctuations in particle concentration and the illuminated 

sample is continually being renewed by flow o f suspension through the capillary, the actual 

number o f particles in the beam shows random variation about the mean value. This leads 

to random fluctuations in transmitted light intensity and, essentially, the technique is based 

on measurement o f these fluctuations.

It has been shown [7] that the root mean square (rms) value o f the fluctuating a.c. signal is 

related to the average number concentration and the size o f the suspended particles. For 

fairly uniform suspensions, estimates o f particle size and number concentration can be made. 

When aggregation o f particles occurs, the r.m.s value o f the fluctuating signal increases [8],
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Measurable changes in the rms value occur long before any visible signs o f aggregation are 

apparent. The d.c. (related to the turbidity) is much less sensitive to changes in the state o f 

aggregation. Another alternative measurement o f a flowing suspension provided by the PDA 

2000 is the ratio; obtained by dividing the r.m.s value by the d.c. reading. The ratio 

measurement is particularly useful for determining the degree o f aggregation in the dispersed 

particles, and is almost entirely unaffected by contamination o f the tube walls in the flow cell 

or by drift in the electronic components.

ii) Instrumentation

The r.m.s. and d.c. readings can be adjusted by precision 10-turn gain controls to amplify 

the resultant signals. Once appropriate gain settings for the suspension under test are 

obtained, the r.m.s., d.c., and ratio readings can be continuously monitored as outputs via 

a chart recorder. A  limit switch is also provided which enables effects due to air bubbles or 

non-representative large particles to be partially compensated. Aggregation o f particles can 

easily cause changes in r.m.s or ratio output by a factor o f 5 or more before any visible 

changes in the suspension become apparent. Corresponding changes in the d.c. output are 

only o f the order o f a few percent.
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FIGURE 4,4 Principle of the P.D.A. 2000 monitoring technique. The intensity of

light light transmitted through a flowing suspension shows random fluctuations

about the mean. The r.m.s. value of the fluctuations is monitored continuously.
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4.6,7 Simulated Sea Water and Formation Water Formulations

The chemical formulations for the formation water and sea water fluids are given in tables

4.4 and 4.5 respectively. The formulations are based on compositions o f sea water and 

formation fluids that may be encountered in particular offshore oilfields |14|.

TABLE 4.4 FORMULATION OF 10 LITRE SOLUTION OF SIMULATED

FORMATION WATER

Salt Compound g/Litre ppm (mg/1) o f Ion*

NaCl* 230.00 9048

*KC1 4.77 250

*CaCl2.H20 16.50 450

*MgCl2.6H20 12.99 155

*SrCl2.2H20 6.85 225

BaCl2.2H20 1.78 100

TABLE 4.5 FORMULATION OF 10 LITRE SOLUTION OF SIMULATED

SEA WATER

Salt Compound g/Litre ppm (mg/1) o f Ion*

NaCl* 230.00 9048

*KC1 7.53 395

*CaCl2.H20 14.67 400

*MgCl2.6H20 112.09 1340

NaHCO,* 1.38 100

Na,SO„ 39.95 2700

Both solutions were made up in distilled water. The shaded area o f the tables indicates that 

the concentration o f the salt compound used for each formulation was variable and was 

dependent on the experiment carried out.
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4.7 PROPENSITY TO SCALE EXPERIMENTS

In this work, propensity to scale precipitations consisted o f the mixing o f a simulated 

formation water solution (the barium ion containing fluid) with a simulated sea water solution 

(the sulphate ion containing fluid) in the microbore tube at fixed temperature and 

concentrations. The buildup o f the resultant scale, thought to be a mixture o f scales o f which 

barium sulphate type scales are usually shown to be the most predominant, when fluids o f this 

nature mix in oilfield conditions [9, 10, 11), was monitored by the P .M .A .C  unit as 

described in section 3.5.3.

For all the propensity to scale experiments in this work, only the formation water solution 

was magnetically and replicate non-magnetically (dummy) treated. In addition, each set o f 

experiments, as similarly carried out for scaling measurements in chapter 3, consisted o f the 

measurement for control, dummy, and magnetically treated solutions, the details o f which 

are:

(i) Control tendency scaling measurements were obtained by mixing formation water 

solution, that did not undergo any type o f treatment or turbulent flow, with sea water 

solution.

(ii) Replicate non-magnetic or dummy tendency scaling measurements were obtained 

by mixing formation water and sea water after the formation water had been circulated 

through the dummy device.

(iii) Magnetic tendency scaling measurements were obtained by mixing formation 

water and sea water solutions after the formation water had been circulated through 

the HDL one inch unit.

Again, as in chapter 3, sufficient replicate propensity to scale runs were carried out in each 

set o f experiments to obtain statistically significant results, highlighted by the standard 

deviation (calculated in data tables) for a set o f runs, which was expected to be less than 10% 

o f the mean.
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4.7.1 The Effect o f  Flow Rate Through the H D L One Inch Unit on Propensity to 

Scale Measurements

The primary aim o f this set o f experiments was to investigate the effect o f altering the flow 

rate o f simulated formation water circulating through the HDL one inch unit on the 

propensity to scale o f simulated solutions o f formation water and sea water. In addition, the 

experiment was also carried out to determine if  the flow rate range studied in this work gave 

comparable results to that obtained for the flow rate experiment in chapter 3 (section 3.6.3), 

which indicated that the average scaling times appeared to independent o f the flow rate for 

magnetic treatment.

To investigate the effect o f flow rate for the formation water solution, a similar experimental 

procedure to that conducted in section 3.6.3 for the determination o f an optimum flow rate 

for the calcium solution, was carried out. The circulating system described in section 4.6.3 

was used to treat a simulated formation water solution (formulation given in table 4.4) with 

a barium ion concentration o f 150 ppm. The flow rate through the treated dummy and 

magnet solutions was adjusted by using a 0.5 inch valve and this was calibrated for each flow 

rate manually (as described in section 3.6.3.). Propensity to scale experiments were carried 

out at flow rates o f 6, 9, 12, and 15 L  m in1 and also temperatures o f 50, 60 and 70°C. A 

simulated sea water solution (formulation given in table 4.5) with a sulphate ion concentration 

o f 2700 ppm was mixed with the control, dummy and magnet solutions in the P .M .A.C . 

microbore tube at mixing flow rates o f 0.395:0.392 L H r1 (formation:sea waters).

The results for the 6, 9, 12, and 15 L m in1 flow rate experiments are given in tables 4.6-4.9 

respectively. These data tables give results for magnetic and dummy measurements only. 

The control measurements for each o f the temperatures studied are given in table 4.13 

because they have been included with the work from experiment 4.7.3. Data for average 

scaling time measurements at temperatures o f 50, 60 and 70°C are illustrated graphically in 

figures 4.5-4.7 respectively. In addition, an example o f the reproducibility o f a set o f runs 

for magnet, dummy and control measurements at 9 L m in1 and 70°C is given in figure 4.8.
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TABLE 4.6 EFFECT OF FLOW RATE AT 6 L  M IN 1 ON PROPENSITY TO

SCALE OF FORMATION : SEA BRINES

Dummy Magnet

Temp °C 

50

Av.Tim e (mins) 

62.0

S.D 

1 7

Runs

7

Av.Tim e (mins) S.D 

73 0 2 5

Runs

7

60 54.5 1.6 6 60.0 3.1 7

70 33.5 0.8 7 41.5 1.0 6

Conditions'. Mixing flow rates ., 0.395 0.392 LHr 1 (Formation:Sea Brines)

Cone’ s., Ba2+,150 ppm : S042, 2700 ppm

TABLE 4.7 EFFECT OF FLOW RATE AT 9 L M IN 1 ON PROPENSITY TO 

SCALE OF FORMATION : SEA BRINES

Dummy Magnet

Temp °C Av.Tim e (mins) S.D Runs Av.T im e (mins) S.D Runs

50 59.8 2.4 6 72.0 2.5 7

60 52.3 1.2 6 59.3 1.8 5

70 35.0 0.6 6 40.0 0.8 7

Conditions: Mixing flow rates., 0.395 : 0.392 L H r1 (Formation:Sea Brines) 

Cone’ s., Ba2+,150 ppm : SO„2 , 2700 ppm
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TABLE 4.8 EFFECT OF FLOW RATE AT 12 L  M IN 1 ON PROPENSITY TO

SCALE OF FORMATION : SEA BRINES

Dummy Magnet

Temp °C Av.Tim e (mins) S.D Runs Av.Tim e (mins) S.D Runs

50 65.0 2.5 6 71.8 2.1 6

60 53.5 1.4 6 58.0 1.1 6

70 37.0 1.0 5 40.0 0.7 6

Conditions'. Mixing flow rates., 0.395 : 0.392 L H r1 (Formation:Sea Brines)

Cone’s., Ba2+,150 ppm : S042, 2700 ppm

TABLE 4.9 EFFECT OF FLOW RATE AT 15 L  M IN ' ON P R O P E N S IT Y  T O  

SCALE OF FORMATION : SEA BRINES

Dummy Magnet

Temp °C Av.Tim e (mins) S.D Runs Av.Tim e (mins) S.D Runs

50 61.2 1.4 6 70.5 1.5 7

60 49.5 2.1 5 57.5 1.0 7

70 34.0 0.5 5 40.5 0.5 6

Conditions'. Mixing flow rates., 0.395 : 0.392 L H r1 (Formation:Sea Brines)

Cone’ s., Ba2+,150 ppm : S042, 2700 ppm
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FIGURE 4.5 Effect of flow rate at 50°C on the propensity to scale of

formation:sea waters
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FIGURE 4.6 Effect of flow rate at 60°C on the propensity to scale of

formation:sea waters
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FIGURE 4.7 Effect of flow rate at 70°C on the propensity to scale

of formation:sea waters
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FIGURE 4,8 Example of reproducibility of propensity to scale measurements

for flow rate at 9 lmin1 ; 70°C
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The following experiments, 4.7.2-4.7.4, were devised to initially investigate the factors that 

influence scale precipitation in the oil industry. Some o f these factors have been discussed 

in section 4.3. and include the mixing o f incompatible waters, and principally the mixing o f 

injected sea water with formation brines. The amount o f solids formed by mixing o f 

incompatible and the nature o f the problems these solids cause are dependent primarily upon 

two factors viz. (i) the ratio o f mixing o f the waters; and (ii) the concentration o f various 

constituents in the waters. Others key factors include time, treatment and extent o f mixing 

o f the waters. The influence o f the factors (i) and (ii) are investigated in this work and 

details o f these investigations are set out in the following sections.

4.7.2 The Effect of Ratio Mixing of Simulated Solutions of Formation and Sea Water

on Propensity to Scale Measurements

The aims o f this set o f experiments were to determine the effect o f altering the ratio of 

mixing o f simulated formation water (and principally barium) to simulated formation water 

(principally sulphate) on (i) propensity to scale o f these solutions in general and (ii) 

propensity to scale measurements for magnetic treatment. In addition, the effect o f 

temperature on (i) and (ii) was investigated.

The ratio o f mixing o f formation water to sea water was altered by changing the relative 

pumping rates o f each solution into the P .M .A .C . microbore. The ratios o f mixing o f the 

formation water (or Ba2f): sea water (or S042) solutions investigated were 50:50, 70:30 and 

30:70. Therefore, the mixing flow rates into the microbore tube at each o f these ratios for 

formation:sea solutions was 0.40:0.39, 0.61:0.27 and 0.27:0.60 L H r1. In addition, 

propensity to scale measurements for each o f the ratios o f mixing were carried out at 

temperatures o f 50, 60, 70, 75, 80 and 85°C. The simulated formation water solution was 

magnetically treated using the HDL one inch unit at a circulating flow rate o f 9 Linin'1. The 

ion concentrations for barium (in formation water) and sulphate (in sea water ) used in these 

experiments was 100 ppm and 2700 ppm respectively. Analysis for the cobalt, iron and 

copper content o f the circulating magnet and dummy solutions was also carried out by A. A.S.

The results for the 50:50, 70:30 and 30:70 experiments at each o f the temperatures studied 

are given in tables 4.10-4.12 respectively. Data for the average scaling times for the 50:50, 

70:30 and 30:70 ratio at each o f the temperatures studied are illustrated graphically in figures 

4.9-4.11 respectively. An example o f the reproducibility o f a set o f runs for magnet, dummy 

and control measurements for 30:70 ratio mixing at 70°C is given in figure 4.12.
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TABLE 4.10 EFFECT OF 50:50 RATIO MIXING ON PROPENSITY TO SCALE
OF FORMATION:SEA BRINES

Control Dummy Magnet

Temp Av.Time S.D Runs Av.Time S.D Runs Av.Time S.D Runs
°C (mins) (mins) (mins)

50 125.0 3.10 5 129.3 2.5 4 141.0 3.7 5

101.360 3.40 5 106.0 2.1 4 115.0 3.4 4

70 64.3 2.53 4 73.0 2.8 5 85.6 1.5 5

75 57.0 1.24 5 60.0 2.4 6 $9,6 1.2 4

80 50.0 0.87 5 54.2 1.7 5 62.0 0.8 5

85 49.8 0.85 6 53.3 0.9 5 57.0 1.2 6

TABLE 4.11 EFFECT OF 70:30 RATIO M IXING ON PROPENSITY TO SCALE
OF FORMATION:SEA BRINES

Temp
°C

Control Dummy Magnet

S.D Runs S.D Runs RunsAv.Time Av.Time Av.Time S.D
(mins) (mins) (mins).......

50 107.0 2.7 5 119.0 3.1 4 131.6 4.3 5

60 86.0 2.1 4 92.3 3.4 5 103.0 2.1 4

70 69.1 1.3 5 70.7 1.8 6 77 5 2.8 7

75 59.0 1.4 5 62.0 2.3 8 67.3 1.5 5

80 54.2 0.5 5 57.0 1.5 4 61,9 1.8 4

85 50.1 0.8 4 53.7 0.8 5 60.0 1.3 5

TABLE 4.12 EFFECT OF 30:70 RATIO M IXING ON PROPENSITY TO SCALE
OF FORMATION:SEA BRINES

Control Dummy Magnet

Temp
°C

Av.Time S.D Runs Av.Time S.D Runs Av.Time S.D Runs
(mins) (mins) (mins)

50 191.5 5.5 4 200.6 6.7 4 222.0 6.9 4

60 149.0 4.3 4 163.5 6.1 3 178.0 5.3 4

70 135.0 3.6 4 139.0 5.4 4 149.0 3.2 4

75 124.0 3.1 4 128.0 2.1 4 138.0 3.4 3

80 113.0 2.3 4 118.0 4.1 4 128.0 2.8 4

85 105.3 2.3 4 108.0 3.2 4 120.0 2.7 4
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FIGURE 4,9 Effect of 50:50 ratio mixing of formation:sea waters on

the propensity to scale

FIGURE 4.10 Effect of 70:30 ratio mixing of formation:sea waters on

the propensity to scale
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FIGURE 4.11 Effect of 30:70 ratio mixing of formation:sea waters on

the propensity to scale

FIGURE 4,12 Reproducibility of propensity to scale measurements

for 30:70 ratio mixing
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4.7,3 Effect of Varying the Concentration of Barium in Simulated Formation W ater 

on Propensity to Scale Measurements

The aims o f this set o f experiments were to determine the effect o f varying the barium ion 

concentration (in formation water) on: (i) propensity to scale measurements for simulated 

solutions o f sea water and formation water in general and (ii) propensity to scale 

measurements for magnetic treatment. The effect o f temperature on (i) and (ii) was also 

investigated.

Experiments were carried out for barium ion concentrations o f 150 and 200 ppm in simulated 

formation water and the sulphate concentration in simulated sea water was kept constant at 

2700 ppm for all these experiments. The mixing flow rates for the 50:50 ratio o f formation 

water to sea water were approximately at 0.40:0.41 L H r1 in the microbore tube. Therefore 

the barium ion concentrations investigated in this section are additional to the barium ion 

concentration o f 100 ppm carried out in experiment 4.7.2 for 2700 ppm sulphate. Propensity 

to scale measurements for each o f the barium ion concentrations were carried out at 

temperatures o f 50, 60, 70, 75, 80 and 85°C and the magnetic treatment o f the formation 

water was carried out at a circulating flow rate o f 9 Linin'1. Analysis for the cobalt, iron and 

copper content o f the circulating magnet and dummy solutions was also carried out by A. A.S.

Data for the 150 and 200 ppm experiments at all the temperatures studied are given in tables

4.13 and 4.14 respectively. Data for the average scaling times for 150 and 200 ppm at all 

the temperatures studied are illustrated graphically in figures 4.13 and 4.14. respectively.
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TABLE 4.13 EFFECT OF BARIUM CONCENTRATION (150 ppm) ON THE
PROPENSITY TO SCALE OF FORMATION : SEA BRINES

Temp
°C

Control Dummy Magnet

Av.Tim e
(mins)

S.D Runs Av.Tim e S.D Runs Av.Tim e S.D Runs
(mins) (mins)

50 ! ! : $ ? $ ! ! 2.1 7 59.8 2.7 5 129.3 1.6 5

60 47.5 1.5 6 52.3 0.6 6 106.0 1.3 5

70 34.0 0.5 5 35.0 1.2 5 73.0 1.5 6

75 29.0 1.3 6 30.1 0.8 6 60.0 2.8 6

80 25.1 0.3 6 26.0 1.0 5 54.2 0.8 5

85 23.5 0.5 5 24.0 0.3 5 53.4 0.5 6

Conditions: S042 cone., 2700 ppm ; mixing flow rates, 0.40:0.41 L H r1 (Formation:Sea Brines)

TABLE 4.14 EFFECT OF BARIUM CONCENTRATION (200 ppm) ON THE 
PROPENSITY TO SCALE OF FORMATION : SEA BRINES

Control Dummy Magnet

Temp
°C

Av.Tim e
(mins)

S.D Runs A  v. Time 
(mins)

S.D Runs Av.Tim e
(mins)

S.D Runs

50 39.0 0.8 5 41.0 1.5 5 46.0 1.9 5

60 30.0 0.5 5 33,5 0.8 6 37.1 1.0 5

70 22.5 0.6 5 25.0 1.0 5 26.5 0.8 5

75 18.2 0.3 5 19.0 0.7 6 20.1 0.5 5

80 15.5 0.3 6 16.0 0.4 5 17.5 0.2 5

85 15.0 0.1 6 15.1 0.2 5 16.0 0.3 6

Conditions: S042 cone., 2700 ppm ; mixing flow  rates, 0.40:0.41 L H r1 (Formation:Sea Brines)
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FIGURE 4,13 Effect of barium concentration (150 ppm Ba2+)

on the propensity to scale of formation:sea waters

FIGURE 4.14 Effect of barium concentration (200 ppm Ba2+) 

on the propensity to scale of formation:sea waters

194



Propensity to Scale Measurements

4.7.4 Effect of Varying the Concentration of Sulphate in Simulated Sea Water on

The aim o f this set o f experiments was to determine the effect o f varying the sulphate ion 

concentration in simulated sea water on (i) propensity to scale measurements when simulated 

solutions o f formation water and sea water are mixed and (ii) the propensity to scale 

measurements for magnetic treatment. As with the sets o f experiments 4.72 and 4.73 the 

effect o f temperature on (i) and (ii) was also investigated.

Experiments were carried out for sulphate ion concentrations o f 2400 and 3000ppm in 

simulated sea water. For all the sulphate experiments the barium concentration in formation 

water was kept constant at 200 ppm. Therefore the sulphate ion concentrations investigated 

in this section are additional to the sulphate ion concentration o f 2700 ppm carried out in 

experiment 4.7.3 for 200 ppm barium. As in experiments 4.7.2 and 4.7.3, propensity to 

scale measurements were carried out at temperatures o f 50, 60, 70, 75, 80 and 85°C. The 

mixing flow rates for the 50:50 ratio o f formation water to sea water were 0.41:0.40 L Hr ‘); 

and the circulating flow rate for the formation water was 9 Lm in1.

The results for the 2400 and 3000 ppm sulphate experiments are given in tables 4.15 and 

4.16 respectively. Graphical data for the average scaling times from these experiments are 

represented in figures 4.15 and 4.16.
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TABLE 4.15 EFFECT OF SULPHATE CONCENTRATION (2400 ppm) ON THE
PROPENSITY TO SCALE OF FORMATION : SEA BRINES

Temp
°C

Control Dummy Magnet

S.D Runs Runs Av.T im e S.D RunsAv.Time Av.T im e S.D
(mins) (mins) (mins)

50 38.8 1.5 5 43.8 1.3 4 48.5 0.5 4

60 31,0 0.7 4 34.5 1.0 5 39.5 0.5 5

70 2 3 ^ 0.2 5 24.0 1.0 5 26.0 0.5 5

75 19.1 0.5 5 21.1 0.8 4 23.5 0.2 5

80 1*7.0  V 0.5 5 18.6 0.4 6 19.5 0.5 5

85 15.0 0.3 6 18.0 0.4 5 18.0 0.1 5

Conditions: Ba2+ cone., 200 ppm ; mixing flow rates, 0.40:0.41 L H r1 (Formation:Sea Brines)

TABLE 4.16 EFFECT OF SULPHATE CONCENTRATION (3000 ppm) ON THE 
PROPENSITY TO SCALE OF FORMATION : SEA BRINES

Temp
°C

Control Dummy Magnet

Av.Time
(mins)

S.D Runs Av.Tim e
(mins)

S.D Runs Av.Tim e S.D Runs
(mins)

50 34.5 0.5 4 4UD 1.5 4 43.5 0.5 4

60 27.3 1.3 4 33.5 0.8 4 33.0 1.0 4

70 21.6 0.8 5 25.0 1.0 5 25.0 1.0 5

75 17.0 0.5 5 19.0 0.7 5 22.0 0.5 5

80 16.3 0.1 5 16.0 0.3 5 18.5 0.2 5

85 14.3 0.3 5 15.1 0.1 6 16.0 0.5 5

Conditions: Ba2+ cone., 200 ppm ; mixing flow rates, 0.40:0.41 L H r1 (Formation:Sea Brines)
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FIGURE 4.15 Effect of sulphate concentration (2400 ppm S042 )

on the propensity to scale of formation:sea waters

FIGURE 4.16 Effect of sulphate concentration (3000 ppm S042 )

on the propensity to scale of formation:sea waters
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OF B AR IU M  S U LPH A TE  IN  BRINE SO LU TIO N

4 8 S O L U B IL IT Y  STU D IE S :E FFE C T OF A P PL IE D  F IELD S ON THE S O L U B IL IT Y

The aim o f this set o f experiments was to assess the effect that several types o f applied 

magnetic field generated by several magnetic field devices, together with the effect a radio 

frequency field would have on the solubility o f solid barium sulphate in sodium chloride 

solution.

For each experiment, the apparatus illustrated shown in figure 4.17 was used to circulate a 

2.9% brine solution, at fixed flow rate, through an applied field, generated by the devices 

described in section 4.6.1. Each experiment was carried out for a duration o f 72 hours. The 

circulating flow rate o f the brine solution through the applied field was varied according to 

the device under test: 7.5 L  m in1 for the radio frequency unit (R .F .U ); 9 L m in1 for the 

HDL permanent magnet; and 13 L m in1 for the electromagnet device and external permanent 

magnet. In operation, each experiment consisted o f pumping the 2.9% brine solution through 

the device on test. The solution was also passed (non-turbulently) through a glass vessel 

containing 1.5g o f solid x-ray grade A  barium sulphate sealed within a muslin pouch. The 

brine solution then permeated the gauze-like material o f the pouch and passed into a 2 Litre 

jacketed glass reservoir. The temperature o f the solution was kept at room temperature by 

passing tap water through the "jacket" o f the vessel. At timed intervals (every hour for the 

first three hours and then every three hours thereafter), 15 ml samples were taken from the 

reservoir and analysed for their sulphate ion concentration using ion chromatography, the 

principles o f which have been described in section 4.6.5. Several replicate experiments were 

carried out for a control, HDL replicate non-magnetic unit (dummy) and each o f the devices 

described in section 4.6.3. Details o f the results o f these experiments are expressed in table 

4.17 and figure 4.18. The data in the figure show (i) the range o f sulphate ion concentrations 

obtained from the replicate experiments for each applied field tested (ii) the average sulphate 

ion concentration, (iii) the population standard deviation (S .D .) and (iv ) the number o f 

replicate experiments in the set.
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TABLE 4.17 SOLUBILITY OF BARIUM SULPHATE IN 2.9% BRINE SOLUTION

Applied Field

Range o f S042 

detected (ppm)

Av. S042 levels 

(ppm)

S.D. No. o f 

expt’ s.

Control 6-9 8.0 1.1 4

H D L Dummy 6-10 8.5 1.3 7

HDL Magnetic 12-22 17.5 3.5 5

External

Magnetic

10-15 11.2 2.2 7

Electromagnetic 11-22 15.5 4.2 7

R.F. 30-45 5.8 7
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FIGURE 4.18 Effect of applied fields on the solubility of barium sulphate

50 m Sulphate. Cone (ppm) 250%

Control Dummy HDLM. R.F.U EH . Ext Mag.
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4 9 RATE OF AGGREGATION AND TURBIDITY EXPERIMENTS USING THE 

PHOTOMETRIC DISPERSION ANALYSER (PDA 200m

The aim o f this set o f experiments was to determine the effect applied magnetic fields had 

on the rate o f aggregation, particle size and particle concentration (or turbidity) o f solids 

formed from mixed solutions o f simulated formation water and simulated sea water.

(i) Basic Procedures

For each experimental run 20 ml o f magnetically treated solution (usually simulated formation 

water) was injected, by syringe, into the mixing vessel (100 ml glass jar with lid) and 

continuously mixed by a glass impeller with the 50 ml o f scaling solution (usually simulated 

sea water). The resultant formation o f precipitate in the mixing vessel was kept in suspension 

by the rotation o f the glass impeller and this suspension was then continuously circulated, via 

a peristaltic pump, at a flow rate o f 25 ml m in1 to the photometric dispersion analyser (PD A 

2000) flow cell for routine analysis. In this work the 3mm tubing was used in the PDA flow 

cell (see figure 4.4). After each run, the mixing vessel and PDA 3 mm tubing were cleaned, 

firstly, with 20% EDTA solution containing KOH to remove traces of, mainly, barium 

sulphate precipitate, secondly with dilute nitric acid (10%), and then finally, flushed through 

with distilled water.

In this work ion concentrations o f 150 ppm for barium in formation water, and 2700 ppm for 

sulphate in sea water, was used for each experiment. The general formulation o f the 

formation and sea water fluids were the same as that described in tables 4.4 and 4.5, 

respectively. The magnetic treatment o f both o f these fluids was carried out using the 

circulating apparatus described in section 4.6.3 and the HDL magnetic unit described in 

section 4.6.1.
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(ii) PDA 2000 settings

The basic principles o f the analysis o f a flowing suspension by photometric dispersion 

analysis have already been described in section 4.6.6 and for this particular work changes in 

particle size (and therefore generally changes in state o f aggregation) were monitored by the 

ratio output as opposed to the RMS value. The output for the ratio value is mainly influenced 

by the RMS gain setting because, as described in section 4.6.6 (page 180) ratio value=10 

(RMS/DC), and therefore for each experiment the RMS gain setting was fixed at between 2 

and 5 Volts depending on the size o f the particles in suspension. The turbidity o f the 

suspension and therefore the measurement o f the concentration o f particles in suspension at 

any particular time was monitored by the DC output which was always set, before each 

experimental run, at a predetermined value o f 10V. The DC and ratio output traces from the 

PDA were recorded on a chart recorder set at 20mm m in1.

The results for the rate o f aggregation and turbidity measurements comprise two types o f 

investigation viz.

experiment (4.9.1): the effect o f magnetically treated simulated sea water on these 

measurements as compared to control experiments;

experiment (4.9.2): the effect o f magnetically treated simulated formation water on 

these measurements as compared to control experiments.

Several replicate experimental runs were carried out for experiments 4.9.1 and 4.9.2 until 

measurements for the precipitation rates were statistically significant, i.e. when the standard 

deviation for a set o f runs was < 5 % .  Examples o f actual output traces for the DC and ratio 

values for control and magnetic runs are shown in figures 4.19 (A ) and (B) respectively, for 

the treated simulated sea water experiments, and in, figures 4.20 (A ) and (B) for the treated 

simulated formation water experiments.
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FIGURE 4 . 1 9 (A ) PDA 2000 T r a c e  f o r  t r e a t e d  s e a  w a t e r  (CONTROL RUN) S c a l e :  5 V o l t s

2 Divisions = 1 Minute
R.M.S. Gain: 4.78 

D.C. Gain: 3.2
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FIGURE 4 . 1 9 (B )  PDA 2000 t r a c e  f o r  t r e a t e d  s e a  w a t e r  (MAGNET RUN) S c a l e :  5 V o l t s

2 Divisions = 1 Minute
R.M.S. Gain: 4.78 

D.C. Gain: 3.2
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FIGURE 4 . 2 0 ( A )  PDA 2000 t r a c e  f o r  t r e a t e d  f o r m a t i o n  w a t e r  (CONTROL RUN) S c a l e :  5 -10  V o l t s

2 Divisions = 1 Minute

R.M.S. Gain: 5.0 

D.C. Gain: 3.0
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FIGURE 4 . 2 0 ( B )  PDA 2000 T r a c e  f o r  t r e a t e d  f o r m a t i o n  w a t e r  (MAGNET RUN)

2 Divisions = 1 Minute

Scale: 

R.M.S. Gain: 

D.C. Gain:

5-10 Volts

5.0

3.0
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4 10 RESULTS

4101  Propensity to scale experiments 

Flow Rate Experiments

A comparison o f tables 4.6-4.9 for propensity to scale measurements at 6, 9, 12 and 15 Lmin 

1 respectively, shows that the efficacy o f the magnet in reducing the rate o f scale deposition 

appears to be independent o f the flow rate, over the range covered in this work, o f the 

formation water circulated through the magnetic unit. This result is similarly highlighted in 

figure 4.21, in which no significant difference was shown between measurements for 

magnetic treatment only at 6, 9, 12 and 15 Lm in1 at either 50, 60 or 70°C. The slight 

difference between measurements at 6 Lmin'1, and those at 9, 12 and 15 Lmin'1, was shown 

to be statistically insignificant and was possibly attributed to turbulence fluctuations between 

the flow rates.

Notably, the results in these experiments appear to be consistent with flow rate experiment 

results reported in chapter 3 (see section 3.7.3). In both (a) varying the flow rate o f one o f 

the scaling solutions through the magnetic unit showed no significant difference in the 

efficacy o f the magnet to reduce scale buildup and (b) the flow rate range studied over which 

the magnet was shown to significantly reduce scale buildup generally lay within the published 

flow rate range at [12] which the magnet is purported to work most effectively.

The data from the figures 4.5-4.7 also show that magnetic treatment o f simulated formation 

water at 6, 9, 12 and 15 L m in1 significantly reduces the tendency o f mixed fluids o f 

formation water and sea water to deposit scale, as compared to measurements for zero field 

treatments. The effect o f temperature on propensity to scale measurements is also evident, 

and as expected, the rate o f deposition o f precipitate is shown to increase with temperature. 

This is clearly highlighted by the calculated % reduction in the propensity to scale (described 

in chapter 3, section 3.7) which, for measurements at 9 L  m in1 for example, show % 

reductions o f 22%, 16% and 14% at 50, 60 and 70°C respectively.
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FIGURE 4.21 Compilation of the effect of flow rate on the propensity to scale

for magnetic treatment only
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Ratio mixing experiments

The data in tables 4.10-4.12 and figures 4.9-4.11 show that the ratio o f mixing o f simulated 

formation water to simulated sea water significantly influences the rate o f deposition o f scale. 

I f data in figure 4.9 for 50:50 mixing are used as a reference point to compare ratio mixing 

at 70:30 and 30:70 (formation watensea water), then data for 70:30 (figure 4.10) mixing 

show that the rate o f deposition o f precipitates is slightly increased. This was expected as 

the ratio o f mixing o f the major scale-forming cations such as Ba:+ or S r" (in formation 

water) to S04: ions (in sea water) is increased at 70:30 and therefore, there is likely to be an 

increase, firstly, in the rate o f deposition o f precipitate, and secondly, in the extent o f 

deposition o f major scale-forming precipitates such as BaS04 and SrS04.

Data at 30:70 mixing (fig 4.11) however, shows the converse, in that the rate o f deposition 

o f scale is very significantly reduced. This was also expected, as the ratio o f the major scale- 

forming cations, Ba2̂  or Sr21, in formation water, to S042 ions in sea water is markedly 

reduced. Consequently, because the concentrations o f barium ions are low and sulphate ions 

high (likely to be in excess) at the point o f mixing for this ratio, then there is likely to be a 

notable decrease both in the rate o f deposition o f scale as compared to measurements at 70:30 

and also in the extent o f deposition o f barium and strontium type scales.

The increase and decrease in the extent o f precipitation o f major scale-forming compounds 

such BaSO„ indicated by data for 70:30 and 30:70 respectively, has been confirmed by two 

independent sources viz.

(i) by Stimpson [13] at City University, who has carried out similar ratio mixing studies with 

simulated solutions o f formation water and sea water. His work however, has extended the 

combination and range o f ratios that have been covered in this work and he has found that 

the rates o f precipitation at higher sulphate to barium ratios, e.g. 20:80 and 10:90 severely 

reduce the rate o f deposition.

(ii) by scaling prediction curves for a mixed brine model [14] which were based upon mixed 

solutions o f sea water and formation water fluids. The prediction curves were carried out 

using computer models and forecast the types o f scale that are most likely to form and the
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TABLE 4-18 PREDICTION DATA FOR MIXED BRINE MODEL AT 60°C

Ratio Mix

Scale Type (mg KG ’)

CaC03 CaS04 SrS04 BaS04

70:30 0.0 0.0 141.3 171.1

50:50 74.0 0.0 121.9 122.3

30:70 166.1 0.0 60.6 73.3

TABLE 4.19 PREDICTION DATA FOR MIXED BRINE MODEL AT 80°C

Scale Type (mg KG ’)

Ratio Mix CaC03 CaS04 SrS04 BaS04

70:30 27.5 0.0 163.1 170.9

50:50 109.2 0.0 135.8 122.1

30:70 197.3 0.0 71.1 73.2

211



quantity o f each type in mg/Kg. Such forecasts were made from a knowledge o f the 

solubility product o f each scale type and the conditions under which precipitation was likely 

to occur and included factors such as the temperature pH and specific gravity o f each brine 

the ratio o f ions in each brine and the concentrations o f ions. The results o f predictions for 

70:30, 50:50 and 30:70 ratio brines are shown in tables 4.18 at 60°C and 4.19 at 80°C. The 

predictions generally confirm that for 70:30 mixing the scales most likely to form are BaS04 

and SrS04 and with very little formation o f calcium carbonate and calcium sulphate type 

scales. The converse, however, is found for the predictions at 30:70 mixing which show that 

relatively small amounts (less than half that found at 70:30) o f BaS04 and SrS04 are likely 

to form and that the major scale formed was likely to be CaC03. The values for 50:50 ratio 

mixing were, as expected, intermediate to those obtained for 70;30 and 30:70. Interestingly, 

the prediction models also forecast that the formation o f CaS04 scale in this mixed brine 

system would not occur. It is possible that this would be unlikely, given the excess amount 

o f sulphate ion in solution, and it is that most likely that insubstantial amounts o f scale could 

form (possibly only several ppm), as opposed to the predicted absence. The prediction data 

also show the effect o f temperature on each ratio mixing. The effect shown to be minimal 

for BaS04 formation but significant, as expected, for CaC03.

The data in figures 4.9-4.11 again show that the magnetic treatment o f simulated formation 

water solutions always results in statistically significant reductions in the propensity to deposit 

scale as compared to measurements for zero field treatments. This is clearly highlighted in 

figures 4.22 and 4.23 which show the scaling profiles for measurements at 50°C for 70:30 

and 30:70 respectively. The scaling times for magnetic treatment o f 222 (30:70) and 132 

(70:30) minutes as compared to times o f 191 and 107 for the control solution, give calculated 

% reductions in the propensity to scale o f 11.5% and 11.2% respectively, when effects due 

to turbulence are taken into account. The data in figure 4.24, which show graphically the 

compilation o f the average scaling times for magnetic treatment only at each ratio and 

temperature studied, emphasise, not only the effect o f ratio mixing on the rate o f deposition 

o f solids, but also the effect o f temperature on the deposition rate, which shows, as expected, 

that the tendency to scale increases with temperature.
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FIGURE 4.22 Example of propensity to scale measurement for 70:30

ratio mixing at 50°C

FIGURE 4.23 Example of propensity to scale measurement for 30:70

ratio mixing at 50°C

10
Back pressure in 1,1 mm coil

' P  Q  • r>Q £ Me

Ó
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FIG U RE 4,24 Compilation o f  the e ffect o f  ratio mixing on the 

propensity to scale for magnetic treatment only
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TABLE 4,20 CONCENTRATION OF IONS IN CIRCULATING SOLUTIONS FOR

E X PER IM EN TS  4.7.2 and 4.7.3

Treatment
Duration o f 
Circulation 

(hours)
Ion Concentration (ppm) Experiment

Cu Co Fe

Magnet 145.0 0.05 0.1 0.06
50:50

Dummy 145.0 0.06 0.2 0.08

Magnet 170.5 0.06 0.2 0.08
70:30

Dummy 170.0 0.05 0.2 0.08

Magnet 160.0 0.06 0.2 0.09

Dummy 146.5 0.06 0.2 0.14 30:70

Magnet 120.0 0.08 0.1 0.2 150 & 200 
ppm

Dummy 120.5 0.06 0.1 0.1
Ba2f

AAS analysis o f circulating formation water solutions for copper, iron and cobalt content for 

the 50:50, 70:30 and 30:70 experiments are given in table 4.20. The analyses indicate that 

even after several hundred hours o f circulation in some cases, the concentrations o f these ions 

in solution are negligible, and therefore they are not thought to interfere with the precipitation 

and nucleation processes o f these experiments and consequently not thought to influence any 

o f their results.
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FIGURE 4.25 Example of propensity to scale measurement for

100pm Ba2+ at 50°C

Back pressure in 1.1 mm coil

FIGURE 4.26 Example of propensity to scale measurement for

200pm Ba2+ at 50°C

Back pressure in 1.1 mm coil
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FIGURE 4.27 Compilation of the effect of barium (Ba2+) 

concentration on the propensity to scale for magnetic 

treatment only
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Varying the Barium Ion Concentration Experiments

The data in tables 4.13 and 4.14, and figures 4.13 and 4.14, for propensity to scale 

measurements at 150 and 200 ppm Ba2f and 2700 ppm S042, indicate that varying the 

concentration o f the barium ion in simulated formation water significantly influences the rate 

o f deposition o f scale. These results are o f even greater significance when the measurements 

for 50:50 ratio mixing, for 100 ppm Ba2+ and 2700 ppm S042 are included for comparison. 

The propensity to scale measurements for 100, 150 and 200 ppm Ba2‘ then show that the rate 

o f deposition o f scale is significantly increased as the barium ion concentration increases. 

Indeed, the increase is found to be threefold for magnetic, dummy and control treatments 

when the barium concentration is doubled from 100 to 200 ppm. This threefold increase in 

the deposition rate for all treatments is shown in figures 4.25 and 4.26 for the scaling profiles 

at 100 and 200 ppm respectively. These figures also clearly illustrate that magnetic 

treatment o f formation water significantly reduces the tendency o f mixed solutions o f 

formation and sea water to deposit scale as compared to measurements for dummy and 

control treatments. The data in figure 4.27 which is a compilation o f average scaling times 

for magnetic treatment only at each concentration, emphasised, like the results o f experiment

3.6.4 in chapter 3, that concentration and also temperature are key factors in influencing the 

rate o f deposition o f solids in any precipitation system. Thus, the data in this figure show 

that average measurements for magnetic treatment decrease when both the barium ion 

concentration and temperature increase from 100 to 200 ppm Ba2t and from 50 to 85°C 

respectively.

The observed, expected increase in deposition rate, together with the likely increase in the 

amount o f barium sulphate deposited, as Ba2+ concentration increased is explained in terms 

o f the factors which influence the precipitation process. Factors such as (i) the very low 

solubility o f Ba2* (ii) an excess amount o f S042 in sea water fluids and (iii) the very low 

solubility product o f BaS04.

AAS analysis o f circulating solutions for 150 and 200 ppm experiments, gave similar results 

to those obtained for the ratio experiments. The results o f the analyses are shown in table 

4.20, and indicate that, after 150 hours circulation for both magnet and dummy solutions, 

negligible amounts o f copper, iron and cobalt ions were found in solution and therefore they

218



are thought to have very little effect on the precipitation processes and ultimately the results 

o f this work.

Varying the Sulphate Ion Concentration Experiments

The data in tables 4.15 and 4.16, and figures 4.15 and 4.16, for propensity to scale 

measurements at 2400 and 3000 ppm S042 and 200 ppm Ba24 indicate that varying the 

concentration o f the sulphate ion in sea water, over the ranges covered in this work, appears 

to have a minimal effect on the rate o f deposition o f scale. This is also the case when the 

range o f sulphate ion concentrations studied is extended, that is when measurements for 2700 

ppm sulphate and 200 ppm Ba2+ (table 4.13) are included for comparison. Figure 4.28, 

which shows the compilation o f measurements for magnetic treatment only at 2400, 2700 and 

3000 ppm sulphate, indicates that there is only a small difference between all three 

concentrations, with measurements at 2400 ppm giving slightly longer scaling times than 

measurements at 2700 and 3000 ppm sulphate. In addition the graph also shows that 

measurements for all three concentrations merge at 70°C and then diverge at higher 

temperatures (75°C) where as at 80°C the tendency o f the solutions to deposit scale falls in 

the order: 2400 ppm <  3000 ppm <  2700 ppm. The effect o f magnetic treatment on the 

deposition o f scale is however discernible, and shows similar trends as observed for the other 

previous experiments, whereby the magnetic field treatment is again found to significantly 

reduce the rate o f deposition o f scale as compared to measurements at zero-field treatments.

The observed insignificance o f varying the sulphate ion concentration on the rate o f deposition 

was explained in terms o f the availability o f barium and strontium ions to stoichiometrically 

combine with sulphate ions. It is suggested that the concentrations o f sulphate ion studied 

in this work were too excessive to make a difference to the deposition rate, mainly because 

maximum or near maximum amounts o f BaS04 and SrSO« were formed in solution subsequent 

to mixing o f the brine solutions. Thus, increasing the sulphate ion concentration made very 

little difference to the formation o f additional amounts o f BaS04 and SrS04 unless further 

Ba2+ and Sr24 ions were added to the mixed brine solution. Indeed, the results o f this work 

appear to be consistent with those o f Stimpson [15], who investigated the effect o f sulphate 

ion concentration on mixed brine solutions at much lower concentrations ( <  2000 ppm). The 

results showed that the rate o f deposition decreases as the sulphate ion concentration is 

reduced.
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FIGURE 4,28 Compilation of the effect of sulphate (S042) 

concentration on the propensity to scale for magnetic 

treatment only
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4.10.2 Solubility experiments

The results o f the solubility experiments, given in table 4.17, showed most notably that the 

levels o f sulphate ion for each o f the applied fields tested were always significantly greater 

than the levels found for the control and dummy tests. The results, therefore, indicate that 

the solubility or level o f supersaturation o f barium sulphate was, in each case, greater for the 

applied fields, as compared to measurements for the dummy and control tests. The 

magnitude o f the increase in solubility however, was shown to vary with the nature o f the 

applied field and this is represented graphically in figure 4.18. The data in the graph show 

that a greater concentration o f barium sulphate was retained in brine solution when the 

applied field was a radiofrequency (mean value =  34 ppm), giving approximately four times 

the amount o f sulphate in solution as compared to the control. The magnetic field devices 

showed similar results, with the greatest retention o f sulphate shown by the field generated 

by the HDL unit (mean value =  17.5), giving over twice as much sulphate in solution as 

compared to both the control and HDL dummy unit. Also expressed in the graph is the 

corresponding percentage increase in solubility for each o f the applied fields when compared 

to the average sulphate ion concentration for the control (mean value =  8 ppm). The data 

for this area o f the graph therefore re-emphasise the increase in solubility for each applied 

field, the order o f which was radiofrequency field (212%) >  HDL permanent magnetic field 

(109%) >  electromagnetic field (97%) >  external permanent magnetic field (70%).

The increase in solubility o f barium sulphate upon the application o f an HDL magnetic field, 

has similarly been confirmed by Ekaireb [4] at City University. The results o f these 

experiments showed that the solubility increased by 10% upon magnetic treatment o f a 

saturated aqueous solution o f barium sulphate. Increases in the solubility o f other scale 

minerals upon magnetic treatment o f the aqueous solution have also been shown. These 

include calcium phosphate, also studied by Ekaireb [4], and aluminium hydroxide [16].
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4.10.3 Rate of aggregation and turbidity experiments

The results o f experiments using the photometric dispersion analysis technique (PD A ) are 

described through a general interpretation o f the ratio and DC measurements obtained on the 

PDA graphs and by comparison o f the rates o f aggregation for magnet and control runs in 

the investigations where the formation water or sea water were magnetically treated.

(i) Interpretation of Ratio and D.C. output traces

The PDA graphs for experiments 4.9.1 and 4.9.2 illustrated in tigs.4.19 (A ) and (B) and 

4.20 (A ) and (B), respectively, showed generally that the precipitation o f solids in a mixed 

brine system (i.e when simulated formation water is mixed with simulated sea water) 

appeared to occur in two stages vri.

(i) an initial rapid stage o f precipitation shown by the large increase in the particle size o f 

solids in suspension (indicated by the sudden increase in ratio value) and the increase in the 

turbidity or amount o f precipitate produced in solution (indicated by the decrease in DC value 

from 10 V ). The PDA graphs also showed that after the injection o f the treated solution, the 

onset o f precipitation at this initial stage was slightly delayed, and was due to the initial 

interaction o f ion species within the brine solutions.

(ii) a slower stage o f precipitation where both the particle size o f solids and the turbidity o f 

the solution gradually increased to a maximum before slightly reducing in value. This slower 

stage was more accentuated in the treated formation water experiments (see figs 4.20 A  and 

B) where the ratio value increased to such an extent that the reading range was changed from 

5 to 10V. In the case o f the treated sea water experiments (see figs 4.19 A  and B) the 

maximum values for both the size (i.e ratio value) and concentration (i.e DC value) o f 

particles in solution were achieved simultaneously and at a much faster rate. The gradual 

increase in the particle size o f precipitate was explained in terms o f an increase in the state 

o f aggregation o f particles in suspension. This was confirmed by the DC value, which 

showed that soon after the period when the concentration o f particles in solution was at a 

maximum, the DC value started to fall and hence show that the turbidity o f the suspension 

was decreasing whilst at the same time the size o f particles in solution continued to increase. 

The slight fall in the ratio value near to the end o f a run was explained by the aggregated 

particles, which by this time in the measurement had become very large heavy structures, 

failing to remain in suspension and consequently settling out o f the fluid.
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(ii) Rate of Aggregation Measurements

Although no absolute values for the particle size o f solids in solution were obtained in this 

particular work, the rate o f aggregation o f solids was assessed by measurement o f the ratio 

value from the point o f injection o f the treated sample to the point where no further increase 

in the aggregation o f precipitate was observed.

The comparison o f the magnetic and control runs o f experiment 4.9.1 in figures 4.19 (A ) and

(B) respectively, show that magnetic treatment o f the sea water fluid containing mainly 

sulphate ions (2700 ppm) had very little effect o f the rate o f aggregation and also the rate of 

deposition (DC value) on solids in solution. In summary, this experiment showed that no 

significant delay in the aggregation o f particles was observed when simulated sea brine fluids 

were magnetically treated.

The converse, however, was observed for experiment 4.9.2 in which the formation water was 

magnetically treated. The results o f the magnetic runs showed significant delays in the rate 

o f aggregation o f solids as compared to measurements for the control. This is clearly 

highlighted on the PDA graphs for control (in fig 4.20 (A )) and magnet (figure 4.20 (B)) 

runs, in which the point at which their ratio values drifted o ff scale differed significantly. 

The time at which the control value drifted o ff scale was much less, at 12 mins, than the time 

for the magnet, run, at almost 18 mins. In general, the difference in the rates o f aggregation 

for a set o f replicate runs between control and magnet ranged between 28 and 35 %. The 

difference between magnet and control rates for runs in figs.20 (A ) and (B) was calculated 

to be 32%. In conclusion this experiment showed that significant delays in the aggregation 

o f solids were observed when simulated formation brine fluids were magnetically treated.

The results o f experiments 4.9.1 and 4.9.2 essentially confirm some o f the findings o f the 

propensity to scale experiments in this chapter and propensity to scale experiments in chapter 

3, by, firstly, showing that the magnetic treatment o f formation water fluids always 

significantly delays the buildup o f precipitate and secondly, by emphasising that magnetic 

treatment o f cationic species such as Ba2+ (in formation water), as opposed to anionic species 

such as S042 (in sea water) has a significant effect on both the rate and extent o f the 

precipitation o f solids.
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4,11 DISCUSSION

4.11.1 Summary of Results

The data presented in the results section o f this chapter suggests that the magnetic treatment 

o f principally barium-containing brine solutions, either prior to or during measurement, 

significantly influences a) the tendency o f the brine solution to precipitate barium sulphate 

b) the supersaturation properties o f the solution c) the tendency o f solids to aggregate in 

solution and d) the tendency o f solutions to become turbid, as compared to precipitations 

carried out under normal conditions. The parameters that influenced the efficacy o f the 

observed magnetic phenomena, in addition to the main inferences drawn from each 

experiment are outlined below:

1. The magnetic treatment o f simulated sea water fluid appeared to have little 

effect on both the rate o f aggregation and the rate o f formation o f solids formed from 

mixed brine solution, as compared to treatment carried out in zero field conditions.

2. The magnetic treatment o f simulated formation water was found to 

significantly reduce its tendency to from solids when mixed with simulated sea water, 

as compared to treatments carried out in zero field conditions. This was clearly 

demonstrated by two independent investigations viz. (i) propensity to scale 

measurements which essentially assessed the rate and extent o f precipitation and (ii) 

both rate o f aggregation and turbidity measurements which essentially assessed both 

the accumulation and rate o f buildup o f precipitate.

3. The efficacy o f the observed magnetic phenomena was found to be influenced 

by several parameters including (i) the concentration o f the major scale-forming 

cations in formation water fluids, principally the barium ion, which decreased with 

increased concentration and (ii) the temperature o f precipitation, the magnitude o f 

which decreased with increasing temperature.

The efficacy o f the observed magnetic phenomena, however, also appeared to operate

independently o f factors such as: (i) the flow rate o f the formation water fluid

circulated through the magnetic unit, over the range covered in this work, although
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significant magnetic effects were observed at the following flow rates when the 

following units were used: 9 L min , for the HDL one inch unit and the 4 kGauss 

permanent magnet and 13 L min' for an electromagnetic device and (ii) the 

concentration o f the major scale-forming anions, principally sulphate ions in simulated 

sea water.

4. The magnetic treatment o f a saturated solution o f barium sulphate in 2.9% 

brine solution was found to significantly increase the amount o f barium sulphate 

solution retained in solution and thus raise the level o f supersaturation or solubility o f 

the fluid. In addition, the magnitude o f the increase in solubility was found vary with 

the nature o f the field.

The solids that usually form in formation water-sea water mixes, dependent on the 

precipitation conditions and the ion concentrations in each fluid, are BaS04, SrS04, CaC03 

and CaS04.2H20  (most common phase). The rate and extent o f formation o f these 

precipitates, in addition to the magnetic phenomena summarised above, were also shown to 

be influenced by the barium ion concentration in the formation brine and the ratio at which 

the formation water and sea water brines were mixed, i.e. essentially, the ratio at which 

barium ions were mixed with sulphate ions. The concentration o f sulphate ions, over the 

range covered in this work, however, appeared to have little effect on the precipitation rate. 

Consequently, it is suggested that out o f all the ions present in formation water-sea water 

fluids the barium ion is possibly the most important and influential ion, in terms o f affecting 

the rate and extent o f precipitation, given the same precipitation conditions and concentration 

o f ions used in this work. The effect o f the concentration o f several o f the major scale-

forming ions, including barium, strontium and calcium, on the precipitation o f solids formed 

from simulated sea water-formation water mixtures has been studied by Stimpson [17] at 

City University. His work confirmed that the concentration o f barium in solution was 

probably the most significant in terms o f influencing the rate and extent o f deposition o f 

solids. Precipitation studies by Vetter [18] and Bradley [19] using simulated brines have also 

considered changes in conditions such as pressure, temperature and chemical inhibitor type 

on the deposition o f scales such as calcium carbonate, calcium sulphate, and barium sulphate.
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4.11.2 Interpretation of Observed Magnetic Phenomena

The results o f this work clearly show that the magnetic treatment, using applied fields o f 

various field strengths and geometries, o f circulating barium-containing brine solutions always 

resulted in statistically significant reductions in the tendency o f the solution to precipitate 

solids, as compared to treatments in zero field conditions.

Propensity to Scale and Turbidity-Aggregation Experiments

The magnetic phenomena observed for the propensity to scale and turbidity-aggregation 

experiments must arise from similar if  not identical effects, essentially because in both, 

undersaturated solutions o f magnetically treated simulated formation water fluid, were 

precipitated downstream away from the point o f treatment with simulated sea water fluid. 

Thus, in both cases, (as was similarly described for the phenomena observed in chapter 3), 

the magnetic phenomena must emanate from the charged species present in the formation 

fluid which then later act downstream away from the field at the point o f crystallisation.

The phenomena observed for both the types o f experiment conducted must therefore 

essentially be explained in terms o f the field charge interactions o f the charge species present 

in solution with the applied field. As was suggested in the discussion section o f chapter 3 

(section 3.8.2), the most likely species to be affected by the field that could also explain the 

downstream phenomena are the clusters o f hydrated ions. The clustered species likely to 

form in formation waters, unlike the calcium ion type clusters described in section 3.8.2, 

would probably comprise o f several types o f hydrated ions (essentially because the formation 

water fluid contains several elemental ions) in close association with each other. The 

interactions o f the applied magnetic field with these species would, as described in section

3.8.2, prove to be significant as field charge interactions which influenced the stability o f 

these clusters i.e. their formation or destruction, would affect the nature o f the nuclei formed 

from them and subsequent crystal growth process. The proposed equilibrium o f these species 

in the fluid is shown schematically in section 3.8.2, and it was suggested that the applied 

magnetic field augments the stability o f the clusters in the fluid which then alters the 

nucleation and crystallisation processes. This would therefore account for the reductions in 

both the rate o f precipitation and rate o f aggregation o f solids formed from formation water- 

sea water mixtures observed in this work.
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Solubility Experiments

The magnetic treatment o f saturated brine solutions o f barium sulphate results in an increase 

in solubility. The species present in these solutions that are likely to significantly influence 

the level o f supersaturation or solubility o f barium sulphate and hence crystal growth 

processes are stable crystal nuclei. Thus, the results o f this work can be explained in terms 

o f the effect the applied fields have on nucleation and crystal growth processes at the point 

o f crystallisation. Essentially, two plausible explanations for the observed phenomena should 

be considered: (1) direct field effects at the crystal-solution interface (2) crystal 

nucleation modification.

(1) Direct Field Effects at the Crystal-Solution Interface

As suggested in chapter 3 (section 3.8.2) the fluid-precipitate interface, which ions diffuse 

across to reach the faces o f the growing crystal, is one o f the key areas where the magnetic 

field could act that would ultimately influence the crystal growth. Some o f the ways in which 

the magnetic field could indirectly affect the fluid-precipitate equilibrium have already been 

discussed in section 3.8.2. and were based upon the Lorentz effects at the interface. It was 

suggested that such effects were unlikely to occur due to the rapid dissipation o f the extra 

Lorentz energy by collision processes o f the ions, and this would also be the case for barium 

sulphate precipitations.

However, because barium sulphate studies involved effects at the point o f crystallisation, the 

applied fields could influence fluid-precipitate equilibrium directly, the details o f which are:

(a) T h e  field could affect the transport o f  c h a r g e d  species to the crystal solution 

interface. The normal growth o f inorganic crystals requires an adequate supply o f cations 

and anions from solution. If these ions are affected by the magnetic field so as to distort 

their motion and set the positive and negative ions in opposite spirals, the regular supply of 

cations or anions to the crystal surface may be disrupted. Consequently, effects o f this type 

may alter the rate o f growth o f the crystals and especially the specific planes o f growth o f the 

faces o f the crystal. Work by Nancollas and co-workers [20j has shown that crystal growth 

kinetics o f scale-forming minerals including calcium carbonate, calcium diphosphate and 

magnesium hydroxide, in zero field conditions, are affected by the supply o f ions to the
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solution interface. The results o f their work show that the rate o f crystallisation o f these 

minerals is proportional to the driving force (see figure 3.27), and that the rate-determining 

step involves a reaction at the crystal surface. Most notably however, using a special seeding 

technique, they determined that the growth rate constant could be markedly reduced by low 

concentrations o f cationic and anionic species in the solution.

(b) T h e  field could affect the diffusion barriers at the surfaces o f  potentially g r o wing  

faces o f  a  crystal. The influence o f the magnetic field on the diffusion barriers may well 

affect the ease o f transfer o f anions and cations across the concentration barrier. This 

essentially would mean an alteration in the character o f the diffusion barrier, either by 

increasing or decreasing its size depending on the exact nature o f the field-surface charge 

interaction for a given face.

(2) Crystal Nucleation Modification

Possibly the most feasible explanation o f the direct effects o f magnetic fields on crystallisation 

can be explained by the direct field-charge interactions o f crystal nuclei with the applied field. 

The nuclei on which crystals grow are usually very small particles which have high surface 

area to volume ratio. Due to this fact, such particles would be subject to interactions with 

an applied field. The nucleus consists o f minute crystals o f the material precipitated with 

potentially growing faces, each with its own surface charge characteristics. The interactions 

between the applied field and the nuclei could result in the modification o f the nature o f the 

charges on each face, both in general and specific planes. The modification process must 

favour some growing faces rather than others and the favoured faces could be significantly 

different from those growing in the absence o f a magnetic field.

The observed difference in solubilities when different applied fields were tested is similarly 

explained in terms o f the modification o f nuclei and, specifically, the nature o f charges on 

them. The variation in field geometries between the applied fields is probably a more 

significant factor in explaining the difference in solubilities than field strength (see the 

discussion section o f chapter 2 for similarly observed differences in the magnetic phenomena 

when various magnetic field types were applied). In the barium sulphate studies, the 

importance o f field geometry over field strength was clearly demonstrated by the difference
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in the levels o f supersaturation for sulphate ion for the HDL unit (1.8 kGauss) which gave 

an average value o f 17.5 ppm, as compared to the large permanent magnet (4 kGauss) 

with the lower value o f 11.2 ppm. The different combinations o f field geometries and 

orientations between each applied field could cause the charges on the nuclei to be modified 

in many different ways so as to alter the crystallisation pattern o f the solid.

4.12 CONCLUSION

In conclusion, the work in this chapter has clearly demonstrated that the magnetic treatment 

o f brine fluids significantly influences the crystal growth characteristics o f solids precipitating 

from them. The observed phenomena in each case are explained in terms o f the field-charge 

interactions o f the various charged species in the fluids, which include ions, clusters of 

hydrated ions, and most importantly, crystal nuclei, with the magnetic field.

The control o f the formation o f the scales common to brine fluids, particularly barium 

sulphate, by magnetic treatment, has wide ranging implications for industries that handle large 

quantities o f such waters, including oil (in both offshore and terrestrial recovery), gas and 

saline water conversion. The economic advantages that could be gained from this type o f 

scale control in these industries are obvious, but o f equal importance are the environmental 

implications, which in the light o f imminent controls o f the use, and in particular the 

disposal, o f chemical inhibitors, could become ever more apparent.
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THE EFFECT OF EXTERNAL MAGNETIC FIELDS ON CRYSTAL GROWTH: 

The in situ Crystallisation of Calcium Mono Hydrogen Phosphate

CHAPTER FIVE

5.1 INTRODUCTION

Very few reports exist on the effect applied external magnetic fields have on nucleation and 

crystal growth systems, in terms o f directly influencing the crystallisation pattern. Indeed, 

the majority o f the reported observations have been concerned with the effects other types o f 

externally applied field have on the crystallisation systems, including types o f electromagnetic 

radiation and electric fields.

The effect o f light radiation on nucleation and crystal growth has been pursued since the 

eighteenth century. The most notable accounts o f such effects include observations by 

Kasalkin [11 who showed, unequivocally, that the rate o f growth o f NaBrO, crystals 

significantly increased upon application o f light irradiation. Similar effects were reported by 

Henisch [2| for calcium tartrate crystals, in which prolific growth o f the crystals was 

observed under or after light irradiation o f a gel system in comparison to the growth rate in 

the total absence o f light. Kumagawa et al [3] have also reported the pronounced effects o f 

light irradiation on crystal growth, essentially on the vapour epitaxial growth o f silicon. It 

was observed that the activation energy o f crystal growth decreased with light irradiation and 

that the quality o f the grown layers o f the crystal was better with irradiation than without.

It has been suggested that electric field effects are implicated in various thermophysical and 

thermochemical phenomena in solids and solid/gas or liquid interfaces [4], The direct 

influence o f an externally applied electric field on crystal growth was reported by Kurien and 

Ilkyachen [51, who observed that an applied electric field accelerated the rate o f growth o f 

BaMo04 crystals in a silica-gel medium. In addition, theoretical work on the effects o f 

external fields on nucleation kinetics has been conducted by Kashchiev [6J. He considered 

the influence that externally applied uniform electric fields would have on homogeneous 

nucleation as well as nucleation on foreign completely wettable particles, and concluded that 

the stimulation or inhibition o f nucleation was influenced by the magnitude o f the applied

233



field e.g. he estimated that a field o f 6.14 x 103 kV cm is necessary to inhibit the formation 

o f a water droplet.

Reports o f the direct effect o f external magnetic fields on crystal growth are even more o f 

a rarity in the literature than those concerning other field effects. The earliest account o f 

magnetic field effects were reviewed by Selwood [7] in his 1943 synopsis o f "magnetic field 

effects on chemical reactions" and included work by Steacie and Stevens [8| and Berlaga and 

Gorskii [9|, both cited in 1934. These investigators found no appreciable change in the rates 

o f crystallisation o f "substances as diverse as" sodium thiosulphate, nickel sulphate, water, 

salol and diphenylamine, when placed in a magnetic field.

Probably the most recent account o f magnetic field effects on crystal growth has been 

reported by Evans 110| at University College Wales. He investigated the influence o f 

external magnetic fields o f varying field strength on the nucleation and crystal growth o f 4-n- 

octylbiphenyl. These experiments essentially consisted o f growing crystals o f 4-n- 

octobiphenyl on a glass plate from a saturated solution in benzene by evaporation in the 

presence and absence o f a magnetic field. In all, three types o f magnetic field effect 

experiments were carried out. In the first, no field was applied and the pattern o f 

arrangement o f the crystals was found to be random. In the second experiment, however, 

when a "medium” intensity magnetic field ca. 5 kGauss was applied to the solution, the 

crystal pattern was shown to have a distinct arrangement which followed the lines o f magnetic 

flux, which deflected across the watch glass. In addition, when a magnetic field o f sufficient 

intensity was applied, the solution was shown to attempt to move out o f the field region, 

inferring that the field induced a bulk translation o f the non-magnetic fluid. In the final field 

effect experiment, an even stronger magnetic field was applied to the solution ( >  lOkG), and 

a pronounced sustainable alignment o f the crystals was observed in which single crystals were 

shown to be transparent around their periphery. Evans also studied at the effect o f sunlight 

on the crystallisation pattern, essentially because the electromagnetic fields appear to have 

similar pronounced influences on the crystallisation o f n-octylbiphenyl. The result o f this 

investigation was similar to that found for the magnetic field effects, although the resultant 

crystal pattern appeared to follow the direction o f the sunlight.
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Magnetic field effects on crystal growth have also been observed by Prosser 1111 at City 

University, who investigated the effect o f a permanent magnetic field on the morphology and 

crystallisation pattern o f precipitated o-aminobenzoic acid (anthranilic acid). In "static" 

experiments in which anthranilic acid crystals were grown in situ in water-cooled test tubes 

between the poles o f a large dipole magnet o f field strength 4.5 kGauss, it was observed that 

thin feathery crystals appeared to orientate between the mid-point o f the lines o f force o f the 

magnetic field. The crystals grown in the absence o f the magnetic field however, showed no 

regular alignment or orientation in the field. He also observed that there was an apparent 

delay in the precipitation o f the anthranilic acid crystals when placed in a magnetic field as 

compared to crystals grown in the absence o f an applied field. These results are considered 

in more detail in the discussion section o f this chapter.

5.2 OBJECTIVES

Since it has already been established that applied fields can influence nucleation and crystal 

growth processes in both dynamic situations (as observed for the magnetic treatment o f 

circulating undersaturated and saturated fluids in the experiments conducted in chapters 3 and 

4) and static in situ precipitation conditions (as described), the work presented in this chapter 

was carried out with the purposes of:

(1) discovering whether externally applied magnetic fields affect the in-situ crystallisation 

o f scale forming precipitate, using the crystallisation o f calcium mono hydrogen phosphate, 

commonly termed brushite, as the example.

(2) providing further evidence for the existence o f a direct effect o f applied magnetic fields 

on nucleation and crystal growth processes. 3

(3) possibly gaining a greater understanding o f crystal growth mechanisms in magnetic fields. 

Because scale formation is essentially a crystal growth process, this could help to elucidate 

the general phenomenon o f the prevention or reduction o f scale formation by magnetic 

treatment.
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5.3 BACKGROUND TO THF, PRESENT WORK

The experimental work presented in this chapter essentially emanates from fundamental 

crystal growth studies on hydrated calcium mono hydrogen phosphate, commonly termed 

brushite (CaHP04.2H20 ), which were carried out at City University |12|. Under certain 

conditions, brushite occurs naturally with, and can also be modified to, calcium 

hydroxyapatite (Ca5(0 H )(P 0 4)3) which is frequently a major or minor constituent o f boiler 

scale when soluble sodium phosphates are used to precipitate any residual hardness in the 

boiler water during a process known as "internal treatment" (used in boiler water treatment 

to denote the direct addition o f chemical agents to the boiler [ 131).

The preliminary crystal growth work on brushite consisted o f precipitating hot saturated ( <  

70°C) solutions o f hydrated calcium monohydrogen phosphate, which were prepared 

according to the procedure described by Tiselius [14], in a glass tube positioned in an 

externally applied magnetic field. The results o f these investigations showed that the 

precipitation o f brushite occurred very rapidly, in fact almost instantaneously, after the hot 

solution was placed in the glass tubes. This was expected as natural brushite is only sparingly 

soluble in aqueous solutions (0.0316g at 38°C), and consequently it was considered that a 

slower method o f precipitation was required i f  significant magnetic field effects were to be 

observed. The present work describes the method by which slow precipitations were carried 

out in the externally applied magnetic field.

5 4 THE SLOW PRECIPITATION OF BRUSHITE BY THE ADDITION

OF EDTA (Na,)

In an attempt to slow down the rate o f precipitation o f brushite crystals in the applied 

magnetic field the chelating agent disodium ethylenediaminotetraacetic acid (ED TA Na2) was 

added to the calcium chloride solution prior to the precipitation o f brushite. The addition o f 

EDTA would control the precipitation o f brushite by influencing the availability o f calcium 

ions in the precipitating mixture, which would complex with EDTA as indicated below:

Ca2+ +  EDTA2 ^  ] CaEDTA ]
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The equilibrium o f calcium ions with the soluble calcium-EDTA complex would thus limit 

the amount o f free Ca2* available to precipitate with hydrogen phosphate ions in solution and 

would therefore control the amount o f precipitate formed.

The effect o f EDTA on the rate o f precipitation o f brushite crystals was monitored in several 

test precipitations, carried out in zero field conditions. The tests were carried out for a range 

o f EDTA concentrations at 70°C and the results clearly showed that addition o f EDTA to the 

precipitating mixture significantly delayed the precipitation o f white brushite crystals, and 

delays in precipitation o f up to several hours were observed.

Interestingly, EDTA is often used by itself and sometimes in conjunction with other agents 

in industrial situations as a "polishing" treatment in boiler waters and for the removal o f 

calcium hydroxyapatite and other related calcium phosphate deposits such as brushite. Moore 

et al [15j, have discussed in detail the use o f EDTA and also N TA  (nitrilotriacetic acid) in 

the one-step removal o f scale deposits from heater tubes in distillation-type saline water 

conversion plants.

5.4,1 Experimental Procedure

In this work, brushite crystals were prepared from [ CaEDTA 1 solutions according to the 

following method:

(1) 11.6g o f EDTA (disodium salt) was added to 30 ml o f 1 Molar CaCl2.6H20  and 

heated to 70°C for several minutes. This gave a white precipitate.

(2) Then 11.7 ml o f 0.6M o f Na2H P04.12H20  and 60 ml o f distilled water were 

added to the precipitate formed from (1) and further heated to 80°C until the 

precipitate dissolved completely.

Crystal growth experiments were carried out by placing 15 ml o f the dissolved hot (ca.80°C) 

phosphate-Ca-EDTA mixture into 1 cm diameter glass tubes, which were then sealed with 

plastic stoppers. The tubes were then positioned, centrally, either between the poles o f a
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magnetic unit or between non-magnetised alloy bars, which acted as dummy magnetic poles 

for the control experiment. Each experiment was usually carried out for a duration o f up to 

approximately 72 hours, generally until no further increase in precipitation was visibly 

observed.

5.4.2 Applied Magnetic Fields

Three types o f magnetic devices were used in these crystallisation experiments, varying in 

field geometry, orientation and field intensity, (ranging from 1.7 to 4.5 kGauss). A brief 

description o f each unit is given:

(a) HDL Magnetic Rods - Device (A )

The HDL magnetic rods used in this work were adapted essentially to form a dipolar unit 

which consisted o f two rods fastened together, with like polarities affixed at either end. which 

were encased in a cardboard sleeve. The unit was arranged in South-North configuration as 

viewed, left to right, in the photographs presented in the results section. A  field intensity of 

approximately 1.9 kGauss was measured at the central axis between the poles (placed 1cm 

apart - approximately the diameter o f glass tube).

(b) Electromagnetic Unit - Device (B)

This unit consisted o f two solenoids with magnetic cores at their centres which give rise to 

magnetic pole pieces. The coils were generated by a 15V power supply and in this work 

generated a magnetic field intensity o f approximately 3.5 kGauss, when the poles were 1 cm 

apart, and had a South-North configuration as viewed, left to right, in the photographs in the 

results section.

(c) Permanent Dipole Magnet - Device (C )

This unit was used in the solubility experiments o f chapter 4 (section 4.8 ), and comprised 

two large poles spaced 1.5 cm apart, with a South-North configuration, as viewed left to right 

in the photographs in the results section. The unit generated a permanent magnetic field o f

4.5 kGauss at the central axis between the poles.
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5 5 CRYSTAL GROWTH EXPERIMENTS

Two types o f crystal growth experiments were carried out in this work, differing in the 

concentration o f EDTA and the volume o f distilled water added to the phosphate-Ca-EDTA 

mixture. A  brief description o f the procedure, together with the general observations and 

results from both these investigations are given in this section.

5.5.1 Experiment 1

In this experiment phosphate-Ca-EDTA solutions were prepared as described in 5.4.1., using 

11.6g o f EDTA and 60 ml o f distilled water. Brushite crystals were grown in three types 

o f externally applied magnetic field, generated by devices (A ), (B) and (C ) described in 

section 5.4.2 above. In addition to the applied field tests, a dummy experiment was also 

conducted. Each magnetic field test was carried out in parallel (i.e started simultaneously) 

and the effects o f the applied field on the resultant growth o f the crystals, generally after no 

further increase in growth was observed, was recorded photographically. The results are 

described below.

Observations and Results 

Magnetic Device (C )

Figure 5.1. shows the resultant formation o f crystals in a 4.5 kGauss permanent magnetic 

field. The alignment o f the crystals next to both magnetic poles was clearly observed, 

although as shown in the figure a greater quantity o f crystals aligned on the south pole (left 

hand pole). The photograph was taken approximately 40 hours after the start o f the 

experiment and the onset o f precipitation was observed after about 10-12 hours.

Magnetic Device (B)

Figures 5.2- 5.4 show the resultant formation o f crystals in an electromagnetic field. The 

onset o f precipitation was observed after about 10-12 hours and the photographs were taken 

28 hours after the start o f the experiment. Figure 5.2 clearly shows the alignment o f the 

crystals in the applied field, which was predominantly adjacent to the South pole (right hand
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FIGURE 5.1 Crystal growth in a permanent magnetic field (Device C)

FIGURE 5.2 Crystal growth in an electromagnetic field (Device B)
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pole in the photograph). Figure 5.3 shows the crystals in profile, similar to figure 5.2, but 

when the glass tube was taken out o f the applied field and photographed on the stage o f an 

optical bench. The figure again clearly emphasises the alignment o f the crystals by the 

applied field. The linear alignment o f the crystals in the applied field is illustrated in Figure

5.4 where the crystals were turned through 90°, and photographed projecting towards the 

camera lens. The orientation o f the crystals is evident - showing a very linear crystallisation 

pattern, which appears to follow the lines o f magnetic flux nearest the magnetic pole.

Magnetic Device (A )

Figures 5.5 and 5.6 show the resultant crystal growth in the permanent magnetic field 

generated by the HDL rods (2.5 kGauss) after 25 hours. The onset o f precipitation was 

observed at 10-12 hours. Figure 5.5 shows, as similarly observed in fig .5.3, the in profile, 

alignment o f the crystals towards the sides o f the tube, in close proximity to the magnetic 

pole pieces. The profile also shows that a greater amount o f crystals aligned towards the 

right o f the tube, which was equivalent to the South pole o f the dipolar magnetic unit. Figure 

5.6, emphasises the linear crystallisation pattern, as was shown in figure 5.4., which, again, 

appears to have followed the lines o f flux at the poles o f the magnet.

Figures 5.7 and 5.8 show the resultant crystal growth for the dummy test in zero-field 

conditions. The photographs show a marked difference between the orientation and 

crystallisation pattern o f the crystals grown in dummy/zero-field conditions (denoted by D 

in both figures) and those precipitated in applied magnetic fields (denoted by E in figure 5.7; 

and M in figure 5.8, representing the electromagnetic and permanent magnetic fields 

respectively). In both figures, it is clear that the orientation and crystal growth pattern for 

the dummy test appears to be random where individual crystals form in the body o f the 

solution (i.e. in suspension) and, unlike the applied field tests, shows no evidence o f 

alignment at the side o f the tube.
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FIGURE 5.3 Profile of crystals grown in an elect romagneticfield

FIGURE 5.4 Linear arrangement of crystals in the electromagnetic field
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FIGURE 5.5 Profile of crystals grown in a permanent magnetic field (Device A )

. FIGURE 5.6 Linear arrangement of crystals in the permanent magnetic field
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FIGURE 5.7 Contrast of the orientation of crystals grown in control conditions (D ) 

compared to growth in an electromagnetic field (E)

FIGURE 5.8 Contrast of the crystal growth pattern in control conditions (D ) 

compared to growth in electromagnetic (E) and permanent magnetic fields (M )
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FIGURE 5.9 Plan view of the attraction of crystals towards the magnetic field 

generated by a plastic magnetic stirrer situated in a 100 ml beaker

the 100 ml beaker

FIGURE 5.10 The accumulation of crystals on and around the magnetic stirrer in
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FIGURE 5.11 The formation and alignment of crystals adjacent to the N-S poles 

(right to left) in the early stages of crystal growth

FIGURE 5.12 Crystal growth in dummy zero-field experiemnt
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Replicate experiment for magnetic device (C )

Figures 5.13 and 5.14 show crystal growth in a replicate experiment using magnetic device

(C ). Both figures, as opposed to figure 5.11 above, show growth after 48 hours when no 

further precipitation was observed. Figure 5.14 is a close-up view o f figure 5.13 and shows, 

quite succinctly, the alignment o f the crystals next to the magnetic poles (more so towards 

the south pole which, in the photograph, corresponds to the left hand pole). Figure 5.15 

shows growth, again after 48 hours, in a parallel dummy experiment where no apparent 

crystallisation pattern was observed, and, in fact, most crystals in the photograph have fallen 

out o f suspension and amassed together at the bottom o f the tube.

Magnetic Device (A )

Figures 5.17 and 5.18 show the resultant crystal growth in the field generated by the HDL 

magnetic bars. Figure 5.18 is a close-up view o f figure 5.17 and clearly shows the alignment 

o f the crystals close to the magnetic poles. Both figures show growth after 36 hours in the 

applied field when no further precipitation was observed. As was similarly observed in 

experiment 1 for this applied field, more crystals formed next to the south (right hand) pole. 

Fewer crystals formed in the dummy experiment (shown in figure 5.16), which used non- 

magnetised, but otherwise identical, alloy bars, and the crystallisation pattern showed no 

regular orientation, as observed for the dummy test in experiment 1.

5.6 DISCUSSION

5.6.1 Summary of the study

It is manifest from the crystal growth study conducted in this chapter that there is 

overwhelming evidence that externally applied magnetic fields, o f varying field intensities and 

orientations, significantly alter the crystal growth pattern o f hydrated calcium monophosphate 

(brushite) when precipitated in situ, in comparison to the crystal growth in control 

conditions. In two types o f crystal growth experiment, where the concentration o f brushite 

precipitated was varied, it was observed that brushite crystals were orientated towards the 

areas o f the precipitation vessel where magnetic poles made external contact with the vessel 

and therefore, ultimately, where the magnetic field intensity was greatest. Thus it would 

appear that the phenomena observed in this work, are the result o f possible interactions o f the 

applied field with crystal growth processes and consequently any attempt to explain the 

magnetic field effect should address the nature o f this interaction.
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FIGURE 5.13 Orientation of crystals adjacent to magnetic poles in a replicate 

experiment using per manent magnetic field (Device C)

FIGURE 5.14 Close-up view of the alignment of the crystals in a permanent

magnetic field (Device C)
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FIGURE 5.15 Crystal growth after 48 hours in the parallel dummy (zero-field)

experiment for device (C )

identical non-magnetised bars

FIGURE 5.16 Crystal growth in a dummy experim ent for device (A) using
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FIGURE 5.17 Crystal growth in the magnetic field generated by device (A )

FIGURE 5.18 Magnification of the distinct alignment of crystals adjacent to 

both the N-S (right to left) magnetic poles of device (A )
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5.6.2 Interpretation o f  the Phenomena

The magnetic field effects observed in this work appear to be analogous to the field effects 

observed by Prosser [1 1| at City University, who observed the alignment o f anthranilic acid 

crystals in both permanent and electromagnetic fields. In his work the orientation o f the 

crystals appeared to follow the lines o f the magnetic flux between the poles o f the magnet 

(see figure 5.19) and was explained in terms o f the interaction o f the field with the 

paramagnetic species in solution causing nucléation to occur between the lines o f magnetic 

flux. Evans [10], in an attempt to explain the field effects observed in his work, surveyed 

the literature on crystal growth effects, and suggested that any explanations o f such 

phenomena will possibly be found at the crystal-solution interface o f the crystal. Hirano [ 16] 

suggested that the crystal growth effects he observed were possibly related to the interaction 

o f the applied field with highly charged "microcrystals" or nuclei present in solution. He 

observed that crystallisation occurred more rapidly in a field o f high frequency, which 

supported the postulate o f the existence o f charged nuclei in solution which determine the 

crystal growth procedure.

It is suggested therefore that the field-charge interaction o f an applied field with highly 

charged nuclei, which affects the resultant crystallisation pattern, appears to be the only 

feasible explanation for the crystal growth effects observed in this work. The observed 

alignment o f crystals, in the precipitation vessel in areas directly adjacent to the magnetic 

poles, where the magnetic field was o f greatest intensity, clearly highlights this field charge 

interaction. Indeed the figures which showed the linear orientation o f the crystal and which 

appeared to follow the lines o f flux again illustrate this point. It is suggested that such 

orientation would most likely emanate during the nucléation process, when the translation o f 

highly charged but nonisotropic nuclei towards the areas o f high magnetic field intensity 

possibly occurred. The resultant pattern o f crystal growth would thus be affected, as 

compared to growth in control conditions where the growth pattern would expect to be non-

regular and random, and therefore precipitation is likely to occur adjacent to the magnetic 

poles.
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FIGURE 5.19 Crystal growth of o-amino benzoic acid (anthranil ic acid) in a

perman ent magnetic field
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5 7 CONCLUSION

The influence o f applied fields on the crystallisation pattern in this work also has wide 

ranging implications for the observed field effects on other precipitation systems, such as 

scale formation. It was postulated in chapters 3 and 4, where applied magnetic fields were 

observed to slow down the precipitation process, that the field effects can be explained in 

terms o f the field influencing the formation o f nuclei in solution. The results obtained in this 

chapter provide direct evidence to account for this postulation.
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CHAPTER SIX

THE EFFECT OF ELECTROMAGNETIC FIELDS ON THE ABSORPTION 

INTENSITY OF METHYLENE BLUE DYE SOLUTIONS

6.1 INTRODUCTION

The effect that applied magnetic fields have on dye solutions, in terms o f affecting their 

colour characteristics and hence their absorption intensity, is a relatively new area o f study 

and application. Indeed, to the author’ s knowledge, magnetic field effects have been 

implicated in dye treatment processes in either laboratory or industrial based studies in only 

two cases. Reports o f both were cited in 1989 and originate from the Moscow Textile 

Institute in Russia. They centre essentially upon the electromagnetic treatment o f mains water 

prior to mixing with the dye-stuff, and subsequently monitor the efficacy o f the magnetically 

treated dye solution in the treatment o f several fabrics. This was achieved by measuring both 

the intensity o f absorption o f the dye by the fabric and the quality and strength o f the fabric 

after dye treatment. Details o f both these reported magnetic effects are described below.

Investigations carried out by Donskikh and Novoradoskaya et al [1], examined the effect o f 

the electromagnetic treatment o f water on the quality o f wool dyeing with industrial acid dyes 

and the degree o f damage caused to the fabric during this process. Such work was carried 

out with the intention o f developing and improving the process o f dyeing woollen fabrics by 

a batch method at high temperature (98-100° C) in a boiling dye bath. Dyeing at such high 

temperatures usually causes significant damage to the fabric which often results in an increase 

in breakage during the spinning and weaving processes. Dyeing fabrics at reduced 

temperature however, is found to have a negative effect on dyeing quality, whilst the use o f 

textile additives and vacuum technology in order to improve the quality o f low temperature 

dyeing is known to have a number o f disadvantages which militate against the widespread use 

o f these methods in industry.

The authors therefore carried out several sets o f laboratory trials, using both "pure blue" and 

"bright red” anthraquinone acid dyes, in order to determine whether the quality o f dyeing 

(i.e. the degree o f absorption o f the dye by the fabric) at low temperature was similar to, if
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not better than, the dyeing process at high temperature. These experiments essentially 

consisted o f dyeing pure wool fabric at fixed temperatures with solutions prepared from mains 

water that had been treated in the presence or absence o f a magnetic field, with the 

subsequent measurement both o f the degree o f absorption o f the dye by the fabric and the 

extent o f damage caused to the fibres. In experiments which investigated the effect o f 

magnetic field intensity (over the range 28.6-178.3 kA m 1) on the degree o f absorption o f 

the dye by the fabric, where the temperature o f dyeing for the magnetic field effect 

experiment was 80°C and for the control 98°C, it was observed that, in both cases, a 

sinusoidal relationship appeared to exist between field strength and the degree o f absorption 

o f the dye by the fabric. More importantly, however, it was observed that, in general, the 

intensity o f absorption for fabrics dyed in solutions prepared with magnetically treated water, 

at relatively low temperature (80°C), was approximately equivalent to, if not slightly greater, 

than, fabric dyed with untreated solution at high temperature (98°C). In addition, it was also 

observed that the degree o f damage to wool fibres dyed at 80°C using magnetic treatment in 

the dyeing process was considerably less than that measured for the fibres dyed at high 

temperature (98°C). These results were similarly verified in industrial trials in which the 

process o f dyeing was carried out at 85°C, using both acid and chrome dyes and a magnetic 

field intensity o f 143 kA/m in. In these trials, it was observed that the absorption o f the dye 

by the wool increased by 20-23%, and that the breakage o f wool decreased considerably. 

From 1984-1987, approximately 5000 tonnes o f wool was dyed with the use o f magnetic 

water treatment in Russia. When the authors compared these data to data compiled for a 

corresponding period o f time (prior to 1984-87) when, magnetic water treatment in the dyeing 

process did not occur, they calculated that in industrial conditions, the breakage o f dyed fibre 

in the spinning process was reduced by some 17-26%.

Work carried out by Badanov and Chesnokova et al [2], focused upon the chrome dyeing o f 

wool. The problems that arise with chrome dyeing processes generally centre upon the high 

temperatures required (usually at the boiling point o f the aqueous liquid and not less than 

90°C for consistent dyeing) to completely convert C r(V I) to Cr(III). Although reducing 

agents can accelerate C r(V I) -  >  C r(III) conversion, such techniques are known to have less 

influence on the rate o f complex formation between C r(III) and the dye. The high 

temperature required for chrome dyeing o f wool, as described in the other experiment.
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usually leads to impaired strength o f the fabric fibres. Therefore, the authors investigated the 

feasibility o f reducing both the chroming and dyeing temperatures, which in turn would 

reduce the degree o f fibre damage, and also the concentration o f chromium in "dye shop" 

effluents, by using magnetically treated water in the dyeing process.

In all, four types o f experiments were conducted with blue and yellow chrome dyes, which 

essentially compared: (1) dyeing in standard conditions (at 100°C) in untreated water; (2) 

dyeing at 80°C and chroming at 100°C in untreated water; (3 and 4) dyeing and chroming 

at 80°C in untreated and magnetically treated water. In addition, colorimetric tests were 

carried out on the fabrics to determine the quality o f dyeing for each treatment type. The 

results showed that the spectra obtained for the dyeing and chroming processes in 

magnetically treated water at 80°C (4) and those for dyeing in standard conditions at 100°C 

in untreated water (1) were identical. Therefore, it was concluded that electromagnetic 

treatment o f water facilitated a reduction in the chroming and dyeing temperature to 85-80°C 

without the impairment o f colour-matching or colourfastness characteristics. It was also 

observed that the reduction in the dyeing temperatures with magnetic treatment facilitated the 

reduction in the strength loss o f the fibre o f wool-fabric. Such laboratory results, as carried 

out in [ l j ,  were verified in industrial production conditions using a dyeing temperature o f 

85°C. Increases in both the yarn yield and product quality, as well as reductions in the usage 

o f dye, potassium bichromate and steam for the dyeing process were reported.

6.2 OBJECTIVES

Since magnetic field effects have been implicated in the investigations cited in (1| and |2], 

which show that magnetic field effects can be successfully exploited commercially, the work 

described in this chapter was carried out with the purposes of: 1

(1) continuing earlier work carried out at City University on an investigation o f the effect o f 

magnetic fields on highly charged dye moieties, and further developing the experimental 

procedure used in these investigations.
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(2) determining the effect externally applied magnetic fields have, by in situ treatment, on 

pure solutions o f methylene blue (M .B .), in terms o f affecting its absorption intensity. Such 

work represents the first study o f its kind on the magnetic treatment o f methylene blue dye 

substances.

(3) determining the effect that the addition o f salts such as potassium chloride to pure 

methylene blue solutions has on the colour characteristics o f the dye, both prior to and after 

a period o f magnetic treatment.

6.3 BACKGROUND TO THE PRESENT WORK

The work presented in this chapter is, as described in the objectives section, essentially a 

continuation and development o f fundamental studies, recently carried out at City University, 

on the effects o f various types o f applied magnetic fields, in both dynamic (circulating) and 

static (in situ) [3| conditions, on several types o f dye compounds, including industrially 

prepared dyes. Details o f this preliminary work are given below:

(1) Circulation Experiments

In these experiments, the dye-stuffs under test were continuously circulated through a 

permanent magnetic field device (with a magnetic field intensity o f approximately 2 kGauss) 

and a dummy unit at a flow rate over the range 20-25 L  m in1 for a fixed period o f time. 

The absorption intensities o f the treated dye samples was then measured, at timed intervals, 

by a UV/visible spectrophotometer. In some cases, certain types o f fabric were dyed with 

the magnetic and dummy treated solutions at elevated temperatures ( >  60°C depending on 

the fabric) according to the manufacturer’ s specifications [4J. The dye-stuffs that were tested 

in these experimental trials included the primary colours o f the following industrially prepared 

dye types: "Sandolan" for wool fabric; "Solophenyl" for cotton fabric; and "Maxillon" for 

acrylic fabric.

The absorption spectra for these investigations showed that, for each type o f industrial dye 

tested, magnetic treatment did not appear to alter the structure o f the dye moiety i.e. there 

was no observed shift in wavelength (X), but changes in intensity o f absorption were observed 

as compared to the control sample. Indeed, reductions in both the absorption spectra o f the
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dye solutions and the intensity o f coloration o f the fabrics with the dye were observed with 

magnetically treated solutions in comparison to the zero-field experiments.

(2) Static Experiments

In these experiments the dye solution was placed into glass tubes (1 cm in diameter) which 

remained positioned in an externally applied magnetic field and, as in (1), their absorption 

intensities were measured at intervals. The dyes treated in these experiments included the 

industrially prepared acrylic dyes, "Maxillon Red" and "Maxillon Blue-T". The results o f 

these investigations showed that similar field effects were found to those observed for the 

experiments conducted in (1), in that reductions in the absorption intensity o f the magnetically 

treated dye were observed in comparison to zero field experiment.

It was concluded from the results o f both experiments 1 and 2 that applied magnetic fields 

could affect the colour characteristics o f certain dye-stuffs, although the observed magnetic 

field effect showed a reduction in the intensity o f the absorption spectrum which was the 

converse o f the results observed for the magnetic field effects cited by the Russian workers, 

as investigations described in section 6.1. Consequently, it was considered that further work, 

essentially focusing upon the field effects o f one dye-system, should be carried out in order 

to gain a greater understanding o f the phenomena. The present work describes the 

fundamental work carried out on methylene blue dyes with externally applied magnetic fields 

in in situ conditions. Methylene blue dye was selected mainly because o f its ease o f 

preparation in aqueous solution, and also due to the fact that experiments could be conducted 

at ambient temperature.

6 5 EXPERIMENTAL

6.5.1 Applied Magnetic Fields

Two types o f magnetic devices were used for the dye-stuff experiments, varying in field 

geometry/orientation and field intensity (over the range 500 G - 3.5 kGauss). Each unit is 

briefly described below:

(A ) Permanent Magnetic Device

This unit consisted o f two hemi-cylindrical plural magnets encased in a hard PVC coating, 

which have previously been both illustrated and described in section 2.6 o f chapter 2. In this
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work, the magnet unit was used in configuration (1) which generated a field intensity o f 

approximately 500 Gauss.

(B) Electromagnetic Device

The majority o f static experiments in this work were carried out with electromagnetic fields 

generated by this unit, a description o f which has already been given in section 5.4.2 o f 

chapter 5. In this work, the unit generated a magnetic field intensity o f approximately 3.5 

kGauss, when the poles were placed 10 mm apart, and had a North-South configuration, as 

viewed left to right in the photographs in the results section.

6.5.2 Experimental Procedure

The methylene blue dye used in this work was zinc free and o f 99% purity (Aldrich grade). 

For a given set o f experiments, a stock solution o f the dye was prepared by w/v measurement 

in a 500 ml volumetric flask using distilled water. Several dilutions o f the stock solution 

were then carried out until the desired concentration o f dye was obtained. Equal volumes o f 

the prepared dye solution were placed by pipette into two identical 10 mm quartz cells which 

were then tightly stoppered. For each experiment, magnetic and control test were carried out 

in parallel. One o f the cells was positioned, centrally, between the poles o f a magnetic unit, 

whilst the other cell was placed on an insulated surface in close proximity to the magnetic test 

but in the absence o f an applied field (control test). Each experiment was carried out 

continuously for a duration o f several days (usually up to a maximum o f 72 hours), during 

which time the intensity o f absorption o f the solutions was measured and recorded at 

approximately 4 hour intervals using a Phillips PU 8700 series micro-processor controlled 

UV/Vis spectrophotometer. Absorbance measurements were carried out using a path length 

o f 10mm and deionised water as the reference sample, and were expressed graphically as an 

absorption spectrum, which was a plot o f the absorbance (A ) as a function o f wavelength 

(nm) o f the sample.

For the experiments in which potassium chloride was added to the methylene blue solution, 

w/v quantities o f the salt were added to the diluted solution o f the dye in a 125 ml volumetric 

flask and this mixture was then vigorously shaken for several minutes before being placed in 

to the quartz cells. The potassium chloride used in this work was o f A.R. grade.
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6.6 MAGNETIC FIELD EFFF.CT EXPERIMENTS

Two types o f magnetic field-effect investigations were carried out in this work viz.

(1) experiments in which neat, very dilute, solutions o f methylene blue were placed 

in a low intensity permanent magnetic field

(2) investigations in which potassium chloride (w\v) was added to dilute solutions o f 

methylene blue which were placed in a relatively high intensity electromagnetic field. 

In this set o f experiments, the effect o f the addition o f the salt on the absorption 

intensity o f the dye in both the presence and absence o f the applied field was 

determined and the results were compared to the spectra obtained from experiment 

( 1 ) .

A brief description o f the procedure, together with the spectra, general observations, and in 

some cases photographic evidence, from both o f these investigations are given in this section.

6.6.1. Experiment 1

In this experiment pure solutions o f 0.001% (w\v) methylene blue were placed in a 

permanent magnetic field (described in section 6.5.1 A ) o f relatively weak field intensity (500 

Gauss), and at timed intervals up to a maximum o f 72 hours the absorbance o f the dye was 

measured. A  control experiment was carried out in parallel (i.e. started at the same time) and 

the absorbance o f the dye was measured at the same timed intervals as the magnetic field test. 

These results are described below.

Observations and Results

Figures 6.1-6.3 show the absorption spectra obtained for 0.001 % methylene blue solution for 

control and magnetic field treatments. Figure 6.1 shows the absorption spectrum o f the pure 

dye solution prior to the start o f the experiments and shows four absorption peaks, numbered 

(1 to 4 on the spectrum), observed at wavelengths (A .^) o f 246.4 nm, 291.9nm, 6 .12.8nm, 

and 664.3. The absorption maximum at 664.3 nm showed the greatest absorbance o f 2.227.
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FIGURE 6.1 Absorption spectrum of 0.001% methylene

blue solution (after 0 hours in the applied magnetic field)
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Figure 6.2 contrasts the spectra obtained for both the control and magnetic field experiments, 

after approximately 48 hours. The spectra clearly show that the absorption bands obtained 

for the magnetic field experiment (depicted as a full bold line in the spectrum) were less 

intense than the corresponding bands obtained for control experiment (depicted as a dotted 

line in the spectrum). Indeed, an average decrease in the absorption intensity o f 13.6% was 

observed between these two experiments. Figure 6.3 similarly shows a reduction in the 

absorption intensity o f the dye, o f almost the same magnitude, when measurements were 

taken after 72 hours in the applied field. In general, measurements o f the absorption intensity 

for the control experiments remained constant throughout the experiment and measurements 

for the magnetic field effect experiment varied slightly with time, gradually decreasing to a 

minimum value (at 72 hours). The decrease in the intensity o f absorption between the 

magnetic and control samples was initially observed after 24 hours, when a reduction o f 

10.8% was found. Most importantly, these results appear to be in agreement with the 

findings o f previous work carried out on industrial dyes at City University [3] (see section 

6.3).

6,6,2, Experiment 2

Since it was established in experiment 1 that the application o f an applied magnetic field to 

pure methylene blue solutions caused a decrease in the absorption intensity o f the dye it was 

considered that further work should be carried out to investigate the effect o f an applied 

magnetic field on the absorbance o f the methylene blue dye containing dissolved quantities 

o f the salt potassium chloride. This investigation was carried out essentially because in 

certain industrial dyeing processes such as in exhaustion dyeing methods salts, such as sodium 

hydrogen sulphate or common salt, are added (incrementally) to the dye bath along with other 

chemical agents, such as levelling agents, to generally help and improve the quality o f dyeing 

by slowing down the rate o f exhaustion o f the dye on to the fibre. It was therefore thought 

that the applied field could possibly improve the colour characteristics o f the dye when the 

salt was present in solution. Preliminary work carried out at City University |5| using 

permanent magnetic fields (o f low field intensity), the results o f which have not been included 

in this chapter, showed a slight increase in the absorbance o f the dye when potassium chloride 

was added to dilute methylene blue solutions. In the present work the effect o f an 

electromagnetic field on methylene blue-potassium chloride solutions is examined.
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FIGURE 6.2 Contrast of absorption spectra for control (C) and permanent

magnetic field (M) experiments for 0.001% (w/v) Methylene blue solution

(after 48 hours in the applied magnetic field)
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FIGURE 6.3 Contrast of absorption spectra for control (C) and permanent

magnetic (M) field experiments for 0.001 % (w/v) methylene blue solution

(after 72 hours in the applied magnetic field)
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Experimental Procedure

Methylene blue-potassium chloride solutions were prepared according to the method described 

in section 6.5.2. In contrast to experiment 1, however, the dye-salt solutions were 

magnetically treated in a relatively strong electromagnetic field, o f 3.5 kGauss, generated by 

the device described in section 6.5.1 (B). As in experiment 1, control experiments were 

carried out, in parallel, by observing the methylene blue/potassium chloride solution in the 

absence o f an applied field. At timed intervals the absorbance o f the dye, for both the 

applied field and zero field experiments, was measured. Before each absorbance 

measurement, the cells containing the dye-salt solution were shaken vigorously.

Also investigated in this work was the effect o f varying either the concentration o f methylene 

blue (whilst KC1 salt concentration remained constant) or the concentration o f potassium 

chloride (whilst methylene blue concentration remained constant) on the absorption intensity 

o f the dye. In all, two types o f investigation were conducted comprising four experiments 

(A  to D):

(1) Investigations in which methylene blue concentrations o f (A ) 0.001%, (B) 0.002% and

(C ) 0.004% (w/v) (all with a potassium chloride concentration o f 10% (w/v)) were studied.

(2) Investigations in which potassium chloride concentrations of: (A ) 10% and (D ) 20% (w/v) 

(both with a fixed methylene blue concentration o f 0.001% w/v) were studied.

The results from experiments 2 (A ) to (D ) are given below.

Observations and Results

Experiment 2 (A )- 0.001% (w/v) Methylene Blue with 10% (w/v) KC1

Figure 6.4 shows the absorption spectrum obtained for 0.001 % (w/v) methylene blue solution 

with the addition o f 10% (w/v) potassium chloride, in the absence o f an applied magnetic 

field, prior to the start o f the experiment. In contrast to the absorption spectrum obtained for 

the pure methylene blue solution (fig. 6.1), this spectrum shows two absorption band peaks, 

the larger, 665.5 nm and a smaller secondary peak 612 nm. The spectrum also
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FIGURE 6.4 Absorption spectrum of 0.001% (w/v) methylene 

blue solution with the addition of 10% (w/v) KC1 

(after 0 hours in the applied magnetic field)
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shows a very intense absorption at approximately 290 nm, the maximum o f which is not 

plotted on the spectrum but has absorbance o f greater than 3. It is evident that although there 

is no apparent shift in wavelength (A.) for absorption peaks at 612 and 665 nm between the 

pure dye and dye-salt solutions, there is however, a significant difference in the absorption 

intensity o f the dyes. The dye-salt solution showed a decrease in the absorbance as compared 

to the corresponding absorption bands for the pure dye (control) experiment and it is therefore 

apparent that the addition o f the salt, potassium chloride to dilute solutions o f methylene blue 

causes a reduction in the absorbance.

Figure 6.5 also shows the spectrum obtained for 0.001 % M.B. solution with the addition o f 

10% KC1 after 24 hours in the externally applied electromagnetic field (depicted as line M). 

It is evident that when this spectrum is compared to the control experiment (dotted line C) 

that there is a discernible difference in the absorption intensities. Indeed, the application o f 

the electromagnetic field to the dye-salt mixture appeared to increase the absorption intensity 

o f the dye by approximately 19% as compared to the control experiment. Figure 6.6 

similarly shows the spectrum for the 0.001% M.B. with 10% KC1 solution, but after further 

magnetic treatment (72 hours), in which a further increase in the absorbance was observed 

(approximately 23.5%). Indeed, from all the four-hourly absorbance measurements obtained 

in this experiment, it was observed that the absorption intensity o f the 10% salt-dye solution, 

as compared to the control experiment, showed a gradual increase up to a maximum at 

approximately 72 hours. Subsequent absorbance measurements after this period, for example 

after 96 hours (the spectra o f which have been omitted from this work), were approximately 

the same as measurements obtained at 72 hours.

Interestingly, approximately 20 minutes from the start o f the experiment, the author 

discovered, quite unexpectedly, the formation o f a suspension in the body o f the dye solution. 

The suspension was opaque and appeared to accumulate into two distinct masses within the 

cell: between the pole pieces o f the electromagnet and towards the bottom o f the cell. 

Figures 6.7 and 6.8 are photographs taken during the ongoing magnetic treatment o f the

0.001 % methylene blue-10% KC1 solution in the cell. The initial formation o f the suspension 

in the body o f the solution, at 25 minutes, is shown, in close-up, in figure 6.7. Its 

appearance at this stage in its formation was very diffuse and almost transparent. Figure 6.8
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FIGURE 6.5 Comparison of absorption spectra for: (M) 0.001% (w/v)

M.B.+ 10% (w/v) KC1 after 24 hours in an electromagnetic field;

(C) 0.001% (w/v) M.B. + 10% KC1 after 24 hours in zero field conditions
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FIGURE 6.6 Comparison of absorption spectra for: (M) 0.001% (w/v)

M.B.+ 10% (w/v) KC1 after 72 hours in an electromagnetic field;

(C) 0.001% (w/v) M.B.+ 10% KC1 after 72 hours in zero field conditions
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FIGURE 6.7 Close-up view of the initial formation of a suspension in the 

Methylene Blue-KCl solution after 25 minutes in the 3.5 kGauss

electromagnetic field

FIGURE 6.8 The development of the suspension into two masses after 2 hours in 

the applied field: oriented directly between the pole pieces of the magnet

and at the bottom of the cell
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shows, however, the development o f the initial suspensions into stable, more dense structures, 

after approximately 2 hours in the applied field.

The formation o f a suspension was similarly observed for the control experiment. However, 

unlike the magnetic field experiment, this suspension, although opaque and diffuse in 

appearance, appeared to permeate freely throughout the body o f the solution as opposed to 

forming two distinct masses either between the poles o f the magnet or towards the bottom o f 

the cell, as observed in the magnetic field experiment. This is clearly illustrated in figure 

6.18 in experiment 2(B).

Also observed by the author during the experiment was the ease with which the suspended 

masses underwent rapid dissolution either when the solution was mildly disturbed or removed 

from the applied field and slightly agitated. In addition, when the solution was left to stand 

(in zero field conditions) for several minutes, the suspension adopted the diffuse pattern 

similar in appearance to that observed in the control experiment (see fig.6.18). However, 

when the dye-salt solution was re-positioned between the poles o f the magnet, the suspension 

gradually reformed into the two distinct opaque masses, which accumulated, as previously 

reported in the magnetic field experiment, both between the poles pieces o f the magnet (large 

mass) and towards the bottom o f the cell (less dense mass).

Experiment 2 (B ) - 0.002% (w/v) M.B. with 10% (w/v) KC1

In this experiment, the effect which doubling the methylene blue dye concentration would 

have on the magnetic field effect (whilst the salt concentration remained fixed), was 

examined. Figures 6.9 and 6.10 show the absorption spectra obtained for measurements at 

24 and 48 hours respectively. Again, as observed in experiment 1, the absorption intensity 

for the magnetic field experiments (depicted as a full line M on the spectra) was greater in 

magnitude (by approximately 27 % after 48 hours) than parallel measurements obtained for 

the control experiment (depicted as dotted line C). A  comparison o f these results with those 

obtained in experiment 1 for 0.001 % methylene blue (figures 6.5 nad 6.6) show that doubling 

the concentration o f methylene blue appears to generally increase the absorption intensity o f 

the salt-dye solution and more significantly, facilitates an increase in the observed magnetic 

field effect.
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FIGURE 6.9 Comparison of absorption spectra for: (M) 0.002% (w/v)

M.B.+ 10% (w/v) KC1 after 24 hours in an electromagnetic field;

(C) 0.002% (w/v) M.B.+ 10% KC1 after 24 hours in zero field conditions
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FIGURE 6.10 Comparison of absorption spectra for: (M) 0.002% (w/v)

M.B.+ 10% (w/v) KC1 after 48 hours in an electromagnetic field;

(C) 0.002% (w/v) M.B.+ 10% KC1 after 48 hours in zero field conditions
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The increase in methylene blue concentration in this experiment also visibly promoted the 

formation o f a more dense opaque suspension, as compared to the suspension observed in 

experiment 1, which again developed into two dense suspended amorphous masses, both 

between the poles o f the electromagnetic field and at the bottom o f the cell. Interestingly, the 

suspended mass between the magnetic poles (right hand pole =  North; and left hand pole = 

South in the figures) appeared, several minutes after its initial formation, to visibly interact 

with the applied field. This was clearly shown by the rotation o f the mass through the 

solution, in an anticlockwise direction, with no lateral movement. This unexpected 

phenomenon was recorded by the author using time lapse photography, over a period o f 

approximately 15 seconds, the results o f which are shown in sequence in figures 6.11 through 

to 6.14. Figures 6.13 and 6.14 use a reference point (* )  to chart the anticlockwise rotation 

o f the suspended mass through the solution and, in turn, highlight the magnetic susceptibility 

o f the amorphous dye-salt formation. Notably, the suspended mass at the bottom o f the cell, 

in contrast to the "interacting" mass between the magnetic poles, did not appear to rotate in 

the solution, but remained unperturbed in suspension.

The significant difference in colour intensity between the control and magnetically treated 

dye-salt solutions in this experiment shown in the spectra in figures 6.5 and 6.6, is also 

evident in figure 6.15. The photographs, taken 48 hours after the start o f the experiment, 

show that the magnetically treated 0.002% dye solution (right hand cell in the photograph) 

was stronger in (blue) colour than the zero-field experiment.

The direct interaction o f the lines o f magnetic flux (generated by the 3.5 kG electromagnetic 

field) with 0.002% dye-salt solution is clearly illustrated in figure 6.16. where the field is 

shown to distort the suspension in the incipient stage o f formation. In the figure, the 

distortion phenomenon appears to be most noticeable in the region between the poles where 

the lines o f flux appear to force the suspension laterally inwards towards the central axis o f 

the poles.

The development o f the suspension, from its initial formation in fig .6.16, into two dense 

amorphous masses after 2 hours and 25 minutes in the field, is shown in close-up in figure 

6.17. The intense blue colour o f the suspensions clearly contrasts with the less intense blue
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FIGURE 6.11 The formation of the suspension into two dense masses in the 

0.002% methylene blue-10% KC1 solution after 25 hours in the applied field. 

Initial photograph of the time lapse record of the anticlockwise rotation of the 

suspension formed between the poles of the applied field (at 0 seconds)

FIGURE 6.12 The progressive anticlockwise rotation of the dense suspension 

formed between the poles of the applied field (at 5 seconds)
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FIGURE 6.13 Further rotation of the dense su spcnsion at 12 seconds. 

Note the movement of the reference point *

FIGURE 6.14 The anticlockwise rotation of the suspension (at 15 seconds). 

Again, note the movement of the reference point *
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FIGURE 6.15 Comparison of the colour intensity for the control {Left) and 

magnetic field {Right) experi ments of 0.002% methylene blue-10% KC1 

solution after 48 hours in an electromagnetic Held.

FIGURE 6.16 The initial interaction of the electromagnetic field with the 

0.002% methylene blue-10% KCL solution 5 minutes after being placed in the

applied field
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FIGURE 6.17 Close-up view of the suspended masses after 2 hours 25 minutes in

the electromagnetic field.

FIGURE 6.18 The diffuse pattern of the suspension for the control solution of the 

0.002% methylene blue-10% KC1 solution after 2 hours

281



o f the surrounding solution. The suspension formed in the zero field (control) experiment 

after 2 hours (figure 6.18) was less intense in colour and more diffuse with no particular 

orientation.

Experiment 2 (C ) - 0.004% (w/v) M.B. with 10% (w/v) KC1

In this experiment the effect o f again increasing the methylene blue dye concentration (whilst 

the salt concentration remained fixed) was investigated. Figures 6.19 and 6.20 show the 

absorption spectra obtained for measurements at 24 and 72 hours, respectively. Again, as 

observed in both experiments 2 (A ) and (B), the absorption intensity for the magnetic field 

experiment (depicted as a full line, M, on the spectra) was greater in magnitude than parallel 

measurements obtained for the control experiment (depicted as dotted line C). In comparison 

to the absorption intensities measured for the 0.001 % and 0.002% solution (figs 6.5-6.6 and 

6.9-6.10 respectively), the spectra obtained in this experiment show an increase in the 

absorbance for both magnet and control solutions. The absorption band peaks at

611.5 nm and 664.9nm (numbered 1 and 2 on the spectra) also appear to have broadened, 

in comparison to spectra obtained for the 0.001% and 0.002% solutions, especially the band 

peak at 611.5 nm which shows a vibrational shoulder at around 490 nm (depicted as S on the 

spectra). In addition, the formation o f suspended masses was similarly observed in this 

experiment, although in contrast to the suspension observed in experiment 2(B) for the

0.002% M B. solution, these formations appeared to be larger in size and greater in density.

Experiment 2 (D ) - 0.001% (w/v) M.B. with 20% (w/v) KC1

In this experiment, the effect o f increasing the concentration o f potassium chloride added to 

a 0.001% methylene blue solution was investigated. Figures 6.21 and 6.22 show the 

absorption spectra obtained for measurements at 24 and 48 hours respectively. In contrast 

to the absorbance measurements obtained in experiment 2 (A ) for the 10% KC1 solution 

(0.001% methylene blue), the measurements obtained in this experiment showed firstly, a 

significant decrease in intensity, by almost a half, and secondly, the broadening o f the 

vibrational shoulder at around 490nm (depicted as S on the spectra). Also, as similarly 

observed in experiments 2 (A ), the absorption intensity for the magnetic field experiments 

(depicted as the dotted line M on the spectra) was greater in magnitude (by approximately 

20% at 48 hours) than parallel measurements obtained for the control experiment (depicted
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as a full line C). In addition, the opaque suspensions that formed in this experiment 

appeared, in contrast to the formations observed in experiment 2 (A ) for the 10% KC1 

solution, to be both greater in size and density.

6.7 DISCUSSION 

6.7.1. Summary of Results

The results o f the study described in this chapter demonstrate that the magnetic treatment o f 

dilute aqueous solutions o f methylene blue dye material (by either electromagnetic or 

permanent magnetic fields) significantly alters the absorption intensity o f the dye, when 

compared with measurements carried out in control (zero field) conditions. In particular, the 

results from each o f the experiments carried out in this work showed that:

1. The permanent magnetic treatment o f pure dilute aqueous solutions o f methylene blue 

causes a reduction in the absorption intensity o f the dye, as compared to measurements under 

zero field (control) treatments.

2. The addition o f potassium chloride salt to an aqueous solution o f methylene blue, in zero 

field conditions, causes a reduction in the absorption intensity o f the dye. In addition, the 

experiments in which the concentration o f either methylene blue or potassium chloride was 

increased, whilst the other variable remained constant show that (i) as the methylene blue 

concentration increases from 0.001 to 0.004%, the absorption intensity o f the dye gradually 

increases for both magnetic and zero field treatments and (ii) when the potassium chloride 

concentration is doubled from 10 to 20 % the absorption intensity for both the magnetic and 

control solutions is reduced by approximately 50%.

3. The electromagnetic treatment o f methylene blue solution containing dissolved potassium 

chloride salt causes an increase in the absorption intensity o f the dye, compared to 

measurements for the control experiment. This type o f experiment also shows that the 

magnitude o f the magnetic field effect phenomenon (i.e. magnitude o f the difference between 

absorbance measurements for the magnetic and zero field treatments) gradually increases with 

time, up to a maximum at 72 hours, after which time the field effect remains constant.
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FIGURE 6.19 Comparison of absorption spectra for: (M) 0.004% (w/v)

M.B.+ 10% (w/v) KC1 after 24 hours in an electromagnetic field;

(C) 0.004% (w/v) M.B.+ 20% KC1 after 24 hours in zero field conditions
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FIGURE 6.21 Comparison of absorption spectra for: (m) 0.001% (w/v)

M.B.+ 20% (w/v) KC1 after 24 hours in an electromagnetic field;

(C) 0.001% (w/v) M.B.+ 20% KC1 after 24 hours in zero field conditions
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FIGURE 6.22 Comparison of absorption spectra for: (M) 0.001% (w/v)

M.B.+ 20% (w/v) KC1 after 48 hours in an electromagnetic field;

(C) 0.001% (w/v) M .B.+ 20% KC1 after 48 hours in zero field conditions
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Associated with the magnetic field phenomenon observed in (3) is the formation o f an opaque 

suspension in the dye solution which develops into two dense suspended masses, one o f which 

always forms in the area between the magnetic poles pieces, and the other, towards the 

bottom o f the cell. The suspended mass between the pole pieces interacts with the applied 

field and rotates continuously in situ within the dye solution.

It is suggested that any attempt to explain the magnetic field effects observed in this work 

should address the nature o f the field-charge interaction between the highly charged dye 

moiety and the magnetic field.

6.7,2 Interpretation

In an attempt to ascribe explanations to the field effect phenomena described in (1),(2) and

(3), the structural formula and general properties o f methylene blue in aqueous solution must 

first be considered.

Methylene blue is a cationic amino dye with the general formula [CuTfgNgS" | Cl |6|. The 

molecular structure o f M.B. has been investigated in the liquid and crystalline states by 

numerous physical methods. There has, however, been some dispute over the correct 

placement o f the formal charge on the cation C i6H 18N3S+. Several X-ray studies have 

suggested that the positive charge is located on the sulphur atom [7| o f the cation (figure 

6.23), although most studies concur with the theory that the charge is distributed between the 

terminal amine groups [8] (figure 6.24). Studies by Marr and Stewart [9] appear to be the 

most conclusive in defining the structure o f the molecule and positioning o f the positive 

charge on the cation. They suggest that the positive charge is evenly distributed between the 

sulphur and the methyl-substituted nitrogen atoms. Their studies also show that the molecule 

is essentially planar in the crystal lattice, and that in aqueous solution, a hydrogen bonding 

network o f water molecules and chloride ions forms around the cation (figure 6.25).
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CH

F IG U R E  6.23 Proposed position of positive charge on the sulphur atom

of M.B. molecule

F IG U R E  6.24 Proposed stable structure of M.B. with placement of positive charge

on the nitrogen atom
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FIGURE 6.25 Methylene blue viewed down the c axis of the unit cell
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It is suggested that the nature of the interactions between adjacent M.B. cations and 

between the positive charge on the cation and the chloride ion are the most significant 

factors in explaining the field-effect phenomena observed in this work. The field effects 

described in this study result only, from either reductions (points 1 and 2 in the summary) 

or increases (point 3) in the intensity o f absorption o f the M.B molecules and not shifts in 

the main absorption band (Am» =  664nm) to shorter or longer wavelengths.

The decreases or increases in the absorption intensity o f a sample are termed hypochromism 

and hyperchromism respectively. Hypochromic phenomena are observed particularly in the 

spectra o f nucleic acids f 10]. For example, it has been shown that the absorbance o f ordered 

double helical D NA is less than that o f the free bases or that o f denatured DNA. This 

implies that hypochromic shifts reflect changes in structural interactions between molecules. 

Both hypochromic and hyperchromic effects are principally explained in terms o f interactions 

between neighbouring nonidentical transition dipole moments [10]. Hypochromism arises 

when there is a parallel arrangement o f dipoles (see fig 6.26 a) and the induced dipole p2 is 

opposite to the inducing dipole /x,. The net result is a reduction in the magnitude o f 

Hyperchromic effects however, result when dipoles form a head to tail arrangement (see 

fig .6.26 b), and the net effect is the lengthening o f and an increase in the intensity.

FIGURE 6.26 Arrangement of transition dipoles to account for (a) hypochromism

and (b) hyperchromism
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It is suggested therefore, that the hypochromic and hyperchromic shifts observed in the 

spectra in this work must result from the weakening or strengthening o f the M B. cation 

interactions. Any alteration in the structure and nature o f this interaction will alter the 

electronic transition probability (proportional to the square o f the transition dipole moment), 

which is clearly related to the extinction coefficient (e) for the sample 1111, and consequently, 

the intensity o f absorption for the molecule (see equation 6.1 for Beer-Lambert law).

A iDSio
<Io\ 
y 1 ^

-eel

Equation 6.1

Thus, the decrease in the absorption intensity observed for the control solution in Experiment 

2, when potassium chloride is added to an aqueous solution o f M.B, can be explained in 

terms o f an increased interaction between the M.B. cation and chloride ion. Addition o f 

potassium chloride to the dye solution increases the concentration o f chloride ions around the 

cations which must enhance the M.B/-C1 interactions within solution. This increased 

interaction almost certainly alters the transition dipole moment o f the molecule, and thus, the 

probability o f transition, and therefore results in the observed hypochromic shift.

The decrease in absorption intensity observed when pure aqueous solutions o f M.B. are 

treated in the applied field cannot be explained in terms o f major changes in the M.B. -Cl 

interactions, but must be due, as in the DNA case, to hypochromic interactions arising from 

alignment o f the M.B. cations in the field (not however to the extent that physical aggregation 

occurs which causes other field charge interactions described later).

The spectra obtained for the methylene blue solutions in 10% KC1 treated in a magnetic field 

clearly show, however, that the effect o f the chloride ion in reducing the absorption intensity 

is greater than that o f the applied field. For example, a 10.8% reduction in the intensity o f 

absorption was observed for a pure 0.001 % M.B.solution after 24 hours in the applied field, 

in contrast to a reduction o f 66.1% for a 0.001% M.B solution containing 10% KC1.
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In contrast, the increase in absorption intensity observed in Experiment 2, when M.B.- 

potassium chloride solutions were subjected to an applied magnetic field, is then consistent 

with the operation o f two effects: (i) The hypochromic effect o f the applied field and (ii) a 

hyperchromic effect due to the weakening o f M.B. f-Cl interactions, in which the major effect 

results in a net increase in the intensity o f absorption.

The weakening o f the M B . ’ -Cl interactions would be analogous to the similar ion-pair 

effects observed in potassium propan-2-oxide ion interactions in acrylonitrile catalysis 

described in chapter two.

The eventual formation o f the deep blue opaque suspended masses in chloride solution 

resulting in hyperchromic effects must be due to formations o f head-to-tail alignments o f 

transition dipoles in the dye stuff molecule in the presence o f excess chloride ion. The 

presence o f chloride ions is clearly important in balancing charges in the precipitation o f 

aggregates. In M.B.-potassium chloride solutions the suspended material is diffuse and 

randomly distributed (see figure 6.18), but in an applied field the dye molecule aggregates 

appear to accumulate in two regions within the cell but with the bulk o f the material between 

the poles o f the magnet. Such high local concentrations o f the dye can only be explained in 

terms o f field charge interactions between the applied field and the charged dye aggregates 

and the consequent migration o f most o f the aggregates to regions o f high magnetic field 

intensity i.e. directly between the poles o f the magnet. The suspended mass that formed 

towards the lower half o f the cell, out o f the direct influence o f the poles is always 

significantly smaller in size and less dense, and possibly results from material trapped in a 

low intensity field away from the attractive influence o f the poles.

In the author’ s opinion, the high local concentrations o f dye that form between poles and 

towards the lower half o f the cell are attributable to an aggregation phenomenon, since it is 

known that under certain conditions e.g. in high concentration [12], M.B. molecules show 

a tendency to "twin" or aggregate in solution. This supposition is backed up by the 

photographic evidence presented in the results section (6.6.2) which clearly illustrates that 

some "type" o f aggregation o f the dye molecules is manifest in the applied field.
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The spectra obtained in this study for the magnetically treated methylene blue-potassium 

chloride solutions, however, appear to be inconsistent with previously published electronic 

spectral results on aggregation phenomena (13|. Kobayashi et al |14|, who studied the 

aggregation properties o f methylene blue on glass plates, observed the following spectral 

effects upon aggregation: (i) a decrease in the magnitude o f the main band peak as the 

concentration o f the dye increased (over the range (1 O'M O'3 mol/L); (ii) the formation o f an 

"aggregate" band peak (at approximately 610 nm) from the main or "monomer" band (at 662 

nm); and (iii) shift in the "aggregate" band to shorter wavelengths (hypsochromic shift) with 

increased aggregation. Kobayashi et al proposed that the aggregates formed "sandwich-type" 

structures in which M.B. molecules stack upon each other and the observed shift in the 

"aggregate" band was caused by the interaction o f orbitals constituting these structures.

The apparent inconsistency o f the spectral results in this study with the published data can be 

explained in terms o f the nature o f the aggregates formed in the different studies. The studies 

conducted by Kobayashi et al measured directly the electronic absorption o f stable aggregated 

structures o f methylene blue that formed on glass plates. In the present work, however, the 

M.B. aggregates that formed in the applied field were manifestly unstable, as can be seen 

from the fact that they underwent rapid dissolution upon the slightest perturbation (see section 

6.6.2). Consequently, all measurements were carried out, as described in section 6.5.2, with 

pre-agitated, aggregate-free, solutions and therefore, it is unlikely that any direct 

absorbance measurement o f the aggregates was made.

The rotation phenomenon o f the aggregate that formed directly between the pole pieces can 

be explained in terms o f the field-charge interaction o f the mass, which may be considered 

as a column o f molecules lined up head to tail, held together in loose aggregate, but with 

freedom o f rotation along molecular axes. The novel anticlockwise rotation o f the aggregate 

is thought to arise from the random interaction and repulsion o f the positive charges o f the 

mass with the field, as depicted in figure 6.27. The diagram shows that the positive charges 

o f the mass are repelled by the magnetic north pole and is also, in part, attracted to the 

magnetic south pole (evidence for the latter effect arises from the experimental observation 

that in the early stages o f formation o f the aggregate, the suspension appears to accumulate 

around the south pole). Such repulsive-attractive interactions with the non-uniform applied 

field could cause the aggregate to revolve around a fixed point. Conversely, the apparent
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cause the aggregate to revolve around a fixed point. Conversely, the apparent non-rotation 

effect o f the mass that formed towards the lower half o f the cell is possibly due to the applied 

field being o f unsuitable strength and geometry to encourage such a phenomenon.

FIGURE 6.27 Proposed rep resentation of the rotation of the M.B. aggregate 

between the magnetic poles. Continuous interactions of the M.B. molecules in the 

aggregate with the applied field causes the aggregate to rotate around a fixed point.

6.8 CONCLUSION

In conclusion the interaction o f M.B. with an applied field show two types o f interaction: 

M.B. intermolecular interactions and ion-pair interactions present with counter ions. This 

study on pure dye stuff molecules is consistent with data on commercial dye stuff [3], but 

additional work is required to fully interpret the data observed.
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C H A PTE R  7

C O N C LU SIO N S

The work in this thesis has shown unequivocally that the magnetic treatment o f fluids, that 

is the interaction o f charged species in fluids and applied fields, is a general phenomenon. 

The results given can all be explained in terms o f the direct field-charge interaction between 

applied magnetic fields and the important charged species in any system. The systems studied 

in this work cover interactions with different types o f charged species including:

(a) the ion pair catalyst species, propan-2-oxide and potassium hydroxide in the 

polymerisation of acrylonitrile to polyacrylonitrile (described in chapter 2)

(b) pre-nuclear clusters of hydrated calcium ions in the precipitation and crystallisation 

of calcium carbonate (described in chapter 3)

(c) crystal nuclei and pre-nuclear clusters of an assortment of hydrated ions formed 

from simulated formation waters in the precipitation of solids formed from mixed 

solutions of simulated sea water-formation water (described in chapter 4)

(d) crystal nuclei in the in-situ crystallisation of calcium monohydrogen phosphate 

(brushite) (described in chapter 5)

(e) methylene blue dye molecules and methylene blue-potassium chloride in dilute 

aqueous solutions (described in chapter 6)

The results confirm that applied fields can alter the properties o f simple systems such as ion 

pair interactions in (a), pre-nuclear clusters and crystal nuclei in (b ),(c ) and (d), and 

methylene blue molecules in (e). These results also suggest that the magnetic treatment o f 

fluids is a general phenomenon resulting from field-charged interactions and that the extension 

o f these ideas to surface charges in crystal growth (b ),(c ) and (d) seem to be appropriate.
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APPENDIX

1. BASIC MAGNETIC PROPERTIES OF MATTER

A moving charge generates a magnetic field. For example, at the centre o f a loop o f wire 

o f N turns, o f radius r and current I, a field B =  constant x IN/r is generated.

The magnitude o f the field generated depends on the material within the loop. If the material 

is air, then the field generated is defined as B0. For other materials,

B = B0 + Bm

where Bm is the additional field (flux density) set up by the material. It is negative for the 

diamagnetic material and positive for a paramagnetic one.

The magnetic susceptibility (%) o f the material is defined as the ratio o f the magnetic 

moment per unit volume to the magnetic field strength where: % -  Bm/B0. This gives B/B0 

=  1 +  x The flux density, Bm, can also be written as n M ,  where M is the magnetisation, 

which is defined as the magnetic moment per unit volume, and fi0 is a constant - the 

permeability o f free space (air).

The magnetic properties o f any material in bulk depend not only on the magnetic moments 

o f the free atoms or molecules, but also particularly on temperature, i.e. thermal energy, and 

in solids, on complicated interatomic forces in the crystals. Materials can be broadly classed 

into one o f the following:

(A ) Ferromagnetic

Ferromagnetism occurs at normal working temperatures in the elements iron, cobalt and 

nickel, and in a number o f other elements at lower temperatures. It occurs also in many 

alloys containing iron, cobalt and nickel, and in a few made up entirely o f non-ferromagnetic 

elements. In all cases, these metals revert to paramagnetic condition if  the temperature is 

raised above the magnetic change point or Curie temperature Tc (the temperature at which 

spontaneous magnetisation becomes zero). Ferromagnetic substances are distinguished by 

very large (positive) values o f %, which are not independent o f the field strength and may 

possess a magnetic moment, even in the absence o f an applied field, as in a permanent 

magnet. Ferromagnetic materials also have powerful internal fields o f force which order and 

align the neighbouring atomic magnets. These spontaneously produced fields overcome the
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disordering effects o f temperature, providing this is not too high, and are basically 

responsible for the remarkable magnetic properties.

(B ) Paramagnetic

When a field is applied to paramagnetic materials, they become magnetised, usually much 

more weakly than a ferromagnetic material. The magnetisation depends linearly on the field 

and it always disappears when the field is removed. The rate o f change o f magnetisation o f 

field is called the paramagnetic susceptibility which is positive. Above the Curie temperature, 

ferromagnets become paramagnets and their susceptibility depends on temperature. The 

reciprocal o f the susceptibility varies linearly with temperature or nearly so, with an intercept 

on the positive temperature axis at the paramagnetic Curie temperature 0P. Many non-

ferromagnetic metals are paramagnetic but their susceptibility is relatively weak and it 

depends little or not at all on temperature. In such materials, the paramagnetism is generally 

a property o f electrons contained in relatively broad energy bands associated with the metallic 

state and not so much related to electrons tightly bound into the ion cores o f the atoms 

making up the metal. Examples o f paramagnetic materials include aluminium, manganese, 

platinum, tungsten and air.

(C ) D iamagnetic

Diamagnetic substances have a negative magnetic susceptibility. All substances have a basic 

diamagnetic term but it is nearly always weak and is very often masked by a much larger 

(positive) paramagnetic susceptibility. The basic diamagnetism is independent o f temperature 

and is due to the effect o f applied magnetic fields on the motion o f inner electrons. Copper, 

gold, mercury, water and hydrogen gas are examples o f diamagnetic materials.

(D ) Antiferromagnetic

Antiferromagnetic materials are those where atomic moments order with zero bulk 

spontaneous magnetisation and are sometimes difficult to recognise superficially. The 

materials are characterised by a relation between susceptibility and temperature which has a 

sharp discontinuity at a temperature called the Neel point. Below this temperature, the 

material is ordered and antiferromagnetic, while at higher temperatures, it is disordered and 

behaves as a paramagnetic substance. The elements manganese and chromium are examples 

o f materials that behave in this way.
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(E ) Ferrimagnetic

Ferrimagnetism may be regarded as a special case o f antiferromagnetism. The commonest 

example o f a ferrimagnetic substance is the magnetic iron oxide Fe30 4 in which the iron ions 

have magnetic moments in an ordered arrangement. There are, however, in this case, two 

unequal and antiparallel systems o f ionic magnets. A  resultant intensity o f magnetisation thus 

occurs, due to the difference in magnetic moment between them. Many artificial oxides, 

known as ferrites, can be made up which are ferrimagnetic and which have magnetic 

properties similar to those o f the ferromagnetic metals.

2, UNITS OF MAGNETISM

The unit o f magnetic field intensity quoted in this work is given in Gauss (G ). However, 

reference is sometimes made to other unit systems, and it is considered pertinent therefore, 

to give both a brief definition o f the most commonly used magnetic units and a guide to 

conversion between the different systems.

The gauss (G ) is the c.g.s. (emu) unit o f measurement o f magnetic induction (B) o f  a 

material. It indicates the number o f lines o f magnetic force (often called lines o f induction) 

passing perpendicularly through unit area. The S.I. unit o f magnetic induction is the Tesla 

(T ) and converts to Gauss by 104 Gauss =  1 Tesla

The oersted (Oe) is the c.g.s. (emu) unit o f measurement o f magnetic field strength or 

intensity (H) o f magnetic field. It is the force experienced by a unit North pole when placed 

at a given point in the magnetic field, it being assumed that the introduction o f the poles does 

not disturb the field. The intensity is one oersted when a unit North pole experiences a force 

o f 1 dyne on being placed at a given point in the field. The field strength in vacuum is 

represented as the number o f lines o f force passing perpendicularly through 1 cm2 placed at 

the point in question. On this convention 4tt lines o f force leave a unit north pole. The S.I . 

unit o f magnetic intensity is the ampere metre'1 (A m 1) and converts to oersted by 

1 Ampere metre1 = 4 7 r x 10'3 Oersted or 79.58 A m 1 =  1 Oersted (Oe)

3. MEASUREMENT OF MAGNETIC FIELD STRENGTH

In this work the measurement o f magnetic field intensity for all the magnetic devices used 

was carried out with a Trilec model 700 portable gauss meter using a Hall type probe.
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